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Nearshore and estuarine environments along the U.S West Coast are ocean 

acidification (OA) ―hotspots‖. Carbon dioxide-enriched water has been correlated with 

production losses of Pacific oyster (Crassostrea gigas) larvae at hatcheries in the 

Pacific Northwest. Limited and unreliable supply of larval seed has implications for 

the economic well-being of commercial growers. However, little is known about how 

the shellfish industry perceives OA related obstacles and envisions adaptation.  

We conducted a 44-question, online survey of shellfish hatcheries and growers 

across Washington, Oregon, and California to better understand stakeholder‘s OA 

perspectives and experiences, and to assist in tackling this information deficit. Eighty-

six stakeholders participated (46% response rate) from the oyster, clam, mussel, 

geoduck, and abalone industries. Participants reported their understanding of OA 

drivers, experience from OA impacts, level of concern, and perceived adaptability. 

Respondents indicated which environmental measurements and information sources 

inform their business practices, the usefulness of University-based research, and their 

willingness to share monitoring data. 
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Fifty-two percent of respondents indicated they have personally experienced 

negative impacts from OA. Participants identified the shellfish industry as the entity 

with highest priority for responding to OA, followed closely by science. Seventy-five 

percent of participants thought University-based research is usually or extremely 

useful, and 90% reported they are somewhat or very willing to share data with 

scientists. Sixty-four percent felt the shellfish industry is definitely or somewhat able 

to adapt.  

While the shellfish industry is experiencing OA, they are committed to 

learning about the issue and its implications for their businesses. There is potential for 

partnerships and data sharing between scientists and industry, but issues of trust and 

uncertainty need to be addressed. Respondents from all three states expressed guarded 

optimism on OA adaptability.  

In addition, this cooperative research project with the shellfish industry has the 

potential to strengthen trust and advance communication between stakeholders and 

scientists. This research can help inform strategies of the Washington State Blue 

Ribbon Panel on OA by filling knowledge gaps, building awareness, and promoting 

scientific collaboration. Our findings can assist in shifting OA conversations from an 

abstract problem toward solution-oriented strategies when addressing this multifaceted 

problem.  
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Exploring Perceptions and Experiences of the U.S. West Coast Shellfish Industry 
Dealing with Ocean Acidification 

 

1. GENERAL INTRODUCTION 

 

1.1 Ocean acidification (OA): atmospheric carbon dioxide & ocean 

carbonization 
 

Human activities, such as the burning of fossil fuels and land use changes, 

have increased atmospheric carbon dioxide (CO2) concentrations from a pre-industrial 

average of 280 parts per million (ppm) to present concentrations of approximately 395 

ppm (Earth System Research Laboratory, NOAA).  The current concentration of 

atmospheric CO2 is higher than any level the Earth experienced in the last 800,000 

years (Lüthi et al. 2008), and the rate at which CO2 concentrations are increasing is 

faster than any occurrences in the last 50 million years (Kump et al. 2009; Honisch et 

al. 2012). Current projections indicate that atmospheric CO2 will roughly double by 

the year 2100 (IPCC 2007) and may reach 2000 ppm by the year 2300 (Caldeira and 

Wickett 2003). While the ocean has absorbed ~27% of anthropogenic CO2 emissions 

from the atmosphere and moderated the rate and severity of climate change impacts 

(Le Quéré et al. 2009), increased CO2 concentrations in the ocean cause changes to 

ocean chemistry, a process called ocean acidification (OA).  

A series of chemical reactions between gaseous CO2 and seawater forms 

carbonic acid (H2CO3), which quickly dissociates into a free hydrogen ion (H
+
) and a 

bicarbonate ion (HCO3
-
). This free H

+
 decreases the pH of the ocean. A second 

reaction occurs when a portion of these H
+
 react with free carbonate ions (CO3

2-
) to 

form another HCO3
-
. This reaction consumes a free CO3

2-
 that would otherwise be 

available to marine organisms (e.g., coral, shellfish, marine plankton) for the 

mineralization of calcium carbonate (CaCO3) shell material. Atmospheric and oceanic 

CO2 concentrations need to be in equilibrium based on Henry‘s Law, however the 
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ocean absorbs more carbon from the atmosphere than it would otherwise because CO2 

is partitioned between CO3
2-

, HCO3
-
, and free CO2 in seawater (Sabine et al. 2004).  

Collectively, anthropogenically driven changes to ocean chemistry result in 

increased PCO2, decreased pH, decreased CO3
2-

, and lowered saturation state (Ω) of 

calcium carbonate minerals such as calcite and aragonite. Since the beginning of the 

Industrial Revolution, the average surface ocean pH has lowered from 8.2-8.1, a 30% 

increase in acidity since 1750 (Caldeira and Wickett 2003; Feely et al. 2004; Caldeira 

and Wickett 2005). Today‘s OA is important not only for the amount of change that 

has occurred, but also for how quickly it is happening as this rapid pace of change 

gives organisms, marine ecosystems, and humans less time to adapt. 

 

1.2 Local and regional drivers that amplify the signal of OA 
 

The California Current Large Marine Ecosystem is an OA ―hotspot‖ because it 

experiences elevated corrosive conditions in comparison to the global baseline of 

acidification (Feely et al. 2008). Measurements of pH and PCO2 from discrete samples 

and autonomous instruments on the eastern boundary shelf and shelf break of Oregon 

highlight the rapid acidification of coastal waters (Feely et al. 2008; Harris et al. 

2013). Upwelling is one of the most important regional factors that increases the 

vulnerability of U.S. West Coast nearshore waters to OA. This natural process is 

driven by northerly winds blowing parallel to the shore causing friction along the 

ocean surface and succeeding movement. The Coriolis Effect deflects surface water to 

the west in the Northern Hemisphere and resultant Ekman transport moves it offshore, 

thereby replacing warm and nutrient-depleted surface water with cold, nutrient-rich, 

and CO2-enriched deep water (Orr et al. 2005). Upwelled water reflects CO2 

concentrations from both biologic respiration (Checkley and Barth 2009) and CO2 

concentrations from atmospheric conditions 30-50 years ago due to the amount of time 

since the water was last in contact with the atmosphere (Feely et al. 2008). Therefore, 

water upwelled today along the U.S. West coast is imprinted by atmospheric CO2 
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concentrations from the 1970s (Feely et al. 2008). Inevitably, OA has already 

happened and ocean acidity will worsen significantly in nearshore waters of the U.S. 

West Coast in the coming years (Gruber et al. 2012; Hauri et al. 2013).  

Concurrent with upwelling events, urbanized areas discharge stormwater and 

nutrients into estuarine waters that further contribute to the amplification of OA and 

the variability of carbonate chemistry on various temporal and spatial scales (Hoffman 

et al. 2011; Kelly et al. 2011; Duarte et al. 2013; Waldbusser and Salisbury 2014). Not 

only is river water generally lower in pH and almost always lower in alkalinity than 

seawater, it also carries nutrients from upstream agriculture lands that stimulate 

production and subsequent respiration in estuaries. Feely et al. (2010) found that 

respiration, in part stimulated by anthropogenic nutrient input, had a greater acidifying 

effect than uptake of anthropogenic CO2 in the surface and bottom water of Puget 

Sound, Washington.  

 

1.3 Biological responses to acidified and corrosive water 
 

Ocean acidification has recently emerged as one of the largest threats to marine 

ecosystems and calcifying organisms such as coral, shellfish, and zooplankton are 

among the most at risk. The growth and shell production of adult and juveniles 

bivalves are impacted by OA, but larval bivalves are especially sensitive to CO2-

enriched waters during critical stages of early development (Orr et al. 2005; Miller et 

al. 2009; DuPont 2010; Parker et al. 2010; Waldbusser et al. 2013). Studies have 

documented that larval bivalves are challenged to precipitate CaCO3 shells under high 

CO2 conditions (Kurihara et al. 2007; Miller et al. 2009; Talmage and Gobler 2010). 

Within 48 hours of fertilization, unshelled Pacific oyster (Crassostrea gigas) larvae 

precipitate roughly 90% of their body weight as calcium carbonate (His and Mauer 

1988; Waldbusser et al. 2013), and a slowed rate of calcification can ultimately be 

detrimental to survivorship (Doney et al. 2009).  
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Simultaneously, OA can have negative impacts on physiological processes 

including growth, survival, reproduction, and behavior (Pörtner 2008). Recent 

synthesis of data from experiments exposing mollusk taxa to variable pH and CO2 

concentrations further demonstrates their variable physiological and structural 

responses to OA (Gazeau et al. 2013; Parker et al. 2013) and thresholds to 

environmental perturbations (Doney et al. 2009, Ries et al. 2009).  

Oysters, like some but not all shellfish, are planktotrophic and exhibit two 

distinct life stages. Larvae move freely through the water column in search of food 

until metamorphosis, when settlement marks the beginning of their benthic life. The 

transition between life stages requires additional energy (Pechenik 2006) and 

physiological stress due to environmental variables can result in reduced fitness and 

survivorship during this early life stage (Rico-Villa et al. 2009; Dupont et. 2010; 

Barton et al. 2012; Waldbusser et al. 2013). Ocean acidification can result in delayed 

settlement for larval oysters (Kurihara 2008) and limit recruitment to adult populations 

(Pechenik 2006), potentially altering the population size and dynamics of marine 

organisms, and disrupting the structure of marine ecosystems (Kurihara 2008). 

 

1.4 Economic impact: the U.S. West Coast shellfish industry 
 

The California Current Large Marine Ecosystem and adjacent estuaries along 

the U.S. West Coast support ecologically and commercially valuable shellfish. While 

the term shellfish also includes crab, lobster, urchins, and sea cucumbers, this paper 

uses the term shellfish as shorthand for some shellfish (i.e. oysters, clam, geoducks, 

mussels, and abalone). Washington leads per-state production of shellfish by 

accounting for nearly 85% of West Coast sales (Pacific Coast Shellfish Growers 

Association 2011) and contributing 69% toward domestic production of farmed oyster, 

clams, and mussels (USDA Census Agriculture 2002). The estimated total annual 

economic contribution of U.S. West Coast shellfish aquaculture is $270 million gate 

value (the price of a product upon leaving the farm) and the industry employs 3,200 
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people (Feely et al. 2011). The benefits of West Coast shellfish aquaculture, however, 

extend beyond direct economic value. Washington‘s shellfish industry generates over 

42,000 jobs and contributes at least $1.7 billion to gross state product through seafood 

restaurants, distributors, and retailers (U.S. Department of Commerce 2011). 

Furthermore, shellfish are historical icons of pride representing the connection 

between coastal communities their ecosystem (Dethier 2006).  

Shellfish growout sites along the U.S. West Coast are in the Puget Sound that 

extends several hundred km inland, and small coastal estuaries where water conditions 

are tightly coupled to nearshore water conditions. The industry predominantly 

cultivates Pacific oysters (Crassostrea gigas), introduced from Japan to replace the 

native and over-harvested Olympia oyster (Ostrea lurida). Some Pacific oyster 

populations naturally reproduce in the warmer waters of Dabob Bay and Willapa Bay, 

Washington, but otherwise, the coastal waters along the western Pacific shelf are too 

cold for natural Pacific oyster spawning events (Barrett 1963; Quayle 1969). 

Inconsistent natural spawns (as shown by Dumbauld et al. 2011) and a limited supply 

of seed (Jones and Jones 1982; Chew 1984) lead to hatchery operations that culture 

larvae to provide a reliable source of seed for growers. But, recently hatcheries are 

challenged to produce a reliable seed supply due to the variability of carbonate 

chemistry in nearshore ecosystem as shown in Netarts Bay, Oregon (Barton et al. 

2012).  

Between 2005 and 2009, Pacific oyster hatcheries in the Pacific Northwest 

experienced a significant drop (~80%) in larval production, marking the first 

documented economic loss to any industry from rapidly increasing ocean acidity 

(Washington State Blue Ribbon Panel on OA 2012). Barton et al. (2012) determined 

that decreased production of Pacific oyster larvae at the Whiskey Creek Shellfish 

Hatchery coincided with the delivery of CO2-enriched water in Netarts Bay, Oregon. 

