
 
 

 
EXPLORING COASTAL ACIDIFICATION and OYSTER RESTORATION ACTIVITIES on 

the UNITED STATES ATLANTIC COAST 
 
 
 
 

by 
 
 
 

 
Lisa Myles 

 
Dr. Patrick Halpin, Adviser 

 
April 28, 2021 

 
 
 
 

 
 

 
Master’s project submitted in partial fulfillment of the  

 
requirements for the Master of Environmental Management degree in  

 
the Nicholas School of the Environment of 

 
 Duke University 

 
 
 
 
 
 
 
 
 

 
 
 
 



	 1	

Table of Contents 
 
Executive Summary ……………………………………………………………………………..2 

Introduction (1) ………………………………………………………………………………….3 

 Oyster Reef Overview (1.1) ……………………………………………………………………….3 

 Oyster Reef Value (1.2) ………………………………………………………………………..….3 

 Eastern Oyster (Crassostrea virginica) (1.3)  ……………………………………………………..4 

 Oyster Reef Restoration (1.4) ……………………………………………………………………..4 

 Ocean and Coastal Acidification (1.5) …………………………………………………………….5 

 Project Goals (1.6) ………………………………………………………………………………...6 
Methods (2) …………………………………………………………………………………..…..7 

 Oyster Restoration Survey (2.1) …………………………………………………………………..7 

 Coastal Acidification and the Eastern Oyster (2.2) ………………………………………………..7 

Results and Discussion (3) ……………………………………………………………………....8 

 Oyster Restoration Survey Results and Discussion (3.1) ………………………………………....8 

 Restoration Activity Analysis (3.1.1) ………………………………………………….………….8 

Trends in Project Construction (3.1.2) ……………………………………………….……………9 

Monitoring, Management, and Cost-Benefit Analysis Trends (3.1.3) ………………..…………10 

Project Funding Trends (3.1.4) …………………………………………………………………..10 

Coastal Acidification and the Eastern Oyster Results and Discussion (3.2) ……………….……11 

 Background (3.2.1) …………………………………………………………………...………….11 

 Acidification of the Coastal Ocean (3.2.2) ………………………………………...…………….12 

 Estuarine Environmental Stressors (3.2.3) ………………………………………………………15 

Coastal Acidification and the Eastern Oyster (3.2.4) ………………………..…………………..17 

Recommendations for Management and Future Research (3.3) …………………………………22 

Acknowledgements (4) ……………………………………………………..…………………..24 

References (5) …………………………………………………………………..………………25 

Appendix (6) …………………………………………………………………...……………….28 

Oyster Restoration Survey Interview Script (6.1) …………………………..…………………………….28 

Sample Lesson Plan (6.2) ………………………………………………………………………………....30 

 
 
 
 
 



	 2	

Executive Summary 
 

The global ocean mediates the effect of climate change and anthropogenic carbon 

emissions by absorbing atmospheric carbon dioxide (Ellis et al., 2017). The ocean’s absorption 

of carbon dioxide results in a change in ocean chemistry and decline in seawater pH known as 

ocean acidification (Kapsenberg and Cyronak, 2018). Changes in ocean chemistry and pH may 

also be driven by primary production activity, upwelling, and river runoff into marine 

environments (Richards et al., 2014). Ocean acidification has the potential to adversely affect 

numerous marine organisms (Kapsenberg and Cyronak, 2018), however, it can be especially 

problematic for calcifying shellfish species (Swezey et al., 2020) like the Eastern Oyster and 

larval or juvenile stage organisms (Mangi et al., 2018). Temperature, salinity, dissolved oxygen 

levels, and acidification impact the health and longevity of oysters and oyster reefs. Oyster reefs 

offer numerous ecosystem services. These reefs provide habitat for benthic invertebrates, 

seabirds and fish that rely on reefs for feeding, nursery, and breeding grounds (Burrows et al., 

2005). The Eastern Oyster (Crassostrea virginica) is a native oyster species of the U.S. Atlantic 

Coast. Although oysters reefs support coastal livelihoods and offer numerous ecosystem 

services, many reefs have been degraded by anthropogenic activities (Burrows et al., 2005). 

Pollution, over-harvest, and an increase in loading of suspended sediments are key threats to 

oyster reef health (Burrows et al., 2005). Oyster reef restoration projects focus on returning reefs 

to their natural state. Given the role of oysters as ecosystem engineers, and the many benefits that 

may be derived from healthy oyster reefs, restoration projects are a priority for communities 

throughout the U.S. Atlantic Coast. 

Cooley et al. 2016 recommends several effective community actions that may be taken to 

help address ocean acidification today. This project focuses on two non-legislative actions 

discussed by Cooley et al. 2016. These are public education related to coastal acidification and 

resilience management through oyster reef restoration projects. The purpose of this project is to 

support coastal resource-reliant communities on the U.S. Atlantic Coast in preparing for the 

potential future impacts of ocean acidification on C. virginica. The project examines trends in the 

oyster reef restoration projects presently underway at the state and local level along the U.S. 

Atlantic Coast, and it considers how coastal acidification may affect the longevity of the region’s 

oyster reefs. Finally, the project considers the future research and management considerations 

needed to adequately protect oyster reefs under changing climatic conditions. 



	 3	

1 Introduction 
 

1.1 Oyster Reef Overview 
 

Oyster reefs are comprised of many individual oysters that are growing in very close 

proximity to one another (Burrows et al., 2005). Oysters are suspension feeding sessile bivalves 

(Burrows et al., 2005). Natural oyster reefs are created by living oysters, and grow as larval 

oysters settle on the shells of living and deceased oysters (Burrows et al., 2005). Reefs are three 

dimensional structures and complex ecological systems that harbor an abundance of life 

(Burrows et al., 2005). These systems are especially prevalent in estuaries along the U.S. 

Atlantic Coast and the Gulf of Mexico (Burrows et al., 2005). Oyster reefs are typically found in 

intertidal and subtidal zones with salinities ranging from twelve to twenty-eight parts per 

thousand (ppt) (Burrows et al., 2005). Oyster reefs and their associated species are evolutionarily 

preferred for productivity (Burrows et al., 2005). Interactions among species and the productivity 

of the entire reef can experience significant, nonlinear impacts from environmental stressors that 

may lead to reef collapse (Burrows et al., 2005). 

 

1.2 Oyster Reef Value 
 

Oyster reefs provide an array of ecosystem services. Oyster reefs are perhaps best known for 

their water filtration services (National, 2020). Reefs provide habitat for invertebrate species in 

the benthos, and important habitat for multiple bird and fish species that rely on reefs for feeding, 

nursery, and breeding grounds (Burrows et al., 2005). Reefs provide protection and help to buffer 

coastal communities and shorelines from ocean storms and tides (National, 2020). Reefs play an 

important role in stabilizing sediment through their hard surface structure (Burrows et al., 2005). 

