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Ocean Acidification (OA), driven predominantly by 
ocean uptake of atmospheric carbon dioxide (CO2), 
is resulting in global-scale changes in ocean chem-
istry with predictions of broad-scale ecosystem 
impacts. Coastal acidification, which refers to the 
pH decline over decade or longer time scales result-
ing not only from atmospheric CO2, but also from 
other coastal chemical additions and subtractions, 
is recognized as the coastal manifestation of OA. 
Impacts from coastal acidification are already pres-
ent in ecosystems and fisheries. Acidification in the 
Great Lakes is projected to progress at a rate similar 
to the oceans as a result of increasing atmospheric 
CO2 concentrations and enhancement by region-
al air quality, acid deposition via precipitation, and 
lower buffering capacity. Acidification of the open 
ocean, coasts, and Great Lakes continues to raise 
concerns across the scientific, resource manage-
ment, and coastal communities given the ecological 
impacts and resulting social and economic effects.  
In many instances throughout the plan, the term 
"OA" is used to represent both ocean and coastal 
acidification processes described above.

In response to legislative drivers and scientific con-
cerns, NOAA’s research mission is to understand 
and predict changes in ocean ecosystems as a con-
sequence of continued acidification of the oceans, 
coasts, and Great Lakes; conserve and manage 
marine organisms and biomes in response to such 
changes; and share that knowledge and informa-
tion with others. The Federal Ocean Acidification 

Research and Monitoring Act of 2009 (FOARAM; 
33 U.S.C. Chapter 50, Sec.3701-3708) requires that 
NOAA has a monitoring and research program to 
determine the potential consequences for marine 
organisms and ecosystems; to assess the region-
al and national ecosystems and socioeconomic 
impacts; and to identify adaptation strategies and 
techniques for conserving marine ecosystems.

The 2010 NOAA Ocean and Great Lakes Acidifica-
tion Research Plan has guided research at the agen-
cy over the last decade and provides a framework 
for the updated research plan. The 2020-2029 Re-
search Plan builds upon accomplishments made 
and responds to newly emerging science and re-
quirements. In coordination with international, in-
teragency, and external academic and industry re-
search partners, the present Research Plan aims to 
support science that produces well-integrated and 
relevant research results, tools, and products for 
stakeholders. 

The Research Plan is framed around three themes: 

1)	 Document and predict environmental 
change via monitoring, analysis, and 
modeling; 

2)	 Characterize and predict biological 
sensitivity of species and ecosystems; 
and

3)	 Understand human dimensions of ocean, 
coastal, and Great Lakes acidification 
impacts. 

Executive Summary

https://www.pmel.noaa.gov/co2/files/feel3500_without_budget_rfs.pdf
https://www.pmel.noaa.gov/co2/files/feel3500_without_budget_rfs.pdf
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These research themes can collectively be used 
to understand, predict, and reduce vulnerability to 
ocean, coastal, and Great Lakes acidification. Envi-
ronmental change research and monitoring are criti-
cal to documenting acidification and collecting data 
that can be used to understand natural and anthro-
pogenic influences and enhance predictive capabili-
ties. Enhancing the understanding of biological sen-
sitivity is foundational to characterizing species and 
ecosystem response, as well as adaptive capacity, 
which are both integral to developing ecosystem 
models and management practices. Understand-
ing the potential human impacts of acidification 
requires translating and synthesizing physical envi-
ronmental change and biological sensitivity knowl-
edge to assess the vulnerability of human commu-
nities and economies to ocean, coastal, and Great 
Lakes acidification.

The Research Plan includes regional chapters that 
encompass the coastal zones around the U.S., in-
cluding its territories and the Great Lakes, an Open 
Ocean Chapter focusing on deep ocean regions 
beyond the continental shelf, and a National Chap-
ter. The National Chapter draws upon the regional 
and open ocean needs to present high-level, collec-
tively relevant research objectives. Each chapter is 
framed around the research themes (environmental 
change, biological sensitivity, and human dimen-
sions). 

NOAA’s national-level ocean, coastal, and Great 
Lakes acidification research goals are to:

1)	 Expand and advance observing systems 
and technologies to improve the under-
standing and predictive capability of 
acidification trends and processes;

2)	 Understand and predict ecosystem re-
sponse and adaptive capacity of ecologi-
cally and economically important species 
to acidification and co-stressors; and

3)	 Identify and engage stakeholders and 
partners, assess needs, and generate 
products and tools that support manage-
ment, adaptation, and resilience to acidi-
fication.

Implementation of the Research Plan will require 
continued collaboration across the agency and with 
interagency and international partners, including 
the Interagency Working Group on OA (IWG-OA) and 
the Global OA Observing Network (GOA-ON). In ad-
dition to internal research capacity at NOAA’s labo-
ratories, science centers, regional  Integrated Ocean 
Observing System (IOOS) associations, and cooper-
ative institutes, the extramural support of academic, 
non-governmental, and industry research partners 
will enhance NOAA’s capacity for conducting cut-
ting edge research. Data management and synthe-
sis efforts laid out in the plan ensure that scientific 
data are more widely utilized and transitioned into 
products that will increase education, awareness, 
and preparedness of U.S. citizens to ocean, coastal, 
and Great Lakes acidification.
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Motivation for NOAA's Ocean, Coastal, 
and Great Lakes Acidification Research  

The uptake of carbon dioxide (CO2) by the global 
ocean has resulted in a worldwide phenomenon 
termed “Ocean Acidification” or OA (e.g., Caldeira 
& Wickett, 2003; Feely et al., 2004, 2009; Orr et al., 
2005). OA is defined as a reduction in the pH of the 
ocean, accompanied by other chemical changes 
(primarily in the levels of carbonate and bicarbonate 
ions), over an extended period, typically decades or 
longer (IPCC, 2011, Figure 1). OA is caused primar-
ily by uptake of CO2 from the atmosphere, but can 
also be caused by other chemical additions or sub-
tractions from the ocean. Anthropogenic OA refers 
to the component of change in the marine carbon-
ate system that is caused by human activity (IPCC, 
2011). The ocean has served as an important “sink” 
for anthropogenic CO2 emissions, significantly cur-
tailing the observed, human-induced atmospheric 
CO2 accumulation (Sabine et al., 2004; Khatiwala 
et al., 2013; Le Quéré et al., 2015, 2018; Gruber et 
al., 2019a). Within the coastal zones, acidification 
is often driven by a combination of ocean uptake of 
atmospheric CO2 and other coastal chemical addi-
tions and subtractions, driven by natural or anthro-
pogenic processes, which cause change on decadal 
or longer timescales. In many instances throughout 
the plan, the term "OA" represents both ocean and 
coastal acidification processes as indicated above. 
Acidification also occurs in freshwater systems 
such as the U.S. Great Lakes, where pH is projected 
to decline at a rate similar to the oceans (Phillips et 
al., 2015). 

The present rates of CO2 release and OA are like-
ly unprecedented, exceeding the rates of change 
over the last 56 million years (Gingerich, 2019). At 
present, OA is resulting in pole-to-pole change in 
ocean carbonate chemistry that has the potential to 
impact a range of biological processes and ecosys-
tems and pose a challenge to coastal communities 
and marine-dependent economies. The OA signal 
caused by human activities, the so-called anthropo-
genic OA signal, has very likely emerged in over 95% 
of the surface open ocean (IPCC Special Report 
on Oceans and Cryosphere in a Changing Climate, 
2019).

Figure 1. The longest time-series (1958 to present) of atmo-
spheric CO2 concentration (ppm) measured at the Mauna Loa 
Observatory in Hawai'i. Ocean chemistry measurements of 
seawater pCO2 and pH at neighboring Station ALOHA began in 
1988. These time-series show that seawater pCO2 concentra-
tions increase in tandem with atmospheric concentrations, but 
with much greater annual variability, while seawater pH declines.

Introduction

https://www.ipcc.ch/srocc/
https://www.ipcc.ch/srocc/
https://www.ipcc.ch/srocc/
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The International Panel on Climate Change (IPCC) 
reported that it is virtually certain that by absorb-
ing more CO2, the ocean has undergone increas-
ing surface acidification (IPCC Special Report on 
The Ocean and Cryosphere in a Changing Climate, 
2019). The oceans have absorbed approximately 
25-30% of the total emitted anthropogenic carbon, 
which has caused an estimated 0.1-unit reduction 
in global mean surface ocean pH since the Industri-
al Revolution (Feely et al., 2004, 2008, 2009; Orr et 
al., 2005; Khatiwala et al., 2013; Gattuso et al., 2015; 
Le Quéré et al., 2015, 2018; Gruber et al., 2019a). 
The IPCC concluded that changes in the oceans 
such as warming, acidification, and deoxygenation 
are affecting molecular processes of marine life, 
to organisms and ecosystems, with major impacts 
on the use of marine systems by human societies 
(Pörtner, 2012).

OA results in four chemical changes that can affect 
marine species: increases in dissolved CO2 and bi-
carbonate ion concentrations, and decreases in pH 
(an increase in acidity) and the concentration of 
carbonate ions (Figure 2). Calcifying species, which 
include many ecologically, recreationally, and com-

mercially important marine species, are thought to 
be especially sensitive to OA as they use carbon-
ate ions as chemical building blocks to create their 
shells, skeletons, and other hard parts. Laboratory 
and mesocosm studies on some calcifying corals, 
shellfish, and zooplankton (i.e., pteropods, cocco-
lithophores, and foraminifera) show calcification 
decline and/or dissolution as a result of exposure 
to conditions expected with further OA (Feely et al., 
2004; Fabry et al., 2008; Busch et al., 2014; Gattu-
so et al., 2015; Riebesell et al., 2017; Osborne et al., 
2016, 2019). Field collections from high-CO2 loca-
tions provide evidence of species impacts of such 
exposure (e.g., Enochs et al., 2015a; Bednaršek et 
al., 2017b). Laboratory studies have also shown 
that physiological processes of finfish can be sen-
sitive to OA conditions, in some cases impacting 
growth, survival, fertilization, embryonic and larval 
development, and behavior (e.g., Hurst et al., 2016, 
Clements & Hunt, 2018; Williams et al., 2019). OA 
may also pose indirect impacts to an even broader 
range of marine species by, for example, reducing 
the abundance and nutritional quality of food sourc-
es (e.g., Meyers et al., 2019) or altering food web 
dynamics (e.g., Busch et al., 2013; Marshall et al., 

Figure 2. Ocean acidification is driven by uptake of increasing atmospheric CO2. The introduction of CO2 into seawater results in a series 
of chemical reactions that ultimately increases hydrogen ion (H+) concentration (which by definition lowers seawater pH) and redistributes 
the relative concentrations of dissolved inorganic carbon (DIC) species in seawater. The net changes in DIC are an increase in bicarbonate 
ion concentration (HCO3

-) and a decrease in carbonate ion concentration (CO32-), which occurs as a result of a buffering reaction with H+. 
The decline in CO3

2- (and pH) notably impacts marine species that depend on this ion to build their hard parts (e.g., shells and skeletons); 
however, there are other direct and indirect impacts that have been observed across a range of marine species.

https://www.ipcc.ch/srocc/
https://www.ipcc.ch/srocc/
https://www.ipcc.ch/srocc/
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2017). While some time-series examinations find 
signatures of OA impacts on marine species (e.g., 
de Moel et al., 2009; Meier et al., 2014), it is im-
portant to note that other studies fail to do so (e.g., 
Beare et al., 2013; Thibodeau et al., 2019). Across 
the numerous observations of species sensitivity to 
OA conditions, some marine organisms and genet-
ic strains within populations have shown resilience 
and adaptation, and merit future research (e.g., 
Hurst et al., 2013; Barkley et al., 2015; Towle et al., 
2015; Putnam et al., 2017). 

An oyster found in the Dosewallips Delta of Hood Canal, Wash-
ington. Credit: Simone Alin/NOAA

NOAA’s Ocean, Coastal, and Great 
Lakes Acidification Research Mission 

The Department of Commerce’s National Oceanic 
and Atmospheric Administration (NOAA) is one of 
the U.S. Federal agency leads for OA research and 
monitoring. NOAA’s agency-wide mission is “to un-
derstand and predict changes in climate, weather, 
oceans, and coasts; to share that knowledge and 
information with others; and to conserve and man-
age coastal and marine ecosystems and resourc-
es.” NOAA’s research and development goals with 
respect to OA are to reduce societal and economic 
impacts from environmental phenomena such as 
OA. NOAA seeks sustainable use and stewardship 
of ocean and coastal resources as OA and other 
environmental changes challenge the resilience of 
coastal communities and change habitats, distribu-
tion, and abundance of marine species. NOAA’s re-
searchers aim to improve the ability to understand, 
protect, manage, and restore ecosystems that sup-
port healthy fisheries, increase opportunities for 

aquaculture, and balance conservation with tourism 
and recreation. In supporting OA science, NOAA 
informs decisions on sustainable use and steward-
ship of ocean and coastal resources that balance 
the sometimes conflicting demands of economic 
and environmental considerations (NOAA Research 
and Development Vision Areas 2020-2026). 

OA research is happening in five of NOAA’s six Line 
Offices: Ocean and Atmospheric Research (OAR); 
National Marine Fisheries Service (NMFS); National 
Ocean Service (NOS); National Environmental, Sat-
ellite, and Data Information Service (NESDIS); and 
Office of Marine and Aviation Operations (OMAO). 
Each Line Office has a unique mission and a dis-
tinct contribution to the agency’s collective work on 
ocean, coastal, and Great Lakes acidification sci-
ence. OAR programs, including the Ocean Acidifica-
tion Program (OAP), support foundational research 
that investigates the marine environment, detects 
changes in the oceans, improves forecast capabil-
ity, and drives innovative science and technological 
development (Oceanic and Atmospheric Research 
Strategy 2020-2026). OAP and OAR Laboratories 
conduct sustained monitoring of OA conditions and 
research that improves our understanding of how 
OA is impacting organisms and ecosystems. NMFS 
provides science-based conservation and manage-
ment for sustainable fisheries and aquaculture, ma-
rine mammals, endangered species, and their hab-
itats. Researchers at several of NOAA's Fisheries 
Science Centers study the sensitivity of regionally 
important fish and shell to OA. study the sensitivi-
ty of regionally important fish and shellfish to OA. 
NOS supports U.S. coastal communities by trans-
lating science, tools, and services into action and 
addressing threats to coastal areas such as climate 
change and OA to work toward healthy coasts and 
economies. NOS programs look at specific impacts 
of OA on coral ecosystems and collect coastal OA 
data within the broader OA regional observing net-
works in collaboration with National Marine Sanctu-
aries  (NMS) and the National Estuarine Research 
Reserve System (NERRS). NOS also funds compet-
itive research toward the development of ecosys-
tem models to meet management needs. NESDIS 
supports satellite-based science that gathers glob-
al data to monitor and understand our dynamic 

https://nrc.noaa.gov/LinkClick.aspx?fileticket=z4iHSl3P4KY%3d&portalid=0
https://nrc.noaa.gov/LinkClick.aspx?fileticket=z4iHSl3P4KY%3d&portalid=0
https://research.noaa.gov/Portals/0/Files/OAR%20Strategy%202020-2026.pdf
https://research.noaa.gov/Portals/0/Files/OAR%20Strategy%202020-2026.pdf
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planet and provides data services for all of NOAA’s 
environmental data. NESDIS’ National Centers for 
Environmental Information (NCEI) coordinates the 
data stewardship for all NOAA OA data, providing 
support for the complete lifecycle of data, from col-
lection, to archive, to dissemination. NOAA's OMAO 
plays a critical role in supporting and carrying out 
OA observing by administering the NOAA fleet of 
ships and training divers to safely facilitate ocean 
observations.

While ocean, coastal, and Great Lakes acidification 
research at NOAA responds to numerous legisla-
tive mandates and policy drivers (Appendix 1), the 
primary acidification-related legislation is the Fed-
eral Ocean Acidification Research and Monitoring 
Act of 2009 (FOARAM; 33 U.S.C. Chapter 50, Sec. 
3701-3708). This law specifies that NOAA conduct 
research to understand and predict changes in the 
environment as a consequence of continued OA 
and to conserve and manage marine organisms and 
ecosystems in response to such changes. 

The FOARAM Act also established a cross-agency 
coordinating body, the Interagency Working Group 
on OA (IWG-OA) under the auspices of the White 
House Office of Science and Technology Policy 
(OSTP). The IWG-OA is charged with tracking and 
coordinating OA research and monitoring efforts 
across the Federal Government and providing the 
President and Executive Office scientific advice on 
OA issues. The IWG-OA includes members from 
more than a dozen federal agencies, all of which 
have mandates for research and/or management 
of resources and ecosystems likely to be impacted 
by OA. The group meets regularly to coordinate OA 
activities to fulfill the goals of the FOARAM Act and 
is currently operating under the 2014 Strategic Plan 
for Federal Research and Monitoring of Ocean Acid-
ification and the Implementation of the Strategic 
Plan for Federal Research and Monitoring of Ocean 
Acidification (2016). 

NOAA’s Ocean Acidification Research 
over the Last Decade

NOAA has carried out research guided by the 
2010 NOAA Ocean and Great Lakes Acidification 
Research Plan. Research under this plan has 

focused on developing coordinated ocean 
monitoring networks, sensitivity studies, model 
frameworks and projections, development of data 
information products, vulnerability assessments 
of organisms and ecosystems (including people) 
to enable the development of innovative methods 
to mitigate and adapt to acidification, and the 
underlying data management infrastructure 
needed to support the ocean, coastal, and Great 
Lakes acidification research at NOAA. The present 
plan serves as an update that identifies research 
objectives for the next decade of acidification 
science at NOAA and lays a framework for building 
upon accomplishments made and responding to 
newly emerging requirements. 

The R/V Kilo Moana and Woods Hole Oceanographic Insti-
tution Hawai'i Ocean Time-series buoy at Station ALOHA. 
Credit: Dan Sadler/Hawai'i Ocean Time-Series 

The interdisciplinary nature of OA science has forged 
many important partnerships across NOAA pro-
gram, laboratory, and line office boundaries needed 
to achieve the research objectives proposed in the 
2010 Research Plan. Research accomplishments 
achieved by the agency since 2010 are detailed in 
the biennial reports that detail federal OA research 
and monitoring activities prepared by the IWG-OA: 
Initial, Second (FY10-11), Third (FY12-13), Fourth 
(FY14-15) and Fifth (FY16-17). Accomplishments 
specific to the OAP since its inception through 2017 
are further detailed in a technical memorandum, 
NOAA Ocean Acidification Program: Taking Stock 
and Looking Forward (Busch et al., 2018).

Programs supporting acidification science at NOAA 
over the last decade have done so both internally by 
conducting research at NOAA’s laboratories and re-

ftp://ftp.oar.noaa.gov/OA/IWGOA documents/IWGOA Strategic Plan.pdf
ftp://ftp.oar.noaa.gov/OA/IWGOA documents/IWGOA Strategic Plan.pdf
https://oceanacidification.noaa.gov/sites/oap-redesign/Documents/IWGOA/OA%20Implementation%20Plan%20FINAL.pdf
https://oceanacidification.noaa.gov/sites/oap-redesign/Documents/IWGOA/OA%20Implementation%20Plan%20FINAL.pdf
https://oceanacidification.noaa.gov/sites/oap-redesign/Documents/IWGOA/OA%20Implementation%20Plan%20FINAL.pdf
https://www.nodc.noaa.gov/media/pdf/oceanacidification/NOAA_OA_Steering2010.pdf
https://www.nodc.noaa.gov/media/pdf/oceanacidification/NOAA_OA_Steering2010.pdf
ftp://ftp.oar.noaa.gov/oa/Ocean_Acidification_Initial_Report_final.pdf
ftp://ftp.oar.noaa.gov/oa/IWG-OA_Budget_Report-Official_Final_Version.pdf
ftp://ftp.oar.noaa.gov/OA/IWGOA documents/IWGOA 3rd Report on Federal Funding 2015 FINAL REVISED.pdf
https://oceanacidification.noaa.gov/sites/oap-redesign/Documents/IWGOA/Fourth Report on OA Research Monitoring FY 14-15.pdf
https://oceanacidification.noaa.gov/sites/oap-redesign/Documents/IWGOA/Fourth Report on OA Research Monitoring FY 14-15.pdf
https://oceanacidification.noaa.gov/Portals/42/Federal OA report FY 16 17  January 2020.pdf?ver=2020-01-28-122457-137&timestamp=1580233147781
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gional science centers, as well as externally through 
extramural funding opportunities for non-federal 
entities, including IOOS Regional Associations, Co-
operative Institutes, Sea Grant programs, and other 
academic institutions. Extramural funding, award-
ed through grant competitions to both academic 
and industry partners, has been instrumental in 
developing new technologies and conducting cut-
ting-edge research that complement NOAA’s inter-
nal research and development capacity. In order to 
coordinate the many research endeavors occurring 
across the agency, NOAA formed a cross-line office 
body, the NOAA Ocean Acidification Working Group 
(NOAWG). The purpose of the NOAWG is to provide 
programmatic, scientific, and policy representation 
and input from the line offices to the strategic plan-
ning and operation of agency-wide OA research ef-
forts. The NOAWG is facilitated and maintained by 
the staff of the OAP, and members include Federal 
researchers and program managers from NOAA 
programs that are actively engaged in OA-related 
activities. 

In addition to ongoing support of OA research, 
NOAA took early initiative in recognizing the impor-
tance of OA data management, stewardship, and 

archival. This initiative was realized at a data man-
agement workshop held by the OAP in 2012, where-
in the framework was established to guide OA data 
management, including OA metadata and archiving 
to facilitate OA science. NCEI established the OA 
Data Stewardship (OADS) and the Ocean Carbon 
Data System (OCADS) projects that serve the data 
management needs of the OA research commu-
nity. These projects use a rich metadata template 
that was developed using a bottom-up approach by 
working with OA scientists around the world, with 
long-term archiving support, version control, stable 
data citation, and controlled vocabularies, meeting 
all NOAA Public Access to Research Results (PARR) 
requirements. In the coming years there are plans 
to merge the OADS and OCADS into a unified proj-
ect called Ocean Carbon and Acidification Data 
System. Other data management successes since 
2010 include developing metadata and data format 
guidance for OA data, establishing a rich metadata 
management system tailored to the OA community, 
and establishing data access portals for OA data. 
These actions set the foundation for the next phase 
of implementation, ensuring improved efficiencies 
in data sharing so that all OA data are findable, ac-
cessible, interoperable, and reusable (FAIR). 

Figure 3.  Assessing the vulnerability of the U.S. Blue Economy to ocean, coastal, and Great Lakes acidification demands a transdis-
ciplinary approach that simultaneously combines an understanding of how conditions are changing (Environment), how living marine 
resources respond to the changes (Sensitivity), and how such changes affect dependent human communities (Human Dimensions). This 
includes monitoring and modeling environmental change; conducting research to constrain biological response and sensitivity to develop 
ecosystem models; and understanding the socioeconomic implications of these changes. 
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The Research Plan Framework and 
Themes

The national research plan and subsequent region-
al chapters integrate the themes of environmental 
change, biological sensitivity, and human dimen-
sions to understand and, ideally, reduce vulnerabil-
ity to ocean, coastal, and Great Lakes acidification. 
Collectively, these themes respond to NOAA’s mis-
sion directive to understand and predict environ-
mental change, to share knowledge, and to con-
serve and manage coastal and marine ecosystems 
and resources (NOAA Research and Development 
Plan 2020-2026). Environmental change research is 
critical to document and detect the progression of 
acidification and develop predictive numerical mod-
els and enhance predictive capabilities. Developing 
an understanding of biological sensitivity is foun-
dational to characterizing species and ecosystem 
response, as well as adaptive capacity, which are 
both integral to developing robust ecosystem mod-
els and management. Investigating human impacts 
requires translating environmental change and bi-
ological sensitivity knowledge into useful informa-
tion for studying the implications of acidification 

and specifically the vulnerability of communities 
and economies to acidification (Figure 3). Vulnera-
bility is defined as the propensity or predisposition 
to be adversely affected. 

The plan framework includes a national chapter, 
which outlines high-level scientific needs across the 
U.S. and its territories, as well as nine regional chap-
ters, which provide scientific context and objectives 
for understanding acidification and assessing vul-
nerability on a regional scale (Figure 4). The goal of 
the plan is to align environmental change, biological 
sensitivity, and human dimensions research with 
the research needs of the regions and open ocean. 
The agency continues to make major progress on 
developing OA education and outreach tools and 
programs (Theme 6 of the 2010 NOAA Ocean and 
Great Lakes Acidification Research Plan). The goal 
of the present research strategy is to be carried out 
in tandem with the NOAA Ocean Acidification Edu-
cation Implementation Plan to ensure that scientific 
findings are transitioned to communication and ed-
ucation tools and translated to stakeholders.

Figure 4. A map outlining the eight U.S. coastal regions that are represented in the NOAA Ocean, Coastal, and Great Lakes Acidification 
Research Plan (note, Southeast Atlantic and Gulf of Mexico form a single region). Coastal regions are closely based on the geographic ex-
tent of the Large Marine Ecosystem (LMEs), which represent areas of coastal oceans delineated on the basis of ecological characteristics 
that serve as suitable organizational units to support ecosystem-based management.

https://nrc.noaa.gov/LinkClick.aspx?fileticket=z4iHSl3P4KY%3d&portalid=0
https://nrc.noaa.gov/LinkClick.aspx?fileticket=z4iHSl3P4KY%3d&portalid=0
https://www.nodc.noaa.gov/media/pdf/oceanacidification/NOAA_OA_Steering2010.pdf
https://www.nodc.noaa.gov/media/pdf/oceanacidification/NOAA_OA_Steering2010.pdf
https://www.nodc.noaa.gov/media/pdf/oceanacidification/NOAA_OA_Steering2010.pdf
https://www.nodc.noaa.gov/media/pdf/oceanacidification/NOAA_OA_Steering2010.pdf
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Abstract

The National Chapter includes acidification re-
search objectives that are collectively relevant to 
the open ocean, the continental shelves, and coastal 
zones of the U.S, its territories, and the Great Lakes 
region. Acidification is driven primarily by the an-
thropogenic carbon dioxide absorbed and dissolved 
in the upper ocean and Great Lakes, and is causing 
wide-scale changes in the chemistry and biology of 
these systems. In addition, a number of important 
regional processes influence regionally unique eco-
systems, and impact human communities. NOAA’s 
national ocean, coastal, and Great Lakes acidifica-
tion research goals are to:    

•	 Expand and advance observing systems 
and technologies to improve the 
understanding and predictive capability of 
acidification trends and processes; 

•	 Understand and predict ecosystem 
response and adaptive capacity of 
ecologically and economically important 
species to acidification and co-stressors; 
and  

•	 Identify and engage stakeholders and 
partners, assess needs, and generate 
products and tools that support 
management, adaptation, and resilience to 
acidification.

Ocean, Coastal, and Great Lakes 
Acidification 

Ocean Acidification (OA) is driven predominantly by 
ocean uptake of atmospheric carbon dioxide (CO2) 
and results in global-scale changes in the pH of the 
oceans, accompanied by other chemical changes 
(primarily in the levels of carbonate and bicarbon-
ate ions), that occur over long time periods (decadal 
to millennial time-scales; IPCC, 2011). OA has been 
observed in Earth’s geologic record in relation to a 
number of natural processes that result in atmo-
spheric CO2 fluctuations, including but not limited to 
enhanced volcanic activity and glacial-interglacial 
climate shifts. Anthropogenic ocean acidification 
specifically refers to the component of pH reduc-
tion and associated shifts in the marine carbonate 
system that are a direct result of human activities 

1. National Ocean, Coastal, and Great 
Lakes Acidification Research 
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(namely fossil fuel combustion; IPCC, 2011). In both 
cases, acidification exceeds the natural buffering 
rate by continental weathering resulting in a major 
perturbation of the ocean carbonate system. 

Acidification occurring along coastlines, commonly 
referred to as “coastal acidification”, represents a 
combination of ocean uptake of atmospheric CO2 
and other coastal chemical additions and subtrac-
tions that can be driven by natural or anthropogen-
ic processes. Some coastal processes that have 
been observed to cause such chemical alterations 
include, but are not limited to, organic matter res-
piration, freshwater influx (e.g., riverine influx and 
ice-melt), advection of allochthonous water mass-
es (upwelling and lateral transport), anthropogen-
ic nutrient loading and microbial degradation, and 
deposition of coastal atmospheric pollution. The 
combination of these processes has the potential 
to modify the local rate of and/or susceptibility 
(e.g., alter buffer capacity) to ocean acidification 
observed over time-scales that are typically de-
cades or longer. Coastal acidification processes 
can be characterized as high-frequency or episod-
ic events (i.e., seasonal ice melt, upwelling events, 
and severe rain events), but the term coastal acid-
ification is applied when an increase in frequency 
and intensity of such processes lead to an overall 
trend or shift in the state of the coastal marine car-
bonate system toward more acidic conditions over 
time. In many instances throughout the subsequent 
marine-focused chapters of the Research Plan, the 
traditional term "OA" is collectively used to describe 
both ocean and coastal acidification occurring as a 
result of processes described above. 

Continued acidification over the coming century will 
result in a further decline of 0.3-0.4 pH units in the 
global surface ocean by the year 2100 if CO2 emis-
sions continue unabated (Orr et al., 2005; Feely et 
al., 2009). The Great Lakes will continue to acidify at 
a similar rate and magnitude as the ocean (Phillips 
et al., 2015). Climate modes, such as El Niño–South-
ern Oscillation and Pacific Decadal Oscillation, are 
proving to be important determinants of the state of 
the marine carbon system and represent an emerg-
ing field of research (e.g., Feely et al., 2006; Nam 
et al., 2011; Osborne et al., 2019). Sub-global scale 
processes are occurring and driving the regional 

progression and variability of acidification, which 
are particularly important within coastal zones. The 
following research objectives are designed to facil-
itate our understanding and predict future respons-
es of marine and Great Lakes biota, ecosystem pro-
cesses, and biogeochemistry to acidification. 

Developing partnerships with other federal agen-
cies; academia; the private sector; state, local and 
tribal governments; and the international communi-
ty is critical. In order to engage more broadly across 
the interagency, research, and stakeholder commu-
nities, the IWG-OA created a web-based communi-
cation forum called the OA Information Exchange. 
The OA Information Exchange has a membership of 
over 1000 individuals, including scientists, educa-
tors, resource managers, fishermen, aquaculturists, 
tribal representatives, and citizens from all over the 
globe. 

Beyond federal and U.S.-based OA research en-
deavors, NOAA represents an important voice in 
international OA research. NOAA and the interna-
tional research community are building wider con-
nections to establish common and interdisciplinary 
international observing program, and data manage-
ment systems. The Global OA Observing Network 
(GOA-ON), established in 2013 and co-founded by 
NOAA, is an international collaboration body on OA 
research. Its goals are to document the status and 
progress of OA in open ocean, coastal, and estua-
rine environments; to understand the drivers and im-
pacts of OA on marine ecosystems; and to provide 
spatially- and temporally-resolved biogeochemical 
data necessary to optimize modeling for OA. These 
national and international collaborations promote 
informed-decision making and provide achievable 
solutions. 

Environmental Change

Ocean, coastal, and Great Lakes acidification are 
affected by regionally-unique processes. Observ-
ing systems, which include moorings and mobile 
platforms such as research ships and autonomous 
vehicles, have been paramount in monitoring the 
progression of acidification. In addition to in situ 
observations, remote sensing assets such as sat-
ellites, provide data streams and are powerful tools 

https://www.oainfoexchange.org/
http://www.goa-on.org/documents/general/GOA-ON_2nd_edition_final.pdf


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  11

for studying global surface ocean carbonate dy-
namics. Satellite sensors are able to detect a broad 
range of surface physical and biological phenome-
na that influence carbonate system dynamics and 
can sometimes be used to derive carbon param-
eters (Salisbury et al., 2015; Shutler et al., 2020). 
Combining satellite observations with in situ obser-
vations is critical to developing global-scale observ-
ing datasets. 

The present in situ NOAA ocean observing system 
is oriented toward monitoring of the physical and 
chemical system (temperature, salinity, oxygen, 
nutrients, pCO2, pH, Total Alkalinity (TA), Dissolved 
Inorganic Carbon (DIC)), but lacks coverage of the 
Great Lakes, and has limited inclusion of biological 
variables that are measured concurrently. Techno-
logical advances have greatly expanded non-ship-
based monitoring capabilities of observations of 
fundamental OA variables (e.g., pH and pCO2) on 
ocean moorings and autonomous vehicles, includ-
ing profiling floats. Adoption of sustained biologi-
cal measurements requires further development; 
as such, the field of ‘omics research, which uses 
molecular markers as biological indicators, pres-
ents promise for autonomous biological sampling 
capabilities (NOAA ‘Omics Strategy). Development 
of such technologies will be key to expanding the 
existing observing system. 

An ocean acidification buoy located off the central Washington 
coast is serviced by researchers aboard the NOAA Ship Fair-
weather in 2012. Credit: Richard Feely/NOAA

Continued development and optimization of OA ob-
serving systems coordinated through GOA-ON is 
central to the national research objectives laid out 

for the coming decade. NOAA has played an im-
portant role in the formation of GOA-ON, and the ob-
jectives of both GOA-ON and this national research 
plan are aligned. The objectives of GOA-ON are to (1) 
identify and document the global-scale progression 
of OA, (2) determine the fraction of anthropogenic 
carbon content in the surface ocean, (3) provide 
data needed for global biogeochemical model pro-
jections, and (4) measure the biological response to 
OA as technology and protocols become available. 
Optimization of NOAA’s observing assets will be 
achieved if they are strategically deployed spatial-
ly and temporally in a manner that best responds 
to GOA-ON requirements. GOA-ON has made vast 
progress toward developing a truly global OA ob-
serving system via the collaborative international 
design of a coordinated, international, interdisciplin-
ary program of ship-based hydrography, time-series 
moorings, floats, and gliders. Sustained support of 
GOA-ON is thus central to the enhancement of glob-
al OA observing.

Regional observing system configurations will be 
based on the needs of a specific geographic area, 
and must be configured to provide for change de-
tection, inform regional biogeochemical models, 
and/or inform a specified end-user requirement. In 
coastal systems this demands capturing a complex 
interplay of processes driving coastal acidification. 
Regional-scale models, which have been developed 
for some but not all U.S. regions, are important to 
understanding and forecasting regional impacts 
to economically important fisheries or managed 
resources. The integration and linkage of region-
al ecosystem models with biogeochemical model 
frameworks is critical to predicting impacts to eco-
nomically-important species and critical habitats. 
Such ecosystem forecast models incorporating OA 
already exist in some limited regions (e.g., Chesa-
peake Bay, Pacific Northwest) and can inform man-
agement actions. However, such models do not yet 
exist for most regions, representing an important 
area of further research that is needed to better pre-
dict the impact of OA on the U.S. Blue Economy.

OA research investments have generated a large 
number of physical, biogeochemical, ecological, 
and model datasets. Quality controlled and fully-in-
tegrated datasets will be instrumental in utilizing 

https://nrc.noaa.gov/LinkClick.aspx?fileticket=RReWVFNjr5I%3D&tabid=92&portalid=0
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and analyzing the full breadth of OA data. Data man-
agement and stewardship will continue to be an in-
tegral part of OA research support to ensure that 
data are optimally used and transitioned into useful 
data products. The transition of scientific data to in-
formation products with minimal human interaction 
and ensuring that machine-to-machine services are 
available will be central to ease integration of data 
into regional and global models. Special emphasis 
will also be placed on ensuring that data collected 
by the OA observing system are findable, accessi-
ble, interoperable, and reusable (FAIR; Tanhua et al., 
2019; Wilkinson et al., 2016).

Synthesis efforts provide useful products that in-
clude: integrated time-series of chemical, biological, 
and ecological parameters affected by OA; mapped 
products utilizing proxies and remote sensing (Salis-
bury et al., 2015; Shutler et al., 2020; Wanninkhof et 
al., 2020); predictions at local and regional scales 
through integration of models and observations; 
and informational materials based on OA observa-
tions and interpretation. Past synthesis efforts have 
been focused on the open ocean; however, many 
of the nation’s marine resources, including over 
90% of its fisheries, are found in the coastal ocean. 
Concerted efforts are needed to better inform the 
impacted industries, including aquaculture, and the 
U.S. population in terms of OA mitigation and adap-
tation efforts. Such synthesis products could make 
it possible to produce products that can be used by 
the general public to access information about OA 
conditions in their coastal areas, and annual U.S. 
national OA reports.  

Research Objective 1.1: Expand and 
advance observing systems and 
technologies to improve the understanding 
and predictive capability of acidification 
trends and processes
Expanding and optimizing configuration of observ-
ing assets is central to understanding the variability 
and progression of acidification in the open ocean, 
coastal zones, and Great Lakes. Maximizing utiliza-
tion of observational data streams in model simu-
lations is critical to generating the best predictions 
and informing management choices.

Action 1.1.1: Sustain, improve, and adopt robust 
physical, chemical, and biological analytical sys-
tems, sensors, and autonomous technologies to 
observe the full water column and benthic environ-
ments and transition R&D technologies to serve as 
operational elements.

Action 1.1.2: Increase sampling of nearshore wa-
ters in sensitive and economically important areas 
and improve observing connectivity between coast-
al and open ocean to explicitly characterize the an-
thropogenic carbon content present in these envi-
ronments.

Action 1.1.3: Sustain long-term acidification in situ 
time-series to monitor the progression of acidifica-
tion and determine the impact and importance of 
regional and climate-related processes.

Action 1.1.4: Improve the use of satellite and other 
remote sensing tools and applications to observe 
and characterize the open ocean, coastal, and estu-
arine environments.

Action 1.1.5: Conduct observational and numerical 
simulation experiments to inform strategic deploy-
ment of NOAA OA Network observing assets for op-
timal spatial and temporal coverage.

Action 1.1.6: Develop and expand coverage of re-
gionally linked biogeochemical-ecosystem models, 
with a focus on timescales of days to decades, ca-
pable of resolving conditions most relevant to local 
living marine and Great Lakes resources and depen-
dent communities.

Action 1.1.7: Continue leadership of and support for 
the enhancement of the GOA-ON.

Action 1.1.8: Ensure all data collected by observing 
systems comply with FAIR data principles. 

Action 1.1.9: Support synthesis activities to ensure 
environmental data are transitioned to useful prod-
ucts for modelers and other audiences. 

Biological Sensitivity

Over the last decade, controlled laboratory and 
field studies have illuminated the response of ma-
rine species, populations, and ecosystems to acid-
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ification in combination with the influence of other 
co-occurring stressors such as elevated tempera-
ture, hypoxia, and added nutrient concentrations. 
Laboratory experiments allow researchers to control 
multiple variables to mimic future or extreme condi-
tions in order to clearly observe species responses. 
Field studies can verify laboratory studies under 
real-world oceanographic conditions. Challenges 
remain in applying laboratory findings to real-world 
impacts, and field observations are complicated by 
an inability to attribute observed effects of acidifi-
cation vs. co-occurring stressors (e.g., temperature, 
oxygen) in the environment. 

Vibrant coral reef ecosystems like this one are threatened by 
acidification and other environmental changes. Credit: Richard 
Feely/NOAA 

While hundreds of species sensitivity studies have 
been conducted to date, the number of species 
whose sensitivity has been well-characterized is 
small in comparison to the overall diversity of ma-
rine and Great Lakes life. Notably, many species 
that are important to ecosystem function or to com-
mercial and subsistence harvests have yet to be ex-
amined (see regional chapters). Researching these 
critical species is central to understanding and pre-
dicting the impacts acidification may have on de-
pendent human communities and economies. In ad-
dition to direct impacts (e.g., reduced calcification 
efficiency, impacts to larval development), indirect 
impacts are important to consider for an even wider 
range of species. Indirect impacts include altering 
food web and predator-prey relationships, and po-
tential influences on the spread of invasive species. 
Altered food webs can result in reduced quality and/
or availability of food sources due to acidification 
sensitivity of lower trophic-level species. Such in-

direct impacts demonstrate the importance of un-
derstanding ecosystem vulnerability by developing 
ecosystem assessments. 

Understanding biological impacts benefits from 
co-location of biological observations with physi-
cal and biogeochemical observing assets in order 
to collect a suite of variables that can aid in under-
standing species and multi-stressor interactions. 
Monitoring approaches that integrate biological 
sensitivity and surveys with routine physical obser-
vations have the capacity to greatly expand the un-
derstanding of exposure and environmental history 
at a site. Concurrent measurements of three of five 
marine carbonate system variables (e.g., DIC, pCO2, 
TA, CO3²-, and pH), will better facilitate attribution 
of a species’ physiological response to a specific 
change in the carbonate system. For example, ful-
ly characterizing the marine carbonate system is 
important to understanding a nuanced calcifier re-
sponse to individual carbonate species. 

Recent developments in ‘omics science and sam-
ple collection technologies have the potential to 
provide powerful new qualitative tools and sensors 
that can routinely and non-invasively monitor pres-
ence (genomics) and health or sensitivity to change 
(proteomics and metabolomics) of marine species 
(NOAA ‘Omics Strategy). Such observing approach-
es will greatly expand the coverage and frequency 
of biological system sampling. Developments in 
‘omics science also provide the ability to conduct 
experiments that genetically evaluate and moni-
tor a species’ propensity to adapt or acclimate to 
stress-inducing environments. Such studies have 
been used to identify resilient species’ genotypes 
and isolate molecular mechanisms that confer re-
silience with the aim to restore ecosystems. 

There will be emerging and unanticipated phenom-
ena as a result of acidification and environmental 
change. Examples includes the emerging relation-
ship between OA and increased growth and toxicity 
of harmful algal blooms (e.g., Raven et al., 2020), 
and OA and hypoxia (Sunda & Cai, 2012). Such 
cross disciplinary multi-stressor, research to under-
stand unusual and developing phenonomena will be 
important in the coming decade. 

https://nrc.noaa.gov/LinkClick.aspx?fileticket=RReWVFNjr5I%3D&tabid=92&portalid=0
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Research Objective 1.2: Understand and 
predict ecosystem response and adaptive 
capacity of ecologically and economically 
important species to acidification and co-
stressors  
Ocean, coastal, and Great Lakes acidification is oc-
curring in tandem with a number of environmental 
stressors, including ocean warming and deoxy-
genation, which collectively influence biological re-
sponse. The impact of acidification and multi-stress-
or environments on a number of economically and 
ecologically important marine and Great Lakes spe-
cies have yet to be examined. Building upon our cur-
rent species, community, and ecosystem response 
knowledge will be central to predicting future eco-
system-level change. Further, assessing sensitivity 
and adaptive capacity of species and populations 
will be important to developing effective mitigation, 
adaptation, conservation, and restoration plans.

Action 1.2.1: Assess acidification and multi-stress-
or sensitivity among species, particularly ecologi-
cally and economically important species, to build 
understanding, provide important information to 
ecosystem modeling efforts, and inform manage-
ment decisions. 

Action 1.2.2: Collect, integrate, and synthesize co-lo-
cated physical, chemical, biological, and ecological 
data to study species and ecosystem response to 
acidification and multi-stressor environments.

Action 1.2.3: Promote the full characterization of 
the marine carbonate system to facilitate attribu-
tion of species' physiological response and result-
ing community and ecosystem responses.

Action 1.2.4: Foster new research to study emerg-
ing and unanticipated ecosystem changes, includ-
ing but not limited to multi-stressor interactions and 
harmful algal blooms. 

Action 1.2.5: Use new knowledge to further refine 
existing ecosystem models that can be linked to 
biogeochemical models and inform scenarios of fu-
ture acidification and environmental change. 

Action 1.2.6: Assess sensitivity within species and 
populations to evaluate potential for biological ca-

pacity to adapt and acclimate to acidification and 
multi-stressor environments.

Action 1.2.7: Explore feasibility and benefits of iden-
tifying genetic resistance and resilience to acidifi-
cation and environmental change within species in 
order to apply active mitigation strategies, foster 
resilient marine communities, and improve habitat 
conditions, and restoration success. 

Human Dimensions

Ocean, coastal, and Great Lakes acidification has the 
potential to cause fundamental changes to a num-
ber of commercial fisheries, subsistence harvests, 
recreational fishing, aquaculture, and eco-tourism, 
as well as the way of life for some coastal commu-
nities. This clear connection between acidification 
and affected human communities makes human di-
mension research critical to the ocean, coastal, and 
Great Lakes acidification mission at NOAA. 

A man harvests oysters in Yaquina Bay, Oregon. Credit: NOAA

According to laboratory studies, a number of valu-
able commercial fisheries may be directly impacted 
by OA. Such fisheries and their U.S. landing values 
(based on the Fisheries of the United States, 2018 
Report) include West Coast Dungeness crab ($239.3 
million across California, Oregon, and Washington in 
2018), Alaska king crab ($67.2 million in 2018), and 
New England Atlantic sea scallop ($532.3 million in 
2018) along with myriad other bivalve species found 
around the U.S. including mussels ($11.1 million in 
2018), clams ($244.1 million in 2018), and oysters 
($258.7 million in 2018). OA has also been shown 
to negatively impact coral reef ecosystems, which 
have an estimated total economic value based on 
combined U.S. coral reef services of $3.4 billion per 

https://www.fisheries.noaa.gov/resource/document/fisheries-united-states-2018-report
https://www.fisheries.noaa.gov/resource/document/fisheries-united-states-2018-report
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year (Edwards, 2013). One coral reef ecosystem 
service, shoreline protection, is declining as a result 
of coral bioerosion in regions such as the Caribbe-
an and Pacific Islands (see subsequent chapters), 
making coastal zones more vulnerable to severe 
storms and waves that are typically dissipated by 
the presence of coral structures.  The annual value 
of estimated flood risk reduction by coral reefs in 
the U.S. alone is more than 18,000 lives and $1.805 
billion in 2010 (Storlazzi et al., 2019).

The FOARAM Act of 2009 calls for educational and 
public outreach opportunities to improve public 
awareness and understanding of the current sci-
entific knowledge of OA and impacts on marine 
resources. Over the last decade, NOAA has been 
dedicated to working with the regions across the 
U.S. to develop OA education toolkits and to provide 
workshops and webinars on platforms such as the 
OA Information Exchange to communicate about 
ocean change and potential response strategies. 
The agency published its first NOAA Ocean Acidi-
fiation Education Implementation Plan in 2014. The 
present research plan aims to sustain the efforts 
being carried out under the education implementa-
tion plan, and to guide environmental change and 
biological sensitivity science that can be applied to 
socioeconomic research, and generate meaningful 
information and products for stakeholders and part-
ners. Resources and products include open ocean, 
coastal, and Great Lakes region education and out-
reach resources such as visualizations and other in-
formation products targeting diverse stakeholders. 

Socioeconomic research will be framed based on 
the needs of and conducted in consultation with 
relevant stakeholders and partners in order to en-
sure actionable and relevant research results. It will 
be important to systematically identify acidifica-
tion-vulnerable stakeholders and partners to build 
relationships and to understand their acidification 
needs and concerns in the context of the broader 
environmental change they are facing. Established 
national and regional networks such as the Coastal 
Acidification Networks (CANs) that are part of the 
IOOS Regional Associations, Sea Grant Extension 
Agents, National Marine Sanctuaries, and National 
Estuarine Research Reserves have built long stand-
ing relationships and collaborations that can facili-

tate relationship building and identification of need. 
Building partnerships with communities may also 
lend itself to community-based observing and the 
integration of local knowledge into research efforts. 
Such partnerships have the potential to greatly ex-
pand the spatial and temporal coverage of monitor-
ing and provide valuable insights to supplement on-
going monitoring of ocean, coastal, and Great Lakes 
acidification.

Managers at the state, local, tribal, and regional 
levels need targeted social and economic research 
results to be able to best anticipate and prepare for 
acidification impacts by developing suitable and 
region-specific strategies to address the threats 
of climate and ocean change. The integration of 
environmental understanding, biological sensitivity 
and socioeconomic results in models to forecast 
regional acidification effects on communities and 
economies will be essential to prepare for future 
impacts of ocean, coastal, and Great lakes acidifica-
tion and environmental change. Considering future 
impacts, an important next step will be to support 
research that evaluates and develops effective local 
communication, mitigation, and adaptive strategies 
to support resiliency of communities.

Research Objective 1.3: Identify and 
engage stakeholders and partners, assess 
needs, and generate products and tools 
that support management, adaptation, and 
resilience to acidification
Integrating scientific knowledge into social, cultural, 
and economic frameworks is central to understand-
ing the vulnerability of communities to ocean, coast-
al, and Great Lakes acidification and environmental 
change. Research and associated communication 
products, tools, and technologies that are relevant 
or useful to stakeholders and partners should be 
framed to directly address their needs and con-
cerns.

Action 1.3.1: Identify and build relationships with 
vulnerable communities, stakeholders, and partners 
to identify needs and concerns, exchange knowl-
edge, and understand how acidification fits within 
their decision making contexts.

ftp://ftp.oar.noaa.gov/oa/Final_OAEIP_9-14.pdf
ftp://ftp.oar.noaa.gov/oa/Final_OAEIP_9-14.pdf


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  16

Action 1.3.2: Develop a strategy for engaging indig-
enous governments and communities to exchange 
knowledge and integrate indigenous and scientific 
knowledge sources.

