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Summary

This report presents a review of the scientific literature on how key ecosystems, ecosystem services
and ocean-based industries in Norway are affected by climate change and ocean acidification today
and under future scenarios. The project has also compiled knowledge on how ocean-based actions
can help mitigate and reduce the magnitude of climate change, ocean acidification and environmental
problems. Further possible trade-off related to ocean-based action were identified as well as how
climate change and ocean acidification may potentially affect these ocean-based opportunities.
Finally, the report presents published findings on possible future impacts on society and implications
for policy and management.

The literature review has revealed that there are already observed effects from climate change and
ocean acidification on ocean-based industries. Future impacts on ocean-based industries will be
related to physical and biophysical changes and the ecological effects of climate change and ocean
acidification. The extend of these impacts will depend on what greenhouse gas emission scenarios
will be followed. Impacts are projected to be more or less severe depending on human’s ability
to apply mitigation (actions that are taken to reduce and curb greenhouse gas emissions) and
adaption (actions that are based on reducing vulnerability to the effects of climate change).

While changes in human behaviour and ambitious mitigation and adaption are all needed, the ocean
provides major opportunities both by mitigation and adaption actions to reduce climate change
and ocean acidification globally and their associated impacts on vital ecosystems, ecosystem
services, ocean-based industries and societal goals. However, climate and ocean acidification related
impacts on ocean ecosystems and ecosystem services will reduce ecosystems ability to provide local
solutions and possibilities for action.

Ocean-based industries sensitive to climate change and ocean acidification such as fisheries and
aquaculture, oil and gas deposits as well as maritime industry, provide the basis of much of the
industrial production and employment in Norway. Therefore, socio-economic consequences of
climate change and ocean acidification will be dependent on the ability to quickly implement
mitigation and adaptation strategies within the country. Literature on how society will be affected is
scarce, however some studies have shown that choosing a more sustainable option vs a “a business
as usual” emission scenario will be economically valuable to society. However, this value may
not benefit this generation, and the next generation might stand to lose, while generations beyond
will clearly gain.

None of the present mitigation efforts in operation will prevent climate change and ocean
acidification to occur within the next few decades due to the time lag of the effects. Consequently,
implementation of adaptation is critical to minimize the negative impacts and reduce societal
vulnerability. Norway is perceived to be well prepared to adapt to both gradual and abrupt changes
in climate and ocean acidification, as it scores well on a number of factors associated with adaptive
capacity including “wealth, technology, education, information, skills, infrastructure, access to
resources, and management capabilities”. However, it is underlying social and economic conditions
that shape adaptive capacity. The adaptive capacity is not equally distributed in society and
vulnerability to climate change and ocean acidification is highly differentiated between regions
and sectors in Norway. These barriers to adaptation may exacerbate negative impacts in certain
sectors and regions. It has overall been shown that well planned, early adaptation action saves money
and reduce impact on society.

Norway as an “ocean nation” has a range of emerging ocean-based industries. However, the level of
development of these new industries is low, and recent literature suggests that ocean-based actions




needs to be scaled up. However, for these industries to grow, present and future challenges must be
addressed and considered. If new and current industries should be scaled up this must be done in
an environmentally sustainable way, as ecosystems are already under pressure from numerous of
human activities.

Literature suggests that there are many controversies and uncertainties around many of the current
ocean-based solution measures and new ocean-based industries. There is a need for a better
scientific understanding of the costs, benefits and suitability of different governance
arrangements to inform political decision making. Several scientific studies highlight the need
for urgent investments in local, regional, and global ocean research, monitoring, and observing
systems to help detect and project threats related to climate change and ocean acidification on ocean
industries and society. Among the suggestions for research priorities, a better understanding of the
ocean’s role as a major carbon sink, how to develop “climate-ready” fisheries and how to improve
nature-based approaches to adaptation. Scientists also point to the need for more robust ocean
observation systems (including the Global Ocean Observing System and the Global Ocean
Acidification Observing Network), mechanistic understanding of the impact on species and
ecosystems, technology development and policy development for ocean actions.