Two distinct forcings were identified as impacting the local carbonate chemistry and 

subsequent larval development: 1. upwelling events coupled with high atmospheric 

pressure, strong north winds, cold and salty water, low pH, and undersaturated (Ω >1) 
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conditions with respect to aragonite, and 2. biological activity of photosynthesis and 

respiration occurring at a diurnal timescale (Barton et al. 2012). Based on the 

relationships between hatchery production and local variability of carbonate 

chemistry, instruments were installed at some Pacific Northwest hatcheries to monitor 

PCO2 concentrations to inform the filling of larvae culturing tanks with low-CO2 

water. An integrated approach to understand biogeochemical drivers of the estuarine 

system has enabled hatcheries to adapt to OA in the short-term and reduce production 

losses of Pacific oyster larvae. In 2011, larval production at Pacific Northwest 

hatcheries increased to nearly 80% of pre-collapse levels (Washington State Blue 

Ribbon Panel on OA 2012).  

 

1.5 Policy and management of OA 
 

Ocean acidification appeared on the research agenda a few decades ago (Feely 

et al. 1982; Smith and Buddemeier 1992; Guttuso et al 1999), but most research 

efforts have focused on understanding ecological and biogeochemical implications and 

have in large neglected issues related to policy and management (Billé et al 2013). 

Legal adaptation strategies for dealing with OA have been addressed by Kelly et al. 

(2011) with options to mitigate local drivers such as loading of nutrients and pollutants 

in urbanized areas. Miles and Bradbury (2009) discussed OA management within the 

framework of research, monitoring on variable timescales, and ecosystem-based 

management. Rau et al. (2012) explored new and unconventional ocean conservation 

strategies (i.e. storing agriculture crop waste in anoxic zones on seafloor to increase 

carbon sequestration) to address OA adaptation. However, little is known about how 

the U.S. West Coast shellfish industry – a stakeholder group experiencing economic 

impacts – perceives OA related obstacles and envisions adaptation. This research 

investigated the perceptions of these stakeholders and how researchers can engage 

with the shellfish industry to effectively move policy and adaptation strategies 

forward.  
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1.6 Thesis objectives 
 

I conducted an online survey of shellfish hatcheries and growers (oyster, clam, 

mussel, geoduck, and abalone aquaculture products) across Washington, Oregon, and 

California. My objectives were to (1) evaluate the industry‘s understanding of marine 

processes and OA across temporal and spatial scales; (2) assess how understanding 

and experience with negative impacts from OA influence level of concern; (3) 

determine which environmental measurements and data monitoring sources provide 

the most useful information; (4) explore the potential for mutually beneficial 

partnership between the industry and scientists; and (5) investigate the industry‘s 

perceived OA adaptability. A subsequent aim of this project was to disseminate our 

findings to the U.S. West Coast shellfish industry and coastal communities through a 

general audience publication with Oregon Sea Grant (Chapter 3). 
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2. EXPLORING PERCEPTIONS AND EXPERIENCES OF THE U.S. WEST 

COAST SHELLFISH INDUSTRY DEALING WITH OCEAN ACIDIFICATION 
* 

 

2.1 Introduction 

 

Ocean acidification (OA) has received worldwide attention from researchers, 

media, and the public as an urgent environmental and economic issue. Accumulation 

of carbon dioxide (CO2) in the atmosphere from fossil fuel combustion, land use 

change and other human activities has increased uptake of oceanic CO2, causing 

average surface ocean acidity to increase 30% since 1750 (Caldeira and Wickett 2003; 

Feely et al. 2004). The chemical reaction of CO2 with seawater lowers pH, carbonate 

ion concentration, and saturation state of calcium carbonate minerals (Caldeira and 

Wickett, 2003; Feely et al. 2004). In general, growth and shell production of adult and 

juvenile shellfish are negatively impacted by OA, however larval shellfish are 

especially sensitive to CO2-enriched waters during critical stages of early development 

(Orr et al. 2005; Miller et al. 2009; DuPont 2010; Parker et al. 2010; Barton et al. 

2012; Waldbusser et al. 2013). Recent synthesis of data from experiments exposing 

mollusk taxa to variable pH and CO2 concentrations demonstrates that levels of 

sensitivity to OA are different among organisms and preclude generalization even 

among species (Gazeau et al. 2013; Parker et al. 2013).  

As the baseline of global pH is decreasing, measurements of pH and PCO2 

from autonomous instruments along the Oregon shelf and shelf break suggest that 

corrosive conditions are more frequent now than prior to the Industrial Revolution 

within this highly dynamic coastal upwelling zone (Harris et al. 2013). Additionally, 

urbanized areas discharge stormwater and nutrients into estuarine waters to further  

 

* 
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elevate acidification on various time and spatial scales (Kelly et al. 2011; Duarte et al. 

2013; Waldbusser and Salisbury 2014), furthering our recognition that the California 

Current Large Marine Ecosystem is an ―OA hotspot‖ (Feely et al. 2008). One way to 

consider incongruity between global averages and hotspot conditions is to disentangle 

the temporal and spatial scales of processes altering carbonate chemistry, where 

‗carbonate weather‘ corresponds to the alteration of local conditions over short 

timescales and ‗carbonate climate‘ relates to shifting regional conditions over longer 

timescales (Waldbusser and Salisbury 2014). Understanding dynamic coastal 

processes driving variable carbonate chemistry is germane to predicting future 

acidification scenarios, but it is also critical to consider perspectives and experiential 

insights from the U.S. West Coast shellfish industry when evaluating the potential for 

adaptation.  

Between 2005 and 2009, two Pacific oyster hatcheries in the Pacific Northwest 

experienced a significant drop in larval production known as the ―Oyster Seed Crisis‖ 

where mortalities reached ~80% (Washington State Blue Ribbon Panel on OA 2012). 

Production losses of larvae at the Whiskey Creek Shellfish Hatchery in Netarts Bay, 

Oregon were correlated with the intensity and timing of CO2-enriched water delivery 

(Barton et al. 2012). Limited seed supply from hatcheries, and natural sets below 

commercial viability for six years (as shown by Dumbauld et al. 2011), had economic 

impacts on the industry (Washington State Blue Ribbon Panel on OA 2012) shown by 

the reduction of oyster production from 94 million pounds ($84 million) to 73 million 

pounds ($73 million), resulting in a 22% decline in production (13% decline in gross 

sales) (Pacific Coast Shellfish Growers Association 2011). The reduced level of seed 

production prompted the Pacific Coast Shellfish Growers Association to identify seed 

scarcity as a top priority in 2009, and recently Oregon oyster growers identified seed 

availability and OA as their greatest concerns (Landkamer 2013). The shellfish 

industry has been engaged for a long time with academia and policy implementation 

on a number of topics and emergent concern for OA and the quality of marine 

resources has prompted various government initiatives. Washington has already 
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committed approximately $2 million to research and monitor this issue for their 

coastal waters and to establish the Washington Marine Resource Advisory Council. 

However, there are limited evaluations that address the perspectives of the U.S. West 

Coast shellfish industry stakeholders – individuals, groups, or organizations that can 

affect or are affected by a process and/or its finding (Bryson et al. 2011) – and their 

perceived adaptability to ocean acidification. 

 

2.1.1 Social science frameworks to investigate stakeholder perspective 

Social science defines concern as awareness of environmental problems, 

support for environmental protection, and recognition of the synergistic relationship 

between society and the environment (Dunlap et al. 2000). Studies found that the 

concern of the American public regarding climate change was not necessarily 

determined by a clear understanding of ecological processes, the way in which humans 

influence processes, or the implications of human-induced environmental change 

(Kempton 1991; Bord et al. 2000; Henry 2000). Instead, attention to a changing 

climate was motivated by beliefs formed in alignment with peers, and local and 

experiential knowledge of past and recent climate (Cruikshank 2001; Berman et al. 

2004; Kahan et al. 2012). With regard to public knowledge of biodiversity, research 

generally suggests that while the public possesses some general wildlife knowledge, 

individuals are typically unaware of scientific detail (Kellert and Berry 1987; Kellert 

1993). Hunter and Rinner (2004) found that, regardless of species knowledge, 

individuals with ecocentric perspective placed greater priority on species preservation 

relative to those with anthropocentric perspectives. Conversely, studies on commercial 

stakeholders (i.e. cherry blossom and butterfly farmers) determined that income 

dependence lead to greater awareness for climate change and conservation behavior 

(Morgan-Browen et al. 2010; Sakurai et al. 2011).  

Local knowledge is often not dependent on scientific knowledge and 

stakeholders may not endorse academic qualifications and the soundness of scientific 

methodology (Weeks and Packard 1997). Scientists have historically struggled to 
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effectively communicate and bridge social gaps with stakeholders, and stakeholders 

are often not given the opportunity to communicate their needs or experiential 

knowledge (Carpenter et al. 2009). These challenges create obstacles when 

transferring information to increase scientific literacy (Weeks and Packard 1997). The 

level of concern the shellfish industry has about OA may derive from a combination of 

knowledge from experience, generational tradition, and science. A clear understanding 

of how the industry perceives science related to OA will be useful in determining 

strategy to overcome relational barriers and improve adaptation strategies (Byron et al. 

2011). 

Adaptation involves the capacity of a system to respond to a hazard while 

maintaining everyday ‗self-interest‘ and is determined by a range of factors including 

technological options, economic resources, human and social capital, and governance 

(Martens et al. 2009). Adjustment or coping strategies used to respond to immediate 

and hazardous environmental impacts were classified by Burton et al. (1993) as: share 

the loss, bear the loss, modify the event, prevent the effects, change use or change 

location. Climate change research shows traditional knowledge playing a critical role 

in understanding environmental changes and may influence future decision-making 

about adaptation at a local level (Leonard et al. 2013). Additionally, a recent study of 

commercial fishing captains revealed that their industry is adapting to environmental 

changes and variability of fish populations associated with climate change, but the 

majority of fisherman believe that temperature change is cyclical and there is low 

agreement (13%) that climate change is happening (Zhang et al. 2012). The capacity 

of the shellfish industry to adapt to OA hinges on their recognition of OA as an 

environmental hazard (Jackson 2005; O‘Brien et al 2006; Adger et al. 2009). 

 

2.1.2 An exploratory survey of the U.S. West Coast shellfish industry 

Generally, management of marine resources has shifted from a unilateral to a 

holistic approach that integrates stakeholder insight with the implementation of coastal 

policy (Conway et al. 2010; Gunton et al. 2010). Policy is beginning to address OA at 
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national, state, and local levels and the shellfish industry can help guide the process 

forward by sharing their insight and information needs, and forming cooperative 

partnerships. Although there are multiple shellfish stakeholders (i.e. consumers, 

seafood processors, restaurants), for this study, stakeholders were classified as 

commercial shellfish growers and hatcheries in Washington, Oregon, and California 

since this group supports the base of the extended commercial shellfish industry and is 

closely affected by outcomes of OA. We conducted an online survey of shellfish 

hatcheries and growers across Washington, Oregon, and California, that included 

oyster, clam, mussel, geoduck, and abalone shellfish products to address five 

objectives:  (1) evaluate the industry‘s understanding of processes that drive marine 

pH on temporal and spatial scales; (2) assess how understanding and experience with 

negative impacts from OA influence level of concern; (3) determine which 

environmental measurements and data monitoring sources provide the most useful 

information; (4) explore the potential for mutually beneficial partnership between 

stakeholders and scientists; and (5) investigate the industry‘s perceived adaptability to 

OA.  

 

2.2 Methods and data collection 

 

Informal face-to-face interviews were conducted with shellfish growers and 

hatcheries at the Annual Shellfish Growers Conference and Tradeshow in Washington 

(September, 2012) to investigate their willingness to participate in a survey and gauge 

their attitude regarding OA. This initial collection of data prior to conducting the 

research survey revealed stakeholder preference for Internet communication and 

guided the implementation of an online survey. 

 

2.2.1 Survey development 

The construction of survey questions employed a modified ‗tailored design 

method‘ (Dillman 2000) and techniques for conducting an online survey within small 



 16 

communities (Dillman and Smyth 2007; Smyth et al. 2010).  Close-ended questions 

allowed evaluation of respondents‘ opinions on a quantitative scale, while open-ended 

questions enabled participants to express strong opinions and generate data when the 

range of possible answers was unknown (Smyth et al. 2009). Questions were created 

and systematically organized to flow like the sequence of conversation topics, 

allowing respondents to feel they were contributing to a dialogue (Schwarz 1999). 

Participants were provided with condensed explanations of marine concepts to 

potentially improve ocean literacy and reduce measurement error from inaccurate or 

imprecise interpretations. The survey was programmed using an online platform 

(SurveyMonkey Inc.) that supported design options to reduce break off prior to survey 

completion by providing progress indication, the ability to skip questions, and the 

option to return later.  