Action 1.3.2: Model economic, cultural, and social 
impacts to evaluate intervention actions and ex-
plore adaptive strategies that build resilience, em-
power communities, and inform policy-making.

Action 1.3.4: Encourage research partnerships and 
two-way dialogues with stakeholders to ensure that 
science is aligned with local to regional level prior-
ities, by supporting networks that are engaging in 
outreach, communication, and research, such as 
the OA Information Exchange and Coastal Acidifi-
cation Networks.

Action 1.3.5: Develop and operationalize data syn-
thesis, visualization tools, and communication 
products with robust stakeholder and partner input 
to ensure products are responsive to needs.

Action 1.3.6: Create education and outreach re-
sources in partnership with researchers, educators, 
and community partners based on regional needs 
and real data products to promote understanding 
and awareness of ocean, coastal, and Great Lakes 
acidification and possible adaptation, mitigation, 
and resilience strategies.

Action 1.3.7: Monitor trends in community aware-
ness and perceptions of acidification impacts and 
participation in stewardship activities across di-
verse stakeholders. 
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Abstract

The primary goals of the open ocean research plan 
are to determine how anthropogenic carbon and 
pH changes interact with natural variability to col-
lectively act on ocean carbonate chemistry and bi-
ology, and to continue to support and enhance the 
NOAA contribution to the Global Ocean Acidification 
Observing Network (GOA-ON) with new sensors, au-
tonomous platforms, and biological measurements 
to be co-located with the physical and chemical 
studies. The observations will be utilized to vali-
date models and calibrate satellite data synthesis 
products. Global maps and data synthesis products 
will be developed to provide information for nation-
al and international policy and adaptive actions, 
food security, fisheries and aquaculture practices, 
protection of coral reefs, shore protection, cultural 
identity, and tourism. The Open Ocean Region’s re-
search goals are to:

•	 Maintain existing observations and 
continue developing and deploying 
autonomous vehicles and biogeochemical 
(BGC) Argo floats to measure surface 
and water column carbon parameters, 
nutrients, and other Essential Ocean 
Variables (EOVs);

•	 Conduct biological sampling (e.g., Bongo 
net tows) during GO-SHIP cruises to 
determine the biological impacts of 
OA and other stressors on planktonic 
communities;

2. Open Ocean Region Acidification 
Research
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•	 Develop data management systems and 
synthesis products including visualizations 
of key chemical and biological parameters 
to quantify anthropogenic carbon dioxide 
(CO2) buildup, rates of change of global 
ocean OA conditions, and biological rate 
processes; and

•	 Support data synthesis activities to provide 
validation of biogeochemical models.

Ocean Acidification in the Open 
Ocean Region

This chapter evaluates how anthropogenic chang-
es and natural variability collectively act on ocean 
carbonate chemistry and determine the vulnerability 
to future ocean acidification (OA) conditions with-
in the open ocean regions in deep waters beyond 
the continental shelf. Natural carbonate chemistry 
variability results from the combined actions and 
interactions among many different processes (e.g., 

air-sea exchange, circulation and transport, upwell-
ing, production, remineralization, carbonate mineral 
dissolution, etc.). OA is an anthropogenic process, 
rooted in natural seawater carbonate chemistry, but 
is also influenced by regional and temporal varia-
tions and processes. Natural variability in carbon-
ate chemistry is compounded by OA changes that 
have the capacity to create particularly extreme 
conditions in some regions of the global ocean. For 
example, high latitudes are particularly vulnerable 
to decreasing aragonite state conditions because 
of the combined effects of the anthropogenic CO2 
input, low temperature, and lower buffer capacity 
(Hauri et al., 2015; Zhang et al., 2020).

Models indicate that with continued atmospheric 
CO2 absorption, the ocean is likely to undergo rap-
id changes in calcium carbonate saturation state, 
affecting calcifying organisms and leading to large-
scale ecological and socioeconomic impacts (Feely 
et al., 2009; Orr et al., 2005; Steinacher et al., 2009; 

Figure 2.1. Model output of past, present, and future: a) hydrogen ion activity changes and b) aragonite saturation state based on global 
surface ocean pCO2 observations normalized to the year 2000. The hydrogen ion activity distributions for 1770 and 2100 are reconstructed 
by extracting the temporal changes of pCO2 and SST at individual locations of the global ocean from the Geophysical Fluid Dynamics Lab-
oratory (GFDL)’s ESM2M Model and converting the data to hydrogen ion activity using CO2SYS. This provides a regionally varying view of 
the historical and future surface ocean H+ simulations given by the Intergovernmental Panel on Climate Change (IPCC) Assessment Report 
(AR5) for the Representative Concentration Pathway 8.5 scenario (adapted from Jiang et al., 2019).

a) b)
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Gattuso et al., 2015; see also Chapter 6; Figure 
2.1). Quantifying the relative magnitude of natural 
variations provides useful context for determining 
the tolerance levels of organisms, which evolved 
before the influence of human-caused CO2 emis-
sions. The most important indicators for OA are pH  
(-log a(H+)), pCO2, carbonate ion concentrations 
([CO32-]), and calcium carbonate mineral saturation 
states, with significant increases in surface ocean 
pH and downward trajectories of surface ocean 
[CO3

2-] and carbonate saturation states expected 
throughout this century with increasing atmospheric 
CO2 (e.g., Figure 2.1). However, attempts to synthe-
size pH and other carbonate data for the open ocean 
have largely been limited by available high-quality 
data, since pH and other carbonate parameter mea-
surements require great care, calibration, and meta-
data validation (Feely et al., 2009; Takahashi et al., 
2014; Jiang et al., 2015; Olsen et al., 2016; Carter 
et al., 2017; Gruber et al., 2019a,b; see also Figure 
6.2 in Chapter 6: U.S. Pacific Islands Region). In this 
chapter we recommend future research objectives, 
activities, and priorities for the open oceans for the 
next decade of NOAA OA research.

Environmental Change in the Open 
Ocean Region

After launching the GOA-ON in 2013, the current 
observing network is comprised of several observ-
ing networks deployed around the world—including 
moorings, repeat hydrography lines, ships of oppor-
tunity, and fixed ocean time-series (Figure 2.2). The 
existing large-scale global oceanic carbon observa-
tory network, supported by the NOAA Global Ocean 
Monitoring and Observing (GOMO) Program, which 
includes the Global Ocean Ship-based Hydrograph-
ic Investigations Program (GO-SHIP) surveys, the 
Surface Ocean CO2 Observing Network (SOCONET), 
the Ship of Opportunity Program (SOOP) volunteer 
observing ships, and the Ocean Sustained Inter-
disciplinary Time-series Environment Observation 
System (OceanSITES) time-series stations in the 
Atlantic, Pacific, and Indian oceans have provided 
a backbone of carbonate chemistry observations 
needed to understand OA (Figure 2.2). Indeed, 
much of the present understanding about long-term 
changes in the carbonate system is derived from 
these repeat surveys and time-series measure-
ments in the open ocean (Feely et al., 2004, Sabine 

Figure 2.2. Present-day Global Ocean Acidification Observing Network, which is collaborative with the Global Ocean Ship-based Hydro
graphic Investigations Program (GO-SHIP) surveys, the Surface Ocean CO2 Observing NETwork (SOCONET), the Ship of Opportunity Pro-
gram (SOOP) volunteer observing ships, and the Ocean Sustained Interdisciplinary Time-series Environment observation System (Ocean-
SITES) , and other open ocean and coastal observing networks (after Tilbrook et al., 2019).
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et al., 2004; Carter et al., 2017, 2019a; Sutton et al., 
2019; Gruber et al., 2019b). At present, many of the 
existing moored carbon observatories only mea-
sure pCO2 in surface waters, which is insufficient to 
effectively monitor and forecast OA conditions and 
concomitant biological effects. Future efforts will 
require additional platforms with an enhanced suite 
of physical, chemical, and biological sensors in the 
ocean interior.

Efforts to observe and predict the impact of OA 
on marine ecosystems must be integrated with an 
understanding of both the natural and anthropo-
genic processes that control the ocean carbonate 
system (Figure 2.3). Biogeochemical cycling leads 
to remarkable temporal and spatial variability of 
carbon in the open ocean. Long-term, high-quality 
observations are critical records for distinguishing 
natural cycles from climate change. There are sev-
eral methods by which anthropogenic carbon can 
be distinguished from natural carbon, but all rely on 
the repeated, high-quality, spatially dense, synoptic, 
coast-to-coast records of nutrients, ventilation trac-
ers, carbonate system measurements, dissolved 
gases, and physical properties provided by the GO-
SHIP cruises (e.g., Sabine et al., 2004; Khatiwala et 
al., 2013; Carter et al., 2017, 2019a; DeVries, 2014; 
Gruber et al., 2019b). Recent research has shown 
that there are significant regional and decadal vari-
ations in anthropogenic CO2 storage (e.g., Land-
schützer et al., 2016; DeVries et al., 2017; Gruber 
et al., 2019a,b), indicating that repeat hydrographic 
surveys will remain critical for quantifying ocean 
carbon storage in the coming decades. Feely et al. 
(2016) extended the open ocean anthropogenic 
carbon estimates to the California Current Large 
Marine Ecosystem, allowing the impacts of OA to 
be separated from natural processes over a two-de-
cade-long time span. This is a critical application 
for anthropogenic carbon estimates that should be 
applied in other regions, as coastal regions play dis-
proportionate roles in fisheries and ocean primary 
production compared to their small (~8% of total) 
ocean area, and because theseregions with air-sea 
pCO2 disequilibria typically lack means to directly 
quantify the overall anthropogenic impact.

Figure 2.3. Anthropogenic dissolved inorganic carbon concen-
trations in μmol kg-1 along Pacific Ocean repeat hydrographic sec-
tions, estimated for (a) 1995 and (b) 2015. Darker colors indicate 
that higher concentrations are found near the surface, and extend 
deeper into the water column in the subtropical gyres. This figure 
is adapted from Carter et al. (2019a).
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Open ocean time-series observations now exist 
in nearly all oceanic regions and show that the in-
organic carbon chemistry of the surface ocean is 
currently changing at a mean rate consistent with 
the atmospheric CO2 increase of approximately 2.0 
µatm yr-1 (Bates et al., 2014a; Sutton et al., 2017, 
2019). However, enhanced variability in high-latitude 
regions can complicate and, at times, obscure de-
tection and attribution of longer-term ocean carbon 
changes. Recent work suggests it will require de-
cades of observations to detect an anthropogenic 
signal at many coastal time-series stations (Carter 
et al., 2019a; Sutton et al., 2019; Turk et al., 2019). 
High-quality, open ocean time-series observations 
represent critical components of GOA-ON and pro-
vide a critical constraint of offshore processes influ-
encing coastal systems, and we recommend their 
adoption at a larger scale. Open ocean time-series 
are a powerful way to quantify the United Nations 
Sustainable Development Goal 14.3 to minimize 

and address the impacts of OA, including tracking 
rates of change of OA globally.

Autonomous platforms have demonstrated their po-
tential for revolutionizing the quantity and coverage 
of OA-related information retrievable from remote 
regions in all seasons (Bushinsky et al., 2019; Mein-
ig et al., 2015). These surface vehicles and profiling 
floats possess the capacity to quantify OA and bio-
geochemical seasonal cycling across traditionally 
inaccessible regions and timescales. The advent of 
BGC-Argo profiling floats, with pH as one of the six 
BGC sensors, offers enormous opportunity to ob-
tain greatly expanded datasets in the open ocean 
that will provide seasonal resolution of trends and 
processes that lead to a better understanding of the 
evolution of marine chemistry and biology condi-
tions as they pertain to OA (Figure 2.4). Aside from 
directly determining OA parameters and processes 
from these programs, the data are increasingly used 

Figure 2.4. Carbonate system processes and autonomous vehicle observational capabilities as a function of time and space. Ocean 
processes that affect the carbonate system (solid colored ovals with labels in the legend) are depicted as a function of the tempo-
ral and spatial scales over which they must be observed to capture important scales of variability and/or long-term change. The 
ability of platforms, including conventional approaches (red boxes) and autonomous arrays (black), to capture carbonate sys-
tem processes is superimposed over the characteristic time and space footprints of important carbon cycle processes. The 
mooring box includes both open-ocean observatories and compact, fixed observatories deployed in coastal and benthic regions.  
Box boundaries that are directly adjacent to one another (i.e., the upper boundaries of profiling floats, decadal hydrographic surveys, and 
ships of opportunity) indicate the same temporal or spatial boundary, but are offset for clarity (after Bushinsky et al., 2019). Satellite 
remotely sensed surface ocean observations (ranging from sub-km to global and from sub-days to decades in some cases) can be assim-
ilated into carbonate and ocean physics models and used as validation for some model outputs.
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to validate models including ingestion into novel as-
similation schemes such as ocean state estimates. 
However, as an emergent autonomous technology, 
the uncertainties associated with their use and lack 
of in situ calibrations are still being quantified, and 
extensive work remains to be completed before the 
promise of this observation strategy can be fully re-
alized (Johnson et al., 2017; Williams et al., 2017).  
On autonomous surface vehicles, seawater pCO2, 
and pH can be directly measured, with in situ cali-
bration of CO2 providing high-quality data equivalent 
to moored pCO2 time-series (e.g., Saildrone). How-
ever, even the highest-quality pCO2 and pH sensors 
in combination do not meet GOA-ON climate-quality 
goals for tracking OA, and sensor development ef-
forts must address this challenge. Research must 
continue to determine how best to implement new 
observing platforms and sensors, use the data they 
retrieve, and quality control and manage their sen-
sor outputs.

Research Objective 2.1: Continue leadership 
and support for GOA-ON (coordinated with 
Pacific Islands Region Chapter 6 Research 
Objective 6.2)
GOA-ON provides a framework to knit together infor-
mation from ship-based hydrography; time-series 
moorings, floats, and gliders with carbon system, 
pH, and oxygen sensors; and ecological surveys 
and associated biological responses. Support will 
assure continuation of the ongoing international ob-
serving programs, support augmentation of obser-
vation with key biological Essential Ocean Variables 
(EOVs) and encourage further development of novel 
platforms.

Action 2.1.1: Build upon the existing NOAA-sup-
ported GOA-ON activities and expand the global 
network with new sensors and observing platforms 
that provide important information on the chang-
ing physical, chemical, and biological conditions in 
open ocean environments.

Action 2.1.2: Ensure OA relevant measurements are 
included on all Surface Ocean CO2 Observing Net-
work (SOCONET) and Ship of Opportunity Program 
(SOOP) volunteer observing ships.

Action 2.1.3: Enable the development of globally 
accessible, high-quality data and data synthesis 
products, including assessments of OA status and 
trends, which facilitate research and new knowl-
edge on OA, communicate the status of OA and 
biological response, and enable forecasting of OA 
conditions.

Research Objective 2.2: Separate natural 
and anthropogenic CO2 signals and elucidate 
feedbacks on seasonal to decadal scales
Quantifying the vertical and horizontal distributions, 
temporal variability, and long-term trends of anthro-
pogenic carbon will provide critical information for 
determining the biogenic responses of organisms 
and communities to OA.

Action 2.2.1: Link open ocean and coastal cruises 
for tracking the distribution and trends of anthropo-
genic carbon increases in the ocean.

Action 2.2.2: Expand time-series observations in 
open ocean and coastal waters (see Chapters 3–11) 
to characterize rates of ocean carbon change over 
time, which is necessary to reduce uncertainties in 
future projections of OA.

Action 2.2.3: Continue the development of sensors 
on autonomous platforms that can measure car-
bon parameters, nutrients, and other biogeochem-
ical EOVs, especially those meeting climate- quality 
standards of GOA-ON.

Developing global synthesis and 
modeling products and maps of OA 
indicators

Repeat coast-to-coast cruises are the chief means 
through which we understand rates of decadal 
ocean uptake of anthropogenic CO2 and resulting 
global inventories (Sabine et al., 2004; Gruber et 
al., 2019b), as well as the ensuing ocean carbonate 
chemistry changes that are underway in the glob-
al ocean (e.g., Byrne et al., 2010; Feely et al., 2004, 
2012; Carter et al., 2016, 2017; Jiang et al., 2015, 
2019). Sustained support for decadal reoccupation 
of open ocean repeat hydrography lines is critical 
to ensure that we can continue to estimate ocean 
uptake and inventories of anthropogenic carbon 
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into the future, as well as providing high-quality 
datasets for global ocean model validation. These 
in turn support accurate and reliable generation of 
boundary conditions for regional coastal models 
(e.g., Feely et al., 2016; Carter et al., 2017, 2019a).

A wave glider makes ocean carbon dioxide (pCO2) measure-
ments in Washington coastal waters while deployed by research-
ers aboard the R/V Wecoma. Credit: Richard Feely/NOAA

Open ocean transects provide valuable insight into 
source water evolution relevant to coastal acidifica-
tion trajectories, although their decadal resolution 
provides infrequent snapshots of such conditions 
and must be cross-referenced to more frequent 
coastal observations to gain insight into rates of 
change in shelf environments (cf. Feely et al., 2012, 
2016; McClatchie et al., 2016). Global Earth System 
Models of coupled carbon and climate are also key 
sources of information on past trends and future 
projections for OA. Currently available model data 
include a suite of simulations from the 5th Coupled 
Model Intercomparison Project (Taylor et al., 2012; 
https://esgf-node.llnl.gov/projects/cmip5/), includ-
ing simulations from NOAA’s Geophysical Fluid Dy-
namics Laboratory (GFDL) with two state-of-the-art 
Earth System Models, GFDL-ESM2M and GFDL-ES-
M2G (Dunne et al., 2012a, 2013; ftp://nomads.
gfdl.noaa.gov/CMIP5/output1/NOAA-GFDL/). The 
global modeling community continues to advance 
on this frontier and has commenced an ongoing 
6th phase of the Coupled Model Intercomparison 
Project (Eyring et al., 2016), which includes a vast-
ly more comprehensive suite of experiments,  in 
which GFDL is fully engaged. Public access to the 
next-generation Earth System Models will be pro-
vided by the global modeling community over the 
coming years.

New autonomous platforms such as autonomous 
surface vehicles and profiling floats offer an enor-
mous opportunity to obtain greatly expanded data-
sets that will provide daily to seasonal resolution of 
trends and processes, especially in traditionally in-
accessible regions. However, there are considerable 
data management tools that must be developed 
before these observations can be integrated with 
established observations in global data synthesis 
products and used to validate models. Intercompar-
isons between established and new observations 
can help determine uncertainty of new technolo-
gies, but a data integration system is also critical 
to support these new approaches now and into the 
future. Research must continue to determine how 
best to implement these observing platforms, use 
the data they retrieve, and quality control and man-
age their sensor outputs. Support for the continu-
ation of the ongoing observing programs, support 
augmentation of observations with key biological 
EOVs such as plankton, assure maintenance of the 
high quality of the data, and encourage further de-
velopment of these new platforms.

Global seasonal-to-interannual prediction of acidifi-
cation anomalies requires reliance on large- scale 
physical and biogeochemical data assimilation 
that is dependent on Research Objective 2.2 above. 
These forecasts are in a state of development and 
require a better understanding of data assimilation 
methods, especially considering the new observa-
tional assets coming online in the next few years. 
Global historical and future scenarios of decadal 
to centennial acidification using fully coupled car-
bon-climate earth system models are in continued 
development as described in Research Objective 
2.3. When run in physical data-assimilation mode, 
these models show much early promise with re-
spect to predictability of carbon uptake and acidifi-
cation (Li et al., 2016; Park et al., 2018) on seasonal 
to decadal timescales, and earth system prediction 
is possible using the GFDL MOM6 model. An es-
sential part of this development on all timescales 
includes multi-decade retrospective analysis of 
acidification patterns compared with observations 
to test the skill and improve the forecast and pro-
jection systems. Key observations for this activity 
include those that characterize the ocean ecosys-

https://esgf-node.llnl.gov/projects/cmip5/
ftp://nomads.gfdl.noaa.gov/CMIP5/output1/NOAA-GFDL/
ftp://nomads.gfdl.noaa.gov/CMIP5/output1/NOAA-GFDL/
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tem and biogeochemical cycles at the process level 
and their sensitivity to multiple stressors including 
the physiological role of acidification on plankton 
growth and behavior and its consequences for bio-
diversity and controls on calcite, aragonite, and high 
Mg-calcite formation and dissolution. The cycling of 
calcium carbonate has been recently identified as 
a potentially important process that is not consis-
tently simulated (Dunne et al., 2012b; Buitenhuis et 
al., 2019); and thus remains poorly constrained and 
requires further improvements in understanding.

Research Objective 2.3: Observe the 
evolution of marine chemistry and biology 
to provide model initial conditions and 
validation 
Quantifying OA impacts requires the development 
of global and regional data products from observa-
tional data such as open ocean observations from 
GO-SHIP, BGC Argo, and SOCONET to provide initial-
ization data for model runs and validation datasets 
for testing model predictive capabilities (in coor-
dination with Pacific Islands Region Chapter 6 Re-
search Objective 6.3).

Action 2.3.1: Develop synthesis products including 
maps and sections of key chemical and biological 
parameters to quantify the buildup of anthropogenic 
CO2, rates of change in global ocean OA conditions, 
and impacts of OA on key  species.

Action 2.3.2: Continue the development of data 
management and quality control systems for auton-
omous sensors on autonomous surface vehicles 
and biogeochemical (BGC) Argo profiling floats in 
order to incorporate these new observations in data 
products and validate models.

Action 2.3.3: Continue development of region-
al-to-global scale prediction BGC models focused 
on acidification extremes spanning timescales 
from seasonal to interannual to decadal.

Satellite Observations for 
Understanding Open Ocean 
Acidification 

Satellite observations offer a powerful tool for 
studying surface ocean carbonate dynamics either 

by deriving CO2 parameters via satellite sea surface 
temperature and salinity, or by inferring large-scale 
patterns from physical parameters that can be re-
motely-sensed and validated using observations 
obtained from in situ observing assets (e.g., ships 
and time-series stations). While satellite sensors 
are not capable of actual direct carbonate param-
eter measurements, they are able to sensibly detect 
a broad range of surface physical and biological 
phenomena that influence carbonate system dy-
namics (Salisbury et al., 2015; Shutler et al., 2020). 
By quantifying changes in parameters through time 
and space, satellite data together with in situ obser-
vations can provide reasonable rate proxies for the 
effects of mixing and community metabolism on 
the carbonate system (Hales et al., 2012). Beyond 
the direct study of OA, ocean satellite data can also 
support other activities detailed throughout this 
plan ranging from cruise planning to model valida-
tion. Robust, sustained, internally consistent access 
to ocean satellite products that are fit-for-purpose 
(e.g., near-real-time and delayed science quality 
products) remains a critical need.

Recognizing that many satellite-based empirical or 
semi-empirical algorithms relating observable pa-
rameters to OA are regionally specific (i.e., Gledhill 
et al., 2015), there remains a requirement to objec-
tively establish discrete domains where uniquely 
defined algorithms can be robustly parameterized. 
One promising approach in recent years has been 
the development of dynamic seascape classifica-
tion products (i.e., Kavanaugh et al., 2014, 2016). 
Thus, there is much opportunity for improvements 
that include, but are not limited to, the addition of 
new variables, methodological comparison, and 
global validation.

Surface ocean gridded data synthesis products of 
satellite remote sensing outputs can provide sur-
face ocean-specific algorithms to be applied to re-
motely sensed products to produce gridded fields 
of monthly global sea surface pCO2. These fields 
can then be coupled to total alkalinity (TA) fields 
derived from salinity data (e.g., ESA- SMOS; NASA 
SMAP), which can be used in conjunction with pCO2 
and temperature to derive monthly dynamics for 
global surface ocean carbonate saturation states 
and pH (e.g., Jiang et al., 2015, 2019).
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Improved models for quantifying surface biological 
perturbations to the carbonate system from space 
are needed. The predominant perturbation arises 
from net community production (NCP), or the bal-
ance between gross primary production (GPP) and 
community respiration (CR). Several existing strat-
egies for retrieving satellite-derived NCP include 
a space-time accounting of the change in organic 
carbon inventories (Jönsson et al., 2011; Jönsson & 
Salisbury, 2016), satellite estimates of organic car-
bon export (e.g., Siegel et al., 2014; Li et al., 2018), 
and satellite-derived NPP (e.g., Saba et al., 2011) ver-
sus CR (Zhai et al., 2010). To facilitate these efforts, 
repeated hydrographic surveys should facilitate in 
situ optical measurements that include apparent 
and inherent optical properties, particle-size distri-
butions, and multispectral fluorescence, in conjunc-
tion with ship-based rate measurements (NPP, NCP, 
and CR). Additional measurements may be required 
to optimally relate optical data to rate estimates, 
including but not limited to chlorophyll (and asso-
ciated pigments), particulate organic carbon, and 
phytoplankton functional-type enumerations.

Research Objective 2.4: Derive global 
statistical or quasi-mechanistic algorithms 
to infer surface ocean carbonate dynamics 
and underlying biological processes to be 
acquired from remotely sensed data 
Satellite observations can be used to determine 
surface ocean carbon distribution either directly or 
by synoptically scaling up discrete surface observa-
tions obtained from in situ observing assets.

Action 2.4.1: Derive seascape-specific multivariate 
algorithms for predicting global surface ocean pCO2 
at suitable spatiotemporal scales (e.g., monthly, 0.5 
degree).

Action 2.4.2: Incorporate measurements support-
ing satellite algorithm development and determina-
tion of net biological productivity into ongoing OA 
surveys.

Biological Sensitivity in the Open Ocean 
Region
Large-scale hydrographic studies crossing major 
biogeographical provinces are of fundamental im-

portance for understanding short- and long-term bi-
ological and ecological responses associated with 
OA and other climate change-related stressors in the 
open ocean (e.g., Bednaršek et al., 2014, 2017a; Eng-
ström-Öst et al., 2019). Each province is character-
ized by a set of baseline conditions, and additionally 
is affected by seasonal and ‘event-scale’ variability. 
On large scales, the transitions between adjacent 
provinces are often characterized by strong OA gra-
dients. When accompanied by gradients in other en-
vironmental factors, such as temperature, nutrients, 
dissolved oxygen, and food availability, they create 
the potential for multiple drivers to provoke strong 
biological responses (Bednaršek et al., 2018).

Planktonic communities likely are some of the most 
vulnerable to OA and comprise key prey items for 
larger pelagic and benthic invertebrates, fishes, and 
marine mammals. Plankton are unevenly distribut-
ed across oceanic ecosystems, with their numbers, 
composition, and survival being highly sensitive and 
responsive to environmental conditions. Related 
species often respond differently to OA and other 
stressors, and have different spatial and temporal 
dynamics that may substantially affect food avail-
ability for larger organisms, and in turn for ecosys-
tem services and seafood resources. Changes in 
biodiversity and lower and higher trophic level spe-
cies composition are ultimately dependent upon 
species vulnerability versus adaptation potential. 
So far, OA gradients have been used as natural labo-
ratories for detection of sensitive responses across 
various levels of biological organization.

There is a fundamental need for integration of phys-
ical, chemical, and biological data into a biogeo-
graphic framework to be able to develop OA-related 
species-distribution models. The assessment of 
OA-related impacts is currently limited because syn-
optic information about species distributions, their 
physiological limitations, and the physical-chemical 
characterization of local environments are not al-
ways recorded together. More specifically, Habitat 
Suitability Indices (HSIs) can be used as statistical 
approaches using multiple regression methods to 
define an envelope of optimal conditions in which 
an organism may persist (Bednaršek et al., in re-
view). Continuous Plankton Recorder (CPR) data 
have been collected over time, and some of them 
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now represent unique time-series that could be 
used with gridded products generated by large hy-
drographic surveys to define species’ niches and 
construct species-distribution models related to 
prognostic shifts in OA properties. Future CPR stud-
ies should add OA sensor measurements to the ob-
servational effort.

Large-scale OA gradients in the open ocean repre-
sent transition zones where enhanced biodiversity 
potentially harbors important genetic variability. 
However, many taxa are difficult to distinguish and 
identify to the species level, and most can only be 
identified to higher taxonomic levels in their early 
life history stages (e.g., as eggs and larvae). Ad-
vances in new metagenomic technology (barcod-
ing, eDNA, etc.) will allow for the evaluation of the 
relationships among community-level biological 
diversity and physical and chemical ocean param-
eters, in order to understand responses to OA and 
enable the establishment of linkages using molec-
ular identification tools for rapid monitoring and as-
sessment of climate change effects on pteropods 
and other planktonic species in the future (Stepien 
et al., 2019).

Research Objective 2.5: Research impacts 
on lower trophic levels in oligotrophic 
waters
Biological and biogeochemical studies on hydro-
graphic surveys can delineate biological respons-
es to OA gradients across biogeographic province 
boundaries in the open ocean (in coordination with 
Pacific Islands Region Chapter 6 Research Objective 
6.4).

Action 2.5.1: Utilize Bongo and Continuous Plank-
ton Recorder tows during OA cruises to determine 
the biological impacts of OA and other stressors on 
planktonic communities. 

Action 2.5.2: Develop statistical tools for assessing 
the impacts of OA and other stressors on marine 
organisms.

Action 2.5.3: Develop biogeochemical and phyloge-
netic tools for assessing impacts of OA and other 
stressors on marine organisms.

Humpback whale fluke spotted off the northern California coast. 
Credit: Richard Feely/NOAA

Research Objective 2.6: Research impact of 
OA on highly migratory species 
Migratory species, including fishes, squids, and ma-
rine mammals are dependent on some OA-sensitive 
species as food. Analyses of species compositions 
and their food chains in situ and in lab experiments 
will help predict OA effects (in coordination with 
Pacific Islands Region Chapter 6 Research Objective 
6.5).

Action 2.6.1: Develop biogeochemical tools for as-
sessing the impacts of OA and other stressors on 
higher-level taxonomic groups.

Human Dimensions in the Open Ocean 
Region

The impacts of OA on marine ecosystems in the 
open ocean will likely have negative effects on eco-
system services, marine resources, and the human 
communities that depend on them for their liveli-
hoods, subsistence, and social and cultural continu-
ity (Cooley & Doney, 2009; Cooley et al., 2012, 2016; 
Gattuso et al., 2015; Hoegh-Guldberg et al., 2017; 
Leong et al., 2019). A high priority in the open ocean 
is identifying and projecting the effects of OA on 
marine resource-reliant industries, local fisheries, 
and human communities, and developing ecosys-
tem-based fisheries management systems that are 
driven by OA-informed environmental, ecological, 
and socioeconomic considerations.

Much of the focus of OA impacts are in coastal re-
gions where humans directly rely on resources such 
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as fisheries, and natural barriers such as reefs pro-
viding storm protection. However, open ocean forc-
ing affects these coastal resources. For example, 
climate variability such as El Niño Southern Oscil-
lation and large-scale extreme events such as the 
northeast Pacific marine heatwave of 2014-2016 
have direct impacts on coastal resources and cor-
al reefs (Di Lorenzo & Mantua, 2016; Kleypas et al., 
2015; Peterson et al., 2017; Sanford et al., 2019). 
Improved global projections of OA combined with 
warming and sea level rise are also necessary for 
informing coastal zone managers and policymak-
ers. The connections between open ocean events 
and the coastal zone must be better understood to 
project OA impacts.

Another critical open ocean process that could be 
impacted by OA is the biological pump (Passow 
& Carlson, 2012; Boyd et al., 2019). Additional re-
search and model development are needed to un-
derstand how ocean warming and OA will affect the 
ability of the biological pump to sequester carbon, 
which is necessary for predicting future atmospher-
ic CO2 concentrations and the resulting carbon cy-
cle changes.

An important objective to mitigating future OA im-
pacts will be securing coordinated national and 
international investments to develop effective ad-
aptation strategies and solutions for affected com-
munities. Metrics of impact due to changes in open 
ocean forcing and processes will be required for 
decision-makers to understand how effective local 
adaptation strategies can be in the face of global 
ocean and climate change. These impacts must 
be effectively communicated to decision- makers 
and the public to describe potential OA impacts 
to environmental, biological, economic, and so-
cial systems. Open ocean researchers should pur-
sue efforts to create visualization and educational 
products and outreach resources targeting diverse 
stakeholders to promote understanding and aware-
ness of OA.

Research Objective 2.7: Assess direct and 
indirect effects of OA on communities 
Coupling open ocean forcing, coastal environmen-
tal and ecological dynamics, and human-use sec-

tors in ecosystem models will support assessment 
of OA impacts on marine resource-reliant indus-
tries and communities, including impacts to human 
well-being and ecosystem services (in coordination 
with Pacific Islands Region Chapter 6 Research Ob-
jective 6.7).

Action 2.7.1: Identify relationships among key so-
cial, cultural, and economic drivers to biophysical, 
fishery, and ecosystem parameters along the open 
ocean to coastal continuum to predict potential re-
sponses from future OA scenarios.

Action 2.7.2: Create regional economic impact and 
behavioral models for marine resource-reliant in-
dustries that include open ocean forcing to inform 
consideration of benefits and costs of alternative 
management strategies to mitigate impacts from 
OA.

Action 2.7.3: Develop management objectives relat-
ed to human-use sectors, ecosystem services, and 
well-being, and derive indicators to monitor effec-
tiveness of management strategies.
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Abstract

The Alaska Region includes the waters of the Gulf 
of Alaska, Eastern Bering Sea and surrounding the 
Aleutian Islands (for information on the Chukchi 
and Beaufort seas refer to Chapter 4: Arctic Region). 
Acidification in this region is driven by relatively 
high incorporation of atmospheric carbon due to 
high solubility in cold waters, as well as a number 
of regional processes such as seasonal productivity 
and sea ice melt pulses. Major fisheries exist in this 
region, some of which have proven to be sensitive 
to changes in ocean pH. Alaska communities also 
depend heavily on marine resources for subsis-
tence, cultural identity, and well-being. The follow-
ing research plan outlines the scientific rationale, re-
search objectives and actions for the Alaska Region 
focusing mainly on the following regional goals:  

•	 Expand ocean acidification (OA) 
monitoring with both oceanographic and 
shore-based based observing networks 
to characterize seasonal cycles, regional 
vulnerabilities, and future regional 
trajectories; 

•	 Assess sensitivity and resilience of 
critically important ecosystems and 
commercial species and use this 
knowledge to model and predict 
ecosystem-wide impacts of acidification; 
and

•	 Evaluate the sensitivity of nutritionally and 
economically important subsistence and 
industry species to assess socioeconomic 
impacts. 

Acidification in the Alaska Region

OA poses unique economic, nutritional, and socie-
tal concerns to Alaska communities. With a greater 
area of Exlusive Economic Zone (EEZ) waters and a 
longer coastline than that of the entire contiguous 
U.S., monitoring ongoing OA and understanding 
ecological and social consequences of OA in Alas-
ka represents a major challenge. Alaska fisheries 
accounted for more than 60% of total U.S. harvests 
by weight in 2016 (Fissel et al., 2017), supporting an 
estimated 36,800 full-time jobs and $5.2 billion in 
total output for the U.S. economy (McDowell Group, 
2017). In addition to these economic benefits, the 
harvest of marine resources plays a critical role in 
the identities and well-being of Alaska communi-

3. Alaska Region Acidification 
Research
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ties. More so than any other Americans, Alaskans 
rely upon subsistence harvests of marine resources 
to meet their daily nutritional needs (Fall, 2012).

In order to continue evaluating, understanding, and 
responding to the threat of OA to Alaska, NOAA will 
continue to maintain and build partnerships with 
regional academic institutions, other federal and 
state agencies, local industries, communities, and 
tribal members and governments. Here, we discuss 
the ongoing monitoring efforts and scientific un-
derstanding of OA on Alaska marine ecosystems in 
the Gulf of Alaska and Eastern Bering Sea. To learn 
more about NOAA’s work along the northern Alaska 
coast, refer to Chapter 4: Arctic Region Acidification 
Research Plan. 

Research conducted over the last decade has 
shown that Alaska waters are especially vulnerable 
to OA. Due to long-term preconditioning that results 
in naturally elevated carbon dioxide (CO2) in water 
masses delivered to the region and increased CO2 
solubility of cold seawater, even small accumula-
tions of anthropogenic CO2 can produce relative-
ly large changes in carbonate chemistry (Fabry et 
al., 2009; Carter et al., 2017, 2019a). Regional and 
seasonal processes that influence acidification pat-
terns include advective transport, riverine discharge 
loaded with organic carbon, seasonal sea ice cycles 
that can dilute alkalinity impacting buffering capac-
ity, and the strong biological pump that can amplify 
long-term signals. Because the effects of OA are 
expected to be observed first in these high latitude 
seas, they have been considered critical “bellweath-
ers” of the OA impacts on a global scale (Fabry et 
al., 2009).

Direct calculations of anthropogenic CO2 absorbed 
by seawater surrounding Alaska indicate concentra-
tions ranging from 50-55 µmol kg-1 in surface wa-
ters as of 2015 (Carter et al., 2017, 2019a). Some 
evidence suggests that seasonal conditions am-
plified by anthropogenic CO2 have resulted in the 
dissolution of marine carbonates in the Bering Sea 
(Cross et al., 2013; Mathis et al., 2015a), although 
the contribution of anthropogenic CO2 to this disso-
lution—and the source of carbonate minerals being 
dissolved (terrestrial, sedimentary, biogenic)—re-
mains unclear.

In the past ten years, significant progress has been 
achieved in understanding the spatial and tempo-
ral variability of OA in Alaska waters and its poten-
tial consequences to organisms, ecosystems, and 
Alaska communities. NOAA research on important 
commercial crab fisheries and groundfish is critical 
for preparing commercial fisheries for the progres-
sion of OA in the region and developing strategies 
to mitigate the impacts of OA on communities and 
economies. For example, many years of research at 
NOAA’s Kodiak Laboratory has demonstrated that 
the young stages of commercially important red king 
crab (Paralithodes camtschaticus) and tanner crab 
(Chionoecetes bairdi) are sensitive to OA, whereas 
young snow crab (Chionoecetes opilio) appear to be 
more resilient (Long et al., 2013a,b, 2016). The sen-
sitivity of red king crab and tanner crab is expected 
to alter the production and profitability of crab fish-
eries in Alaska as OA progresses in the region (Punt 
et al., 2014, in review). Work on Alaska groundfish-
es at NOAA’s laboratory in Newport, Oregon has 
shown similar variation in vulnerability across spe-
cies and life stages. While negative impacts of OA 
were observed in Pacific cod (Hurst et al., 2019) and 
northern rock sole (Hurst et al., 2016) research has 
suggested that many fish species will be most vul-
nerable to indirect effects such as OA-induced loss 
of shelled prey species (Hurst et al., 2017). The im-
pact of OA is expected to be felt most severely in 
those Alaskan communities that have a significant 
reliance on the subsistence harvest of crabs and 
other invertebrates, as well as those with predom-
inantly fisheries-related economies and community 
well-being (Mathis et al., 2015a).

Environmental Monitoring in the Alaska 
Region

Given Alaska’s expansive territory and extreme fine-
scale variability with respect to the carbonate sys-
tem (e.g., at least 6 sub-domains in the Bering Sea; 
Cross et al., 2014), developing an expansive obser-
vation system in Alaska is a particular challenge. 
To meet the challenge, targeted observational data 
must be used in conjunction with model, projection, 
and forecast studies that can increase the tempo-
ral and spatial footprint of OA products used by 
NOAA’s stakeholders (Figure 3.1). To support un-
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derstanding of chemical, physical, and biological 
interactions and maximize application to manage-
ment concerns, observations on commercially and 
culturally valuable habitats are prioritized. Using ob-
servations and models together in this region will 
help provide important context to species response 
studies, economic forecasts, and resilience build-
ing. 

Research Objective 3.1: Characterize 
seasonal cycles of OA and regional 
vulnerabilities
Species response studies rely on an understanding 
of the intensity, duration, and extent of OA exposure 
across organismal life cycles. Collecting the data to 
support the species and ecosystem sensitivity anal-
yses requires use of multiple observational tools 
that assess variability of ocean carbonate chemis-
try in both time and space.

Action 3.1.1: Maintain fixed-site moored observa-
tion network including existing moorings such as 
M2 and GAK. These moorings provide information 

on the seasonal cycle and interannual variation of 
OA parameters currently experienced by important 
habitats in the Gulf of Alaska and Bering Sea. Ex-
pansion of the mooring network should target addi-
tional important fishing habitats, such as Bristol Bay 
or Southeast Alaska. 

Action 3.1.2: Conduct ship-based surveys that iden-
tify spatial and regional variability in carbonate pa-
rameters across important fisheries habitats. This 
should include sampling efforts co-located with 
fisheries population surveys in order to elucidate 
potential relationships between OA data and fisher-
ies population data. 

Action 3.1.3: Conduct ship-based process studies 
to improve fundamental understanding of OA driv-
ers including impacts of advective transport, river-
ine discharge, seasonal ice melt, pulses of primary 
productivity, benthic respiration, and biological re-
sponses. Process studies help evaluate the rates 
and fluxes that are critical to reducing uncertainty 
in models. 

Figure 3.1. Ocean observing and forecasting system for the Gulf of Alaska and the Bering Sea between 2011 and 2019, as supported by 
the NOAA Ocean Acidification Program. Blue dots are discrete sampling stations occupied during 2015 and (projected) 2021. Blue triangles 
denote the location of two long-term moorings measuring sea-air exchange of pCO2. Gray tracklines indicate surface observations collect-
ed from autonomous vehicles. The background shading indicates model outputs for annual average surface aragonite saturation state in 
the Gulf of Alaska (GOAGOA OA model) and the Bering Sea (Bering10K model). The Gulf of Alaska model output is for the year 2009 and the 
Bering Sea model output is averaged over 2003–2012.
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An experimental set up for measuring seawater carbon dioxide 
(CO2) aboard the R/V Thomas G. Thompson. Credit: Jessica 
Cross/NOAA

Research Objective 3.2: Characterize future 
OA trajectories at local to regional spatial 
scales
Projections and forecasts from regional models 
help identify the future impacts of OA on commer-
cial and subsistence fishing in Alaska over a broad 
spatial scale. 

Action 3.2.1: Support and validate existing regional 
ocean models for short and long-term forecasting. 
Regional model projections of OA quantify changes 
in carbonate parameters at high-spatial resolution 
under multiple climate emissions scenarios, which 
can inform species response studies. Seasonal 
forecasts provide an estimate of OA exposure on 
the short timeframes relevant for fishery communi-
ties. 

Action 3.2.2: Develop OA indicators that link eco-
system exposure to OA and fisheries population 
dynamics. Historical and forecasted trends in key 
ecosystem indicators are routinely used by fishery 
managers. Development of an OA indicator will im-
prove forecasts of OA ecosystem impacts and cre-
ate a management-focused OA product for Alaska. 

Research Objective 3.3: Develop a 
distributed, community-level coastal 
monitoring network
Alaska communities are distributed along a vast 
coastline, many of which are isolated from sur-
rounding communities, accessible only by air or sea. 
The impacts of OA on many of these communities 

will result from the local impacts on subsistence 
harvest fisheries and community-level industries 
(e.g., aquaculture operations). However, current 
oceanographic models are not sufficiently resolved 
to predict the OA conditions in these highly variable 
coastal regions. Therefore, understanding and mit-
igating the localized impacts of OA will require lo-
calized monitoring at multiple sites along the Alas-
kan coastline. In order to address these needs, an 
evolving network of coastal sites with regular sam-
pling and carbonate system analysis has been es-
tablished through the cooperation between NOAA, 
local communities, and shellfish growers. 

Action 3.3.1: Develop information networks and 
data management procedures to ensure accurate 
and timely reporting of OA conditions. 

Action 3.3.2: Work with local communities and 
shellfish growers to identify local monitoring needs. 
Provide training and technical expertise to sustain 
and further develop Alaska’s coastal OA monitoring 
network through establishment of additional OA 
monitoring sites. 

Action 3.3.3: Provide high spatial and temporal res-
olution data from this network to meet real-time 
monitoring needs of local communities and to im-
prove our understanding and forecasting of coastal 
acidification throughout Alaska.

Biological Sensitivity in the Alaska 
Region

Over the last decade, research at the Alaska Fisher-
ies Science Center has examined the sensitivity of 
commercially important Alaska crab and groundfish 
species in the Gulf of Alaska and Bering Sea (Fig-
ure 3.2). These results have demonstrated import-
ant differences in sensitivity between species and 
among life stages within species. They have also 
demonstrated variation in the primary mechanisms 
by which OA will affect the productivity of specif-
ic fishery species. Laboratory studies have shown 
that crab species differ in their sensitivity to OA with 
Tanner crab (Long et al., 2013a, 2016; Swiney et al., 
2016) and red king crab (Long et al., 2013a,b; Swin-
ey et al., 2017) being the most sensitive, whereas 
blue king crab (Long et al., 2017) and snow crab ap-
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pear to be more resilient (W.C. Long, unpublished 
data). Among groundfishes, larval and juvenile wall-
eye pollock didn’t appear to suffer negative effects 
of OA in the lab (Hurst et al., 2012, 2013), but young 
northern rock sole and Pacific cod were impacted 
(Hurst et al., 2016, 2019). These results provide crit-
ical decision support information for the manage-
ment of Alaska fisheries and the communities that 
rely upon these resources. 

While significant advances have been achieved in 
quantifying the responses of Alaska marine species 
to OA, many unknowns still exist and hinder the sci-
entific capability of fully predicting OA impacts on 
critical species. To date, most of the research has 
focused on commercial crab and selected ground-
fish species; there are many other species that have 
not yet received sufficient research attention. In 
particular, salmon are critical in Alaska as commer-
cial, sport, and subsistence species and sensitivity 
to acidification has yet to be examined across this 
species group. Although bivalves are known to be 
sensitive to OA (Harvey et al., 2013), there are many 
bivalve species including weathervane scallops (Pa-
tinopecten caurinus), razor clams (Siliqua patula), 
geoduck (Panopea generosa), and littleneck clams 
(Leukoma staminea) that have commercial or sub-

sistence value and need to be investigated. More 
recent efforts to evaluate the sensitivity of salmon 
and bivalves have begun in partnership with univer-
sities in the northwest and Alaska. 

OA is also expected to impact lower trophic lev-
el (LTL) species, but there has been little LTL OA 
research to date in Alaska. Some of these lower 
trophic level species are food web “bottlenecks,” 
critical prey species that funnel energy from phyto-
plankton up to larger organisms. Impacts on these 
bottleneck species (e.g., krill, pteropods, copepods, 
and shrimp) will quickly spread throughout the food 
web potentially disrupting population productivity 
of commercially important fish and crabs as well 
as protected and culturally important species. Food 
web disruptions are expected to be the primary 
mechanism of OA effects on marine mammals and 
some fish species in Alaska (Mathis et al., 2015a; 
Hurst et al., 2016). Therefore, understanding the 
sensitivity to OA of key, lower trophic level species 
will be critical to predict the consequences of OA to 
the Alaskan economy and communities.

To date, research has largely focused on the effects 
of OA on physiological responses such as growth 
and reproductive success, but other responses, 
such as changes in the sensory functions can also 

Figure 3.2. Ocean acidification is expected to impact crab and other marine resources through direct effects of elevated CO2 and reduce 
pH, indirect effects on predators and prey, and through interactions with other environmental factors and stressors. Graphics: Rebecca 
White/NOAA
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be affected (Clements & Hunt, 2015), and could 
have implications for foraging, predator avoid-
ance, or mate-finding behaviors. Negative effects 
of OA may be partially ameliorated by acclimation 
and adaptation. This can be partially addressed by 
identifying the mechanisms behind the physiolog-
ical responses to OA using gene expression anal-
ysis and proteomics, and by quantifying inter- and 
intra-specific differences in those responses. Fur-
ther, carryover effects, transgenerational effects, 
and evolutionary potential must be explored using 
experiments that extend over multiple life-history 
stages and generations and via targeted breeding. 
This will allow researchers to estimate the extent 
to which species will be able to adapt to changing 
oceanic pH. Recent research has been initiated to 
explore the detailed physiological effects of OA on 
marine species (specifically crabs), including the ef-
fects on the immune system (Meseck et al., 2016) 
as well as shell structure and function (Coffey et al., 
2017). In fishes, OA is expected to have the biggest 
impact on the sensory and behavioral systems that 
drive feeding and predator avoidance. Work exam-
ining these effects has, so far, been conducted only 
for larval Pacific cod (Hurst et al., 2019) and juvenile 
pink salmon (Ou et al., 2015). 

Finally, OA is not occurring in isolation, declining 
ocean pH is co-occurring with large-scale chang-
es in temperatures, oceanic oxygen levels, sea ice 
cover, and freshwater inputs in addition to localized 
habitat modifications. Very little work has been done 
on the interaction between OA and these stressors. 
These interactions can be complex and identifying 
which stressors are mostly likely to co-affect key 
species and performing experiments to elucidate 
the response is critical (Breitburg et al., 2015). Such 
experiments will require investment in laboratory 
infrastructure as maintaining experimental condi-
tions becomes exponentially more challenging as 
additional factors are examined. 