As there potentially are many societal challenges related to solutions, the science community also
highlight the need for a greater involvement from the social sciences in order to understand
factors that hinder or promote effective and fair governance of ocean-based solutions and new
ocean-based industries. For society to effectively implement ocean solutions and manage climate
change and ocean acidification impacts, it is important to recognize the need to mitigate and adapt.
Literature suggests that this requires increased ocean literacy and an efficient and targeted
communication strategy to prepare the public toward changes in behaviour as well as acceptance
to policy changes. Citizens’ ocean literacy is the “understanding of the ocean’s influence on you and
your influence on the ocean". Being ocean literate implies being able to address ocean-related issues
in order to develop solutions and actions adapted to our culture and values. This requires knowledge
about what hinders and drives collective action and adaption. A collective action problem is normally
described as a situation in which short-term self-interest conflicts with longer-term collective
interests, generating a substantial risk that the collective benefit is not produced at all. This is crucial
for a balanced consideration of new ideas, reducing social conflicts, and to provide politicians and
managers with a robust knowledge base for decision-making.

Finally, literature suggests that it is key that scientists effectively engage with the general public
and decision makers, especially discussing the potential feasibility, trade-offs and social
preferences of specific measures and industries, and the consequences of failing to deploy solutions
on time. This will simplify the development of a mutual understanding of problems and solutions as
well as avoiding the confusion and misunderstanding regarding the realized and future impacts of
climate change and ocean acidification on the ocean, ocean industries and society.
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Preface

The Norwegian Environment Agency is working on commissions from the Norwegian Ministry
of Climate and Environment (KLD) to compile knowledge on the effects of climate change and
ocean acidification on ocean, coasts, ocean-based industries and society. The Norwegian
government has expressed a need for a good and comprehensive assembly that summarizes the
part of the extensive literature on the subject that is of relevance to Norway. The Norwegian
Environment Agency asked for a literature study specifically including the following themes:

1) How effects of climate change and ocean acidification influence society and ocean-based
industries in Norway. This should include both documented consequences of climate changes
and ocean acidification on ocean-based industries as well as future consequences expected
under different future emission scenarios.

2) The ocean as a contributor to address climate change. As the Norwegian Environment
Agency states: “What does the knowledge base say about how the ocean and the ocean natural
resources can contribute to solve environmental problems and climate change. And how do
climate changes and ocean acidification influence these possibilities?”

3) A summary of the most relevant knowledge on the most relevant findings to consider
effects of climate changes and ocean acidification in a Norwegian social perspective.

4) A summary of the most important knowledge gaps on how climate change and ocean
acidification influence ocean-based industries in Norway.

This present report is the product of this project. It was funded by The Norwegian Environment
Agency and was led by Akvaplan-niva in cooperation with Sam Dupont at the University of
Gothenburg.

The report aims at providing a summary of the relevant scientific literature on the present and
possible future effects of climate change and ocean acidification on ocean ecosystems and
ocean-based industries in Norway. The report also presents information on how ocean-based
actions can help mitigate and reduce the magnitude of climate change and ocean acidification.
It identifies trade-offs that needs to be considered while investigating their potential, today and
under future scenarios. Finally, it summarizes the relevant literature on possible future impacts
on society as well as implications for policy and management. This report also highlights the
most important knowledge from the last years assessing socio-economic effects from climate
change and ocean acidification in Norway. Based on these findings, this report aims at
identifying knowledge gaps and future research needs.

It must be pointed out that this report is not an exhaustive literature review given the short time
frame of the project (approximately six weeks) and the broad research area. The report can be
described as a fast report based on a critically selected literature representative of the subject.

This report provides a basis for the identification of national and international research priorities
and science-based decision making as well as keys to allow Norway to reach its goal of being
a modern and responsible ocean nation.