A consent statement was presented on the first page of the questionnaire to 

explain the research objectives and describe precautions taken to ensure 

confidentiality of respondent‘s identity. We assumed participants possessed basic 

typing and information technology skills, could obtain access to a computer with 

Internet access, and had an E-mail account. Inaccurate E-mail addresses and phone 

numbers resulted in coverage error, and non-response error may have introduced 

biased results weighted by respondents already engaged with OA research and 

therefore more likely to respond. The survey underwent Institutional Review Board 

examination, and was pre-tested by twelve non-industry participants and revised based 

on the questionnaire itself (i.e. length, layout, format, sequence of questions) and 

specific questions (i.e. ambiguity, unfamiliar terminology) (Hunt et al. 1982). The 

survey contained 44 questions and was divided into five general sections that mirrored 

research objectives. 

  

2.2.2 Identifying and selecting stakeholders 

State agencies and shellfish organizations along the West Coast, including Sea 

Grant, Pacific Coast Shellfish Growers Association, Pacific Shellfish Institute, 
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Washington Department of Health, Oregon Department of Agriculture, California 

Department of Fish and Wildlife, and California Aquaculture Association, assisted in 

the compilation of a comprehensive industry database and facilitated communication 

between the shellfish industry and our research team. The database contained 189 

commercial shellfish stakeholders (growers: n=172, tribes: n=13, hatcheries: n=4) 

across Washington (n=154), Oregon (n=16), and California (n=19). Potential 

participants were initially contacted in January 2013 by E-mail containing an 

introduction to the research team, study objectives, and a request for participation in 

our cooperative research project. Four days later, E-mails were sent with the survey 

link and a unique identification code required for consent. Concurrently, shellfish 

organizations and state agencies (mentioned above) emailed their respective members 

to encourage participation and posted notices of the survey project on their websites to 

reach potential participants who had not been contacted due to faulty E-mail 

addresses. Two follow-up E-mails were sent to those who had not yet completed the 

survey; those who had completed the survey were sent a thank you E-mail and were 

asked to encourage their peers to participate. The survey concluded at the end of 

March 2013 after being open for 7 weeks. 

 

2.2.3 Survey analyses 

Survey data was statistically analyzed (SPSS Statistics for Windows, Version 

19.0.) using nonparametric tests based on ranks of data and medians. Natural sciences 

and social sciences contrast in their criteria for continuous variables. Likert scale items 

indicate the degree of agreement with a statement and are considered continuous 

variables in social science. In natural science, this same variable would be considered 

categorical, but in fact, its underlying concept is continuous (Carifio and Perla 2007). 

Spearman‘s  examined correlations between a continuous independent variable and a 

continuous dependent variable. This test was used to evaluate correlation between: 1) 

perceived understanding and level of concern and 2) the usefulness of University-

based research and the willingness of respondents to share their data with scientists. 
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Cramer‘s V examined correlations between an independent dichotomous variable (yes, 

no) and a continuous dependent variable. This test was used to evaluate correlation 

between personally experiencing negative OA impacts and levels of concern. Chi-

square (
2
) examined differences among three or more independent, categorical 

variables and a continuous dependent variable. This test was used to evaluate 

differences among Washington, Oregon, and California participants for their perceived 

adaptability to OA. Qualitative quotes were categorized into common themes 

representing group averages to minimize introduced researcher subjectivity (Hayes 

1997). 

 

2.3 Results and Discussion 

 

2.3.1 Survey participants 

A total of 86 questionnaires were collected providing a 46% overall response 

rate with 96% of respondents answering all 44 questions. Shellfish growers 

represented 85% of the total response and a 42% response rate, and hatcheries 

represented 5% of the total response and a 100% response rate. Tribes represented 

10% of the total response and a 69% response rate. Respondents from Washington 

represented 73% of the total response, while Oregon and California represented 12% 

and 15% respectively. Response rates by state were 41% in Washington, 63% in 

Oregon, and 69% in California. Shellfish industries were represented as follows: 

oyster: n=43 (54%); clam: n=18 (20%); geoduck: n=14 (16%); mussel: n=4 (5%); 

abalone: n=4 (5%). Responses by state and shellfish product, and overall summaries 

are presented in Figure 2-1. The response distribution generally reflects the 

distribution of the shellfish industry along the West Coast, where the majority of 

respondents were oyster growers from Washington. Furthermore, Washington 

participants represented all aquaculture products except abalone, Oregon participants 

represented oyster products exclusively, and California was the only state with 

abalone product respondents. 
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2.3.2 Understanding of marine processes and OA 

After providing general information, respondents reported on their 

understanding of the extent that marine processes affect nearshore ecosystems and 

variability of carbon dioxide concentrations. The six marine processes were ocean 

currents, atmospheric CO2 absorbed by the ocean, upwelling, photosynthesis, 

respiration, and rivers delivering freshwater. Response categories ranged on a scale 

from 5 to 1 corresponding to the following: great impact, considerable impact, some 

impact, not very much impact, no impact. Seventy-six percent of respondents 

indicated that ocean currents have a great impact on nearshore ecosystems. Forty-six 

percent of respondents reported CO2 absorbed by oceans has a great impact on 

nearshore ecosystems. Forty-six percent of respondents indicated upwelling has a 

great impact on the amount of CO2 in nearshore water. Photosynthesis, respiration, 

and rivers delivering freshwater have considerable impact on the amount of CO2 in 

nearshore water (41%, 33%, and 31% respectively).  

Participants were next asked if they had heard of ―ocean acidification‖ and six 

percent had never heard this term; they were navigated beyond this section of the 

survey. Respondents who reported affirmatively were asked a follow-up question on 

the length of time since they first heard of OA. Eleven percent of respondents 

indicated 0 to 2 years ago, 47% indicated 2-5 years ago, 33% indicated 5-10 years 

ago, and 9% indicated more than 10 years ago. Participants noted their perceived 

(self-reported) level of understanding of OA with response categories ranging from 4 

to 1 corresponding to the following: understand very much, understand somewhat, 

understand not much, do not understand. Thirteen percent of respondents understand 

very much, 54% understand somewhat, 33% of respondents understand not much, and 

no participant reported no understanding of OA. Narrative data further demonstrated 

general OA understanding, as noted by a California respondent, ―We are becoming 

aware of the issue and its potential impact on our business, so we need to learn more 

about this issue as research is being done on it.” The level that the industry 

understands OA is a fairly advanced with the majority of respondents first hearing the 
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term ―ocean acidification‖ 2-5 years ago. All respondents who had heard of OA 

indicated a level of perceived OA understanding, which demonstrates the importance 

and relevance of OA within the shellfish industry. 

Participants reported on the believability that OA is happening in three 

geographic domains (global, west coast, and local estuary) based on response 

categories ranging from 5 to 1 corresponding to the following categories: certain it is 

true, very believable, somewhat believable, not too believable, not believable at all. 

Forty-six percent of respondents were certain it is true and 39% thought it is very 

believable that OA is happening in the global ocean. Fifty-three percent of respondents 

were certain it is true and 33% thought it very believable that OA is happening along 

the U.S. West Coast. Thirty-five percent of respondents were certain it is true and 

49% thought it very believable that OA is happening at their local estuary. Overall, 

there is a strong belief that OA is real and is happening across these three spatial 

scales. A study investigating the U.S. public‘s belief on climate change found that 

long periods of abnormally warm or cold temperatures on monthly to yearly 

timescales increased certainty that climate change is real, while short term fluctuations 

in temperatures over daily to weekly timescales showed no significant influence 

(Deryugina 2013). With this in mind, it is interesting to revisit the timescales of 

environmental disruptions across spatial scales and the ideas of ‗carbonate climate‘ 

and ‗carbonate weather‘ (sense Waldbusser and Salisbury 2014) as they relate to the 

shellfish industry‘s beliefs about OA.  

After responding to questions related to OA understanding, some participants 

revealed disparaging sentiments through narrative data, as a Washington clam 

respondent stated, ―…Growers aren't scientists. Ridiculous! What is the point of 

assessing how much growers understand about the science of ocean acidification 

impacts on shellfish development?‖ An Oregon participant noted, ―We raise shellfish, 

we're not scientist or biologists. Ask questions that will help you do your work, not 

questions that show off how much you know, or how little we know.‖ Although no 

question on the survey had a predetermined correct answer, it seemed that some 
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participants felt the questions resembled an academic evaluation. These comments of 

dissatisfaction prompted a post-hoc survey of ten researchers with academic work 

relating to OA at Oregon State University, Corvallis, Oregon to examine overlap and 

discrepancies in OA understanding between scientists and the shellfish industry. Both 

parties answered identical questions that addressed the various timescales for six 

marine processes to affect a change in nearshore water chemistry. Figure 2-2 indicates 

that OA researcher and the shellfish industry shared a comparable understanding and 

general agreement that ocean currents and atmospheric CO2 absorbed by the ocean 

alter carbonate chemistry over long timescales, upwelling and rivers delivering fresh 

water alter carbonate chemistry over intermediate timescales, and photosynthesis and 

respiration alter carbonate chemistry over short timescales. Acknowledging overlap in 

understanding can improve communication between the shellfish industry and 

researchers by recognizing that academic and experiential knowledge are both 

valuable contributors to understanding OA.  

 

2.3.3 Concern influenced by understanding and experience with OA impacts 

Participants indicated their level of concern about the problem of OA with 

response categories ranging from 5 to 1 corresponding to the following: extremely 

concerned, very concerned, somewhat concerned, not too concerned, not at all 

concerned.  Thirty-six percent were extremely concerned, 39% were very concerned, 

20% were somewhat concerned, 4% were not too concerned, and 1% was not at all 

concerned about the problem of OA. The relationship between level of concern and 

level of understanding (Fig. 2-3) showed 100% of participants who understand OA 

very much also feel extremely to very concerned about the problem of OA. Seventy-

nine percent of respondents who understand OA somewhat also felt extremely to very 

concerned about the problem of OA. Furthermore, 63% of respondents who 

understand OA not much felt extremely to very concerned about the problem of OA. 

Overall, 77% were extremely to very concerned about OA regardless of their level of 

understanding. There is a weak but significant relationship between understanding 
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(self-reported) about OA and level of concern (R=0.43, p-value=0.01). 

Perspectives of OA consequences were compared between the U.S. public and 

the U.S. West Coast shellfish industry through cooperation with the Ocean 

Conservancy and Edge Research (2011) during survey development. Four identical 

questions were asked across both participant groups, which revealed striking 

differences of OA perceptions between populations. The shellfish industry recognizes 

OA consequences for people today, people in this lifetime, and future generations to a 

greater extent than the U.S. public‘s perceptions of OA consequences (Fig. 2-4). The 

U.S. public views far less consequences from OA, but they do recognize increasing 

OA consequences in future scenarios. There appears to be a disconnect between the 

public‘s level of concern and their perceived OA consequences. This is likely driven 

by differences of economic investment in shellfish resources as shown by Morgan-

Browen et al. (2010) and Sakurai et al. (2011) in other industries and the extent of 

communication about OA within these two groups. Measures of concern represent a 

level of awareness, acknowledgment of a problem, and the potential for collective 

action (Potter and Oster 2008). Perhaps OA research findings need to be more widely 

disseminated though traditional and non-traditional outlets. However, the public‘s 

level of concern about the severity of OA may only increase substantially after 

personally experiencing food security issues (Cooley 2009). 

Over half (51%) of total respondents reported personally experiencing negative 

impacts from OA and of these respondents, 93% were extremely to very concerned 

about the problem. A follow-up question asked these affirmative respondents to 

identify the type of negative impact experienced. Ninety-seven percent reported 

financial impacts and 68% reported emotional impacts. An Oregon participant stated, 

“Ocean acidification kills larvae- larvae are my business. This makes me sad and 

angry.” Eighteen percent of respondents reported not personally experiencing 

negative impacts from OA and of these respondents, 64% were still extremely to very 

concerned about the problem (Fig. 2-5). Treating clear acknowledgement (yes or no 

responses) as dichotomous variables revealed a statistically significant correlation 
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between personal experience with negative OA impacts and level of concern (R=0.53, 

p-value=0.005). This industry is acknowledging the problem of OA through their 

understanding and experience with negative OA impacts. Interestingly, a respondent 

stated, “I may not understand the data but I believe it and feel concerned about it,‖ 

indicating that concern about OA is established by belief and not always grounded in 

scientific understanding. Overall, 71% of all participants knew other people within the 

industry who had experienced negative impacts from OA. 