The U.S. seafood industry derives significant economic benefits from oyster reefs. Reefs support 

both the commercial and recreational fishing industries for numerous commercially valuable 

species such as flounder, croaker, herring, Spanish mackerel, striped bass, shrimp, crab, and 

oysters (National, 2020). Aside from the ecological benefits, oyster reefs further supply 

economic value through job provision. 
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1.3 Eastern Oyster (Crassostrea virginica) 
 

The Eastern Oyster (Crassostrea virginica) is a native oyster species of the U.S. Atlantic 

coast. C. virginica’s natural range spans from Prince Edward Island in Canada to Mexico’s 

Yucatan Peninsula (Burrows et al., 2005). Like other bivalves, C. virginica has two calcerous 

shells joined by an elastic ligament, an adductor muscle capable of closing the opposing shells 

that protect the soft body (Burrows et al., 2005). The range is limited by temperature, salinity, 

and habitat requirements like availability of hard substrate (Burrows et al., 2005). Eastern oysters 

utilize broadcast spawning when temperatures fall in the range of 20 to 30 degrees Celsius 

(Burrows et al., 2005). Temperatures that exceed this range may diminish spawning and larvae 

success (Burrows et al., 2005). Within six hours of fertilization, free-swimming larvae develop 

(Burrows et al., 2005).  A fully shelled larva develops within twelve to twenty-four hours 

following fertilization (Burrows et al., 2005). During a period of two to three weeks, the larvae 

exist in a planktonic state during which time the foot used in settlement develops (Burrows et al., 

2005). Once settled, larvae cement themselves to substrate where they remain for life (Burrows 

et al., 2005). The duration of larval planktonic state is guided by water salinity, temperature and 

dissolved oxygen concentration (Burrows et al., 2005).  Settlement is determined by various 

environmental factors including the availability of suitable substrate (Burrows et al., 2005). 

Environmental stressors may disrupt the natural course of larval development and settlement 

(Burrows et al., 2005).  

 

1.4 Oyster Reef Restoration 
 

Although oysters reefs support coastal livelihoods and offer numerous ecosystem services, 

many reefs have been degraded by anthropogenic activities (National, 2020). Pollution, over-

harvest, and an increase in loading of suspended sediments are key threats to oyster reef health 

(Burrows et al., 2005). Oyster reef restoration projects focus on returning reefs to their natural 

state, such that natural functioning occurs in full. Oyster reefs may be monitored and managed to 

both restore and enhance reef ecosystem services (Burrows et al., 2005). A secondary goal of 

restoration projects is to restore oyster populations to be self-sustaining at pre-exploitation levels 

(Burrows et al., 2005). Restoration may occur at small or large scales. Restoration activities 

include collection, recycling, and bagging of harvested oyster shells followed by distribution of 
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bagged oysters over known reef areas (National, 2020). Cultch, concrete, and rubble may also be 

used to build hard substrate, and oyster seed or spat may be distributed for settlement over the 

hard substrate (Burrows et al., 2005). High-pressure hoses support restoration efforts and the 

rapid distribution of significant quantities of shell (National, 2020). Hatcheries further support 

restoration by providing seed oysters to areas with minimal natural oyster reproduction 

(National, 2020). Success of oyster reef restoration depends on site selection, bottom type, 

substrate, and tidal conditions (Burrows et al., 2005). Temperature, salinity, dissolved oxygen 

levels, and acidification impact the health and longevity of oysters and oyster reefs. Given the 

role of oysters as ecosystem engineers, and the many benefits that may be derived from healthy 

oyster reefs, restoration projects are a priority for communities throughout the U.S. Atlantic 

Coast.  

 

1.5 Ocean and Coastal Acidification 
 

The global ocean mediates the effect of anthropogenic carbon emissions by absorbing 

atmospheric carbon dioxide (Ellis et al., 2017). To date, the ocean has absorbed around a quarter 

of all anthropogenic carbon emissions (Ellis et al., 2017), which are largely attributed to burning 

fossil fuels (Mangi et al., 2018). The ocean’s absorption of carbon dioxide results in a change in 

ocean chemistry and decline in seawater pH known as ocean acidification (Kapsenberg and 

Cyronak, 2018). Changes in ocean chemistry and pH may also be driven by primary production 

activity, upwelling, and river runoff into marine environments (Richards et al., 2014). Through 

the process of acidification, the number of ocean hydrogen ions increases (Mangi et al., 2018) as 

absorbed carbon dioxide reacts with ocean water and creates carbonic acid (Clements and 

Chopin, 2016). Ocean acidification has the potential to adversely affect numerous marine 

organisms (Kapsenberg and Cyronak, 2018), however, it can be especially problematic for 

calcifying shellfish species (Swezey et al., 2020) and organisms in the larval or juvenile stages 

(Mangi et al., 2018). Mollusks and crustaceans that must spend a greater amount of energy to 

secure carbonate ions have less energy available to feed, and thus their size decreases (Richards 

et al., 2014).  

The present rate of ocean acidification exceeds any previous rate of change in the last 55 

million years (Mangi et al., 2018). Studies predict continued increase in ocean acidification 
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(Mangi et al., 2018) through the year 2100, with mean ocean carbon dioxide levels reaching 

1,000 uAtm by the close of the century (Heuer and Grosell, 2014). Given this exponential rise in 

acidification (Ellis et al., 2017), shellfish and the industries they fuel may face sharp decline (San 

Martin et al., 2019). The acute effects of ocean acidification were seen in 2007 in the US Pacific 

Northwest where acidification decimated the survival rate of Pacific oyster (Crassostrea gigas) 

larvae (Barton et al., 2015) and endangered Washington State’s $270 million shellfish 

aquaculture industry (Cooley et al., 2016).  

While fisheries on the US Atlantic coast have not experienced a high degree of ocean 

acidification to date, it is possible that the region could experience effects in the future (Cooley 

et al., 2016). Researchers suggest that ocean acidification could cost the United States shellfish 

industry between $75 and $187 million USD per year (Cooley et al., 2016). The cost of 

acidification goes beyond direct harvest costs, however, as impacted species provide habitat and 

ecosystem services not included in this cost estimate (Cooley et al., 2016). To date, few policy 

solutions directly address ocean acidification. Cooley et al. 2016 reason that this may be due to 

the global causes and local applications of acidification, and a deficit of specific scientific 

predictions related to acidification’s impact on humanity (Cooley et al., 2016). Furthermore, 

because many regions have not experienced direct, widespread challenges from acidification the 

issue has yet to gain traction among members of the general public (Cooley et al., 2016). 

 

1.6 Project Goals 
 

Rather than waiting for state or national government policy to address ocean acidification, 

which may well come too late, Cooley et al. 2016 recommends several effective community 

actions that may be taken to help address ocean acidification today. This project focuses on two 

non-legislative actions discussed in Cooley et al. 2016. These are public education related to 

coastal acidification and resilience management through oyster reef restoration projects. The 

purpose of this project is to support coastal resource-reliant communities on the U.S. Atlantic 

Coast in preparing for the potential future impacts of ocean acidification on the Eastern oyster 

(Crassostrea virginica). The project seeks to draw connections between communities in the 

region to facilitate sharing of information. Furthermore, the project seeks to engage communities 
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through dissemination of educational materials. The project poses the following research 

questions in two parts: 

1. What types of oyster reef restoration projects are presently underway at the state and 

local level along the U.S. Atlantic Coast? What trends arise from comparison of these 

projects? 

2. How is ocean and coastal acidification likely to affect oyster reefs along the U.S. 

Atlantic Coast? What further research or action is needed to address the impacts of 

acidification on the eastern oyster? 

 
2 Methods 
 

2.1 Oyster Restoration Survey 
 

A two-part method was used to address the research questions associated with Section I: 

Oyster Restoration Survey. Background research using Google search engine was conducted to 

determine the state and local government agencies and state associated non-profit organizations 

involved in oyster restorations projects on the U.S. East Coast. Structured interview questions 

were compiled in coordination with the North Carolina Coastal Federation. Interviews were 

focused on determining the purpose of restoration activities as either restoration and protection- 

based or harvest-based. The structured interview script is available in Appendix A (6.1). 

