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Abstract:  

Ocean acidification, caused by the increased uptake of anthropogenic CO2, describes a 
change in the ocean’s carbonate chemistry. While its chemical processes are well 
understood, less is known about its biological and subsequently socio-economic 
consequences. However, there is evidence that marine organisms will be adversely affected 
by a decrease in pH and carbonate saturation levels. Fishery is a traditionally important 
economic sector in Norway but stock sizes and consequently also catch could be 
significantly threatened by ocean acidification. To improve the understanding of potential 
socio-economic consequences, I conducted a risk assessment among the 19 Norwegian 
counties following Mathis et al.’s (2014) application of the IPCC’s SREX risk assessment 
framework. The SREX framework combines information regarding hazard, exposure, 
sensitivity and adaptive capacity. The results show that the northernmost counties are most 
at risk as high-latitude oceans are considered to be more threatened compared to lower-
latitude regions. The second part of the analysis shows that particularly the southernmost 
counties, which engage in the harvest of crustaceans are more economically exposed due to 
the fact that these species are more susceptible to ocean acidification and generate a higher 
catch value. The results of the sensitivity related calculations show that the share of income 
generated from fisheries is very low compared to the total income. However, direct county 
comparisons highlight that the northern counties reveal a higher level of sensitivity, as the 
share of fishermen is substantially higher there than in most other counties. Adaptive 
capacity is considerably lower in the northern counties than in the other counties. Overall, the 
final risk assessment points out that 13 out of 19 counties face moderate to high risk from 
ocean acidification. My research shows that the SREX risk framework is applicable for 
evaluating the impacts of ocean acidification. In the case of Norway however, substantial 
improvements can be achieved by increasing the availability of detailed data, such as long-
term monitoring of oceanic conditions, better information regarding the biological impact of 
species, and more detailed employment and income statistics. Overall, my thesis shows that, 
although still in its infancy, integrated risk assessments are an important prerequisite for any 
form of interdisciplinary ocean acidification research and the development of successful 
response strategies. In future studies this quantitative research could be complemented by 
qualitative methods such as assessing awareness among fishermen through interviews or a 
participatory approach for incorporating local knowledge into adaptation efforts. 
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1 Introduction 

Ocean acidification is one of the direct global consequences of anthropogenic climate 

change and is listed among Rockström et al.’s (2009) nine planetary boundaries. It is 

however, often regarded as ‘the other CO2 problem’ or ‘global warming’s evil twin’ for it is 

often concealed by the better-known problem of global temperature rise (Doney et al., 2009). 

Ocean acidification describes a change in the ocean’s carbon chemistry. While its chemical 

processes are largely understood, there is a considerable research gap with regard to its 

biological and subsequently socio-economic consequences (Brandner et al., 2014). The 

ocean takes up atmospheric CO2, which leads to a decrease in seawater pH and carbonate 

saturation (Sabine et al., 2004). Research shows that this can have adverse consequences 

for calcifying marine organisms which depend on specific levels of available carbonate 

minerals to develop their shells. Although adult fish seem to be less sensitive, some species 

may be adversely affected during early development stages or indirectly through the 

disappearance of key species in their respective food webs (Ishimatsu et al., 2008). By 

modifying or even destroying entire marine ecosystems, ocean acidification can also limit the 

availability of ecosystem services such as fishery, coastal protection or tourism with 

potentially detrimental consequences for human communities who depend on them (Moberg 

& Folke, 1999).  

Norway is one of the biggest fishing nations worldwide, due to its long coastline and 

traditionally strong and economically important fishery sector (FAO, 2013). Ocean 

acidification, however, could negatively influence fish stocks, and thus threaten dependent 

communities. The Norwegian government is generally interested in improving the 

sustainability of the fishery sector. Although ocean acidification is recognized as a potential 

threat in climate change reports, specific response strategies have yet to be developed 

(Miljøverndepartement, 2013). To assist this process and in an attempt to contribute to the 

limited availability of interdisciplinary ocean acidification research, I decided to conduct a risk 

assessment with the aim of ranking the 19 Norwegian counties according to their 

vulnerability to ocean acidification’s socio-economic implications following the example of 

Mathis et al. (2014). I will attempt to answer questions such as, “To what extend are the 

Norwegian counties affected if fisheries are threatened by ocean acidification?” and, “Is the 

level of information sufficient for properly estimating the socio-economic consequences?” 
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1.2 Thesis rationale 

1.2.1 Vulnerability assessments  

Although many experts have attempted to define ‘vulnerability’ there is no uniform definition 

of the concept. A few decades ago Timmerman (1981) pointed out that the term only 

provided the broad information that a problem area is of particular concern. Roughly ten 

years later, Liverman (1990) revealed that ‘vulnerability’ is often used in relation to topics like 

susceptibility, adaptability, resilience and risk. In more current times, Adger (2006) describes 

the concept as a “powerful analytical tool for describing states of susceptibility to harm, 

powerlessness, […] of both physical and social systems and for guiding normative analysis 

of actions to enhance well-being through reduction of risk” (p. 286). Reducing the adverse 

effects of an event prior to its occurrence requires a thorough understanding of the hazard 

itself, affected natural and social systems, as well as underlying drivers (Füssel and Klein, 

2007).  

According to Næss et al. (2006), “vulnerability assessments […] are a widely used 

instrument, comprising a broad group of tools with varying characteristics and goals” (p. 

221). Over time, these goals have changed from “mapping potential climate change impacts 

to an increased focus on strategies facilitating adaptation” (p. 221). Through identifying the 

people, places and sectors most affected by climate change, vulnerability assessments can 

greatly contribute to policy and decision-making (Hammill et al., 2013). More specifically, 

vulnerability assessments can answer questions regarding the adaptive capacity of socio-

ecological systems, draw attention to cause and effect relationships and address pressing 

challenges.  

On a less applied level, vulnerability assessments can assist in developing and modifying 

corresponding theoretical approaches and improve the methodology of analyzing and 

evaluating vulnerability (Hammill et al., 2013). Despite the possibility to question the 

effectiveness of vulnerability assessments, for example, by highlighting the difficulty for 

stakeholders to interpret and apply the provided information or the difficulty of identifying user 

groups and their respective data requirements (e.g., Cash et al., 2003), I decided to conduct 

a vulnerability assessment for several reasons. Firstly, the issue of ocean acidification has 

not yet received sufficient attention to be translated into specific response strategies, which 

may largely be related to the absence of data regarding ocean acidification’s socio-economic 

consequences (Miljøverndepartement, 2013). To move the topic further up in the agenda it 

therefore seems to be essential to learn more about the vulnerability of potentially affected 

people, places or sectors – in this case fishery sectors and inhabitants of the Norwegian 
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counties. Secondly, an improved understanding of vulnerability to ocean acidification may 

contribute to raising awareness among politicians, fishermen and other relevant 

stakeholders. I decided to focus on the sub-national level as a scale in order to account for 

differences within the country. To date, the majority of research evaluates the potential 

impacts of socio-economic ocean acidification impacts on a national level, which involves a 

significant degree of generalization. Because of its strong economic performance and the 

level of education, Norway as a whole would probably not appear to be highly vulnerable. 

Due to expected local variability with regard to both natural and socio-economic differences a 

nation-level assessment would not be sufficiently informative for advising Norway’s national 

climate change adaptation policy (O’Brien et al., 2004).  

 

1.2.2 Contribution to sustainability science 

According to Hay and Mimura (2006), “sustainability is achieved only when there is full 

reconciliation between: (1) economic development; (2) meeting, on an equitable basis, 

growing and changing human needs and aspirations; and (3) conserving the limited natural 

resources and the capacity of the environment to absorb the multiple stresses that are a 

consequence of human activities” (p. 23). Sustainability science aims for a holistic approach 

of understanding human-environment systems in order to account for the complex 

interactions within and among these systems (Clark and Dickson, 2003). As such, one of the 

disciplines core objectives is the “goal of creating and applying knowledge in support of 

decision-making for sustainable development,” preferably by means of combining academia 

and practice (Clark and Dickson, 2003). Understanding the vulnerability of coupled human-

environment systems is crucial for improving appropriate policy and decision-making (Turner 

et al., 2003). According to the International Standards Organization risk assessments are 

defined as a “process to comprehend the nature of risk and to determine the level of risk” 

(ISO, 2009). As such vulnerability and risk are concerned with the detection of different 

aspects of these components. This is done by means of collecting and classifying information 

with the objective to determine different degrees of susceptibility of, for example, coupled 

socio-ecological systems (IPCC, 2012). The Hyogo framework for Action highlights that risk 

assessments can be considered a “starting point for reducing disaster risk and for promoting 

a culture of disaster resilience [as the basis for this] lies in the knowledge of the hazards and 

the physical, social, economic and environmental vulnerabilities […], followed by action taken 
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on the basis of that knowledge” (UN, 2005, p. 9).  Moreover, the SREX1 claims “vulnerability 

and risk assessments are key strategic activities that inform both disaster risk management 

and climate change adaptation” (IPCC, 2012, p. 91). In addition to this, risk and vulnerability 

assessments can contribute to developing and refining relevant methodology with the 

objective to improve the estimation and quantification of these two components (IPCC, 2012, 

p. 91). As such my thesis serves as a starting point in the investigation of the extent to which 

ocean acidification can be a socio-economic threat to counties where fishery is an important 

sector. Information about methodology and the resulting assessment can be used to further 

research this topic and develop corresponding response strategies.  

 

1.2.3 Norway 

I chose Norway to be the focus of my research for several reasons. Firstly, Norway is located 

in a region particularly vulnerable to ocean acidification. High-latitude oceans, such as the 

North Pacific Ocean, the Nordic Seas and the Arctic Ocean appear to be most at risk (Fabry 

et al., 2009). Secondly, interdisciplinary ocean acidification research so far has mainly 

focused on North America for reasons related to the economic importance of shellfisheries 

and on less developed low-latitude countries for their dependence on ecosystem services 

provided by intact coral reef ecosystems (Brandner et al., 2014). To date, there is only one 

scoping study available focusing on Norway, which offers a broad overview of ocean 

acidification impacts on various ecosystem services but provides no information on the 

vulnerability of affected social systems (Armstrong, 2012). Thirdly, with a shoreline of over 

25,000 kilometers, Norway has the longest coastline in Europe, and some of the world’s 

richest fishing grounds. The oceans surrounding Norway yield several commercially valuable 

fish and crustacean species, such as herring, capelin, cod and shrimp. In Norway, fisheries 

not only play a key role in economic development but also contribute substantially to the 

national economy (FAO, 2013). Moreover, fishery production is of great importance for trade 

and makes Norway the world’s second largest exporter of fish and fish products with markets 

in many different parts of the world. Lastly, the Norwegian government appears to be 

generally interested in the topic of climate change and has included ocean acidification in 

several policy reports focusing on climate change mitigation and adaptation. 

 

                                                
1 Special Report on Managing the Risks of Extreme Events and Disasters to Advance 
Climate Change Adaptation (SREX) 
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1.3 Research questions 

Based on the natural and socio-economic data available my thesis investigates possible 

consequences of an increasing ocean acidification (OA) on the (local) fishery and related 

economies of all Norwegian counties. The study aims on starting a discussion on a relevant 

socio-economic problem for Nordic Countries that might arise if ocean acidification reaches 

values posing a severe threat to the ecology of the Nordic Seas. 

Main research question:  

How are the Norwegian counties affected by ocean acidification with respect to the three risk 

components ‘hazard’, ‘exposure’ and ‘vulnerability’? 

 

Furthermore, I attempt to answer the following questions:  

1. How far is the SREX framework applicable to the Norwegian fishery sector? 

2. What other stressors could amplify the impact of ocean acidification in Norway? 

3. What mitigation or adaptation strategies exist and how is the threat of ocean 

acidification accounted for on an institutional level? 
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2 Background 

2.1 The ocean acidification process 

The absorption of CO2 by the ocean is an important mechanism that throughout time has 

kept global temperatures at a level suitable for the survival of life on Earth (Feely et al., 

2009). Since the Industrial Revolution, the ocean has taken up approximately 25% of the 

anthropogenic CO2 emissions (Sabine and Feely, 2007). However, the absorption of CO2 

initiates a number of chemical reactions, which ultimately reduce seawater pH2, as well as 

the saturation state of carbonate minerals (Steinacher et al., 2009). This process is 

commonly referred to as ocean acidification (Caldeira and Wickett, 2003). Atmospheric CO2 

dissolves in seawater, usually leading to a proportional increase of seawater and 

atmospheric CO2 levels (Feely, 2009). Then, through the subsequent hydration of water 

carbonic acid is formed, which immediately disintegrates into bicarbonate ions (HCO3
-) and 

carbonate ions (CO3
2-) (Feely et al., 2009). Following this, carbonic acid (H2CO3) dissociates 

into H+ and HCO3
- ions. The H protons react with carbonate to form further carbonate ions. 