Thirty-one percent of respondents reported not knowing if they personally 

experienced negative impacts from OA and of these respondents, 54% were extremely 

to very concerned about the problem. These responses were not statistically analyzed, 

however, these data are noteworthy as they reveal ambiguity when discerning between 

OA impacts or other natural occurrences that disrupt shellfish production. This 

ambiguity is real, coastal systems are complex, and the impact from local drivers 

changing water conditions is complicated. A clearer guideline for differentiating 

between OA impacts and other natural events with consequential impacts on shellfish 

production may assist the industry in documenting future losses and returns when 

adaptation strategies are implemented. 

Geoduck participants reported experiencing fewer negative impacts from OA 

than oyster and clam participants (Fig. 2-6). Fifty-four percent of oyster respondents 

and 59% of clam respondents reported yes for experiencing negative OA impacts, 

while 36% of geoduck respondents reported yes for experiencing negative OA 

impacts. Differences in experience with negative OA impacts among aquaculture 

products may be attributed to variations in mariculture methods, biological tolerances, 

or social interactions within a particular shellfish trade. A small sample size of mussel 

and abalone participants (each n=3) prohibited statistical comparison of personal 

experience with negative OA impacts among shellfish products. 
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2.3.4 Environmental measurements and useful monitoring information 

Respondents reported on the various environmental measurements that inform 

decisions related to their shellfish production based on yes and no responses (Fig. 2-7). 

Growers identified sea-surface temperature (SST) and salinity as the most commonly 

used measurements, while pH and PCO2 were the two least used measurements. 

Conversely, 100% of hatcheries use pH and 75% use PCO2 to inform growing 

decisions. Hatcheries (n=4) appear to measure a wider variety of environmental 

measurements than growers and monitor parameters directly related to ocean 

acidification. A comparison of environmental measurements used to inform grower 

and hatchery operations was not statistically analyzed due to the small sample size of 

hatchery respondents. However, hatchery responses should not be negated because the 

four participants represent nearly 60% of U.S. West Coast hatcheries, as growers far 

outnumber hatchery operations. Overall, there appears to be differences in 

environmental measurements used to inform business practices between hatcheries 

and growers.  

Hatchery environments are capable of providing refuge to larvae under 

changing pH conditions by monitoring PCO2 concentrations and buffering seawater 

with sodium carbonate, as done in most hatcheries already. Measuring the variability 

of site-specific carbonate chemistry can also reveal ―windows of opportunity‖ when 

conditions are favorable based on tidal, daily photosynthesis, and nightly respiration 

cycles. Hatcheries have recently initiated production earlier in the year, but there are 

ecological limitations that reduce the efficacy of these strategies for growers 

(Waldbusser and Salisbury, 2014). Growers tended to share an attitude that their 

businesses operate at the whim of ‗Mother Nature‘, implying that water conditions are 

outside their control. For instance, it is not practical to hoist a shellfish crop from 

corrosive water to limit exposure until favorable conditions return. Further, juvenile 

and adult shellfish can clamp their valves shut to isolate and protect the organism from 

adverse water conditions and increase their resilience to OA. It is worth investigating 

if pH and PCO2 monitoring data is truly less useful to growers, or if these OA related 



 25 

measurements are not used because of associated expenses and the unavailability of 

site-specific data. Survey results provide evidence supporting both scenarios as stated 

by two different Washington clam respondents, “Just because we don’t measure some 

of these parameters doesn’t mean we are not interested. We are limited in our 

equipment and budget,” and on the contrary, “I call this dealing with mother nature… 

I cannot change what comes at me from the world.”  

Overall, 11% of respondents indicated that available PCO2 data represents the 

water chemistry at their specific production site. Forty-eight percent don’t know if 

available PCO2 data represents the water chemistry at their specific production site. 

Respondents chose their preference between real-time data with less precise 

measurements or hours to days delayed data with more precise measurements. Sixty-

six percent preferred real-time data with less precise measurements, although it is 

presumed that highly precise, real-time data would be most favorable.    

To further analyze informational needs of the shellfish industry, respondents 

ranked the usefulness of various information sources ranging from 4 to 1 

corresponding to the following categories: very useful, somewhat useful, not very 

useful, never useful. The shellfish industry primarily obtains environmental 

information locally and through straightforward resources based on 83% agreement 

that tide charts are very useful and more than 50% agreement that interactions with 

other shellfish operations and measurements from on-site observations are each very 

useful (Fig. 2-8). In alignment with findings from Cruikshank (2001), Berman et al. 

(2004), and Kahan et al. (2012), the shellfish industry appears to acknowledge OA 

through their beliefs formed in alignment with peers. This demonstrates trust within 

the industry and shows how the industry is learning and advancing as a reasonably 

cohesive unit.  

Forty-three percent of respondents identified NOAA (National Oceanic and 

Atmospheric Administration) websites as a very useful online information source and 

21% of respondents identified the NOAA smartphone application as a very useful 

information source. The usefulness of NANOOS (Northwest Association of 
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Networked Ocean Observing System) and CeNCOOS (Central and Northern 

California Ocean Observing System) information platforms were considered by state, 

as NANOOS is regionally affiliated with Washington and Oregon and CeNCOOS is 

regionally connected to northern and central California. Interestingly, respondents 

indicated use of these information networks across state boundaries. In combination, 

the NANOOS website and smartphone application were very useful to 29% of 

respondents and the CeNCOOS website and smartphone application were very useful 

to 8% of respondents. A Washington oyster participant noted, “We have a small 

operation and I did not know that the information was available through so many 

sources,” indicating that the survey served to raise awareness about the variety of 

existing information sources. 

Respondents did not rank science journals as particularly useful information 

sources, therefore it is inferred that the industry obtains knowledge beyond academia 

and instead may employ its own criteria to judge OA based on intuition or thinking 

logically and critically about the situation (as seen in other examples from Week and 

Packard 1997; Hough and Piper 1982). It is widely recognized that scientists can also 

learn from stakeholder knowledge (Maguire, 2003) and records from on-site 

measurements used to inform the shellfish industry may also serve as an important 

source of chronological data for researchers to interpret patterns of coastal and 

estuarine conditions (e.g. Barton et al. 2012). In alignment with the preference of the 

shellfish industry, it is our recommendation that expanding OA monitoring networks 

provide real-time data (or as close to real-time data) with explanations in layman terms 

of how data output is generated. Understanding the status and trends of OA in marine 

waters, especially variable coastal zones, can improve the ability of resource managers 

and scientists to support the industry‘s data need when adapting to OA. 

The survey provided additional insight on the transformation of the industry‘s 

communication preferences over the last decade. A survey of Oregon oyster growers 

(Matson 2004) found that respondents appreciated personal attention with 68% of 

participants preferring one-on-one communication. And while 77% of respondents had 
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Internet and used E-mail, only 32% indicated a preference for Internet outreach. 

Findings from our research indicate the vast majority (92%) of all participants 

preferred contact via email. Clearly this shift in communication preference can inform 

future strategy for remote discussion and dissemination of findings by utilizing 

Listserves (i.e. California Current Acidification Network -- C-CAN) and other online 

information networks.  

 

2.3.5 Opportunities and obstacles when advancing partnership between 

scientists and industry 

Respondents next identified the level of priority for each of the following 

entities to address OA: science, shellfish industry, local government, state, 

government, and federal government (Fig. 2-9). Response categories for level of 

priority ranged from 5 to 1 corresponding to the following: very high, high, medium, 

low, none. Overall, about 60% of participants identified the shellfish industry and 

science as tasked with very high priority for addressing OA. Forty-seven percent of 

respondents agreed the federal government is tasked with very high priority for 

addressing OA. Thirty-seven percent of respondents agreed the state government is 

tasked with very high priority for addressing OA. Twenty-five percent of respondents 

agreed the local government is tasked with very high priority for addressing OA. The 

federal government was recognized as the governing entity most responsible for 

addressing OA as they play an important role in funding national initiatives and 

research to benefit the shellfish industry.  

The shellfish industry and science were identified as entities with the highest 

priority to address OA. This acknowledgement of a mutual responsibility shows great 

potential for collaborative research and data monitoring. The potential for mutually 

beneficial relationships between industry and scientists was explored based on the 

usefulness of current partnerships with University research and the industry‘s 

willingness to share data with scientists to help refine research models. Response 
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categories for usefulness ranged from 5 to 1 corresponding to the following: extremely 

useful, usually useful, sometimes useful, rarely useful, not useful. Response categories 

for willingness ranged from 4 to 1 corresponding to the following: very willing, 

somewhat willing, not very willing, not at all willing. Seventy-five percent of 

respondents thought University-based research was usually or extremely useful and 

90% of respondents were somewhat or very willing to share data with scientists to help 

refine research models (Fig. 2-10). There is a weak but significant relationship 

between the usefulness of University-based research and the industry‘s willingness to 

share data with scientists (R=0.384, p-value=0.01). 

A high percentage of respondents were very willing to share their data with 

scientists signifying the industry‘s consideration of the intention, value, and 

commitment of scientists (Davis et al., 2000; Lewicki and Bunker, 1996), and it can be 

presumed that relevant research may in turn increase trust. But there appears to be a 

discrepancy between quantitative and qualitative data as some respondents who 

reported positive attitudes toward the usefulness of research and their willingness to 

share data with scientists also lacked trust, felt frustrated, and were uncertain of 

research integrity and the personal motivations of scientists (Table 2-1). Respondents 

provided narrative data with suggestions to improve communication and research 

accessibility, as a California respondent stated, ―Scientists need to involve shellfish 

farmers to direct research so that it is relevant and useful to the public.  This would be 

a major shift in research ideology that would better serve the public.‖ Furthermore, a 

Washington oyster participant noted, ―…We would benefit from organized forums 

periodically which facilitated information exchanges.  Monitoring and adaptation are 

rapidly evolving and could benefit with some structured dialogue periodically.‖ There 

is potential for partnerships and data sharing between researchers and industry, but 

issues that potentially limit cooperative and mutually beneficial partnerships need to 

be addressed.  

University-based scientists have investigated academic questions to support 

shellfish production (i.e. Molluscan Broodstock Program (see Langdon et al. 2012) 
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and development of triploid oysters (see Allen et al. 1989)). Recently, researchers 

collaborated with Pacific Northwest hatcheries to more clearly understand that current, 

high-CO2 conditions are negatively impacting bivalve larvae (Barton et al. 2012). 

Research findings prompted hatcheries to selectively pump tank water during diurnal 

periods with higher pH, and then ultimately buffer waters to allow more continuous 

operation. But in a rapidly expanding and relatively new field of research, inconsistent 

and contradictory results have prevented the scientific community from delivering a 

clear message (Gattuso et al. 2013). Further, sparse interactions between scientists and 

industry in combination with short duration of contact create a high level of 

uncertainty. Increased interactions and unbiased, transparent scientific processes can 

restore trust (Luhmann 1979; Rowe and Frewer 2000). Scientists and stakeholders 

need to accept scientific uncertainty. A recent study on scientific belief dealing with 

climate change revealed that when science is not considered an absolute truth, the U.S. 

public was more responsive to the realities of climate change (Rabinovish and Morton 

2012). Furthermore, science that is understood and trusted is more likely to be 

incorporated, or at least considered, in management decisions and policy 

implementation (Frewer et al. 1998).  

While stakeholders find general background information interesting, their 

primary focus is on issues and aspects that are directly relevant to their operations or 

profit within their planning horizon (Hanson et al. 2006). Over fifty-percent of the 

industry agreed the following would increase the potential for partnerships between 

industry and scientists: 1) work to develop research programs that can address basic 

and applied research needs concurrently, 2) increase engagement between industry and 

scientists, 3) host graduate student as on-site researcher at shellfish operation, and 4) 

translate science to be more easily interpreted.  

Although not a primary research objective, we were interested in participant‘s 

feedback of this cooperative study. Sentiments were mixed. Some participants 

expressed disappointment with the wording of survey questions and felt that this 

attempt to explore the needs of the industry was insufficient, stated as, ―…Felt like I 
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was providing data for some study to support theory and not find out what the real 

problems ocean acidification is having on my business and the shellfish industry.‖ 

Conversely, others expressed gratitude for the opportunity to express their insight 

shown as, “Thanks for putting this survey together! There is clearly a lot of work 

ahead in quantifying affects, communicating to policy, [and] monitoring... The big 

question is how do we live [with] what is coming in these pH changes…‖ and, ―Thank 

you for the survey. I want to learn more about my location and look forward to 

participating in any way possible,‖ and, ―Thank you for undertaking the survey and 

disseminating results.  OA is one of the top threats, environmental or otherwise, to 

continued health of our businesses and crops.‖ It could be interpreted that this 

research with the shellfish industry fostered a sense of stakeholder ownership and 

partnership. Overall, 80% of respondents indicated they were interested in being 

contacted to receive a summary report of survey findings. 