Trondheim 30.11.2019

Maj Arnberg
Project manager
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1 INTRODUCTION

The world's oceans and coastal areas are changing due to man-made greenhouse gas emissions
(IPCC 2019). The target of the Paris Agreement of limiting global surface warming to 1.5-2 °C
as compared to pre-industrial levels will still heavily impact the ocean (Gattuso et al. 2018).
Oceans represent a vital part of the global ecosystem. It hosts a large proportion of the
biodiversity, plays a major role in regulating the weather and climate of the planet, is vital to
the world’s economy, directly and indirectly impacts our health, and contributes to food
security. Oceans provide us with a multitude of goods such as food, energy, carbon storage,
medicines and recreational services including swimming, boating and wildlife watching. Our
welfare and well-being depend on these goods and services, often labelled ecosystem services.

Severe impacts on key marine ecosystems and ecosystem services are expected as a response
to the future increase in global mean temperature and concurrent ocean acidification, decline in
oceanographic oxygen content and sea-level rise (Hoegh-Guldberg et al. 2014, Pértner et al.
2014, Gattuso et al. 2015, Nagelkerken and Connell 2015, IPCC 2019). These impacts will
depend on the carbon dioxide (CO2) emission scenarios and will be worse under a high
emissions scenario than with a scenario that limits the temperature increase to 2°C relative to
the pre-industrial levels (Bopp et al. 2013). In addition, the world's oceans and coastal zones
are under pressure due to other environmental influences such as the decrease in marine
biodiversity and stressors like pollution and littering, increasing the overall strain on the ocean
ecosystems and the ecosystem services they provide. Ecosystem services form the basis for
value creation in several of the ocean-based industries and impacts on these ecosystems will
have consequences for these industries.

The key question is: What will our emissions of CO2 and other pollutants be in the years to
come? To keep the global temperature increase below 2°C in 2100 relative to pre-industrial
level, and to reach the targets of the United Nations Sustainable Development Goals, the
emission pledges made under the 2015 Paris Agreement are insufficient (Rogelj et al. 2016).
Emissions are depending on human’s ability to apply mitigation (actions that are taken to reduce
and curb greenhouse gas emissions). On the other hand, adaption strategies are actions that aim
at reducing vulnerability to the effects of climate change and ocean acidification. Increased
ambition and additional actions are therefore required to limit the temperature below 2°C and
limit the impacts at the local scale (Gattuso et al. 2018).

Policy responses to climate change and its impacts have largely been focused on land-based
actions (Field and March 2017) and relatively little attention have been given to the potential
for ocean-based action (Rau 2011, Billé et al. 2013). Ocean- based actions are ocean-related
climate mitigation and adaptation measures such as protection of mangroves, tidal marshes, and
seagrasses that are critical to global carbon sequestration and storage. The ocean is already
absorbing about 25% of the anthropogenic CO2 emissions (Le Quéreé et al. 2018) and it has the
potential to remove and store much more (Rau 2014). The magnitude and rate of ocean
warming, ocean acidification, sea-level rise and their subsequent impacts on ocean ecosystems
could be reduced significantly by ocean-based actions. Ocean-based actions could also play an
important role in reducing global warming and its impacts on land. They can also play a role in
a greater utilization of marine and coastal resources in order to achieve the UN's sustainability
goals related to food, energy and health.

All these measures have trade-offs, and there may be associated risks to ocean life and people.
Presently, there is a lack of guidance for prioritising ocean-based interventions since there have
been relatively little research and development in this field (Gattuso et al. 2018). There is
therefore a need for a comprehensive assessment of their potential, including issues like
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effectiveness in countering changes in climate drivers and impacts, possible spatial and
temporal scales of deployment, associated positive and negative climate, environmental,
economic and societal impacts (Russell et al. 2012, Gattuso et al. 2018), and implications for
ethics, justice and governance (Williamson and Bodle 2016). Many of these factors cannot yet
be reliably quantified, however it is important that ‘cost’ includes both market and non-market
values like cultural and recreational values (Williamson and Bodle 2016).