Structured interviews were conducted with restoration leaders and organization representatives 

from Alabama, Delaware, Florida, Massachusetts, Maryland, Maine, North Carolina, New 

Hampshire, New Jersey, New York, and South Carolina during July and August 2020 via 

telephone and web meeting. Data was structured in an excel spreadsheet and trends were 

analyzed. Interviews were analyzed based on four criteria: oyster restoration activity, 

construction, monitoring and cost-benefit analysis, and funding.  

 

2.2 Coastal Acidification and the Eastern Oyster 
 

Background research and a preliminary literature review related to coastal acidification and 

the eastern oyster were conducted using the Duke Library resources and Google Scholar. The 

following search terms were employed: “oyster” and “acidification”; “Crassostrea virginica” 
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and “acidification”; “ocean and acidification”; “acidification” and “estuary”. Findings were 

compiled in a report and educational materials were created. The sample lesson plan related to 

this topic was prepared for non-profit organizations using best practices as outlined by the North 

Carolina Coastal Federation. This lesson plan is available in Appendix B (6.2). Materials were 

designed to serve the following learning outcomes: introduce students and the public to the 

importance of oysters; introduce students and the public to the risks associated with ocean 

acidification; inspire students and the public to more actively participate in outdoor coastal 

activities in their communities; inspire students and the public to share their experience learning 

about coastal ecosystems with community members. 

 

3 Results and Discussion 
 

3.1 Oyster Restoration Survey Results and Discussion 
 

Oyster restoration projects are currently underway throughout the U.S. Atlantic Coast. Oyster 

restoration projects are primarily driven by non-profit and government agency goals. This 

section describes key findings from interviews across eleven states with state and non-profit 

organizations related to twenty-one oyster restoration projects.  

 

3.1.1 Restoration Activity Analysis 
 

This section sought to determine the purpose of the restoration activity as either oyster 

protection and restoration or oyster harvest. This section also included the capture of data related 

to the average annual acreage and volume of built oyster habitat. Finally, the section captured 

qualitative data related to description of the restoration activity. Eight-five percent of projects 

were directed toward oyster restoration and protection rather than oyster harvest. Average annual 

acreage of projects ranged from less than one acre to over thirty acres. Projects tended toward the 

smaller end of this scale, with most projects having an annual acreage of less than five acres. The 

average volume of material used in restoration activities ranged from less than 100 bushels per 

acre to more than 10,000 bushels per acre. A majority of organizations used 100 to 650 bushels 

per acre in volume. Per year, the total volume of restoration material ranged from less than 100 

bushels to over 1 million bushels. Total volume was a difficult metric for organizations to assess, 



	 9	

and most organizations deferred this question. Of those that provided information, most 

organization fell in the range of fewer than 100 bushels per year in total material volume.   

 

3.1.2 Trends in Project Construction 
 

The focus of this section was developing a comprehensive understanding of the 

construction of the oyster restoration activity. Information captured included the agent of the 

construction, the water depth and tide cycle of the water body where the restoration project was 

cited, the type and size of substrate used in the building process, and a qualitative description of 

the water body housing the restoration project. Private marine contractors most often undertook 

construction. State or local government staff made up the next largest segment in this area. 

University programs, volunteers, and combinations of the aforementioned groups were also 

present. Cross-industry collaboration was an important trend in this area. Construction sites most 

often had water depths that ranged from five to ten feet, followed by between two to five feet. 

Roughly twenty percent of projects were conducted in water greater than ten feet depth. Less 

than ten percent of organizations did not share information in this area, and of those that 

responded, nearly one quarter of organizations confirmed that construction varied by site. 

Roughly half of the restoration sites were based in the subtidal zone, and one third of sites were 

based in the intertidal zone. Fewer than ten percent of organizations had projects in both the 

subtidal and intertidal zones, and fewer than ten percent of organizations failed to respond. The 

substrate used in restoration projects was generally oyster shell or clamshell. Marine marl, a 

combination of substrates, and other substrates made up lesser portions of restoration projects. 

Other forms of substrate included oyster castles and concrete. Substrate size was generally three 

to six inches in length, with shell sizes averaging three to four inches. The full range of substrate 

size spanned less than three inches in length to more than twelve inches in length. Roughly 

twenty percent of projects incorporated varying sizes of substrate. Roughly an equal number of 

projects used seed oyster or spat on shell in the restoration projects. Around fifteen percent of 

organizations indicated periodic use of seed oyster in projects. 
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3.1.3 Monitoring, Management, and Cost-Benefit Analysis Trends 
 

The goal of this section was to understand monitoring and cost-benefit analysis 

associated with the restoration projects. Specifically, the section included information about 

annual monitoring of the project, the monitoring agency, the availability of long term monitoring 

data, metrics of success, the availability of cost benefit analysis data, and the estimated harvest 

generated by the restoration work. Over 85 percent of organizations indicated annual monitoring 

of cultch planting sites. Fewer than ten percent of organizations indicated limited annual 

monitoring programs, based largely on funding. Annual monitoring was most frequently 

conducted by non-profit employees, with a quarter of projects monitored by state agencies and a 

smaller subset of projects, roughly ten percent each, monitored by universities, volunteers, or a 

combination of two or more agency groups. Long-term project monitoring data was available 

from more than 75 percent of organizations. Metrics of success were developed for over 60 

percent of projects. Success metrics included growth monitoring, nitrogen level monitoring, 

filtration, oyster seed survival, recruitment, oyster quality and size, ecosystem health, fish 

species diversity, and oyster reef footprint. Cost-benefit analysis was generally unavailable for 

oyster restoration activities, with over 80 percent of organizations not having conducted cost-

benefit analysis.  

 

3.1.4 Project Funding Trends 
 

This section gauged the annual funding of restoration programs, including the source and 

amount of annual funds. Over 80 percent of restoration activities had allocated annual funding 

available. Sources of funding included federal and state grants and appropriations, donations, and 

combined sources. Funding allocation ranged from $25,000 USD to over $10 million USD. The 

National Oceanic and Atmospheric Administration (NOAA), National Marine Fisheries Service 

(NMFS), National Science Foundation (NSF), United States Department of Agriculture (USDA), 

and private foundations were a few specific funding sources listed for oyster restoration on the 

U.S. East Coast. 
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3.2 Coastal Acidification and the Eastern Oyster Results and Discussion 

 

3.2.1 Background 
 

Since the mid-1700s, the ocean has absorbed twenty-seven percent of anthropogenic 

carbon dioxide emissions that resulted from activities such as the burning of fossil fuels, 

industrial production, and land use changes (Fennel et al., 2019). Citing the International Panel 

on Climate Change (IPCC), Fennel et al. 2019 note that ocean acidification is defined as “any 

reduction in the pH of the ocean over an extended period, typically decades or longer, which is 

caused primarily by uptake of [carbon dioxide] CO2 from the atmosphere but can also be caused 

by other chemical additions or subtractions from the ocean” (Fennel et al., 2019). Ocean 

acidification describes a change in the ocean’s chemistry, a lowering of ocean pH, and a 

reduction in the state of calcium carbonate saturation (Rheuban et al., 2018). Anthropogenic 

carbon emissions contribute to ocean acidification and declining concentrations of carbonate ions 

in the ocean (Barton et al., 2012). Human activities including the burning of fossil fuels, 

development, and deforestation (Miller et al., 2009) have led to a 36 percent increase in 

atmospheric carbon over the last 200 years (Barton et al., 2012). Each year, more than 8 Pg of 

carbon dioxide reaches the earth’s atmosphere through the burning of fossil fuels alone (Talmage 

and Gobler 2010). By 2300, under a ‘business-as-usual’ scenario, carbon dioxide levels are 

expected to increase to roughly 2,000 µtm. The global ocean has absorbed roughly one third of 

all human-induced atmospheric carbon, which has led to an ocean pH reduction of 0.1 pH units 

(Barton et al., 2012; Miller et al., 2009). Ocean pH is predicted to decrease by between 0.1 and 

0.5 pH units in the next century (Baker et al., 2009). Open-ocean acidification patterns 

correspond with increased atmospheric carbon dioxide (Fennel et al., 2019).  