 

2.3.6 Perceived adaptability of the shellfish industry 

Respondents were asked if their shellfish business could adapt to OA on a 

scale ranging from 5 to 1 corresponding to the following categories: definitely able to 

adapt, somewhat able to adapt, not really able to adapt, not at all able to adapt, and I 

don‘t know. Seven percent of respondents reported definitely able to adapt, most 

respondents (52%) reported they could somewhat adapt, 9% of respondents reported 

not really able to adapt, and 3% of respondents reported not at all able to adapt (Fig. 

2-11). Twenty-nine percent indicated I don’t know, indicating uncertainty in their 

degree of adaptability. Thirty-nine percent of the industry acknowledged their personal 

experience with negative impacts from OA, but still felt the industry was definitely or 

somewhat able to adapt. Washington and California have established shellfish 

initiates, however Oregon does not have a shellfish initiative but has produced a great 

breadth of OA research. Perceived adaptability to OA by state showed no evidence for 

differences among Washington (n=63), Oregon (n=10), and California (n=13) 

respondents (
2
=1.88, p-value=0.93). An open-ended follow up question prompted 
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participants to further share their perspective on adaptation to acidification. Overall, 

respondents expressed guarded optimism, as stated, “Short term we can adapt.  Long 

term is unknown.” 

The following quotes capture the overall sentiment. “We're on a pathway that 

will have numerous ugly outcomes in the future… I feel like I'm living near the end of 

a big lab experiment,” stated Washington geoduck respondent. “Ocean acidification, 

particularly in the Pacific Northwest, has already happened, and has already 

impacted our industry to the tune of tens of millions of dollars each year.  The quicker 

we get this message across to the general public, the quicker we can get around to 

trying to salvage what's left,” stated an Oregon respondent. Hatcheries have 

successfully adapted to OA in the short term and this accomplishment may inspire 

confidence that, even in the face of OA, local adaptations and OA mitigation strategies 

can sustain shellfish resources and the shellfish industry.  

Working at the interface among scientists, policy-makers, and stakeholder 

communities is critical as management focus is shifting toward innovative adaptive 

strategy (Martens et al. 2009) and our study on the perceptions and experiences of the 

shellfish industry can help inform the ultimate effectiveness of different adaptive 

responses. Already the Washington State Blue Ribbon Panel on OA is focused on 

filling knowledge gaps, engaging with stakeholders across sectors to build awareness, 

and promoting scientific collaboration, in addition to reducing carbon dioxide 

emissions, runoff of nutrients and organic carbon from local land-based sources. 

Empowering stakeholders with a voice can influence and direct future policy options 

(Brugha and Varvasovsky 2000). Opportunities are emerging for the shellfish industry 

to articulate the efficacy of local adaptations in combating OA and engaged 

stakeholders who can articulate the nature of their claims have the ability to bridge 

relations and participate in environmental decision-making (Reed et al. 2009).  

In summary, our study explored the U.S. West Coast shellfish industry‘s 

perspectives and experiences regarding OA, how they perceive OA related obstacles, 

and their vision for adaptation. Important findings include (1) the industry‘s 
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understanding of OA is fairly advanced; (2) the majority of respondents have 

personally experienced negative impacts from OA and are concerned about 

consequences today and in the future; (3) measurements of pH and PCO2 are more 

useful to inform hatchery production than grower production; (4) there is potential for 

partnership and data sharing between scientists and industry, but issues of trust and 

uncertainty need to be addressed; (5) respondents from all three states expressed 

guarded optimism on adaptability to OA.  
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Table 2-1: Themes from narrative data highlighting barriers that are potentially 

obstructing partnerships between industry and scientists 
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Figure 2-1: (a) Number of survey participants by state and distribution by shellfish 

production by state, and (b) overall sample size, response rate, and representation by 

shellfish production for total response. 
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Figure 2-2: Comparing shellfish industry and OA researchers (n=10) responses to 

timescales for marine processes to alter nearshore water chemistry. Ocean currents and 

CO2 absorbed by the ocean occurs at long timescales. Upwelling and rivers delivering 

fresh water occur at intermediate timescales as they are seasonal (monthly) but also 

occur on short timescales (hours and days).  Photosynthesis and respiration influence 

nearshore water chemistry at short timescales.   
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Figure 2-3: Examining correlation between level of concern and perceived 

understanding of ocean acidification (R=0.43, p-value=0.01). 
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Figure 2-4: Comparing shellfish industry and U.S. public perceptions of ocean 

acidification consequences for people today, people in this lifetime, and future 

generations, where U.S. public data was provided by Ocean Conservancy and Edge 

Research.  
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Figure 2-5: Examining correlation between level of concern and personal experience 

with negative ocean acidification impacts (R=0.53, p-value=0.005). Responses of I 

don’t know for personal experience with negative impacts for OA are not included in 

statistical analyses. 
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Figure 2-6: Personal experience with negative ocean acidification impacts by 

shellfish product. Inference of mussel and abalone shellfish industries was not 

considered due to the small sample size (n=4). 
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Figure 2-7: A variety of environmental data is collected to inform shellfish 

operations. Comparing environmental measurements that inform hatcheries and 

growers, it appears that water chemistry data, such as PCO2 and pH, are more useful to 

hatcheries.  
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Figure 2-8: Existing information sources ranked in order of usefulness, where tide 

charts, interactions with other shellfish operations, and measurements from on-site 

observation equipment are among most useful to the overall shellfish industry.  
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Figure 2-9: Entities identified for placing high priority/responsibility for addressing 

OA. Approximately 60% of participants thought the shellfish industry and science 

should have the highest priority/responsibility for addressing OA. The federal 

government was ranked highest of the ruling bodies.  
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Figure 2-10: Examining correlation between the usefulness of University-based 

research and the willingness of the industry to share data with scientists (R=0.384, p-

value=0.01). 
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Figure 2-11: Industry-wide perceived adaptability to ocean acidification. There are no 

differences in perceived adaptability by state (
2
 1.88, p-value=0.93). 
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3. THE VOICE AND RESPONSE OF THE U.S. WEST COAST SHELLFISH 

INDUSTRY:  STAKEHOLDERS TACKLING OCEAN ACIDIFICATION 
* 

 

3.1 Executive summary 

 

Since the Industrial Revolution, humans have released dramatic amounts of 

carbon dioxide (CO2) into the atmosphere. About one-third of the CO2 in the 

atmosphere dissolves into the ocean causing water chemistry to change. Dissolved 

CO2 makes seawater more acidic by a process called ocean acidification (OA). 

Increased CO2 concentrations in water lowers pH and makes it harder for marine 

organisms to build shell. The pH of surface ocean waters has fallen by 0.1 pH units, 

representing an approximately 30% increase in acidity since 1750. 

Between 2005 and 2009, production of oyster larvae at Pacific Northwest 

hatcheries declined by 80%. Marine scientists at Oregon State University worked with 

these hatcheries to confirm the culprit is elevated CO2 concentration in nearshore 

waters. Shellfish are the aquatic ‗canary in the coal mine‘ because they are sensitive to 

pH changes in water, especially during early life development. The recent collapse of 

oyster larvae disrupted hatchery economies and the supply of ‗seed‘ to oyster farms. 

This marked the first documented economic loss to any industry from rapidly 

increasing ocean acidity (Washington State Blue Ribbon Panel on OA 2012). 

Currently, little is known about how the U.S. West Coast shellfish industry 

perceives OA and how they envision adaptation. Our research sought to gain insight 

from Washington, Oregon, and California shellfish hatcheries and growers and this 

report details what we have learned about this stakeholder group. Overall, we wanted 

to: (1) investigate this industry‘s understanding, concern and experience with OA; (2) 

examine opportunities for partnership between industry and scientists by identifying 

data monitoring needs; and (3) explore this industry‘s perceived adaptability to OA. 

 

* 
In preparation for submission Oregon Sea Grant Publications 
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3.1.1 Summary of major findings 

 The shellfish industry‘s perceived understanding of OA is fairly advanced. 

This indicates the industry is becoming aware of the issue and its potential 

impacts.  

 The majority of the industry has personally experienced negative impacts from 

OA and is concerned about consequences today and in the future. 

 Growers and hatcheries use different environmental measurements to inform 

their shellfish production.  Measurements of water chemistry related to OA, 

like pH and PCO2, are perceived more useful to hatcheries than growers. 

 The most useful information to inform one‘s shellfish business is primarily 

obtained locally and through straightforward resources. Tide charts are the 

most useful information source, followed by interactions with other shellfish 

operations and on-site measurements. 

 There is potential for partnerships and data sharing between scientists and 

industry, but issues of trust and uncertainty need to be addressed. 

 Survey respondents from all three states expressed guarded optimism on their 

industry‘s adaptability to OA. 

 

3.2 Introduction and context 

 

People and cultures around the world have long shared a romantic and culinary 

obsession with oysters and other shellfish. These valuable marine resources have a 

beloved history and culture in the Pacific Northwest as a symbol of the region‘s 

heritage, natural environment, and connection between coastal communities and their 

coastlines. Tribes of the Pacific Northwest have lived in the region for more than 

10,000 years and shellfish provided sustenance and spiritual qualities. Early explorers 

and frontier settlers of the Pacific Northwest observed tidelands that appeared to have 

an inexhaustible supply of oysters and other shellfish. Commercial harvesting took off 

in the early 1850s and this venture proved enormously lucrative. This response 
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prompted the development of cultivation techniques to increase yields, and thus the 

expansion of the modern day shellfish industry.  

Today‘s West Coast shellfish industry is estimated to directly employ 3,200 

people and contribute over $270 million each year (Feely et al. 2012). Washington 

leads per-state production of shellfish and accounts for 69% of domestic production of 

farmed bivalves (USDA Agriculture Census 2002). Growing sites throughout this 

region are small coastal estuaries in Washington, Oregon, and California as well as the 

Puget Sound, which extends several hundred km inland. Generally, members of this 

industry do not work in conventional office settings and instead are spatially isolated 

along hundreds of miles of working tideland and estuarine coastlines.  

The industry predominantly cultivates Pacific oysters (Crassostrea gigas), 

introduced from Japan to replace the native and over-harvested Olympia oyster 

(Ostrea lurida). Some Pacific oyster populations naturally reproduce in the warmer 

waters of Dabob Bay and Willapa Bay, Washington. But otherwise, the coastal waters 

along the western Pacific shelf are too cold for natural spawning events. Inconsistent 

natural spawns initiated hatchery technology in the 1970s that revolutionized the 

shellfish industry by enabling abundant larval cultivation. Now, many shellfish 

growers rely exclusively on hatcheries to provide sufficient ―seed‖ for their 

businesses. But it is recently evident that hatcheries are challenged to produce a 

reliable seed supply due to ocean acidification.  

 

3.2.1 What is ocean acidification (OA)? 

Ocean acidification (OA) has received worldwide attention from researchers, 

media, and the public as an urgent environmental and economic issue. Increasing 

amounts of carbon dioxide (CO2) in the atmosphere from fossil fuel combustion, land 

use change and other human activities also increases the amount of CO2 absorbed by 

the ocean. Although CO2 absorbed by the ocean lessens the effect of climate change, 

the combination of CO2 with seawater lowers pH making water more acidic. Average 

surface ocean acidity has increase 30% since 1750 (Caldeira and Wickett 2003; Feely 
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et al. 2004) and the rate at which CO2 concentrations are increasing is faster than any 

occurrences in the last 50 million years (Kump et al. 2009; Honisch et al. 2012). 

Also, ocean acidification decreases the concentration of carbonate ions making 

it harder for coral, calcifying phytoplankton, shellfish, and other marine organisms to 

build their skeletal structures (Fig. 3-1). Larval shellfish are especially sensitive to 

acidified waters during critical stages of early development (Orr et al. 2005; Miller et 

al. 2009; DuPont 2010; Parker et al. 2010; Barton et al. 2012; Waldbusser et al. 2013). 

Ocean acidification is important not only for the amount of pH change but also how 

quickly it is happening. This rapid pace of change gives marine life, marine 

ecosystems, and humans less time to adapt.  