This implies that the dissolution of CO2 ultimately leads to a decrease of seawater pH and 

carbonate concentrations (Feely, 2009). The reduction of relevant carbonate minerals has an 

adverse affect on various marine organisms that require calcites or aragonite for the 

development of their exoskeletons (Fabry et al., 2008; Hoegh-Gulberg and Fine, 2005). The 

saturation level (Ω=1) of the more soluble aragonite is approximately 50% lower than that of 

calcite (Steinacher et al., 2009). For this reason, aragonite saturation is considered a “key 

variable for assessing biological impacts of ocean acidification” (Steinacher et al., 2009, p. 

516) and also suitable for measuring the hazard component of risk assessments (Mathis et 

al., 2014). The carbonate compensation depth (Ω=1) marks the water depth below which 

carbonate shells are subject to dissolution. Supersaturation occurs at levels above 1 (Ω>1) 

and undersaturation (Ω<1) at values below 1 (Feely et al., 2009).  

 

 

 

                                                
2 pH levels are indicated on a logarithmic scale ranging from 0 to 14.  Values below a pH of 7 
are considered acidic. The current pH of seawater is approximately 8.1, while pure water has 
a pH of 7 (WHOI, 2012).  
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2.2 Biological impacts 

Early experiments studying the impact of ocean acidification on marine organisms mainly 

focused on calcifying organisms, as the chemical processes driving ocean acidification 

directly interferes with the ability of these organisms to develop their skeletons and shells 

(Gattuso et al., 1998). Mollusks and corals have received particular attention due to their 

relevance for the economic performance and food security of dependent countries 

(Brandener et al., 2014). Cooley et al. (2012) mention that the responses of mollusks to 

changes in seawater chemistry vary among species but that the effect on the majority of 

species tested in their study was either neutral or negative. In experiments with Eastern 

Oysters (Crassostrea virginica), Gazeau et al. (2013) found that a significant decrease of 

seawater pH modifies calcification rates, which causes a thinning of the oyster’s shells. 

Talmage and Gobler (2009) showed that ocean acidification slows down larvae development 

and raises death rates of several North American mollusk species such as the Atlantic bay 

scallop (Argopecten irradians). Many studies focus on corals as they provide ecosystems 

services required for the existence of dependent communities (Hoegh-Gulberg and Fine, 

2005). Corals consist on aragonite that forms their skeletons. When pH decreases too much 

and carbonate is significantly less available, calcification and growth rates are significantly 

reduced (Kleypas and Langdon, 2006). The fate of fish species in terms of potential ocean 

acidification responses is considerably less well studied and data is only available for a small 

number of commercially valuable species (Ishimatsu et al., 2008). The same is true for 

crustacean species, for which research is mainly available for culturally or commercially 

valuable species such as the American Lobster (Homarus americanus) (Keppel et al., 2012). 

For the impact of ocean acidification on Norwegian crustacean and finfish species, please 

see section 4.2.1). 
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2.3 Socio-economic impacts 

With most research only published after 2008, the study of the socio-economic impacts of 

ocean acidification is very young and research findings remain limited (Brandner et al., 

2014). Hilmi et al. (2013) and Brandner et al. (2014) provide an overview of currently 

available research and conclude that there are considerable knowledge gaps that need to be 

filled in the near future. Cooley and Doney (2009), Cooley et al. (2012) and Mathis et al. 

(2014) among others highlight the importance and urgency of this kind of research by 

pointing out that seafood industries worldwide are already experiencing the adverse impacts 

ocean acidification, or will likely see in the near future. Similar to studies about biological 

responses, the study of socio-economic impacts also focuses largely on mollusks for reasons 

related to economic performance and food security (Brandner et al., 2014). Moreover, their 

physical responses are fairly well understood, which facilitates the modeling of subsequent 

socio-economic consequences (Cooley et al., 2012). In addition to this, there are a few 

studies about the socio-economic consequences focusing on coral reefs (e.g., Kite-Powell, 

2009; Brandner et al., 2012). Due to the still limited understanding of complex interactions of 

marine ecosystems and the biological responses of many fish species, it is challenging to 

make accurate and detailed predictions (Cooley et al., 2012). Brandner et al. (2014) add to 

this that available research often differs in terms of methodology, which complicates the 

comparison of research findings. While some evaluate economic loss in terms of gross 

revenue (e.g., Cooley and Doney, 2009; Armstrong et al., 2012), others apply methods such 

as compensating variation (Moore, 2011) or a comparison of consumer and producer 

surpluses (Narita et al., 2012), others assess vulnerability without any kind of monetary 

estimations (e.g., Finnoff, 2010; Sumaila et al., 2011). In the following I will provide an 

overview of available research in the field.  

Brandner et al. (2012) developed an integrated assessment model combining the IPCC’s 

SREX and FUND3 to assist with the quantification of potential economic loss associated with 

the ocean acidification impact on coral reefs. Results show that the exact economic value 

depends on the rates assumed for CO2 emissions, ocean acidification and associated loss of 

coral cover, as well as population growth and income. Brandner et al. (2012) conclude that 

the economic loss resulting from the impact of ocean acidification on shellfish is relatively 

small compared to total income, but that it is likely to increase rapidly in the coming 

centuries.  

                                                
3 Climate Framework for Uncertainty, Negotiation and Distribution 
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Using experimental data about the biological responses of mollusks to changes in seawater 

chemistry as well as fishery harvest and price data, Cooley and Doney (2009) estimate the 

loss for the US economy to account for approximately US$ 2.6 billion by the year 2060, 

assuming constant catch rates, price and revenues, as well as a unchanged ecological and 

economic conditions.  

Taking a slightly different approach to predict the potential economic loss to the US mollusk 

market4, Moore (2011) uses an integrate model incorporating biogeochemical and economic 

aspects of ocean acidification. Contrary to the aforementioned studies, he applies the 

compensating variation method, which is defined as the “amount one would have to deduct 

from a person’s income to make him just as well off after a change in prices and income as 

he had been in the initial situation” (Chipman and Moore, 1980). Using a Cobb-Douglas 

function adjusted for application to environmental issues, he finds the decreased welfare to 

amount to approximately US$ 735 million by the end of the century (Moore, 2011).  

Narita et al. (2012) who investigate the implications of ocean acidification for the global 

mollusk industry use a partial-equilibrium analysis to calculate consumer and producer 

surpluses in order to determine changes in welfare. They estimate annual global cost under 

a business-as-usual scenario to account for roughly US$ 100 billion by 2100.  

Harrould-Kolieb et al. (2009) attempt to rank countries according to their degree of 

vulnerability to ocean acidification, which they base on criteria such as fishery catch, seafood 

consumption, extent of coral reefs and projected level of ocean acidification in near-shore 

waters. 

Cooley et al. (2012) develop a framework aimed at evaluating individual countries 

susceptibility to ocean acidification with a special focus on the role that mollusks play in 

terms of economic importance and food security. Based on the individual countries’ score in 

categories such as the share of GDP and protein intake from mollusks, as well as their 

adaptive capacity to the consequences associated with decreasing seawater pH, they 

calculate so-called transition decades. These periods describe when the respective country 

will reach a state, where seawater chemistry has been altered to the extent that it becomes 

impossible for mollusks to develop in the same way as they do under today’s conditions 

(Cooley et al., 2012).  

Mathis et al. (2014) developed a risk and vulnerability framework in order to assess the 

consequences of ocean acidification for Alaska and to rank the state’s individual regions 

                                                
4 Including oysters, scallops, clams, and mussels 
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based on their level of resilience to the issue. Please see 3.3 for a more detailed description 

of Mathis et al.’s (2014) methodology.  

Focusing on the United States on a sub-national level, Ekstrom et al. (2015) evaluate the 

vulnerability and adaptive capacity of US shellfisheries to ocean acidification. Ekstrom et al. 

(2015) apply the same SREX risk assessment framework. They do, however, incorporate 

different indicators such as the impact of local influential factors amplifying the environmental 

impact of ocean acidification and the proximity to research facilities involved in corresponding 

research.  

Armstrong et al. (2012) provide the only available study focusing on the implications for the 

Norwegian economy. Based on meta-studies by Hendriks et al. (2010) and Kroeker et al. 

(2010), they calculate revenue losses including monetary and non-monetary ecosystem 

services, including direct and indirect, as well as, positive and negative impacts. Particularly 

the latter makes this assessment unique, as the majority of research does not incorporate 

any potentially positive implications (Armstrong et al., 2012). By comparing the potential 

impacts of ocean acidification on provisioning (e.g., fishery) and regulating ecosystem 

services (e.g., carbon uptake), Armstrong et al. (2012) conclude that the impact on regulating 

services may be much higher and thus much more dramatic than that on provisioning 

ecosystem services. In the North Atlantic region ocean acidification is likely to only 

significantly impact particularly fishery-dependent countries like Greenland and Iceland 

(Haraldson et al., 2012). Armstrong et al. (2012) highlight however, that although fisheries do 

not play a big role with regard to the national economy of many countries, they can be 

extremely relevant on the local to regional level both with regard to commercial and 

recreational aquaculture and fishing.  

 

 



12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 

 

3 Methodology 

3.1 The concept of vulnerability and vulnerability assessments 

There are several conceptualizations of vulnerability available, depending on the specific 

area of application. Füssel and Klein (2007), for example, identify three main schools of 

thought: the risk-hazard framework, the social-constructivist framework, and a framework 

developed and used by the Intergovernmental Panel on Climate Change (IPCC). Building 

their methodology on dose-response relationships, the risk hazard framework is probably the 

most technical conceptualization of vulnerability and mainly used in the context of disaster 

and risk management (e.g., UNDHA, 1993, Dilley and Boudreau, 2001). The social-

constructivist framework is often applied in the fields of political economy and human 

geography as it takes a social scientific approach. Assuming causal relationships with 

respect to a community’s coping capacity, it understands vulnerability as a deduced condition 

of a community that is strongly influenced by socio-economic and political factors (Dow, 

1992; Adger and Kelly, 1999). The recent IPCC assessment reports and the Special Report 

on managing the risks of Extreme Events and Disasters to Advance Climate Change 

Adaptation (SREX) define vulnerability as “the degree to which a system is susceptible to, or 

unable to cope with adverse effects of climate change, including climate variability and 

extreme events” (IPCC, 2012, p. 33). As such, vulnerability is generally regarded as “a 

function of the character, magnitude, and rate of climate variation to which a system is 

exposed, its sensitivity and its adaptive capacity (IPCC, 2012, p. 33).  

For the purpose of this thesis I decided to follow the example of Mathis et al. (2014) and 

Ekstrom et al. (2015) and apply the IPCC’s conceptualization of risk and vulnerability, as it 

appears to be a promising methodology for analyzing this case. In addition to this, the 

application of the framework facilitates the comparison of my results with those published in 

similar studies (Mathis et al., 2014). In the SREX report, disaster risk is defined as “the 

likelihood over a specified time period of severe alterations in the normal functioning of a 

community or a society due to hazardous physical events interacting with vulnerable social 

conditions, leading to widespread adverse human, material, economic, or environmental 

effects that require immediate emergency response to satisfy critical human needs and that 

may require external support for recovery” (IPCC, 2012, p. 32). It is worth highlighting that 

disaster risk is considered to be a constantly evolving path that, if unmanaged, will threaten 

the well-being of a system. Disasters are considered to be outbreaks along this path 

(Cardona et al., 2010). Although climate impacts are not necessarily single-events but 

gradual changes, the SREX includes them in their definition of disaster risk if they either  
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“impact livelihoods negatively by seriously affecting ecosystem services and the natural 

resource base of communities”, “have consequences for food security” or “have impacts on 

human health” (IPCC, 2012, p. 32). Ocean acidification meets the first two requirements and 

thus qualifies for this particular conceptualization of risk.  

Regarding risk as a combination of hazard, exposure and vulnerability, subdivided into 

sensitivity and adaptation, is characteristic for the IPCC reports. Separating exposure from 

the hazard component is a recent modification, based on the assumption that risk is not only 

determined by the hazard itself, but also by the exposure and vulnerability to these hazards 

(IPCC, 2012).  