Norway’s coastline is one of the longest in the world and Norwegian waters covers an area that
is more than five times larger than the land area. Norway is an “ocean nation” and have lived
by and of the ocean for thousands of years. Norway is different from most countries having a
significant part of its value creation and employment in and in relation to ocean-based industry.
The seafood industry, shipping, offshore oil and gas and their associated land-based supplier
industries employ hundreds of thousands of Norwegians, and account for almost 70 percent of
Norwegian export revenues.

The Norwegian government has great ambitions for an increased value creation from utilizing
ocean resources both in existing and emerging industries (Bla muligheter 2019). Among the
new ocean industries that are emerging are marine biotechnology, lower trophic level
harvesting, biochemicals, bioprospecting, offshore wind, seabed minerals and harvesting and
production of new marine species. "The Ocean space” has been highlighted by Innovation
Norway, as one of six potential areas for business development and growth. SINTEF, a
Norwegian research institution, has estimated that Norway can multiply by five the value
creation from the sea by 2050 (Olafsen et al. 2012). Due to its economic reliance on ocean
industries, Norway is more vulnerable to negative impacts on ocean ecosystems than many
other European countries. A degradation of goods and services provided by the ocean can result
in a welfare cost to the Norwegian society. In addition, Norway has an open economy, with a
high degree of exports and import of goods and intake factors for domestic production in
industries like aquaculture. This means that Norway can also be affected by negative impacts
from climate change and ocean acidification in other countries (CICERO/Vestlansdsforskning
2018).

In order to reach the goal of the Norwegian government to be an “Ocean nation” and a
responsible manager of the ocean, it is - :

important to use existing knowledge on
future effects of climate change and
ocean acidification on key ecosystems,
ecosystem services and ocean-based
industries. Furthermore, it is important
to increase our knowledge on how
ocean-based action can help address
climate change, ocean acidification and
their effects on ocean ecosystems, and
how these different actions can be
affected by future ocean warming and
acidification.

Figure 1. Fish in blue mussel (Photo credit: NORCE)

1.1 Aim and structure
The report is divided into eight chapters.
Chapter 1 introduces the subject and the report structure.

Chapter 2 presents projections of regional abiotic effects of climate change and ocean
acidification relevant to Norwegian waters. It provides a background to understand how these
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observed and projected changes in ocean conditions can affect ecosystems and ocean-based
industries in Norway.

Chapter 3 is a summary of both observed and possible future abiotic and biotic impacts from
climate change and ocean acidification on three main ocean-based industries in Norway:
seafood, maritime and petroleum industry. The chapter starts with the methodology and
definitions of ocean-based industries and the different categories of the climate vulnerability.
This methodology is then used for each industry, summarizing key findings on present and
future changes for each climate vulnerability category.

Chapter 4 provides a summary of observed and possible future abiotic and biotic impacts of
climate change and ocean acidification on emerging new ocean-based industries.

Chapter 5 describes the ocean as one key to achieve climate and societal goals. Different ocean-
based solutions (or action) are presented based on four recent key reports. Their potential,
associated challenges and trade-offs are discussed. Finally, knowledge gaps are identified.

Chapter 6 compiles the relevant literature up the impact of climate change and ocean
acidification on marine industries and society under different mitigation and adaption scenarios.
It also includes a section on future policy and management.

Chapter 7 summarizes the main conclusions, the most relevant knowledge gaps and research
needed in the future

This report is based on published peer-review articles as well as grey literature (e.g. reports
from consultancy companies, management and industry). Literature was compiled through
searches in scientific databases such as the "ISI web of knowledge", “Climate Change Library",
"Ocean Acidification International Coordination Centre (OA-ICC) bibliographic database" and
“Google Scholar" and through general internet searches. In addition, we performed a search in
the project database of the Research Council of Norway
(https://prosjektbanken.forskningsradet.no/) as well as relevant other projects such as
BIOACID, clime fish and fish exchange. We also collected information directly from
Norwegian R&D institutions (see methodology in appendix). Key researchers were contacted,
and, in some cases, media articles are mentioned when they directed us to unpublished key
findings. Some results and methodology from a survey sent to R&D institutions are presented
in the appendix.
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2 CLIMATE CHANGE AND OCEAN ACIDIFICATION -
ABIOTIC EFFECTS AND REGIONAL CLIMATE
PROJECTIONS RELEVANT TO NORWAY