 

3.2.2 What is happening with OA along the West Coast? 

The California Current Large Marine Ecosystem is recognized as an ―OA 

hotspot‖ because it is experiencing acidification conditions that are elevated in 

comparison to global sea-surface averages (Feely et al. 2008). Northern winds during 

summer months cause natural upwelling – delivering deep, nutrient rich and low pH 

water to nearshore ecosystems. Coastal estuaries along the West Coast closely reflect 

the water chemistry and condition of nearshore water. Further, urbanized areas around 

the Puget Sound discharge stormwater and nutrients into estuarine waters to amplify 

acidification. Understanding dynamic coastal interactions is essential when 

implementing adaptation strategies for acidification scenarios. But, it is also critical to 

recognize the perspective and experiential insight from the U.S. West Coast shellfish 

industry. 

 

3.2.3 Why study the U.S. West Coast shellfish industry? 

Between 2005 and 2009, two Pacific oyster hatcheries in the Pacific Northwest 

experienced a significant drop in larval production known as the ―Oyster Seed Crisis‖, 

where mortalities reached ~80% (Washington State Blue Ribbon Panel on OA 2012). 

Production losses documented at the Whiskey Creek Shellfish Hatchery in Netarts 
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Bay, Oregon were linked to the intensity and timing of estuarine water with low pH 

(Barton et al. 2012). Also, natural sets of Pacific oysters in Willapa Bay for were 

below commercially practical levels 6 years, and historically this is the largest region 

for natural oyster production on the West Coast. Limited seed supply from hatcheries 

and unreliable natural sets had economic impacts on the industry shown by the 

reduction of oyster production from 94 million pounds ($84 million) to 73 million 

pounds ($73 million), resulting in a 22% decline in production (13% decline in gross 

sales) (Washington State Blue Ribbon Panel on OA 2012). This reduced level of 

productivity prompted the Pacific Coast Shellfish Growers Association to identify 

seed scarcity as a top priority in 2009. Recently, Oregon oyster growers identified seed 

availability and OA as their greatest concerns (Landkamer 2013, unpublished). 

However, there are limited studies that examine the perspective and experience of the 

collective U.S. West Coast shellfish industry dealing with OA related obstacles, and 

how they envision adaptation. 

Management of marine resources has recently shifted toward integrated 

approaches that incorporate stakeholder insight with the implementation of coastal 

policy (Conway et al. 2010; Gunton et al. 2010). Stakeholders are individuals, groups, 

or organizations that can affect or are affected by a process and/or its finding (Bryson 

et al. 2011). Policy is beginning to address OA at national, state, and local levels and 

the shellfish industry can help guide the process forward by sharing their insight and 

information needs, and forming collaborative partnerships. Although there are 

multiple shellfish stakeholders within this definition (i.e. consumers, seafood 

processors, restaurants), our study classified stakeholders as commercial shellfish 

growers and hatcheries in Washington, Oregon, and California since this group 

supports the base of the extended commercial shellfish industry and is closely affected 

by outcomes of OA. Conducting an online survey addressed our research objectives 

to: 
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 evaluate the industry‘s perceived understanding of OA, 

 assess how understanding and experience with negative impacts from OA 

influence level of concern, 

 determine which environmental measurements and data monitoring sources 

provide the most useful information, 

 explore the potential for mutually beneficial partnership between stakeholders 

and scientists, and 

 investigate the industry‘s perceived adaptive capacity to OA.  

 

3.3 Methods 

 

Informal face-to-face interviews were conducted with shellfish growers and 

hatcheries at the Annual Shellfish Growers Conference and Tradeshow in Washington 

(September, 2012) to investigate their willingness to participate in a collaborative 

research project and gauge their attitude on OA. This initial collection of data before 

conducting an industry-wide survey revealed stakeholder preference for Internet 

communication and guided the decision for an online survey. 

Working with state agencies and shellfish organizations along the U.S. West 

Coast (Table 3-1), we compiled a list of potential survey participants. The criterion for 

participation was shellfish hatcheries and growers in Washington, Oregon, and 

California that included oyster, clam, geoduck, mussel, and abalone industries. These 

state agencies and shellfish organizations also helped promote survey participation by 

posting project information on their websites. We built a database of 189 commercial 

shellfish stakeholders and contacted them via email in January 2013 with an invitation 

to participate.  

The exploratory survey contained 44 questions and took on average took 27 

minutes to complete. The survey was pre-tested and revised based on the length and 

layout of the questionnaire, the sequence of questions, and use of unfamiliar 
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terminology (Hunt et al. 1982). Under survey administration protocols (Dillman 

2000), the survey was open for seven weeks and concluded at the end of March 2013. 

 

3.4 Who responded to the online survey? 

 

A total of 86 questionnaires were collected providing a 46% overall response 

rate meaning that just under half of the industry responded. Ninety-six percent of 

respondents answered all 44 questions. Shellfish growers represented 85% of the total 

response, hatcheries represented 5% of the total response, and tribes represented 10% 

of the total response. Participants from Washington represented 73% of the total 

response, with respondents from Oregon and California representing 12% and 15% 

respectively. Shellfish industries were represented as follows: oyster: n=43 (54%); 

clam: n=18 (20%); geoduck: n=14 (16%); mussel: n=4 (5%); abalone: n=4 (5%). 

Responses by state and shellfish product are summarized in Figure 2-1. The response 

distribution generally reflects the distribution of the shellfish industry along the West 

Coast, where the majority of respondents were oyster growers from Washington. 

Nonetheless, we make no claims of broad representatives. Rather, we present what we 

learned from the sample we did study.  

 

3.5 What is the industry‘s perceived understanding of OA? 

 

‗Understanding‘ is a measure that evaluates knowledge and demonstrates the 

importance and relevance of a topic. Here, we consider understanding as a 

combination of knowledge from science, experience and intuition, and generational 

tradition. Stakeholders may not endorse academic qualifications and scientific 

methodology because local knowledge is often not dependent on scientific knowledge 

(Weeks and Packard 1997). Therefore, we present these findings as purely the 

participant‘s self-assessed understanding. 

Survey participants reported if they had heard of ―ocean acidification‖ and six 
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percent had never heard this term. They were navigated beyond this section of the 

survey. Participants were asked a follow-up question on the length of time since they 

first heard of OA with 11% indicating 0 to 2 years ago, 47% 2-5 years ago, 33% 5-10 

years ago, and 9% more than 10 years ago.  

Participants reported their perceived (self-reported) level of understanding of 

OA based on the following categories: understand very much, understand somewhat, 

understand not much, do not understand. Thirteen percent of respondents understand 

very much, 54% understand somewhat, and 33% of respondents understand not much; 

no participants reported no understanding of OA (Fig. 3-2). Themes from narrative 

data highlight the industry‘s general understanding of OA as, ―We are becoming 

aware of the issue and its potential impact on our business, so we need to learn more 

about this issue as research is being done on it.” 

 

3.6 What is driving the industry‘s level of concern for OA consequences?  
 

Social science defines concern as awareness of environmental problems, 

support for environmental protection, and recognition of the interconnected 

relationship between society and the environment (Dunlap et al. 2000). Studies of the 

American public have found that their concern about climate change was not 

necessarily determined by a clear understanding of natural processes or the way in 

which humans interact with their environment (Kempton 1991; Bord et al. 2000; 

Henry 2000). Instead, people paid more attention to climate change based on their 

interactions with peers and their everyday experiential knowledge (Cruikshank 2001; 

Berman et al. 2004; Kahan et al. 2012). Alternatively, studies on commercial 

stakeholders found that financial dependence on a natural resource lead to greater 

climate change awareness and conservation behavior (Morgan-Browen et al. 2010; 

Sakurai et al. 2011). 

Participants indicated their level of concern about OA with responses ranging 

from: extremely concerned, very concerned, somewhat concerned, not too concerned, 
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not at all concerned. Results showed 36% were extremely concerned, 39% were very 

concerned, 20% were somewhat concerned, 4% were not too concerned, and 1% was 

not at all concerned. The relationship between level of concern and level of 

understanding (Fig. 2-3) shows 100% of participants who understand OA very much 

also feel extremely to very concerned about the problem. Overall, 36% are extremely 

concerned about OA regardless of their level of understanding.  

Over half (51%) of total respondents have personally experienced negative 

impacts from OA and of these, 93% were extremely to very concerned about the 

problem. A follow-up question asked these same respondents to identify the type of 

negative impact experienced with 97% reporting financial and 68% reporting 

emotional. A respondent stated, ―Ocean acidification kills larvae- larvae are my 

business. This makes me sad and angry.” Eighteen percent of respondents reported no 

personal experience with negative OA impacts and of these, 64% were still extremely 

to very concerned about the problem. Thirty-one percent of participants reported not 

knowing of they had personally experienced negative OA impacts and of these, 54% 

were extremely to very concerned about the problem (Fig. 2-5).  

We examined personal experience with negative OA impacts among shellfish 

products. It appears that more oyster and clam producers are experiencing negative 

impacts from OA than geoduck producers (Fig. 2-6). In fact, geoduck participants 

represented the highest proportion of respondents (43%) who have not personally 

experienced negative impacts from OA. Small sample sizes for abalone and mussel 

participants (n=3 for each) did not allow further interpretation. 

Overall, the shellfish industry believes that OA is happening in the global 

ocean, along the U.S. West Coast, and at their local site of business. Considering OA 

happening in the global ocean, 85% of respondents were certain it is true or thought 

this is very believable. Eighty-six percent of respondents were certain it is true or 

thought it very believable that OA is happening along the U.S. West Coast. Eighty-

four percent of respondents were certain it is true or it was very believable that OA is 

happening at their local estuary. 
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3.6.1 How does the U.S. West Coast shellfish industry’s perspective compare 

to the U.S public? 

Collaboration with the Ocean Conservancy and Edge Research groups during 

the construction of this survey enabled us to compare perspectives between the 

shellfish industry and U.S. public (Ocean Conservancy and Edge Research 2011). 

Comparing responses to identical questions revealed striking differences of perceived 

consequences from OA between these two populations. Ocean acidification 

consequences of OA were evaluated for people today, people in this lifetime, and 

future generations (Fig. 2-4). The U.S. public perceives far less OA consequences than 

the shellfish industry, but they do recognize increased OA consequences in future 

scenarios. The public‘s level of concern about the severity of OA may only increase 

substantially after personally experiencing food security issues (Cooley 2009). 

 

3.7 Which environmental measurements and data monitoring sources 

provide the most useful information?  

 

We investigated the data needs of hatcheries and growers because their 

operations are fundamentally different and they handle shellfish at different life stages. 

Overall, it appears that hatcheries are more interested in measurements that directly 

address water chemistry related OA (Fig. 2-7). Seventy-five percent of hatcheries use 

PCO2 and 100% use pH measurements to inform their shellfish production decisions. 

Growers identified sea-surface temperature (SST) and salinity as the most commonly 

used measurements, while pH and PCO2 were the two least used measurements. The 

measurement of PCO2 is relatively ground-breaking and for this reason it is generally 

less available. Only 11% of respondents indicated that available PCO2 data represents 

the specific water conditions at their shellfish business and 48% don‘t know how well 

PCO2 data represents their specific site. 

The relative importance of these environmental measurements may stem from 

differences in the ability of hatcheries and growers to control and manipulate water 
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conditions. Hatchery environments have the potential to provide refuge to larvae under 

changing pH conditions by monitoring PCO2 and buffering seawater with sodium 

carbonate. Measuring water chemistry can also reveal ‗windows of opportunity‘ when 

conditions are favorable based on tides, daily photosynthesis, and nightly respiration 

cycles. Hatcheries have recently initiated production earlier in the year, but there are 

ecological limitations that reduce the usefulness of these strategies for growers 

(Waldbusser and Salisbury, 2014).  

Grower respondents tended to share an attitude that their business operates at 

the whim of ‗Mother Nature‘, implying that water conditions are outside their control. 

For instance, it is not practical to hoist a shellfish crop from low pH water to limit 

exposure until favorable conditions return. However, it is worth investigating further if 

pH and PCO2 monitoring data is truly less useful to growers, or if these OA related 

measurements are not used because of associated expenses and the unavailability of 

site-specific data. Survey results provide evidence supporting both situations as stated 

by two different participants, “Just because we don’t measure some of these 

parameters doesn’t mean we are not interested. We are limited in our equipment and 

budget,” and on the contrary, “I call this [ocean acidification] dealing with mother 

nature… I cannot change what comes at me from the world.”  