Ocean acidification can cause cascading ecosystem-level impacts (Fennel et al. 2019). 

Acidification can also impact species at the individual and population levels. Ocean acidification 

can have notable metabolic and growth related impacts on marine organisms throughout their 

lifecycles (Fennel et al., 2019). Organisms that precipitate calcium carbonate are particularly at 

risk from ocean acidification (Fennel et al., 2019). These marine calcifiers depend on calcium 

carbonate to build their internal and external physical structures (Fennel et al., 2019). Calcifying 
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organisms struggle when the saturation state of carbonate dips below the point of equilibrium 

(Fennel et al., 2019). Calcifiers respond negatively to corrosive conditions in which metabolic 

functions diminish, shell and skeleton building decline, and survival is challenged (Fennel et al., 

2019). Larval and juvenile stage organisms are especially vulnerable to acidification (Fennel et 

al., 2019).  

Ocean acidification may significantly affect the future of global wild-caught and 

aquaculture mollusk fisheries (Rheuban et al., 2018). Under the IPCC Representative 

Concentration Pathway (RCP) 8.5, some bivalve species could decline in biomass by over 50 

percent by the year 2100 (Rheuban et al., 2018). This decline would impact both fishery landings 

and economics (Rheuban et al., 2018). The US West Coast has already begun to see the negative 

effects of ocean acidification on its oyster aquaculture industry (Rheuban et al., 2018). The value 

of ecosystem services provided by mollusk species surpasses the annual United States harvest 

total of $750 million (Talmage and Gobler, 2010). Climate change issues including heightened 

sea surface temperatures and elevated carbon dioxide levels could have a significant impact on 

bivalve populations (Talmage and Gobler, 2010). Open ocean marine environments worldwide, 

as well as coastal and estuarine ecosystems, are vulnerable to the future effects of acidification. 

 
3.2.2. Acidification of the Coastal Ocean 
 

Continental shelf zones comprise between seven and ten percent of the global ocean, 

however these regions support burial of between 30 and 50 percent of inorganic carbon, 80 

percent of organic carbon, and 30 percent of global primary production (Fennel et al., 2019). 

Continental shelf zones disproportionally absorb atmospheric carbon dioxide (Fennel et al., 

2019). Human activities contribute to coastal zone carbon intake (Fennel et al., 2019). Climatic 

changes including shifts in atmospheric forcing, ocean circulation patterns, and nutrient loading 

in riverine systems resulting from agricultural practices, rising trends in urbanization, and the 

burning of fossil fuels drive increases in atmospheric carbon dioxide (Fennel et al., 2019).   

The Atlantic Coast of North America is characterized by a wide, geologically passive 

continental shelf (Fennel et al., 2019). The Atlantic continental shelf spans from the Labrador 

Sea to the southernmost point of Florida. At its northernmost point, the shelf’s width stretches a 

few hundred kilometers (Fennel et al., 2019). In the southern region the shelf narrows, 

particularly toward the Mid-Atlantic and South Atlantic Bights (Fennel et al., 2019). The Mid-



	 13	

Atlantic Bight defines the region from Cape Cod, Massachusetts to Cape Hatteras, North 

Carolina (Fennel et al., 2019). The South Atlantic Bight stretches from Cape Hatteras southward 

(Fennel et al., 2019). Multiple significant riverine and estuarine systems are found along the 

Atlantic Coast. These include the St. Lawrence River and Estuary, Long Island Sound, Delaware 

Bay, the Hudson River, and Chesapeake Bay (Fennel et al., 2019). The southern portion of the 

Atlantic coast hosts numerous small river systems and marshlands (Fennel et al., 2019). Cape 

Hatteras is the defining geographic point that separates the larger river systems of the north from 

the smaller systems of the south (Fennel et al., 2019). Both the Mid-Atlantic and South Atlantic 

Bights are considered net carbon sinks (Fennel et al., 2019). Studies suggest that the South 

Atlantic Bight accounts for 59 percent of the 3.4 Tg C yr-1 of organic carbon from estuarine 

systems along the US East Coast (Fennel et al., 2019). The South Atlantic Bight is considered a 

relatively weak carbon sink, as although regional marshes input carbon during much of the year, 

wintertime carbon uptake at the mid and outer-shelf areas create balance (Fennel et al., 2019).  

Latitude is an important feature of carbon dioxide dynamics throughout the Atlantic coast 

(Fennel et al., 2019). As Fennel et al. 2019 discuss, the Northern portion of the coast features 

strong seasonality with “solubility-driven uptake by cooling in winter and biologically driven 

update in spring followed by outgassing in summer and fall due to warming and respiration of 

organic matter” (Fennel et al., 2019). The South lacks seasonally regulated phytoplankton 

blooms, although blooms do occur due to the region’s proximity to high nutrient Gulf Stream 

waters (Fennel et al., 2019).  Studies suggest that climate warming will have a mild affect on the 

air to water carbon dioxide flux in the Mid-Atlantic Bight, however warming in the South 

Atlantic-Bight may cause the area to go from a net sink to a net source of atmospheric carbon 

dioxide (Fennel et al., 2019). More atmospheric carbon dioxide will cause increased carbon 

dioxide absorption in the coastal ocean (Fennel et al., 2019). Increasing atmospheric carbon 

dioxide will also impact surface heat fluctuations, acidic river water inputs into marine 

environments, and wind patterns (Fennel et al., 2019). Warming of surface waters will yield 

greater stratification of the water column, which will impact nutrient diffusion (Fennel et al., 

2019).  

The Mid-Atlantic Bight and the Gulf of Maine regions of the Atlantic Coast generally 

show lower pH and aragonite saturations as compared to the South Atlantic Bight (Fennel et al., 

2019). Aragonite saturation at the surface generally falls in the range of 3.6 to 4.5, which is 
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comfortably above the threshold for dissolution that is found in the northern portion of the Gulf 

of Mexico (Fennel et al., 2019). The northern Gulf of Mexico experiences annual nutrient inputs 

through runoff from the Mississippi River that causes hypoxia and acidification of bottom waters 

from eutrophication (Fennel et al., 2019). Studies suggest that by the year 2100, aragonite 

saturation in bottom waters will fall below the saturation threshold (Fennel et al., 2019). The 

Gulf of Maine presently experiences seasonal fluctuation and under saturation of subsurface 

aragonite (Fennel et al., 2019). This is concerning as the region also hosts an important shellfish 

industry (Fennel et al., 2019). In contrast, the Pacific Coast is expected to face under-saturation 

on half of the continental shelf by the year 2050 (Fennel et al., 2019). 

Carbon exchange occurs throughout coastal regions through ocean and land interactions, 

air and water interactions, and interactions between coastal regions and open-ocean marine 

waters (Fennel et al., 2019). Annual carbon exchange cycles between the ocean and atmosphere 

occur due to primary production, respiration, fluctuating ocean temperatures, under or over-

saturation of carbon dioxide in the surface ocean given water temperature fluctuations, and the 

precipitation and dissolution of calcium carbonate (Fennel et al., 2019). Quantifying coastal 

carbon fluxes is important to predicting future oceanic carbon levels and coastal acidification 

(Fennel et al., 2019). Available evidence from over ten years of observations indicates that the 

North American Exclusive Economic Zone (EEZ) is a carbon sink in the range of 160 ± 80 

TgCyr -1. The mid-Atlantic region makes up roughly twenty-five percent of the total area and 62 

TgCyr-1 of this total (Fennel et al., 2019). Studies suggest an open ocean carbon export of 151± 

105 TgCyr-1 (Fennel et al., 2019). Increases in the concentration of inorganic carbon cause ocean 

acidification in both coastal regions and the open-water marine environment (Fennel et al. 2019).  