 

3.2 Ontology and epistemology 

In my thesis I conduct a risk assessment based on a combination of natural and social 

sciences. In terms of ontology, my methodology can be allocated to the realm of objectivism. 

My quantification of risk is solely based on objective measurements and statistical data that 

describe environmental and social conditions independent of the perceptions and 

interpretations of individuals or society as a whole. This is in line with Bryman (2012) who 

mentions that social phenomena are external to individuals and can neither be controlled nor 

influenced by them, thus describing an objective reality. With regard to epistemology my 

thesis can be considered positivist for several reasons. Firstly, I assume that in this early 

stage of research (see section 1.2) and not involving qualitative methods, it makes sense to 

treat social and natural sciences in the same way. This assumption is shared with (empirical) 

realism and in accordance with Bryman (2012) who highlights that positivist social science 

research is neither influenced by normative values but instead is based on observations that 

are free of the influence of pre-existing theories. Secondly, I assume that my thesis is 

reproducible, which according to Kannel and McGee (1987) is a pre-requisite for any 

research to be accepted by the scientific community. Lastly, Hayes (1992) claims that 

positivism is “the hegemonic conception underlying analyses of ‘risk’”, which supports my line 

of reasoning (p. 405).   
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3.3 Application of the IPCC SREX risk assessment framework following Mathis 
et al. (2014)  

For evaluating the socio-economic implications of ocean acidification on the Norwegian 

fishery sector, I decided to apply the methodology of Mathis et al. (2014) in an attempt to 

facilitate the comparison of research results as suggested by Brandner et al. (2014). Mathis 

et al. (2014) applied a slightly modified version of the previously mentioned risk assessment 

framework developed by the IPCC and presented in the SREX. In their research, Mathis et 

al. (2014) rank census areas in Alaska based on scores they achieved in the categories 

hazard, exposure and sensitivity and adaptive capacity. Mathis et al. (2014) use seawater pH 

and aragonite saturation levels to quantify hazard. They use the NCAR CESM1-BGC model 

to determine past, present and future trends of ocean acidification near Alaska. The 

exposure score is based on catch revenue data from three groups of shellfish and finfish 

species that are weighted according to their expected potential vulnerability to the impacts of 

ocean acidification. In Mathis et al.’s (2014) application of the SREX risk assessment 

framework the sensitivity component is largely based on labor force and income statistics of 

inhabitants involved in the harvesting and processing of fish and fish products. The adaptive 

capacity score is based on seven variables: personal income, PFD5 dependence, 

unemployment, poverty, education, job diversity and food prices. All individual scores 

combined then result in a final score showing the risk that individual census areas are facing. 

Due to differences with regard to applicable variables and available data, I applied a slightly 

modified version of the risk assessment framework based on the applicability and availability 

of data (figure 1). The following sections provide detailed information of my methodology, 

including the divergences from the original study.  

 

Figure 1.  IPCC SREX risk assessment framework adapted from Mathis et al. (2014) 

 

                                                
5 PFD is a financial allowance paid to all Alaska residents  
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3.3.1 Hazard 

In the SREX report ‘hazard’ refers to “the possible future occurrence of natural or human-

induced physical events that may have adverse effects on vulnerable and exposed elements” 

(IPCC, 2012, p.69). Moreover, the SREX report highlights that hazards are components of 

risk but not the risk itself (IPCC, 2012). In the case of ocean acidification, ‘hazard’ can be 

measured or calculated based on factors like carbonate saturation or seawater pH. While 

Mathis et al. (2014) based their estimation of the hazard component on data from modeling 

future changes in aragonite saturation, I was limited to data about past (Skjelvan et al., 2014) 

and present values (Chierici et al., 2014) as no models exist for the ocean regions 

surrounding Norway. Following Mathis et al.’s (2014) example I divided the ocean regions 

and ranked them from 1 (most threatened) to 4 (not threatened). Assuming that the majority 

of fishing vessels harvest fish in the ocean regions adjacent to the counties they are 

registered in, I assigned the values ‘1’ to ‘3’ to the coastal counties and reserved the value ‘4’ 

for the landlocked counties, assuming that they are not at risk as there are no fishing vessels 

registered in these counties.  

3.3.2 Exposure 

In many risk assessment frameworks, exposure is incorporated into the vulnerability 

component (Mathis et al., 2014). In the SREX framework however, it is considered 

separately, which makes this approach slightly different from previous IPCC reports (IPCC, 

2012). According to Lavell et al. (2012), this distinction not only highlights the component’s 

importance but also makes it possible to quantify exposure based on socio-economic factors. 

The SREX defines exposure as the “inventory of elements in an area in which hazard events 

may occur” (IPCC, 2012, p. 69). This definition assumes that risk only occurs where either 

human populations or human-valued resourced are located (IPCC, 2012). Moreover, they 

highlight that exposure is a “necessary, but not sufficient, determinant of risk” and that 

exposure is required for being vulnerable but not vice versa (IPCC, 2012, p. 69).  

Following the example of Mathis et al. (2014), I decided to use socio-economic values to 

determine the exposure of the Norwegian fishery sector to ocean acidification. Mathis et al. 

(2014) argue that exposure typically focuses on where valuable species are located but that 

it can also be measured in terms of their relative importance to humans in certain areas. 

While Mathis et al. (2014) based their estimations on catch revenue and subsistence data 

(economic and nutritional exposure), I was limited to using catch value data as neither 

revenue nor subsistence data were available for the Norwegian fishery sector. Like Mathis et 

al. (2014), I subdivided the harvested species into three categories according to the degree 
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to which they are potentially affected by ocean acidification, although my grouping of species 

is slightly different. While Mathis et al. (2014) roughly distinguished between shellfish, 

salmon and other finfish (weighted by factors 2, 1, and 0, respectively) I decided to 

differentiate between crustaceans (no other shellfish in ‘wild’ fisheries), potentially affected 

finfish according to literature and either not affected or not yet studied finfish species 

according to literature. The groups were then weighted in the same way, mirroring their 

expected affectedness.  

Economic exposure was then computed as 

 

Where EE stands for the economic exposure, CCat1 for the percentage of total catch value of 

category 1 species (crustaceans), and CCat2 for the percentage of total catch value from 

category 2 species (potentially affected finfish). Catch value statistics were obtained from the 

Norwegian Directorate of Fisheries and represent catch data by counties where the fishing 

vessels are registered in. The resulting values are then normalized to values between 0 and 

1 and ranked so that the highest values receive a score of 1 and the lowest values a score of 

4. 

 

3.3.3 Vulnerability 

Sensitivity  

The SREX risk assessment framework considers vulnerability to be a combination of 

sensitivity and adaptive capacity. The IPCC report defines sensitivity as the “degree to which 

a system is affected by or responsive to climate stimuli” (p. 894). Mathis et al. (2014) 

highlight that the concept of sensitivity differs from ‘exposure’ as it additionally “includes 

scaling factors related to people’s varying degree of reliance on the species” (p. 7). I was 

limited to studying economic sensitivity while Mathis investigated both economic and 

nutritional sensitivity. Mathis et al. (2014) quantified economic sensitivity by comparing gross 

earnings of fishermen and people involved in the processing of fish products. Due to a 

significant lack of data, I decided to estimate sensitivity as the share of total income in a 

county generated from fishery compared to the total income in the same area. As there are 

no statistics regarding per capita income or average fishery income in the Norwegian 

counties, I had to modify existing statistics to serve the purpose of my calculations. In the 
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absence of income data specifically from fisheries, I calculated the total income from 

fisheries by multiplying the number of registered full-time fishermen by the average income of 

self-employed persons in primary industries, although this may be inaccurate as there may 

be significant differences between individual primary industry divisions. The calculation of the 

total income of the population required several steps based on data obtained from Statistics 

Norway. As income statistics are only available as per household income, I first calculated 

the average amount of employed persons in a household, assuming that only those have an 

income directly generated from work as compared to children, unemployed persons and 

pensioners. Having calculated the average income of employed persons I multiplied this with 

the total number of employed persons in each county. Sensitivity was then calculated as  

 

The resulting values are then normalized to values between 0 and 1 and ranked so that the 

highest values receive a score of 1 and the lowest values a score of 4.  

Adaptive capacity 

The second component of vulnerability is adaptive capacity, which in the SREX framework is 

defined as the “ability of an individual, family, community, or other social group to adjust to 

changes in the environment guaranteeing survival and sustainability” (IPCC, 2012, p. 73). 

Brooks et al. (2005) provide another definition of sensitivity, which they describe as the ability 

of a system to change itself in order to increase its coping range according to climate 

variability and potential future conditions.  

The term ‘adaptive capacity’ is often used interchangeably with the term ‘coping capacity’ 

although many claim that the two terms are fundamentally different (IPCC, 2012). While 

‘adaptive capacity’ is predominantly used in relation to ex-ante conditions, ‘coping capacity’ 

usually describes ex-post situations and the “ability of people, organizations, and systems, 

using available skills and resources, to face and manage adverse conditions, emergencies 

and disasters” (IPCC, 2012, p. 51). While the concept of ‘adaptive capacity’ has been applied 

to climate change impacts on fisheries (e.g., Allison et al., 2009) its use in relation to the 

threat of ocean acidification has been limited. Mathis et al. (2014) combine seven variables 

(personal income, poverty, unemployment, PFD6, education, job diversity and food prices) in 

order to assess the census area’s adaptive capacity in cases of a crisis in fishery. Due to 

reasons related to inapplicability of variables and lack of data, I had to modify these 
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calculations and base my estimation of the adaptive capacity of the Norwegian counties on 

the variables ‘personal income’, ‘unemployment’, ‘poverty’ and ‘education’.  

Personal income. Mathis et al. (2014) consider personal income, poverty and 

unemployment to be suitable variables for evaluating economic stability. I calculated 

personal income as explained in section 3.3.3. In order to avoid the incorporation of children, 

unemployed persons, and pensioners, I divided the resulting value by the average number of 

employed persons per household. The results were then normalized to values between 0 

and 1. Household income data and population were obtained from Statistics Norway.  

Poverty. Poverty is defined as the percentage of the population that has an income below 

the annual poverty line, which according to the European Union includes any household that 

has an “income per consumption unit lower than 60% of the median income of the 

population” (Statistics Norway, 2013, p.5). The results were then normalized to fall between 0 

and 1. 

Unemployment. I calculated unemployment based on unemployment and population 

statistics obtained from Statistics Norway for the year 2014. For this, I calculated the number 

of inhabitants between 15 and 74 and divided this by the number of inhabitants registered 

unemployed in that county. The values were then normalized to values between 0 and 1. 

Education. Mathis et al. (2014) determine education based on the number of people aged 

25 years in beyond, who have completed high school. They assume that it will be easier for 

these people to find a new occupation in the case of a decline of fisheries. I calculated 

education as the share of inhabitants of a county that have at least completed upper 

secondary school. As these statistics were not readily available I calculated them by 

combining the shares of people with upper secondary, short tertiary and long tertiary 

education. The values were then normalized to a value between 0 and 1.  
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Combining variables. In order to combine the variables I followed the example of Mathis et 

al. (2014) – slightly adjusted to my four instead of seven variables.  

 

 

 

Vulnerability (V) is calculated as the sum of the variables (I1=average personal income, 

I2=unemployment, I3=poverty, I4= level of education) with each of them weighted by a factor 

of 100 or 33 (α1=100, α2=33, α3=33, α4=100), assuming that the impact of some variable is 

approximately three times more significant than the one of the others (Mathis et al., 2014). 

The resulting values were than divided into quartiles and scored from one to four so that low 

adaptive capacity indicated by a low V value received a score of 4 and high adaptive 

capacity indicated by a high V value received a score of 1. This is in line with the calculations 

Mathis et al. (2014) applied in their study.  

 

3.3.4 Risk index 

The final risk index as applied by Mathis et al. (2014) combines the rankings of all previously 

calculated components using the following formula  

I= 0.33*H’+0.33*E’+ 0.33*(0.5*S’+0.5*A’),  

where H’ refers to the hazard score, E’ to the exposure score, S’ to the sensitivity score and 

A’ to the overall adaptive capacity score. I then subdivided the resulting values into high, 

moderate and low risk categories.  
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4 Results 

4.1 Hazard 

Norway is bordering the Barents Sea in the north, the Norwegian Sea along its west coast 

and the North Sea in the south (figure 2). Overall, 17 out of 19 counties border these three 

ocean regions. The remaining two counties are landlocked, one of them bordering Sweden in 

the east. Feely et al. (2009) provide an overview of average values for of ocean acidification 

related parameters in the regions (table 1).  