The most useful information sources that inform shellfish businesses are 

primarily obtained locally and through straightforward resources. Eighty-three percent 

of respondents agreed that tide charts are the most useful information source, and 

interactions with other shellfish operations and measurements from on-site 

observations are the second and third most useful information sources (Fig. 2-8). 

NOAA (National Oceanic and Atmospheric Administration) data online was identified 

as the most useful Internet information sources. The usefulness of NANOOS 

(Northwest Association of Networked Ocean Observing System) and CeNCOOS 

(Central and Northern California Ocean Observing System) information platforms 

were considered by state, as NANOOS is regionally affiliated with Washington and 

Oregon and CeNCOOS is regionally connected to California. Interestingly, 
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respondents indicated use of these information sources across state boundaries. A 

survey respondent noted, “We have a small operation and I did not know that the 

information was able [available] through so many sources,” indicating that the survey 

raised awareness about the variety of existing information sources. 

Science journals were not ranked as a particularly useful information source 

for shellfish production and it is likely that the industry obtains knowledge outside 

academia. Rather, this industry may employ its own criteria to judge OA based on 

intuition or thinking logically and critically about the situation (as seen in other 

examples from Week and Packard 1997; Hough and Piper 1982). While stakeholders 

find general background information interesting, the attention must focus on issues 

and aspects that are directly relevant to operations or profit within their planning 

horizon (Hanson et al. 2006). In alignment with the preference of the shellfish 

industry, it is our recommendation that expanding OA monitoring networks provide 

real-time data (or as close to real-time data) and explanations in layman terms of how 

data output is generated. Understanding the status and trends of OA in marine waters 

and the data needs of the industry can improve the ability of resource managers and 

scientists to support stakeholders. 

Investigating the usefulness of information sources provided additional insight 

on how communication preferences have transformed since a survey of Oregon oyster 

growers (Matson 2004). In the past, personal attention was the favored means of 

communication with 68% of participants preferring one-on-one interactions. Seventy-

seven percent of respondents had Internet and used E-mail; however, only 32% 

indicated a preference for these means of outreach. Our 2013 findings indicate that the 

vast majority (92%) of respondents prefer to be contacted via email. Clearly this shift 

in communication preference can inform future strategy for remote discussions and 

distribution of findings by using Listserves (i.e. California Current Acidification 

Network -- C-CAN) and other online information networks.  
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3.8 Is there potential for mutually benficial partnerships between the 

shellfish industry and scientists when addressing OA? 

 

It is widely recognized that scientists can also learn from stakeholder 

knowledge (Maguire 2003). Records from on-site measurements collected by the 

shellfish industry may also serve as an important source of chronological data for 

researchers to interpret patterns of coastal and estuarine conditions (e.g. Barton et al. 

2012). Ninety percent of respondents were somewhat to very willing to share data with 

scientists to help refine research models and 63% thought University-based research 

was usually to extremely useful (Fig. 2-10). Willingness to share data with scientists 

demonstrates the industry‘s consideration of the intention, value, and commitment of 

researchers (Davis et al. 2000; Lewicki and Bunker 1996). The potential for mutually 

beneficial relationship between industry and scientists was further validated by the 

majority of respondents agreeing that the ‗shellfish industry‘ and ‗science‘ are entities 

tasked with the highest priority for addressing OA. This acknowledgement of joint 

responsibility shows great potential for collaborative research. 

Respondents provided written data with suggestions to improve the 

communication and accessibility of research, for example, ―Scientists need to involve 

shellfish farmers to direst research so that it is relevant and useful to the public.  This 

would be a major shift in research ideology that would better serve the public.‖ 

Furthermore, a participant noted, ―…We would benefit from organized forums 

periodically which facilitated information exchanges.  Monitoring and adaptation are 

rapidly evolving and [we] could benefit with some structured dialogue periodically.‖ 

Surprisingly, respondents who generally maintained a positive attitude toward 

research and the sharing of data also shed light on three barriers that may potentially 

obstruct partnerships between industry and scientists (Table 2-1). There is potential for 

collaborative research and data sharing between scientists and industry, but issues of 

lack of trust, frustration, and uncertainty need to be addressed. The rapidly expanding 

and relatively new field of OA research has introduced inconsistent and contradictory 
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results that limit the scientific community from delivering a clear message (Gattuso et 

al. 2013). Further, sparse interactions between scientists and industry in combination 

with short duration of contact create a high level of uncertainty. But, increasing 

interactions and making scientific processes unbiased and transparent can restore trust 

in science (Rowe and Frewer 2000; Luhmann 2000).  

University-based scientists have investigated academic questions to support 

shellfish production (i.e. Molluscan Broodstock Program (see Langdon et al. 2012) 

and development of triploid oysters (see Allen et al. 1989)). Recently, researchers 

collaborated with Pacific Northwest hatcheries to more clearly understand that current, 

high-CO2 conditions are negatively impacting bivalve larvae (Barton et al. 2012). 

Research findings prompted hatcheries to selectively pump tank water with higher pH, 

and then ultimately buffering waters to allow more continuous operation. Science that 

is understood and trusted is more likely to be incorporated, or at least considered, in 

management decisions and policy implementation (Frewer et al. 1998). Over fifty-

percent of the industry agreed there are ways to increase the potential for partnerships 

between industry and scientists (Table 3-2).  

Although not a primary research objective, we were interested in participant‘s 

mixed feedback of this cooperative study. Sentiments were mixed. Some participants 

expressed disappointment with the wording of survey questions and felt that this 

attempt to explore the needs of the industry was insufficient, with comments such as, 

―…Felt like I was providing data for some study to support theory and not find out 

what the real problems ocean acidification is having on my business and the shellfish 

industry.‖ Conversely, others expressed gratitude for the opportunity to express their 

insight shown as, “Thanks for putting this survey together! There is clearly a lot of 

work ahead in quantifying affects, communicating to policy, [and] monitoring... The 

big question is how do we live [with] what is coming in these pH changes…‖ and, 

―Thank you for the survey. I want to learn more about my location and look forward 

to participating in any way possible,‖ and, ―Thank you for undertaking the survey and 

disseminating results.  OA is one of the top threats, environmental or otherwise, to 
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continued health of our businesses and crops.‖ It could be interpreted that this 

research with the shellfish industry fostered a sense of stakeholder ownership and 

partnership. Overall, 80% of respondents indicated they were interested in being 

contacted to receive a summary report of survey findings. 

 

3.9 How does the industry feel about their ability to adapt to OA? 
 

Adaptation suggests the capacity of a system to respond to a hazard while 

maintaining everyday ‗self-interest‘. Traditional and ecological knowledge play a 

critical role in understanding environmental changes and may influence local 

adaptations (Leonard et al. 2013). A recent study of commercial fishing captains 

revealed that their industry is adapting to environmental changes and variability of fish 

populations associated with climate change, but there is low agreement (13%) that 

climate change is happening (Zhang et al. 2012). The capacity of the shellfish industry 

to adapt hinges on their recognition of OA as an environmental hazard (Jackson 2005; 

O‘Brien et al. 2006; Adger et al. 2009).  

Most of the shellfish industry (52%) feels that adaptation to OA is somewhat 

attainable, but 29% reported not knowing if the industry can adapt to OA (Fig. 2-11). 

Seven percent of respondents reported definitely able to adapt, 9% reported not really 

able to adapt, and 3% reported not at all able to adapt. Thirty-nine percent of the 

industry acknowledged they have personally experienced negative impacts from OA, 

and still feel the industry is definitely or somewhat able to adapt. This last point is 

noteworthy because it shows that even in the face of OA, the industry is working 

towards management strategies that sustain the shellfish resource and their businesses.  

Washington and California have established shellfish initiatives. Oregon does 

not have a shellfish initiative but has produced a great breadth of OA research. 

Interestingly, perceived adaptability to OA among Washington, Oregon, and 

California participants was not different. An open-ended follow up questions 

prompted participants to further share their perspective on adaptation to acidification:  
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“I think in the long term we are screwed. duh.”   -Oyster, WA 

 

“We're on a pathway that will have numerous ugly outcomes in the future… I  

feel like I'm living near the end of a big lab experiment.”   -Geoduck, WA 

 

“Ocean acidification, particularly in the Pacific Northwest, has already happened, 

and has already impacted our industry to the tune of tens of millions of dollars each 

year. The quicker we get this message across to the general public, the quicker we can 

get around to trying to salvage what's left.”   -Oyster, OR 

 

Hatcheries have successfully adapted to OA in the short term (as explained in 

Section 3.7) and this accomplishment may inspire confidence that additional local 

adaptations can sustain shellfish resources. There is general agreement that, “Short 

term we can adapt.  Long term is unknown.”  

 

3.10 Conclusions 

 

The U.S. West Coast is home to ecologically and economically important 

shellfish. However, the intrusion of acidified water poses a serious threat to shell-

forming organisms and the associated commercial shellfish industry (Gazeau et al. 

2013; Barton et al. 2012). Our report explores the U.S. West Coast shellfish industry‘s 

perspectives and experiences regarding OA, and how they vision adaptation. The 

shellfish industry is learning about ocean acidification and its consequences, and 

furthermore, this industry is committed to sustaining the shellfish resource and their 

businesses.  

Scientists at Oregon State University are among the leading experts in 

understanding OA and how marine organisms respond to acidification stress. Working 

together, scientists and industry can collaborate through research and data monitoring 
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efforts to address industry needs. The Washington State Blue Ribbon Panel on OA has 

designed an action plan to respond to ocean acidification.  They are focused on 

reducing carbon dioxide emissions, runoff of nutrients, and pollution from local land-

based sources. In addition, they recognize the importance of filling knowledge gaps, 

building awareness among stakeholder groups, and promoting scientific collaboration. 

Opportunities are emerging for the shellfish industry to articulate the 

effectiveness of local adaptations to combat OA. Stakeholders who are empowered 

with their voice can influence future policy options (Reed et al. 2009; Brugha and 

Varvasovsky 2000). The perceptions of this industry can inform the acceptability and 

implementation of management and the ultimate effectiveness of different strategies to 

sustain commercial production. As the focus of management shifts toward new 

adaptive strategies, it is critical that scientists, policy-makers, and stakeholders work 

together (Martens et al. 2009). Inevitably, OA has happened and ocean acidity will 

worsen significantly in nearshore waters of the U.S. West Coast in the coming years 

(Gruber et al. 2012). We need to act quickly and work together to protect ecologically 

and economically valuable marine resources, marine ecosystems, and coastal 

communities. 
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3.12 Glossary of terms 

 

Acidity— The concentration of hydrogen (H
+
) ions in a solution. 

 

Alkalinity— A measure of the maximum capacity of an aqueous solution to neutralize 

acids.  

 

Aragonite— A specific crystalline form of the mineral calcium carbonate, found in 

mollusc shells (particularly the larval & juvenile forms) and coral skeletons. It 

dissolves more readily than calcite. 

 

Benthic— In contact with the ocean bottom. 

 

Bivalves— Belong to the taxonomic class Bivalvia; they are bivalves (two shells) 

mollusks that include mussels, clams, abalone, and oysters. 

 

Calcifier— An organism that uses calcium carbonate, to form shells, skeletons, 

carapaces, and other stiff structures, for example molluscs, corals, crustaceans and 

some algae.  

 

Calcium carbonate— A mineral composed of calcium (Ca
2+

) and carbonate ions 

(CO3
2-

). Marine calcifiers incorporate specific crystalline forms of CaCO3 (e.g., calcite 

and aragonite) into their shells, skeletons, and other hard body parts. 

 

Carbonate chemistry— The inorganic dissolved chemical species of the carbon 

system in a solution, including dis- solved carbon dioxide (CO2(aqueous)), carbonic 

acid (HCO3
–
), bicarbonate (H2CO3), and carbonate ion (CO3

2–
). 

 

Estuary— A partially enclosed coastal body of water with one or more rivers or 

streams flowing into it, and with a free connection to the open sea. Estuaries are 

among the most diverse and biologically productive ecosystems on Earth. 

  

Keystone species— A species upon which other species of a community depend, 

whose removal leads to reduced species diversity within the community. 

 

Larvae— An immature, free-swimming life stage that is quite different from the adult 

form. 

 

Ocean acidification (OA)— Reductions in the pH of seawater due primarily to the 

uptake of carbon dioxide from the atmosphere by the ocean but can also be caused by 

other chemical additions or subtractions from the ocean. 
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PCO2— The partial pressure of CO2. quantitative units used to describe PCO2 are 

microatmospheres (μatm), which are a unit of atmospheric pressure equal to one 

millionth of 1 atmosphere (atm). 