Increasing research focus on the ecosystem-wide 
effects of OA will enhance understanding of the 
cumulative effects on ecosystems and fisheries. In 
the region this will be critical to informing protection 
and management of fisheries, protected species, 
and ecosystems and to identify risk and evaluate 
adaptation measures. New and existing food-web 

models can be modified to include climate and OA 
drivers. Recent advances in climate-informed mod-
eling include ongoing efforts to couple food web 
models (e.g., CE-size-spectrum; Reum et al., 2019, 
2020), climate-enhanced groundfish assessment 
models (Hollowed et al., 2020) and individual based 
models for snow crab (Stockhausen et al., in prep) 
to environmental indices derived from high reso-
lution ROMS-NPZ models (Hermann et al., 2019). 
Inclusion of mechanistic OA linkages are now pos-
sible through the incorporation of carbonate dynam-
ics in ROMS models, which reveal distinct seasonal 
and spatial patterns in OA (Pilcher et al., 2019), and 
which can be projected to evaluate future changes in 
exposure across space and time. Such projections, 
linked statistically or deterministically to key pro-
cesses in biological models (e.g., physiology, preda-
tion, behavior, distribution, growth) could help reveal 
sensitive species and interactions, emergent non-in-
tuitive outcomes of cascading impacts, and poten-
tial attenuation/amplification of cumulative effects 
of multiple stressors (e.g., warming, OA, fishing). 
Management strategy evaluations that evaluate the 
degree to which spatial and harvest management 
tools can counter OA and climate-driven impacts 
will further help reveal inherent tipping points and 
thresholds under various adaptation goals and pro-
vide climate-informed scientific advice for decision 
making (Holsman et al., 2019; Karp et al., 2019; 
Gaines et al., 2018).

Alaska brown bears depend on salmon that are potentially 
vulnerable to acidification as a food source. Credit: Crew and 
Officers of NOAA Ship Fairweather
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Research Objective 3.4: Characterize 
sensitivity and adaptive potential of critical 
resource species to OA and other stressors
Species response research should evaluate the 
multi-stressor impacts of OA combined with warm-
ing, hypoxia and other environmental variables. 
Species response research should also include 
consideration of the effects of natural variation in 
environmental conditions (e.g., temperature, salin-
ity, dissolved oxygen) on species responses to OA.

Action 3.4.1: Conduct experiments to understand 
the range of life-stage responses of OA and associ-
ated environmental stressors.

Action 3.4.2:  Conduct experiments on potential for 
organismal acclimation and transgenerational ad-
aptation to future environments.

Action 3.4.3: Expand research to include under-stud-
ied species including Alaska salmon and bivalves 
that have commercial and subsistence value.

Action 3.4.4: Expand experimental system capa-
bilities to incorporate time-varying environmental 
conditions and expand capacity for multi-stressor 
experiments.

Research Objective 3.5: Examine sensitivity 
of critical lower trophic level “bottleneck” 
species to OA
Improving the fundamental understanding of LTL 
species that are critical to Alaska ecosystems to es-
timate the indirect impact on commercial and sub-
sistence value species. 

Action 3.5.1: Conduct OA-sensitivity studies on re-
gionally important ecosystem drivers such as krill, 
bivalves, echinoderms, copepods, pteropods, and 
shrimps. 

Action 3.5.2: Apply phylogenetic and trait-based 
analyses to identify sensitive species that have 
broad impact on the food web.

Action 3.5.3: Use these analyses to help identify 
species that may serve as bio-indicators of OA im-
pacts in the region.

Research Objective 3.6: Identify the 
ecosystem-wide impacts of OA 
A better understanding of the multi-faceted impacts 
of OA across species groups and trophic levels will 
improve understanding of the cumulative effects 
on ecosystems and fisheries. This is critical to in-
forming protection and management of fisheries, 
protected species, and ecosystems and to identify 
risk and scope of adaptation measures. 

Action 3.6.1: Conduct laboratory experimental stud-
ies to quantify the effects of OA and in situ field ob-
servations to validate and parameterize OA impacts 
to biological couplings (predator-prey interactions) 
in food web and climate-enhanced models.

Action 3.6.2: Improve understanding of responses 
to OA by incorporating consideration of environ-
mental and ecosystem variability including episodic 
warming, harmful algal blooms, and mass mortality 
events.

Action 3.6.3: Develop integrated climate-biologi-
cal-socioeconomic models that link the physiology, 
growth, behavior, and distribution of species to spa-
tial and temporal patterns of corrosive water expo-
sure will allow for evaluation of direct and cascad-
ing effects of OA on the social-ecological system. 

Human dimensions in the Alaska 
Region

The seafood industry is a major source of employ-
ment in Alaska, employing more than 50 thousand 
workers earning $2 billion in total annual income 
(McDowell Group, 2017). The nation’s largest, and 
most valuable, crab fishery occurs in waters off 
the coast of Alaska and is potentially susceptible 
to impacts from OA. Over the last decade, the pri-
mary goal of research regarding the socioeconom-
ic impacts of OA in the Alaska region has been to 
forecast biological and economic effects on com-
mercially important Alaska crab and fish stocks. 
To evaluate potential impacts, prior research devel-
oped bioeconomic models that relate direct effects 
of OA to future changes in stock productivity, mea-
sured in terms of declining yields and income over 
time. Moreover, direct effects of OA on the fishing 
industry create indirect effects for other industries, 
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which were evaluated using a regional economic 
model for Alaska (Seung et al., 2015). In present val-
ue terms, the welfare loss for Alaskan households 
from cumulative impacts of OA in the coming de-
cades on one crab stock, Bristol Bay red king crab, 
could exceed a billion dollars. Bioeconomic mod-
els were also developed for Tanner crab and snow 
crab, in the Eastern Bering Sea. The next phase of 
research on human dimensions of OA in the Alas-
ka region will expand focus to include impacts on 
non-commercial activities, such as subsistence use, 
through the development of coupled social-ecolog-
ical models.

Localized and species-specific responses to OA 
may lead to changes in the composition and yields 
of harvested species, plus the location and acces-
sibility of harvestable resources. Direct and indirect 
climate-driven changes in the productivity and distri-
bution of species can affect bycatch risk and inter-
actions among fisheries, as well as other sectors in 
ways that may differentially perpetuate risk across 
coastal communities and limit the scope for adap-
tation to climate change (Himes-Cornell & Kasper-
ski, 2015; Barange et al., 2014, 2018). Integrated 
modeling of OA effects on the coupled social-eco-
logical system, such as technical interactions be-
tween industries, can help reveal cumulative im-
pacts on marine resource-dependent communities. 
An example that demonstrates the importance of 
these interactions is bycatch of Tanner crab in the 
eastern Bering Sea snow crab fishery, the largest 
and most valuable Alaska crab fishery. Snow crab 
are insensitive to direct effects of OA, but indirect 

effects arising from technical interactions with Tan-
ner crab, which are sensitive, could constrain future 
yields of snow crab (Punt et al., in review). Further, 
interest has been growing in commercial maricul-
ture of seaweeds and shellfish in south-central and 
southeast Alaska. It is currently unknown how OA 
will impact this growing industry. In recognition of 
the importance of spatial heterogeneity and dy-
namic feedbacks within and between social and 
ecological systems (Holsman et al., 2017), coupled 
social-ecological models will be developed that are 
community-specific to evaluate impacts on individ-
ual ports, fleets, industry sectors, and the communi-
ties they support.

Researcher collects water sample to measure dissolved carbon 
dioxide levels. Credit: NOAA

Finally, to date, research to forecast effects of OA 
in Alaska has prioritized commercially important 
species based on the potential for state-wide eco-
nomic impacts. However, to many Alaska communi-
ties, subsistence use and cultural association with 
marine resources is as important as local economic 

Commercial fishing is a major component of the economy throughout Alaska’s coastal communities. Credit: NOAA
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benefit. Subsistence communities harvest a range 
of marine species and rely on these local resources 
for commerce, cultural identity, and the subsistence 
way of life. Forecasting effects of OA on subsistence 
species is essential for monitoring and responding 
to future impacts of OA in the Alaska region.

Research Objective 3.7: Improve 
assessment of socioeconomic impacts of 
OA on fisheries-dependent communities
Developing coupled social-ecological models that 
are community-specific will be important to evalu-
ating the impacts on individual ports and the fishing 
fleets they support.

Action 3.7.1: Use food web models to account for 
direct and indirect OA effects on multiple species 
and incorporate these effects in spatial bioeconom-
ic models that represent biological and technical 
interactions among species and stocks.

Action 3.7.2: Analyze direct and indirect effects 
of OA and develop and apply a new framework for 
biological and bioeconomic reference points with 
multiple species that includes aggregate maximum 
sustainable yield (MSY) and multispecies maximum 
economic yield (MEY).

Action 3.7.3: Consider OA ontogenetic effects on 
growth and survival of animals in order to assess 
tradeoffs and potential co-benefits of various man-
agement interventions that target different life-his-
tory stages and population productivity bottlenecks.

Action 3.7.4: Use integrated assessment models 
to inform stock assessment status and recovery 
plans.

Research Objective 3.8: Assess community 
sensitivity and resiliency to OA impacts on 
critical nutritional and cultural resources
To more comprehensively understand the societal 
and cultural impacts of OA on Alaska communities, 
assessments of OA will be expanded to include sen-
sitivities of critical nutritional and cultural resource 
species. Research will also directly evaluate the 
impacts of OA-induced changes in marine ecosys-
tems to well-being of coastal communities.

Action 3.8.1: Work with local communities includ-
ing indigenous peoples to identify locally-important 
species for additional OA sensitivity analyses and 
work with community leaders to disseminate the 
findings of these analyses. 

Action 3.8.2: Analyze the economic and sociologi-
cal effects of OA-induced food web alterations that 
may impact the harvest of nutritionally and cultural-
ly important species including large marine mam-
mals. 

Action 3.8.3: Support community awareness of OA 
impacts and work with local stakeholders to identify 
economic and sociological sensitivities and evalu-
ate and implement adaptive responses.
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Abstract

The Arctic Region includes the broad continental 
shelf areas surrounding northern Alaska, including 
the Northern Bering, Chukchi and Beaufort seas (for 
information on the Gulf of Alaska and Eastern Ber-
ing Sea, refer to Chapter 3: Alaska Region). Ocean 
acidification (OA) in this region is influenced by in-
creasing concentrations of atmospheric carbon dis-
solving in cold surface waters as well as regional 
changes in seawater chemistry driven by advective 
input from neighboring regions, sea ice melt and 
riverine input as well as seasonal fluctuations in 
productivity that both draw down and release dis-

solved carbon in Arctic waters. The Arctic and its 
marine ecosystems provide food and cultural identi-
ty to subsistence communities that call the Alaskan 
Arctic home. While the U.S. Arctic is not currently 
home to a commercial fishery, northward migration 
of major fisheries stocks (e.g., Alaska pollock, Ther-
agra chalcogramma, and Pacific cod, Gadus macro-
cephalus) from the Eastern Bering Sea may support 
a commercial fishery in the future. NOAA’s Arctic 
Region research goals are to:  

•	 Support targeted OA monitoring to 
increase understanding of progression and 
processes driving OA in the vast region 
of the Arctic and to inform regional OA 
models;

•	 Conduct laboratory studies on the 
sensitivity and resilience of economically 
and ecologically important species 
to better understand ecosystem-level 
responses to OA and prudent management 
approaches; and

•	 Use physical and biological understanding 
of Arctic OA to inform and develop regional 
adaptation strategies for communities and 
fisheries management decisions.

Acidification in the Arctic Region

OA is rapidly advancing in the Arctic, producing 
newly corrosive conditions (e.g., Tanhua et al., 2009; 
Mathis et al., 2015a; Cross et al., 2018; AMAP, 2018). 
Other factors of rapid environmental change 

4. Arctic Region Acidification 
Research 
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occurring in the Arctic, including advective transport 
(Tanhua et al., 2009; Qi et al., 2017), changes in the 
seasonal sea ice cycle, increasing river discharge, 
and more frequent upwelling exacerbate the re-
gion’s naturally high vulnerability to OA. As a result, 
persistently corrosive water masses have emerged 
(Cross et al., 2018) and expanded (Qi et al., 2017) 
over the last several decades, generating unknown 
consequences for marine ecosystems.  

U.S. national interests in the Arctic center on the 
northern Bering, Chukchi, and Beaufort seas. These 
shelf areas are the gateway to the international wa-
ters of the Arctic Ocean. The ecosystems in these 
areas are critical for cultural preservation given that 
they support important subsistence fisheries. While 
no commercial fisheries currently operate in the 
Arctic, some species are already federally managed 
for sustainability and conservation (e.g., snow crab, 
Chionoecetes opilio; Arctic cod, Boreogadus saida; 
and saffron cod, Eleginus gracilis). Although the 
vulnerability or resilience of these species to OA re-
mains unclear, evidence suggests that the vulnera-
bility of early life stages of some crab species to OA 
could eventually lead to declines in the adult popula-
tion (e.g., king and tanner crab; Long et al., 2013a, b; 
Swiney et al., 2016;), while fish species such as Arc-
tic cod may be more resilient to OA stresses (Kunz 
et al., 2016). Other non-managed species in the Arc-
tic food web have also shown some vulnerability to 
OA e.g., pteropods and Arctic bivalves, important 
food sources for other species (Darnis et al., 2008, 
Lischka et al., 2011; Walkusz et al., 2013; Goethel et 
al., 2017).

Across the Arctic, NOAA is actively engaged in sci-
ence and stewardship associated with recent, rapid 
environmental changes (see NOAA, 2014). Ocean 
warming, changes in atmospheric and oceanic cir-
culation patterns, and sea-ice losses are rapidly 
propagating through the food web because Arctic 
ecological linkages lack complexity (comparatively 
few species and short food chains, which do not 
adapt well to a rapidly changing environment) and 
have stronger species interactions. For example, 
increases in primary production and shifts in low-
er trophic taxa are already visible in the diet and 
body condition of upper trophic marine mammals 
and birds (e.g., lower body mass and lipid content), 

which could impact their subsistence value (e.g., 
Moore & Gulland, 2014). NOAA supports research 
and monitoring of ongoing changes in these areas 
by contributing to the Distributed Biological Obser-
vatory, a network of ecosystem hotspots designed 
as an Arctic ecosystem change detection array. 
Recently, NOAA has also partnered with the Depart-
ment of Fisheries and Oceans – Canada to explore 
more of the Arctic region through a bi-lateral part-
nership, bridging the gap between U.S. Arctic terri-
tories in the Pacific Arctic and the North Atlantic. 

Given the inherent vulnerability of the Arctic’s sim-
ple food web, OA introduces a significant addition-
al risk factor to ecosystems already experiencing 
multiple stressors. The research community is 
beginning to explore these vulnerabilities in detail. 
The first reviews of current environmental expo-
sure to corrosive conditions were completed over 
the last decade (Arctic Ocean: Yamamoto-Kawai et 
al., 2009; Bates & Mathis, 2009, Tanhua et al., 2009; 
AMAP, 2013, 2018; Atlantic: Azetsu-Scott et al., 
2010, Shadwick et al., 2011; Pacific: Semiletov et al., 
2007; Bates et al., 2011; Evans et al., 2015; Mathis 
et al., 2009, 2012, 2015a; Miller et al., 2014; Cross 
et al., 2018). Estimates of anthropogenic carbon di-
oxide (CO2) concentrations in the region range from 
39 to 62 µmol kg-1 and projections indicate that the 
frequency of exposure to acidified waters is likely 
to become more common over time (e.g., Tanhua 
et al., 2009; Mathis et al., 2009, 2015a; Cross et al., 
2018; McGuire et al., 2009; Steinacher et al., 2009; 
Steiner et al., 2014; Harada, 2016). Understanding 
these components of present and future exposure 
provides a baseline for laboratory studies to assess 
species- and population-specific vulnerabilities for 
U.S. Arctic species. Linking this exposure to the 
ecosystem is a critical next step, especially as the 
research community investigates whether com-
mercial fish stocks could emerge in the U.S. Arctic 
(e.g., Bluhm et al., 2009; Orensanz et al., 2004), or 
whether important subsistence species will decline 
(Moore & Gulland, 2014).  

Overall, Arctic OA research is in its infancy com-
pared to other U.S. regions. As NOAA pursues an 
Arctic observing system that can contribute to OA 
research over the next decade, there is a wealth of 
experience from other regional NOAA acidification 
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networks to draw from. Based on those successes, 
NOAA will pursue OA research in the Arctic over the 
next decade by maintaining and developing part-
nerships with regional academic institutions, other 
federal and state agencies, international partners, 
and local industries and communities to evaluate, 
understand, and respond to the risk that OA poses 
to the U.S. Arctic regions. This will require marked 
increases in efforts to understand OA in the context 
of ongoing ecosystem changes. Emerging OA im-
pacts will be only part of a growing portfolio of other 
stressors for U.S. Arctic residents, and community 
adaptation plans will necessarily need to take into 
account a diverse array of environmental factors.

Environmental Change in the Arctic 
Region

Over the last 10 years, NOAA’s OA research activi-
ties in the Arctic have been limited relative to other 
U.S. regions. As part of its emphasis on long-term 

ecosystem studies, NOAA has participated in sus-
tained monitoring in the Arctic, including through 
the Russian-American Long-term Census of the 
Arctic (RUSALCA; Crane & Ostrovskiy, 2015) where 
carbonate chemistry measurements were collected 
in 2009 and 2012 (Bates, 2015; Mathis et al., 2009, 
2015a; Cross et al., 2018). Building on this legacy, 
NOAA has recently initiated a long-term monitoring 
project for the Pacific Arctic called the Distributed 
Biological Observatory (DBO). The DBO is a field-
based program that makes biological, physical, and 
chemical observations at a series of sites along a 
latitudinal gradient from the Bering to Beaufort seas 
to link biological observations to ongoing environ-
mental changes (Moore & Grebmeier, 2018). While 
the DBO was formally established in 2010, some 
time-series observations in DBO regions date back 
decades. OA observations were added to the DBO 
portfolio in 2017, with some regional observations 
also initiating in 2015 (Figure 4.1). 
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Figure 4.1. Ocean observing system for the Chukchi Sea between 2015 and 2020, as supported by the NOAA Ocean Acidification Program 
and Arctic Research Program. Shown here in blue dots are discrete sampling stations occupied during the Distributed Biological Obser-
vatory missions. Gray tracklines indicate surface observations collected from autonomous vehicles. Background shading indicates the 
MASAM2 daily sea ice concentration (%) from July 1 2019, as a proxy showing how observations fit into typical sea ice conditions. While 
the saildrone tracklines extend well into the basin, an area typically covered by ice as shown, note that these measurements were collected 
in open water conditions.
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Across the research community, OA observations 
in the U.S. Arctic are also relatively new. In the U.S. 
Pacific Arctic, carbon cycle sciences have been pe-
riodically studied only since the early 1980s (1982: 
Chen et al., 1985), with the first large-scale carbon-
ate chemistry mapping programs implemented only 
over the last few decades (e.g., SBI: Bates & Mathis, 
2009, Anderson et al., 2010; ICESCAPE: Bates et al., 
2014b; RUSALCA: Bates, 2015; BLE LTER: Lougheed 
et al., 2020). In part, this lack of observing data is 
due to unique environmental hazards encountered 
in the Arctic. Sea ice is a clear infrastructure chal-
lenge for surface and bottom moorings, as sea-ice 
drafts can reach the ocean bottom in many coastal 
regions. Year-round, long-term monitoring of OA in 
the Arctic occurs only off the shelf in deeper waters, 
where protection from sea ice is more predictable, 
as in Iceland (north of which NOAA maintains an OA 
buoy, Olafsson et al., 2009) and the Beaufort Sea 
(Cross et al., 2018). A lack of infrastructure also cre-
ates substantial barriers to winter time series and 
process studies. Accordingly, most of the under-
standing of OA in the Arctic environment is based 
on observations made during the summer, open-wa-
ter period, which can bias observational climatolo-
gies (e.g., Evans et al., 2015). 

To meet some of these technological challeng-
es, NOAA scientists have recently explored new 
platforms and sensors specifically for Arctic de-
ployments (Cross et al., 2016). Since 2017, a new 
autonomous vehicle (the saildrone) has collected 
seasonal surface CO2 flux measurements in an ef-
fort to supplement those collected by ships (Cross 
et al., 2016; Sabine et al., 2020). NOAA is also ex-
ploring new sub-surface sensors that may be able 
to seasonally collect autonomous measurements 
of total alkalinity (TA) from moored platforms. Im-
portantly, collecting TA measurements may help 
identify OA impacts, including acidification-mediat-
ed dissolution. Sensors that measure dissolved in-
organic carbon (DIC) are also currently under devel-
opment. Combining readily available pCO2 sensor 
data with developing DIC or TA sensor data will also 
help to generate extended carbonate system data in 
a time-series setting. 

NOAA has recently supported regional OA model-
ing efforts in the Bering Sea and the Gulf of Alaska 

(Siedlecki et al., 2017; Pilcher et al., 2019), however 
carbonate chemistry modeling in the Chukchi and 
Beaufort seas remains limited. While global models 
can presently be used to study the Arctic system, 
they often simplify complex processes that can 
be especially important leading to misrepresenta-
tion of their total impact (e.g., freshwater balanc-
es and biogeochemical interactions between land 
and ocean, sea and ice, and within benthic habitats: 
Manizza et al., 2011; Carmack et al., 2016; Steiner 
et al., 2016).

 

Saildrones, capable of making autonomous ocean measure-
ments, waiting at the dock in Dutch Harbor, Alaska before their 
multi-month NOAA research mission. Credit: Saildrone, Inc.

By contrast, regional models offer finer spatial res-
olution and can incorporate high-resolution coastal 
processes. Process studies and long-term monitor-
ing can be used to help build and validate regional 
models. Once developed, these validated models 
will be used to project multi-decadal trends in OA 
and test model performance for seasonal forecasts 
of corrosive water conditions. Furthermore, histori-
cal hindcasts can provide context to long-term eco-
logical time series in the region, illuminating poten-
tial links between ecosystem variability and OA. 

Research Objective 4.1: Targeted 
observations and process studies to 
increase understanding of OA dynamics and 
impacts
Given the limited number of observations in the his-
torical record, time-series and process studies can 
help to resolve key unknowns in the Arctic carbon-
ate cycle. 
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Activity 4.1.1: Quantify anthropogenic CO2 concen-
trations through coastal and open ocean cruises in 
order to constrain rates of anthropogenic coastal 
acidification versus contributions from other pro-
cesses such as advective transport, changing river 
inputs, upwelling rates, source water advection, or 
locally enhanced air-sea exchange.

Activity 4.1.2: Sustain long-term monitoring of car-
bonate chemistry observations linked to biological 
sampling, which will increase our understanding of 
ecosystem impacts of OA.

Activity 4.1.3: Design process studies to help the 
scientific community target key uncertainties in car-
bonate cycling, such as wintertime cycles and sea-
sonal respiration rates.

Research Objective 4.2: Build high-
resolution regional models able to simulate 
fine-scale OA processes
Limited infrastructure and harsh conditions can 
make a spatially extensive carbonate monitoring 
system in the Arctic impractical and cost-prohibi-
tive. High-resolution regional models will provide a 
broader spatial and temporal context for observa-
tions. 

Activity 4.2.1: Use process studies to generate new 
observations that can be used to validate regional 
models and test their predictive capability. 

Activity 4.2.2: Use validated models to project OA 
trends on multi-year to multi-decadal time frames 
and develop historical hindcasts of OA variables 
that can be used to provide context to existing 
decadal scale ecological time series, such as those 
that underpin the DBO. 

Activity 4.2.3: Use validated models to pursue 
short-term seasonal forecasts of corrosive water 
conditions and other decision support products for 
NOAAs stakeholders in the Arctic region.

Biological Sensitivity in the Arctic 
Region

Few studies have quantified species-specific re-
sponses of Arctic taxa to OA. Some Arctic zoo-

plankton species are negatively affected in labora-
tory studies (e.g., Euphausia superba, Kawaguchi 
et al., 2013; Euphausia pacifica, Cooper et al., 2016, 
and McLaskey et al., 2016; Pseudocalanus acuspes, 
Thor & Oliva, 2015) while at least the juvenile stages 
of a critical forage fish species (Arctic cod, Boreoga-
dus saida) appear resilient to acidified conditions 
(Schmidt et al., 2017; Kunz et al., 2016). Note that 
potentially more sensitive larval stages have not 
been examined yet. There is evidence that some 
species may express an adaptive capacity to cope 
with OA either via phenotypic plasticity or selective 
responses (e.g., Pseudocalanus acuspes, Thor & Du-
pont, 2015; De Wit et al., 2016). However, U.S. com-
mercial, protected, and subsistence species have 
not been evaluated for OA sensitivity and resilience. 
Following the blueprint set by the NOAA Alaska OA 
Enterprise, studies that focus on OA sensitivity of 
taxa in the U.S. Arctic region appear to be the con-
sensus next step. 

In order to quantify the effects of OA on protected 
and managed species and on the ecosystems on 
which they depend, it is imperative to initiate target-
ed, Arctic-specific laboratory and field acidification 
studies. Highest priority species are those for which 
there is a federal management plan (snow crab, Chi-
onoecetes opilio; Arctic cod, Boreogadus saida; and 
saffron cod, Eleginus gracilis) and species import-
ant in the food web such as Hyas coarctatus and 
Ophiura sarsi (NPFMC, 2009). Species of secondary 
import include forage shellfish that are important 
prey for protected species such as walruses and 
bearded seals (Lowry & Frost, 1981). Given the rap-
id pace of environmental change in the Arctic, it is 
also imperative that these studies explore multiple 
stressors (Breitburg et al., 2015). Given that many 
species in Arctic regions are stenothermic, tem-
perature is a critical co-stressor that must be inves-
tigated. Additionally, as the timing and location of 
sea ice breakup changes, pelagic-benthic linkages 
that depend on ice algae may also shift, altering the 
quality and quantity of food to the benthos. Thus, 
experiments examining the effects of food quality 
and quantity in differing OA scenarios will also be 
important. Finally, changes in freshwater input are 
predicted with climate change and so salinity may 
also be an important costressor to consider for 
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some species. Gene expression, metabolomic, and 
proteomic measurements, especially once initial re-
sponse experiments have been performed, will be 
important for understanding the physiological and 
molecular responses to OA in these species. The 
critical importance of multi-stressor experiments in 
the Arctic region make additional NOAA investment 
in laboratory infrastructure essential. Complex ex-
perimental tank setups and intricate control sys-
tems are required to assess multiple stressors with 
scientific rigor.

Zooplankton collected by researchers in the Chukchi Sea, a mar-
ginal sea of the Arctic Ocean. Credit: Lindsey Leigh Graham/
NOAA

Understanding ecosystem level responses to OA is 
critical to help co-develop fisheries management 
and human adaptive strategies in the Arctic.  Estab-
lishing reference points via surveys of biological re-
sources and quantifying changes under ecosystem 
change are critical next steps. The Chukchi Ecosys-
tem Observatory (CEO) is collecting co-located bio-
logical and carbonate data for a moored platform 
(Hauri et al., 2018). From a broad-scale approach, 
the DBO is an excellent framework for studying eco-
system-level OA sensitivity. DBO sites are already 
focused on locations of high productivity, biodiver-
sity, and biological rates of change. NOAA invest-
ment in the DBO efforts will help to establish ref-
erence levels to quantify change in the Arctic and 
link those changes to physical parameters, includ-
ing OA. In addition, the DBO will help to focus re-
search efforts on species particularly vulnerable to 
change. Similar partnerships should also be estab-
lished with other groups involved in ecosystem-lev-
el research to leverage such data in exploring the 

role of OA in the Arctic ecosystem. Further, process 
studies, such as quantifying ice and pelagic prima-
ry production and linking that to carbon flux to the 
benthos will be important in understanding carbon 
cycles and predicting ecosystem-level changes in 
reduced ice conditions. 

As data on species-specific vulnerabilities become 
available, it will be important for modelers to incor-
porate this perspective. It is likely that a suite of 
modeling techniques, including single-species mod-
els, multispecies models, and qualitative models 
will be needed to predict how the ecosystem is like-
ly to change in response to these vulnerabilities. For 
example, incorporating data into modified stock-as-
sessment models (e.g., Punt et al., 2016) will help 
inform adaptation strategies for fisheries manage-
ment, subsistence users, and local communities. In 
contrast, multispecies ecosystem models such as 
the Atlantis model should be used to predict indi-
rect effects on important species and guilds under 
changing conditions (e.g., Marshall et al., 2017). Fi-
nally, qualitative models may be useful, especially 
in data-limited situations, to make large scale pre-
dictions and to focus research efforts on critical 
species and linkages in the system (e.g., Reum et 
al., 2015).

Research Objective 4.3: Conduct laboratory 
studies of OA impacts in economically and 
ecologically important species
In order to quantify the effects of OA on protected 
and managed species and the resulting impacts on 
ecosystems, it is imperative to conduct targeted, 
Arctic-specific laboratory and field OA studies.

Action 4.3.1: Conduct laboratory studies on high-pri-
ority species such as potential fisheries species 
(snow crab, Chionoecetes opilio; Arctic cod, Bo-
reogadus saida; and saffron cod, Eleginus gracilis), 
species important in the food web such as Hyas 
coarctatus and Ophiura sarsi, and species that are 
important food resources for protected species.

Action 4.3.2: Examine OA and temperature interac-
tions in laboratory and field experiments to quantify 
potential synergistic responses to co-stressors.
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Action 4.3.3: Conduct laboratory experiments on 
effects of OA and concurrent stressors, such as sa-
linity and food quality/quantity, using species likely 
to encounter these environmental conditions, which 
exhibit potential vulnerabilities to such conditions, 
and meet qualifications listed in Action 4.3.1.

Action 4.3.4: Use gene expression, metabolomic, 
and proteomic measurements to understand the 
physiological pathways affected by OA, particularly 
for species identified in initial response experiments 
as vulnerable to OA.

Research Objective 4.4: Conduct 
ecosystem-level studies to evaluate OA 
impacts
Characterizing baseline physical and biological con-
ditions, monitoring changes in these ecosystem 
attributes, and performing process studies on key 
species will provide foundational information that 
can be used by the scientific community to model 
and predict ecosystem-level effects of OA.

Action 4.4.1: Establish reference conditions for Arc-
tic ecosystems and invest in sustained ecosystem 
monitoring of important Arctic species and zoo-
plankton.

Action 4.4.2: Perform targeted process studies to 
quantify important ecosystem pathways.

Research Objective 4.5: Biological 
projection and forecast development 
Models will be needed to integrate sensitivity stud-
ies and oceanic observations in order to predict ef-
fects of OA on Arctic species and ecosystems and 
to understand the impacts on, and guide the adap-
tation of, human communities.  

Action 4.5.1: Use appropriate modeling techniques, 
including single-species, ecosystem, and qualitative 
models, to understand the likely effects of OA in the 
Arctic.

Human Dimensions in the Arctic Region

Commercial fisheries in the Arctic Ocean account 
for a tenth of the world’s total fish catch (AMAP, 
2013; CAFF, 2013). Additionally, many of the region’s 

residents rely on these fisheries for food, economic 
security, and cultural benefits. While no commercial 
fisheries or Marine Protected Areas (MPAs) current-
ly exist in U.S. Arctic waters, a number of conser-
vation management activities have been enacted 
to ensure the protection of sustainable fisheries 
across the Arctic in the event that fisheries or MPAs 
emerge, as noted in NOAA’s Arctic Action Plan 
(NOAA, 2014). The U.S. Arctic Fisheries Manage-
ment Plan limits commercial harvests in U.S. Arctic 
waters until sustainable management practices can 
be devised (NPFMC, 2009). 

This conservation practice has spread across the 
Arctic region. In 2017, the U.S. and four other na-
tions with waters adjacent to the High Seas portion 
of the Central Arctic Ocean (CAO) agreed to interim 
measures for the prevention of unregulated com-
mercial fishing in the CAO High Seas (US ARC, 2019; 
Hoag, 2017). The agreement included a 3-year map-
ping program, to be followed by a long-term moni-
toring initiative, exploring the distribution of species 
with a potential for future commercial harvests. 

The Arctic is home to ice floes that can pose challenges to con-
ducting research in the Arctic, but also yield unique ecosystems 
and ocean conditions. Credit: Jessica Cross/NOAA

The science and implementation plan for this agree-
ment developed by the Fifth Meeting of Scientif-
ic Experience on Fish Stocks in the Central Arctic 
Ocean (FiSCAO) includes mapping data on carbon-
ate chemistry, while developing management prac-
tices that incorporate OA stresses. Although there 
will be both winners and losers in acidified ecosys-
tems, the magnitude and rate of changes anticipat-
ed in Arctic carbon chemistry combined with other 
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habitat changes are likely to impact ecosystems 
and human communities (AMAP, 2018). In U.S. 
sub-Arctic regions, previous work has indicated that 
early actions to support sustainable fisheries in the 
face of OA will be critical for managing future out-
comes (Punt et al., 2016; Seung et al., 2015). Even 
where OA is not the primary environmental stressor, 
it could interact with or amplify other stressors like 
warming, hypoxia, and loss of sea ice. 

In addition to threatening the growth of Arctic com-
mercial fisheries, OA also has the potential to im-
pact subsistence and cultural resources, including 
indirect effects on marine mammals. While perma-
frost thaw, sea-level rise, and coastal erosion are 
likely to represent the greatest challenge to these 
communities (e.g., Berman & Schmidt, 2019; Hjort et 
al., 2018), research findings of OA effects may help 
inform further human adaptation strategies (Met-
calf, 2015). Previous work has shown that the most 
pronounced OA exposure occurs in areas that also 
support critical populations of seabirds, walrus, and 
bowhead whales (Cross et al., 2018). The communi-
ties that rely on these populations have emphasized 
the need to understand and adapt to coming chang-
es in the marine environment (Mathis et al., 2015a; 
ICCA, 2015; Lam et al., 2016), with these goals ex-
pressed in NOAA’s Arctic Action Plan (NOAA, 2014). 
Here we emphasize two objectives that focus on 
supporting human communities through sustain-
able fisheries management, in the event that an 
Arctic commercial fishery does emerge, as well as 
other forms of community adaptation support. 

Research Objective 4.6: Support NOAA’s 
contributions to U.S. Arctic fisheries 
management 
NOAA should provide relevant OA products and 
data to fisheries management and conservation 
efforts in the Arctic. These products should be de-
signed with managers and stakeholders in mind in 
order to maximize beneficial outcomes. 

Action 4.6.1: Design targeted carbonate chemistry 
products that support the U.S. Arctic Fisheries Man-
agement Plan and the FiSCAO Science Plan.

Action 4.6.2: Include OA risk information when de-
signing fisheries management strategies for the 
U.S. Arctic region. 

Research Objective 4.7: Assess regional 
adaptation strategies to OA coupled with 
environmental change
Many Arctic communities are already struggling 
with impacts to subsistence harvests. Most nota-
bly, reduced and destabilized sea ice is limiting ac-
cess to large marine mammals for traditional sub-
sistence hunting practices. Additional risks from OA 
could compound these stresses. 

Action 4.7.1: Survey commercial, local, and indige-
nous communities to better understand stakeholder 
and decision maker needs for OA information and 
integrate traditional knowledge and perspectives 
into decision support products. 

Action 4.7.2: Work with organizations that have 
links to communities, including the Arctic Water-
ways Safety Committee, Adapt Alaska, and the 
Alaska Ocean Observing System’s (AOOS) Alaska 
OA Network (AK-OAN) to develop and transition de-
cision support products. 
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Abstract

The West Coast Region includes the U.S. coastal 
waters off of Washington, Oregon, and California in-
cluding the continental shelf and inland seas. These 
waters are influenced by adjacent regions and are 
collectively referred to as the California Current 
Large Marine Ecosystem (CCLME). This region is 
an eastern boundary current system marked by sea-
sonal upwelling, which brings old, cold, and low-pH, 
carbon-rich subsurface waters to the ocean surface 
and drives significant regional pH and temperature 
variability. The CCLME is home to a highly produc-
tive ecosystem yielding economically and culturally 
significant fisheries including salmon and Dunge-
ness crab. NOAA’s West Coast Region research 
goals are to:

•	 Sustain and develop time-series that 
integrate carbonate chemistry and 
biological observations in habitats that are 
critical to commercially and ecologically 
important species, and use this knowledge 
to improve high-resolution regional 
models;

•	 Characterize species sensitivity to direct 
and indirect impacts of ocean acidification 
(OA) and evaluate the potential for species 
adaptation and acclimation; and

•	 Improve the understanding of the 
socieoconomic risk and vulnerability of 
fishing and coastal communities to OA 
in order to develop informed adaptation 
strategies.

5. West Coast Region Acidification 
Research
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Acidification in the West Coast Region 

The North American Pacific coast from Vancou-
ver Island to Baja California is a classic eastern 
boundary current upwelling region, termed the Cal-
ifornia Current Large Marine Ecosystem (CCLME) 
(Hickey, 1998; Chavez et al., 2017). In the CCLME, 
natural oceanographic processes combine with nu-
trient additions in some coastal areas and climate 
change-induced processes (i.e., enhanced upwell-
ing); together these lead to a more rapid rate of acid-
ification than in many other regions (Rykaczewski & 
Dunne, 2010; Turi et al., 2016; Carter et al., 2019a). 
This rapid acidification has raised concerns by peo-
ple reliant on its productive living marine resources.

Seasonal winds drive a coastal upwelling circulation 
characterized by equatorward flow in the CCLME, 
with coastal jets, associated eddies, and fronts that 
extend offshore, particularly in the central CCLME. 
Climate-driven alterations in upwelling circulation 
result in changes in coastal acidification and spatial 
gradients in anthropogenic carbon (greater surface 
accumulation in the south than the north due to the 

fact that the upwelled waters more prevalent in the 
north do not reflect current atmospheric carbon 
dioxide (CO2) concentrations, Figure 5.1; deeper 
penetration in the north), particularly with recently 
intensified coastal winds (Feely et al., 2016, 2018; 
García-Reyes et al., 2015; Jacox et al., 2014; Ryk-
aczewski et al., 2015; Sydeman et al., 2014). Up-
welling supplies deep water to the shelf, which is 
rich in dissolved inorganic carbon and nutrients, but 
oxygen-poor. OA and hypoxia are stressors that are 
often found together because low-oxygen and high-
CO2 conditions both result from microbial respira-
tion of organic matter (Chan et al., 2017; Feely et 
al., 2016, 2018). Models project that 50% of shelf 
waters in the central CCLME will experience year-
long undersaturation by 2050 (Gruber et al., 2012; 
Hauri et al., 2013; Turi et al., 2016). In addition to 
upwelling stress, the northern CCLME experiences 
strong freshwater influences, associated with large 
outflows from the Columbia and Fraser rivers, as 
well as numerous smaller mountainous rivers with 
more episodic discharge. This riverine input leads 
to both lower buffering capacity and nutrient load-
ing in local waters.

Figure 5.1. Distribution of anthropogenic carbon in surface and 50 m depth ocean waters in May-June 2016 based on the  West Coast 
Ocean Acidification cruise. Credit: NOAA
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Knowledge of marine species’ OA sensitivities has 
substantially increased since the early recognition 
of the role of changing seawater carbonate chem-
istry in oyster hatchery production problems in the 
Pacific Northwest (Barton et al., 2012, 2015). Labo-
ratory work has revealed that some West Coast spe-
cies including Dungeness crabs (Miller et al., 2016), 
Coho salmon (Williams et al., 2019), krill (McLaskey 
et al., 2016), and pteropods (Busch et al., 2014) are 
sensitive to OA conditions. Field evidence on Dunge-
ness crabs, pteropods, foraminifera, and copepods, 
important prey in food webs for finfish including 
salmon, supports these conclusions (Bednaršek 
et al., 2014, 2016, 2017a,b, 2018, 2019, 2020; Bed-
naršek & Ohman, 2015; Feely et al., 2016; Osborne 
et al., 2016, 2019; Engström-Öst et al., 2019; Figure 
5.2). West Coast-focused meta-analyses and syn-
thesis work suggest that sensitivity research on 
a broader range of species and ways to infer both 
sensitivity among related species and species risk 
are needed to effectively project OA impacts on ma-
rine ecosystems (Busch & McElhany, 2016, 2017; 
Davis et al., 2017; Hodgson et al., 2016; Jones et al., 
2018; Bednaršek et al., 2019).

The West Coast has many ecologically, economical-
ly, and culturally significant species with important 

life stages that inhabit depths below the productive, 
sunlit surface. While the surface ocean contains the 
highest anthropogenic CO2 concentration from air-
sea exchange processes, the subsurface environ-
ment is subject to considerably greater stress due 
to the combined effects of natural and anthropogen-
ic CO2 sources (Figure 5.1; Feely et al., 2008, 2010, 
2012, 2016, 2018; Bednaršek et al., 2014; Siedlec-
ki et al., 2016). Many regionally important species, 
like Dungeness crab, which generated $3.6 billion in 
commercial landings from 1950 to 2017, occupy a 
variety of habitats throughout their life cycles from 
the coast to the shelf and from benthic to surface 
waters. There are five National Marine Sanctuaries 
and numerous Essential Fish Habitats along the 
West Coast, which protect water quality and ben-
thic habitats and fishes. Better characterization of 
pelagic and benthic habitat conditions across these 
continental shelf habitats is critical to inform fisher-
ies and sanctuaries managers about OA exposure.

Output from OA scenarios in ecosystem models of 
the West Coast suggests more resilience to OA than 
might be inferred from sensitivity studies, although 
notable potential impacts are projected for Dunge-
ness crab and the human communities economical-
ly and culturally dependent on its fishery (Ainsworth 

Figure 5.2. A twentieth-century proxy reconstruction of carbonate ion concentration ([CO3²-]) for the California Current Ecosystem (Santa 
Barbara Basin, CA). Proxy [CO3²-] values are based on fossil planktonic foraminifera shell thickness and reveal an estimated 35% decrease 
in [CO3²-] over the 20th century. The proxy-based [CO3²-] compared to available in situ surface measurements and published hindcast 
biogeochemical model simulations and are in excellent agreement with the forward-projected trend, even if datasets do not temporally 
overlap. Modified from Osborne et al. (2019)
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et al., 2011; Busch et al., 2013, 2014; Marshall et 
al., 2017; Hodgson et al., 2018). Increasingly, con-
sideration of OA together with other stressors that 
co-occur with it in the region, such as hypoxia and 
warming, is seen as crucial for characterizing and 
understanding OA’s influence on living marine re-
sources in a way that is ecologically relevant to the 
CCLME (Bednaršek et al., 2018, 2019, 2020; Trigg et 
al., 2019; Reum et al., 2014, 2016). 

Environmental Change in the West 
Coast Region

Since the publication of the 2010 NOAA Ocean, 
Coastal, and Great Lakes Acidification Research 
Plan, NOAA has supported a range of OA obser-
vations and monitoring efforts on existing and 
NOAA-developed platforms, which include moor-
ings, cruises, ships of opportunity, gliders, and new 
autonomous platforms (Figure 5.3). Research cruis-
es provide the highest quality physical and chemical 
measurements, particularly for subsurface observa-
tions, and yield both good estimates of cumulative 
OA exposure and anthropogenic CO2 content; thus, 
cruises, including both coastal and open ocean re-
peat-hydrography cruises (GO-SHIP, Sloyan et al., 
2019a), remain a strong research priority for OA 
(Carter et al., 2019a). 

A researcher using an experimental system to study acidifica-
tion impacts on marine species in the NOAA Mukilteo Research 
Station in Washington. Credit: Benjamin Drummond/bdsjs.com 

On the other hand, sensors on time-series moor-
ings or autonomous platforms can provide obser-
vations with high spatial and/or temporal resolution 
that capture the full range of carbonate chemistry 

variability (Carter et al., 2019b). Some sensors are 
mature and in regular use (e.g., Sutton et al., 2014a; 
Wanninkhof et al., 2019), while important work con-
tinues on improving and evaluating newer in situ 
sensors with respect to accuracy, precision, and 
data-processing methods for operational deploy-
ments (e.g., Bresnahan et al., 2014; Williams et al., 
2017; Riser et al., 2018). 

NOAA and academic scientists have partnered 
with shellfish growers on the West Coast to moni-
tor OA conditions at hatcheries and grow-out sites 
via shore-based inorganic carbon systems and sen-
sors in development, with real-time data accessibil-
ity (Barton et al., 2012, 2015). This has led to our 
ability to understand OA dynamics along a gradient 
from nearshore to offshore (Alin et al., 2015). West 
Coast environments experience a large range of 
marine environmental conditions over both space 
and time with respect to carbonate chemistry and 
benefit from excellent access to laboratory and ship 
facilities. Through partnership with the U.S. IOOS 
regional associations (NANOOS, CeNCOOS, and 
SCCOOS), OA sensors deployed on existing IOOS 
assets have increased West Coast observation ca-
pability substantially. National Ecosystem Research 
Reserves measure pH in estuaries throughout the 
region. In addition, National Marine Sanctuaries and 
areas designated as Essential Fish Habitat by NMFS 
provide key testbeds for ongoing assessment of the 
consistency, uncertainty, and reliability of new plat-
forms and sensors, particularly those that provide 
insight into critical subsurface habitats and condi-
tions. For instance, the benthic nearshore time-se-
ries observations from the Olympic Coast National 
Marine Sanctuary have been used with empirical 
relationships to calculate OA variables. Collective-
ly, these nearshore observations show much more 
dynamic conditions than offshore, though season-
al upwelling is still the dominant signal. Nearshore 
data streams are critical for understanding impacts 
on coastal species and can benefit from partner 
platforms such as aquariums, industry, and other 
shoreside facilities with marine resource interests.

Economically, ecologically, and culturally important 
West Coast species such as Dungeness crab, geo-
duck, other harvested bivalves, salmon, and ground-
fish use a variety of different habitats throughout 
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the water column and from the shoreline to the 
shelf-break, making OA monitoring in a diversity of 
habitats critical for fulfilling NOAA’s OA-monitoring 
-related responsibilities. Different species are sen-
sitive to different aspects of the carbonate system 
(i.e., pCO2, pH, aragonite or calcite saturation; i.e., 
Waldbusser et al., 2015); thus, full delineation of the 
carbonate system is important at all locations. Such 
measurements have enabled shellfish growers to 
adjust culturing practices successfully (Barton et 
al., 2015). Characterizing the multiple aspects of 
change in the ocean environment, including increas-
ing anthropogenic CO2 concentrations, decreasing 
oxygen, warming, and changing nutrient availability, 
is required to tease out which changes drive ma-
rine ecosystem response (Feely et al., 2016, 2018; 
Pacella et al., 2018; Evans et al., 2019). Integrating 
physical and chemical time-series with time-series 
of species and ecosystem indicators is a priority 
for oceanographic research globally (Sloyan et al., 
2019b) and for the West Coast specifically. In this 
region, the unusual environmental conditions that 
have occurred over the past decade have caused 
unprecedented harmful algal blooms (HABs) and 
mass mortality events of sea stars, seabirds, and 
kelp (Miner et al., 2018; Gibble et al., 2018; Harvell 
et al., 2019; Hohman et al., 2019). Some West Coast 
sanctuaries and regions, such as the Southern Cal-
ifornia Bight, have developed climate action plans, 
identified indicator species and habitats, and de-
tailed monitoring strategies (Duncan et al., 2014; 
Hutto, 2016). 

To provide decision support at relevant timescales 
for managers of West Coast species and protect-
ed areas, improved models are needed that provide 
skillful estimates of environmental conditions at 
daily to decadal timescales and beyond. Predict-
ability of these model systems depends on the right 
resolution for habitats of interest, resolving pro-
cesses with the appropriate skill and understanding, 
and predicting processes on the correct timescale. 
This underscores the need to sustain OA obser-
vations across spatial gradients from nearshore 
to offshore, in order to verify and provide input to 
models.  On-going model development and eval-
uation are needed to improve parameterizations 
of important processes in simulations, including 

Figure 5.3. Map of the California Current Large Marine Ecosystem 
(CCLME) with National Marine Sanctuary boundaries (lime green) and 
long-term North American Pacific coast, NOAA-supported OA sampling 
platforms, as indicated in the legend. Abbreviations include: OCNMS = 
Olympic Coast National Marine Sanctuary, GH = Gray’s Harbor, WB = Wil-
lapa Bay, NHL = Newport Hydrographic Line, OAP-IOOS = NOAA Ocean 
Acidification Program – Integrated Ocean Observing System, NERR = 
National Estuarine Research Reserve, GFNMS = Gulf of the Farallones 
National Marine Sanctuary, CBNMS = Cordell Bank National Marine Sanc-
tuary, MBNMS = Monterey Bay National Marine Sanctuary, SFB = San 
Francisco Bay, MB = Monterey Bay, CINMS = Channel Islands National 
Marine Sanctuary, SCB = Southern California Bight. Credit: Dana Greeley/
NOAA
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short-term and seasonal forecasts. Mechanisms 
driving predictability of carbon variables on various 
timescales require further investigation, especially 
on decadal timescales (Turi et al. 2016; Li & Ilyina, 
2018; Li et al., 2019), to provide better forecasts and 
predictions. These mechanisms will require a more 
complete understanding of the processes responsi-
ble for communication across interfaces on these 
timescales within the upwelling regime – between 
the CCLME and the North Pacific Gyre, the shelf and 
offshore, and the estuaries and the shelf. These pro-
cesses contribute to amplification of the OA signal 
within this system, but the degree to which they con-
tribute inter-annual to decadal variability is not well 
constrained at present. West Coast models now are 
skillful enough that they can attribute coastal and 
estuarine acidification to the relevant driver, be it in-
puts from air-sea exchange, and/or nutrient inputs 
(e.g., Puget Sound, San Francisco Bay, southern Cal-
ifornia), rivers (Washington to northern California), 
changing ocean circulation (e.g., upwelling), and/
or biological process rates (e.g., Halle & Largier, 
2011). Live Ocean and J-SCOPE, two newer model-
ing systems in the Pacific Northwest, now provide 
forecasts and projections of ocean conditions rel-
evant for marine resources, such as sardine and 
Dungeness Crab (Kaplan et al., 2016; Siedlecki et al., 
2016). Other decision points that model simulations 
can support include timing of fishery openings rela-
tive to forecasted OA or hypoxia conditions and field 
out-planting of shellfish within optimal temperature 
and carbonate chemistry windows.