Table 1. Average concentrations of relevant parameters for surface regions based on the global ocean 
data analysis projected data set  (adapted from Feely et al., 2009) 

Ocean Salinity Temperature pH (seawater 
scale) 

Aragonite (ΩAr) 

Arctic Ocean 
(North of 65°N) 

34.639 
± 0.53 

4.35 
± 3.0 

8.231 
± 0.006 

2.41 
± 0.3 

North Atlantic 
(60°W to 0° 
0° to 64.5°N) 

35.643 
± 1.37 

19.56 
± 7.3 

8.125 
± 0.006 

3.47 
± 0.6 

 

 

Figure 2. Maps of the North East Atlantic and respective ocean currents (orange= Atlantic waters, 
blue= Arctic/ Polar waters, green= coastal waters) (Skjelvan et al., 2014) 
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4.1.1 Ocean acidification near Norway 

Barents Sea. The Barents Sea is a highly dynamic region due to the influence of the 

inflowing Atlantic and Arctic water, as well as the melting sea ice cover. Measurements show 

that the lowest ΩAr is found in the deep waters around Bjørnøya and in the northeastern 

Barents Sea. The measurements indicate that less saline waters tend to be more susceptible 

to further decreases in CaCO3 saturation (Chierici et al., 2014). The pH values in the Barents 

Sea region vary between 8.04 and 8.15 due to varying influences of warm and salty water 

from the Atlantic and cold and fresher water from the Arctic (Chierici et al., 2014). Aragonite 

saturation varies between 1.2 at the northernmost measurement stations and 2.2 at a latitude 

of 78.5°N (Chierici et al., 2014).  

Norwegian Sea. Warm and saline Atlantic water from between the Shetland and Faroe 

Islands and Iceland flows into the Norwegian Sea and heading northward, taking up 

atmospheric CO2 on the way (Chierici et al., 2014). Over the past 30 years, surface ΩAr and 

pH have decreased by 0.0041 and 0.0023 units, respectively (Skjelvan et al., 2014). 

Changes are primarily driven by increases in biological activity, salinity and the increased 

uptake of anthropogenic CO2 (Skjelvan et al., 2014).  

North Sea. Overall, there is relatively little data available for the North Sea (Skjelvan et al., 

2014). Measurements taken across the Skagerrak along the Torungen-Hirtshals show the 

influence of less saline coastal waters. The lowest ΩAr value of 1.4 was measured in the 

deep water in the Oslofjord during winter. Values along the Torungen-Hirtsals transect are 

8.04 for pH and 1.8 for ΩAr, respectively. Seasonal variability across the Skagerrak is 

primarily driven by pronounced changes in salinity, for example resulting from balancing 

perturbations from riverine and Baltic sources. Varying pH and ΩAr can be a result of varying 

biological activity in the region. There seems to be disagreement regarding the extent to 

which seasonal variability influences ocean acidification (Skjelvan et al., 2014).  
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4.1.2 Allocation of counties and ranking 

Based on reports by Chierici et al. (2014) and Skjelvan et al. (2014), which are in agreement 

with other scientific data (e.g. Feely et al., 2009) on the pronounced threat of ocean 

acidification for high latitude regions, I assumed the Barents Sea to be most at risk compared 

to the Norwegian Sea and the North Sea. Assuming further that small and medium sized 

Norwegian fisheries are mainly fishing in their adjacent ocean regions, I allocated the two 

northernmost counties Finnmark and Troms to the Barents Sea. Consequently, these 

counties receive a score of 1, which indicates the highest risk. 

The ranking of the remaining two ocean regions is less clear. Due to the absence of explicit 

information regarding the current and projected development of the region with regard to pH 

and ΩAr values, which makes it impossible for me to assign a clear score, I decided to 

develop two scenarios in order to account for the possibility that either ocean region is more 

at risk than the other. For this reason, the counties bordering the Norwegian Sea receive a 

score of 3 in the first and a score of 2 in the second scenario. I allocated the counties of 

Nordland, Nord-Trøndelag, Sør-Trøndelag, and Møre og Romsdal to the Norwegian Sea.  

The countries bordering the North Sea will receive a score of 2 in the first and score of 3 in 

the second scenario. I allocated the counties of Sogn og Fjordane, Hordaland, Rogaland, 

Vest-Agder, Aust-Agder, Vestfold, Oslo, Østfold and Akershus to the North Sea, as they all 

share a border with this sea region.  

The two remaining counties, Hedmark and Oppland, are landlocked and therefore not 

considered to be at direct risk. They receive a score of 4, which indicates very low risk. 

Figure 3 shows the county ranking for the first and figure 4 for the second scenario. 
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Figure 3. Hazard ranking for scenario 1                Figure 4: Hazard ranking for scenario 2 

 

4.2 Exposure  

For the estimation of economic exposure I followed the example of Mathis et al. (2014) and 

grouped the species harvested by Norwegian fishing vessels as described in section 3.3.2. 

The degree to which species are, or will be affected by ocean acidification varies 

considerably among species. There is information available for 14 out of the approximately 

45 harvested crustacean and fish species. In the following, I will give a brief overview of the 

biological impact of ocean acidification on a selection of species relevant for the Norwegian 

fishery sector (table 2).   

I decided against including aquaculture, mainly because impact of ocean acidification on 

farmed species is less clear than on wild fisheries and because I don’t know to what extent 

Norwegian aquaculture facilities can and do control the chemistry of the water used for 

growing fish. 
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Table 2. The grouping of species and potential biological impact according to literature7 

                                                
7 Category 3 species (non-threatened, no available literature) are not included as they are 
weighted by a factor of 0 and thus left out of the calculations. 

Category Species 
name 
(English) 

Species name 
(Latin) 

Potential OA impact References 
(selection) 

1 Edible 
crab 

Cancer pagurus 
• Sensitive to ocean acidification 

induced hypercapnia, which 
lowers the organisms heat 
tolerance by 5°C 

Metzger et al. 
(2007) 

1 Red king 
crab 

Paralithodes 
camtschaticus 

• Shortening of hatch duration 
by approximately 1 third.  

• Embryos and larvae tend to 
become longer and develop 
larger eyes and smaller yolks 

• Reduced survival with 
decreased pH, reaching  

Long et al. 
(2013) 

1 Shrimp Pandalus 
borealis 

• Significant delay in 
development time Bechmann et al. 

(2011) 

1 Norwegian 
lobster 

Nephrops 
norvegicus  

 

• Suppression of central 
immune functions under OA Hernroth et al. 

(2012) 

2 Atlantic 
herring 

Clupea 
harengus L. 

• Negative linear relationship 
between elevated pCO2 levels 
and the DNA/RNA ratio, 
potentially leading to problems 
with biosynthesis and 
consequently embryo 
development 

Franke and 
Clemmesen 
(2011) 

2 Cod Gadus morrhua 
• OA likely to damage the 

organisms inner organs 
proportionally to increased pH 
levels 

• Potential adverse effect on 
juvenile organisms 

Frommel et al. 
(2012) 

Moran et al. 
(2011) 

2 Atlantic 
Halibut 

Hippoglossus 
hippoglossus 

• Adverse effect on growth rates 
of juvenile organism Gräns et al. 

(2014) 

2 Turbot Psetta maxima  
• “Declining size at age and 

poor recruitment in fish stocks” Warren (2009, 
p.21) 

2 Wolffish 
Anarhichas 
minor  

 

• Significant energy tradeoff due 
to reduced plasma Cl- Ishimatsu et al. 

(2008) 

2 Wild 
salmon 

Salmo salar 
• Reduction of ability to fertilize  
• Considerable reduction in 

population size already  
Daye and Glebe 
(1984) 

Sandøy and 
Langåker 
(2001) 
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I calculated and ranked the economic exposure following Mathis et al.’s (2014) methodology 

based on 2014 catch value data obtained from the Norwegian Directorate of Fisheries 

(Directorate of Fisheries Norway, 2015). Figure 5 shows an overview of the shares of catch 

value obtained from category 1, 2 and 3 species based on where fishing vessels are 

registered. 

 

Figure 5. Shares of catch value obtained from category 1, 2, and 3 species based on where fishing 
vessels are registered. Catch value data from 2014 was obtained from the Directorate of Fisheries 
Norway (2015) 
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Figure 6 provides an overview of the economic exposure ranking. Due to large harvest 

quantities and high catch values of category 1 species, the southeastern counties Østfold, 

Akershus, Oslo, Vestfold and Telemark seem be at highest risk (rank 1). Particularly high 

shares of catch value obtained from category 1 species characterize these counties. The 

share of category 1 species ranges between 53% in Akersus and 75% in Vestfold. Category 

2 species in these counties account for 5% to 28% of total catch value. Although the share of 

catch value from category 1 species in Aust-Agder (59%) is higher than in Akershus (53%), 

the calculations only result in a economic exposure level of 2, as the share of catch value 

obtained from category 2 species is considerably lower in Aust-Agder (10%) than in 

Akershus (28%). Particularly high shares of catch values obtained from category 1 species 

characterize all of the high-exposure counties. Although Vest-Agder shows a similarly high 

share of category 1 species, the calculations show a score of 2 due to the double weighting 

of category 1 species, which was previously explained. In addition to Aust-Agder, the 

southernmost county Vest-Agder also show a score of 2, as well as the two northernmost 

counties Finnmark and Troms. While the two southern counties Aust-Agder and Vest-Agder 

are characterized by high shares in category 1 and moderate to low shares in category 2, 

this is reversed for the two northern counties Finnmark and Troms. The county of Buskerud 

also express a score of 2 but seems to be an exception compared to the other counties.  

Although landlocked, at least one fishing vessel is registered in Buskerud, which harvests 

exactly one category 2 species. This results in a share of 100% of catch value obtained from 

a moderately threatened species. Assuming that this implies the disruption of the entire 

fishery sector in the county this should theoretically indicate very high risk. Due to the 

weighting of the individual categories, however, other counties seem to be more at risk. 

Based on the calculations, the counties bordering the Norwegian Sea south of Troms 

(Nordland, Nord-Trøndelag, Sør-Trøndelag) and Rogaland in the southwest receive a score 

of 3. These counties are characterized by moderate shares of catch value obtained from 

category 2 species between 27% (Rogaland) and 59% (Nordland). In comparison to this, the 

share of catch value obtained from category 1 species is relatively low and ranges from 2% 

in Nord-Trøndelag to 17% in Rogaland. The least exposed counties include those bordering 

the Norwegian Sea south of Sør-Trøndelag, which are all characterized by high shares in the 

not threatened category 3 species. In addition to this, the landlocked counties Hedmark and 

Oppland are included in the low risk category as no fishing vessels are registered in either 

county. Figure 5 shows an exact overview of catch values, normalized economic exposure 

values and the final economic exposure ranking.  
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Figure 6. Ranking of counties based on level of economic exposure. The scores are based on 
weighted catch value (explained in section 3.3.2) and registering location of vessels. 

 

Using statistical data based on the locations where fish is landed, as opposed to where 

fishing vessels are registered, shows a slightly different situation both with regard to the 

distribution of catch value (figure 7) and the overall economic exposure ranking (figure 8). As 

there is no catch landed in Akershus, this county is no longer economically exposed to ocean 

acidification. Aust-Agder is economically highly exposed when using location of fish landing 

as the basis for calculation. While the two northernmost and southernmost counties were 

second most at risk, this group of counties now includes those between Sør-Trøndelag and 

Finnmark (i.e., the five northern counties). The western counties previously characterized by 

the least economic exposure are now facing an increased level of economic exposure, while 

Rogaland shows a decrease in economic exposure compared to the previous version, as 

does Vest-Agder. Buskerud adds to the other two landlocked counties and receives now a 

score of 4, as no fish harvest is landed in these counties. 
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Figure 7: Shares of catch value obtained from category 1, 2, and 3 species based on landing 
location. Catch value data from 2014 was obtained from the Directorate of Fisheries Norway (2015) 

 
Figure 8. Ranking of counties based on level of economic exposure. The scores are based on 
weighted catch value (explained in section 3.3.2) and landing location of vessels. 
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4.3 Vulnerability 

4.3.1 Sensitivity 

I calculated sensitivity based on the explanation in section 3.3.3. The three northernmost 

counties Finnmark, Troms and Nordland, as well as the two western counties Sogn og 

Fjordane and Møre og Romsal show the highest scores. In the three northern counties this 

coincides with an above average income from self-employed inhabitants in primary industry 

and significantly larger numbers of part-and full-time fishermen in the counties. In Møre og 

Romsdal the income from self-employed inhabitants in primary industry is very similar to the 

average income in the county. Moreover, the number of fishermen is the second highest 

among the Norwegian counties, which explains the high sensitivity rank of 1. The moderately 

sensitive counties do not show a clear regional pattern. Hedmark and Oppland are in the 

opposite situation.  Although landlocked, a small number of fishermen are registered in these 

counties. The same applies for the neighboring counties Buskerud, Akershus and the capital 

city Oslo. Although the number of fishermen registered in Oslo is higher than in the other 

very low sensitivity counties, it is outweighed by the second highest average personal 

income among the Norwegian counties, which is considerably higher compared to the 

average income from self-employed inhabitants in primary industries. The remaining 

moderate and low risk counties do not show a clear regional pattern and income and fishery 

numbers are very similar in these categories.  
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Table 3. Sensitivity score and sensitivity ranking, based on population and income statistics (2014) 
obtained from Statistics Norway. 
 