2.1 Regional abiotic climate projections

Climate and ocean acidification risk for ocean-based industry is a product of their effects as
well as societal response. Different risk factors apply in different parts of the world. Norway is
an elongated country with large local climate differences (Forsgren et al. 2015). It is expected
that Norway will experience a warmer and wetter climate due to man-made greenhouse gas
emissions with more frequent extreme precipitation events, glacier melting and ocean warming
and acidification (Hanssen-Bauer et al. 2017). The level of changes both globally and in
Norway will depend on future man-made emissions, the sensitivity of the climate system and
future natural climate variations. Impacts will be considerably worse under higher emissions
scenario (Bopp et al. 2013). In the fifth report of the UN Climate Panel (IPCC) (IPCC 2014),
so-called “development trajectories” or “Representative Concentration Pathways” (RCPs) have
been proposed. They describe consequences of different emission scenarios. Development
paths under different emission scenarios are largely dependent on the world's population
growth, technology development, business development and political framework conditions
(Hanssen -Bauer et al. 2015). Three RCPs scenarios (RCP 8.5 - high emissions, RCP 4.5/ RCP
6 - medium emissions and RCP 2.6 - low emissions) are described proposed.

RCP 8.5 - high emissions scenario: Continuous increase in greenhouse gas emissions. This is
often referred to as the 'business as usual' scenario as the increase in greenhouse gas emissions
is to a large extent following the same development that we have had in recent decades. Under
RCP 8.5, global temperature would rise by more than 4°C by the end of the century relative to
the preindustrial period.

RCP 4.5 — medium emissions scenario: Stable / slightly increasing emissions till 2040
followed by reduced emissions. This scenario describes an energy efficient world where most
countries adopt an ambitious climate policy. Under this scenario, it is estimated that the
temperature increase will reach around 2.5°C towards the end of the century, relative to the
period 1850-1900.

RCP 2.6 - low emissions scenario: sharp reduction from 2020. This is the only scenario most
likely to result in less than 2°C warming by the end of the century.

Present understanding on the relationship between CO2 emissions and climate does not allow
to provide certain projections but gives an indication of how climate is expected to change
under different emission scenarios (Flete et al. 2010, Stocker et al. 2013). According to
Hanssen-Bauer et al. (2015), this also apply for the calculations of the future marine climate in
Norwegian marine areas.

For this report, we have used models developed for Norway. We used the three RCPs scenarios
but mainly focused on the worst-case scenario for the national climate projections (RCP 8).

Rising seawater temperatures due to man-made greenhouse gas emissions, are altering the
ocean’s circulation and oxygen levels, melting sea ice, and flooding of coasts (IPCC 2019). In
addition, the acidity of the global ocean’s surface waters has increased by 30 % as compared to
before the industrial revolution (IPCC 2013). These changes pose a significant risk not only to
Norway but to global food security, tourism, transportation, and maritime security and
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governance (IPCC 2019). Food security is already challenged by increased ocean temperature
as marine species distribution is modified (Barange et al. 2018) and tougher weather limits
suitable and safe areas for the location of ocean-based aquaculture installations (Barange et al.
2018).