Research Objective 5.1: Improve 
characterization of OA parameters in 
subsurface environments that are critical 
habitats to commercially and ecologically 
important species
Better characterization of surface and subsurface 
carbonate chemistry conditions will improve under-
standing of the risk of species and ecosystems to 
OA and parameterization of models used to hind-
cast, describe current, and forecast conditions. 

Action 5.1.1: Ensure that conditions and rates of 
environmental change of OA and interacting stress-
ors—particularly temperature, carbon chemistry, 

oxygen, nutrients, and HABs—are assessed via 
co-located observations in critical habitats for key 
species at vulnerable life stages, as well as for their 
food resources.

Action 5.1.2: Enhance moorings and profiling plat-
forms to include additional chemical and biological 
sensors for subsurface waters to delineate rates of 
change of critical parameters.

Action 5.1.3:  Continue to quantify anthropogenic 
CO2 concentrations through coastal and open ocean 
cruises, which collect the data needed to attribute 
carbonate chemistry change to anthropogenic acid-
ification versus contributions from other processes.

Action 5.1.4: Provide measured and calculated OA 
products necessary for validation of underlying 
physical and biogeochemical processes in coupled 
physical-biogeochemical coastal models of acidifi-
cation and model output.

Research Objective 5.2: Enhance 
understanding of the relationships between 
biological systems and chemical conditions, 
including effective indicators of change for 
various habitats
Tracking biological response to OA, other long-
term secular ocean changes, unusual environmen-
tal events including marine heatwaves, HABs, and 
mass mortality events underlies the reason for de-
veloping integrated monitoring efforts, which can 
help tease out environmental drivers and identify 
cause and effect of unusual events. 

Action 5.2.1: Incorporate biological observations 
into physical and chemical time-series (e.g., re-
search cruises, long-term monitoring at sentinel 
sites such as National Marine Sanctuaries, shellfish 
hatcheries, underway sampling on ships, autono-
mous platforms).

Action 5.2.2: Develop procedures to utilize ptero-
pods and other species as West Coast-specific indi-
cators of species and ecosystem status and change 
across different habitats.
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Research Objective 5.3: Advance analytical 
tools that can better describe ocean 
conditions in the past, present, and future 
Model development is critical to providing skill-
ful estimates of environmental conditions at daily 
to decadal timescales and beyond and at spatial 
scales that vary from regional to local. Development 
of past-to-future, high-resolution West Coast ocean 
models should continue in order to provide deci-
sion support at relevant timescales for managers 
of West Coast sanctuaries, Essential Fish Habitat, 
deep-sea coral and sponge habitats, and shellfish 
and finfish species.

Action 5.3.1: Develop models that can be validated, 
parameterized, and evaluated by observational data 
(e.g., moored time-series, nearshore stations) and 
that include chemical and biological rates key for 
understanding the progression of OA.

Action 5.3.2: Develop short-term and seasonal 
forecasts and synthesis products that can support 
annual industry, tribal, and management decision 
points and decadal predictions that support plan-
ning, policy, and adaptation among West Coast 
states, tribes, and stakeholders.

Action 5.3.3: Better utilize West Coast satellite ob-
servations and satellite-derived products to comple-
ment and provide independent estimates of spatial-
ly resolved current and upcoming ocean conditions 
from surface to benthic habitats.

Biological Sensitivity in the West Coast 
Region

West Coast ecosystems are highly productive and 
have economic and cultural value. The marine heat-
wave and El Niño events of 2014-2016 indicated 
how sensitive West Coast ecosystems and their 
marine resources are to the kinds of environmen-
tal conditions that are expected to become more 
frequent and intense in the future. The goal of this 
work is to project long-term ecological effects of OA 
to better understand the consequences of carbon 
emissions, provide managers the information need-
ed to anticipate changes in marine resources, and 
inform potential mitigation and adaptation options.

Studies that identify the sensitivities of ecologically 
and socioeconomically important species yield in-
formation useful for management of wild capture 
fisheries, ecosystems, and aquaculture now and 
in the future. Species sensitivity studies can be 
designed to build understanding of physiological 
mechanisms that underlie species’ responses to 
OA; help characterize species vulnerability; and esti-
mate OA risks to people and community well-being. 
Such information underpins modeling efforts that 
aim to project species response to OA progression 
and is important for extrapolating patterns of sen-
sitivity in species not subject to experimentation 
or observation. Targeted output from experiments 
should include functional relationships 1) across a 
range of pH, pCO2, or aragonite or calcite saturation 
state values, which can be used to identify response 
thresholds, and 2) with co-occurring environmental 
stressors projected to change with climate change, 
including temperature, oxygen concentration, and 
salinity. The experimental facilities at the Northwest 
Fisheries Science Center (NWFSC) have built in a 
multi-stressor (OA, dissolved oxygen, and tempera-
ture) and diurnal variability approach, and the new 
Mukilteo facility now under design will improve on 
those capabilities.

Dungeness crab megalops, a larval stage. Credit: Benjamin 
Drummond/bdsjs.com 

The West Coast is exposed to variability in car-
bonate chemistry conditions over both space and 
time and can be used as a natural laboratory. Re-
cently, OA events have co-occurred with marine 
heatwaves, hypoxic events, and HABs, exposing 
organisms to interactive effects of multiple stress-
ors. Collection and analysis of field samples having 
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defined chemical exposures, or conducting novel in 
situ experiments can inform understanding of the 
implications of OA under field conditions, with du-
ration of exposure under acidified conditions lon-
ger than can usually be accomplished in the lab. In 
addition, experimentally derived thresholds related 
to species sensitivity can be tested in the field to 
improve the interpretation of species vulnerability in 
coastal environments.

To date, we have not yet been able to directly attri-
bute population changes from existing time-series 
to OA, potentially due to the lack of available paired 
chemical and biological measurements (McElhany, 
2016). However, physiological and organismal re-
sponses in field samples correlate with anthropo-
genic CO2 content (Bednaršek et al., 2014, 2017a, 
2020; Feely et al., 2016). As OA and co-stressors 
progressively increase, species tolerance thresh-
olds will continue to be crossed, which will pre-
cipitate ecological change. Biological time-series 
collections, sample preservation and archival, and 
analyses are needed now to enable the detection 
and attribution of change; on-going West Coast 
time-series should be maintained, enhanced, and 
examined. Monitoring should focus on ‘indicator 
species’, selected by careful consideration of car-
bonate chemistry sensitivity, cost of observation, 
availability of existing data, likely changes in habitat 
conditions, ecological or economic importance, etc. 
Two candidate indicator taxa include foraminifera 
and pteropods, the latter of which is already used 
as indicator of OA in the Puget Sound and Southern 
California Bight regions. 

A potential tool for defining how the natural environ-
ment may be becoming stressful to marine life is to 
develop habitat suitability indices (HSIs), which pro-
vide depth- and time-integrated metrics of species 
exposure to challenging environmental conditions, 
ideally based on rigorous laboratory experiments. 
These HSIs use sensitivity information developed 
in combination with the modeling efforts to give 
managers advance information about the likely con-
dition or survival of marine species. It is critical to 
develop integrated ecosystem metrics like HSIs in 
partnership with states, tribes, industry, and other 
organizations to reflect environmental exposure of 

key species to multiple stressors relevant to fore-
cast and decision-maker timescales. HSIs also pro-
vide valuable information for food web and ecosys-
tem modeling (Action 5.6.2) and help guide efforts 
to detect biological effects of OA in the field (Action 
5.6.3). HSI metrics need to be testable with observa-
tions and connected to monitoring activities. HSIs 
do not, in themselves, translate into species impact 
but rather serve as an indication of potential expo-
sure.

Research Objective 5.4: Understand 
species sensitivity to OA and characterize 
underlying mechanisms 
Species sensitivity studies yield information that un-
derpins our understanding of the potential impacts 
of OA on human and natural systems. 

Action 5.4.1: Conduct laboratory sensitivity stud-
ies on species harvested in federal, state, and tribal 
fisheries along the West Coast and the prey species 
that support them.

Action 5.4.2: Develop and implement methods to 
generate data on the mechanisms driving species 
sensitivity, including acid-base balance, ‘omics ap-
proaches, and neural and behavioral functioning to 
elucidate sub-lethal effects of OA conditions and 
possible adaptation. 

Action 5.4.3: Assess how knowledge of sensitivity 
based on laboratory studies translates to expres-
sions of sensitivity to different carbonate chemistry 
conditions and multiple stressors in the field.

Research Objective 5.5: Investigate the 
potential for species to acclimate and/or 
adapt to OA
Studies that target information on species acclima-
tion and acclimatization (i.e., recovery of function 
by individuals with prolonged exposure) or adapta-
tion (i.e., genetic and epigenetic changes within a 
population or across populations) make possible 
long-term predictions for key ecologically and so-
cioeconomically important species.

Action 5.5.1: Conduct multi-generational, complete 
life-cycle laboratory studies to characterize sensitiv-
ity to OA.
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Action 5.5.2: Assess how OA sensitivity varies with-
in and among individuals, strains, and populations 
of a species in field and aquaculture studies to im-
prove understanding of intra- and inter-specific vari-
ance, which has enormous implications for under-
standing how to manage marine resources for OA

Action 5.5.3: Employ molecular techniques to better 
understand the influence of OA on individuals and 
populations.

Research Objective 5.6: Enable the 
detection and attribution of direct and 
indirect impacts of OA on managed species 
and ecosystems
While evidence from laboratory experiments indi-
cates that many marine species are sensitive to OA 
conditions, limited understanding of how this sensi-
tivity will influence populations or their distributions 
in the wild or alter food webs and ecosystems cre-
ates a critical gap in current research efforts and 
for sound resource management under changing 
ocean conditions.

Action 5.6.1: Develop Habitat Suitability Indices, 
which provide depth- and time-integrated metrics 
of species exposure to challenging environmental 
conditions and can be integrated into forecasts and 
predictions.

Action 5.6.2: Model species, food web, and eco-
system responses to OA to understand the conse-
quences of OA and the success of management 
strategies for sustainable harvests and conserva-
tion. Intensive numerical models can join data and 
tools from various scientific disciplines in ways that 
conceptual models cannot.

Action 5.6.3: Conduct biological monitoring and 
data analysis at robust enough levels to detect spe-
cies or ecosystem change attributable to OA, and 
specifically to anthropogenic carbon uptake.

Human Dimensions in the West Coast 
Region

The ocean, coasts, and estuaries of the CCLME hold 
vast economic, social, and cultural importance for 
more than 1,100 coastal and fishing communities, 

including tribes and indigenous communities, and 
other diverse populations in rural, suburban, and 
urban areas. Through fisheries landings data, and 
other data sources such as the U.S. Census, NOAA 
has developed some knowledge about commercial 
and recreational fishing activities, reliance on fish-
ing and aquaculture, and other social and economic 
conditions linking people to marine systems (Har-
vey et al., 2018; ONMS, 2019). However, while it is 
generally acknowledged that healthy and produc-
tive marine ecosystems support human communi-
ties, the mechanisms that link marine species and 
habitats with the full array of human dimensions 
(e.g., livelihoods, nutritional needs, cultural heritage, 
and recreation benefits for coastal populations) are 
not well understood (Breslow et al., 2016; Kittinger 
et al., 2012). In addition, critical gaps exist in the 
quality, frequency, topical, and geographic breadth 
of available information. Underdeveloped concep-
tual models describing the relationships between 
various fishing and coastal communities and ma-
rine ecosystems, as well as the lack of sufficient 
and appropriate data to assess socioeconomic 
changes, create challenges to evaluating OA vulner-
ability of people in different places who have varied 
dependence on marine systems. Hence, to support 
decision-making at local to regional scales through-
out the West Coast, there is a need to synthesize 
and collect new socioeconomic data in order to de-
velop models and other tools that may be used to 
estimate the socioeconomic impacts of OA in the 
region. Improved understanding of OA risks to so-
ciocultural and economic well-being of fishing and 
coastal communities are priorities for NOAA social 
science on the West Coast (NOAA Fisheries, 2016, 
2019a).
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Dungeness crab support an economically important West Coast 
fishery. Laboratory, field, and modeling studies suggest Dunge-
ness crabs are negatively affected by acidified conditions.    
Credit: Benjamin Drummond/bdsjs.com

Improved knowledge of the vulnerabilities of so-
cioeconomic well-being to OA, and how these vary 
across populations, is critical to understand and 
develop strategies for mitigation and adaptation. 
A science-based framework to support planning, 
policy, and responses to OA by West Coast states, 
tribes, and stakeholders requires deeper knowl-
edge of adaptive capacity. For example, how do 
community and fisheries characteristics (e.g., labor 
dynamics, social services, vessel mobility, species 
allocations, etc.) and perceptions of OA risks shape 
their response strategies? Research in support of 
adaptation depends on information about institu-
tional structures and policy contexts (e.g., port in-
frastructure and fisheries permitting systems) that 
either help fisheries or communities perform well in 
the face of change or create barriers and challeng-
es to their adaptation. Such focus on institutional 
and policy contexts creates the foundation for sim-
ulating scenarios and identifying alternative man-
agement actions, including those actions expected 
to generate benefits to communities and increase 
their adaptive capacity (Aguilera et al., 2015; Evans 
et al., 2013). Providing decision-relevant informa-
tion to managers and industry, including developing 
technical tools for evaluating the socioeconomic 
consequences of potential management actions re-
lated to OA, is critical to effective management (Fig-
ure 5.4). In many cases, actions taken in response 
to OA will create synergistic benefits for a multitude 

of changes facing communities. The West Coast 
constitutes a dynamic social-ecological system 
with multiple and cumulative stressors arising from 
changes in the ocean such as temperature, OA, hy-
poxia, and HABs coupled with disruptions in condi-
tions of fishing and coastal communities such as 
market prices, fishing access, labor shortages, and 
demographic changes (Bennett et al., 2016). More 
comprehensive and foundational human dimen-
sions research can help decision-makers evaluate 
multiple objectives and outcomes (e.g., ecological, 
social, and economic benefits) and model future 
projections and uncertainties of the social-ecolog-
ical impacts of ocean change in order to maintain 
thriving coastal communities and economies.

Research Objective 5.7: Improve 
understanding of the risks to social, cultural, 
and economic well-being of fishing and 
coastal communities that are dependent on 
OA-sensitive species, and the associated 
social and economic drivers of OA 
vulnerability
Human vulnerability to OA can be direct or indirect 
through impacts to important species and ecosys-
tems, and compounded by other (non-OA) social 
and ecological stressors that human communities 
may face. Communities and decision-makers re-
quire better information about social-ecological re-
lationships and mechanisms of impact in order to 
anticipate and understand OA risks to people.

Action 5.7.1: Collect new information (e.g., through 
the use of surveys and interviews) and synthesize 
existing information (e.g., commercial and recre-
ational fisheries data, fishing community profiles, 
and traditional and local knowledge) to better char-
acterize the interactions of humans and environ-
ments and the importance of OA-sensitive species 
and ecosystems to people across scales.

Action 5.7.2: Develop new OA-relevant social-eco-
logical conceptual models and use these coupled 
models to estimate the risks to humans and com-
munity well-being (e.g., cultural, livelihood, and 
health) and the distribution of risks across sectors  
and social and demographic factors.
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Action 5.7.3: Improve models to 1) provide neces-
sary decision support for estimating income and  
employment impacts of OA on commercial fisher-
ies, aquaculture, and coastal tourism and 2) relate 
the economic value of recreational crab and other 
shellfish harvesting to estimated changes in bio-
mass.

Action 5.7.4: Examine the synergistic, antagonistic, 
and cascading effects of multiple and cumulative 
stressors on human vulnerability to address critical 
gaps in our knowledge of how OA-impacts inter-
act with other environmental and socioeconomic 
stressors that communities must contend with.

Research Objective 5.8: Improve 
understanding and communication of 
adaptation strategies of fishing and coastal 
communities
Improved knowledge and communication of how 
communities can reduce vulnerability, including the 
barriers and capacities for coping with and adapting 
to OA and cumulative stressors, are critical to devel-
oping policies, tools, and strategies for mitigating 
socioeconomic risks (Objective 5.7) and identifying 
management actions that may result in more resil-
ient communities.

Action 5.8.1: Develop information about adaptive 
capacity, and specifically evaluate institutional 
structures and policy contexts that either help or 
hinder fisheries and communities in the face of 
change.

Action 5.8.2: Identify alternative management ac-
tions to improve resilience of communities and eco-
systems under OA conditions, for example by iden-
tifying resource management actions that generate 
indirect and co-benefit flows to communities, reflect 
community priorities, and reduce potential nega-
tive consequences from management decisions to 
communities.

Action 5.8.3: Provide decision-relevant information 
to managers and industry, including developing 
technical tools for simulating scenarios and eval-
uating the socioeconomic tradeoffs of potential 
management actions related to OA.

Figure 5.4. Infographic of model output on how OA could influence 
West Coast species and the economies of communities that participate 
in fisheries harvest. The infographic is based on work presented in Bus-
ch & McElhany (2016), Marshall et al. (2017), and Hodgson et al. (2018). 
Credit: Su Kim/NOAA
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Abstract

The Pacific Islands region includes the exclusive 
economic zones surrounding a diverse collection of 
islands and atolls — including the State of Hawaiʻi, 
the Territories of American Samoa and Guam, the 
Commonwealth of the Northern Marianas Islands, 
and the U.S. Pacific Remote Island Areas — that are 
widely scattered across the western and central 
Pacific Ocean and separated by many thousands 

of kilometers of vast pelagic waters. Much of the 
region is uninhabited and federally protected, and 
these ecosystems generally experience relatively 
low levels of local anthropogenic stress. However, 
the Pacific Islands are significantly impacted by 
global forcing, including basin-wide climate vari-
ability such as the El Niño Southern Oscillation and 
the Pacific Decadal Oscillation, and global climate 
change. This region is home to vibrant coral reef 
ecosystems, numerous threatened and endangered 
species, and economically- and culturally-signifi-
cant fisheries supporting commercial industries 
and local communities. NOAA’s Pacific Islands Re-
gion research goals are to:

•	 Maintain existing and develop new ocean 
acidification (OA) monitoring sites co-
located with biological surveys of coral 
reef and broader marine ecosystems to 
improve understanding of OA progression 
and response to be used in real-time 
forecasts for risk assessment and decision 
making;

•	 Integrate physical, chemical, biological, 
and ecological data to assess ecosystem-
wide direct and indirect impacts of OA, 
with an emphasis on key Pacific marine 
species; and

•	 Couple environmental, ecological, human-
use, and non-use valuation models to 
assess OA impacts to human well-being 
and develop effective ecosystem-based 
management strategies and relevant 
science communication tools.

6. U.S. Pacific Islands Region 
Acidification Research 



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan   |  57

Acidification in the U.S. Pacific Islands 
Region

The U.S. Pacific Islands region includes the exclu-
sive economic zones surrounding the State of Ha-
waiʻi, the Territories of American Samoa and Guam, 
the Commonwealth of the Northern Marianas Is-
lands, and the U.S. Pacific Remote Island Areas 
(Figure 6.1). The region encompasses biological-
ly-diverse coral reef ecosystems; supports cultur-
ally- and economically-valuable commercial, sub-
sistence, and recreational fisheries; and is home to 
numerous threatened and endangered species. The 
rich diversity and abundance of marine life and as-
sociated ecosystem services are vital for the health, 
culture, coastal protection, and economic viability 
of Pacific Island communities.

The Pacific Islands region covers an immense geo-
graphical area (5.82 million km2) that spans dramat-
ic gradients in oceanographic conditions, ranging 
from the relatively stable, oligotrophic North and 
South Pacific Subtropical Gyres to the dynamic up-
welling zones of the central equatorial Pacific. Many 
of the islands and atolls in the Pacific Islands region 
are uninhabited, remote, and federally protected as 
National Wildlife Refuges and Marine National Mon-
uments. As a result, these ecosystems experience 
relatively low levels of local anthropogenic stress, 

but are significantly impacted by global forcing, 
including climate variability and climate change 
(Polovina et al., 2016). Natural climate modes that 
exert influence in the region include the El Niño 
Southern Oscillation and the Pacific Decadal Os-
cillation, which drive large interannual and decadal 
shifts in ocean temperatures, winds, vertical mixing, 
equatorial upwelling strength, and seawater carbon-
ate chemistry that influence the structure and func-
tion of coral reef and pelagic ecosystems (Brainard 
et al., 2018; Sutton et al., 2014b). Within the past 
several decades, the progressive acidification of 
open ocean surface waters has occurred in con-
cert with rising atmospheric and surface seawater 
carbon dioxide (CO2) concentrations. The 30-year 
Hawai'i Ocean Time-series has documented signif-
icant decreasing trends in surface seawater pH of 
0.0016-0.0019 yr-1 in the North Pacific Subtropical 
Gyre (Bates et al., 2014a; Dore et al., 2009; Figure 
6.2), and pH has declined 0.0018-0.0026 yr-1 in the 
central equatorial Pacific between 1998 and 2011 
(Sutton et al., 2014b).

Coral reefs form the structural foundation for most 
of the island ecosystems in the region and provide 
substantial ecosystem goods and services to local 
communities through fisheries, tourism, and coast-
al protection (Bishop et al., 2011; Brander & van 
Beukering, 2013; Moberg & Folke, 1999; Storlazzi 

Figure 6.1. Map of archipelagic and island areas included under the U.S. Pacific Islands region and U.S. Exclusive Economic Zone bound-
aries.
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et al., 2019). These ecosystems are among those 
expected to be most sensitive to OA (Hoegh-Guld-
berg et al., 2007; Kroeker et al., 2010). Over the past 
two decades, NOAA’s comprehensive coral reef OA 
monitoring program has assessed spatial patterns 
and initiated monitoring of temporal trends in car-
bon system-related parameters and the biological 
and ecological components of coral reef ecosys-
tems most likely affected by OA. NOAA data collect-
ed on U.S. Pacific coral reefs have: 1) established 
carbonate chemistry baselines around 38 islands 
(Figure 6.3); 2) documented spatial patterns and 
drivers of reef calcium carbonate accretion around 
31 islands (Figure 6.4); 3) initiated assessments of 
reef bioerosion and dissolution at 13 islands; and 4) 
described cryptobiotia and microbial community di-
versity and abundance at 13 islands. The exposure 
to and impacts of OA within the vast pelagic and 
deep-sea ecosystems of the region remain much 
more poorly characterized.

Environmental Change in the U.S. 
Pacific Islands Region

Assessing spatial patterns and temporal trends in 
OA in coral reef and pelagic ecosystems is a high 
priority for NOAA’s environmental monitoring in the 

Pacific Islands region. Since 2000, NOAA has con-
ducted biennial or triennial coral reef monitoring 
at 38 Pacific Islands as part of the Pacific Reef As-
sessment and Monitoring Program (Pacific RAMP) 
and, since 2013, as part of the National Coral Reef 
Monitoring Program (NCRMP). In 2005, NOAA ini-
tiated monitoring of carbonate chemistry and key 
OA-related ecological indicators. These sampling 
efforts have established baseline means and spa-
tial variability in nearshore environments across 
the Pacific Islands region (Figure 6.3). In the open 
ocean, the international observing collaboration es-
tablished under the Global OA Observing Network 
(GOA-ON) has provided OA data integrated from re-
peat ship-based hydrography, volunteer observing 
ships, time-series stations, and moorings for the Pa-
cific pelagic areas that support important commer-
cial fisheries and highly-migratory protected spe-
cies (see Open Ocean Region, Chapter 2). There is 
currently no comparable OA observing network for 
mesophotic and deep-sea coral reef environments.

Paired with spatially-broad, but temporally-sparse 
in situ sampling, moored autonomous OA sampling 
arrays provide near-continuous monitoring of chem-
ical, physical, and meteorological conditions at sen-
tinel sites. These high-resolution time series offer 

Figure 6.2. Time series of mean surface carbonate system parameters measured at Station ALOHA, 100 km north of O'ahu, Hawai'i (22.75 
°N, 158 °W), 1988–2017. Partial pressure of carbon dioxide (pCO2), pH (total scale), and aragonite saturation state (ΩAr) were calculated 
from dissolved inorganic carbon (DIC) and total alkalinity (TA). Linear regression fits are overlaid. Adapted from Dore et al. (2009)
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baseline data on diel, seasonal, and interannual 
variability in carbonate chemistry and can be used 
to detect long-term acidification trends. Sustained 
observations are especially important in nearshore 
coral reef environments, where secular trends in 
pH can be difficult to discern due to highly variable 
biogeochemical conditions (Sutton et al., 2019). In 
the Pacific Islands region, NOAA and the University 
of Hawaiʻi have maintained Moored Autonomous 
pCO2 (MApCO2) buoys at several open ocean sta-
tions (WHOI Hawaiʻi Ocean Time-series, equatorial 
Tropical Moored Buoy Array) starting in 2004 and 
at four nearshore sites around Oʻahu, Hawaiʻi (Ala 
Wai, Kilo Nalu, Kaneʻohe Bay, CRIMP/CRIMP 2) 
starting in 2005. An additional buoy was deployed 
in Fagatele Bay, American Samoa in 2019.

Characterizing regional-scale OA patterns and 
trends across the broad oceanographic gradients 
of the Pacific Islands presents an enormous chal-
lenge. However, spatially-explicit, seasonal and 
annual carbonate chemistry datasets and OA fore-
casts (e.g., Gledhill et al., 2008) that project variabil-

ity in OA exposure and identify possible hotspots or 
refugia can be useful management tools. Upscaling 
in situ observations, developing coupled hydrody-
namic and biogeochemical models, and integrating 
remote sensing and model data to create hindcast 
and predictive OA spatial products are therefore 
high priority research needs for the Pacific Islands 
to support regional decision making and manage-
ment strategy evaluation.

Research Objective 6.1: Continue 
monitoring and assessment of OA in coral 
reef ecosystems
Nearshore OA monitoring is essential for tracking 
temporal and spatial variability in carbonate chem-
istry and the progression of OA in highly sensitive 
coral reefs. When co-located with biological assess-
ments and ecological surveys, long-term monitoring 
can offer an integrated ecosystem perspective of 
OA impacts on reef ecosystems and provide import-
ant baseline data for science-based management 
strategy.

Figure 6.3. Climatological aragonite saturation state (ΩAr) for the Pacific Islands region from the GLobal Ocean Data Analysis Project 
(GLODAP) v2 (Lauvset et al., 2016). Islands that NOAA surveys as part of the Pacific Reef Assessment and Monitoring Program are shown 
as points, with shading corresponding to the average 2010-2017 in situ ΩAr (calculated from DIC and TA).
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Action 6.1.1: Maintain carbonate chemistry water 
sampling in shallow coral reef environments and 
expand nearshore OA monitoring in collaboration 
with local partners to describe spatial patterns and 
longer-term temporal trends in OA across Pacific in-
sular areas.

Action 6.1.2: Conduct short-term, high-resolution 
instrument deployments to measure carbonate 
chemistry and other physical and biogeochemical 
parameters (e.g., temperature, salinity, water flow, 
light, and dissolved oxygen) and contextualize low-
er frequency observations (Action 6.1.1).

Action 6.1.3: Maintain and expand moored auton-
omous buoy deployments at representative coral 
reef sites and offshore reference stations and in-
crease coordination and collaboration with other 
international moored observing networks in the re-
gion to document high-resolution temporal variabili-
ty in carbonate chemistry and capture multi-decadal 
OA trends.

Research Objective 6.2: Expand regional 
OA observing system to include pelagic and 
deep-sea environments 
Establishing comprehensive OA monitoring pro-
grams in insular mesophotic, subphotic, and deep 

sea environments and expanding GOA-ON monitor-
ing in U.S. Pacific Islands pelagic waters (in coordi-
nation with Open Ocean Region Chapter 2, Research 
Objective 2.1) will improve understanding of spatial 
and temporal carbonate chemistry variability and 
enable predictions of OA effects on pelagic and 
deep sea ecosystems. 

Action 6.2.1: Maintain and expand shipboard under-
way pCO2, dissolved inorganic carbon (DIC), total al-
kalinity (TA), and/or pH analyzers on NOAA ships to 
measure the two or more pelagic surface carbonate 
chemistry parameters needed to constrain full car-
bonate system chemistry along cruise tracks. 

Action 6.2.2: Deploy autonomous data collectors 
(e.g., Saildrones, gliders, biogeochemical-ARGO 
floats) equipped to measure at least two carbon 
parameters (pCO2, pH, TA, DIC) and temperature, 
salinity, and other physical and biogeochemical pa-
rameters at the ocean surface and along vertical 
depth profiles to augment or replace shipboard col-
lections. 

Action 6.2.3: Collect subsurface oceanographic 
data and carbonate chemistry samples along ver-
tical depth profiles to establish baseline carbonate 
chemistry levels and monitor OA in mesophotic, 
subphotic, and deep-sea ecosystems.

Figure 6.4. Mean (± one standard deviation) in situ ΩAr plotted against mean (± one standard deviation) net calcium carbonate accretion 
rates (measured from Calcification Accretion Units, CAUs) for 31 Pacific Islands from 2010 to 2017. Islands are colored by subregion, and 
islands of interest are labelled. See Vargas-Ángel et al. (2015) for additional information on CAUs.
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NOAA divers service instrumentation that monitors acidification 
near a coral reef at Hawai'i Island. Credit: Paul Cox/Hawai'i Ma-
rine Education and Research Center

Research Objective 6.3: Create real-time 
and forecast OA spatial products
Regional OA maps that leverage available physical 
and biogeochemical datasets and model output 
can provide predictive and actionable spatial prod-
ucts. These products can be used to assess OA risk, 
identify vulnerable species and communities, and 
advise decision making at spatial scales and time 
frames relevant to management planning and policy 
decisions (in coordination with Open Ocean Region 
Chapter 2, Research Objectives 2.3 and 2.4).

Action 6.3.1: Construct time-varying insular and pe-
lagic maps of Pacific carbonate chemistry param-
eters (pCO2, pH, Ωarag) using remote-sensing data, 
assimilative models, and in situ sample data to pro-
vide regional-scale perspective on spatial patterns 
and temporal variability in OA.

Action 6.3.2: Couple hydrodynamic and biogeo-
chemical models with climate models to improve 
understanding of carbonate chemistry dynamics 
and OA prediction in both pelagic and coastal envi-
ronments and identify hotspots and refugia.

Biological Sensitivity in the U.S. Pacific 
Islands Region

Corals, crustose coralline algae, calcareous plank-
ton, and other marine calcifiers are among the Pacif-
ic taxa most vulnerable to the direct impacts of OA. 
In general, OA effects on the growth, reproduction, 
and survival of many warm water coral reef organ-

isms are now relatively well known (Kroeker et al., 
2010). As part of Pacific RAMP and NCRMP moni-
toring, NOAA has collected data on calcium carbon-
ate accretion and dissolution rates (Enochs et al., 
2016a; Vargas-Ángel et al., 2015; Figure 6.4); coral 
calcification and bioerosion (DeCarlo et al., 2015); 
cryptobiota and microbial diversity; and benthic and 
fish diversity, density, size structure, and biomass 
within the U.S. Pacific Islands (Smith et al., 2016; 
Williams et al., 2015). Of the region’s coral reefs, 
the deep-sea and mesophotic ecosystems exposed 
to shoaling aragonite saturation horizons may be 
among the first that OA impacts (Guinotte et al., 
2006; Hoegh-Guldberg et al., 2017). However, the 
OA sensitivity of these communities remains poorly 
constrained.

The mechanism and severity of possible OA ef-
fects on protected and managed species are crit-
ical knowledge gaps in the Pacific Islands region. 
The major pelagic and coastal fisheries — includ-
ing pelagic longline and purse seine fisheries for 
tunas and billfish and insular bottom fish, coral 
reef, and shellfish fisheries — may be susceptible 
to OA-driven reductions in species growth, fitness, 
and/or reproduction. Indirect OA impacts to these 
fisheries could include changes in habitat struc-
ture (e.g., changes to coral reef framework pro-
duction), spawning grounds, food sources (e.g., 
through shifts in calcareous plankton community 
structure), or trophic interactions (Cooley & Doney, 
2009; Nagelkerken & Connell, 2015). The critically 
endangered Hawaiian monk seal (Neomonachus 
schauinslandi), endangered hawksbill sea turtle 
(Eretmochelys imbricata), threatened green sea 
turtle (Chelonia mydas), and cetacean species may 
also be vulnerable to changes in essential feeding, 
breeding, and/or nesting habitats due to OA effects 
on seagrass beds and carbonate sand production 
(Hawkes et al., 2009; Price et al., 2011) and/or shifts 
in food availability and food web dynamics (Nagelk-
erken & Connell, 2015).

OA will likely alter the structure and function of 
marine ecosystems over the next several decades. 
Therefore, evaluations of climate drivers and eco-
system responses are needed to inform the effica-
cy of possible management actions (e.g., protecting 
resilient species and populations, setting fisheries 
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annual catch limits, reducing other stressors that 
exacerbate OA impacts, direct interventions to re-
duce OA) at scales relevant to local communities. 
By driving local-scale interactions with a range of 
climate scenarios and management strategies, re-
gional models can predict ecosystem dynamics 
and explicitly address tradeoffs across ocean use 
sectors. Recent Atlantis ecosystem model studies, 
including the Guam Atlantis model, have begun to 
incorporate OA drivers and species responses (Wei-
jerman et al., 2015). However, refining these models 
will require additional data on downscaled OA pro-
jections and sensitivities of local taxa to OA (Mar-
shall et al., 2017).

Big Momma, one of the largest coral heads in the world,  can 
be found in the National Marine Sanctuary of American Samoa. 
Credit: NOAA

Research Objective 6.4: Assess direct 
OA impacts on key Pacific coral reef and 
pelagic species 
Maintaining and expanding ecological monitoring, 
conducting laboratory perturbation experiments 
on understudied taxa, and synthesizing existing 
data to constrain the OA sensitivity of key species 
will improve our understanding of OA impacts on 
coral reef, mesophotic, deep-sea, and pelagic eco-
systems (in coordination with Open Ocean Region 
Chapter 5, Research Objective 2.5).

Action 6.4.1: Assess calcium carbonate accretion 
and dissolution on coral reefs and deep-sea coral 
habitats across latitudinal and depth gradients, 
paired with long-term monitoring of benthic and fish 
communities, to document the impacts of OA and 
other stressors on coral reef communities, describe 

resilience potential, and identify priority areas for 
management or restoration efforts. 

Action 6.4.2: Complete literature reviews and syn-
thesis of OA impacts to growth, fecundity, and mor-
tality of key Pacific species to inform the develop-
ment of sensitivity scalars of those organisms to 
decreased pH.

Action 6.4.3: Conduct field assays, laboratory exper-
iments, and multi-stressor studies to measure OA 
sensitivity for focal taxa (e.g., calcareous plankton, 
larval fish, shallow and deep-sea corals, mollusks, 
coralline algae, seagrass, and bioeroders), build OA 
response curves, and assess effects on trophic and 
food web interactions.

Research Objective 6.5: Evaluate indirect 
effects of OA on fisheries and protected 
species
Pelagic and coastal fisheries and protected spe-
cies (monk seals, sea turtles, and cetaceans) are 
regional research and management foci. However, 
robust OA impact evaluations do not currently ex-
ist for these species and populations. Determining 
the impacts of changes in carbonate chemistry on 
trophic interactions, essential habitats, and behav-
ior will help project their vulnerability to OA and aid 
in the effective management of these resources (in 
coordination with Open Ocean Region Chapter 5, Re-
search Objective 2.6).

Action 6.5.1: Integrate plankton and trawl surveys, 
fish diet studies, fisheries data, stock assessments, 
and laboratory experiments to assess OA-driven 
changes to the structure and energy flow of insular 
and pelagic food webs.

Action 6.5.2: Assess effects of OA on abundance 
and distribution of seagrass beds and determine as-
sociated impacts on sea turtle grazing behavior and 
habitat availability.

Action 6.5.3: Build carbonate sand budgets for 
beaches that serve as pupping and nesting grounds 
for monk seals and sea turtles to help assess the 
expected magnitude of changes in sand production 
related to reductions in coral, crustose coralline al-
gae, and calcareous macroalgae calcification rates.
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Research Objective 6.6: Determine 
ecosystem-scale OA impacts 
An ecosystem-scale integration of physical, chemi-
cal, biological, ecological, and socioeconomic data 
is required to determine the effects of OA and oth-
er stressors on coral reef and pelagic ecosystems, 
fisheries, and protected species and evaluate man-
agement strategies.

Action 6.6.1: Improve ecosystem model parameter-
izations by synthesizing carbonate chemistry ob-
servations, species-specific OA sensitivity data, and 
response curves (Action 6.4.2).

Action 6.6.2: Refine trophic interaction ecosystem 
models to include OA drivers and taxa responses in 
order to provide decision-support tools for fisheries 
and coastal resource management.

Human dimensions in the U.S. Pacific 
Islands Region

Over the next few decades, OA impacts on marine 
ecosystems in the Pacific Islands will likely nega-
tively affect ecosystem services, marine resources, 
and the local human communities who depend on 
them for their livelihoods, subsistence, wellbeing, 
and social and cultural continuity (Bennett, 2019; 
Brander & van Beukering, 2013; Leong et al., 2019; 
Storlazzi et al., 2019). Therefore, critical research 
priorities in the Pacific Islands region are evaluat-
ing and projecting the effects of OA on marine re-
source-reliant industries, local fisheries, and human 
communities, and developing ecosystem-based 
fisheries management strategies that are driven by 
OA-informed environmental, ecological, and socio-
economic considerations. As natural resource man-
agers increasingly move toward ecosystem-based 
approaches and social-ecological-systems frame-
works, metrics of human well-being and cultural 
ecosystem services will be necessary to determine 
the success of management interventions (Leong 
et al., 2019). 

Recent Atlantis ecosystem model studies, including 
the Guam Atlantis model (Weijerman et al., 2015), 
have introduced conceptual models to understand 
the human dimensions of OA scenarios in the 
context of fisheries and marine tourism. However, 

the parameterization of economic impact models 
and social indicators to understand how OA could 
affect the vulnerability of natural resource-reliant 
industries and communities requires further 
advancements. NOAA has developed an initial 
framework for assessing community vulnerability 
for the Pacific Islands region (Kleiber et al., 2018). 
Ongoing work will focus on improving upon and 
applying this suite of Community Social Vulnerability 
Indicators to consider OA impacts on fishing 
community engagement and reliance. 

 
A diver enjoys the vibrant reefs of the U.S. Pacific Islands. Credit: 
NOAA

A key challenge in addressing future OA will be 
securing financial and political investments to de-
velop effective adaptive strategies and solutions. 
Foundational studies, including work NOAA has 
conducted as part of the socioeconomic monitor-
ing component of NCRMP, have documented base-
lines for community understanding and awareness 
of the threat of OA across the Pacific Islands region 
(Gorstein et al., 2019, 2018a,b; Levine et al., 2016; 
Madge et al., 2016). Future studies will be critical 
to document trends in public awareness and per-
ceptions to inform future planning and investment 
in local adaptation strategies. It is also imperative 
to prioritize development of effective science com-
munication techniques and applications to describe 
potential OA impacts to environmental, biological, 
economic, and social systems. NOAA should pur-
sue efforts to create visualization products and 
education and outreach resources in collaboration 
with NCRMP, local jurisdictions, and other partners 
that target diverse stakeholders to promote under-
standing and awareness of OA.



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  64

Research Objective 6.7: Assess direct 
and indirect impacts of OA on Pacific 
communities
Coupling environmental and ecological dynam-
ics (Research Objective 6.4) with human-use sec-
tors and non-use values in ecosystem models will 
support assessment of OA impacts on marine re-
source-reliant industries and communities, includ-
ing impacts to human well-being and ecosystem 
services. 

Action 6.7.1: Identify the relationships of key social, 
cultural, and economic drivers to biophysical, fish-
ery, and ecosystem parameters to predict potential 
responses from future OA scenarios.

Action 6.7.2: Create regional economic impact 
and behavioral models for marine resource-reliant 
industries to inform consideration of benefits and 
costs of alternative management strategies to miti-
gate impacts from OA.

Action 6.7.3: Develop management objectives relat-
ed to human-use sectors, non-use values, ecosys-
tem services, and well-being, and derive indicators 
to monitor effectiveness.

Research Objective 6.8: Characterize 
community awareness and resilience to OA 
Integrated assessments of trends in biological con-
ditions, social perceptions, and community vulnera-
bilities are necessary to develop effective manage-
ment strategies in Pacific Island communities.

Action 6.8.1: Monitor trends in community aware-
ness and perceptions of OA impacts and participa-
tion in stewardship activities across diverse stake-
holders and make efforts to link with environmental 
(Research Objective 6.2) and biological sensitivity 
(Research Objective 6.3) trends to understand areas 
of coherence.

Action 6.8.2: Couple analyses of biological sensitiv-
ity (Research Objective 6.4) with social vulnerability 
and adaptive capacity frameworks to inform local 
community mitigation planning and management.

Research Objective 6.9: Develop innovative 
OA science communication products for 
diverse stakeholders 
Investments in OA adaptation and management 
strategies will require effective dissemination of the 
potential changes, threats, and impacts from future 
OA scenarios on environmental, biological, econom-
ic, and social systems.  

Action 6.9.1: Pursue efforts to create visualization 
products and education and outreach resources 
targeting diverse stakeholders to communicate 
scientific findings and promote understanding and 
awareness of OA processes and potential impacts.
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Abstract

The Southeast Atlantic and Gulf of Mexico Region 
encompasses continental shelf waters extending 
from the North Carolina to Florida coasts on the 
Atlantic seaboard and the marginal sea bounded 
by the U.S. Gulf Coast. While these two regions 
experience different stress factors with regards to 
ocean acidification (OA), they share similar needs 
with regards to local community engagement (or 
lack thereof), active research, and data availabil-
ity. The regional influence of the Northward flow-
ing Gulf Stream and southward flowing Labrador 
Sea currents in the Southeast Atlantic dominates 
the biogeochemical signatures of coastal waters 
in this region while the Gulf of Mexico is strongly 
influenced by the loop current and riverine inputs, 
which contribute to eutrophication and hypoxia. Im-
pacts to coral reefs and the recreational and indus-

trial fishing industries, and potential prevalence and 
frequency of harmful algal blooms are some of the 
issues this region faces that are potentially affect-
ed by increasing ocean acidity. NOAA’s Southeast 
Atlantic and Gulf of Mexico research goals are to: 

•	 Expand OA monitoring using both 
traditional and new autonomous 
technologies to observe critical regions, 
including the ocean sub-surface and 
bottom water layer, to better characterize 
regional processes and improve 
fundamental understanding;

•	 Characterize ecosystem impacts and 
adaptive potential of species, with an aim 
to identify indicator species that can be 
used for early detection of unfavorable 
ecosystem conditions; and

•	 Use new knowledge to develop 
socioeconomic impact assessments of 
OA on recreation, tourism and aquaculture 
industries.

Acidification in the Atlantic and Gulf of 
Mexico Region

The Gulf of Mexico (GoM) includes coastal areas of 
Florida (FL), Alabama (AL), Mississippi (MS), Loui-
siana (LA) and Texas (TX) and is a semi-enclosed 
marginal sea with coastal and open ocean waters. 
The eastern side of GoM includes the West Florida 
shelf, measuring up to 250 km while the Northern 

7. Southeast Atlantic and Gulf of Mexico 
Region Acidification Research 
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and Western GoM shelves are much narrower. The 
Southeast Atlantic region (SE) is composed of the 
coastal areas of North and South Carolina, Georgia, 
and the East coast of Florida and is characterized 
by a shelf width on the order of tens of kilometers. 
It is bound by the Gulf Stream, which flows north-
eastward along the shelf edge before detaching at 
Cape Hatteras, NC. The Gulf Stream is influenced by 
contributions from the SE and GoM region, although 
the influence of these regional inputs to OA vari-
ability has yet to be directly researched. Research 
described in this chapter excludes the Gulf of Mex-
ico coral reefs in the keys and in the Flower Gar-
den National Marine Sanctuary, which are instead 
addressed collectively with the Caribbean corals in 
Chapter 8: Florida Keys and the Caribbean Region.

Slope water composition in the Southeast Atlan-
tic region is a varying mix of predominantly Gulf 
Stream and Labrador Sea water, as well as inputs 
from coastal marshes. There is significant interan-
nual variability in the region, primarily driven by the 
influence of different water masses, which affects 
OA conditions (Wang et al., 2013; Wanninkhof et 
al., 2015). Seasonal phytoplankton blooms do not 
occur regularly, and biologically driven carbon diox-
ide (CO2) uptake is less pronounced than in Atlantic 
coastal areas farther north (see Chapter 9: Mid-At-
lantic Bight Region and Chapter 10: New England 
Region). The acidification rate in the South Atlantic 
Bight is higher than in the open ocean due to the 
combined effects of increased temperature in the 
middle and outer shelves, and lateral land-ocean 
interactions in the inner shelf (Reimer et al., 2017). 
Recent work using pH data collected for over a de-
cade in two estuaries in North Carolina showed vari-
ations in pH linked to increasing river discharge and 
highlighted the importance of eutrophication (Van 
Dam & Wang, 2019). Dredging, water management, 
and associated activities in inlets and port areas 
(e.g., in Port Everglades) can cause underappreciat-
ed impacts on OA in South Florida. These activities 
can have coastal co-stressor effects (e.g., due to in-
put from eutrophied, organic-rich freshwater canals 
and rivers) that can lead to enhanced acidification 
and impact local reefs and other organisms of eco-
nomic interest (Enochs et al., 2019). This same area 
has had persistent harmful algal blooms (HABs) in 

the past decades (Kramer et al., 2018), but studies 
relating them to OA have been inconclusive.

In the GoM, ocean water enters through the Yucatan 
channel and exits through the Florida Straits. Main 
features affecting water circulation in the GoM in-
clude the meandering Loop Current, which often 
sheds anticyclonic eddies that drift westward and 
can impact the shelf, and riverine input, particular-
ly from the Mississippi-Atchafalaya river system, 
which provides large volumes of fresh water, nutri-
ents and sediments. This riverine input can lead to 
eutrophication, hypoxia, and enhanced acidification 
(Cai et al., 2011). On the West Florida shelf riverine 
and groundwater input with high phosphate from 
natural deposits can have a unique signature of bi-
ologically mediated OA. Most of the coastal acidifi-
cation studies in the GoM have focused in the north-
ern and eastern coasts (e.g., Cai et al., 2011; Huang 
et al., 2013, 2015; Lohrenz et al., 2010; Feely et al., 
2018; Hu et al., 2018; Robbins et al., 2018). Less 
data are available in the Western GoM shelf, with 
the exception of some estuarine work (McCutch-
eon et al., 2019) and very little data beyond surface 
measurements in deep waters of the GoM. The 
GoM also presents considerable regional variabili-
ty. The West Florida Shelf exhibits supersaturated 
aragonite levels that vary between 2 and 5, both at 
surface and subsurface levels (Robbins et al., 2018) 
whereas the Northern GoM presents a steeper drop 
in saturation levels that is enhanced due to hypoxia 
(Cai et al., 2011; Feely et al., 2018). OA conditions in 
the GoM can vary significantly on an annual scale 
because of interannual variability in wind, tempera-
ture, precipitation, and water mass distributions 
(Muller-Karger et al., 2015; Wanninkhof et al., 2015). 

Overall, the various observation- and model-derived 
estimates for the region agree in terms of their 
broad patterns, but there remain discrepancies be-
tween different estimates, which indicate that con-
tinued physical, chemical, and additional biological 
observational data in conjunction with modelling 
efforts are necessary in the region (e.g., Xue et al., 
2016; Laurent et al., 2017; Lohrenz et al., 2018; Chen 
et al., 2019).