Coastal zones and estuaries are biologically productive regions that provide nursery 

grounds for fish, water filtration services, and coastal protection (Miller et al., 2009). These 

regions are shallower and less saline than marine spaces, and they have lower alkalinity (Miller 

et al., 2009). Coastal regions experience greater seasonality and greater variation in acidification 

as compared to the open ocean (Fennel et al. 2019). Coastal ecosystems are thus more likely to 

be affected by changes in carbonate chemistry as compared to open ocean regions (Miller et al., 

2009). Estuaries are prone to greater carbon fluctuation, and it may be expected that these 

habitats will see a shift toward greater carbon concentrations as atmospheric carbon increases 

(Miller et al., 2009). 
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3.2.3 Estuarine Environmental Stressors 
 

Climate change impacts include the acidifying, warming, and deoxygenating of coastal 

oceans (Stevens and Gobler, 2018). These environmental stressors are not necessarily additive 

when experienced in tandem (Stevens and Gobler, 2018). Acidification of coastal oceans results 

from anthropogenic atmospheric carbon dioxide, nutrient runoff and freshwater inputs, 

eutrophication, and upwelling (Stevens and Gobler, 2018). Acidification or low pH and low 

dissolved oxygen generally have a negative effect on calcifier shell growth, tissue weight, 

respiration rate, and survival (Stevens and Gobler, 2018).  Ocean chemistry and temperature 

changes affect the distribution, behavior, and population dynamics of marine organisms (Stevens 

and Gobler, 2018).  

Stevens and Gobler 2018 studied the interactive effects of various climate and coastal 

stressors including hypoxia, temperature increase, and acidification on marine bivalves (Stevens 

and Gobler, 2018). Bivalves and other sessile organisms are particularly at risk from hypoxic 

events (Stevens and Gobler, 2018). Increasing temperatures in coastal environments amplifies 

hypoxic event intensity by increasing stratification in the water column, lowering solubility of 

gases, and thus reducing mixing in the water column (Stevens and Gobler, 2018). Coastal 

acidification is similar to hypoxia in that it is driven by eutrophication and the changing climate 

(Stevens and Gobler, 2018). Eutrophication involves increased respiration from algal matter, 

which leads to acidification by raising carbon dioxide levels and decreasing pH and aragonite 

saturation (Stevens and Gobler, 2018). In some instances, carbonate chemistry fluctuations can 

hinder calcifiers from producing an exoskeleton (Stevens and Gobler, 2018). 

Organism life stages may vary in terms of habitat, behavior, morphology, physiology, or 

inter-species interaction (Hettinger et al., 2012). Because of energy expenses associated with 

shifting life stages, stress incurred during the larval stage may cause energy deficiencies that lead 

to a challenged juvenile and adult life stages (Hettinger et al., 2012). Stressors that may impact 

oyster life stages include nutritional deficiency, the presence of environmental toxins, and sub-

optimal salinity levels (Hettinger et al., 2012).  

Nutrient loading in estuarine systems contributes to algal biomass accumulation, and 

ultimately to decreased oxygen that may lead to hypoxia (Wallace et al., 2014). In recent decades 
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there has been an upward trend toward greater nutrient loading that leads to hypoxic zones 

throughout the world (Wallace et al., 2014). In addition to hypoxic conditions, increased nutrient 

loading and the resulting microbial breakdown of organic material leads to increased carbon 

dioxide and thus a lessening of seawater pH (Wallace et al., 2014). This process of acidification 

occurs as carbon dioxide in the water forms carbonic acid (H2CO3), then dissociating to 

carbonate ions, hydrogen ions, and bicarbonate ions (Wallace et al., 2014). Wallace et al. 2014 

studied the relationship between eutrophic estuaries and acidification by analyzing the pH, 

partial pressure of carbon dioxide, aragonite saturation state, and dissolved oxygen level during 

three low oxygen stages in the northeast of the United States. The researchers focused 

specifically on several semi-enclosed estuaries: Narragansett Bay in Rhode Island; Long Island 

Sound in Connecticut and New York; Jamaica Bay in New York; and Hempstead Bay in New 

York. Long Island Sound ranks third in terms of the largest US estuaries, and the water body 

accepts over four billion liters of treated wastewater effluent each day from New York City 

(Wallace et al., 2014). Narragansett Bay is New England’s largest estuary, and it exhibits high 

nutrient loading levels through its close proximity to Rhode Island and Massachusetts (Wallace 

et al., 2014). Jamaica Bay is associated with a high nitrogen load, 90 percent, from four large-

scale wastewater treatment plants in Brooklyn and Queens New York (Wallace et al., 2014).  

The study found that acidification occurs annually in relation to seasonal low oxygen levels in 

eutrophic estuaries of the US northeast Atlantic (Wallace et al., 2014). The study suggests that 

management plans should consider acidification and its negative impacts to coastal species as a 

secondary effect of estuarine eutrophication (Wallace et al., 2014). It may be expected that 

eutrophication and the associated phytoplankton blooms actually increase pH levels through 

photosynthesis and the consumption of carbon dioxide. While this assumption holds true in the 

winter and spring when pH values remain basic at over 8.5 pH, Wallace et al. 2014 discuss 

declining pH (< 7.5) during the summer and fall months due to heightened intensity of microbial 

respiration (Wallace et al., 2014).  

Shallow estuarine systems are prone to experience significant pH and dissolved oxygen 

variation each day, especially given high nutrient loading (Wallace et al., 2014). Acidification 

may be at its height during the night, which does not overlap with most surveys (Wallace et al., 

2014). Wallace et al. 2014 point to sewage wastewater discharge as an acidification point source, 

both for the fact that sewage may be acidified and as a result of microbial respiration (Wallace et 
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al., 2014). The study found that the areas within several kilometers of sewage outfall sites in 

estuarine regions around south-west Long Island shows pCO2 levels at or over 1000 µtm 

(Wallace et al., 2014). To manage wastewater and the associated microbial respiration, 

management measures expect to focus on nitrogen removal (Wallace et al., 2014). These 

measures may actually further lower pH and high pCO2 levels in regions adjacent to treatment 

facilities (Wallace et al., 2014). Jamaica Bay similarly highlights the link between acidification 

and eutrophication (Wallace et al., 2014). Roughly 90 percent of nitrogen load in Jamaica Bay 

comes from sewage discharge, and anoxia in the Bay is linked to severe acidification (Wallace et 

al., 2014). Wallace et al. 2014 suggests that coastal zone fishery managers should consider 

acidification as a key determinant of yield (Wallace et al., 2014). Interannual variation of 

acidification’s strength and duration is positively correlated with acidification’s intensity and 

link to warmer spring and summer conditions (Wallace et al., 2014). 

 
3.2.4 Coastal Acidification and the Eastern Oyster 
 

Oysters and other filter feeding bivalves are essential to the health of coastal systems. 