 

pH— The term used to describe acidity; pH is the negative log of the hydrogen ion 

(H
+
) concentration in an aqueous solution. Neutral pH is 7.0. Solutions with pH values 

less than 7.0 are ―acidic,‖ and those with pH values greater than 7.0 are ―basic.‖ 

 

ppm— ―Parts per million‖; often used to describe the relative abundance of dissolved 

chemical species or gases in water. 

 

Photosynthesis— The process used by plants and other organisms to capture the sun‘s 

energy to split water into hydrogen and oxygen. The hydrogen is combined with 

carbon dioxide (absorbed from air or water) to form sugar (glucose); oxygen is 

produced as a waste product. 

 

Phytoplankton— Photosynthesizing microorganisms that inhabit the upper sunlit 

layer of the ocean. In terms of numbers, the most important groups of phytoplankton 

include the diatoms, cyanobacteria and dinoflagellates. 

 

Plankton— Organisms that drift in the ocean. 

 

Point source— A single, identifiable source of pollution, such as a wastewater 

treatment plant. 

 

Respiration— The metabolic conversion by organisms of nutrients into biochemical 

energy. Biological respiration consumes oxygen and generates CO2 as a waste 

product. 

 

Saturation state— The saturation state (Ω) of a mineral is a measure of the 

thermodynamic potential of that mineral to form or to dissolve. At Ω values greater 

than 1.0, precipitation of the mineral is thermodynamically stable. 

 

Seed— A young shellfish, usually raised by a hatchery, which is suitable for 

transplant to a bed.  

 

Setting; Settlement— The metamorphosis from the planktonic (free-swimming) 

larval form to the benthic adult form. When oyster set or settle, they are permanently 

attached to a hard substrate. 

 

Spawning— Producing and releasing gametes (eggs or sperm). Males often spawn 

first and the presence of sperm in the water is a stimulant to the females. Gametes are 

released into the water where fertilization occurs.  
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Stakeholder— Individual, group, or organization that can affect or are affected by a 

process and/or its finding. 

 

Substrate— A surface on which an organism grows or is attached. 

 

Time series data— A sequence of observations that are ordered in time. 

 

Tolerance— The ability of an organism to survive in certain physical conditions. 

 

Upwelling— A process whereby winds push surface ocean waters away from shore, 

causing an upward movement of deeper waters to replace the surface water. The 

upwelled water is typically colder, saltier, and nutrient- and CO2-rich but oxygen 

poor. Along the U.S. west coast, the upwelling season is during summer months. 

 

Glossary definitions were adapted from Washington State Blue Ribbon Panel on 

Ocean Acidification (2012) and Oyster Recovery Partnership 

(www.oysterrecovery.org). 
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Table 3-1: State agencies and shellfish organization that helped compile an industry-

wide database of potential survey participants. 

 

State Agencies and Organizations 

Washington 

 Washington Department of Health 

 Washington Sea Grant 

 Pacific Coast Shellfish Growers Association 

 Pacific Shellfish Institute 

Oregon 
 Oregon Department of Agriculture 

 Oregon Sea Grant 

California 

 California Department of Fish and Wildlife 

 California Sea Grant 

 California Aquaculture Association 
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Table 3-2: Strategies identified by survey participants to potentially advance 

partnerships between industry and scientists. 

 

 directly apply research to industry needs 

 increase engagement between industry and scientists 

 host graduate student as on-site researcher at shellfish operation 

 translate science to be more easily interpreted  
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Figure 3-1: Normal growth and shell deformity of Pacific oyster larvae (Crassostrea 

gigas) in corresponding non-corrosive water (left panel) and corrosive water (right 

panel) conditions during first four days of life (Photo credit: E. Brunner, G.G. 

Waldbusser).  
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Figure 3-2: Respondent‘s perceived level of understanding ocean acidification 

demonstrates the importance and relevance of this issue to the shellfish industry. All 

respondents who had heard of ocean acidification indicated a level of understanding. 

No respondents reported ‗do not understand‘. 
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 4. GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 
 

U.S. West Coast hatcheries and growers are stakeholders experiencing 

economic impacts from ocean acidification (OA). However, their perspectives and 

experiences dealing with OA, and how they envision adaptation have not been 

evaluated. The aim of this research was to help fill this information deficit and expand 

our knowledge about shellfish hatcheries and growers across Washington, Oregon, 

and California facing OA.  

Several conclusions can be drawn from this research. The shellfish industry‘s 

perceived understanding of OA is fairly advanced, indicating their awareness of the 

issue and its potential impacts. The majority of the industry has personally 

experienced negative impacts from OA and is concerned about consequences today 

and in the future. The data needs of growers and hatcheries appear different, as shown 

by the reported environmental measurements used to inform their respective shellfish 

operations. Measurements of water chemistry related to OA, such as pH and PCO2, 

appear more useful to hatcheries than growers, however, it is unclear if these OA 

related measures are truly less useful to growers. It is possible that the equipment 

needed to measure these data are too expensive to monitor on-site and that available 

data does not reflect water conditions at specific growing site. The most useful 

information sources to inform production decisions are primarily obtained locally and 

through straightforward resources, where tide charts are the most useful information 

source followed by interactions with other shellfish operations and measurements 

from on-site observation. There is potential for partnerships and data sharing between 

scientists and industry, but issues of lack of trust, frustration, and uncertainty need to 

be addressed. Survey respondents from all three states expressed guarded optimism on 

adaptability to OA. But, it appears that even in the face of OA, the industry is working 

toward mitigation strategies and management techniques to sustain the shellfish 

resource and their businesses.  

The overall results for this thesis suggest that while the shellfish industry is 

experiencing OA, they are committed to learning about the issue and its implications 
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for their business, and they want to share their insight. Cooperative research 

partnerships between industry and scientists may improve the industry‘s adaptability 

to OA. This research can help inform the Washington State Blue Ribbon Panel on OA 

and the design of an action plan. Additionally, each of the five objectives can be 

expanded into a focused evaluation with these results serving as baseline data. This 

survey could also be geographically extended to include shellfish industries in the U.S. 

East Coast, Hawaii and Alaska, Mediterranean, Australia, New Zealand, etc. to 

support national and multinational policy. 

Through this work, scientists, politicians, and the public can gain a better 

understanding of the industry‘s perspective and the nature of their claims. These 

findings can help shift OA conversations from an abstract problem toward solution-

oriented strategy, and advance relationships by improving communication among 

parties when addressing the complex problem of OA.   
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6. APPENDIX: STAKEHOLDERS PREFERENCE TO INFORM THE DESIGN OF A 

WEBSITE TO DISPLAY NEW BIOLOGICAL STRESS DATA 

 

Estuaries are highly variable and dynamic environments that support 

commercially and ecologically important species. Studies have shown that drivers like 

eutrophication, tidal occurrences, and upwelling increase PCO2 and exacerbate the 

localized effects of ocean acidification (OA) (Feely et al. 2010; Hoffman et al. 2011; 

Kelly et al. 2011; Duarte et al. 2013; Waldbusser and Salisbury 2014). The timescales 

of these carbonate chemistry drivers are closely coupled with the timescales of early 

life stages of larval bivalves (Barton et al. 2012) and experimental studies confirm that 

larval oysters are particularly sensitive to acidified water (e.g. Kurihara et al. 2007; 

Talmage and Gobbler 2009).  

We are in the early stages of using PCO2 data from Pacific Northwest 

hatcheries and nearshore buoys to model ‗organismal carbonate climatology‘ of the 

commercially important Pacific oyster (Crassostrea gigas). A properly parameterized 

proportional-integrative-differential (PID) equation can model instantaneous 

acidification stress on an organism and account for legacy effects and effects from 

acute changes in carbonate chemistry.  

The primary users of the ‗organismal carbonate climatology‘ model include the 

shellfish industry. Hatchery operations have been receptive and continue to work with 

researchers on the potential effects of acidification on shellfish production (e.g. Barton 

et al. 2012) and many growers are quite aware of the economic impacts associated 

with seed shortages that recently resulted in estimated losses of $83 million 

(Washington State Blue Ribbon Panel on OA 2012). Tools are needed by this industry 

to adapt to current and future acidification scenarios. Although not fully predictive, 

this ‗organismal carbonate climatology‘ model will allow distillation of streaming 

PCO2 data into a relevant output that provides hatcheries and growers with 

information on larval acidification stress. 
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Output from this biological stress model can be presented as a tool for the 

industry on a user-friendly website, OASIS (Ocean Acidification Shellfish Industry 

Science). We plan for OASIS to display cumulative acidification stress data for larvae 

spawned in the previous weeks and an instantaneous stress. The three major phases of 

website implementation are design, construction, and operation (Succar 2009). Survey 

findings regarding the U.S. West Coast shellfish industry‘s attitudes and preferences 

can inform these phases of OASIS development and improve website utility by 

addressing the industry‘s information needs (Johnson 1997; White and Raman 1999; 

Ha and Pratt 2000; Taylor et al. 2001).  

The OASIS website design should reflect a simplistic design, clear-cut 

navigation functions, and content that does not overwhelm the user with excessive 

information. Survey participants reported on the level they need to understand 

scientific models in order to trust the information provided. The majority (62%) 

reported needing to somewhat understand the underlying science to trust data output 

from a model. Respondents also largely agreed that their understanding of models 

could improve with explanations of the equations used in the model, descriptions of 

how data was collected for the model, and visual model simulations. These findings 

can inform educational components within OASIS that include links to additional 

information for those interested in the underlying science and model formulation. 

Survey findings helped identify educational content that can be incorporated 

into OASIS to support the industry‘s use of the biological stress tool. The shellfish 

industry has a fairly advanced perceived understanding of OA and 89% of respondents 

have been hearing about OA for over 2 years. However, hatcheries are more familiar 

than growers with using PCO2 data to inform their shellfish operations, as shown by 

75% of hatcheries using PCO2 and 32% of growers using PCO2 data. Forty-eight 

percent of participants reported not knowing if available PCO2 data represents water 

conditions at their site-specific locations, demonstrating that PCO2 data is not used 

throughout the industry and it is not widely available. The biological stress tool is 

limited to locations with real-time, streaming PCO2 data and therefore may be more 
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applicable at hatcheries until PCO2 monitoring increases at growout sites. It is worthy 

to investigate collaborations with NANOOS, Ocean Observing Initiative (OOI) related 

partners, and other pre-existing information network with capabilities to layer this 

biological stress data with real-time, streaming PCO2 data.  

OASIS can also offer a channel of communication to share knowledge within 

the shellfish industry and between the industry and researchers (Kent and Taylor 

1998). A live dialogue feature can encourage discussion of the applications, 

limitations, and uncertainties of the biological stress tool. The majority of the survey 

participants agreed that research applied to industry, engagement between scientists 

and industry, and science translated to be more easily interpreted could improve 

partnerships between the industry and researchers. Incorporating these three themes 

throughout OASIS has the potential to connect the shellfish industry with scientists 

and build relationships that foster collaborative research (Kent et al. 2003) 

Survey participants were asked if a data measurement of estimated biological 

stress from OA would benefit their business. Without knowing about the inner 

workings of the ‗organismal carbonate climatology‘ tool or OASIS, 31% reported that 

this type of measure would be greatly beneficial and 40% reported it would be 

somewhat beneficial. As supported by participant‘s experience with negative OA 

impacts and perceived adaptability, the industry is facing OA head-on and is seeking 

new information to improve management strategies that sustain the shellfish resource 

and their businesses.  

After OASIS design and construction, it is necessary to solicit feedback from 

the end-users about operational capabilities (i.e. ease of interface and usefulness of 

data). This participatory stage in the planning process offers the shellfish industry 

some decision-making authority and demonstrates partnership (Chase et al. 2004). 

Cozier and Witmer (2001) found that stakeholders only become active when they 

recognize that they are participants in a shared issue. OASIS can provide relevant and 

easily interpreted data to help the shellfish industry better understand coastal and site-
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specific carbonate chemistry, strengthen partnership between industry and researchers, 

and illustrate the importance of time of spawn associated with OA biological stress.   

 

OASIS designed to incorporate stakeholder preferences when accessing biological 

stress tool. Homepage (left panel) contains map interactions with streaming PCO2 data 

from nearshore monitoring stations and model output of organismal carbonate 

climatology (theoretical example). Linked page (right panel) contains information on 

PID equation, computation, and use of experiments to parameterize model.  
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