County 

 
Average 
personal 
income (all 
industry in 
2010 USD) 

 
Employed 
inhabitants 

 
Average 
personal 
income from 
primary 
industry 
(2010 USD) 

 
Number 
of 
fishermen 

 
Normalized  
score 

 
Ranking 

Østfold 47,293.16 133,670 49,245.25 134 0.0261 3 
Akershus 59,317.70 289,552 49,245.25 46 0.0011 4 
Oslo 59,222.22 330,918 49,245.25 42 0.0004 4 
Hedmark 44.680.32 93,855 49,245.25 22 0.0046 4 
Oppland 44,769.90 95,313 49,245.25 13 0.0016 4 
Buskerud 50,933.76 136,962 49,245.25 13 0 4 
Vestfold 49,359.82 116,346 49,245.25 72 0.0144 3 
Telemark 46,868.67 83,298 49,245.25 57 0.0172 3 
Aust-Agder 48,546.32 54,738 49,245.25 113 0.0548 2 
Vest-Agder 49,095.30 87,171 49,245.25 314 0.0964 2 
Rogaland 58,373.99 238,570 49,245.25 498 0.0457 3 
Hordaland 53,544.26 256,886 49,245.25 965 0.0921 2 
Sogn og 
Fjordane 

46,602.65 57,378 49,245.25 646 0.3233 1 

Møre og 
Romsdal 

49,097.64 133,870 49,245.25 2,218 0.4526 1 

Sør-Trøndelag 54,133.80 155,628 49,245.25 400 0.0615 2 
Nord-Trøndelag 44,403.26 66,730 49,245.25 274 0.1222 2 
Nordland 46,174.60 119,790 49,245.25 2,767 0.6722 1 
Troms 48,837.42 82,125 49,245.25 1,405 0.47 1 
Finnmark 46,449.14 38,146 49,245.25 1,317 1 1 

 

Figure 9.  Sensitivity ranking based on population and income statistics (2014) obtained from statistics 
Norway. 
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4.3.2 Adaptive capacity 

Following the explanation of the methodology in section 3.3.3, adaptive capacity is calculated 

based on the four variables personal income, poverty, unemployment and education 

assuming that all four of these factors influence the extent to which the counties can respond 

to the consequences of ocean acidification.  

Personal Income. Personal income was calculated based on the average number of 

employed persons per household and per county. By far the highest personal income is 

found in Akershus, which lies adjacent to the capital city, and Oslo itself. Together with the 

counties of Rogaland, Hordaland and Sogn of Fjordane, these counties receive very high 

scores with regard to this adaptive capacity variable. The landlocked counties Hedmark and 

Oppland, as well as Nord-Trøndelag, Finnmark and Nordland received the lowest scores, as 

the average personal income levels were the lowest in these counties.  

 

Figure 10. Compared personal income level among counties based on 2014 data obtained from 
Statistics Norway.   
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Unemployment. The share of unemployed persons is highest in the capital city Oslo 

(2.59%) and Østfold (2.47) in the southeast, and Finnmark (2.45) in the far north. These 

counties thus receive high scores. The lowest shares of unemployment are found in Sogn 

and Fjordane (1.4), Oppland (1.54) and Troms (1.59), which consequently receive very low 

scores for this variable. The two northernmost counties Troms and Finnmark have 

fundamentally different values with regard to unemployment.  

 

Figure 11. Compared level of unemployment among counties based on 2014 statistical data obtained 
from Statistics Norway 
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Poverty. Based on 2014 statistics, by far the highest share of inhabitants living below the 

poverty line appears to be in Oslo (13.7%). This is followed by Østfold (9.9%), Hedmark 

(9.5%) and Telemark (9.5%). In contrast to this, the lowest shares of poverty are found in the 

counties of Rogaland (6.1%), Akershus (6.4%), Sogn of Fjordane (6.9%) and Møre og 

Romsdal (6.9%).  

 

 

Figure 12. Compared share of inhabitants living in poverty based on 2014 data obtained from 
Statistics Norway 
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Education. Overall, the share of persons who have at least completed upper secondary 

education is generally very high in Norway as a whole. The highest percentage of people 

with this level of education is found in the capital city Oslo (78.8%), followed by Akershus 

(74.8%), and Sør Trondelag (74%). The lowest share of inhabitants with at least an upper 

secondary school degree are found in Finnmark (63.4%), Nordland (66.1%), Hedmark 

(65.8%) and Østfold (66.5%).  

 

Figure 13. Compared shares of inhabitants who have at least completed upper secondary education 
based on 2014 data obtained from Statistics Norway 
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Final adaptive capacity score. Combining all of the above mentioned factors shows that 

the highest level of adaptive capacity can be found in Akershus, Oslo, Rogaland, Hordaland, 

and Sør-Trøndelag, which all receive an overall score of 1. This is followed by Buskerud, 

Vestfold, Aust-Agder, and Vest-Agder, which receive a score of 2. Østfold, Telemark, Sogn 

og Fjordane, Møre og Romsdal, and Troms receive a score of 3, while Hedmark, Oppland, 

Nord-Trøndelag, Nordland and Finnmark receive an overall score of 4, which makes them 

the counties with the lowest degree of adaptive capacity.  

 

 

Figure 14.  Combined adaptive capacity ranking 
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4.4 Risk index 

The final risk index combines the scores from the four categories hazard, exposure, 

sensitivity and adaptive capacity. The resulting values were then subdivided into three equal 

groups accounting for the three risk categories ‘high risk’, ‘moderate risk’ and ‘low risk’. Due 

to the absence of universal guidelines on how to assign values to the individual risk index, I 

decided to use three equal value ranges. This implies, that the resulting index values are to 

be understood as relative to the remaining counties.  

The first version of the risk index is based on the assumption that the counties bordering the 

Barents Sea are most at risk, followed by the North Sea and ultimately the Norwegian Sea. 

The landlocked counties receive the lowest hazard rank. Figure 15 clearly shows that the 

northernmost counties, Finnmark and Troms, face the highest overall risk. Moreover, the 

southeastern counties Østfold, Vestfold and Telemark bordering the Oslofjord and the North 

Sea are also facing high risk in a direct comparison of counties. The counties bordering the 

Norwegian Sea face moderate to low risk with regard to ocean acidification when compared 

to the other counties. In this version of the risk index, 13 out of 19 counties face moderate to 

high risk. The coastal counties Sør-Trøndelag, Møre og Romsdal, Rogaland and Hordaland 

are likely to face low risk. The same is, not surprisingly, true for he two landlocked counties 

Hedmark  and Oppland.  

The second version of the risk index is based on changes of the hazard component (figure 

16). This scenario assumes that while the counties that border the Barents Sea remain highly 

at risk, the Norwegian Sea now receives a score of 2, while the North Sea is considered the 

sea region least at risk, and receives a score of 3. Like before, the landlocked counties 

receive a score of 4 for the hazard component as they are considered not to be facing any 

risk. The final risk index reveals that while the overall number of counties facing high or 

moderate risk remains similar, the distribution of counties within the individual risk categories 

slightly changed. In this scenario, Nordland and Akershus in addition to Finnmark, Troms and 

Østfold face high risk, while the southern counties Telemark and Vestfold only encounter 

moderate risk. Other changes include that Sør-Trøndelag and Møre and Romsdal, which 

belonged to the low-risk counties in the first scenario now face moderate risk. In contrast to 

this, Sogn and Fjordane is now likely to face low risk instead of moderate risk.  
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        Figure 15. Risk index for scenario 1                          Figure 16. Risk index for scenario 2 
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Table 4. Overview of final risk ranking (H= hazard, E= exposure, S= sensitivity, A= adaptive 
capacity, sce= scenario, high risk: 0-2.035, moderate risk: 2.036-2.75, low risk: 2.75-3.465,  
ranking: 1= high risk, 4= very low risk) 

County H 
sce
1 

H 
sce
2 

E S A Risk 
index 
sce. 1 

Risk 
cat. 
sce. 1 

Risk 
index 
sce. 2 

Risk 
cat. 
sce. 2 

01 Østfold 2 3 1 3 1 1.65 high 1.98 high 

02 Akershus 2 3 1 4 4 2.31 moder
ate 

2.64 high 

03 Oslo 2 3 1 4 4 2.31 moder
ate 

2.64 moder
ate 

04 Hedmark 4 4 4 4 1 3.465 low 3.465 low 

05 Oppland 4 4 4 4 1 3.465 low 3.465 low 

06 Buskerud 2 3 2 4 2 2.31 moder
ate 

2.64 moder
ate 

07 Vestfold 2 3 1 3 3 1.98 high 2.31 moder
ate 

08 Telemark 2 3 1 3 2 1.815 high 2.145 moder
ate 

09 Aust-Agder 2 3 2 3 2 2.145 moder
ate 

2.475 moder
ate 

10 Vest-Agder 2 3 2 2 3 2.145 moder
ate 

2.475 moder
ate 

11 Rogaland 2 3 3 3 4 2.805 low 3.135 low 

12 Hordaland 2 3 4 2 4 2.97 low 3.3 low 

14 Sogn og Fjordane 2 3 4 1 3 2.64 moder
ate 

2.97 low 

15 Møre og Romsdal 3 2 4 1 3 2.97 low 2.64 moder
ate 

16 Sør-Trøndelag 3 2 3 2 4 2.97 low 2.64 moder
ate 

17 Nord-Trøndelag 3 2 3 2 2 2.64 moder
ate 

2.31 moder
ate 

18 Nordland 3 2 3 1 1 2.31 moder
ate 

1.98 high 

19 Troms 1 1 2 1 3 1.65 high 1.65 high 

20 Finnmark 1 1 2 1 1 1.32 high 1.32 high 
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5 Discussion 

5.1 Interpretation of results 

Hazard. My thesis largely relies on the data available about Norway and the surrounding 

ocean regions. Data collection has been carried out for the past few years but is not yet 

comprehensive enough for the deduction of accurate trends or for projections of the future, 

as well as for the influence of local factors such as the level of primary productivity, upwelling 

and river inflow (Skjelvan et al., 2014). Mathis et al. (2014) account for this by 

complementing their basic oceanographic model with a biogeochemistry component.  

I subdivided the ocean regions into the three broad categories North Sea, Norwegian Sea, 

and Barents Sea. The actual impacts of ocean acidification could, however, vary significantly 

within these regions for the aforementioned reasons. Moreover, I assumed that the 

Norwegian fishery is rather local to the extent that large parts of the fishing fleets would 

remain within their adjacent sea regions. This allocation of the counties to the sea regions 

may perhaps bias the results to a certain extent. In the absence of detailed information 

regarding the exact fishing locations of the individual fishing vessels it was necessary to 

generalize. Overall, the aforementioned factors could potentially have an impact on the 

overall outcome of the risk assessment although the comparison of the two scenarios shows 

that while the distribution of the risk may vary among counties, the overall number of 

counties facing high or moderate risk remains roughly the same.  
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Exposure. The results clearly show that counties characterized by a high share of catch 

value obtained from category 1 species (crustaceans) are generally more economically 

exposed to ocean acidification than those with a large share of the supposedly not affected 

category 3 species. It is possible to argue that this development is the logical consequence 

of the uneven weighting of the individual categories, which based on Mathis et al. (2014) was 

supposed to emphasize the stronger impact of ocean acidification on crustaceans. In line 

with Mathis et al. (2014) I conducted the same calculations without weighting the first and the 

second category. Based on the pronounced lack of data for most of the category 3 species I 

did, however, leave them out of the calculation.  