Oysters and other filter feeders support light availability through water filtration, support nutrient 

and organic matter recycling, lessen coastal vulnerability to algal blooms, and serve as an 

important food source for benthic organisms and humans (Stevens and Gobler, 2018). Benthic 

filter feeders like oyster are commercially valuable species, and in the United States total 

$1billion annually in fisheries landings (Stevens and Gobler, 2018). While bivalves are a 

historically important feature of Atlantic coastal communities, species residing in shallow, 

estuarine systems will face exacerbated environmental stressors including hypoxia, acidification, 

and rising temperatures (Stevens and Gobler, 2018). Beyond examining these stressors 

individually, it is important to understand the collective impact they will have on estuarine 

bivalves (Stevens and Gobler, 2018). Experienced concurrently, these stressors can cause 

metabolic depression, a decline in growth rate, or mortality (Stevens and Gobler, 2018).  

Acidification is intensified as waters warm, and acidification coupled with hypoxic 

conditions can yield synergistically negative effects on larval or juvenile bivalves (Stevens and 

Gobler, 2018). Stevens and Gobler 2018 found that survival rates of juvenile C. virginica, 4.46 

+/- 0.51 mm, were not significantly impacted by either pH or dissolved oxygen levels (Stevens 

and Gobler, 2018). Warmer waters, (31 degrees Celsius versus 24 degrees Celsius) significantly, 
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though marginally impacted the survival rate of juvenile oysters (18.62 +/- 1.27 mm) (Stevens 

and Gobler, 2018). When low pH was experienced with dissolved oxygen, the negative effects of 

low dissolved oxygen were remediated at 31 degrees C (Stevens and Gobler, 2018). Low pH 

negatively effected shell length growth rates (Stevens and Gobler, 2018). Oysters exposed to low 

pH and high temperatures (31 degrees Celsius), and individuals exposed to low temperatures (24 

degrees Celsius), low pH, and low dissolved oxygen showed no shell growth during the four-

week study period (Stevens and Gobler, 2018). 

Acidification that results from increased carbon dioxide yields changes in the saturation 

of calcium carbonate (Miller et al., 2009). Tradeoffs exist for calcifying organisms experiencing 

acidification. These organisms may either devote resources to growth or calcification (Miller et 

al., 2009). With the continued rise of atmospheric carbon dioxide, estuarine zones will become 

less hospitable for calcifying organisms, and will cause calcifying organisms like the eastern 

oyster to grow more slowly (Miller et al., 2009). Bivalves are affected by acidification in 

numerous ways, especially given the importance of the chemical environment in organism 

development during the pre-settlement larval stage (Rheuban et al., 2018). Bivalve predator-prey 

interactions are predicted to be negatively impacted by acidification, given the potential for 

acidification to weaken the shells of and diminish the behavioral response to predation of bivalve 

species (Rheuban et al., 2018).  

Shell thickness declines under high carbon dioxide conditions, and the strength, size, and 

connectivity of the shell hinge structure is negatively affected (Talmage and Gobler, 2010). 

Bivalves depend on the integrity of the shell hinge for food intake, waste excretion, and body 

movement including opening and closing (Talmage and Gobler, 2010). Furthermore, the strength 

of the shell itself is critical during early life stages for protecting larvae and juvenile shellfish 

from predation and environmental stressors in the water column and the benthos (Talmage and 

Gobler, 2010). Bivalves in the transitional stage between larvae and benthic juvenile see 

exceptionally high rates of mortality (Talmage and Gobler, 2010). Given the already high 

mortality rates, further stress on estuarine system bivalves may spell disaster for population 

(Talmage and Gobler, 2010). 

Various studies suggest that the survival rate of larval stage oysters is negatively 

impacted by ocean acidification (Barton et al., 2012). Larval stage oysters are considered more 

vulnerable compared to adult oysters as larvae biomineralize aragonite (Miller et al., 2009). 
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Aragonite has greater solubility than calcite, though both are forms of calcium carbonate and 

calcium carbonate is the primary substance that comprises adult oyster shells (Miller et al., 

2009). Studies suggest that larvae raised at preindustrial levels of carbon dioxide (~250 ppm) had 

greater success in growth, metamorphosis, and survival versus larvae raised at either current 

levels or projected future levels of carbon dioxide (Talmage and Gobler, 2010). Not only did 

larvae at pre-industrial levels have a 34 percent higher survival rate than those at projected future 

levels (~1500 ppm), but larvae at pre-industrial levels showed more rapid metamorphosis than 

larvae at present day CO2 levels (Talmage and Gobler, 2010). Bivalve shell formation during the 

early life history stages is significantly affected by carbon dioxide levels (Talmage and Gobler, 

2010). Studies of Crassostrea virginica showed the oyster to exhibit somewhat greater shell area 

when reared at preindustrial carbon dioxide levels, as compared to individuals grown at the 

modern-day level (Talmage and Gobler, 2010).  

In hypoxic conditions, bivalve tissue oxygen requirement is unmet by ambient oxygen 

supply, thus it may be more challenging for individuals to cope with secondary environmental 

stressors (Stevens and Gobler, 2018). Hypoxia may further challenge individuals by reducing 

proper acid-base regulation (Stevens and Gobler, 2018). Low pH and low dissolved oxygen 

impact metabolic rates by slowing internal gas exchange, reducing oxygen within cells, and 

possibly causing a buildup of carbon dioxide that may lead to hypercapnia (Stevens and Gobler, 

2018). Larval and juvenile stage bivalves that exhibit rapid calcification are more susceptible to 

acidification as compared to species that display slower growth (Stevens and Gobler, 2018) 

Smaller juveniles may be less capable of resisting dissolution due to acidification (Stevens and 

Gobler, 2018). Compared to other bivalve species, C. virginica appeared more robust against 

acidification in the study conducted by Stevens and Gobler 2018). 

The eastern oyster (Crassostrea virginica) is a common bivalve species of the U.S. 

Atlantic coast. The species is capable of surviving a range of environmental conditions. These 

include salinity levels of 0-42 psu and temperatures that range from 20 to 45 degrees Celsius 

(Black et al., 2017). A sessile, filter-feeding organism, C. virginica is capable of subsisting on a 

variable food supply (Black et al., 2017). C. virginica’s shell is comprised of calcium carbonate 

and aragonite (Black et al., 2017). Studies show that C. virginica’s shell area increases more 

slowly under high carbon dioxide conditions. Biomineralization of calcium carbonate declines in 

larval oysters as carbon dioxide rises (Miller et al., 2009).  Studies suggest that in the coming 
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decades, C. virginica larval growth and calcification rates may decline due to estuarine 

acidification (Miller et al., 2009). Declining growth rates will mean that larval oysters spend 

more time in the water column, which may lead to increased mortality rates due to expiration or 

predation (Miller et al., 2009). It is estimated that successful larval recruitment would decrease 

by 89 percent were metamorphosis time lengthened by five days (Miller et al., 2009). Within this 

same time span, daily larval mortality rates would increase from twenty percent to twenty-five 

percent (Miller et al., 2009). Heightened mortality of oyster larvae in the water column and 

decreased success of larval settlement could lead to population decline in the future (Miller et al., 

2009). 

In a study of C. virginica’s molecular response to ocean acidification, Downey-Well et al. 