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan   |  67

Environmental Change in the Southeast 
Atlantic and Gulf of Mexico Region

Most OA observations in the Southeast and GoM 
coastal regions have focused on the chemical char-
acterization of the area, particularly through NOAA 
and United States Geological Survey (USGS) efforts. 
NOAA-supported OA monitoring in the region cur-
rently includes: a) synoptic research cruises b) un-
derway pCO2 systems installed on ships of oppor-
tunity, and c) coastal buoys (Figure 7.1). NOAA-led 
OA synoptic cruises have been carried out in the 
summertime every four years since 2007 in the East 
coast (East Coast OA (ECOA) cruises) and the Gulf 
of Mexico (Gulf of Mexico Ecosystems and Carbon 
Cycle Cruise (GOMECC)) and they collect mostly 
physical and chemical data along a series of coast-
al transects (Wang et al., 2013; Wanninkhof et al., 
2015). However, the GOMECC cruise (GOMECC-3), 
conducted in July-August of 2017, incorporated 
significant biological sampling in conjunction with 
OA water sampling, strengthening the link between 
OA forcing and impacts. NOAA-funded cruises in 
South Florida as part of the South Florida Ecosys-

tem Restoration Program also collect OA samples 
along the FL keys and offshore of the Everglades 
several times per year. The USGS has participated in 
several cruises to study the effects of OA on marine 
organisms and habitats in the West Florida Shelf 
and northern Gulf of Mexico regions (Robbins et al., 
2018). NOAA funds two underway pCO2 systems 
installed on NOAA fisheries ships RV Gordon Gunt-
er and RV Henry H. Bigelow involved in regular fish-
eries surveys. In addition to these, NOAA supports 
underway pCO2 systems through its Ship of Oppor-
tunity Program (SOOP). These systems are installed 
on a variety of ships including scientific and com-
mercial vessels that have also collected data in the 
Southeast and Gulf of Mexico regions. As a result, 
over 90% of available surface pCO2 data in the Gulf 
of Mexico has been collected through NOAA-fund-
ed efforts since 2008. Surface water samples for 
carbonate chemistry analysis are also collected on 
these ships on an opportunistic basis. Additionally, 
ships of opportunity provide platforms for mainte-
nance of three NOAA OA monitoring buoys in the 
region (Sutton et al., 2019), and collect data for bio-
geochemical modeling efforts. The buoys are locat-

Figure 7.1. Location of NOAA-funded buoys (in red) in Gray’s Reef, Cheeca Rocks and Coastal Louisiana; non-NOAA funded buoy (in 
green) in Tampa Bay; and transects occupied as part of East Coast Ocean Acidification (ECOA) and Gulf of Mexico Ecosystems and Carbon 
(GOMECC) research cruises (blue and yellow pins, respectively). Please note that the Coastal Louisiana buoy marker on the map is in its 
former location. It is now in waters off Coastal Louisiana ( 28.9°N, 90.5°W).



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan   |  68

ed off the Georgia coast in Gray’s Reef (pCO2 record 
started in 2006, pH sensor added in 2011), in the 
Florida Keys at Cheeca Rocks (pCO2 and pH record 
started in 2011) and in coastal Louisiana (pCO2 and 
pH record available since 2011). A fourth OA buoy 
is located in Tampa Bay, FL, and is maintained by 
Dr. Kim Yates, from the USGS. Figure 7.1 shows the 
location of the buoys as well as the transects oc-
cupied in the ECOA and GOMECC cruises. Although 
none are in use in the region, a variety of autono-
mous platforms equipped with a variety of OA sen-
sors are being explored in other regions. Examples 
of such platforms include wave gliders for surface 
measurements, saildrones and BGC-Argo profiling 
floats, which could provide an excellent means to 
increase data availability in areas such as the deep 
GoM.

Observing capabilities over the last decade have 
greatly improved the spatial coverage of carbonate 
chemistry measurements made in the region and 
contributed toward the foundational understand-
ing of the large-scale regional trends from different 
source waters in the region, and the impacts of riv-
erine inputs and eutrophication on OA conditions in 
the region. Quantifying and understanding the high 
natural variability, and teasing apart anthropogenic 
impacts from natural variability, including from wa-
ter mass composition, biological activity, and river 
discharge remain research foci of OA drivers and 
co-stressors in the region. 

The ECOA and GOMECC cruises as well as sev-
eral other OA cruises in the Northern GoM collect 
high-resolution water column data, and take place 
during the summer season in order to provide an 
interannual comparison without confounding fac-
tors from seasonal variability. As a result there are 
insufficient observations from other seasons to ad-
equately characterize seasonal variability in subsur-
face waters and the open ocean end-member (Fig-
ure 7.2). Moreover, there are presently no OA buoys 
in the Western GoM, representing a major regional 
sampling gap. 

Nearshore estuarine and coastal regions in the GoM 
and Southeastern Atlantic have also been relatively 
undersampled. This includes mangroves, marshes, 
and some estuaries that provide a wealth 

Figure 7.2. Concentration of dissolved inorganic carbon (DIC) 
off the West Florida shelf measured during the Gulf of Mexico 
Ecosystems and Carbon Cruise (GOMECC). Increased concen-
trations are observed in the subsurface over time. Surface mea-
surements cannot capture changes in subsurface waters.
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of ecosystem services in this region, but are also 
data poor environments for OA. The majority of rec-
reational fishing and tourism occurs in these data 
poor nearshore waters; thus, increased sampling is 
commencing for nearshore waters. The GoM and 
Southeast Atlantic region have a combined 22 Na-
tional Parks that have observational infrastructure, 
support, and outreach opportunities. Of these, 7 
have started collecting OA samples in coordination 
with the synoptic GOMECC and ECOA cruises, once 
every 4 years. There are two National Marine Sanc-
tuaries (NMS) in the GoM, the Florida Keys NMS and 
the Flower Garden Banks NMS that are coral reef 
areas heavily instrumented for OA research and 
monitoring (see Chapter 8: Florida Keys and Carib-
bean Region). However, there are no similar mon-
itoring efforts in place for cold-water corals in the 
Gulf of Mexico, which live at depths between 300 
and 600 m, and which have been identified as being 
particularly vulnerable communities to OA because 
they are already naturally exposed to lower pH lev-
els (Lunden et al., 2013; Georgian et al., 2016). In 
the Southeast Atlantic region Gray’s Reef NMS off 
the Georgia coast has a buoy with OA-monitoring 
systems. 

NOAA researchers collect a water sample near an acidification 
buoy during a Gulf of Mexico/East Coast Carbon research cruise. 
Credit: Leticia Barbero/NOAA

The in-situ observing data in the region are used in 
existing modeling efforts including the OA Product 
Suite developed for the Greater Caribbean region 
and now extended to include the East Coast. The OA 
Product Suite utilizes satellite data and a data-as-
similative hybrid model to produce monthly maps 
of surface water carbonate system components. 
Modeling results include studies in the Gulf of Mex-

ico by Xue et al. (2016), who showed the GoM to be 
an annual sink for CO2 with a flux of 1.11±0.84 1012 

mol C yr-1, and by Laurent et al. (2017), who showed 
the recurring development of an extended area of 
acidified bottom waters in summer on the Northern 
GoM shelf that coincides with hypoxic waters. Glob-
al data synthesis and process-based global models 
have also provided estimates for coastal U.S. re-
gions including the GoM and Southeast (see Table 
1 in Fennel et al., 2019). More recently, modeling ef-
forts are being supported to address seasonal pat-
terns of the carbon system. Modeling results agree 
in general terms with observation estimates, and 
offer the opportunity to upscale the observations in 
time and space. However, the models still show sig-
nificant discrepancies in some regions, specifically 
in the period from 2010 to 2017 depending on the 
model. Sustaining current modeling efforts and in-
creasing the modeling portfolio to include nowcasts 
and forecasts, as well as integrating ecosystem pa-
rameters, extending to the East coast, and including 
robust validation is a priority to predict the expected 
changes in the region as a result of OA. 

Research Objective 7.1: Improve 
characterization of OA parameters 
in important economic, cultural, and 
recreational regions
The GoM and Southeast Atlantic are particularly 
data poor in the nearshore region where most com-
mercial and recreational fishing and tourist industry 
activities take place. These regions are also home 
to mangroves, marshes, estuaries, natural, and re-
stored oyster reef sites, which are essential habitats 
within the region’s marine ecosystems, play an im-
portant role in local carbon balances, and provide a 
wealth of ecosystem and commercial services. 

Action 7.1.1: Develop and establish protocols that 
are complementary to ongoing synoptic cruises to 
extend regular observations of pertinent OA param-
eters into the nearshore environment. Focus sam-
pling in Essential Fish Habitats for species predict-
ed to be significantly impacted by OA, and in select 
National Parks and National Marine Sanctuary sites 
(specifically in the northern GoM where hypoxia and 
OA act as co-stressors).
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Action 7.1.2: Explore options, including private and/
or industry partnerships, to add an OA buoy or al-
ternative observing platform in the Western GoM to 
extend coverage of coastal sites that are presently 
composed of buoys in the Florida Keys, West Flor-
ida Shelf (a non-NOAA asset), and the Mississip-
pi-Atchafalaya area. 

Action 7.1.3: Explore options to add a monitoring 
site in the SE region within the estuarine environ-
ment near to Grays Reef to establish a nearshore-
offshore contrasting monitoring site.

Action 7.1.4: Establish OA and water quality moni-
toring stations at inlets and near commercially and 
recreationally important estuaries (e.g., oyster bed 
leases, public clam beds, shellfish hatcheries) to 
monitor coastal acidification and eutrophication 
co-stressors in areas where fresh water systems 
are highly impacted by human activities and strong-
ly influence coastal oceans.

Research Objective 7.2: Improve the 
characterization of the Open Ocean 
Currently, open ocean monitoring is limited to the 
OA synoptic cruises that take place once every four 
years. Exploring autonomous technologies may 
provide a platform to vastly increase open ocean 
observing in the deep and shelf waters. Better un-
derstanding of the open ocean within the region 
can also contribute to the understanding of coastal 
acidification processes, as coastal acidification can 
be studied by considering a conservative mixing line 
with a two end-member system of open-ocean and 
freshwater inputs.

Action 7.2.1: Evaluate capabilities of autonomous 
sensor(s) for surface to deep water observing (3000 
m) and observing in the vicinity of cold-water coral 
communities.

Action 7.2.2: Establish plan to deploy BGC-Argo 
floats in the GoM region, following the rationale 
in Chapter 2: Open Ocean Region (Objective 2.3).  
Leverage GOMECC and other cruises to perform 
in-situ calibrations and improve quality control pro-
cedures for the data, while greatly increasing data 
availability for the open ocean end-member in the 
GoM. 

Research Objective 7.3: Improve 
fundamental understanding of regional 
processes and seasonal trends
Coastal areas in the region show different seasonal 
surface and sub-surface patterns, but there is little 
data available to validate model estimates of spa-
tial patterns and seasonal trends. 

Action 7.3.1: Leverage existing cruises (e.g., South-
east Area Monitoring and Assessment Program, 
ecosystem monitoring and restoration, oceano-
graphic) to increase sample collection between syn-
optic surveys, particularly in wintertime when obser-
vations have historically been particularly limited.

Action 7.3.2: Evaluate methods to measure how up-
welling of deep GoM waters onto the shelf affect OA 
in shelf ecosystems that are also affected by river-
ine acidification impacts.

Action 7.3.3: Expand the number of observations by 
increasing frequency of synoptic cruises to sample 
during other seasons (initially winter) to improve 
intra-annual sampling and add subsurface sensors 
to existing buoys, moorings, and autonomous plat-
forms.

Research Objective 7.4: Improve scaling and 
predictive capabilities
Models are a critical tool for extrapolating current 
observations to larger regions and to improve our 
mechanistic understanding of linkages between the 
physics, chemistry, and biology of OA. Models also 
provide critical information that can be translated 
and used to inform decisions and management 
practices. Continued development and use of exist-
ing regional models and the creation of new models 
that enhance geographic coverage within the region 
are needed. 

Action 7.4.1: Develop, apply, and improve existing 
models and validate models with direct observa-
tions to assess and improve model skill to best proj-
ect OA within the region.

Action 7.4.2: Incorporate OA and associated 
biogeochemistry into ecosystem models to help 
predict OA impacts on valuable components of the 
marine ecosystem.
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Action 7.4.3: Increase utilization of satellite data, 
tools, and products in support of status estimates 
and now-casts.

Action 7.4.4: Coordinate research with university 
researchers to build consensus regarding regional 
OA projections.

Biological Sensitivity 

Studies of OA impacts on organisms in the region, 
with the exception of some coral reef systems in 
the Florida Keys and Flower Garden NMS (Chapter 
8), have been sparse. Changes in chemical factors 
directly impact the physiology of filter feeders, ben-
thic foragers and fish (e.g., oysters, blue crab or 
menhaden) and also alter food web structure and 
the quality and quantity of food for many of the in-
termediate consumers and commercially important 
species (Hansen et al., 2019; Caron & Hutchins, 
2012). Initial characterizations of food web struc-
ture - from phyto- to zooplankton - were performed 
during the 2017 and 2018 synoptic OA GOMECC-3 
and ECOA-2 cruises across the GoM and Southeast 
Atlantic region. GOMECC-3 also included targeted 
sampling for pteropods and larval ichthyoplankton, 
along with rate measurements of carbon flow from 
primary producers to crustacean prey. Incorpora-
tion of rate-based measurements, specifically, allow 
for more investigation of the role of these biological 
communities and food webs as sinks of or links to 
carbon cycling in the region (Sherr & Sherr, 2002; 
Steinberg & Landry, 2017). Altogether, this informa-
tion provides insights into how food webs and car-
bon transfer are altered in regions affected by eutro-
phication-driven acidification and hypoxia. Maps of 
ichthyoplankton distribution are reflective of spawn-
ing regions for fish, and can be used for studying 
effects of OA on marine fish populations such as 
stock displacement to avoid acidified waters. These 
data build directly on programs such as Southeast 
Area Monitoring and Assessment Program (SEA-
MAP) and would provide more power to efforts to 
depict changes in species ranges and patterns of 
distribution during the larval life stages and beyond. 

Given the lack of a systematic study of OA impacts 
on plankton and commercially important species 
in this region, impacts of OA on fisheries and 

aquaculture industries in the region are also poorly 
understood. With high saturation state variability 
predicted for subtropical regions relative to higher 
latitudes, understanding the impacts of saturation 
state on such species will be critically important 
for the region. High levels of OA variability could 
lead to greater impacts on organisms that have a 
smaller tolerance to OA. Identifying such highly 
OA-sensitive indicator species could actually be 
beneficial to tracking small and/or early shifts in the 
marine carbonate system. The Southeast Fisheries 
Science Center (SEFSC) has conducted a climate 
vulnerability assessment for marine fishery species 
in the GoM and initiated one in the SE (Lovett et 
al., 2016), which can guide the proposed in-situ 
observing activities (Research Objective 7.3) and 
indicator species research (Research Objective 7.6) 
proposed for the region.

Oil drilling, dredging and restoration efforts both 
in the GoM and SE region can interact with OA and 
potentially have compounding impacts on organ-
isms and ecosystems. While funding is available 
for research on OA, oil spills, or hypoxia, there are 
no coordinated calls to promote and encourage 
interdisciplinary research. HAB events also pose a 
recurring problem in the GoM and Southeast region. 
Florida and other Gulf Coast states experience fish 
kills and neurotoxic shellfish poisoning from Kare-
nia brevis and other HAB species (Weisberg et al., 
2019). Harmful cyanobacteria and their toxins (pri-
marily microcystin) have also been detected in low 
salinity estuaries in Louisiana and Florida (Bargu 
et al., 2011; Riekenberg et al., 2015) and shown to 
accumulate in commercially-important consumer 
species (i.e., blue crab) that are also impacted by 
OA (Garcia et al., 2010). The economic impact of 
HABs resulting in public health issues, commercial 
fishery closures, and recreational tourism reduc-
tion has been reported as upwards of ~$50 million/
year (Anderson et al., 2000). Laboratory studies of 
Karenia brevis, the major HAB species in the Gulf 
of Mexico, in connection with OA have shown con-
flicting results, with some concluding that at high-
er pCO2 concentrations K. brevis growth rates are 
significantly increased, although toxin production 
itself appeared to not be linked (Errera et al., 2014), 
while others did not observe a significant response 
in growth, or cellular composition of carbon and ni-
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trogen (Bercel & Kranz, 2019). Although ongoing ef-
forts to study the relationship between OA and HAB 
occurrence are taking place in other regions, no 
similar effort is currently taking place in the GoM. 

Small boat operations as part of the Gulf of Mexico Ecosystems 
and Carbon Cruise aboard the NOAA ship Ronald H. Brown. Cred-
it Marisa Gedney/NOAA

Research Objective 7.5: Increase 
understanding of the impacts of OA on 
ecosystem productivity and food webs
Because plankton communities are the base of 
marine food webs, shift in response to OA impact 
energy flow and ecosystem function (Roman et al., 
2012). As the quantity and quality of plankton prey 
are altered, managed and commercially important 
species are affected.

Action 7.5.1: Characterize plankton communities 
(from phytoplankton to larval fish) along spatial gra-
dients of eutrophication-driven acidification and hy-
poxia through regular sampling on GOMECC, ECOA, 
and other cruises to allow for attribution to OA and/
or eutrophication stressors versus seasonal or 
other episodic drivers (e.g., tropical storms, flood, 
drought). 

Action 7.5.2: Quantify changes in carbon flow to 
higher trophic levels (e.g., crustaceans and fish) 
via modeling studies and shipboard observations 
during GOMECC and ECOA cruises. Conduct ship-
board experiments to determine biological com-
munity composition during antecedent conditions 
(not just conditions at the time of sampling) and 
to understand how rates (e.g., primary productivity, 
zooplankton grazing) change in response to OA, eu-

trophication, HABs, and hypoxia, which are critical 
to parameterize ecosystem models.

Action 7.5.3:  Synthesize existing information from 
previous cruises and ongoing research and monitor-
ing in the region. Coordinate collection of biological 
data (e.g., plankton tows, ‘omics-approaches and 
rate measurements) for future GOMECC, ECOA, 
and other cruises. Identify regions where shifts in 
carbon chemistry are associated with changes in 
plankton community structure and function.

Research Objective 7.6: Identify indicator 
species for OA in the region 
An indicator species that is sensitive to changes in 
pH specific for the GoM and for the Southeast Atlan-
tic region can be used for early detection of OA im-
pacts to the system and to investigate ecosystem 
impacts that may result from food web changes.

Action 7.6.1: Incorporate plankton and neuston net 
tows, and ‘omics sampling as part of the standard 
suite of parameters included in GOMECC/ECOA 
cruises.

Action 7.6.2: Incorporate carbon chemistry sam-
pling as part of the standard suite of parameters in-
cluded in already ongoing SEFSC ecosystem moni-
toring efforts such as SEAMAP cruises and add 
DIC/TA/pH water sampling to the suite of samples 
already being collected.

Action 7.6.3: Conduct laboratory studies to examine 
OA impacts in combination with other co-stressors, 
such as temperature and nutrients, on potential indi-
cator species identified via field observations.

Research Objective 7.7: Characterize 
sensitivity and adaptive potential of 
critical resource species to OA and other 
stressors and improve the understanding 
of OA impacts to HAB event frequency and 
duration 
Most species of economic interest in the region (e.g., 
bluefin tuna, shrimp, blue crab) lack specific studies 
about potential OA impacts. The SEFSC vulnerabil-
ity analysis mentioned above and ‘omics tools can 
be used as a screening tool to identify species of 
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economic importance that are likely sensitive to OA. 
In addition to this, a growing body of research is ad-
dressing whether OA may have species-specific im-
pacts on the frequency, duration and degree of HAB 
blooms or their toxicity in other regions of the U.S. 
Despite the prevalence of HABs, research focused 
on GoM and Southeast Atlantic environments and 
species with regards to OA is scarce. 

Action 7.7.1: Target species of interest to conduct 
experimental studies to establish responses to OA 
and inform species vulnerability assessments.

Action 7.7.2: Develop assessments using a 
multi-stressor framework to include combinations 
of effects such as eutrophication, river runoff, hy-
poxia, or increased HABs.

Action 7.7.3: Incorporate these results into ecosys-
tem models models to drive hypotheses about how 
changes in indicators species and plankton dynam-
ics will affect commercial and recreational fishery 
species.

Action 7.7.4: Build monitoring capacity for region-
ally significant HAB species to be measured during 
synoptic OA cruises and implement OA sampling in 
other opportunistic or ongoing cruises organized in 
relation to HABs already occurring along the Florida 
coast.

Action 7.7.5: Support isolation and cultivation-based 
laboratory experimentation of local HAB species to 
examine species-specific and community respons-
es to carbonate chemistry conditions.

Action 7.7.6: Quantify socioeconomic impacts from 
predicted changes in HABs and their toxicity due to 
OA.

Human dimensions

While there are several studies that deal with so-
cioeconomic impacts as a result of acidification in 
coral reef regions, there are currently no non-coral 
studies in the GoM and the Southeast region that 
quantify potential socioeconomic impacts from OA 
on fisheries of interest in the region. Ekstrom et al. 
(2015) identified the coastal communities of TX, LA, 
MS and Northern FL as being highly socially vulner-

able to OA impacts, despite a lower marine ecosys-
tem exposure than other U.S. coastal regions. How-
ever, no specific socioeconomic studies have been 
released yet. Local communities in the SE such as 
those of Gullah/Geechee descent consume marine 
species vulnerable to OA (e.g., oysters, blue crab) 
for sustenance and as part of cultural traditions. 
This type of activity could be included as part of the 
evaluation and research of socioeconomic impacts 
as an opportunity to build relationships and part-
nerships with vulnerable communities. Stakeholder 
engagement efforts should be cognizant that the 
region experiences threats from multiple drivers, 
some of which have a more direct impact than OA. 
Therefore efforts to engage stakeholders and iden-
tify needs should take a multi-stressor approach. By 
improving the understanding of stakeholder needs 
strategic investments can be made in capacity 
building and targeted research that is responsive to 
the needs within the region. 

A commercial shrimp fishing vessel off of the U.S. southeast 
coast. Credit: NOAA

Research Objective 7.8: Improve 
assessment of socioeconomic impacts of 
OA on local tourism, recreational fishing, 
commercial fishing, and aquaculture 
(shellfish, fisheries) industries
To date, no socioeconomic studies have been con-
ducted to quantify the impact OA might have on 
commercially relevant fisheries, aquaculture, tour-
ism, or recreational fishing in the region. 

Action 7.8.1: Evaluate the socioeconomic impacts 
from from key species being impacted by OA either 
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directly or in through food web interactions (Re-
search Objective 7.7).

Action 7.8.2: Conduct socioeconomic research to 
quantify the impacts of OA for specific fisheries, in-
cluding direct (fishermen/aquaculture) and indirect 
(related service industries) impacts.

Action 7.8.3: Based on outcomes from above, in-
volve local stakeholders and raise awareness about 
OA to increase community resilience and proactive-
ly develop OA mitigation plans for affected ecosys-
tems, industries, and economies.
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Abstract

This region encompasses the Florida Keys and 
coastal waters of south Florida, as well as Puerto 
Rico, the U.S. Virgin Islands, and the surrounding ar-
eas between the Gulf of Mexico and Atlantic Ocean. 
Processes driving acidification in this region range 
from global incorporation of anthropogenic carbon 
in surface waters to localized alteration of seawa-
ter chemistry by natural ecosystems, as well as 
human activities. Fluctuations in seawater carbon 
dioxide (CO2) manifest on timescales ranging from 
decades to hours, making holistic characterization 
a challenging task. The region is home to especially 
sensitive coral reef ecosystems and commercially 
important fisheries, which are all inexorably linked 
to coastal communities and economies. NOAA’s 
Florida Keys and Caribbean research goals are to:

•	 Enhance the temporal and spatial 
resolution of ocean acidification (OA) 
monitoring to capture the ecologically-
relevant variability of this dynamic region;

•	 Monitor responses to OA on scales 
ranging from individuals to ecosystems, 
specifically targeting those that have been 
previously identified as susceptible to or 
threatened by OA;

•	 Experimentally investigate the sensitivity 
and resilience of ecologically and econom-
ically important species, as well as the un-
derlying molecular mechanisms that drive 
their differential responses to OA; and

•	 Develop interdisciplinary tools that 
integrate socioeconomic data with 
ecological outcomes.

Acidification in the Florida Keys and 
Caribbean Region

The Florida Keys and wider Caribbean region con-
tain numerous shallow-water ecosystems, includ-
ing coral reefs, seagrasses, mangrove habitats, 
as well as sand and hard bottom communities. 
These systems support economically important 
fisheries, active tourism industries, and fulfill im-
portant roles for coastal protection. Numerous 
taxa that occupy and form these habitats are sen-
sitive to elevated CO2 and associated OA, further 
threatening systems that are already degraded 
due to warming, disease, overfishing, and eutro-
phication (e.g., Gardner et al., 2003). These eco-
systems' heightened sensitivity to stress and their 
close relationship with carbonate chemistry serve 
to underscore the importance of OA in the region. 
The Caribbean exhibits some of the highest carbon-

8. Florida Keys and Caribbean Region 
Acidification Research 
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ate mineral saturations states in the world, but has 
experienced among the most rapid rates of decline 
since pre-industrial times (Gledhill et al., 2009). The 
carbonate chemistry of the Florida Keys and Ca-
ribbean is spatially variable and driven by intercon-
nected ecosystems and waterways. For example, 
seagrass communities sequester CO2 via photosyn-
thesis and influence the chemistry of surrounding 
waters in the Florida Keys (Manzello et al., 2012) 
and navigational inlets and urbanized waterways 
lead to localized hotspots of acidification in south-
east Florida (Enochs et al., 2019). These spatial 
patterns are temporally dynamic. For example, sea-
grasses have a pronounced growing season with 
elevated rates of productivity during the spring and 
early summer that can significantly increase sea-
water pH, possible alleviating OA stress (Manzello 
et al., 2012). On a more episodic basis, tropical cy-
clones contribute to periods of undersaturation as a 
result of reduced photosynthesis and stress-driven 
increases in respiration (Manzello et al., 2013). The 
relative importance of these dynamic processes 
varies greatly across the region, which represents 
a large geographic area that encompasses both is-
lands and continentally influenced coasts.

Over the last decade NOAA-supported OA research 
has made great strides in establishing a monitor-
ing program to characterize carbonate chemistry 
across space and time, as well as the status of 
closely-related biological processes such as calcifi-
cation and bioerosion on coral reefs. This has been 
done in a highly leveraged manner, through close 
collaboration with existing monitoring programs, 
chief among them the National Coral Reef Monitor-
ing Program (NCRMP, coris.noaa.gov/monitoring). 
NOAA has also supported several experiments on 
the OA sensitivity of key coral taxa, three associated 
with coral reefs and two that are important in local 
fisheries. Despite these advances, significant gaps 
remain that are crucial to the management and per-
sistence of economically important marine resourc-
es within the region.

Environmental Change in the Florida 
Keys and Caribbean Region

Climate-quality geochemical surveys have histori-
cally not taken place in much of the region because 

it is a marginal sea, rather than an open ocean, and 
has therefore been of lower priority to carbon in-
ventory studies. However, extensive underway and 
ship-of-opportunity efforts have occurred for more 
than a decade at NOAA with support from partner-
ing programs to expand surface observations in this 
region. Two quadrennial OA surveys have conduct-
ed repeated transects of climate-quality full-water 
column measurements of OA and affiliated biogeo-
chemical sampling within the region since 2007. 
The Gulf of Mexico Ecosystems and Carbon Cruise 
(GOMECC) has sampled waters offshore of the Flor-
ida Keys, while the East Coast OA (ECOA) cruise has 
sampled the east coast down to Miami. Monthly Ca-
ribbean-wide estimates of carbonate mineral satu-
ration state, derived from satellite measurements 
and models are available from the Ocean Acidifica-
tion Product Suite (OAPS, https://www.coral.noaa.
gov/accrete/oaps.html; Gledhill et al., 2009).

An ocean acidification buoy at Cheeca Rocks, an inshore patch 
reef within the Florida Keys National Marine Sanctuary. Credit: 
NOAA

NOAA’s NCRMP was established to collect biologi-
cal, physical, and socioeconomic information need-
ed to gauge changing conditions of U.S. coral reef 
ecosystems. NOAA conducts sustained, long-term 
measurements of the chemical progression of OA 
and associated ecological impacts in and around 
coral reefs. OA monitoring on reefs throughout the 
Keys and Caribbean has been a highly leveraged 
collaboration with numerous academic, state, and 
federal partners. 

NOAA utilizes a tiered approach of monitoring class-
es whereby seawater CO2 measurements are made 
with very high frequency at a few locations, and at 

http://coris.noaa.gov/monitoring
https://www.coral.noaa.gov/accrete/oaps.html; 
https://www.coral.noaa.gov/accrete/oaps.html; 
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lower frequency across many locations (150 per 
year). There are presently two fully operational Class 
III, or sentinel OA monitoring sites on coral reefs at 
La Parguera, Puerto Rico (since January 2009) and 
Cheeca Rocks, Florida Keys (since December 2011). 
These sites each have a Moored Autonomous pCO2 
(MApCO2) buoy providing high-resolution time-se-
ries data of xCO2 and pH, accompanied by bi-weekly 
discrete measurements of total alkalinity (TA) and 
TCO2. Flower Garden Banks is a third Class III lo-
cation installed in 2015, but is not fully operation-
al because it lacks a MApCO2 buoy or comparable 
instrumentation that provide climate-quality, long-
term CO2 measurements. Class II sites (Dry Tortu-
gas, St. Croix, and St. Thomas) include the same 
metrics as the class III sites, but lack the MApCO2 
buoy. Diurnal CO2 measurements are obtained 
from the Class II sites using subsurface automatic 
samplers (SAS) every three years. Class I sites pro-
vide fixed in situ temperature data, whereas Class 
0 sites represent discrete seawater collections for 
carbonate chemistry, obtained by the NCRMP bio-
logical teams, from stratified random reef locations 
in each jurisdiction once every two years. In associ-
ation with NCRMP carbonate chemistry monitoring, 
a suite of eco-response measurements are made 
once every three years at Class III sites. These in-
cludes ReefBudget census-based carbonate bud-
get monitoring (Perry et al., 2012), Calcification 
Accretion Units (CAUs, Vargas-Ángel et al., 2015), 
Bioerosion Monitoring Units (BMUs, Enochs et al., 
2016a), and cores to elucidate coral calcification 
rates. CAUs and BMUs were recently added to all 15 
m class I sites to increase spatial resolution. Higher 
frequency seawater sampling in southeast Florida 
(quarterly, 2014-2015, Enochs et al., 2019) and the 
Florida Keys (bimonthly, 2010-2012, 2014-present), 
accomplished via program leveraging, has led to a 
more thorough understanding of carbonate chem-
istry variability.

Research Objective 8.1: Characterize spatial 
carbonate chemistry patterns
Considerable seawater CO2 variability has been 
measured throughout the region and current mon-
itoring efforts are likely limited in their ability to de-
tect ecologically important patterns across spatial 
and temporal scales. 

Action 8.1.1: Improve the spatial resolution of ex-
isting carbonate chemistry monitoring in order to 
better detect regional and local patterns.

Action 8.1.2: Improve upon the deficiency in mea-
surements taken at depth on coral reefs.

Action 8.1.3: Initiate routine sampling in understud-
ied ecosystems (e.g., seagrass beds, mesophotic 
coral reefs, mangroves, and soft-bottom communi-
ties).

Action 8.1.4: Expand Ship of Opportunity Program 
(SOOP) coverage into the Caribbean.

Action 8.1.5: Explore the use of advanced autono-
mous systems (e.g., carbon Waveglider, Saildrone, 
glider) to achieve improved constraint of OA condi-
tions.

Research Objective 8.2: Characterize 
temporal carbonate chemistry patterns
Spatial gradients in carbonate chemistry can be 
dramatic, but are often linked to temporal variability 
driven by processes such as seasonally-enhanced 
seagrass productivity. Infrequent sampling may not 
detect these patterns.

Action 8.2.1: Improve the frequency of carbonate 
chemistry measurements to better understand diel 
and seasonal oscillations, and capture episodic 
events.

Research Objective 8.3: Better understand 
ecosystem response to OA through paired 
monitoring of carbonate (and ancillary) 
chemistry and biological/community-scale 
metrics
Establishing causation between stressors and 
responses can be difficult and is complicated by the 
high variability of coastal CO2, diverse ecological 
interactions, and the subtle but steady progression 
of global OA. Regardless, real-world biological 
responses to OA are central to understanding 
how ecosystem services are presently and will be 
impacted.

Action 8.3.1: Monitor individual responses of spe-
cies with documented sensitivities, especially those 
that have ramifications for ecosystem health (e.g., 
calcifying and bioeroding species).
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Action 8.3.2: Evaluate the importance of biogeo-
chemistry within sediment pore waters (e.g., disso-
lution, Cyronak et al., 2013; Eyre et al., 2014, 2018) 
and improve understanding of how this relates to 
ecosystem function and services, particularly for 
coral reefs.

Action 8.3.3: Cross-validate, standardize, and es-
tablish best-practices for techniques to quantify net 
community calcification (NCC) and net community 
productivity (NCP) and integrate them into monitor-
ing programs (Cyronak et al., 2018).

Research Objective 8.4: Ecosystem 
modeling that integrates multiple functional 
groups
There is an urgent need to develop modeling tools 
to gauge present day reef state and forecast their 
persistence in future OA conditions.

Action 8.4.1: Develop a habitat persistence (e.g., 
carbonate budget) model that incorporates the spe-
cies-specific sensitivities of key calcifying and bio-
eroding taxa to forecast reef habitat permanence 
under OA scenarios (Perry et al., 2012; Kennedy et 
al., 2013).

Action 8.4.2: Apply spatiotemporal patterns in car-
bonate chemistry to OA-sensitive carbonate budget 
models to identify hotspots and refugia.

Biological Sensitivity in the Florida 
Keys and Caribbean Region

Over the last decade, NOAA has supported exper-
imental investigation of Caribbean taxa and their 
responses to OA. To date, OA sensitivity research 
has been conducted by NOAA on three species 
of reef-dwelling animals from different functional 
groups: a stony coral (Acropora cervicornis, listed as 
threatened under the Endangered Species Act; Ho-
garth, 2006), a soft coral (Eunicea flexuosa), and a 
bioeroding sponge (Pione lampa). A. cervicornis re-
sponds to OA stress with reduced calcification and 
skeletal density (Enochs et al., 2014), but exhibits 
accelerated growth rates in more-variable contem-
porary CO2 environments (Enochs et al., 2018). By 
contrast, soft corals such as E. flexuosa are appar-
ently resilient to OA and may be competitively fa-

vored in the future (Enochs et al., 2016b). Caribbean 
bioeroding sponges such as P. lampa have acceler-
ated rates of biological dissolution under moderate 
OA scenarios (Enochs et al., 2015b). In addition to 
reef species, NOAA has supported experimentation 
with commercially important Caribbean taxa. For 
instance, elevated CO2 resulted in morphological 
alteration of the ear stones of larval cobia (Rachy-
centron canadum), which could alter their hearing 
ability and detrimentally influence dispersal and re-
cruitment (Bignami et al., 2013). OA and warming 
conditions reduced the survivorship of larval stone 
crabs (Menippe mercenaria), with implications for 
stock size maintenance and the sustainability of the 
fishery (Gravinese et al., 2018).

Periodic exposures to extremes (high vs. low CO2) 
are relevant to the calcification of A. cervicornis, re-
sulting in higher growth rates in more-variable con-
temporary conditions (Enochs et al., 2018). Carbon-
ate chemistry fluctuations are expected to increase 
due to global OA (Shaw et al., 2013) and land use 
changes may result in regional alteration of CO2 dy-
namics, including the magnitude of seasonal chang-
es (Wallace et al., 2014; Duarte et al., 2013). While 
data are scarce (Rivest et al., 2017), this variability 
likely has strong ramifications for other ecologically 
important taxa and should be investigated further.

The potential for intraspecific variability in OA re-
sponses also requires attention. Different geno-
types within a single species can have significantly 
different rates of calcification and thermal tolerance 
(Dixon et al., 2015; Parkinson et al., 2015). It is of 
vital importance to determine if there are genes or 
molecular mechanisms that confer OA resilience. It 
may be possible to selectively breed for these traits 
in coral nurseries as is being done for resistance to 
heat stress (e.g., Dixon et al., 2015; van Oppen et al., 
2015). 

Relative to calcifying species, the influence of OA on 
the more biodiverse community of bioeroding flora 
and fauna is poorly understood (Schönberg et al., 
2017). These organisms act in opposition to calci-
fiers and the balance of the two processes (bioero-
sion vs. calcification) is ultimately what determines 
the fate of reef habitat. Experimental studies, primar-
ily from the Pacific, suggest that OA will accelerate 
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chemical dissolution of reef carbonate by clionaid 
sponges (Wisshak et al., 2012) as well as endolithic 
algae (Tribollet et al., 2009; Reyes-Nivia et al., 2013). 
Preliminary evidence from the Caribbean supports 
these findings (Enochs et al., 2015b; Stubler et al., 
2015). As coral cover continues to decline through-
out the Caribbean (Gardner et al., 2003), the relative 
impact of bioeroders is increasing, shifting many 
reefs into erosional states and making bioerosion 
the primary driver of reef carbonate budgets (Alva-
rez-Filip et al., 2009; Kennedy et al., 2013; Perry et 
al., 2013; Enochs et al., 2015b).

Flower Garden Banks National Marine Sanctuary is home to some 
of the most healthy and vibrant coral reefs, like the ones shown 
here, in the northern Gulf of Mexico. Credit: GP Schmahl/NOAA

Several key taxa are of particular importance to the 
ecology, economies, and cultures of the region yet 
their OA sensitivities remain largely unexplored. 
Lobster (Panuliris argus) supports the single most 
valuable fishery in Florida and the greater Carib-
bean (Phillips & Kittaka, 2000). In addition to the 
numerous impacts of OA documented for related 
crustacean species (e.g., Whiteley, 2011), a single 
study found that warmer, more saline, and lower 
pH environments impacted the chemosensory hab-
itat selectivity of P. argus (Ross & Behringer, 2019). 
Stone crabs (M. mercenaria) are also an import-
ant commercial and recreational fishery in Florida. 
Studies have demonstrated the sensitivity of early 
life stages, which could have damaging effects on 
the fishery by limiting population growth and dis-
persal (Gravinese, 2018; Gravinese et al., 2018). The 
queen conch (Lobatus gigas) fishery is the second 
largest benthic fishery in the Caribbean, yet de-

cades of overfishing and habitat degradation have 
led to Caribbean-wide declines and fishery closures 
(CITES, 2003). Preliminary data from Mexico indi-
cate warming and OA decrease larval survival and 
calcification, as well as increase the development 
rate of veligers, resulting in a faster settlement and 
shorter dispersal (Aranda, presented at 69th GCFI 
meeting, Nov. 2016). Finally, while larval cobia have 
been shown to be sensitive to future OA (Bignami 
et al., 2013), it is unknown if other commercially im-
portant fishes will be similarly impacted (e.g., snap-
pers, groupers). Further work is needed to isolate 
the direct OA impacts on the physiology of multiple 
life stages of these species.

Other marine species in the region are not directly 
fished, but should be prioritized due to their ecolog-
ical influence. For instance, unprecedented blooms 
and mass strandings of floating Sargassum have 
been reported along Caribbean and Florida coasts 
since 2011. These strandings have major implica-
tions for nearshore areas as they can increase nu-
trients, fuel hypoxic events, and trigger fish and in-
vertebrate kills (e.g., van Tussenbroek et al., 2017). 
Sargassum from a temperate habitat has been 
shown to thrive in naturally acidified environments 
(Kumar et al., 2017) and similar studies are needed 
for tropical species. Finally, the urchin Diadema was 
once extremely abundant throughout the Caribbean 
and was instrumental in algae control on reefs, as 
well as framework erosion. Since the 1980s it has 
experienced a stark decline in abundance due to a 
Caribbean-wide die-off (Lessios, 2016). Diadema 
has potentially soluble, high magnesium calcite 
structures and OA could be a contributing factor 
in the limited recovery of this species (Dery et al., 
2017; Uthicke et al., 2013).

As research progresses, it is imperative to incor-
porate ecological complexity into the evaluation 
of the impacts of OA. This involves the collection 
of multi-species community response data, rather 
than changes in the physiology (e.g., growth rates) 
of a single or small number of species. Natural eco-
systems reflect ecological complexity orders of 
magnitude higher than that replicated in even the 
most biodiverse artificial mesocosm studies and 
interacting species that are differentially influenced 
by OA stress can give rise to unexpected outcomes 
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(Enochs et al., 2016a). Similarly, environmental 
complexity and multiple stressors can exacerbate 
(e.g., nutrients, warming) or ameliorate (feeding) the 
influences of OA. Communities presently existing in 
naturally high CO2 environments provide insights 
into real-world community response to OA. While 
naturally acidified ecosystems are known from the 
Caribbean (e.g., vents, McCarthy et al., 2005; inlets, 
Enochs et al., 2019; ojos, Crook et al., 2013), they 
remain understudied relative to the Pacific (e.g., 
Manzello, 2010; Fabricius et al., 2011; Shamberger 
et al., 2014; Enochs et al., 2015a, 2016a). As such, 
the identification of new high-CO2 analogs within 
the region is of paramount importance, along with 
detailed investigation of how OA-like conditions al-
ter the ecology of surrounding biota.

Research Objective 8.5: Improve 
understanding of the responses of 
bioeroding communities
Understanding the responses of bioeroders to OA 
and co-occurring stressors is critically important for 
determining reef persistence, yet this relationship is 
poorly understood in the Caribbean.

Action 8.5.1: Conduct experiments to assess the re-
sponses of Caribbean bioeroding organisms to OA 
and co-occurring stressors (e.g., temperature and 
land-based sources of pollution).

Research Objective 8.6: Evaluate the 
influence of carbonate chemistry variability 
on ecosystem engineering taxa such as 
bioeroding and calcifying species 
Further work is necessary to understand how re-
al-world diel and seasonal fluctuations in carbonate 
chemistry influence ecologically, and economically 
important species.

Action 8.6.1: Conduct laboratory experiments to as-
sess the responses of key Caribbean taxa to fluctu-
ating carbonate chemistry.

Action 8.6.2: Compare the biological responses of 
species living in environments with different car-
bonate chemistry dynamics.

Research Objective 8.7: Evaluate 
differences in OA-sensitivity within coral 
species and molecular mechanisms 
associated with OA resilience
An understanding of different genotypic responses 
to OA will lead to science-based restoration practic-
es that incorporate the threat of OA.

Action 8.7.1: Incorporate genotypes as a factor 
when designing OA response experiments.

Action 8.7.2: Conduct experiments to assess how 
the transcriptomes and proteomes of key taxa are 
influenced by OA, prioritizing comparisons between 
sensitive and resilient individuals.

Action 8.7.3: Examine the genome and gene expres-
sion of key taxa living in OA hotspots.

Research Objective 8.8: Investigate 
the direct response of understudied 
ecosystems, as well as iconic, invasive, 
endangered, and commercially important 
species to OA
Ecosystems are chemically and biologically inter-
connected, and their persistence is therefore inter-
dependent. The OA sensitivities of many ecological-
ly, economically, and culturally important species 
remain relatively unknown.

Action 8.8.1: Assess the sensitivity of seagrass and 
mangrove ecosystems to OA using field studies and 
laboratory experiments.

Action 8.8.2: Assess the sensitivity of key under-
studied taxa (e.g., Lobster, Conch, Stone crabs, fish-
es, Sargassum and Diadema) to OA.

Research Objective 8.9: Identification and 
investigation of natural high-CO2 analogs
Naturally high CO2 systems provide a means of in-
vestigating complex ecosystem-level responses to 
OA, where long-term exposure (decades to centu-
ries) can reveal the implications of subtle respons-
es, as well as acclimatization.

Action 8.9.1: Identify and characterize new high-
CO2 analogs within the region.
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Action 8.9.2: Leverage naturally high-CO2 ecosys-
tems to better understand and predict real-world 
responses to OA.

Human dimensions in the Florida Keys 
and Caribbean Region

Focusing solely on biological and chemical re-
search and monitoring can lead to ineffective man-
agement of coastal resources. Many key drivers of 
ecosystem decline are linked to human behavior 
and activities. Therefore, management can benefit 
from an approach that recognizes people and so-
ciety as part of the ecosystem, addressing their in-
terrelationship, important ecosystem services, and 
perceived ecosystem values. Ultimately, this deep-
er understanding of the human connections helps 
managers assess the social and economic conse-
quences of management policies, interventions, 
and activities. The socioeconomic component of 
NCRMP presently includes survey questions on 
knowledge, perception, and awareness of a few key 
climate and OA related topics, but NOAA-supported 
work within the region is limited.

Fishermen out for a trip in Florida Keys National Marine Sanctu-
ary. Photo: Nick Zachar/NOAA

A new report led by the U.S. Department of the In-
terior U.S. Geological Survey has evaluated the role 
of U.S. coral reefs in coastal hazard risk reduction. 
Coral reefs can substantially reduce coastal flood-
ing and erosion by dissipating shoreline wave ener-
gy. The annual value of flood risk reduction by U.S. 
coral reefs is more than 18,000 lives and $1.805 
billion (2010 USD, Storlazzi et al., 2019). In Florida 
alone, over $319 million (2010 USD) of economic 
activity is of economic activity is preserved due to 

flood protection from coral reefs, while in Puerto 
Rico and the U.S. Virgin Islands reef protection has 
been valued at $117 million and greater than $25 
million, respectively (Storlazzi et al., 2019). Coupling 
these valuations with OA-specific forecasts for loss 
of coral reef structural integrity and rugosity may 
provide increased clarity for decision makers on the 
economic cost of OA-related reef degradation.

On a limited basis, other projects are beginning to 
address ecosystem services through economic val-
uation. Again, coupling this approach with OA-rele-
vant ecosystem forecasts can lead to the tangible 
measurement of the economic impact of OA within 
the region. Providing these data to agencies, deci-
sion makers, and lawmakers (local, state and na-
tional) aids with budget allocations, environmental 
mitigation, and research support prioritization. This 
should be done for important fisheries, which in Flor-
ida alone have been estimated to generate $28.7 
billion, and support 177,000 jobs (NOAA’s Fisheries 
Economics of the United States 2015 Report). With 
respect to ecotourism, NOAA’s Florida Keys Nation-
al Marine Sanctuaries and CRCP suggest that coral 
reefs in southeast Florida have an asset value of 
$8.5 billion, generating $4.4 billion in local sales, $2 
billion in local income, and 70,400 full and part-time 
jobs, much of which will be threatened due to OA’s 
effects on reef-building corals. Additional assess-
ments are needed to quantify the economic impact 
of accelerated reef structure erosion leading to less 
protected coastal infrastructure and property. This 
is particularly relevant for the Florida Keys and Ca-
ribbean that rely heavily on Blue Economy drivers 
such as coastal tourism and shipping.

Combining natural and social science data by map-
ping indicators is an approach that could be utilized 
to prioritize management and inform policy (Pend-
leton et al., 2016). For example, an interdisciplinary 
approach might involve comparing chemical and 
ecological monitoring with public perception of reef 
health or OA awareness. Some of these data may 
be gleaned from NCRMP and other related social 
science efforts (Gorstein et al., 2016, 2017). At the 
global scale, there are pre-existing tools that have 
been developed to assess human vulnerability and 
resilience to climate impacts (Wongbusarakum and 
Loper, 2011). These tools can be adapted for this re-

https://www.fisheries.noaa.gov/resource/document/fisheries-economics-united-states-report-2015
https://www.fisheries.noaa.gov/resource/document/fisheries-economics-united-states-report-2015
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gion, and for development of a set of socioeconom-
ic indicators related to ocean and climate change. 
These could then be included into a socioeconomic 
assessment of any site for which ocean and climate 
change impacts are an important issue. The result-
ing information can then inform coastal manage-
ment needs and adaptive management practices.

Research Objective 8.10: Economic 
assessment of the impact of OA in region
By coupling ecosystem forecasts with economic 
valuations, OA impacts can be assessed, providing 
important information and projections to decision 
makes and lawmakers. 

Action 8.10.1: Quantify the economic impact of 
OA-accelerated reef structure erosion leading to 
less protected coastal infrastructure and property.

Action 8.10.2: Quantify the economic impact of OA 
on recreational and commercial fisheries through 
direct physiological and behavioral alteration of 
fished species, as well as degradation of essential 
habitat. 

Research Objective 8.11: Interdisciplinary 
and integrated socio-ecological approaches
Spatially-explicit economic indicators and visual 
mapping tools are an effective means to clearly 
communicate risk. 

Action 8.11.1: Develop mapping tools and socio-
economic indicators related to OA.

Action 8.11.2: Use indicators to communicate risk, 
and inform management and adaptation.
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Abstract

The Mid-Atlantic Bight Region includes the east-
ern United States continental shelf area extending 
from Cape Hatteras, NC to Cape Cod, MA. Ocean 
acidification (OA) in the region is modified by ocean 
circulation patterns, particularly influenced by the 
Labrador Sea water that forms the cold pool, nat-
ural seasonal and decadal variability, and eutrophi-
cation. The Mid-Atlantic Bight is home to important 
commercial shellfisheries and finfish, which have 
shown some sensitivity to OA. NOAA’s Mid-Atlantic 
Bight Region research goals are to:

•	 Improve OA forecasts across daily to 
decadal timescales informed through a  
modified regional observing system that 
better  quantifies the primary drivers of 

vertically resolved carbonate dynamics 
with an increased emphasis at reactive 
interfaces (e.g., sediment boundary, 
land-ocean, etc.) in context with other 
environmental change;

•	 Determine how OA in concert with other 
stressors impact ecologically and/or 
economically important marine species, 
with a focus on understanding impacts to 
aquaculture stocks; 

•	 Evaluate costs and benefits of mitigation 
and adaptation strategies for communities, 
ecosystems and economies; and

•	 Promote integration of OA understanding 
into regional planning and management.