           

    

 

The comparison of the weighted and non-weighted scores of economic exposure shows that 

the number of counties per category has not changed. Instead, four out of the 19 counties 

show a change in the degree of economic exposure. While Nordland and Sogn og Fjordane 

would have higher level of exposure the two southwestern counties Rogaland and Vest-

Agder would be less economically exposed to ocean acidification (see section 3.3.2). This 

implies that weighting may have an influence on the risk faced by the individual counties but 

not the overall level of Norway’s economic exposure. Overall, my evaluation of the degree of 

Figure 17. Economic exposure based 
on weighted categories as shown in 
section 4.2.1 

Figure 18. Economic exposure based on 
evenly weighted categories for comparison  
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economic exposure is based on the current level of knowledge. This implies that the results 

could change once more and improved data on the biological impact of ocean acidification 

on marine organisms is available. This could, for example, make the incorporation of 

additional species necessary and lead to higher economy exposure scores in the individual 

counties.  

Sensitivity. The analysis of the sensitivity component shows that both the proportion of 

inhabitants employed in fisheries and the total income generated from fishing compared to 

the total income from all industry is very low in all counties. The amount of fishermen 

registered by county of residence shows that the numbers vary considerably among 

counties. While Møre og Romsdal, which is one of the counties most involved in fishing 

activities, employed more than 2200 full-time and part-time fishermen, the surrounding 

counties Sogn og Fjordane and Sør-Trøndelag only employ a few hundred. Comparatively 

high numbers of fishermen between approximately 1300 and 2760 fishermen can explain the 

high sensitivity of the Northern counties. The sensitivity of certain counties could be higher 

than expected when including inhabitants involved in the processing of fish and fish products. 

Statistical data obtained from Statistics Norway shows that this affects, in total, almost 9070 

additional inhabitants. Data is, however, only available for nine other counties and ‘other 

counties’, which does not allow for a clear allocation of employees in fish processing to the 

individual counties and makes it thus difficult to account for.  

Similar to the exposure component the incorporation of aquaculture would probably increase 

the number of inhabitants involved in fisheries even further. Statistics obtained from Statistics 

Norway show that approximately 1535 licenses have been awarded to the farming fish 

including salmon, rainbow trout and other species (2013), which gives an indication about the 

amount of people involved in fish farming (Directorate of Fisheries Norway, 2015).  

Adaptive capacity. Looking at the adaptive capacity scores of the different variables 

separately shows interesting, yet expected outcomes. In ten out of 19 cases high 

unemployment and poverty, indicating low adaptive capacity, occur jointly with high personal 

income and education and vice versa. The majority of the remaining cases show similar 

values for all four variables. Oslo seems to be an extreme case as it exhibits high scores for 

all four variables, which is potentially related to Oslo being the capital city. As such it is not 

only the economic center and thus attracts both well educated citizens and those with a high 

income, but also those who are less educated or in search for employment. Finnmark and 

Troms are examples of the opposite extreme providing relatively bad scores for all four 

categories, with the exception that Finnmark additionally shows a very high share of 

unemployment among its inhabitants. Overall, Statistics Norway lists an average 
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unemployment rate of 4.1% (2015), which indicates that unemployment is in fact higher than 

the values calculated here. This can be explained by the fact that I included all inhabitants 

registered as unemployed and not only those that are considered job seeking. In the original 

application of the risk assessment framework, the four variables were weighed differently 

with unemployment and poverty being multiplied by a factor of 33 while personal income and 

employment were multiplied by a factor of hundred to account for the difference in level of 

influence. In order to assess the impact of the weighting, I conducted the same calculations 

without weighting. The results show that eleven out of 19 counties kept the same combined 

adaptive capacity score while five counties increased their overall score of adaptive capacity 

by one level while the remaining decreased their score by one level. Overall, this shows that 

weighting the individual variables decreases the adaptive capacity score of the counties.  

Risk Index. The final versions of the risk index clearly show that the majority of Norwegian 

counties are either facing high or moderate risk from ocean acidification, independent of 

whether the North Sea or the Norwegian Sea is comparatively more at risk. Considering the 

overall high living standard in Norway, the results, although showing moderate to high risk in 

direct comparison, probably express a much lower degree of risk in an international 

comparison, including, for example coral- and shellfish dependent developing countries. 

Nevertheless, my results show that the Norwegian fishery sector will be at risk, once 

aragonite saturation and pH values drop beyond a certain level. In order to prevent negative 

effects on the economy and the Norwegian population, immediate action is necessary in 

order to prepare adequately for ocean acidification.   
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5.2 Ocean acidification in relation to other marine ecosystem stressors 

Ocean acidification is only one of many human-induced problems marine ecosystems face. 

Although marine ecosystems are less well studied than terrestrial ones, there is 

overwhelming proof that anthropogenic activities drive significant changes in the oceans, 

which affect fish stocks (Hoegh-Guldberg and Bruno, 2010). Apart from ocean acidification, 

these stressors include nutrient input, pollution, warming, deoxygenation, habitat 

degradation, changes in net primary production, invasive species and overfishing (Halpern et 

al., 2008; Bopp et al., 2013). While some species (e.g., jellyfish) may benefit from change 

because of a greater availability of nutrients, reduced competition or warmer temperatures, 

others may be adversely affected by alterations of their immediate environment, leading to 

physiological changes, as well as decreased reproduction and survival.  

Warming is one of the most prominent consequences of climate change (Doney et al., 2012). 

According to Cheung et al. (2013), direct impacts of temperature on marine organisms 

include “changes in distribution and abundance, phenology, […], alteration of community 

structure and trophic interactions, an ultimately affecting fisheries” (p. 365). Pelagic 

organisms may be able to actively escape unfavorable conditions by migrating to places 

offering more suitable environmental conditions (Cheung et al., 2013).  

Ocean acidification can also influence biochemical processes within organisms. Moreover, it 

can decrease the thermal tolerance window of marine organisms, which has been studied in 

experiments with edible crab (Cancer pagurus). Metzger et al. (2007) emphasize that 

“interactions of […] temperature and anthropogenic increases in […] CO2 will need to be 

considered during future investigations of the effects of climate change on ecosystems” (p. 

144).  

In addition to this, broad-scale warming, as well as fresh water input in high-latitude regions 

from rivers and melting sea ice, can lead to the vertical stratification of the water column 

causing an alteration of currents, mixing and ventilation patterns (Doney et al., 2012). 

Warming decreases the uptake of dissolved oxygen and stratification reduces the mixing of 

surrounding water bodies (Gilbert et al, 2010). In coastal regions, the excess input of 

nutrients causing eutrophication has similar effects on the availability of oxygen (Cai et al., 

2011). While organisms can tolerate deoxygenation to a certain extent, hypoxia leads to 

severe physiological stress and can even cause the organisms’ deaths (Bopp et al., 2013). 

Moreover, eutrophication could “increase the susceptibility of coastal waters to ocean 

acidification” as fertilizers, as well as sulfur and nitrogen oxide are weak acids directly 
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decreasing the pH level near shore (Crain et al., 2008; p. 766). Ekstrom et al. (2015) support 

this, calling eutrophication a key amplifier of ocean acidification.  

Apart from climate change related stressors, more human activities have a substantial impact 

on marine ecosystems, for example through overfishing, which causes a decrease in stock 

sizes and even the extinction of entire species (Jackson et al., 2001). In addition to these 

direct impacts, overfishing can also lead to the removal of species that are particularly 

important as food sources for other larger species and may thus interrupt important food 

chains (Oliver and Metzner, 2005).  

Investigating the combined effect of ocean stressors, Crain et al. (2008) find that 26% are 

cumulative, 36% synergistic and 38% antagonistic, dependent on the actual stressor pair and 

the influence of additional stressors. This shows that ocean acidification should be 

considered not individually but as one of many ocean stressors that influence fisheries now, 

and will do so even more in the near future. Hence, the impact on fisheries can be 

considerably more severe than previously outlined in this thesis. The understanding of the 

effect of combined stressors needs to be improved in order to improve the potential risk 

fisheries will be facing in the future (Kelleher, 2012). 

 

5.3 Mitigation of and adaptation to ocean acidification 

Billé et al. (2013) distinguish three major possibilities to mitigate ocean acidification. The 

most prominent strategy agreed upon in the literature is the reduction of atmospheric CO2, 

preferably by reducing global greenhouse gas emissions. As ocean acidification is solely 

caused by the increased uptake of CO2 this measure seems to be the most promising (Billé 

et al., 2013). Coastal pollution and the release of methane hydrates resulting from the 

thawing of permafrost or oceanic methane hydrates could however, limit the success of 

reducing atmospheric CO2. Reducing coastal pollutants is another means to reduce the level 

of ocean acidification together with the prevention of ocean warming, which could otherwise 

enhance the risk of releasing methane hydrates (Billé et al., 2013).  

A decrease of anthropogenic CO2 emissions requires international cooperation and 

substantial changes of governance systems (Billé et al., 2013), which raises questions 

regarding the distribution of responsibility among intergovernmental institutions for 

approaching this topic. To date, international and intergovernmental bodies that have added 

ocean acidification to their agenda include the Convention on Biological Diversity (CBD), the 
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United Nations Environment Programme (UNEP), the Intergovernmental Oceanographic 

Commission (IOC), and the Intergovernmental Panel on Climate Change (IPCC). 

On the national level, already existing jurisdiction such as Clean Water or Clean Air Acts 

could contribute to the mitigation of the problem by preventing coastal and atmospheric 

pollution, which could enhance respective changes in seawater chemistry (Kelly et al., 2011).  

Adaptation can take place on several institutional levels. Response actions can be 

subdivided into physical adaptation strategies and the development of respective 

management plans. To date, there are very few examples of fisheries that have installed 

technology to avoid the impact of changes in seawater chemistry to their hatcheries (Billé et 

al., 2013). In the Pacific Northwest, a few hatcheries and oyster farms have installed a 

monitoring system for relevant changes, which warns up to two days prior to the expected 

occurrence of low aragonite or pH levels (Billé et al., 2013). Another hatchery has relocated 

their facilities to a region that is considered unaffected by ocean acidification (Billé et al., 

2013). Financial constraints and the absence of high-resolution monitoring are among the 

most common obstacles to adaptation (Billé et al., 2013). Another local adaptation measure 

includes the increase of local pH levels through increasing weathering by adding alkaline 

rocks into the water. This process, which is commonly referred to as ‘liming’, although 

potentially successful, is usually not considered economically feasible. In any case 

adaptation efforts can only be a complementary strategy to mitigation efforts (Köhler et al., 

2010).  

Besides direct adaptation efforts, appropriate management strategies can reduce the 

negative impact of ocean acidification. Cooley and Doney (2009) recommend the adoption of 

the precautionary principle in order to ensure the productivity of fisheries, which could lead to 

short-term reductions in revenue but likely improves the long-term success of the fishery 

sector. In fact, larger fish stocks and increased revenues could be a positive consequence of 

an adjusted management strategy. They do, however, point out that focusing on a long-term 

time scale is challenging in the face of more pressing issues (Cooley and Doney, 2009). 

Moreover, the delayed response of seawater chemistry to reductions in global CO2 

emissions is likely to obscure the positive feedback of a management change (Andrews et 

al., 2008). Independent of the actual measure it is important to understand that adaptation 

measures can only be complementary to mitigation efforts, as the reduction of CO2 

emissions is the most crucial strategy for tackling ocean acidification (Cooley and Doney, 

2009).  
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5.4 Limitations and room for improvement 

To date, the situation with respect to data availability is not optimal. There is a need for more 

relevant oceanic physico-chemical parameters in space and time such as pH values and 

carbonate saturation levels of the sea areas discussed in this study. Furthermore, better 

knowledge of the biological effects of acidification on all parts of the food web and on the 

whole life cycle of fish and shellfish species is necessary. Extended modeling activity that 

improves projections of future trends in acidification is another prerequisite for better 

estimating the socio-economic consequences of ocean acidification. Based on the present 

status of oceanic information, the deduction of accurate trends for projections of the future 

must be treated with care (Skjelvan et al., 2014). 

I chose Norway to be the focus of this study because fishery is an important and thus 

relevant factor for economy and employment. Initially, I assumed that sufficient data was 

available to apply the modification of the SREX risk assessment framework of Mathis et al. 