2020 found that elevated levels of acidification caused a spike in extrapallial fluid pH as 

compared to the surrounding seawater (Downey-Wall et al., 2020). The change was tracked from 

twenty-four hours to 80 days from exposure to acidification, and the study found that a peak 

occurred at day nine, and then decreased in the days following (Downey-Wall et al., 2020). The 

study showed that given a high ocean acidification treatment, calcification rates were 

significantly diminished (Downey-Wall et al., 2020). A study of C. virginica’s general DNA 

methylation found that given high pCO2 conditions, the species shows a significant epigenetic 

response (Venkataraman et al., 2020). Another study related to C. virginica’s larval growth 

indicated that veliger larvae show a relatively high tolerance to heightened carbon dioxide levels 

and aragonite saturation below 1.0 (Miller et al., 2020). Larval growth, however, is significantly 

slower under high carbon dioxide conditions (Miller et al., 2020). Larval growth is measured in 

growth lines, the interval width of which translates to alterations in shell area (Miller et al., 

2020). Ocean acidification has a significant effect on oyster energy metabolism (Lannig et al., 

2010). Climate change and the associated acidification may thus affect oysters and other sessile 

invertebrates in coastal regions (Lannig et al., 2010).  

Studies suggest that organism sensitivity is strongly associated with life-history stage and 

the availability of nutritional resources (Waldbusser et al., 2013). In the week following 

fertilization, oyster larvae shift from endogenous to exogenous, especially algal energy sources 

(Waldbusser et al., 2013). During the beginning shell formation stage, areas of calcification are 

generally exposed to and reliant upon carbonate speciation from the surrounding seawater 

(Waldbusser et al., 2013). Adult bivalve precipitation of metabolic carbon to shells is positively 
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correlated with bivalve age and food supply (Waldbusser et al., 2013). Kinetic limitations may 

be overcome through multiple strategies. Mollusks may either increase mineral formation rates 

by incorporating organic molecules, or mollusks proton pumping may be heightened 

(Waldbusser et al., 2013). Both strategies are energetically costly (Waldbusser et al., 2013). 

Bivalve larvae depend on endogenous energy resources during embryogenesis and 

metamorphosis (Waldbusser et al., 2013). Long-term environmental stress from acidification 

lessens lipid levels in oyster larvae as larvae reach metamorphosis, and this leads to decreased 

larval settlement (Waldbusser et al., 2013). Survival rates of C. virginica larvae sharply decline 

when egg lipids decrease to a level below 6 ng egg-1. Environmental stressors increase energy 

costs and lessen growth capacity, especially given limited food resources (Waldbusser et al., 

2013). The future success of bivalves will be largely dependent on timing and duration of 

acidification in coastal waters in relation to key life history stages (Waldbusser et al., 2013). An 

understanding of organism development, energy transformation, shell mineralogy, and calcium 

carbonate kinetics can help to predict how species will respond to future acidification conditions 

in coastal seas (Waldbusser et al., 2013). 

Calcifying bivalves are critical to the health of estuarine ecosystems as they help regulate 

acidification through filter feeding (Wallace et al., 2014). Estuarine benthic environments and 

the water column can experience acidification (Wallace et al., 2014). Wallace et al. 2014 found 

that bottom waters had greater acidity than surface waters, which points to the idea that benthic 

species may experience longer periods of dissolution and require greater tolerance to 

acidification (Wallace et al., 2014). However, larval stage, pelagic bivalves have greater 

sensitivity to acidification than juveniles settled on the benthos (Wallace et al., 2014). In summer 

months, estuarine eutrophic regions can exceed 3000 µtm pCO2 (Wallace et al., 2014). This 

indicates that estuarine studies should include a broader range of pCO2, beyond the 1000 µtm 

CO2 expected to occur in future years (Wallace et al., 2014). Estuarine organisms experience 

multiple environmental stressors including acidification, hypoxia, and these organisms exist near 

the upper end of their thermal ranges (Wallace et al., 2014).  Studies indicate that acidification 

and hypoxia can act additively and synergistically to negatively impact bivalves in early life 

stages (Wallace et al., 2014).  

It is important for managers of estuarine systems to consider environmental stressors 

holistically, and move away from criteria based solely on dissolved oxygen levels (Wallace et 
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al., 2014). More research is needed to understand how these stressors, especially acidification 

and hypoxia relate to each other and effect organisms in the benthos and in the water column 

(Wallace et al., 2014). Managers responsible for nutrient levels in estuarine systems and 

wastewater should consider acidification and the related impacts to estuarine organisms (Wallace 

et al., 2014). Proper management of these issues is particularly important given the continued 

rise of atmospheric CO2 and coastal acidification during the coming century (Wallace et al., 

2014). 

 

3.3 Recommendations for Management and Future Research 
 

In the 24 million years leading up to the industrial revolution, atmospheric carbon dioxide 

levels remained relatively stable at a range significantly lower than present day levels (Talmage 

and Gobler, 2010). Today, atmospheric carbon dioxide levels have reached over 410 ppm 

(Stevens and Gobler, 2018). Evidence suggests that post-industrial revolution ocean acidification 

may have applied selection pressure on bivalves, and this trend may continue into the future 

(Talmage and Gobler, 2010). The present rate at which carbon dioxide is entering the atmosphere 

is unprecedented in the past tens of millions of years (Talmage and Gobler, 2010). In the last two 

hundred years, roughly one-third of anthropogenic carbon dioxide from the atmosphere has been 

sequestered in the global oceans (Talmage and Gobler, 2010). By the year 2100, carbon dioxide 

levels are projected to reach 750 ppm (Talmage and Gobler, 2010). The resulting process of 

ocean acidification significantly impacts the growth and survival of bivalve species, especially 

during early life stages (Talmage and Gobler, 2010).  

Studies of the impacts of carbon dioxide at levels expected later this century show species 

vulnerable to heightened carbon dioxide to have a decreased survival rate and slower 

metamorphosis (Talmage and Gobler, 2010). In oysters, this means that recruitment success will 

be negatively impacted by future carbon dioxide and acidification trends (Talmage and Gobler, 

2010). Larval stage mollusks are particularly vulnerable to acidification (Talmage and Gobler, 

2010). Evolutionary challenges may be in store for coastal calcifying species. Estuarine and 

shallow coastal bivalves experience dynamic carbon dioxide and pH fluctuations, and tolerance 

thresholds have not been clearly established (Talmage and Gobler, 2010). Acidic and hypoxic 
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conditions are influenced by time of day and by tide cycle (Baumann et al., 2015). The most 

intense periods of hypoxia and acidification occur during the night hours (Baumann et al., 2015). 

Estuarine organisms may be tolerant of predicted carbon dioxide levels in the open water marine 

environment in the coming centuries, however estuarine environments may experience greater 

acidification than open water due to eutrophication (Baumann et al., 2015). Studies of 

acidification should thus incorporate daily fluctuations in environmental stressors, as well as 

acidification of coastal habitats to fully comprehend how multiple stressors will impact coastal 

species like C. virginica (Baumann et al., 2015). More research is needed to determine the 

effects of acidification, hypoxia, and warming waters on estuarine bivalves (Stevens and Gobler, 

2018). 

Beyond calcification, lowered pH can cause universal, cascading physiological changes 

in oysters because of acidification’s role in hindering nutritional intake, storage of lipids, 

increased respiration, and RNA synthesis (Stevens and Gobler, 2018). Oysters and other bivalve 

species are valuable both economically and ecologically. Ocean acidification has already 

challenged oyster growers in the U.S. Pacific Northwest. Acidification in the region resulted 

from upwelling of waters richly concentrated with carbon dioxide (Waldbusser et al., 2013). 

Oyster seed production declined due to the acidified waters, as the change in carbonate chemistry 

hindered the initial formation of oyster shell (Waldbusser et al., 2013). Ocean acidification varies 

significantly both temporally and spatially, and this may cause declines in species sensitive to 

shifting pH (Waldbusser et al., 2013). C. virginica and other oyster species native to the U.S. 