Acidification in the Mid-Atlantic Bight 
Region 

Presented in this chapter are the mid-term priorities 
and objectives of NOAA’s OA research, modeling, 
and monitoring interests specific to the waters of 
the Middle Atlantic Bight (MAB; Figure 9.1). The 
MAB extends from Cape Hatteras, NC, to the south-
ern coast of Cape Cod, MA, and is part of the North-
east U.S. Continental Shelf Large Marine Ecosystem 
(LME). For information on the northern region of the 
Northeast LME, please refer to Chapter 10, New En-
gland Region Acidification Research Plan. 

The MAB is characterized by a large continental 
shelf, multiple shelf break canyons, five geographi-
cally distint estuarine ecosystems (Chesapeake Bay, 

9. Mid-Atlantic Bight Region 
Acidification Research 
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Delaware Bay, Long Island Sound, the coastal bays 
in Maryland and Virginia, and the Albemarle-Pamli-
co Estuarine System), and barrier islands that en-
close shallow coastal bays (e.g., Great South Bay 
(NY), Barnegat Bay-Little Egg Harbor Estuary (NJ), 
Assawoman Bay (DE), and Chincoteague Bay (MD).  
Polar water from the Labrador Current and warm-
er water from the Gulf Stream meet in this region, 
resulting in dynamic distributions of temperature, 
salinity, and density over vertical and lateral scales.  
During the fall, storms (i.e., hurricanes, Nor’easters) 
bring strong winds, which lead to a well-mixed wa-
ter column (Lentz, 2003; Rasmussen et al., 2005). 
However, during the late spring/early summer 
strong surface heating and weakening winds lead 
to the development of a thermocline about 20 me-
ters deep, spread across the entire shelf, creating a 
continuous mid-shelf “cold pool” (Figure 9.2; Gold-
smith et al., 2019; Wang, 2016). The “cold pool” has 
been linked to the distribution and recruitment of 
commercial and recreational fin and shellfish spe-

cies in this region (Powell et al., 2020; Weinberg, 
2005). The MAB is also characterized by regions of 
upwelling along the shelf break (Benthuysen et al., 
2015; Brooke et al., 2017). Along the coast, south-
west winds associated with the Bermuda High and 
Ekman forcing can also result in upwelling regions 
(Glenn et al., 2004). Upwelling areas in the MAB are 
characterized with enhanced primary productivity, 
intense fishing activity, and low dissolved oxygen 
concentrations.

Key physical and biogeochemical drivers, such as 
seasonal changes in net-community production, 
temperature, salinity, physical mixing, and nutrient 
loading, in addition to air-sea gas exchange influ-
ence acidification in the MAB region.  For example, 
Gulf Stream waters along the southern portion of 
the MAB have elevated aragonite saturation (Ωarag). 
In contrast the less buffered northern region of the 
MAB is influenced by colder southward coastal cur-
rents fed by Labrador Sea (Wanninkhof et al., 2015) 
and Gulf of Maine (Wang et al., 2013) water result-

Figure 9.1. The Mid-Atlantic Bight region with depth, from Southern Massachusetts to Cape Hatteras, NC. Water from the Gulf Stream 
comes in from the south, while the Shelf Break Jet brings water from the North. Warm and cold core rings can be found along the Gulf 
Stream. Credit: NOAA
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ing in comparatively lower Ωarag. Closer to the coast, 
biological activity and eutrophication can affect 
temporal and spatial variability in carbonate param-
eters (Cai et al., 2011; Wanninkhof et al., 2015; Xu 
et al., 2017). Because the MAB supports a diverse 
assemblage of commercially and recreationally 
important finfish (bony and cartilaginous) species 
(Gates, 2009; Sherman et al., 1996), and critical 
shellfish fishing grounds, hatcheries, aquaculture 
beds, and oyster restoration areas, it may prove to 
be an area uniquely vulnerable economically to both 
ocean and coastal acidification.

The MAB has a diverse assemblage of flora and 
fauna including commercially and recreationally im-
portant shellfish and finfish, deep water hard corals, 
soft corals and sea fans, as well as shellfish hatch-
eries, aquaculture leases, and oyster restoration ar-
eas (Dubik et al., 2019; McManus et al., 2018; Mun-
roe et al., 2016; Narváez et al., 2015; Powell et al., 
2020; Schweitzer & Stevens, 2019; Waldbusser et 
al., 2013). Fisheries in the MAB region totaled $800 
million in 2016 with sea scallops, blue crab, and the 
eastern oyster accounting for 56% of the total reve-
nues (NEFSC, 2018; NOAA Fisheries, 2019b). As in 

the Northeast (NE) region, marine aquaculture is ex-
panding in every state with the potential of offshore 
aquaculture throughout the coastal zone, highlight-
ing the importance of characterizing the drivers of 
OA in the MAB. With 5 major estuaries and many 
coastal barrier island bays, eutrophication  may 
contribute substantially to OA in this region (Gold-
smith et al., 2019; Kennish et al., 2007, 2016; Saba 
et al., 2019) affecting growth, survival, and calcifi-
cation of several larval shellfish species (Clements 
& Chopin, 2017; Clements & Hunt, 2014; Gobler & 
Talmage, 2014; Hattenrath‐Lehmann et al., 2015), 
finfish species (Chambers et al., 2014; Perry et al., 
2015), and crustaceans (Giltz & Taylor, 2017; Glan-
don et al., 2018; Glandon & Miller, 2016). Conse-
quently, many coastal communities in the MAB have 
a medium-high to high vulnerability risk to OA, with 
anticipated effects by 2071 (Ekstrom et al., 2015). 
Understanding the physical and biogeochemical 
drivers of OA, organism responses to these drivers, 
and the socioeconomic effects on the fishing and 
aquaculture industries, recreational fisheries, and 
tourism will help determine if mitigation strategies 
need to be implemented in some communities to 
reduce the effects of OA. 

Figure 9.2. Bottom temperatures for part of the Mid-Atlantic region, showing the Cold Pool. Courtesy of: MARACOOS/Rutgers University
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Environmental Change in the Mid-
Atlantic Bight Region

Surveys of surface carbonate chemistry in the MAB 
conducted by NOAA and other research institutions 
have shown large natural variability on decadal 
timescales (Boehme et al., 1998; Wang et al., 2017, 
2013). Regional satellite-derived surface pCO2 algo-
rithms depict strong seasonal variability with lower 
pCO2 values in winter and spring and higher pCO2 

values during the summer and fall primarily driven 
by seasonal temperature dynamics. Repeated ship-
board campaigns have shown relatively low pH, 
Ωarag, and buffering capacity of waters of the north-
eastern U.S. shelves, which indicates elevated risk 
to continued acidification compared to southern 
counterparts (Figure 9.3; Wang et al., 2013). Limit-
ed MAB bottom water CO2SYS surveys have shown 
enhanced seasonal stratification relative to surface 
conditions, as respiratory DIC production, and low-
er temperature and salinity conditions brought in 
from the north as Labrador Sea slope water. The 
complexity of the surface and bottom MAB waters 

demands simultaneous observations of physical, 
biological, and chemical parameters within the re-
gion to better inform OA forecasts and projections.

Improved biogeochemical models that describe 
OA conditions and interactions with environmental 
conditions are necessary to develop decision sup-
port tools. These models should focus on creating 
accurate short- and long-term projections that aid 
efforts to better evaluate species sensitivity and po-
tential Blue Economy vulnerability. Specifically, us-
ing down-scaled Global Circulation Models (GCMs) 
to hindcast historical changes in carbonate chemis-
try would help assess the evolution of acidification 
through time beyond the limited domain of the ob-
serving system. Further refinement of down-scaled 
GCMs may then be used to project future long-term 
changes with respect to OA. Because tempera-
ture, oxygen levels, and eutrophication change on 
weekly timescales, improved models can also be 
used to generate shorter-term forecast conditions 
(1-3years) in the the MAB to provide valuable envi-
ronmental intelligence for use by local stakeholders 

Figure 9.3.  Aragonite saturation state of surface water in the MAB. Dots represent transects where data are collected. Source: http://
www.aoml.noaa.gov/ocd/ocdweb/occ_oa.html

http://www.aoml.noaa.gov/ocd/ocdweb/occ_oa.html
http://www.aoml.noaa.gov/ocd/ocdweb/occ_oa.html
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and managers. Such models must be informed and 
validated by high quality monitoring data that en-
compass direct field measurements of carbonate 
chemistry and related biogeochemical and physical 
processes. 

A buoy used to monitor the changing chemistry in the Chesa-
peake Bay. Credit: NOAA

Research Objective 9.1: Improve OA 
forecasts on daily to decadal timescales in 
context with other environmental change
The existing portfolio of OA-capable observing as-
sets in the region are sparse and/or are taking mea-
surements too infrequently to reliably describe all 
the dominant modes of variability needed to con-
strain and validate regional BGC models. Process-
es within the MAB Region (i.e., eutrophication, cold 
pools, upwelling, and estuarine biogeochemistry) 
have implications for OA that are not well under-
stood. By using modified a regional observing sys-
tem that is able to better quantify the primary driv-
ers of vertically-resolved carbonate dynamics with 
an increased emphasis at reactive interfaces (e.g., 
sediment boundary, land-ocean, etc.), OA forecasts 
for this region can be improved. Collaborations 
with hatcheries, state, and other federal agencies 
to monitor coastal conditions should be promoted 
wherever feasible to leverage observing capabilities 
and coverage.

Action 9.1.1: Carbonate chemistry measurements 
should be coupled with other environmental param-
eters (i.e., salinity, temperature, physical mixing, nu-
trient loading) and should range from surface to the 
benthos, across the shelf and into estuaries.

Action 9.1.2: Synthesize data to understand carbon-
ate chemistry dynamics of different water masses 
and temporal changes within the MAB including bio-
chemical feedbacks within the water column and 
the benthos.

Action 9.1.3: Synthesize, promote, coordinate, and 
augment sampling at riverine inputs to the estuaries 
to determine how river discharge effects alkalinity 
and OA within the MAB estuaries, coastal embay-
ment, and coastal zone.

Action 9.1.4:  Promote the use of autonomous tech-
nologies to better assess the relative contribution 
of upwelling, hypoxia, nutrient, and sediment load-
ing on OA in the region.

Research Objective 9.2: Simulate full-water 
column carbonate chemistry dynamics of 
shelf and primary estuarine systems 
The limited spatial and temporal frequency of exist-
ing water column and near-bottom biogeochemical 
measurements in the MAB make it difficult to fully 
resolve short-term variability and long-term trends 
in carbonate chemistry across the region. As most 
potentially impacted commercial species reside 
at depth or even at the benthos, it’s important that 
modeling efforts seek to fully describe the system 
in 4-D and that such models include all major driv-
ers of carbonate dynamics (e.g., OA, changes in cur-
rents, exchange with off-shelf waters, etc.). 

Action 9.2.1: Collate and synthesize existing car-
bonate chemistry data in the region that can be 
used for model validation and other studies.

Action 9.2.2: Continue development of biogeo-
chemical models to characterize OA conditions 
and evaluate our understanding of the mechanisms 
driving environmental conditions.

Action 9.2.3: Develop and/or support biogeo-
chemical Regional Ocean Models (ROMs) efforts 
informed by GCM down-scaling to hindcast (past 
decadal changes), nowcast (hourly), forecast (days 
to weeks), and project OA conditions (years to de-
cades) with concomitant changes in temperature, 
oxygen levels, and eutrophication.
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Action 9.2.4: Conduct studies to inform biogeo-
chemical models to evaluate dynamics at the sed-
iment-water interface with increased OA, eutrophi-
cation, and hypoxia.

Biological Sensitivity in the Mid-Atlantic 
Bight Region

The MAB region is a dynamic area experiencing 
changes in temperature, precipitation, and eutrophi-
cation. From 1977 to 2016, sea surface tempera-
ture increased an average of 0.057°C during the 
winter/spring and 0.047°C during fall/winter (Saba 
et al., 2016; Wallace et al., 2018). The MAB region 
also has coastal areas that are affected by eutro-
phication (Bricker et al., 2008; Ekstrom et al., 2015; 
Greene et al., 2015). The increase in temperature 
and high level of eutrophication have considerable 
implications on the regional marine ecosystem. A 
recent vulnerability analysis of 82 species from the 
Northeast Continental Shelf Region, which includes 
MAB, found 27% of taxa to be highly vulnerable to 
climate-related changes (Hare et al., 2016). Poten-
tially vulnerable species include: Atlantic surfclams 
(Spisula solidissima), Atlantic sea scallops (Placo-
pecten magellanicus), blue crab (Callinectes sapi-
dus), shortnose and Atlantic sturgeons (Acipenser 
brevirostrum, A. oxyrhynchus), and winter flounder 
(Pseudopleuronectes americanus). Importantly, the 
majority (69%) of the shellfish and finfish managed 
by the Mid-Atlantic Fisheries Management Council 
have not been investigated for OA impacts. 

OA laboratory experiments on bivalves, crustaceans, 
and finfish have demonstrated species-specific re-
sponse to OA. For bivalves, (i.e., eastern oyster and 
hard clam) reduced larval growth, calcification, and 
survivorship (Boulais et al., 2017; Gobler & Talmage, 
2014; Miller et al., 2009; Talmage & Gobler, 2009), 
and changes in physiology (i.e., respiration, feed-
ing rates, Ivanina et al., 2013; Vargas et al., 2013) 
have been observed. A few multi-stressor OA stud-
ies (i.e., combined effects of carbon dioxide (CO2) 
and hypoxia) on bivalve larvae reported decreased 
growth and survival (Clark & Gobler, 2016; Ekstrom 
et al., 2015; Gobler & Talmage, 2014), while decreas-
es in salinity and increases in temperature have also 
been linked to decrease calcification in bivalves 
(Ries et al., 2016; Speights et al., 2017). Research 

on juvenile blue crabs have found that OA affects 
survival, respiration, growth, development, and food 
consumption, and that higher temperatures amplify 
this effect (Glandon et al., 2018; Glandon & Miller, 
2016; Glaspie et al., 2017). 

A whooping crane captures a blue crab, a shellfish of econom-
ic and ecological importance in the Mid-Atlantic Bight Region. 
Credit: NOAA

Experimental studies of CO2 effects on regionally 
important finfish have examined a select group of 
shelf, nearshore, and inshore/estuarine inhabitants. 
Among these, summer flounder (Paralichthys den-
tatus) embryos had diminished survival to hatching 
and the developmental rate of larvae was accelerat-
ed by elevated CO2 (Chambers et al., 2014). Various 
forage fishes including Atlantic silverside (Menidia 
menidia), inland silverside (M. beryllina), and sheeps-
head minnow (Cyprinodon variegatus) have been 
examined for CO2 effects and these taxa exhibited 
a range of impacts. From these forage fish to eco-
nomically important ones (e.g., red drum, Sciaenops 
ocellatus), evidence is building that estuarine taxa 
are likely to be more resilient than species living in 
offshore habitats to elevated CO2 (Lonthair et al., 
2017). A handful of studies have examined fish of 
more advanced ages and results show older fish to 
be more tolerant that younger ones to elevated CO2 
(e.g., juvenile scup, Stenotomus chrysops, Perry et 
al., 2015). These experimental studies highlight the 
complex responses exhibited by marine organisms 
to CO2 under multi-stressor conditions. A summary 
of research on species found in the MAB appears 
in Saba et al. (2019). Further research on the MAB 
species should include laboratory studies of ad-
vanced experimental approaches that can examine 
the scope of response and adaptation potential, en-
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vironmental variation, population-level differences, 
and transgenerational responses that provide data 
that can be combined with habitat suitability mod-
eling.

Research Objective 9.3: Determine how 
OA and other multi-stressors impact 
ecologically and/or economically important 
marine species 
OA in combination with eutrophication, increased 
temperature, and declining oxygen concentrations 
may be altering the habitat suitability for ecological-
ly and/or economically important marine species at 
different times in their life histories. These experi-
ments should include direct and indirect (i.e., preda-
tor-prey interactions, pathogen, disease) effects as 
needed. Experiments on estuarine-dependent spe-
cies should also include temporally varying stress-
ors that mimic environmentally relevant patterns.

Action 9.3.1: Develop experiments to address pop-
ulation and life-stage responses with respect to OA 
and environmental stressors for important shellfish, 
crustaceans, and finfish in the region. 

Action 9.3.2: Characterize phenotypic plasticity and 
the genetic potential to understand selective mor-
tality emanating from OA and related stressors.

Action 9.3.3: Determine the energetic costs of accli-
mation to OA using experimental mechnistic mea-
sure, including physiology.

Action 9.3.4: Encourage field experiments that use 
existing platforms (i.e., hatcheries, restored oyster 
reefs) to monitor physiological and life-stage re-
sponses.

 Research Objective 9.4: Use experimental 
results to parameterize dynamic process 
models that allow evaluation of the within- 
and among-generation consequences 
of OA-impaired biological outcomes in 
populations
Develop more realistic, biologically informed models 
to capture population, community, and ecosystem 
responses to OA and environmental co-stressors, 

thereby enabling population projections and servic-
ing ecosystem-based management strategies.

Action 9.4.1: Link experimental and population/eco-
system modeling efforts to identify and rank highest 
value information at appropriate scales to develop, 
augment, and/or evaluate dynamic process models 
of populations and ecosystems.

Action 9.4.2: Ground truth model predictions with 
experimental testing of predictions within and be-
yond the parameterized framework of the model.

Action 9.4.3: Compare and contrast models for sen-
sitivity and robustness in applications within the 
MAB and the model utility in other regions.

Human Dimensions in the Mid-Atlantic 
Bight Region

Many coastal communities in the Mid-Atlantic Bight 
region are reliant on commercial fishing (valued 
near $800 million), and recreational fishing/tourism 
(valued $3.5 billion, NOAA Fisheries, 2017; NEFSC, 
2018). The region is particularly dependent on ben-
thic shellfish species and therefore the social vul-
nerability to OA is high.  This high vulnerability could 
be potentially exacerbated by eutrophication, which 
can amplify OA in estuaries (Ekstrom et al., 2015). 
While the wild harvest of oysters is in decline, oys-
ter aquaculture is increasing quickly throughout the 
Mid-Atlantic, especially in Virginia. Virginia ranks 
first in the U.S. for hard clam production and first on 
the East Coast of the U.S. for eastern oyster produc-
tion, with a combined value of $53.4 million in 2017 
(Hudson, 2018). Additionally, shellfish hatcheries 
throughout the MAB are increasing in both num-
bers and production capacity with concomitant in-
creases in part-time and full-time jobs (Calvo, 2018; 
Hudson, 2018). Despite the importance of OA-sus-
ceptible species to coastal communities and econ-
omies, human dimension research has lagged be-
hind research on biogeochemistry, physiology, and 
ecology.

Several areas of research are needed, including 
modeling how changes in carbonate chemistry im-
pact profitability of shellfish harvests and predicting 
economic impacts on fishery stocks and aquacul-
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ture operations. Examination of synergistic/an-
tagonistic effects of multiple stresses (Objective 
9.4.1 above) should link to economic and human 
impacts. As it is likely that OA will differentially im-
pact the various sectors of fisheries (i.e., hatcher-
ies, aquaculture, and wild fisheries), these investi-
gations should be conducted by sector. Additional 
research is needed to better understand the social 
and economic vulnerability of fishing and aquacul-
ture communities and the capacity of industries to 
develop mitigation and adaptation strategies. Tribal 
governments and indigenous communities should 
be engaged in science and monitoring, and their vul-
nerability assessed.

A paddler enjoys a sunset over the Chesapeake Bay which bene-
fits fish, crabs, oysters, and people. Credit: NOAA

Applications of any OA research findings must fit 
into existing management structures at the feder-
al, state, and tribal levels. The Mid-Atlantic Fishery 
Management Council (MAFMC) and the NOAA Na-
tional Marine Fisheries Service manage the federal 
fisheries in this region; however, some commercial-
ly important species (e.g., oysters, blue crab, and 
sea bass) are managed at the state level. Two spe-
cies (spiny dogfish and monkfish) are jointly man-
aged by both the New England Fishery Management 
Council (NEFMC) and the MAFMC. The region has 
collaborated on a regional ocean planning docu-
ment (https://www.boem.gov/Mid-Atlantic-Region-
al-Ocean-Action-Plan/) that included stakeholders 
from a variety of sectors (fishing, tourism, offshore 
wind, marine transportation, etc.). The ocean plan-
ning activities allow for better spatial management 
across sectors. Effective communication of how OA 
will affect these efforts should be incorporated.

Research Objective 9.5: Understand how OA 
will impact fish harvest, aquaculture, and 
communities
Enhanced modeling and predictive capability of OA 
impacts to shellfish and fish populations can be 
linked to economic models that project outcomes 
for fishery sectors and communities. This informa-
tion will be central to improving planning and man-
agement measures in the face of OA. 

Action 9.5.1: Expand observation capability at aqua-
culture sites by including hatcheries and shellfish 
farms as OA monitoring sites to better understand 
drivers at the local scale.

Action 9.5.2: Expand model capability to use spe-
cies-specific data to predict economic impacts. 

Action 9.5.3: Expand model capacity to include how 
changing OA conditions combined with eutrophica-
tion/ hypoxia economically affect fishery and aqua-
culture stocks and the communities that depend on 
them. 

Action 9.5.4: Estimate the threshold when changes 
in the carbonate chemistry will make harvesting or 
growing shellfish unprofitable by creating habitat 
suitability maps and documenting historical chang-
es by mapping pre-industrial distributions and fu-
ture projections (2060 and 2120).

Research Objective 9.6: Evaluate benefits 
and costs of mitigation and adaptation 
strategies
Understanding the costs and benefits of adaptation 
and mitigation strategies under different projected 
OA conditions will be vital to ensuring coastal com-
munity sustainability. Adaptation and mitigation 
practices should be tailored to the stakeholder (e.g., 
fishers, shellfishers, aquaculturists, recreational-
ists). 

Action 9.6.1: Determine costs of mitigation strat-
egies and fishers relocating to follow species dis-
placed by OA.

Action 9.6.2: Identify specific strains/breeds of spe-
cies (shellfish, in particular) that are able to respond 
better to OA conditions (e.g., genetic hardening).

https://www.boem.gov/Mid-Atlantic-Regional-Ocean-Action-Plan/
https://www.boem.gov/Mid-Atlantic-Regional-Ocean-Action-Plan/
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Action 9.6.3: Investigate alternative management 
options to ensure maximum sustainable fisheries 
yield and aquaculture production under future con-
ditions.

Research Objective 9.7: Integrate OA 
understanding into regional planning and 
management 
Rapid changes in OA conditions will require man-
agement to react quickly to changes in harvestable 
species and consider OA in future planning.  

Action 9.7.1: Conduct comprehensive management 
strategy evaluations and scenario development to 
assess the ability of fisheries management to react 
to changes in harvested populations.

Action 9.7.2: Support economic modeling and so-
ciological studies to determine the ability of fishers 
and aquaculturists to alter practices as harvested 
and/or cultured populations change.

Action 9.7.3: Develop Climate-Induced Social Vul-
nerability Indices (CSVIs) with respect to OA to im-
prove the understanding of how communities might 
respond to OA in a resilient way.

Action 9.7.4: Incorporate OA research findings into 
existing NOAA products that support management, 
such as NMFS ecosystem status reports.
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Abstract

The New England Region geographically includes 
the Gulf of Maine, Georges Bank, and Scotian Shelf. 
Ocean acidification (OA) in this region is driven 
mainly by temperature changes and regional ocean 
circulation patterns of various water masses. This 
region is experiencing temperature changes three 
times greater than the global average. This area 
is also characterized by increases in precipitation 
during winter and spring, enhancing freshwater in-
flux from riverine sources and contributing to eutro-
phication. Economically important species such as 
the Atlantic scallop and American lobster are im-
pacted by regional changes in ocean chemistry and 
pose a threat to the fishing and aquaculture indus-
tries and the economy of the region. NOAA’s New 
England research goals are to: 

•	 Improve regional biogeochemical 
characterization and understanding 
of trends and dynamics of ocean pH, 
particularly in response to temperature 
and riverine influence, to develop dynamic 
regional forecasts of OA; 

•	 Understand the response of critical marine 
species under multi-stressor (low pH, high 
temperature, low oxygen) conditions and 
assess adaptive capacity to OA to inform 
ecosystem management; and

•	 Use new knowledge to assess OA impacts 
to communities and economies to include 
OA into regional management plans and 
evaluate the costs and benefits of various 
mitigation and adaptation strategies. 

Acidification in the New England 
Region 

Presented in this chapter are the mid-term priori-
ties and objectives of NOAA’s OA research, model-
ing, and monitoring interests specific to waters in 
the Northeast United States that include the Gulf 
of Maine, Georges Bank, and western Scotian Shelf 
regions within the Northeast U.S. Continental Shelf 
Large Marine Ecosystem (LME; Figure 10.1). For in-
formation on the southern region of the Northeast 
LME, please refer to Chapter 9 Mid-Atlantic Bight Re-
gion Acidification Research Plan.

The highly productive New England Region waters 
have a long history of extensive commercial fishing 
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10. New England Region 
Acidification Research 
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Figure 10.1. The watershed for the New England Region, which includes the Gulf of Maine, Georges Bank, and Scotian Shelf. Credit: NOAA

(Colburn et al., 2016; Jepson & Colburn, 2013; 
Townsend et al., 2006) and are characterized 
by the many physical processes that influence 
biogeochemistry in the region.  The region includes 
a wide (>200 km) continental shelf, shallow tidally-
mixed banks, deep basins, submarine canyons, and 
multiple riverine systems that feed into the Gulf of 
Maine. Oceanic current systems strongly influence 
the temperature and salinity characteristics, while 
oceanographic features such as circulation patterns, 
tidal mixing, and frontal zones affect every aspect 
of the ecology of the system. The hydrological 
characteristics of the New England Region strongly 
influence the OA signal, however thermodynamic 
heating, salinity anomalies, increased acidic river 
discharge, and coastal eutrophication can have both 
synergistic and antagonistic effects on OA in the 
region (Salisbury et al., 2008; Salisbury & Jönsson, 
2018; Wang et al., 2017; Wanninkhof et al., 2015).

Understanding how physical drivers influence OA 
in the surface and bottom waters is critical due to 
the commercial and recreational use of the water 
column and benthos. The New England Region has 
low in situ pH, aragonite saturation state (Ωarag), and 
buffering capacity attributed to inputs of fresh and 
lower alkaline waters and the accumulation of respi-
ratory products from high primary productivity (Fig-
ure 10.2; Wang et al., 2017). However, in some por-

tions of the region, processes such as net warming, 
variable salinity, and introduction of less buffered 
freshwater (i.e., river discharge) can make it difficult 
to detect long-term rates of change for OA (Fay et 
al., 2017; Salisbury et al., 2008; Salisbury & Jönsson, 
2018; Tjiputra et al., 2014). On decadal timescales, 
the change in pH is dominated by carbon dioxide 
(CO2) from the atmosphere, however, the Ωarag signal 
is a combination of changes in total alkalinity (TA), 
sea surface temperature (SST), and salinity (Salis-
bury & Jönsson, 2018). With higher precipitation 
predicted in the future (Guilbert et al., 2015; Rawlins 
et al., 2012; Sinha et al., 2017), increased inputs of 
fresh water to the coastal zone may increase eutro-
phication, decrease TA, and consequently influence 
pH and Ωarag. Changes in the climate, hydrology, and 
biogeochemistry all impact the OA signal, thus it is 
critical to characterize the respective drivers of OA 
and the ranges of chemical conditions within the 
system to determine species and ecosystem risk.

Fisheries landings in the New England Region to-
taled $1.2 billion in 2015 with Atlantic sea scallops 
and American lobsters accounting for 73% of the to-
tal landings making the fishing and marine aquacul-
ture industry particularly vulnerable to changes in 
OA and Ωarag (Lapointe, 2013). Shellfish habitats are 
predominantly in the coastal zones, which intersect 
with some of the 2019 fishing grounds for Atlantic 
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sea scallops (Figure 10.3). Marine aquaculture is 
expanding in every state of the region and the devel-
opment of offshore shellfish aquaculture through-
out the coastal zone, highlights the importance of 
characterizing OA drivers in nearshore and benthic 
environments, where acidification can be dominat-
ed by changes in local biogeochemical processes, 
and/or freshwater supply.  Similarly, eutrophication 
and increases in heavy precipitation events due to 
climate change may contribute to increases in OA in 
coastal waters (Ge et al., 2017; Gobler & Baumann, 
2016; Sinha et al., 2017) and affect the growth, sur-
vival, and calcification of several larval shellfish 
species (Clements & Hunt, 2014; Gobler & Talmage, 
2014; Green et al., 2013; Salisbury et al., 2008). 
Consequently, many coastal communities have a 
medium-high to high vulnerability risk to OA with 
anticipated effects by 2031 (Ekstrom et al., 2015). 
Mitigation strategies, such as amending the seawa-
ter intake at mariculture facilities to compensate 
for low Ωarag conditions and nutrient reduction, may 
need to be implemented in some communities. Dy-
namic biogeochemical environments in the region 

highlights critical gaps in understanding of how OA 
will progress and affect marine organisms and the 
fishing and aquaculture industries in the region. 

Environmental Change in the New 
England Region

Understanding how OA is changing within the north-
ernmost subareas (Gulf of Maine, Georges Bank) of 
the Northeast Large Marine Ecosystem (Sherman 
et al., 1996) demands a clear understanding of the 
physical and biogeochemical processes governing 
the disparate environments from Georges Bank, to 
deep Gulf of Maine basins, to coastal and estuarine 
systems. Scientists, the fishing industry, aquacul-
ture industry, and policymakers need improved un-
derstanding of how OA conditions are changing con-
temporaneously with other factors including rapid 
warming, circulation changes, changes in seasonal 
precipitation, and shifts in the timing of the spring-
time freshet. These complexities necessitate that 
studies of OA impacts on marine species include 
synergistic or antagonistic effects with changes in 

Figure 10.2. Aragonite saturation levels in 2017 for the northeast United States in January. The NE region has the lowest Ωarag on the 
East Coast with levels below 2.0. Image courtesy of Ruben van Hooidonk NOAA/AOML/CIMAS.  The levels for the month of January is 
shown, with other months being represented on this web page: https://www.coral.noaa.gov/accrete/east-coast-oaps.html.

https://www.coral.noaa.gov/accrete/east-coast-oaps.html
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non-OA parameters such as temperature. From an 
observing and modeling perspective this demands 
simultaneously targeting a comprehensive suite of 
physical, biological, and chemical parameters.  

An ocean mooring in the Gulf of Maine used to monitor ocean 
conditions. Credit: Personnel of NOAA Ship DELAWARE II

Some of the most sensitive species in this region 
experience a range of different environments across 
their life-cycles including pelagic, benthic, estuarine, 
and oceanic. Only a subset of these environments 
have been suitably characterized with respect to 
OA. The current observing system in the region is 
comprised largely of surface observing measure-
ments with some notable exceptions including the 
East Coast OA (ECOA, high spatial fidelity at qua-
drennial frequency) and quarterly NEFSC Ecosys-
tem Monitoring (EcoMon, lower spatial fidelity at 
quarterly frequency). Improved subsurface monitor-
ing in both time and space will require modifying the 
existing regional monitoring strategy including de-
ployment of proven autonomous profiling technol-
ogies suited to measuring the entire water column 
inclusive of benthic environments.

Research Objective 10.1: Improve 
biogeochemical characterization of marine 
habitats most relevant to economically and/
or ecologically important species 
Target species will be inclusive of both pelagic and 
benthic species and will include observations of full 
life cycles. Leveraging existing datasets and sup-
plementing the current Northeast observing system 
with additional subsurface capabilities through var-
ious activities will be critical to characterizing the 
less understood benthic and near-bottom environ-
ments.

Action 10.1.1: Support the development of new au-
tonomous technologies suited for full carbonate 
chemistry water column profiling and benthic envi-
ronment observing.

Action 10.1.2: Conduct data mining of existing 
benthic carbonate chemistry data, implementing 
long-term benthic monitoring at targeted locations, 
synthesizing exercises, and improving geochemical 
models to better capture the processes governing 
benthic environment.

Action 10.1.3: Conduct analyses to identify data 
gaps in parameters needed to characterize acidifi-
cation dynamics within the region (past and present 
conditions).

Action 10.1.4: Establish long-term carbonate chem-
istry benthic monitoring at targeted locations to 
characterize interactions at the sediment water in-
terface and relationships to surface productivity.

Action 10.1.5: Augment existing observing system 
to achieve improved spatiotemporal coverage of 
key processes and better characterize the full water 
column inclusive of the benthos.

Action 10.1.6: Improve and operationalize regional 
and subregional 4D biogeochemical modeling ca-
pabilities with enhanced data assimilation that cap-
tures land-sea, benthic, and physical processes.

Research Objective 10.2: Better understand 
the trends, dynamics, and changes in 
Scotian Shelf, Gulf Stream, and major 
riverine source waters and their influence on 
OA 
Processes including advection, nutrient loading, 
and riverine discharge have implications for OA in 
the New England Region carbonate chemistry con-
ditions that are currently not well characterized. Re-
cent changes in the relative supply of Gulf Stream 
waters have resulted in dramatic increases in the 
Gulf of Maine water temperature elevating satura-
tion states and altering the DIC supply to the system 
thereby altering its buffer capacity. Climate induced 
changes to the precipitation dynamics in the north-
east have increased the frequency of high-intensi-
ty precipitation events and, together with warming, 



have altered the timing of the spring freshet, each 
of which alters the timing and extent of corrosive 
river plumes extending out from river mouths into 
the Gulf.

Action 10.2.1: Integrate OA observations in the Gulf 
of Maine with observations of riverine and offshore 
source waters and conduct a data synthesis of 
measurements collected by other federal and state 
agencies, as well as academic and NGO research 
facilities, including building on the data synthesis 
underway and housed by Northeast Regional Aso-
ciation of Coastal Ocean Observing Systems (NER-
ACOOS).

Action 10.2.2: Better understand how carbonate 
chemistry in the region is affected by changes in 
both riverine and offshore source water fluxes and 
the chemistry of those source waters.

Action 10.2.3: Based on these exercises and anal-
yses, identify new areas that are important for in-
creased monitoring.

Research Objective 10.3: Produce forecasts 
of changes in OA conditions in dynamic 
environments on daily, monthly, seasonal, 
and yearly time periods
As identified through numerous regional stakehold-
er and industry engagement forums including those 
initiated via the Northeast Coastal Acidification Net-
work, there remains a need for predictive capability 
at timescales not currently well addressed with ex-
isting models. These include forecasts of OA condi-
tions for the region that align with the time frames 
of industry, management and business planning 
and decision making.  

 Action 10.3.1: Improve and operationalize region-
al biogeochemical models informed and validated 
by environmental monitoring data that reliably ac-
count for co-occurring changes including projected 
temperature changes, precipitation and nutrient dy-
namics to more accurately predict variability in the 
coastal waters.
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Figure 10.3. Atlantic sea scallop managed waters for fishing year 2019 (April 1–March 30). Source: https://www.fisheries.noaa.gov/
resource/map/atlantic-sea-scallop-managed-waters-fishing-year-2019

https://www.fisheries.noaa.gov/resource/map/atlantic-sea-scallop-managed-waters-fishing-year-2019 
https://www.fisheries.noaa.gov/resource/map/atlantic-sea-scallop-managed-waters-fishing-year-2019 
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Action 10.3.2: Configure model results to be fit-
for-purpose and interpretable by decision makers 
to better provide needed guidance for regional 
planning.

Biological Sensitivity in the New 
England Region

The New England Region is a dynamic area that is 
experiencing changes in temperature, phenology, 
precipitation, and eutrophication with an average 
increase in sea surface temperature of 0.033° C per 
year from 1982-2016, which is three times greater 
than the global average (Hare et al., 2016; Pershing 
et al., 2015). This rapid rate of increase has consid-
erable implications on regional marine ecosystems. 
A recent sensitivity analysis predicts that 27% of 
82 species within the region will be susceptible to 
changes in the biogeochemical environment (Hare 
et al., 2016). For a majority of bivalve larval experi-
ments decreased growth, survival, and rate of calci-
fication, and/or dissolution of shells was observed 
(Clements & Hunt, 2014; Fabry et al., 2008; Gobler 
& Talmage, 2014; Green et al., 2013), with a po-
tential minimum Ωarag threshold (> 1.6) needed for 
survivability and settlement (Salisbury et al., 2008; 
Salisbury & Jönsson, 2018). Low levels of Ωarag near 
this threshold can already be found seasonally in 
the region (Figure 10.2). A few field studies found 
that fewer bivalves settled under OA conditions 
assoicated with low pH in sediments (Clements & 
Hunt, 2018; Meseck et al., 2018). To date, models 
have been used to determine OA effects on Atlan-
tic sea scallops (Placopecten magellanicus) and no 
data exist on Atlantic surf clams (Spisula solidissi-
ma). Integrated assessment models for the Atlantic 
sea scallops, found that under high OA the there is 
a potential to reduce the sea scallop biomass by 
approximately 13% by the end of the century (Cool-
ey et al., 2015; Rheuban et al., 2018). Results from 
experiments on the commercially important crusta-
cean American lobster (Homarus americanus) has 
produced conflicting results to elevated CO2 (Kep-
pel et al., 2012; Ries et al., 2009). Regarding finfish, 
several studies have focused on commercially and 
ecologically important fish of the region. In summer 
flounder (Paralichthys dentatus), survival of embry-
os to hatching was diminished under experimental-

ly elevated CO2 conditions (Chambers et al., 2014). 
A series of experimental studies on the forage fish 
Atlantic silverside (Menidia menidia) and inland 
silverside (M. beryllina) have highlighted the com-
plexity of effects when CO2 is acting alone versus in 
combination with other stressors (Baumann, 2019; 
Baumann et al., 2012). A summary of research of 
other organisms' responses can be found in Gledhill 
et al. (2015), but to date most of the research fo-
cuses on larval stages; understanding OA effects at 
multiple life stages is missing. Further research on 
New England species should include other life stag-
es (or the entire life cycle where feasible), multigen-
erational effects, multiple populations, and changes 
in other physical parameters that are anticipated in 
future oceans (i.e., dissolved oxygen, salinity, and 
temperature). This broader perspective will provide 
a mechanistic understanding of the type and intri-
cacies of the biological responses to OA.  This re-
search should also be tied to model development so 
the results can be used in single-species and eco-
system models to hindcast, nowcast, and forecast 
the effects of OA on biological systems. Research 
should incorporate a range of OA levels that consid-
er both near-term and long-term time horizons, and 
include relevant environmental co-stressors.

Worth more than $500 million per year, sea scallops are the 
second most valuable fishery in the Northeast US. Credit: Mark 
Dixon/NOAA

Fundamental to our understanding of the conse-
quences of the biological effects of OA is an esti-
mation of an organism’s resilience and adaptive 
potential. The resiliency of an organism is reflected 
in its acclimation plasticity, whereas the adaptive 
potential requires an understanding of the genetic 
and heritable bases to transgenerational change. 
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Future studies that consider the focal organism in 
an ecological context, where both prey and preda-
tors impacts are identified, will be fundamental to 
this broader understanding of OA impacts in nature. 
Providing such data will be useful in management 
efforts as scientists consider species-to-ecosystem 
sensitivity to OA in the region.  

A major consideration is the combined effects of 
OA and warming trends on food webs in the region, 
including changes in predator-prey relationships, 
and the broad changes in species’ ranges in the 
region. The NEFSC Atlantis model looked at direct 
and indirect effects of species response to OA and 
found that food web consequences of OA may ex-
tend beyond groups that are most vulnerable and 
to fishery yield and ecosystem structure (Fay et al., 
2017). In particular, it is critical to understand how 
rapid warming in the New England Region interacts 
with the carbonate system to influence Ωarag and 
potential OA impacts. Experiments on multiple en-
vironmental stressors, and the adaptive capacity of 
the organism, will provide critical process data for 
models and broad population metrics for key spe-
cies as identified in the NOAA 2010 Acidification Re-
search Plan for the Northeast and the Northeast Cli-
mate Vulnerability Assessment (Hare et al., 2016).

Research Objective 10.4: Identify critical 
(sensitive, predictive, and consequential) 
responses of selected keystone species to 
OA and multi-stressor conditions
OA progression will happen in concert with other en-
vironmental changes including warming ocean tem-
perature, declining oxygen concentration, and nutri-
ent loading. In order to fully appreciate the impact to 
marine organisms, a multi-stressor framework that 
evaluates multiple life stages is needed. 

Action 10.4.1: Develop laboratory and field capabil-
ity to expand existing single and multi-stressor OA 
experiments for all life-stages of shellfish and fin-
fish of aquaculture, wild fisheries, and ecosystem 
importance.

Action 10.4.2: Use these expanded frameworks to 
evaluate the response of key bivalves, finfish and 
forage species in the region for the coming decades.

Research Objective 10.5: Characterize the 
adaptive capacity of species to OA and 
investigate potential mitigation patterns
Field and laboratory experiments focusing on spe-
cies-specific response curves to future warming 
and acidification are central to predicting ecosys-
tem response in the changing environment. Such 
predictions are necessary for developing viable 
management strategies under changing ocean con-
ditions.

Action 10.5.1: Conduct experiments on potential 
for organismal acclimation and transgenerational 
adaptation to future environments.

Action 10.5.2: Conduct experiments to determine if 
there are different genetic lines within and across 
populations that respond differently to OA.

Action 10.5.3: Identify potential mitigation practices 
that could offset local acidification (i.e., kelp grown 
around aquaculture beds).

Research Objective 10.6: Incorporate OA 
and other marine stressors into single 
species and ecosystem models to improve 
ecosystem management
Incorporating knowledge from multi-stressor and 
adaptive capacity research into existing regional 
ecosystem models will improve predictions of eco-
system responses for the region.

Action 10.6.1: Encourage modelers and experimen-
talists to work together to identify key processes, 
the type and level of detail needed for incorporating 
biological processes into single-species models, 
and the interpretation of model output under vari-
ous OA and climate scenarios.

Action 10.6.2: Develop unified and realistic ecosys-
tem-level models that accurately capture essential 
biological and biogeochemical details as a joint 
effort among modelers, field scientists, and exper-
imentalists.

Action 10.6.3: Identify future locations and times 
where successful recruitment of our Living Marine 
Resources (LMRs) may no longer be feasible.
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Human Dimensions in the New England 
Region

The New England Region supports over 6 million 
workers, with a total annual payroll of $339 billion, 
and a regional gross domestic production of $885 
billion (NOAA, 2017). New Bedford, MA, is the larg-
est commercial fisheries port in the U.S. in terms of 
revenue with the American sea scallop fishery gen-
erating over $379 million (NOAA Fisheries, 2019b). 
In addition to these jobs, aquaculture in the region 
is growing at a fast rate (Lapointe, 2013). A Fisher-
ies Climate Vulnerability assessment coupled to a 
Social Climate vulnerability assessment found that 
communities dependent on shellfish fisheries were 
highly vulnerable to OA (Colburn et al., 2016; Hare 
et al., 2016). A sensitivity analysis of overall social 
vulnerability to OA found that the region was medi-
um-highly to highly vulnerable to OA, especially in 
Massachusetts (Ekstrom et al., 2015). The analysis 
further found that in the New England Region, local-
ly high levels of eutrophication may be enhancing 
OA. The interdependency between human commu-
nities and marine resources determines both public 
interest in the OA issue and how NOAA responds 
to its mandates. NOAA needs to understand current 
and future consequences of OA to economic and 
social well-being. Threats that are posed to region-
al stakeholders as a result of OA include impacts 
to economically important species, especially scal-
lops, mussels, clams, oysters, and lobster. Howev-
er, how these biological impacts could translate to 
economic and social impacts is relatively unknown. 
Potential strategies that may be utilized by commu-
nities to help mitigate the influence of OA may in-
clude site selection, mitigation, selective breeding, 
and multi-trophic aquaculture (Clements & Chopin, 
2017).

Research indicates that OA has the potential to 
negatively impact shellfish survival and growth as 
well as fish physiology, behavior, and recruitment. 
These potential changes in the availability of mar-
ketable stocks can lead to economic tipping points. 
As forecasting and modeling of the region improves 
(Objective 10.2.3 and Objective 10.3.2), the New En-
gland Region needs to better understand how OA 
will change the abundance, harvestability, and eco-

nomics of commercial fish stocks. Several areas of 
investigation are needed, including modeling to es-
timate when changes in carbonate chemistry could 
make harvesting or growing shellfish less profit-
able, and models that use species-specific data to 
predict ecological impacts on fishery stocks , and 
subsequent economic impacts to fisheries and fish-
ing communities. Additional research on economic 
tipping points is needed to better understand the 
vulnerability of fishing communities and how the 
industry can adapt. For example, small-scale fisher-
men may not be equipped to adapt to fishing further 
offshore if a species’ habitat changes. Information 
on potential impacts of OA on fisheries and aqua-
culture could help communities and industry de-
crease their vulnerability to impacts and increase 
their resilience to changing ocean conditions. Spe-
cial attention needs to be paid to tribal governments 
and indigenous communities that conduct aquacul-
ture operations that may be particularly vulnerable 
to coastal changes, including OA.

An oyster aquaculture worker in Maine packing oysters to sell. 
Credit: Christopher Katalinas/NOAA

The New England Region has robust existing efforts 
in ocean planning and regional fisheries manage-
ment. The understanding and projections achieved 
with the research objectives described in this sec-
tion should be incorporated into existing efforts to 
enable better planning and management. The region 
has embarked on a comprehensive effort to develop 
maps and provide a foundation for ocean planning 
(https://neoceanplanning.org/plan/). Habitat suit-
ability maps (produced above) must be compared 
and integrated with these ocean plans. Efforts such 
as wind farm siting are becoming important drivers 

https://neoceanplanning.org/plan/
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of economic activity in the coastal ocean, and these 
plans should include our understanding of how im-
pacted resources will respond to OA in combination 
with these other activities.  

Research Objective 10.7: Understand how 
OA will impact fish harvest, aquaculture and 
communities
Enhanced modeling and predictive capability of OA 
impacts to shellfish and fish populations developed 
by Action 10.3.3 can be linked to economic models 
that project outcomes for fishery sectors and com-
munities. This information will be central to improv-
ing planning and management measures in the face 
of progressing OA. 

Action 10.7.1: Estimate the time threshold by when 
changes in the carbonate chemistry will make har-
vesting or growing shellfish unprofitable.

Action 10.7.2: Expand model capability to use spe-
cies-specific data to predict economic impacts on 
individual fishery and aquaculture stocks.

Action 10.7.3: Support research on economic tip-
ping points needed to better understand the vulner-
ability of fishing and aquaculture communities and 
how the industry can adapt.

Research Objective 10.8: Evaluate benefits 
and costs of mitigation and adaptation 
strategies
Understanding the costs and benefits of adaptation 
and mitigation strategies under different projected 
OA conditions will be vital to ensuring coastal com-
munity sustainability.

Action 10.8.1: Conduct modeling to determine the 
costs of altering the timing and location of fishing 
activities and mitigation strategies (i.e., seagrass, 
kelp, chemical alkalinity addition).

Action 10.8.2: Evaluate how the removal of excess 
nutrients aimed at reducing nearshore eutrophica-
tion will influence estuarine carbonate chemistry 
and acidification.

Research Objective 10.9: Integrate OA 
understanding into regional planning and 
management 
Rapid changes in OA conditions will require man-
agement to react quickly to changes in harvestable 
species. 

Action 10.9.1: Conduct comprehensive manage-
ment strategy evaluations and scenario develop-
ment to assess the ability of fisheries management 
to react to changes in harvested populations .

Action 10.9.2: Support economic modeling and so-
ciological studies to determine the ability of fishers 
to alter fishery practices as harvested populations 
change (Objective 10.6).

Action 10.9.3: Develop Climate-Induced Social Vul-
nerability Indices (CSVIs) with respect to OA to im-
prove the understanding of how communities might 
respond to OA in a resilient way.
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Abstract

The Great Lakes Region includes Lake Superior, 
Michigan, Huron, Erie, and Ontario representing a 
combined lake surface area of 244,000 km2. Acid-
ification in the Great Lakes Region is predicted to 
occur at a rate similar to the oceans as a result 
of anthropogenic carbon emissions. In the Great 
Lakes, pH is also influenced seasonally and spa-
tially by local primary productivity and historical im-
pacts from acid deposition associated with poor air 
quality. This region supports culturally and econom-
ically significant fisheries and recreational tourism 
that create significant income for the regional and 
U.S. economy. NOAA’s Great Lakes research goals 
include:

•	 Establish a monitoring network that is 
designed to detect trends in pH and 
carbonate saturation states, taking into 
account the considerable spatial and 
temporal variability;

•	 Conduct research to understand the 
sensitivity of dreissenid mussels, plankton, 
fish, and other biota to changes in pH and 
carbonate saturation states, including early 
life stages;

•	 Develop physical/biogeochemical and 
food-web models that can project the 
impacts of changing pH and carbonate 
saturation states on important ecological 
endpoints, including plankton community 
composition and productivity, nuisance 
and harmful algae, dreissenid mussels, 
and fish; and

•	 Engage stakeholders in the process of 
evaluating impacts in order to identify 
research topics, communicate research 
findings, and develop mitigation and 
adaptation strategies. 