(2014) to a European country, which previously had never been done. Early in the research 

process I realized that there is a substantial lack of data, which inhibited the exact replication 

of Mathis et al.’s (2014) study. While I managed to overcome some of the data gaps, the 

absence of certain variables prevented me from producing entirely comparable results.  

• An improvement of the hazard components requires detailed monitoring data and 

accurate projections.  

• The quantification of economic exposure may be improved by a better understanding 

of the species’ biological responses to ocean acidification. In addition to this, data on 

subsistence fisheries and the nutritional value of seafood to Norwegians would be 

helpful. 

• Improving the sensitivity component requires detailed knowledge about the 

companies in the fishery sector, as well as information about average income of 

fishermen and those involved in the processing of fish and fish products. Information 

regarding the importance of the fisheries with respect to tourism and culture would 

allow a more detailed analysis of the counties’ sensitivity to ocean acidification. 

• Adding social variables such as social capital and community cohesion could 

complement the variables used for the estimation of adaptive capacity.  

The lack of data observed in this study seems to be a common conclusion of research 

publications in all fields involved in ocean acidification research (e.g., Brandner et al. 2012; 

Mathis et al., 2014; Ekstrom et al., 2015). The lack or resolution of data and information 

appears to be a main cause of generalizations and simplifications (IPCC, 2012). This could 
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ultimately result in unfavorable characteristics of results such as limited accuracy and 

completeness, as well as scientific and technical mistakes (IPCC, 2012). 
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6 Conclusion 

My thesis provides one of the first risk assessments ever conducted on the socio-economic 

impacts of ocean acidification to a European fishery sector on a sub-national level. I applied 

the IPCC’s SREX risk assessment framework, which Mathis et al. (2014) had previously 

applied to the Alaskan fishery sector. The SREX method allows the incorporation of 

environmental, economic and social components. By combining natural and social sciences I 

compared the Norwegian counties with respect to the hazard, exposure, sensitivity, and 

adaptive capacity. The results point out that the northernmost counties are most at risk, as 

high-latitude oceans are considered more threatened compared to lower-latitude seas. The 

second part of the analysis highlights that particularly the southernmost counties, which 

engage in the harvest of crustaceans are more economically exposed, due to the fact that 

these species are more susceptible to ocean acidification and have a higher catch value. The 

results of the sensitivity related calculations show that the share of income generated from 

fisheries are very low compared to the total income. However, direct county comparisons 

show that the northern counties show a higher level of sensitivity, as the share of fishermen 

is substantially higher than in most other counties. Moreover, adaptive capacity seems to be 

considerably lower in the northern counties as compared to the rest. Overall, the final risk 

assessment shows that 13 of the 19 counties face moderate to high risk from ocean 

acidification.  

My research shows that the SREX risk framework is applicable for evaluating the impacts of 

ocean acidification on fishery sectors. In the case of Norway, however, substantial 

improvements can be achieved by increasing the availability of detailed data, such as long-

term measurements of oceanic conditions, better information regarding the biological impact 

of species, as well as more detailed employment and income statistics. Due to the restricted 

availability of data, my thesis focuses almost entirely on the economic impact of ocean 

acidification. My thesis is based on the current level of knowledge but the results could 

change once more and improved data is available. In future studies, my work could be 

complemented by incorporating information regarding subsistence fisheries, the nutritional 

importance of fish to Norwegians and the contribution of social factors, such as social capital 

and community cohesion to adaptive capacity. The quantitative risk assessment could then 

be followed by a qualitative or even participatory approach, assessing the awareness and 

perception of ocean acidification, as well as the development of effective and efficient 

mitigation and adaptation strategies. Overall, my thesis shows that, although still in its 

infancy, integrated risk assessments are an important prerequisite for any form of 
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interdisciplinary ocean acidification research and the development of successful response 

strategies.  



53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



54 

 

7 References 
Adger, W. N. (2006). Vulnerability. Global Environmental Change, 16(3), 268–281. 

doi:10.1016/j.gloenvcha.2006.02.006 
Adger, W. N., & Kelly, M. (1999). Social vulnerabililty to climate change and the architecture 

of entitlements. Mitigation and Adaptation Strategies for Global Change, 4, 253–266. 
Allison, E. H., Perry, A. L., Badjeck, M. C., Neil Adger, W., Brown, K., Conway, D., … Dulvy, 

N. K. (2009). Vulnerability of national economies to the impacts of climate change on 
fisheries. Fish and Fisheries, 10(2), 173–196. doi:10.1111/j.1467-2979.2008.00310.x 

Andrews, R. (2008). Fisheries of the United States 2007. 
Bechmann, R. K., Taban, I. C., Westerlund, S., Godal, B. F., Arnberg, M., Vingen, S., … 

Baussant, T. (2011). Effects of ocean acidification on early life stages of shrimp 
(Pandalus borealis) and mussel (Mytilus edulis). Journal of Toxicology and 
Environmental Health. Part A, 74(February 2015), 424–438. 
doi:10.1080/15287394.2011.550460 

Billé, R., Kelly, R., Biastoch, A., Harrould-Kolieb, E., Herr, D., Joos, F., … Gattuso, J. P. 
(2013). Taking action against ocean acidification: A review of management and policy 
options. Environmental Management, 52(4), 761–779. doi:10.1007/s00267-013-0132-7 

Bopp, L., Resplandy, L., Orr, J. C., Doney, S. C., Dunne, J. P., Gehlen, M., … Vichi, M. 
(2013). Multiple stressors of ocean ecosystems in the 21st century: Projections with 
CMIP5 models. Biogeosciences, 10(10), 6225–6245. doi:10.5194/bg-10-6225-2013 

Brander, L. M., Narita, D., Rehdanz, K., & Tol, R. S. J. (2014). The economic impacts of 
ocean acidification. 

Bryman, A. (2012). Social Research Methods (4th ed.). New York: Oxford University Press. 
Cai, W.-J., Hu, X., Huang, W.-J., Murrell, M. C., Lehrter, J. C., Lohrenz, S. E., … Gong, G.-C. 

(2011). Acidification of subsurface coastal waters enhanced by eutrophication. Nature 
Geosci, 4(11), 766–770. Retrieved from http://dx.doi.org/10.1038/ngeo1297 

Caldeira, K., & Wickett, M. E. (2003). Oceanography: anthropogenic carbon and ocean pH. 
Nature, 425(September), 365. doi:10.1038/425365a 

Cardona, O. D., Bertoni, J. C., Gibbs, T., Hermelin, M., & Lavell, A. (2010). Understanding 
and managing risk associated with natural hazards: a comprehensive scientific 
approach for Latin America and the Caribbean. 

Cash, D. W., Clark, W. C., Alcock, F., Dickson, N. M., Eckley, N., Guston, D. H., … Mitchell, 
R. B. (2003). Knowledge systems for sustainable development. Proceedings of the 
National Academy of Sciences of the United States of America, 100(14), 8086–8091. 
doi:10.1073/pnas.1231332100 

Cheung, W. W. L., Watson, R., & Pauly, D. (2013). Signature of ocean warming in global 
fisheries catch. Nature, 365–368. 

Chierici et al. (2014). Overvåking av havforsuring i norske farvann. 
Chipman, J. S., & Moore, J. . (1980). Compensating Variation, Consumer’s Surplus, and 

Welfare. In The American Economic Review (70th ed., pp. 933–949). American 
Economic Association. 

Christopher Long, W., Swiney, K. M., & Foy, R. J. (2013). Effects of ocean acidification on 
the embryos and larvae of red king crab, Paralithodes camtschaticus. Marine Pollution 
Bulletin, 69(1-2), 38–47. doi:10.1016/j.marpolbul.2013.01.011 

Clark, W. C., Dickson, N. M., Cash, D. W., Alcock, F., Eckley, N., Guston, D. H., … Mitchell, 
R. B. (2003). Sustainability science: the emerging research program. Proceedings of the 
National Academy of Sciences of the United States of America, 100(14), 8086–91. 
doi:10.1073/pnas.1231333100 

Cooley, S. R., Lucey, N., Kite-Powell, H., & Doney, S. C. (2012). Nutrition and income from 
molluscs today imply vulnerability to ocean acidification tomorrow. Fish and Fisheries, 
13(2), 182–215. doi:10.1111/j.1467-2979.2011.00424.x 



55 

 

Crain, C. M., Kroeker, K., & Halpern, B. S. (2008). Interactive and cumulative effects of 
multiple human stressors in marine systems. Ecology Letters, 11(12), 1304–1315. 
doi:10.1111/j.1461-0248.2008.01253.x 

Daye, P. G., & Glebe, B. D. (1984). Fertilization success and sperm motility of atlantic 
salmon. Aquaculture, 43, 307–312. 

Dilley, M., & Boudreau, T. E. (2001). Coming to terms with vulnerability: A critique of the food 
security definition. Food Policy, 26, 229–247. 

Dicrectorate of Fisheries Norway. (2015). Fiskeridirektoratets statistikkbank. Retrieved April 4, 2015, 
from http://www.fiskeridir.no/fiskeridirektoratets-statistikkbank 

Doney, S. C., Fabry, V. J., Feely, R. a, & Kleypas, J. a. (2009). Ocean acidification: the other 
CO2 problem. Annual Review of Marine Science, 1, 169–192. 
doi:10.1146/annurev.marine.010908.163834 

Doney, S. C., Ruckelshaus, M., Emmett Duffy, J., Barry, J. P., Chan, F., English, C. a., … 
Talley, L. D. (2012). Climate Change Impacts on Marine Ecosystems. Annual Review of 
Marine Science, 4(1), 11–37. doi:10.1146/annurev-marine-041911-111611 

Dow, K. (1992). Exploring differences in our common future(s): The meaning of vulnerability 
to global environmental change. Geoforum, 23, 417–436. 

Ekstrom, J. a., Suatoni, L., Cooley, S. R., Pendleton, L. H., Waldbusser, G. G., Cinner, J. E., 
… Portela, R. (2015). Vulnerability and adaptation of US shellfisheries to ocean 
acidification. Nature Climate Change, 5(3), 207–214. doi:10.1038/nclimate2508 

Fabry, V., McClintock, J., Mathis, J., & Grebmeier, J. (2009). Ocean Acidification at High 
Latitudes: The Bellwether. Oceanography, 22(4), 160–171. 
doi:10.5670/oceanog.2009.105 

FAO. (2013). Fishery and Aquaculture Country Profiles: Norway. Retrieved April 30, 2015, 
from http://www.fao.org/fishery/facp/NOR/en 

Finnoff, D. (2009). Price per unit b a Price per unit c a Demand curve Quantity. Air Pollution 
Control Association, 31, 31–37. 

Franke, A., ., & Clemmesen, C. (2011). Effect of ocean acidification on early life stages of 
Atlantic herring (Clupea harengus L.). Biogeosciences, 8, 3697–3707. doi:10.5194/bg-8-
3697-2011 

Frommel, A. Y., Maneja, R., Lowe, D., Malzahn, A. M., Geffen, A. J., Folkvord, A., … 
Clemmesen, C. (2011). Severe tissue damage in Atlantic cod larvae under increasing 
ocean acidification. Nature Climate Change, 2(1), 42–46. doi:10.1038/nclimate1324 

Füssel, H. M., & Klein, R. J. T. (2006a). Climate change vulnerability assessments: An 
evolution of conceptual thinking. Climatic Change, 75(3), 301–329. doi:10.1007/s10584-
006-0329-3 

Füssel, H. M., & Klein, R. J. T. (2006b). Climate change vulnerability assessments: An 
evolution of conceptual thinking. Climatic Change, 75(3), 301–329. doi:10.1007/s10584-
006-0329-3 

Gattuso, J. P., Frankignoulle, M., Bourge, I., Romaine, S., & Buddemeier, R. W. (1998). 
Effect of calcium carbonate saturation of seawater on coral calcification. Global and 
Planetary Change, 18, 37–46. doi:10.1016/S0921-8181(98)00035-6 

Gazeau, F., Parker, L. M., Comeau, S., Gattuso, J. P., O’Connor, W. a., Martin, S., … Ross, 
P. M. (2013). Impacts of ocean acidification on marine shelled molluscs. Marine Biology, 
160, 2207–2245. doi:10.1007/s00227-013-2219-3 

Gilbert, D., Rabalais, N. N., Díaz, R. J., & Zhang, J. (2010). Evidence for greater oxygen 
decline rates in the coastal ocean than in the open ocean. Biogeosciences, 7, 2283–
2296. 