Atlantic Coast may in time experience widespread and enduring acidification. Bivalve and oyster 

response to multiple environmental stressors should be considered in management plans and 

restoration projects (Stevens and Gobler, 2018).   

Future acidification of coastal environments is uncertain, though studies indicate trends 

toward acidification of estuarine systems (Duarte et al., 2013). In contrast to the open ocean, the 

pH of coastal seas generally does not move in tandem with atmospheric carbon dioxide (Duarte 

et al., 2013). Although the organisms that inhabit coastal systems are some of the most 

vulnerable to acidification, guidance as to the future of acidification in these regions is lacking 

(Duarte et al., 2013). To better understand future trends in coastal acidification and estuarine 

health under climate change, management plans should incorporate local and regional models 

that capture the full range of processes relevant to coastal ecosystems (Duarte et al., 2013). At 
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present, many studies incorporate acidification data relevant to open water marine systems, 

however regional watershed processes are key to acidification of coastal environments (Duarte et 

al., 2013). Modeling future acidification of coastal systems will require incorporating multiple 

model variables including global carbon dioxide emissions from anthropogenic sources, regional 

data related to organic and inorganic carbon, nutrient loading, habitat shifts, and watershed 

carbonate chemistry (Duarte et al., 2013). Understanding drivers and controls of coastal 

acidification like temperature fluctuations, sea level rise and river runoff will also be important 

to capture in future acidification models (Saba et al., 2019). Priority should be given to filling 

research gaps related to key species, like C. virginica and important life stages (Duarte et al., 

2013). Studies should incorporate multiple species and multiple environmental stressors in 

considering estuarine systems (Duarte et al., 2013). Seasonal variability and daily fluctuations 

should be accounted for in considering environmental stressors (Duarte et al., 2013). 

Transgenerational studies of C. virginica can help to understand the species capacity for 

acclimation and adaptation to acidification and other environmental stressors (Duarte et al., 

2013). Important to acclimation studies is the role of quality and availability of food sources for 

C. virginica (Duarte et al., 2013). Acidification may have significant impacts on estuarine food 

webs and population dynamics. At the ecosystem level, further research related to acidification 

thresholds for various species is needed (Duarte et al., 2013). Finally, a broader range of 

environmental variables related to coastal acidification should be incorporated into economic 

models in order to more precisely predict the future economic environment under changing 

coastal seas (Duarte et al., 2013).   
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Appendix 
 

6.1 Oyster Restoration Survey Interview Script 
 

Oyster Restoration Project Interview Questions 
 
Hello! I am working to gather information about oyster restoration work being done in the 

Atlantic States. May I ask you a few questions about your organization’s work in this area? 

 

I’ll start with a few general questions about the Oyster Restoration Activity: 

 

1. What is the purpose of the activity?  

2. What is the approximate average annual acreage built? What is the average volume of 

material per acre? 

3. What is the average total volume per year? 

4. Could you please briefly describe the activity?  

 

I also have a few questions about the construction: 

1. Was the project built/constructed by State employees and equipment, Private marine 

contractor, Commercial fishers, Other?  

2. Is the water depth less than 2 feet, 2-5 feet, 5-10 feet, or more than 10 feet?  

3. Is the construction in an intertidal, subtidal, or wind tide region?  

4. What substrate was used to build the project? (Marl, Granite, Shell, Manufactured 

Material, or something else?)  

5. What size is the substrate?  

6. Were seed oysters or spat on shell used? (Yes, no, sometimes?)  

7. Could you describe the water body where the project was built? 

 

This next section covers monitoring and cost-benefit: 

1. Was annual monitoring conducted?  

2. If so, was the annual monitoring conducted by state agency, university researchers, a non-

profit, or other organization?  
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3. Is long term monitoring data available?  

4. Were metrics of success developed?  

5. Could you describe the monitoring and metrics of success if any were used? 

6. Was a cost/benefit analysis conducted?  

7. Is a cost/benefit report available online?  

8. Could you briefly describe any major takeaways from the analysis?  

9. Could you share an estimate of the harvest generated by the activity?  

 

Now I’ll move on to a few questions about funding: 

1. Is there annual funding for the program?  

2. What is the funding source for the program?  

3. Could you please describe the funding sources 

4. What is the total of annual funds available ($)? 

 

That is all in terms of the specific questions that I had for you. Are there any additional details or 

information I should note about the project? 

 

Thank you so much for your time. Is there anyone else, or any other organization that you would 

recommend I contact regarding oyster restoration? 

 

Thank you again! 
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6.2 Sample Lesson Plan 
 

Coastal Acidification and the Eastern Oyster 
 
Audience: This lesson plan is designed for non-profit volunteer groups comprised of school 
groups from grades 6 to 12 and/or adult learners  
 
Timing: 30 minutes, but adaptable 
 
Learning Objectives: 

• Students gain familiarity with oyster reefs and role of oysters in ecosystem 
• Students gain familiarity with ocean acidification 
• Students gain familiarity with coastal acidification 
• Students connect coastal acidification with health of coastal oysters 
• Students are inspired to share newfound knowledge with community 

 
Presentation Notes: 
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Recommended Activities: (Based on student age group, select from the following activities) 

• Students work in teams of 2-3 to draw diagram showing an oyster reef and the associated 
ecosystem services 

o Student work is presented to the group 
• Students work in teams of 2-3 to photograph and post to social media examples of 

ecosystem services using creative hash tags 
o Student photographs are shared with the group 
o Contest for most creative hash tags and photos 

• Students research organizations from their local communities engaged in oyster 
restoration 

• Students design lesson plans related to ecosystem services and acidification based on 
what they have learned and the questions they would like to answer 

• Engage in restoration activities like bagging oysters from recycled oyster shell drop or 
work with non-profit staff to place oyster bags at reef sites 

 
Additional materials: 
Short Videos:  
Facing Climate Change: Oyster Farmers 
Link: https://vimeo.com/43828686 
 
What is Ocean Acidification? 
Alliance for Climate Education 
Link: https://www.youtube.com/watch?v=6SMWGV-DBnk 
 



	 32	

Readings and References: 
Barton A., Waldbusser G. G., Feely R. A., Weisberg S. B., et al. (2015). Impacts of coastal 

acidification on the Pacific Northwest shellfish industry and adaptation strategies 
implemented in response. Oceanography, 28(2):146-159. 

 
Burrows F., Harding J.M., Mann R., Dame R., et al. (2005). Restoration monitoring of oyster 

reefs. In National Oceanic and Atmospheric Administration (Ed.), Science-based 
restoration monitoring of coastal habitats: Tools for monitoring coastal habitats (pp. 4.1-
4.42). U.S. Department of Commerce.  

 
Fennel K, Alin S, Barbero L, Evans W, et al. (2019). Carbon cycling in the North American 

coastal ocean: a synthesis. Biogeosciences, 16:1281-1304. 
 
Miller A.W., Reynolds A.C., Sobrino C., and Riedel G.F. (2009). Shellfish face uncertain future 

in high CO2 world: influence of acidification on oyster larvae calcification and growth in 
estuaries. PLoS One, 4:e5661. 

 
Rheuban J., Doney S.C., Cooley S.R., and Hart D.R. (2018) Projected impacts of future climate 

change, ocean acidification, and management on the US Atlantic sea scallop 
(Placopecten magellanicus) fishery. PLoS One, 13(9):e0203536. 

 
Stevens A.M. and Gobler C.J. (2018). Interactive effects of acidification, hypoxia, and thermal 

stress on growth, respiration, and survival of four North Atlantic bivalves. Marine 
Ecology Progress Series, 604:43–161 

 
 
 
 