Acidification in the Great Lakes Region

The Great Lakes are the largest freshwater system 
on Earth, holding 95% of the U.S.’ and 20% of the 
world’s surface freshwater (Figure 11.1). The Great 
Lakes basin is home to approximately 43 million 
people, 8% of the U.S. population, and 32% of Can-
ada’s population. The lakes provide culturally and 
economically important assets, including drinking 
water, commercial shipping, hydroelectric power, 
recreation, and a world-class fishery producing $7 
billion in annual economic value (American Sport-
fishing Association, 2013). The positive regional 
economic impact generated by the Great Lakes is 

11. Great Lakes Region 
Acidification Research
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estimated at 1.5 million jobs directly connected to 
the lakes, resulting in $62 billion in wages (Michi-
gan Sea Grant College Program, 2011). The services 
provided by this valuable ecosystem are vulnerable 
to multiple stressors, including eutrophication and 
oligotrophication, invasive species, contaminants, a 
changing climate, and acidification associated with 
increasing atmospheric carbon dioxide (CO2). 

Great Lakes pH is projected to decline at a rate sim-
ilar to that of the oceans, in response to increasing 
atmospheric CO2. Phillips et al. (2015) estimated a 
pH decline of 0.29-0.49 pH units by 2100, assuming 
current projections of anthropogenic carbon diox-
ide  CO2 emissions (IPCC IS92a business as usu-
al scenario) and constant alkalinity (Figure 11.2). 
Present-day mean pH and alkalinity vary according 
to the geology of each lake basin, with Superior 
having the lowest values (pH 8.12, 838 meq m-3) 
and Michigan the highest (pH 8.55, 2181 meq m-3, 
Phillips et al., 2015). In addition, considerable short-

term spatial and temporal variability in pH occurs, 
driven largely by varying rates of photosynthesis 
and respiration across trophic gradients. For exam-
ple, episodes of high productivity can result in pH > 
9.0, while net community respiration in hypolimnetic 
waters can lead to hypoxic conditions and pH < 7.5 
(Figure 11.3). The predicted decline in pH would oc-
cur superimposed on this variability, making obser-
vation of long-term trends in the Great Lakes region 
particularly challenging (Phillips et al., 2015). 

Effects of increasing atmospheric CO2 on Great 
Lakes water chemistry may be confounded by re-
gional recovery from acid deposition. The Midwest-
ern and Northeastern United States experienced an 
increase in deposition of sulfuric and nitric acids 
from the early 20th century until air-quality regula-
tions mitigated this trend. The pH of precipitation 
in the Midwest increased from ~4.2 in the 1980s to 

Figure 11.1. The Laurentian Great Lakes are a unique freshwater ecosystem shared between the United States and Canada. In early 
winter, cold air causes strong mixing in the lakes and atmospheric boundary layer, strong evaporation leading to lake-effect snow, and rapid 
equilibration with atmospheric gases (NOAA CoastWatch MODIS satellite image).
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~5.4 in 2018, with much of the increase occurring 
after 1995 (National Atmospheric Deposition Pro-
gram, https://nadp.slh.wisc.edu/). The concentra-
tions of major ions and alkalinity of the lakes were 
modified by the acid deposition period, and contin-
ue to change as a result of recovery from acid depo-
sition, and the long residence time and connectivity 
of the lakes (Chapra et al., 2012). 

In spite of the publication of the 2010 Great Lakes 
Acidification Research Plan little effort has been 
invested in monitoring or understanding potential 
effects of acidification in the Great Lakes on the 
part of NOAA or the broader Great Lakes research 
community. The review by Phillips et al. (2015) is a 
rare example of a publication devoted to the topic 
of Great Lakes acidification. Although not focused 
on acidification, there have been efforts to measure 
and estimate components of the lake-wide carbon 
budgets (Bennington et al., 2012).

Figure 11.2. Projected mean annual (a) pH and (b) carbonate 
ion concentration for the five Laurentian Great Lakes under IPCC 
atmospheric CO2 forcing: IPCC IS92a (the business as usual sce-
nario) or A1FI (the fossil fuel intensive scenario). Also shown on 
(a) is an 8°C warming by 2100 scenario. Figure modified from 
Phillips et al., 2015; Creative Commons Attribution 4.0 Interna-
tional License (https://creativecommons.org/licenses/by/4.0/).

Figure 11.3. Time series of pH at drinking water intakes in 
the western and central basins of Lake Erie illustrating short-
term variability of pH, which complicates detection of long-term 
trends. Episodes of high productivity cause pH > 9.0 in the eutro-
phic western basin, while coastal upwellings of hypoxic water in 
the central basin cause pH to drop below 7.5. Data source: Great 
Lakes Observing System, http://habs.glos.us.

https://nadp.slh.wisc.edu/)
http://habs.glos.us


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  104

Environmental Change in the Great 
Lakes Region

There are presently no long-term monitoring pro-
grams in the Great Lakes that are designed to detect 
long-term trends in pH and inorganic carbonate sys-
tem variables. This lack of observations represents 
a major knowledge gap in understanding the past 
progression of acidification in the Great Lakes re-
gion. The U.S. EPA conducts a long-term water 
quality monitoring program; however, the sampling 
methodology and frequency are not well-suited to 
detect trends in pH (Phillips et al., 2015). At least 
two carbonate system components must be mea-
sured to fully characterize the system, for example 
pCO2 and pH, and measurements must be made 
with methods that have sufficient precision in 
freshwater to detect the predicted trends. Recent 
developments in Great Lakes carbonate system 
observing include a long-term monitoring program 
for pCO2 in Lake Michigan, using the Lake Express 
ferry (Milwaukee to Muskegon) and fixed moorings 
(University of Wisconsin Milwaukee). However, this 
program only monitors a single carbonate variable 
and would ideally be supplemented by pH (Harvey 
Bootsma, personal communication). 

A NOAA Realtime Coastal Observation Network (ReCON) buoy 
being serviced in Lake Erie. Credit: Dack Stuart/Cooperative In-
stitute for Great Lakes Research

Recently developed instrumentation that has the 
ability to monitor pCO2 and pH with sufficient pre-

cision to document trends in acidification, and are 
suitable for deployment on remote buoys or moor-
ings, provide a potential means to improve the 
carbonate chemistry observing gap in the Great 
Lakes region (https://oceanacidification.noaa.gov/
WhatWeDo/Monitoring.aspx). New observations 
of the carbonate system may build upon existing 
observing networks, such as the Real-Time Coastal 
Observation Network (ReCON), National Data Buoy 
Center (NDBC), or Great Lakes Evaporation Network 
(GLEN). NDBC buoys may be well-positioned for the 
purpose of monitoring long-term trends, as these 
are located in central deep basins of all five of the 
Great Lakes that would be minimally influenced by 
local and seasonal variance in pH associated with 
coastal plumes of enhanced primary production 
(Phillips et al., 2015). Ideally, buoys with carbonate 
chemistry sensor packages would be deployed in 
each of the upper lakes (Superior, Huron, and Michi-
gan) to provide an opportunity to compare and con-
trast these lakes over a range of alkalinity, carbon-
ate saturation, and watershed geology, and to verify 
any trends by comparison across sites. In contrast 
to the upper lakes, the more productive waters of 
Erie and Ontario have greater short-term variability 
in pH, which would cause greater difficulty in detec-
tion of trends.

While a moored system would be best-suited for 
detecting long-term trends, mobile platforms such 
as ships or autonomous instruments would have an 
advantage in terms of monitoring spatial patterns. 
Addition of carbonate system observations to a 
ship-based long-term ecological monitoring pro-
gram would have the benefit of observing chang-
es in pH and carbonate saturation in conjunction 
with ecological changes. Long-term trends may be 
detectable using routine observations made at sta-
tions in relatively-deep and low-productivity regions 
of Great Lakes basins on a near-monthly basis, 
however the problem of aliasing spatial, seasonal, 
and diel patterns onto long-term trends would still 
exist. Novel technologies such as profiling floats 
could provide insights on the influence of primary 
production and respiration, by providing vertical res-
olution and potentially including ecological sensor 
packages. 

https://oceanacidification.noaa.gov/WhatWeDo/Monitoring.aspx
https://oceanacidification.noaa.gov/WhatWeDo/Monitoring.aspx
https://www.glerl.noaa.gov/res/Task_rpts/2002/cmbrandt13-3.html
https://www.glerl.noaa.gov/res/Task_rpts/2002/cmbrandt13-3.html
https://www.ndbc.noaa.gov/
https://www.ndbc.noaa.gov/
https://superiorwatersheds.org/GLEN/
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Research Objective 11.1: Expand NOAA’s 
OA monitoring network to include sampling 
sites in the Great Lakes Region
There is currently no existing long-term carbonate 
chemistry monitoring program in the Great Lakes 
region, representing a major observing and knowl-
edge gap on how acidification has evolved in the 
past and continues to progress into the future. 
Building out an observing network will be critical to 
understanding the drivers of acidification and pre-
dicting future trends in pH.

Action 11.1.1: Leverage existing observing net-
works in the region to build a carbonate chemistry 
observing network through addition of sensor pack-
ages suited to make high quality measurements. 

Action 11.1.2: Strategically identify priority sam-
pling regions in order to best detect trends (relative-
ly-deep basin and low-productivity environments) 
that can be compared across lakes. 

Biological Sensitivity in the Great Lakes 
Region 

Effects of weak acidification of freshwater on biota 
at the organism, community, and ecosystem level 
are generally not well understood. With increas-
ing pCO2, primary producers tend to experience 
increased individual and community growth rates, 
while animals, including fish, amphibians, and mac-
roinvertebrates, exhibit reduced growth rates; how-
ever, little is known regarding potential effects at the 
community or ecosystem level (Hasler et al., 2018). 
Little research has been devoted to the sensitivity of 
Great Lakes biota to weak acidification.

Phytoplankton community composition is influ-
enced by weak acidification of freshwater. Diatoms 
are sensitive to pH to the extent that they are used 
to reconstruct the geologic history of lake pH. For 
example, statistical diatom models have been de-
veloped that can predict lake pH within 0.19–0.46 
pH units over commonly-occurring pH range of 
lakes (6.0–8.5; Finkelstein et al., 2014); thus, we 
may expect changes in the diatom community to 
occur over the range of pH change predicted for the 
Great Lakes. Of particular concern with respect to 
phytoplankton communities in the Great Lakes is 

the increased presence of harmful algal species 
that produce neurotoxins and hepatoxins. In 2014, 
a Lake Erie harmful algal bloom (HAB) event asso-
ciated with the freshwater cyanobacteria species 
Microcystis aeruginosa contaminated the public 
water system and caused a no-consumption advi-
sory that left a half million people in Toledo, Ohio 
without access to drinking water for 2.5 days (Stef-
fen et al., 2017). It has been suggested that elevated 
pCO2 can contribute to the dominance of cyanobac-
teria within freshwater phytoplankton assemblag-
es (Mooij et al., 2005; Trolle et al., 2011). Warming 
associated with the increase in atmospheric CO2 is 
expected to lengthen and strengthen lake stratifi-
cation (De Stasio et al., 1996; Peeters et al., 2002), 
leading to increased lake stability and conditions 
that favor phytoplankton species that can take ad-
vantage of vertical migration in the water column, 
such as cyanobacteria (Paerl & Huisman, 2008). 
Community shifts in the toxic species present may 
also be impacted, as acidified conditions promote 
non-toxigenic strains of M. aeruginosa (Van de Waal 
et al., 2011) while toxic strains of Anabaena circi-
nalis and A. eucompacta are favored within a high 
pCO2 environment (Shi et al., 2017).

Cyanobacterial harmful algal bloom in Lake Erie near Toledo, 
Ohio, August 2019. Acidification may alter phytoplankton com-
munity composition. Credit: NOAA

Calcifying organisms are sensitive to carbonate 
saturation states, and have gained an important in-
fluence on primary production and trophic connec-
tions in the Great Lakes with the colonization of the 
lakes by the invasive bivalves Dreissena polymorpha 
(zebra mussel) and Dreissena rostriformis bugensis 
(quagga mussel). Dreissenid mussels are an unde-
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sirable invasive species that heavily colonized each 
of the Great Lakes during the 1990s and 2000s, ex-
cept Lake Superior, which has lower carbonate satu-
ration than the other lakes. The mean aragonite sat-
uration state (Ωarag) varies across the Great Lakes, 
with Ontario, Erie, and Michigan having values > 2.0, 
Huron at 0.96 ±0.62 (mean ±std. error) and Supe-
rior at 0.15 ±0.08 (NOAA OA Steering Committee, 
2010). It is not known whether Ωarag in the main ba-
sin of Lake Huron is low enough to stress and limit 
dreissenid biomass in that lake. Dreissenids may 
be most vulnerable during their larval veliger stage, 
as calcium levels below 8 mg L-1 lead to significant 
decreases in larval growth (Mackie & Claudi, 2009) 
and larval settlement may be prevented below pH of 
7.1 (Claudi et al., 2012).

Invasive quagga mussels (Inset photo; also referred to as dreiss-
enid mussels) carpet the bottom of Lake Michigan. Credit: NOAA

Fish are a primary means by which people interact 
with the Great Lakes, both culturally and economi-
cally. Acidification of poorly buffered fresh waters 
is known to cause mortality, reproductive failure, 
reduced growth rate, skeletal deformation, and in-
creased uptake of heavy metals in fish. Generally, 
pH values below 5.5 result in reduced reproductive 
success of fish, but some deleterious effects on sal-
monids have been recorded at pH values of 6.5–6.7. 
Salmonids in the Great Lakes include the native top 
predator, lake trout, along with important native for-
age fish, coregonids, and introduced Pacific salm-
on that are the basis of an economically-important 
sport fishery. While the pH of Great Lakes waters is 
not predicted to reach such low levels (Phillips et 
al., 2015), important spawning and nursery habitats 
in tributaries and wetlands may be vulnerable. Acid 

precipitation can also leach Al3+ from soils, which 
has been shown to be highly toxic to certain fish 
larvae (Haines, 1981). Intense rainfall events, which 
lead to a sudden decrease in pH (< 5.5), or increase 
in toxic metal ions (namely Al3+), in poorly buffered 
rivers may cause mortality of fish early life stages 
(Buckler et al., 1987; Hall, 1987), and has more se-
vere effects compared to chronic low pH conditions. 
Indirect effects on fish may result from changes in 
species composition of lower trophic levels that 
support fish growth and production (Haines, 1981).

Great Lakes biophysical models have been used to 
elucidate lake-wide circulation patterns (Beletsky & 
Schwab, 2008; Bennington et al., 2010), oxygen cy-
cling (Matsumoto et al., 2015), and the effects of in-
vasive dreissenid mussels and changing lake nutri-
ent concentrations on lakewide productivity (Pilcher 
et al., 2017; Rowe et al., 2017). Such models may 
be used to determine separate and combined ef-
fects of concurrent ecological stressors. Two Great 
Lakes biophysical models have included carbonate 
chemistry (Bennington et al., 2012 for Lake Superi-
or; Pilcher et al., 2017 for Lake Michigan). Continued 
development of biophysical and food web models 
should be conducted in coordination with observa-
tional and monitoring work. 

Research Objective 11.2: Conduct research 
on harmful algal bloom species and the 
influence of elevated pCO2, and temperature 
on bloom toxicity, concentration and 
frequency
Cyanobacterial harmful algal blooms are a recurring 
issue in eutrophic areas of the Great Lakes that has 
had significant economic impacts, and is a human 
health concern.

Action 11.2.1: Conduct monitoring and experiments 
to understand the influence of elevated pCO2 and 
temperature on bloom toxicity, concentration and 
frequency.

Action 11.2.2: Incorporate the influence of elevated 
pCO2 and temperature into models that can predict 
HAB occurrence in short-term forecasts and in lon-
ger-term scenarios to inform nutrient management 
decisions.
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Research Objective 11.3: Conduct research 
to understand the sensitivity of dreissenid 
mussels, plankton, fish, and other biota to 
changes in pH and carbonate saturation 
states, including early life stages 
The influence of elevated pCO2 on Great Lakes bio-
ta is relatively unknown at the organism, population, 
and ecosystem level, causing an unknown level of 
risk to an ecosystem that supports a multi-billion 
dollar tourism and sportfishing economy. 

Action 11.3.1: Given its marginal Ωarag values, and 
gradients in Ωarag, Lake Huron dreissenid distribu-
tions may be most sensitive to acidification, and 
could serve as an early indicator of changing trends 
in pH and Ωarag. Compare and contrast dreissenid 
distribution over time and with other lakes as a 
function of Ωarag.

Action 11.3.2: Conduct monitoring and experiments 
to understand the influence of elevated pCO2 on 
Great Lakes plankton community composition.

Action 11.3.3: Conduct monitoring and experiments 
to evaluate the influence of elevated pCO2 on early 
life stages of fish and dreissenid mussels.

Action 11.3.4: Focus research on nursery habitats 
for fish early life stages, such as poorly buffered 
tributaries and wetland habitats that currently expe-
rience fluctuating pH levels, and will be most at risk 
to anticipated pH declines.

Research Objective 11.4: Incorporate 
carbonate chemistry into biophysical and 
food web models to project the impacts 
of changing pH and carbonate saturation 
states on important ecological endpoints
Current biophysical models for the Great Lakes re-
gion often do not include effects of the carbonate 
system and pH on ecological endpoints.

Action 11.4.1: Develop biophysical models capable 
of simulating the carbonate system, pH, and Ωarag in 
the Great Lakes.

Action 11.4.2: As understanding develops regarding 
the influence of elevated pCO2 on Great Lakes biota, 
incorporate these mechanisms into biophysical and 
food web models.

Human Dimensions in the Great Lakes 
Region

Potential impacts of Great Lakes acidification are 
largely unknown at this time. If ecological impacts 
of acidification are documented in the Great Lakes, 
then it will be important to engage with stakehold-
ers in the region and evaluate economic impacts. 
Human dimensions of environmental stressors can 
be described as three points of interaction between 
human and environmental systems, 1) including hu-
man actions as causes for environmental changes, 
2) impacts on society, and 3) effective responses 
(NRC, 1992). NOAA in the Great Lakes Region en-
gages with a wide range of stakeholder groups in-
cluding drinking water system managers, hydroelec-
tric power managers, commercial shipping industry, 
coast guard, recreational and charter anglers, and 
environment protection agencies. These relation-
ships can serve as a foundation for human dimen-
sions work related to Great Lakes acidification. 

Researchers at NOAA's Great Lakes Environmenatal Research 
Laboratory, Lake Michigan Field Station use seine nets to moni-
tor larval white fish abundance for use in recruitment models for 
the lake whitefish fishery. Credit: NOAA

NOAA and its academic and government partners 
use social science methods such as needs assess-
ments, focus groups, and surveys to learn about 
the human dimensions of issues facing the Great 
Lakes. In 2018, the International Joint Commission 
(IJC) conducted a binational poll of residents of the 
Great Lakes basin, and identified over fifteen top 
of mind problems faced by the Great Lakes, which 
included pollution in general, invasive species, nui-
sance algae, and water levels (IJC, 2018), but acid-
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ification did not appear as a top of mind issue for 
the public. Recent studies have evaluated the eco-
nomic impact of the Great Lakes through fishery, 
shipping, and beach visits (NOAA, 2019; Wolf et 
al., 2017; Martin Associates, 2018). Environmental 
pressures on Great Lakes such as HABs in Lake 
Erie can cause $2.25 million to $5.58 million in lost 
fishing expenditures (Wolf et al., 2017). In addition 
to economic studies, there is a need to measure im-
pacts of environmental changes on quality of life, 
sense of place, and community wellbeing. Studying 
how stakeholders address uncertainty and long-
term changes and take precautionary actions fit 
NOAA’s vision of building healthy ecosystems, com-
munities and economies that are resilient in the 
face of change. For example, a focus group study 
documented the influence of Lake Erie HABs on de-
cision making by recreational and charter anglers 
and the potential utility of a HAB forecast to these 
stakeholders (Gill et al., 2018). While acidification is 
not currently a focus among Great Lakes stakehold-
ers or the research community, policy makers and 
resource managers should be informed about on-
going research directions. The sooner stakeholders 
and the public are engaged in research, the more 
likely they will be to trust the scientific information 
and to accept new management goals (Bauer et al., 
2010).

Research Objective 11.5: Engage 
stakeholders and public in the knowledge 
production process
The scientific research on Great Lakes acidification 
can have greater impact with better understanding 
of stakeholders’ and public needs and strengthened 
public trust and awareness of NOAA’s efforts.

Action 11.5.1: As research activities are undertak-
en, develop engagement, communication, and train-
ing programs to increase stakeholder and public 
awareness of NOAA’s acidification research as a 
scientific frontier. Test hypotheses about best ways 
to engage stakeholders and public.

Research Objective 11.6: Evaluate economic 
and social impacts of ecological outcomes 
or mitigation actions
Well-documented economic and social impacts 
help policy makers and the public to prioritize adap-
tion tasks and select mitigation actions. 

Action 11.6.1:  As the ecological impacts of Great 
Lakes acidification are identified, conduct vulnera-
bility assessments to identify sectors of the econo-
my that are vulnerable to Great Lakes acidification, 
and measure economic and social impacts of acid-
ification.



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  109

[INTRO] = Introduction; 

[NAT] = National Ocean & Great Lakes; 

[OO] = Open Ocean Region; 

[AK] = Alaska Region; 

[ARC] = Arctic Region; 

[WC] = West Coast Region; 

[PAC] = U.S. Pacific Islands Region; 

[SAG] = Southeast Atlantic & Gulf of Mexico Region; 

[FLC] = Florida Keys and Caribbean Region; 

[MAB] = Mid-Atlantic Bight Region; 

[NE] = New England Region; 

[GL] = Great Lakes Region

Aguilera, S. E., Cole, J., Finkbeiner, E. M., Le Cor-
nu, E., Ban, N. C., Carr, M. H., et al. (2015). 
Managing small-scale commercial fisheries 
for adaptive capacity: insights from dynamic 
social-ecological drivers of change in Monterey 
Bay. PLoS ONE, 10(3), e0118992. https://doi.
org/10.1371/journal.pone.0118992 [WC]

Ainsworth, C. H., Samhouri, J. F., Busch, D. S., 
Chueng, W. W. L., Dunne, J., & Okey, T. A. 
(2011). Potential impacts of climate change 
on northeast Pacific marine fisheries and food 
webs. ICES Journal of Marine Science, 68(6), 
1217–1229. [WC]

Alin, S., Brainard, R., Price, N., Newton, J., Cohen, A., 
Peterson, W., et al. (2015). Characterizing the 
natural system: Toward sustained, integrated 
coastal ocean acidification observing networks 
to facilitate resource management and deci-
sion support. Oceanography, 28(2), 92–107. 
[WC]

Alvarez-Filip, L., Dulvy, N. K., Gill, J. A., Cote, I. M., & 
Watkinson, A. R. (2009). Flattening of Caribbe-
an coral reefs: region-wide declines in archi-
tectural complexity. Proceedings of the Royal 
Society B, 276(1669), 3019–3025. https://doi.
org/10.1098/rspb.2009.0339 [FLC]

AMAP (2013). AMAP Assessment 2013: Arctic 
Ocean Acidification. Oslo, Norway: Arctic Mon-
itoring and Assessment Programme (AMAP). 
99 pp. [ARC]

AMAP (2018). AMAP Assessment 2018: Arctic 
Ocean Acidification. Tromsø, Norway: Arc-
tic Monitoring and Assessment Programme 
(AMAP), 187 pp. [ARC]

American Sportfishing Association (2013). 
American Sportfishing in America: An Eco-
nomic Force for Conservation, Alexandria, 
VA. Retrieved from http://asafishing.org/up-
loads/2011_ASASportfishing_in_America_Re-
port_January_2013.pdf [GL]

Anderson, D. M., Hoagland, P., Kaoru, Y., & White, A. 
W. (2000). Estimated annual economic im-
pacts from harmful algal blooms (HABs) in the 
United States. (No. WHOI-2000-11). Norman, 
OK: National Oceanic and Atmospheric Admin-
istration, National Severe Storms Laboratory. 
[SAG]

Anderson, L. G., Tanhua, T., Björk, G., Hjalmarsson, 
S., Jones, E. P., Jutterström, S., et al.. (2010). 
Arctic ocean shelf-basin interaction: An active 
continental shelf CO2 pump and its impact on 
the degree of calcium carbon solubility. Deep 
Sea Research Part I, 57(7), 869–879. https://
doi.org/10.1016/j.dsr.2010.03.012. [ARC]

Azetsu-Scott, K., Clarke, A., Falkner, K., Hamilton, 
J., Jones, E. P., Lee, C., et al. (2010). Calcium 
carbonate saturation states in the waters 
of the Canadian Arctic Archipelago and the 
Labrador Sea. Journal of Geophysical Re-
search, 115, C11021. https://doi.org/10.1029/
2009JC005917 [ARC]

Barange, M., Merino, G., Blanchard, J. L., Scholtens, 
J., Harle, J., Allison, E. A., et al. (2014). Im-
pacts of climate change on marine ecosystem 
production in societies dependent on fisheries. 
Nature Climate Change, 4, 211–216. https://doi.
org/10.1038/NCLIMATE2119 [AK]

Barange, M., Bahri, T., Beveridge, M. C. M., Co-
chrane, K. L., Funge-Smith, S., & Poulain, F. 
(Eds.) (2018). Impacts of climate change on 
fisheries and aquaculture: Synthesis of current 
knowledge, adaptation and mitigation options. 
FAO Fisheries and Aquaculture Technical Paper, 

References

https://doi.org/10.1098/rspb.2009.0339
https://doi.org/10.1098/rspb.2009.0339


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  110

627. Rome, Italy: Food and Agricultural Organi-
zation of the United Nations, 628 pp. [AK]

Bargu, S., White, J. R., Li, C., Czubakowski, J., & Ful-
weiler, R. W. (2011). Effects of freshwater input 
on nutrient loading, phytoplankton biomass, 
and cyanotoxin production in an oligohaline 
estuarine lake. Hydrobiologia, 661(1), 377–389. 
https://doi.org/10.1007/s10750-010-0545-8 
[SAG]

Barkley, H. C., Cohen, A. L., Golbuu, Y., Starczak, 
V. R., DeCarlo, T. M., & Shamberger, K. E. 
(2015). Changes in coral reef communities 
across a natural gradient in seawater pH. 
Science Advances, 1(5), e1500328. https://doi.
org/10.1126/sciadv.1500328 [INTRO]

Barton, A., Hales, B., Waldbusser, G. G., Langdon, 
C., & Feely, R.A. (2012). The Pacific oyster, 
Crassostrea gigas, shows negative correlation 
to naturally elevated carbon dioxide levels: 
Implications for near-term ocean acidifi-
cation effects. Limnology and Oceanogra-
phy, 57, 698–710. https://doi.org/10.4319/
lo.2012.57.3.0698 [WC]

Barton, A., Waldbusser, G. G., Feely, R. A., Weisberg, 
S. B., Newton, J. A., Hales, B., et al. (2015). 
Impacts of coastal acidification on the Pa-
cific Northwest shellfish industry and adap-
tation strategies implemented in response. 
Oceanography, 28(2), 146–159. https://doi.
org/10.5670/oceanog.2015.38 [WC]

Bates, N. R. (2015). Assessing ocean acidification 
variability in the Pacific-Arctic Region as part 
of the Russian-American Long-term Census 
of the Arctic (RUSALCA). Oceanography, 
28(3), 36–45. https://doi.org/10.5670/ocean-
og.2015.56 [ARC]

Bates, N. R., & Mathis, J. T. (2009). The Arctic 
Ocean marine carbon cycle: Evaluation of 
air-sea CO2 exchanges, ocean acidification 
impacts, and potential feedbacks. Biogeosci-
ences, 6, 2433–2459. https://doi.org/10.5194/
bg-6-2433-2009 [ARC]

Bates, N. R., Cai, W.-J., & Mathis, J. T. (2011). The 
ocean carbon cycle in the western Arctic 
Ocean: Distributions and air-sea fluxes of 
carbon dioxide. Oceanography, 34(3), 186–201. 
[ARC]

Bates, N. R., Astor, Y. M., Church, M. J., Currie, K., 
Dore, J. E., González-Dávila, M., et al. (2014a). 
A time-series view of changing ocean chem-
istry due to ocean uptake of anthropogenic 

CO2 and ocean acidification. Oceanography, 
27, 126–141. https://doi.org/10.5670/ocean-
og.2014.16 [OO][PAC]

Bates, N. R., Garley, R., Frey, K. E., Shake, K. L., & 
Mathis, J. T. (2014b). Sea-ice melt CO2-car-
bonate chemistry in the western Arctic Ocean: 
meltwater contributions to air-sea CO2 gas 
exchange, mixed-layer properties, and rates 
of net community production under sea ice. 
Biogeosciences, 11, 6769–6789. https://doi.
org/10.5194/bg-11-6769-2014 [ARC]

Bauer, M., Hoagland, P., Leschine, T. M., Blount, B. 
G., Pomeroy, C. M., Lampl, L. L., et al. (2010). 
The importance of human dimensions re-
search in managing harmful algal blooms. 
Frontiers in Ecology and the Environment, 8(2), 
75–83. https://doi.org/10.1890/070181 [GL]

Baumann, H. (2019). Experimental assessments of 
marine species sensitivities to ocean acidifica-
tion and co-stressors: How far have we come? 
Canadian Journal of Zoology, 97(5), 399–408. 
https://doi.org/10.1139/cjz-2018-0198 [NE]

Baumann, H., Talmage, S. C., & Gobler, C. J. (2012). 
Reduced early life growth and survival in a fish 
in direct response to increased carbon dioxide. 
Nature Climate Change, 2(1), 38–41. https://
doi.org/10.1038/nclimate1291 [NE]

Beare, D., McQuatters-Gollop, A., van der Hammen, 
T., Machiels, M., Teoh, S. J., & Hall-Spencer, 
J. M. (2013). Long-term trends in calcifying 
plankton and pH in the North Sea. PLoS ONE, 
8, e61175. https://doi.org/10.1371/journal.
pone.0061175 [INTRO]

Bednaršek, N., & Ohman, M. (2015). Changes in 
pteropod distributions and shell dissolution 
across a frontal system in the California 
Current System. Marine Ecology Progress 
Series, 523, 93–103. https://doi.org/10.3354/
meps11199 [WC]

Bednaršek, N., Feely, R. A., Reum, J. C. P., Peterson, 
B., Menkel, J., Alin, S. R., & Hales, B. (2014). 
Limacina helicina shell dissolution as an 
indicator of declining habitat suitability owing 
to ocean acidification in the California Current 
Ecosystem. Proceedings of the Royal Society 
B: Biological Sciences, 281(1785), 20140123. 
https://doi.org/10.1098/rspb.2014.0123 [OO]
[WC]

Bednaršek, N., Harvey, C. J., Kaplan, I. C., Feely, 
R. A., & Možina, J. (2016). Pteropods on the 
edge: Cumulative effects of ocean acidifica-

https://doi.org/10.1890/070181


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  111

tion, warming, and deoxygenation. Progress 
in Oceanography, 145, 1–24. https://doi.
org/10.1016/j.pocean.2016.04.002 [WC]

Bednaršek, N., Feely, R. A., Tolimieri, N., Hermann, 
A. J., Siedlecki, S. A., Waldbusser, G. G., et al. 
(2017a). Exposure history determines pteropod 
vulnerability to ocean acidification along the 
US West Coast. Scientific Reports, 7(1), 4526. 
https://doi.org/10.1038/s41598-017-03934-z 
[OO][WC]

Bednaršek, N., Klinger, T., Harvey, C. J., Weisberg, 
S., McCabe, R. M., Feely, R. A., et al. (2017b). 
New ocean, new needs: Application of ptero-
pod shell dissolution as a biological indicator 
for marine resource management. Ecological 
Indicators, 76, 240–244. [INTRO][WC] 

Bednaršek, N., Feely, R. A., Beck, M. W., Glippa, 
O., Kanerva, M., & Engström-Öst, J. (2018). El 
Niño-related thermal stress coupled with up-
welling-related ocean acidification negatively 
impacts cellular to population-level responses 
in pteropods along the California Current Sys-
tem with implications for increased bioener-
getic costs. Frontiers in Marine Science, 5, 486. 
https://doi.org/10.3389/fmars.2018.00486 
[OO][WC]

Bednaršek, N., Feely, R. A., Howes, E. L., Hunt, B. P. 
V., Kessouri, F., León, P., et al. (2019). Systemat-
ic review and meta-analysis toward synthesis 
of thresholds of ocean acidification impacts 
on calcifying pteropods and interactions with 
warming. Frontiers in Marine Science, 6, 227. 
https://doi.org/10.3389/fmars.2019.00227 
[WC]

Bednaršek, N., Feely, R. A., Beck, M. W., Alin, S. R., 
Siedlecki, S. A., Calosi, P., et al. (2020). Exo-
skeleton dissolution with mechanoreceptor 
damage in larval Dungeness crab related to 
severity of present-day ocean acidification 
vertical gradients. Science of the Total Environ-
ment, 716, 136610. https://doi.org/10.1016/j.
scitotenv.2020.136610 [WC]

Bednaršek, N., Carter, B. R., McCabe, R. M., Feely, 
R. A., Chavez, F. P., Elliott, M., et al. (in review). 
Rapid and persistent pelagic gastropods 
collapse due to extreme climatic events and 
ocean acidification. Submitted to Nature Com-
munications. [OO]

Beletsky, D., & Schwab, D. (2008). Climatological 
circulation in Lake Michigan. Geophysical 
Research Letters, 35(21), L21604. https://doi.
org/10.1029/2008GL035773 [GL]

Bennett, N. J. (2019). Marine social science for 
the peopled seas. Coastal Management, 47(2), 
244–253. https://doi.org/10.1080/08920753.2
019.1564958 [PAC]

Bennett, N. J., Blythe, J., Tyler, S., & Ban, N. C. 
(2016). Communities and change in the anthro-
pocene: Understanding social-ecological vul-
nerability and planning adaptations to multiple 
interacting exposures. Regional Environmental 
Change, 16(4), 907–926. [WC]

Bennington, V., McKinley, G. A., Kimura, N., & Wu, 
C. H. (2010). General circulation of Lake 
Superior: Mean, variability, and trends from 
1979 to 2006. Journal of Geophysical Re-
search: Oceans, 115(C12), C12015. https://doi.
org/10.1029/2010JC006261 [GL]

Bennington, V., McKinley, G. A., Urban, N. R., & 
McDonald, C. P. (2012). Can spatial heteroge-
neity explain the perceived imbalance in Lake 
Superior’s carbon budget? A model study. 
Journal of Geophysical Research: Biogeoscienc-
es, 117(G3), G03020. https://doi.org/10.1029/
2011JG001895 [GL]

Benthuysen, J., Thomas, L. N., & Lentz, S. J. (2015). 
Rapid generation of upwelling at a shelf break 
caused by buoyancy shutdown. Journal of 
Physical Oceanography, 45(1), 294–312. [MAB]

Bercel, T. L., & Kranz, S. A. (2019). Insights into car-
bon acquisition and photosynthesis in Karenia 
brevis under a range of CO2 concentrations. 
Progress in Oceanography, 172, 65–76. https://
doi.org/10.1016/j.pocean.2019.01.011 [SAG]

Berman, M., & Schmidt, J. I. (2019). Economic 
effects of climate change in Alaska. Weather, 
Climate, and Society, 11, 245–258. https://doi.
org/10.1175/WCAS-D-18-0056.1 [ARC]

Bignami, S., Enochs, I. C., Manzello, D. P., Sponau-
gle, S., & Cowen, R. K. (2013). Ocean acidifi-
cation alters the otoliths of a pantropical fish 
species with implications for sensory function. 
Proceedings of the National Academy of Sci-
ences USA, 110(18), 7366–7370. https://doi.
org/10.1073/pnas.1301365110 [FLC]

Bishop, R. C., Chapman, D. J., Kanninen, B. J., Kros-
nick, J. A., Leeworthy, B., & Meade, N. F. (2011). 
Total economic value for protecting and restor-
ing Hawaiian coral reef ecosystems: Final re-
port. NOAA Technical Memorandum CRCP 16. 
NOAA Office of National Marine Sanctuaries, 
Office of Response and Restoration, and Coral 
Reef Conservation Program. 406 pp. [PAC]



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  112

Bluhm, B. A., Iken, K., Mincks, S. L., Sirneko, B. I., 
& Holladay, B. A. (2009). Community struc-
ture of epibenthic megafauna in the Chukchi 
Sea. Aquatic Biology, 7, 269–293. https://doi.
org/10.3354/ab00198 [ARC]

Boehme, S. E., Sabine, C. L., & Reimers, C. E. 
(1998). CO2 fluxes from a coastal transect: A 
time-series approach. Marine Chemistry, 63(1-
2), 49–67. [MAB]

Boulais, M., Chenevert, K. J., Demey, A. T., Darrow, 
E. S., Robison, M. R., Roberts, J. P., & Volety, A. 
(2017). Oyster reproduction is compromised by 
acidification experienced seasonally in coastal 
regions. Scientific Reports, 7(1), 13276. https://
doi.org/10.1038/s41598-017-13480-3 [MAB]

Boyd, P. W., Claustre, H., Levy, M., Siegel, D. A., & 
Weber, T. (2019). Multi-faceted particle pumps 
drive carbon sequestration in the ocean. Na-
ture, 568, 327–335. https://doi.org/10.1038/
s41586-019-1098-2 [OO]

Brainard, R. E., Oliver, T., McPhaden, M. J., Cohen, 
A., Venegas, R., Heenan, A., et al. (2018). Eco-
logical impacts of the 2015/16 El Niño in the 
central equatorial Pacific. Bulletin of the Amer-
ican Meteorological Society, 99(1), S21–S26. 
https://doi.org/10.1175/BAMS-D-17-0128.1 
[PAC]

Brander, L., & van Beukering, P. (2013). The Total 
Economic Value of US Coral Reefs: A Review of 
the Literature. Silver Spring, MD: NOAA Coral 
Reef Conservation Program, N/OCRM. [PAC]

Breitburg, D. L., Salisbury, J., Bernhard, J. M., Cai, 
W.-J., Dupont, S., Doney, S. C., et al. (2015). And 
on top of all that… Coping with ocean acidifi-
cation in the midst of many stressors. Ocean-
ography, 28, 48–61. https://doi.org/10.5670/
oceanog.2015.31 [AK][ARC]

Breslow, S. J., Sojka, B., Barnea, R., Basurto, X., 
Carothers, C., Charnley, S., et al. (2016). 
Conceptualizing and operationalizing human 
wellbeing for ecosystem assessment and 
management. Environmental Science & Policy, 
66, 250–259. https://doi.org/10.1016/j.envs-
ci.2016.06.023 [WC]

Bresnahan, P. J., Martz, T. R., Takeshita, Y., Johnson, 
K. S., & LaShomb, M. (2014). Best practices 
for autonomous measurement of seawater pH 
with the Honeywell Durafet. Methods in Ocean-
ography, 9, 44–60. https://doi.org/10.1016/J.
MIO.2014.08.003 [WC]

Bricker, S. B., Longstaff, B., Dennison, W., Jones, A., 
Boicourt, K., Wicks, C., & Woerner, J. (2008). 
Effects of nutrient enrichment in the nation’s 
estuaries: A decade of change. Harmful Algae, 
8(1), 21–32. [MAB]

Brooke, S., Watts, M., Heil, A., Rhode, M., Mienis, F., 
Duineveld, G., et al. (2017). Distributions and 
habitat associations of deep-water corals in 
Norfolk and Baltimore Canyons, Mid-Atlantic 
Bight, USA. Deep Sea Research Part II: Topi-
cal Studies in Oceanography, 137, 131–147. 
https://doi.org/10.1016/j.dsr2.2016.05.008 
[MAB]

Buckler, D. R., Mehrle, P. M., Cleveland, L., & Dwyer, 
F. J. (1987). Influence of pH on the toxicity of 
aluminium and other inorganic contaminants 
to East Coast striped bass. Water, Air, and Soil 
Pollution, 35(1-2), 97–106. [GL]

Buitenhuis, E. T., Le Quéré, C., Bednaršek, N., & 
Schiebel, R. (2019). Large contribution of 
pteropods to shallow CaCO3 export. Global 
Biogeochemical Cycles, 33, 458–468. https://
doi.org/10.1029/2018GB006110 [OO]

Busch, D. S., & McElhany, P. (2016). Estimates of 
the direct effect of seawater pH on the survival 
rate of species groups in the California Cur-
rent Ecosystem. PLoS ONE, 11(8), e0160669. 
https://doi.org/10.1371/journal.pone.0160669 
[WC]

Busch, D. S., & McElhany, P. (2017). Using miner-
alogy and higher-level taxonomy as indicators 
of species sensitivity to pH: A case-study of 
Puget Sound. Elementa, 5, 53. https://doi.
org/10.1525/elementa.245 [WC]

Busch, D. S., Harvey, C. J., & McElhany, P. (2013). 
Potential impacts of ocean acidification on 
the Puget Sound food web. ICES Journal of 
Marine Science, 70(4), 823–833. https://doi.
org/10.1093/icesjms/fst061 [INTRO][WC]

Busch, D. S., Maher, M., Thibodeau, P., & McElhany, 
P. (2014). Shell condition and survival of Puget 
Sound pteropods are impaired by ocean acid-
ification conditions. PLoS ONE, 9(8), e105884. 
https://doi.org/10.1371/journal.pone.0105884 
[INTRO][WC]

Busch, D. S., Bennett-Mintz, J., Armstrong, C. T., 
Jewett, L., Gledhill, D., & Ombres, E. (2018). 
NOAA Ocean Acidification Program: Taking 
Stock and Looking Forward, A summary of 
the 2017 Principal Investigator’s Meeting. U.S. 
Department of Commerce, NOAA Technical 



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  113

Memorandum OAR-OAP-1, 52 pp. [INTRO]

Bushinsky, S. M., Takeshita, Y., & Williams, N. L. 
(2019). Observing changes in ocean carbonate 
chemistry: Our autonomous future. Current 
Climate Change Reports, 5, 207–220. https://
doi.org/10.1007/s40641-019-00129-8 [OO]

Byrne, R. H., Mecking, S., Feely, R. A., & Liu, X. 
(2010). Direct observations of basin-wide acid-
ification of the North Pacific Ocean. Geophys-
ical Research Letters, 37, L02601. https://doi.
org/10.1029/2009GL040999 [OO]

CAFF (2013). Arctic Biodiversity Assessment. 
Status and Trends in Arctic Biodiversity. Con-
servation of Arctic Flora and Fauna, Akureyri. 
Retrieved from https://www.caff.is/assess-
ment-series/arctic-biodiversity-assessment 
[ARC]

Cai, W.-J., Hu, X., Huang, W.-J., Murrell, M. C., Leh-
rter, J. C., Lohrenz, S. E., et al. (2011). Acidifi-
cation of subsurface coastal waters enhanced 
by eutrophication. Nature Geoscience, 4(11), 
766–770. https://doi.org/10.1038/ngeo1297 
[SAG][MAB]

Caldeira, K., & Wickett, M. E. (2003). Anthropo-
genic carbon and ocean pH. Nature, 425, 365. 
[INTRO]

Calvo, L. (2018). New Jersey Shellfish Aquaculture 
Situation and Outlook Report 2016 Production 
Year, New Jersey Sea Grant Publication #18-
931. Retrieved (September 2019) from http://
njseagrant.org/new-jersey-shellfish-aquacul-
ture-situation-outlook-report-new/ [MAB]

Carmack, E. C., Yamamoto-Kawai, M., Haine, T. 
W. N., Baron, S., Bluhm, B. A., Lique, C., et al. 
(2016). Freshwater and its role in the Arctic 
Marine System: Sources, disposition, stor-
age, export, and physical and biogeochem-
ical consequences in the Arctic and global 
oceans. Journal of Geophysical Research–Bio-
geosciences, 121(3), 675–717. https://doi.
org/10.1002/2015JG003140 [ARC]

Caron, D. A., & Hutchins, D. A. (2012). The effects 
of changing climate on microzooplankton 
grazing and community structure: Drivers, 
predictions and knowledge gaps. Journal of 
Plankton Research, 35(2), 235–252. https://doi.
org/10.1093/plankt/fbs091 [SAG]

Carter, B. R., Frölicher, T. L., Dunne, J. P., Rodgers, K. 
B., Slater, R. D., & Sarmiento, J. L. (2016). When 
can ocean acidification impacts be detected 

from decadal alkalinity measurements?, Global 
Biogeochemical Cycles, 30, 595–612. https://
doi.org/10.1002/2015GB005308 [OO]

Carter, B. R., Feely, R. A., Mecking, S., Cross, J. 
N., Macdonald, A. M., Siedlecki, S. A., et al. 
(2017). Two decades of Pacific anthropogenic 
carbon storage and OA along Global Ocean 
Ship-based Hydrographic Investigations 
Program sections P16 and P02. Global Biogeo-
chemical Cycles, 31(2), 306–327. https://doi.
org/10.1002/2016GB005485 [OO][AK]

Carter, B. R., Feely, R. A., Wanninkhof, R., Kouket-
su, S., Sonnerup, R. E., Pardo, P. C., et al. 
(2019a). Pacific anthropogenic carbon be-
tween 1991 and 2017. Global Biogeochem-
ical Cycles, 33(5), 597–617. https://doi.
org/10.1029/2018GB006154 [OO][WC] [AK]

Carter, B. R., Williams, N. L., Evans, W., Fassbend-
er, A. J., Barbero, L., Hauri, C., et al. (2019b). 
Time of detection as a metric for prioritizing 
between climate observation quality, fre-
quency, and duration. Geophysical Research 
Letters, 46(7), 3853–3861. https://doi.
org/10.1029/2018GL080773 [WC]

Chambers, R. C., Candelmo, A., Habeck, E., Poach, 
M., Wieczorek, D., Cooper, K., et al. (2014). 
Effects of elevated CO2 in the early life stages 
of summer flounder, Paralichthys dentatus, and 
potential consequences of ocean acidification. 
Biogeosciences, 11(6), 1613–1626. [MAB][NE]

Chan, F., Barth, J. A., Blanchette, C. A., Byrne, R. H., 
Chavez, F., Cheriton, O., et al. (2017). Persistent 
spatial structuring of coastal ocean acidifica-
tion in the California Current System. Scientific 
Reports, 7, 2526. https://doi.org/10.1038/
s41598-017-02777-y [WC]

Chapra, S. C., Dove, A., & Warren, G. J. (2012). 
Long-term trends of Great Lakes major ion 
chemistry. Journal of Great Lakes Research, 
38(3), 550–560. [GL]

Chavez, F. P., Pennington, J. T., Michisaki, R. P., 
Blum, M., Chavez, G. M., Friederich, J., et 
al. (2017) Climate variability and change: 
Response of a coastal ocean ecosystem. 
Oceanography, 30(4),128–145. https://doi.
org/10.5670/oceanog.2017.429 [WC]

Chen, C.-T. A., Wei, C.-L., & Rodman, M. R. (1985). 
Carbonate chemistry of the Bering Sea. Report 
no. DOE/EV/10611-5; Contract no.: DOE-AT06-
81EV10611. Washington, D.C:.U.S. Department 
of Energy, Office of Energy Research, Office of 



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  114

Basic Energy Sciences, Carbon Dioxide Re-
search Division. [ARC]

Chen, S., Hu, C., Barnes, B. B., Wanninkhof, R., Cai, 
W.-J., Barbero, L., & Pierrot, D. (2019). A ma-
chine learning approach to estimate surface 
ocean pCO2 from satellite measurements. 
Remote Sensing of Environment, 228, 203–226. 
https://doi.org/10.1016/j.rse.2019.04.019 
[SAG]

Chesapeake Bay Foundation (2020). The State 
of the Bay’s Oyster Fishery. Retrieved from 
https://www.cbf.org/issues/fisheries/the-state-
of-todays-oyster-fishery.html. [MAB]

CITES (2003). Progress on the implementation of 
the review of significant trade (phases IV and 
V). Report to the Nineteenth Meetings of the 
CITES Animals Committee. AC19 Doc. 8.3. 
Convention on International Trade in Endan-
gered Species [FLC]

Clark, H. R., & Gobler, C. J. (2016). Diurnal fluctu-
ations in CO2 and dissolved oxygen concen-
trations do not provide a refuge from hypoxia 
and acidification for early-life-stage bivalves. 
Marine Ecology Progress Series, 558, 1–14. 
https://doi.org/10.3354/meps11852 [MAB]

Claudi, R., Graves, A., Taraborelli, A. C., Prescott, R. 
J., & Mastitsky, S. E. (2012). Impact of pH on 
survival and settlement of dreissenid mussels. 
Aquatic Invasions, 7(2), 21–28. https://doi.
org/10.3391/ai.2012.7.1.003 [GL]