Gräns, A., Jutfelt, F., Sandblom, E., Jönsson, E., Wiklander, K., Seth, H., … Axelsson, M. 
(2014). Aerobic scope fails to explain the detrimental effects on growth resulting from 
warming and elevated CO2 in Atlantic halibut. The Journal of Expermental Biology, 
217(Pt 5), 711–717. doi:10.1242/jeb.096743 

Halpern, B. S. (2009). A Global Map of Human Impact on, 948(2008), 948–953. 
doi:10.1126/science.1149345 



56 

 

Hammill, A., Bizikova, L., Dekens, J., & McCandless, M. (2013). Comparative analysis of 
climate change vulnerability assessments  : Lessons from Tunisia and Indonesia, 41. 

Haraldson, G., Dupont, S., Avril, B., Barange, M., Baxter, J., Hough, C., … Reynaud, S. 
(2012). No Title (Vol. 27). 

Harrould-Kolieb, E., Hirshfield, M., & Brosius, A. (2009). Major Emitters Among Hardest Hit 
by Ocean Acidification. Oceana. Washington DC. 

Hartmann, D. L., Tank, A. M. G. K., & Rusticucci, M. (2013). IPCC Fifth Assessment Report, 
Climatie Change 2013: The Physical Science Basis. IPCC, AR5, 31 – 39. 

Hay, J., & Mimura, N. (2006). Supporting climate change vulnerability and adaptation 
assessments in the Asia-Pacific region: an example of sustainability science. 
Sustainability Science, 1(1), 23–35. doi:10.1007/s11625-006-0011-8 

Hayes, M. V. (1992). On the epistemology of risk: Language, logic and social science. Social 
Science and Medicine, 35(4), 401–407. doi:10.1016/0277-9536(92)90332-K 

Hendriks, I. E., & Duarte, C. M. (2010). Ocean acidification: Separating evidence from 
judgment - A reply to Dupont et al. Estuarine, Coastal and Shelf Science, 89, 186–190. 
doi:10.1016/j.ecss.2010.06.007 

Hernroth, B., Nilsson, H., Wiklander, K., Jutfelt, F., & Baden, S. (n.d.). Author ’ s personal 
copy Fish & Shell fi sh Immunology Simulated climate change causes immune 
suppression and protein damage in the crustacean Nephrops norvegicus. 

Hilmi, N., Allemand, D., Dupont, S., Safa, A., Haraldsson, G., Nunes, P. a L. D., … Cooley, 
S. R. (2013). Towards improved socio-economic assessments of ocean acidification’s 
impacts. Marine Biology, 160, 1773–1787. doi:10.1007/s00227-012-2031-5 

Hoegh-Guldberg, O., & Bruno, J. F. (2010). The impact of climate change on the world’s 
marine ecosystems. Science (New York, N.Y.), 328(5985), 1523–1528. 
doi:10.1126/science.1189930 

Hoegh-Guldberg, O., Fine, M., Skirving, W., Johnstone, R., Dove, S., & Strong, A. (2005). 
Coral bleaching following wintry weather. Limnology and Oceanography, 50(1), 265–
271. doi:10.4319/lo.2005.50.1.0265 

IPCC. (2012). Managing the Risks of Extreme Events and Disasters to Advance Climate 
Change Adaptation - SUMMARY FOR POLICYMAKERS. 
doi:10.1017/CBO9781139177245 

Ishimatsu, A., Hayashi, M., & Kikkawa, T. (2008). Fishes in high-CO2, acidified oceans. 
Marine Ecology Progress Series, 373(1), 295–302. doi:10.3354/meps07823 

ISO. (2009). Risk Management-Vocabulary. In ISO Guide 73. Geneva, Switzerland. 
Jackson, J. B., Kirby, M. X., Berger, W. H., Bjorndal, K. a, Botsford, L. W., Bourque, B. J., … 

Warner, R. R. (2001). Historical overfishing and the recent collapse of coastal 
ecosystems. Science (New York, N.Y.), 293(5530), 629–637. 
doi:10.1126/science.1059199 

Kannel, W. B., & McGee, D. L. (1987). Composite scoring - methods and predictive validity: 
Insights from the Framingham study. Health Services Review, 22, 499–535. 

Kelleher, K. (2012). General presentation about Fisheries and aquaculture. 
Kelly, R. P., Foley, M. M., Fisher, W. S., Feely, R. a, Halpern, B. S., Waldbusser, G. G., & 

Caldwell, M. R. (2011). Oceans. Mitigating local causes of ocean acidification with 
existing laws. Science, 332(6033), 1036–1037. doi:10.1126/science.1203815 

Keppel, E. a., Scrosati, R. a., & Courtenay, S. C. (2012). Ocean acidification decreases 
growth and development in American lobster (Homarus americanus) larvae. Journal of 
Northwest Atlantic Fishery Science, 44, 61–66. doi:10.2960/J.v44.m683 

Kleypas, J. a., & Langdon, C. (2006). Coral reefs and changing seawater carbonate 
chemistry. Coral Reefs and Climate Change: Science and Management, (Figure 1), 73–
110. doi:10.1007/s00775-011-0799-2 

Köhler, P., Hartmann, P., & Wolf-Gladrow, D. A. (2010). geoengineering potential of 
artificially enhancedsilicate weathering of olivine. Proceedings of the National Academy 
of Sciences of the United States of America, 107, 20228–20233. 



57 

 

Kroeker, K. J., Kordas, R. L., Crim, R. N., & Singh, G. G. (2010). Meta-analysis reveals 
negative yet variable effects of ocean acidification on marine organisms. Ecology 
Letters, 13, 1419–1434. doi:10.1111/j.1461-0248.2010.01518.x 

Lavell, A., Oppenheimer, M., Diop, C., Hess, J., Lempert, R., Li, J., & Myeong, S. (2012). 
Climate change: new dimensions in disaster risk, exposure, vulnerability, and resilience. 
In Managing the Risks of Extreme Events and Disasters to Advance Climate Change 
Adaptation. A Special Report of Working Groups I and II of the Intergovernmental Panel 
on Climate Change (IPCC) (pp. 25–64). Cambridge, UK, and New York, NY, USA: 
Cambridge University Press. 

Liverman, D. M. (1990). Vulnerability to global environmental change. In J. X. Kasperson, 
R.E., Dow, R. E., Golding, D., Kasperson (Ed.), Understanding global environmental 
change: the contributions of Risk, Analysis and Management (pp. 27–44). Vorcester, 
MA. 

Long, W. C., Swiney, K. M., Harris, C., Page, H. N., & Foy, R. J. (2013). Effects of Ocean 
Acidification on Juvenile Red King Crab (Paralithodes camtschaticus) and Tanner Crab 
(Chionoecetes bairdi) Growth, Condition, Calcification, and Survival. PLoS ONE, 8, 1–
15. doi:10.1371/journal.pone.0060959 

Mathis, J. T., Cooley, S. R., Lucey, N., Colt, S., Ekstrom, J., Hurst, T., … Feely, R. a. (2014). 
Ocean acidification risk assessment for Alaska’s fishery sector. Progress in 
Oceanography. doi:10.1016/j.pocean.2014.07.001 

Metzger, R., Sartoris, F. J., Langenbuch, M., & Pörtner, H. O. (2007). Influence of elevated 
CO2 concentrations on thermal tolerance of the edible crab Cancer pagurus. Journal of 
Thermal Biology, 32(3), 144–151. doi:10.1016/j.jtherbio.2007.01.010 

Miljøverndepartement. (2013). Klimatilpasning i Norge. 
Moberg, F., & Folke, C. (1999). Ecological goods and services of coral reef ecosystems. 

Ecological Economics, 29(2), 215–233. doi:10.1016/S0921-8009(99)00009-9 
Moore, C. C. (2011). Welfare impacts of ocean acidification: an integrated assessment model 

of the US mollusk fishery. NCEE Working Paper Series. 
Næss, L. O., Norland, I. T., Lafferty, W. M., & Aall, C. (2006). Data and processes linking 

vulnerability assessment to adaptation decision-making on climate change in Norway. 
Global Environmental Change, 16(2), 221–233. doi:10.1016/j.gloenvcha.2006.01.007 

Narita, D., Rehdanz, K., & Tol, R. S. J. (2012). Economic costs of ocean acidification: A look 
into the impacts on global shellfish production. Climatic Change, 113, 1049–1063. 
doi:10.1007/s10584-011-0383-3 

O’Brien, K., Eriksen, S., Nygaard, L. P., & Schjolden, a N. E. (2007). Why different 
interpretations of vulnerability matter in climate change discourses. Climate Policy, 7(1), 
73–88. doi:10.1080/14693062.2007.9685639 

Oliver, P., & Metzner, R. (2005). World inventory of fisheries. Impact of fishery activities. 
Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F. S., Lambin, E., … Foley, J. 

(2009). Planetary boundaries: Exploring the safe operating space for humanity. Ecology 
and Society, 14(2). 

Sabine, C. L., Feely, R. a, Gruber, N., Key, R. M., Lee, K., Bullister, J. L., … Rios, A. F. 
(2004). The oceanic sink for anthropogenic CO2. Science (New York, N.Y.), 305(July), 
367–371. doi:10.1126/science.1097403 

Sabine, C. L., & Feely, R. A. (2007). The oceanic sink for carbon dioxide. In D. Reay, N. 
Hewitt, J. Grace, & K. Smith (Eds.), Greenhouse Gas Sinks (pp. 31–49). Oxfordshire, 
UK: CABI Publishing. 

Sandøy, S., & Langåker, R. M. (2001). Atlantic salmon and acidification in southern Norway: 
A disaster in the 20th century but a hope for the the future. Water, Air, and Soil 
Pollution, 130, 1343–1348. 

Skjelvan, I. (2014). Havforsuring og opptak av antropogent karbon i de Nordiske. 
Smit, B., & Wandel, J. (2006). Adaptation, adaptive capacity and vulnerability. Global 

Environmental Change, 16(3), 282–292. doi:10.1016/j.gloenvcha.2006.03.008 



58 

 

Statistisk sentralbyrå. (2015). Statistics Norway. Retrieved April 2, 2015, from 
https://www.ssb.no/en/forside;jsessionid=91D7BADF03509FF90FE374F9CB2CA2DC.k
pld-as-prod10?hide-from-left-menu=true&language-code=en&menu-root-alternative-
language=true 

Steinacher, M., Joos, F., Frölicher, T. L., Plattner, G.-K., & Doney, S. C. (2008). Imminent 
ocean acidification projected with the NCAR global coupled carbon cycle-climate model. 
Biogeosciences Discussions, 5, 4353–4393. doi:10.5194/bgd-5-4353-2008 

Sumaila, U. R., Cheung, W. W. L., Lam, V. W. Y., Pauly, D., & Herrick, S. (2011). Climate 
change impacts on the biophysics and economics of world fisheries. Nature Climate 
Change, 1(9), 449–456. doi:10.1038/nclimate1301 

Talmage, S. C., & Gobler, C. J. (2009). The effects of elevated carbon dioxide concentrations 
on the metamorphosis, size, and survival of larval hard clams (Mercenaria mercenaria), 
bay scallops (Argopecten irradians), and Eastern oysters (Crassostrea virginica). 
Limnology and Oceanography, 54(6), 2072–2080. doi:10.4319/lo.2009.54.6.2072 

Timmerman, P. (1981). Vulnerability, Resilience and the Collapse of Society: A Review of 
Models and Possible Climatic Applications. Environmental Monograph. 
doi:10.1002/joc.3370010412 

Turner, B. L., Kasperson, R. E., Matson, P. a, McCarthy, J. J., Corell, R. W., Christensen, L., 
… Schiller, A. (2003). A framework for vulnerability analysis in sustainability science. 
Proceedings of the National Academy of Sciences of the United States of America, 
100(14), 8074–8079. doi:10.1073/pnas.1231335100 

UN. (2005). Hyogo Framework for Action. Kobe, Japan. 
UNDHA. (1993). Internationally Agreed Glossary of Basic Terms Related to Disaster 

Management. Geneva, Switzerland. 
Warren, J. (2009). A global perspective on the economics of ocean acidification. Current, the 

Journal of Marine Education, 25(1), 20–24. 
Woods Hole Oceanographic Institution (WHOI). (2012). The pH scale. Retrieved May 5, 2014, from 

https://www.whoi.edu/page.do?pid=83380&tid=3622&cid=131389 

 


	1_Heinrich_Luise
	Heinrich_Luise
	Tom sida