Clements, J. C., & Chopin, T. (2017). Ocean acidifi-
cation and marine aquaculture in North Ameri-
ca: Potential impacts and mitigation strategies. 
Reviews in Aquaculture, 9(4), 326–341. [MAB]
[NE]

Clements, J. C., & Hunt, H. L. (2014). Influence 
of sediment acidification and water flow on 
sediment acceptance and dispersal of juvenile 
soft-shell clams (Mya arenaria L.). Journal of 
Experimental Marine Biology and Ecology, 453, 
62–69. [MAB][NE]

Clements, J. C., & Hunt, H. L. (2015). Marine animal 
behaviour in a high CO2 ocean. Marine Ecology 
Progress Series, 536, 259–279. https://doi.
org/10.3354/meps11426 [AK]

Clements, J. C., & Hunt, H. L. (2018). Testing for 
sediment acidification effects on within-sea-
son variability in juvenile soft-shell clam (Mya 
arenaria) abundance on the northern shore of 
the Bay of Fundy. Estuaries and Coasts, 41(2), 

471–483. [INTRO][NE]

Coffey, W. D., Nardone, J. A., Yarram, A., Long, W. 
C., Swiney, K. M., Foy, R. J., & Dickinson, G. H. 
(2017). Ocean acidification leads to altered 
micromechanical properties of the mineral-
ized cuticle in juvenile red and blue king crabs. 
Journal of Experimental Marine Biology and 
Ecology, 495, 1–12. https://doi.org/10.1016/j.
jembe.2017.05.011 [AK]

Colburn, L. L., Jepson, M., Weng, C., Seara, T., 
Weiss, J., & Hare, J. A. (2016). Indicators of cli-
mate change and social vulnerability in fishing 
dependent communities along the Eastern and 
Gulf Coasts of the United States. Marine Policy, 
74, 323–333. [NE]

Cooley, S. R., & Doney, S. C. (2009). Anticipating 
ocean acidification’s economic consequenc-
es for commercial fisheries. Environmental 
Research Letters, 4, 024007. https://doi.
org/10.1088/1748-9326/4/2/024007 [OO]
[PAC]

Cooley, S. R., Lucey, N., Kite-Powell, H. L., & Do-
ney, S. C. (2012). Nutrition and income from 
molluscs today imply vulnerability to ocean 
acidification tomorrow. Fish and Fisheries, 
13, 182–215. https://doi.org/10.1111/j.1467-
2979.2011.00424.x [OO]

Cooley, S. R., Rheuban, J., Hart, D., Luu, V., Glover, 
D., Hare, J., & Doney, S. (2015). An integrat-
ed assessment model for helping the United 
States sea scallop (Placopecten magellanicus) 
fishery plan ahead for ocean acidification and 
warming. PLoS ONE, 10(5), e0124145. https://
doi.org/10.1371/journal.pone.0124145 [NE]

Cooley, S. R, Ono, C. R., Melcer, S., & Roberson, 
J. (2016) Community-level actions that can 
address ocean acidification. Frontiers in Ma-
rine Science, 2, 128. https://doi.org/10.3389/
fmars.2015.00128 [OO]

Cooper, H. L., Potts, D. C., & Paytan, A. (2016). 
Effects of elevated pCO2 on the survival, 
growth, and moulting of the Pacific krill spe-
cies, Euphausia pacifica. ICES Journal of 
Marine Science, 74(4), 1005–1012. https://doi.
org/10.1093/icesjms/fsw021 [ARC]

Crane, K., & Ostrovskiy, A. (2015). Russian-Amer-
ican Long-Term Census of the Arctic: 
RUSALCA. Oceanography, 28(3), 18–23. 
https://doi.org/0.5670/oceanog.2015.54 [ARC]

Crook, E. D.,  Cohen, A. L., Rebolledo-Vieyra, M., 

https://doi.org/10.1371/journal.pone.0124145


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  115

Hernandez, L., & Paytan, A. (2013). Reduced 
calcification and lack of acclimatization by cor-
al colonies growing in areas of persistent nat-
ural acidification. Proceedings of the National 
Academy of Sciences USA, 110, 11044–11049. 
https://doi.org/10.1073/pnas.1301589110 
[FLC]

Cross, J. N., Mathis, J. T., Bates, N. R., & Byrne, R. 
H. (2013). Conservative and non-conservative 
variations of total alkalinity on the south-
eastern Bering Sea shelf. Marine Chemistry, 
154, 100–112. https://doi.org/10.1016/j.
marchem.2013.05.012 [AK]

Cross, J. N., Mathis, J. T., Lomas, M. W., Moran, S. 
B., Baumann, M. S., Shull, D. H., et al. (2014). 
Integrated assessment of the carbon budget 
in the southeastern Bering Sea. Deep Sea 
Research Part II, 109, 112–124, https://doi.
org/10.1016/j.dsr2.2014.03.003 [AK]

Cross, J. N., Mordy, C. W., Tabisola, H. M., Mein-
ig, C., Cokelet, E. D., & Stabeno, P. J. (2016). 
Innovative technology development for 
Arctic Exploration. Oceans 2015, MTS-IEEE 
Washington, D.C. https://doi.org/10.23919/
OCEANS.2015.7404632 [ARC]

Cross, J. N., Mathis, J. T., Pickart, R. S., & Bates, N. 
R. (2018). Formation and transport of corro-
sive water in the Pacific Arctic region. Deep-
Sea Research Part II, 152, 67–81. https://doi.
org/10.1016/j.dsr2.2018.05.020 [ARC]

Cyronak, T., Santos, I. R., & Eyre, B. D. (2013). Per-
meable coral reef sediment dissolution driven 
by elevated pCO2 and pore water advection. 
Geophysical Research Letters, 40(18), 4876–
4881. https://doi.org/10.1002/grl.50948 [FLC]

Cyronak, T., Andersson, A. J., Langdon, C., Albright, 
R., Bates, N. R., Caldeira, K., et al. (2018). 
Taking the metabolic pulse of the world’s coral 
reefs. PLoS ONE, 13(1), e0190872. https://doi.
org/10.1371/journal.pone.0190872 [FLC]

Darnis, G., Barber, D. G., & Fortier, L. (2008). Sea ice 
and the onshore-offshore gradient in pre-win-
ter zooplankton assemblages in southeastern 
Beaufort Sea. Journal of Marine Systems, 
74(3-4), 994–1011. https://doi.org/10.1016/j.
jmarsys.2007.09.003 [ARC]

Davis, C. V., Rivest, E. B., Hill, T. M., Gaylord, B., 
Russell, A. D., & Sanford, E. (2017). Ocean acid-
ification compromises a planktic calcifier with 
implications for global carbon cycling. Scientif-
ic Reports, 7(1), 2225. https://doi.org/10.1038/

s41598-017-01530-9 [WC]

DeCarlo, T. M., Cohen, A. L., Barkley, H. C., Cobban, 
Q., Young, C., Shamberger, K. E., et al. (2015). 
Coral macrobioerosion is accelerated by OA 
and nutrients. Geology, 43(1), 7–10. https://doi.
org/10.1130/G36147.1 [PAC]

de Moel, H., Ganssen, G. M., Peeters, F. J. C., Jung, 
S. J. A., Kroon, D., Brummer, G. J. A., & Zeebe, 
R. E. (2009). Planktic foraminiferal shell thin-
ning in the Arabian Sea due to anthropogenic 
ocean acidification? Biogeosciences, 6, 1917–
1925. [INTRO]

Dery, A., Collard, M., & Dubois, P. (2017). Ocean 
acidification reduces spine mechanical 
strength in euechinoid but not in cidaroid sea 
urchins. Environmental Science & Technology, 
51(7), 3640–3648. https://doi.org/10.1021/
acs.est.6b05138 [FLC]

De Stasio, B. T., Hill, D. K., Kleinhans, J. M., Nibbe-
link, N. P., & Magnuson, J. J. (1996). Potential 
effects of global climate change on small 
north‐temperate lakes: Physics, fish, and 
plankton. Limnology and Oceanography, 41(5), 
1136–1149. [GL]

DeVries, T. (2014). The oceanic anthropogenic 
CO2 sink: Storage, air-sea fluxes, and trans-
ports over the industrial era. Global Biogeo-
chemical Cycles, 28, 631–647. https://doi.
org/10.1002/2013GB004739 [OO]

DeVries, T., Holzer, M., & Primeau, F. (2017). Re-
cent increase in oceanic carbon uptake driven 
by weaker upper-ocean overturning. Nature, 
542(7640), 215–218. https://doi.org/10.1038/
nature21068 [OO]

De Wit, P., Dupont, S., & Thor, P. (2016). Selection 
on oxidative phosphorylation and ribosomal 
structure as a multigenerational response to 
ocean acidification in the common copepod 
Pseudocalanus acuspes. Evolutionary Applica-
tions, 9, 1112–1123. https://doi.org/10.1111/
eva.12335 [ARC]

Di Lorenzo, E., & Mantua, N. (2016). Multi-year per-
sistence of the 2014/15 North Pacific marine 
heatwave. Nature Climate Change, 6, 1042–
1047. https://doi.org/10.1038/nclimate3082 
[OO]

Dixon, G. B., Davies, S. W., Aglyamova, G. V., Meyer, 
E., Bay, L. K., & Matz, M. V. (2015). Genomic 
determinants of coral heat tolerance across 
latitudes. Science, 348(6242), 1460–1462. 

https://doi.org/10.1016/j.marchem.2013.05.012
https://doi.org/10.1016/j.marchem.2013.05.012
https://doi.org/10.1016/j.dsr2.2014.03.003
https://doi.org/10.1016/j.dsr2.2014.03.003


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  116

https://doi.org/10.1126/science.1261224 [FLC]

Dore, J. E., Lukas, R., Sadler, D. W., Church, M. J., & 
Karl, D. M. (2009). Physical and biogeochem-
ical modulation of ocean acidification in the 
central North Pacific. Proceedings of the Na-
tional Academy of Sciences of the United States 
of America, 106(30), 12235–12240. https://doi.
org/10.1073/pnas.0906044106 [PAC]

Duarte, C. M., Hendriks, I. E., Moore, T. S., Olsen, Y. 
S., & Steckbauer, A.. (2013). Is ocean acidifi-
cation an open-ocean syndrome? Understand-
ing anthropogenic impacts on seawater pH. 
Estuaries and Coasts, 36, 221–236. https://doi.
org/10.1007/s12237-013-9594-3 [FLC]

Dubik, B. A., Clark, E. C., Young, T., Zigler, S. B. 
J., Provost, M. M., Pinsky, M. L., & Martin, K. 
S. (2019). Governing fisheries in the face of 
change: Social responses to long-term geo-
graphic shifts in a US fishery. Marine Policy, 99, 
243–251. [MAB]

Duncan, B. E., Higgason, K. D., Suchanek, T. H., 
Largier, J., Stachowicz, J., Allen, S., et al. 
(2014). Ocean Climate Indicators: A Monitoring 
Inventory and Plan for Tracking Climate Change 
in the North-central California Coast and Ocean 
Region. Report of a Working Group of the Gulf 
of the Farallones National Marine Sanctuary 
Advisory Council. Marine Sanctuaries Conser-
vation Series ONMS-14-09. Silver Spring, MD: 
U.S. Department of Commerce, National Oce-
anic and Atmospheric Administration, Office of 
National Marine Sanctuaries. 81 pp. [WC]

Dunne, J. P., John, J. G., Adcroft, A. J., Griffies, 
S. M., Hallberg, R. W., Shevliakova, E., et al. 
(2012a). GFDL’s ESM2 global coupled climate–
carbon earth system models. Part I: Physical 
formulation and baseline simulation character-
istics. Journal of Climate, 25(19), 6646–6665. 
https://doi.org/10.1175/JCLI-D-11-00560.1 
[OO]

Dunne, J. P., Hales, B., & Toggweiler, J. R. (2012b). 
Global calcite cycling constrained by sedi-
ment preservation controls. Global Biogeo-
chemical Cycles, 26(3), GB3023. https://doi.
org/10.1029/2010GB003935 [OO]

Dunne, J. P., John, J. G., Shevliakova, E., Stouffer, R. 
J., Krasting, J. P., Malyshev, S. L., et al. (2013). 
GFDL’s ESM2 global coupled climate–carbon 
earth system models. Part II: Carbon system 
formulation and baseline simulation character-
istics. Journal of Climate, 26(7), 2247–2267. 
https://doi.org/10.1175/JCLI-D-12-00150.1 

[OO] 

Edwards, P. E. T. (Ed.) (2013). Summary Report: 
The Economic Value of U.S. Coral Reefs. Silver 
Spring, MD: NOAA Coral Reef Conservation 
Program. 28 pp. [NAT]

Ekstrom, J. A., Suatoni, L., Cooley, S. R., Pendle-
ton, L. H., Waldbusser, G. G., Cinner, J. E., et 
al. (2015). Vulnerability and adaptation of US 
shellfisheries to ocean acidification. Nature 
Climate Change, 5, 207–214. https://doi.
org/10.1038/nclimate2508 [SAG][MAB][NE]

Engström-Öst, J., Glippa, O., Feely, R. A., Kaner-
va, M., Keister, J. E., Alin, S. R., et al. (2019). 
Eco-physiological responses of copepods and 
pteropods to ocean warming and acidifica-
tion. Scientific Reports, 9(1), 4748. https://doi.
org/10.1038/s41598-019-41213-1 [OO][WC]

Enochs, I. C., Manzello, D. P., Carlton, R., Schopmey-
er, S., van Hooidonk, R., & Lirman, D. (2014). Ef-
fects of light and elevated pCO2 on the growth 
and photochemical efficiency of Acropora 
cervicornis. Coral Reefs, 33, 477–485. https://
doi.org/10.1007/s00338-014-1132-7 [FLC]

Enochs, I. C, Manzello, D. P., Donham, E. M., 
Kolodziej, G., Okano, R., Johnston, L., et al. 
(2015a). Shift from coral to macroalgae dom-
inance on a volcanically acidified reef. Nature 
Climate Change, 5, 1083–1089. https://doi.
org/10.1038/nclimate2758 [INTRO][FLC]

Enochs, I. C., Manzello, D. P., Carlton, R. D., Graham, 
D. M., Ruzicka, R., & Colella, M. A. (2015b). 
Ocean acidification enhances the bioerosion of 
a common coral reef sponge: implications for 
the persistence of the Florida Reef Tract. Bulle-
tin of Marine Science, 92(2), 271–290. [FLC]

Enochs, I. C., Manzello, D. P., Kolodziej, G., Noonan, 
S. H. C., Valentino, L., & Fabricius, K. E. (2016a). 
Enhanced macroboring and depressed calci-
fication drive net dissolution at high-CO2 coral 
reefs. Proceedings of the Royal Society B: Bio-
logical Sciences, 283(1842), 20161742. https://
doi.org/10.1098/rspb.2016.1742  [PAC][FLC]

Enochs, I. C., Manzello, D. P., Wirshing, H. H., Carl-
ton, R., Serafy, J. (2016b). Micro-CT analysis 
of the Caribbean octocoral Eunicea flexuosa 
subjected to elevated pCO2. ICES Journal of 
Marine Science, 73(3), 910–919. https://doi.
org/10.1093/icesjms/fsv159 [FLC]

Enochs, I. C., Manzello, D. P., Jones, P. R., Stamates, 
S. J., & Carsey, T. P. (2019). Seasonal carbon-

https://doi.org/10.1007/s00338-014-1132-7
https://doi.org/10.1007/s00338-014-1132-7


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  117

ate chemistry dynamics on southeast Florida 
coral reefs: Localized acidification hotspots 
from navigational inlets. Frontiers in Marine 
Science, 6, 160. https://doi.org/10.3389/
fmars.2019.00160 [FLC][SAG]

Errera, R. M., Yvon-Lewis, S., Kessler, J. D., & 
Campbell, L. (2014). Responses of the dino-
flagellate Karenia brevis to climate change: 
pCO2 and sea surface temperatures. Harmful 
Algae 37, 110–116. https://doi.org/10.1016/j.
hal.2014.05.012 [SAG]

Evans, L. S., Hicks, C. C., Fidelman, P., Tobin, R. C., 
& Perry, A. L. (2013). Future scenarios as a 
research tool: Investigating climate change 
impacts, adaptation options and outcomes for 
the Great Barrier Reef, Australia. Human Ecol-
ogy, 41(6), 841–857. https://doi.org/10.1007/
s10745-013-9601-0 [WC]

Evans, W., Mathis, J. T., Cross, J. N., Bates, N. 
R., Frey, K. E., Else, B. G. T., et al. (2015). 
Sea-air CO2 exchange in the western Arc-
tic coastal ocean. Global Biogeochemical 
Cycles, 29(8), 1190–1209. https://doi.
org/10.1002/2015GB005153 [ARC]

Evans, W., Pocock, K., Hare, A., Weekes, C., Hales, 
B., Jackson, J., et al. (2019). Marine CO2 
patterns in the northern Salish Sea. Fron-
tiers in Marine Science, 5, 536. https://doi.
org/10.3389/fmars.2018.00536 [WC]

Eyre, B. D., Andersson A. J., & Cyronak T. (2014). 
Benthic coral reef calcium carbonate disso-
lution in an acidifying ocean. Nature Climate 
Change, 4, 969–976 [FLC]

Eyre, B. D., Cyronak, T., Drupp, P., De Carlo, E. H., 
Sachs, J. P., & Andersson, A. J. (2018). Coral 
reefs will transition to net dissolving before 
end of century. Science, 359, 908–911. [FLC]

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Ste-
vens, B., Stouffer, R. J., & Taylor, K. E. (2016). 
Overview of the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) experimental 
design and organization. Geoscientific Model 
Development, 9, 1937–1958. [OO]

Fabricius, K. E., Langdon, C., Uthicke, S., Humphrey, 
C., Noonan, S., De’ath, G., et al. (2011). Losers 
and winners in coral reefs acclimatized to 
elevated carbon dioxide concentrations. Na-
ture Climate Change, 1, 165–169. https://doi.
org/10.1038/nclimate1122 [FLC]

Fabry, V. J., Seibel, B. A., Feely, R. A., & Orr, J. C. 

(2008). Impacts of ocean acidification on 
marine fauna and ecosystem processes. ICES 
Journal of Marine Science, 65(3), 414–432. 
https://doi.org/10.1093/icesjms/fsn048 [IN-
TRO]

Fabry, V. J., McClintock, J. B., Mathis, J. T., & Greb-
meier, J. M. (2009). Ocean acidification at high 
latitudes: the bellweather. Oceanography, 22(4), 
160–171. [AK]

Fall, J. A. (2012). Subsistence in Alaska – A Year 
2010 Update. Anchorage, AK: Division of 
Subsistence, Alaska Department of Fish and 
Game. [AK]

Fay, G., Link, J. S., & Hare, J. A. (2017). Assessing 
the effects of ocean acidification in the north-
east US using an end-to-end marine ecosystem 
model. Ecological Modelling, 347, 1–10. https://
doi.org/10.1016/j.ecolmodel.2016.12.016 [NE]

Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., 
Kleypas, J., Fabry, V. J., & Millero, F. J. (2004). 
Impact of anthropogenic CO2 on the CaCO3 
system in the oceans. Science, 305(5682), 
362–366. https://doi.org/10.1126/sci-
ence.1097329 [INTRO][OO]

Feely, R. A., Takahashi, T., Wanninkhof, R., McPh-
aden, M. J., Cosca, C. E., Sutherland, S. C., & 
Carr, M.-E. (2006). Decadal variability of the 
air-sea CO2 fluxes in the equatorial Pacific 
Ocean. Journal of Geophysical Research, 
111(C08), C08S90. https://doi.org/10.1029/
2005JC003129 [NAT]

Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M., 
Ianson, D., & Hales, B. (2008). Evidence for 
upwelling of corrosive “acidified” water onto 
the Continental Shelf. Science, 320(5882), 
1490–1492. https://doi.org/10.1126/sci-
ence.1155676 [INTRO][WC]

Feely, R. A., Doney, S. C., & Cooley, S. R. (2009). 
Ocean acidification: Present conditions and 
future changes in a high-CO2 world. Oceanog-
raphy, 22(4), 36–47. https://doi.org/10.5670/
oceanog.2009.95 [INTRO][NAT][OO]

Feely, R. A., Alin, S. R., Newton, J., Sabine, C. L., 
Warner, M., Devol, A., et al. (2010). The com-
bined effects of ocean acidification, mixing, 
and respiration on pH and carbonate saturation 
in an urbanized estuary. Estuarine, Coastal and 
Shelf Science, 88(4), 442–449. [WC]

Feely, R., Sabine, C., Byrne, R., Millero, F., Dickson, 
A., Wanninkhof, R., et al. (2012). Decadal 

https://doi.org/10.1029/2005JC003129
https://doi.org/10.1029/2005JC003129


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  118

changes in the aragonite and calcite saturation 
state of the Pacific Ocean. Global Biogeo-
chemical Cycles, 26(3), GB3001. https://doi.
org/10.1029/2011GB004157 [OO][WC]

Feely, R. A., Alin, S. R., Carter, B., Bednaršek, N., 
Hales, B., Chan, F., et al. (2016). Chemical 
and biological impacts of OA along the west 
coast of North America. Estuarine, Coastal and 
Shelf Science, 183(A), 260–270. https://doi.
org/10.1016/j.ecss.2016.08.043 [OO][WC]

Feely, R. A., Okazaki, R. R., Cai, W.-J., Bednaršek, 
N., Alin, S. R., Byrne, R. H., & Fassbender, A. 
(2018). The combined effects of acidification 
and hypoxia on pH and aragonite saturation 
in the coastal waters of the California Current 
Ecosystem and the northern Gulf of Mexico. 
Continental Shelf Research, 152, 50–60. https://
doi.org/10.1016/j.csr.2017.11.002 [WC][SAG]

Fennel, K., Alin, S., Barbero, L., Evans, W., Bourgeois, 
T., Cooley, S., et al. (2019). Carbon cycling in 
the North American coastal ocean: a synthesis. 
Biogeosciences, 16(6), 1281–1304. https://doi.
org/10.5194/bg-16-1281-2019 [SAG]

Finkelstein, S. A., Bunbury, J., Gajewski, K., Wolfe, 
A. P., Adams, J. K., & Devlin, J. E. (2014). Evalu-
ating diatom‐derived Holocene pH reconstruc-
tions for Arctic lakes using an expanded 171‐
lake training set. Journal of Quaternary Science, 
29(3), 249–260. [GL]

Fissel, B., Dalton, M., Garber-Yonts, B., Haynie, 
A., Kasperski, S., Lee, J., et al. (2017). Stock 
Assessment and Fishery Evaluation Report for 
the Groundfish Fisheries of the Gulf of Alaska 
and Bering Sea/Aleutian Islands Area: Eco-
nomic Status of the Groundfish Fisheries Off 
Alaska, 2016. Seattle, WA: Economic and Social 
Sciences Research Program, Resource Ecology 
and Fisheries Management Division, Alaska 
Fisheries Science Center, National Marine 
Fisheries Service, National Oceanic and Atmo-
spheric Administration. 425 pp. [AK]

Gaines, S. D., Costello, C., Owashi, B., Mangin, T., 
Bone, J., Molinos, J. G., et al. (2018). Improved 
fisheries management could offset many nega-
tive effects of climate change. Science Advanc-
es, 4(8), eaao1378. https://doi.org/10.1126/
sciadv.aao1378 [AK]

Garcia, A. C., Bargu, S., Dash, P., Rabalais, N. N., 
Sutor, M., Morrison, W., & Walker, N. D. (2010). 
Evaluating the potential risk of microcystins to 
blue crab (Callinectes sapidus) fisheries and 
human health in a eutrophic estuary. Harmful 

Algae 9(2), 134–143. https://doi.org/10.1016/j.
hal.2009.08.011 [SAG]

García-Reyes, M., Sydeman, W. J., Schoeman, D. 
S., Rykaczewski, R. R., Black, B. A., Smit, A. J., 
& Bograd, S. J. (2015). Under pressure: Cli-
mate change, upwelling, and eastern boundary 
upwelling ecosystems. Frontiers in Marine 
Science, 2, 109. doi:10.3389/fmars.2015.00109 
[WC]

Gardner, T. A.,  Côté, I. M., Gill, J. A., Grant, A., & 
Watkinson, A. R. (2003). Long-term region-wide 
declines in Caribbean corals. Science, 
301(5635), 958–960. https://doi.org/10.1126/
science.1086050 [FLC]

Gates, J. M. (2009). Investing in our future: The 
economic case for rebuilding Mid-Atlantic fish 
populations: Pew Environment Group. [MAB]

Gattuso, J.-P., Magnan, A., Bille, R., Cheung, W. W. 
L., Howes, E. L., Joos, F., et al. (2015). Con-
trasting futures for ocean and society from 
different anthropogenic CO2 emission scenar-
ios. Science, 349(6243), aac4722. https://doi.
org/10.1126/science.aac4722 [INTRO] [OO]

Ge, C., Chai, Y., Wang, H., & Kan, M. (2017). Ocean 
acidification: One potential driver of phospho-
rus eutrophication. Marine Pollution Bulletin, 
115(1-2), 149–153. https://doi.org/10.1016/j.
marpolbul.2016.12.016 [NE]

Georgian, S. E., DeLeo, D., Durkin, A., Gomez, C. 
E., Kurman, M., Lunden, J. J., & Cordes, E. E. 
(2016). Oceanographic patterns and carbonate 
chemistry in the vicinity of cold-water coral 
reefs in the Gulf of Mexico: Implications for 
resilience in a changing ocean. Limnology 
and Oceanography, 61, 648–665. https://doi.
org/10.1002/lno.10242 [SAG]

Gibble, C., Duerr, R., Bodenstein, B., Lindquist, K., 
Lindsey, J., Beck, J., et al. (2018). Investigation 
of a largescale Common Murre (Uria aalge) 
mortality event in California, USA, in 2015. 
Journal of Wildlife Diseases, 54(3), 569–574. 
https://doi.org/10.7589/2017-07-179 [WC] 

Gill, D., Rowe, M., & Joshi, S. J. (2018). Fishing in 
greener waters: Understanding the impact of 
harmful algal blooms on Lake Erie anglers 
and the potential for adoption of a forecast 
model. Journal of Environmental Management, 
227, 248–255. https://doi.org/10.1016/j.jen-
vman.2018.08.074 [GL]

Giltz, S. M., & Taylor, C. M. (2017). Reduced growth 



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  119

and survival in the larval blue crab Callinectes 
sapidus under predicted ocean acidification. 
Journal of Shellfish Research, 36(2), 481–485. 
https://doi.org/10.2983/035.036.0219 [MAB]

Gingerich, P. D. (2019). Temporal scaling of carbon 
emission and accumulation rates: Modern an-
thropogenic emissions compared to estimates 
of PETM onset accumulation. Paleoceanog-
raphy and Paleoclimatology, 34(3), 329–335. 
[INTRO]

Glandon, H. L., & Miller, T. J. (2016). No effect of 
high pCO2 on juvenile blue crab, Callinectes 
sapidus, growth and consumption despite pos-
itive responses to concurrent warming. ICES 
Journal of Marine Science, 74(4), 1201–1209. 
https://doi.org/10.1093/icesjms/fsw171 
[MAB]

Glandon, H. L., Kilbourne, K. H., Schijf, J., & Miller, T. 
J. (2018). Counteractive effects of increased 
temperature and pCO2 on the thickness and 
chemistry of the carapace of juvenile blue 
crab, Callinectes sapidus, from the Patuxent 
River, Chesapeake Bay. Journal of Experimen-
tal Marine Biology and Ecology, 498, 39–45. 
[MAB]

Glaspie, C. N., Seitz, R. D., & Lipcius, R. N. (2017). 
The perfect storm: Extreme weather drives and 
predation maintains phase shift in dominant 
Chesapeake Bay bivalve. bioRxiv, 224097. 
[MAB]

Gledhill, D. K., Wanninkhof, R., Millero, F. K., & Eakin, 
M. (2008). Ocean acidification of the Greater 
Caribbean region 1996–2006. Journal of Geo-
physical Research–Oceans, 113(10), C10031. 
https://doi.org/10.1029/2007JC004629 [PAC]

Gledhill, D. K.,  Wanninkhof, R., & Eakin, C. M. 
(2009). Observing ocean acidification from 
space. Oceanography, 22(4), 48–59. https://
doi.org/10.5670/oceanog.2009.96 [FLC]

Gledhill, D. K., White, M. M., Salisbury, J., Thomas, 
H., Mlsna, I., Liebman, M., et al.. (2015). Ocean 
and coastal acidification of New England and 
Nova Scotia. Oceanography, 28(2), 182–197. 
https://doi.org/10.5670/oceanog.2015.41 [OO]
[NE]

Glenn, S., Arnone, R., Bergmann, T., Bissett, 
W. P., Crowley, M., Cullen, J., et al. (2004). 
Biogeochemical impact of summertime 
coastal upwelling on the New Jersey Shelf. 
Journal of Geophysical Research: Oceans, 
109(C12), C12S02. https://doi.org/10.1029/

2003JC002265 [MAB]

Gobler, C. J., & Baumann, H. (2016). Hypoxia and 
acidification in ocean ecosystems: coupled 
dynamics and effects on marine life. Biology 
Letters, 12(5), 20150976. [NE]

Gobler, C. J., & Talmage, S. C. (2014). Physiologi-
cal response and resilience of early life-stage 
Eastern oysters (Crassostrea virginica) to past, 
present and future ocean acidification. Con-
servation Physiology, 2(1), cou004. https://doi.
org/10.1093/conphys/cou004 [MAB][NE]

Goethel, C. L., Grebmeier, J. M., Cooper, L. W., 
& Miller, T. J. (2017). Implications of ocean 
acidification in the Pacific Arctic: Experi-
mental responses of three Arctic bivalves to 
decreased pH and food availability. Deep Sea 
Research Part II, 144, 112–124. https://doi.
org/10.1016/j.dsr2.2017.08.013 [ARC]

Goldsmith, K. A., Lau, S., Poach, M. E., Sakowicz, G. 
P., Trice, T. M., Ono, C. R., et al. (2019). Scientif-
ic considerations for acidification monitoring 
in the U.S. Mid-Atlantic Region. Estuarine, 
Coastal and Shelf Science, 225, 106189. 
https://doi.org/10.1016/j.ecss.2019.04.023 
[MAB]

Gorstein, M., Dillard, M., Loerzel, J., Edwards, P., & 
Levine, A. (2016). National Coral Reef Mon-
itoring Program Socioeconomic Monitoring 
Component: Summary Findings for South 
Florida, 2014. U.S. Department of Commerce, 
NOAA Technical Memorandum, NOAA-TM-
NOS-CRCP-25, 57 pp. + Appendices. https://
doi.org/10.7289/V5VH5KV5 [FL]

Gorstein, M., Loerzel, J., Edwards, P., Levine, A., & 
Dillard, M. (2017). National Coral Reef Mon-
itoring Program Socioeconomic Monitoring 
Component: Summary Findings for Puerto Rico, 
2015. U.S. Department of Commerce, NOAA 
Technical Memorandum, NOAA-TM-NOS-
CRCP-28, 64 pp. + Appendices. https://doi.
org/10.7289/V5BP00V9 [FL]

Gorstein, M., Loerzel, J., Edwards, P., Levine, A., & 
Dillard, M. (2018a). National Coral Reef Mon-
itoring Program Socioeconomic Monitoring 
Component: Summary Findings for Guam, 
2016. U.S. Department of Commerce, NOAA 
Technical Memorandum, NOAA-TM-NOS-
CRCP-32, 64 pp. + Appendices. https://doi.
org/10.25923/kpvd-mj07 [PAC]

Gorstein, M., Loerzel, J., Levine, A., Edwards, P., & 
Dillard, M. (2018b). National Coral Reef Mon-



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  120

itoring Program Socioeconomic Monitoring 
Component: Summary Findings for Hawaiʻi, 
2015. U.S. Department of Commerce, NOAA 
Technical Memorandum, NOAA-TM-NOS-
CRCP-30, 69 pp. + Appendices. [PAC]

Gorstein, M., Loerzel, J., Edwards, P., Levine, A., & 
Dillard, M. (2019). National Coral Reef Monitor-
ing Program Socioeconomic Monitoring Com-
ponent: Summary Findings for CNMI, 2016. U.S. 
Department of Commerce, NOAA Technical 
Memorandum, NOAA-TM-NOS-CRCP-34, 69 pp. 
+ Appendices. [PAC]

Gravinese, P. M. (2018). Ocean acidification im-
pacts the embryonic development and hatch-
ing success of the Florida stone crab, Menippe 
mercenaria. Journal of Experimental Marine 
Biology and Ecology, 500, 140–146. https://doi.
org/10.1016/j.jembe.2017.09.001 [FLC]

Gravinese, P. M., Enochs, I. C., Manzello, D. P., & van 
Woesik, R. (2018). Warming and pCO2 effects 
on Florida stone crab larvae. Estuarine, Coastal 
and Shelf Science, 204, 193–201. https://doi.
org/10.1016/j.ecss.2018.02.021 [FLC]

Green, M. A., Waldbusser, G. G., Hubazc, L., Cath-
cart, E., & Hall, J. (2013). Carbonate mineral 
saturation state as the recruitment cue for 
settling bivalves in marine muds. Estuaries and 
Coasts, 36(1), 18–27. [NE]

Greene, C. M., Blackhart, K., Nohner, J., Candelmo, 
A., & Nelson, D. M. (2015). A national assess-
ment of stressors to estuarine fish habitats 
in the contiguous USA. Estuaries and Coasts, 
38(3), 782–799. [MAB]

Gruber, N., Hauri, C., Lachkar, Z., Loher, D., Frölicher, 
T. L., & Plattner, G.-K. (2012). Rapid progression 
of ocean acidification in the California Current 
System. Science, 337(6091), 220–223. https://
doi.org/10.1126/science.1216773 [WC]

Gruber, N., Landschützer, P., & Lovenduski, N. S. 
(2019a). The variable Southern Ocean carbon 
sink. Annual Review of Marine Science, 11(1), 
16.1–16.28. https://doi.org/10.1146/annurev- 
marine-121916-063407 [INTRO][OO]

Gruber, N, Clement, D., Carter, B. R., Feely, R. A., van 
Heuven, S., Hoppema, M., et al. (2019b). The 
oceanic sink for anthropogenic CO2 from 1994 
to 2007. Science, 363, 1193–1199. https://doi.
org/10.1126/science.aau5153 [OO]

Guilbert, J., Betts, A. K., Rizzo, D. M., Beckage, B., 
& Bomblies, A. (2015). Characterization of 

increased persistence and intensity of precip-
itation in the northeastern United States. Geo-
physical Research Letters, 42(6), 1888–1893. 
[NE]

Guinotte, J. M., Orr, J., Cairns, S., Freiwald, A., 
Morgan, L., & George, R. (2006). Will human-in-
duced changes in seawater chemistry alter the 
distribution of deep-sea scleractinian cor-
als? Frontiers in Ecology and the Environment, 
4(3), 141–146. [PAC]

Haines, T. A. (1981). Acidic precipitation and its 
consequences for aquatic ecosystems: a 
review. Transactions of the American Fisheries 
Society, 110(6), 669–707. [GL]

Hales, B., Strutton, P. G., Saraceno, M., Letelier, R., 
Takahashi, T., Feely, R., et al. (2012). Satel-
lite-based prediction of pCO2 in coastal waters 
of the eastern North Pacific. Progress in Ocean-
ography, 103, 1–15. https://doi.org/10.1016/j.
pocean.2012.03.001 [OO]

Hall, L. W. (1987). Acidification effects on larval 
striped bass, Morone saxatilis in Chesapeake 
Bay tributaries: a review. Water, Air, and Soil 
Pollution, 35(1-2), 87–96. [GL]

Halle, C. M., & Largier, J. L. (2011). Surface cir-
culation downstream of the Point Arena 
upwelling center. Continental Shelf Research, 
31(12), 1260–1272. https://doi.org/10.1016/j.
csr.2011.04.007 [WC]

Hansen, B. W., Andersen, C. M. B., Hansen, P. J., 
Nielsen, T. G., Vismann, B., & Tiselius, P. (2019). 
In situ and experimental evidence for effects 
of elevated pH on protistan and metazoan 
grazers. Journal of Plankton Research, 41(3), 
257–271. https://doi.org/10.1093/plankt/
fbz020 [SAG]

Harada, N. (2016). Review: Potential catastroph-
ic reduction of sea ice in the western Arctic 
Ocean: Its impact on biogeochemical cycles 
and marine ecosystems. Global and Planetary 
Change, 136, 1–17. https://doi.org/10.1016/j.
gloplacha.2015.11.005 [ARC]

Hare, J. A., Morrison, W. E., Nelson, M. W., Stachura, 
M. M., Teeters, E. J., Griffis, R. B., et al. (2016). 
A vulnerability assessment of fish and inverte-
brates to climate change on the northeast U.S. 
continental shelf. PLoS ONE, 11(2), e0146756. 
https://doi.org/10.1371/journal.pone.0146756 
[MAB][NE]

Harvell, C. D., Montecino-Latorre, D., Caldwell, J. M., 



NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  121

Burt, J. M., Bosley, K., Keller, A., et al. (2019). 
Disease epidemic and a marine heat wave are 
associated with the continental-scale col-
lapse of a pivotal predator Pycnopodia helian-
thoides). Science Advances, 5(1), eaau7042. 
https://doi.org/10.1126/sciadv.aau7042 [WC]

Harvey, B. P., Gwynn-Jones, D., & Moore, P. J. 
(2013). Meta-analysis reveals complex marine 
biological responses to the interactive effects 
of ocean acidification and warming. Ecology 
and Evolution, 3(4), 1016–1030. https://doi.
org/10.1002/ece3.516 [AK]

Harvey, C., Garfield, N., Williams, G., Tolimieri, N., 
Schroeder, I., Hazen, E., et al. (2018). Ecosys-
tem Status Report of the California Current 
for 2018: A Summary of Ecosystem Indicators 
Compiled by the California Current Integrated 
Ecosystem Assessment Team (CCEIA). U.S. 
Department of Commerce, NOAA Technical 
Memorandum NMFS-NWFSC-145. https://doi.
org/10.25923/mvhf-yk36 [WC]

Hasler, C. T., Jeffrey, J. D., Schneider, E. V. C., 
Hannan, K. D., Tix, J. A., & Suski, C. D. (2018). 
Biological consequences of weak acidification 
caused by elevated carbon dioxide in fresh-
water ecosystems. Hydrobiologia, 806, 1–12. 
https://doi.org/10.1007/s10750-017-3332-y 
[GL]

Hattenrath‐Lehmann, T. K., Smith, J. L., Wallace, 
R. B., Merlo, L. R., Koch, F., Mittelsdorf, H., et 
al. (2015). The effects of elevated CO2 on the 
growth and toxicity of field populations and 
cultures of the saxitoxin‐producing dinoflagel-
late, Alexandrium fundyense. Limnology and 
Oceanography, 60(1), 198–214. [MAB]

Hauri, C., Gruber, N., Vogt, M., Doney, S. C., Feely, 
R. A., Lachkar, Z., et al. (2013). Spatiotemporal 
variability and long-term trends of OA in the 
California Current System. Biogeosciences, 
10(1), 193–216. doi:10.5194/bg-10-193-2013 
[WC]

Hauri, C., Doney, S. C., Takahashi, T., Erickson, M., 
Jiang. G., & Ducklow H. W. (2015). Two de-
cades of inorganic carbon dynamics along the 
West Antarctic Peninsula. Biogeosciences, 12, 
6761–6779. https://doi.org/10.5194/bg-12-
6761-2015 [OO]

Hauri, C., Danielson, S., McDonnell, A. M. P., Hop-
croft, R. R., Winsor, P., Shipton, P., et al. (2018). 
From sea ice to seals: a moored marine eco-
system observatory in the Arctic. Ocean Sci-
ence, 14, 1423–1433. https://doi.org/10.5194/

os-14-1423-2018 [ARC]

Hawkes, L. A., Broderick, A. C., Godfrey, M. H., 
& Godley, B. J. (2009). Climate change and 
marine turtles. Endangered Species Research, 
7, 137–154. https://doi.org/10.3354/esr00198 
[PAC]

Hermann, A. J., Gibson, G. A., Cheng, W., Ortiz, I., 
Aydin, K., Wang, M. Y., et al. (2019). Projected 
biophysical conditions of the Bering Sea to 
2100 under multiple emission scenarios. ICES 
Journal Marine of Science, 76, 1280–1304. 
https://doi.org/10.1093/icesjms/fsz043 [AK]

Hickey, B. M. (1998). Coastal oceanography of 
western North America from the tip of Baja 
California to Vancouver Island. In A. R. Rob-
inson, K. H. Brink (Eds.), The Sea, the Global 
Coastal Ocean (Vol. 11, pp  345-393). New 
York, NY: John Wiley & Sons. [WC]

Himes-Cornell, A., & Kasperski, S. (2015). Assess-
ing climate change vulnerability in Alaska’s 
fishing communities. Fisheries Research, 
162, 1–11. https://doi.org/10.1016/j.fish-
res.2014.09.010 [AK]

Hjort, J., Karjalainen, O., Aalto, J., Westermann, S., 
Romanovsky, W.V., Nelson, F.E., et al. (2018). 
Degrading permafrost puts Arctic infrastruc-
ture at risk by mid-century. Nature Communica-
tions, 9, 5147. https://doi.org/10.1038/s41467-
018-07557-4 [ARC]

Hoag, H. (2017). News: “Nations agree to ban 
fishing in Arctic Ocean for at least 16 years.” 
Science, 1 December 2017. https://doi.
org/10.1126/science.aar6437 [ARC]

Hodgson, E. E., Essington, T. E., & Kaplan, I. C. 
(2016). Extending vulnerability assessment to 
include life stages considerations. PLoS ONE, 
11(7), e0158917. https://doi.org/10.1371/jour-
nal.pone.0158917 [WC]

Hodgson, E. E., Kaplan, I. C., Marshall, K. N., Leon-
ard, J., Essington, T. E., Busch, D. S., et al. 
(2018). Consequences of spatially variable 
ocean acidification in the California Current: 
Lower pH drives strongest declines in benthic 
species in southern regions while greatest 
economic impacts occur in northern regions. 
Ecological Modelling, 383, 106–117. https://
doi.org/10.1016/j.ecolmodel.2018.05.018 [WC]

Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., 
Steneck, R. S., Greenfield, P., Gomez, E., et al. 
(2007). Coral reefs under rapid climate change 

https://doi.org/10.1093/icesjms/fsz043
https://doi.org/10.1016/j.fishres.2014.09.010
https://doi.org/10.1016/j.fishres.2014.09.010


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  122

and ocean acidification. Science, 318(5857), 
1737–1742. https://doi.org/10.1126/sci-
ence.1152509 [PAC]

Hoegh-Guldberg, O., Poloczanska, E., Skirving, 
W., & Dove, S. (2017). Coral reef ecosystems 
under climate change and ocean acidifi-
cation. Frontiers in Ecology and the Envi-
ronment, 4, 158. https://doi.org/10.3389/
fmars.2017.00158 [OO][PAC]

Hogarth, W. T. (2006). Endangered and threatened 
species: final listing determinations for the 
elkhorn coral and staghorn coral. Federal Reg-
istry, 71, 26852–26872. [FLC]

Hohman, R., Hutto, S., Catton, C., & Koe, F. (2019). 
Sonoma-Mendocino Bull Kelp Recovery Plan. 
Unpublished report to Greater Farallones 
National Marine Sanctuary and the California 
Department of Fish and Wildlife. San Francis-
co, CA. 166 pp. [WC]

Hollowed, A. B., Holsman, K. K., Haynie, A. C., 
Hermann, A. J., Punt, A. E., Aydin, K., et al. 
(2020). Integrated modeling to evaluate cli-
mate change impacts on coupled social-eco-
logical systems in Alaska. Frontiers in Marine 
Science, 6, 775. https://doi.org/10.3389/
fmars.2019.00775 [AK]

Holsman, K., Samhouri, J., Cook, G., Hazen, E., 
Olsen, E., Dillard, M., et al. (2017). An ecosys-
tem-based approach to marine risk assess-
ment. Ecosystem Health and Sustainability, 
3, e01256. https://doi.org/10.1002/ehs2.1256 
[AK]

Holsman, K. K., Hazen, E. L., Haynie, A., Gourguet, 
S., Hollowed, A., Bograd, S. J., et al., (2019). 
Towards climate resiliency in fisheries man-
agement. ICES Journal of Marine Science, 76, 
1368–1378. https://doi.org/10.1093/icesjms/
fsz031 [AK]

Hu, X., Nuttall, M. F., Wang, H., Yao, H., Staryk, 
C. J., McCutcheon, M. R., et al. (2018). Sea-
sonal variability of carbonate chemistry 
and decadal changes in waters of a marine 
sanctuary in the Northwestern Gulf of Mexico. 
Marine Chemistry, 205, 16–28. https://doi.
org/10.1016/j.marchem.2018.07.006 [SAG]

Huang, W.-J., Cai, W.-J., Castelao, R. M., Wang, 
Y., & Lohrenz, S. E. (2013). Effects of a 
wind-driven cross-shelf large river plume on 
biological production and CO2 uptake on the 
Gulf of Mexico during spring. Limnology and 

Oceanography, 58(5), 1727–1735. https://doi.
org/10.4319/lo.2013.58.5.1727 [SAG]

Huang, W.-J., Cai, W.-J., Wang, Y., Lohrenz, S. E., 
& Murrell, M. C. (2015). The carbon dioxide 
system on the Mississippi River-dominat-
ed continental shelf in the northern Gulf of 
Mexico: 1. Distribution and air-sea CO2 flux. 
Journal of Geophysical Research–Oceans, 
120(3), 1429–1445. https://doi.org/10.1002/
2014JC010498 [SAG]

Hudson, K. (2018). Virginia Shellfish Aquaculture 
Situation and Outlook Report. VIMS Marine 
Resource Report No. 2018-9, Virginia Sea 
Grant Publication #18-3. Retrieved from 
https://www.vims.edu/research/units/cen-
terspartners/map/aquaculture/docs_aqua/
vims_mrr_2018-9.pdf. [MAB]

Hurst, T. P., Fernandez, E. R., Mathis, J. T., Miller, J. 
A., Stinson, C. S., & Ahgeak, E. F. (2012). Resil-
iency of juvenile walleye pollock to projected 
levels of OA. Aquatic Biology, 17, 247–259. 
[AK]

Hurst, T. P., Fernandez, E. R., & Mathis, J. T. (2013). 
Effects of ocean acidification on hatch 
size and larval growth of walleye pollock 
(Theragra chalcogramma). ICES Journal of 
Marine Science, 70(4), 812–822. https://doi.
org/10.1093/icesjms/fst053 [INTRO][AK]

Hurst, T. P., Laurel, B. J., Mathis, J. T., & Tobosa, 
L. R. (2016). Effects of elevated CO2 levels 
on eggs and larvae of a North Pacific flatfish. 
ICES Journal of Marine Science, 73, 981–990. 
https://doi.org/10.1093/icesjms/fsv050 
[INTRO][AK]

Hurst, T. P., Laurel, B. J., Hanneman, E., Haines, S. 
A., & Ottmar, M. L. (2017). Elevated CO2 does 
not exacerbate nutritional stress in larvae of 
a Pacific flatfish. Fisheries Oceanography, 26, 
336–349. https://doi.org/10.1111/fog.12195 
[AK]

Hurst, T. P., Copeman, L. A., Haines, S. A., Mer-
edith, S. D., Daniels, K., & Hubbard, K. M. 
(2019). Elevated CO2 alters behavior, growth, 
and lipid composition of Pacific cod larvae. 
Marine Environmental Research, 145, 52–65. 
[AK]

Hutto, S. V. (Ed.) (2016). Climate-Smart Adap-
tation for North-central California Coastal 
Habitats. Report of the Climate-Smart Adapta-
tion Working Group of the Greater Farallones 

https://doi.org/10.3389/fmars.2019.00775
https://doi.org/10.3389/fmars.2019.00775
https://doi.org/10.1002/ehs2.1256
https://doi.org/10.1093/icesjms/fsz031
https://doi.org/10.1093/icesjms/fsz031


NOAA Ocean, Coastal, and Great Lakes Acidification Research Plan |  123

National Marine Sanctuary Advisory Council. 
San Francisco, CA. 47 pp. [WC]

ICCA (2015). Alaskan Inuit Food Security Con-
ceptual Framework: How to Assess the Arc-
tic from an Inuit Perspective. Summary and 
Recommendations Report. Inuit Circumpolar 
Council-Alaska, Anchorage, AK. Retrieved 
from https://iccalaska.org/wp-icc/wp-content/
uploads/2016/03/Food-Security-Summa-
ry-and-Recommendations-Report.pdf [ARC]

IJC Great Lakes Water Quality Board Public En-
gagement Work Group (2018). Second Bina-
tional Great Lakes Basin Poll. Windsor, ON: 
International Joint Commission, Great Lakes 
Regional Office. Retrieved from https://legacy-
files.ijc.org/tinymce/uploaded/WQB/WQB_Sec-
ond_Poll_Report.pdf [GL]

IPCC (2019). IPCC Special Report on the Ocean 
and Cryosphere in a Changing Climate [Pörtner, 
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