Surface waters (0 to 700 m deep) warmed globally by an average of 0.7°C per century from
1900 to 2016 (Huang et al. 2015). Ocean temperature trends over this period vary in different
regions but are positive over most of the globe, although the warming is more prominent in the
Northern Hemisphere, especially the North Atlantic (Barange et al. 2018). An increase in
surface temperature as a result of global warming and a decrease in salinity due to ice melt and
increased rainfall could lead to changes in the vertical stratification or density distribution in
the sea (Hanssen-Bauer et al. 2017). The study by Hanssen-Bauer et al. (2017) suggests a
general increase in sea surface temperature along the entire Norwegian coast under the scenario
RCP 4.5. The largest increase is expected over the next 50 years in the Oslo fjord and Skagerrak,
with an increase up to 3-4°C in winter. The North Sea have been thoroughly described and
increases by 1-3°C towards the end of the 21st century is projected. In the Barents Sea, a
temperature increases by 1 to 2°C is projected for the same period. A climate projection for the
ocean areas (for medium emissions) suggests an average warming of surface waters around
Svalbard of about 1°C from 2010-2019 to 2060-69.

Lind et al. (2018) shows that a sharp increase in ocean temperature and salinity is apparent from
the mid-2000s in the north Barents Sea. Authors suggest that it can be linked to a recent decline
in sea-ice import and a corresponding loss in freshwater, leading to weakened ocean
stratification, enhanced vertical mixing and increased upward fluxes of heat and salt that
prevent sea-ice formation and increase ocean temperature. Lind et al. (2018) suggest that the
northern Barents Sea may soon complete the transition from a cold and stratified Arctic to a
warm and well-mixed Atlantic-dominated climate regime. Changes in the vertical stratification
or density distribution in the Barents Sea may affect many ecosystem processes.

A substantially decreased sea ice concentration in the northern Barents Sea has been observed
in the last 30 years (Parkinson et al. 1999). The latest IPCC (2019) report projected reduction
in the spread of sea ice in the Arctic towards the end of this century, although the spread in
model results from global climate models is large. There are also major differences between
runs when different emission scenarios (RCP) are compared. The definition of an "ice-free
Arctic" is not the complete absence of ice, but that there is less than 1 million km? of sea ice
left in the summer (around 17% of observed sea ice in September 2014). Climate models show
a large spread in when this can occur; ranging from the year 2011 to 2098 under the high
scenario RCP 8.5. In a warming climate, projections from the large ensemble simulation with
the Community Earth System Model show a winter ice-free Barents Sea for the first time within
the time period 2061-2088. The large spread in projections of ice-free conditions highlights the
importance of internal variability in driving recent and future sea ice loss (Onarheim et al.
2017).

Globally, there is a concern for deoxygenation (reduced oxygen concentration due to rising sea
temperatures) (Schmidtko et al. 2017) as oxygen is declining in the global ocean and coastal
waters (Breitburg et al. 2018). As a result of reduced sea ice, an accelerating trend in the years
to come is expected. Less sea ice causes larger amounts of algae and organic matter in the
surface water to sink into the deep sea. The algae and organic matter will decay and consume
oxygen. A recent study by Aksnes et al. (2019) demonstrates that the oxygen content of a deep
fjord, Masfjorden (on the west coast of Norway near Bergen), has dropped over the last four
decades. In the same period, the temperature of the oxygen-rich North Atlantic Water (NAW),
which ventilates Masfjorden as well as other fjords, has increased by about 1°C. As a
consequence of this warming, NAW has become less dense, and therefore less able to sink and
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thereby bring new oxygen into the basin of Masfjorden. This suggests that deep Norwegian
fjords are prone to a warming-induced decrease in ventilation and associated deoxygenation,
Authors concluded that further oxygen decline if NAW becomes less dense a consequence of
warming, but an oxygen increase if density should increase.

Marine heat waves can affect ecosystem goods and services, such as fisheries landing and
biogeochemical processes (Smale et al. 2019). In the central west Atlantic, the northeast
Atlantic and the northwest Pacific Regions rapid increases in the annual number of marine
heatwaves (MHW) days overlap with existing high-intensity non-climate human stressors
(Smale et al. 2019). These regional pressures include overfishing and pollution. Interaction
between regional stressors and MHW will lead to an amplification of impacts.

Increased CO: in the atmosphere leads to greater absorption of CO- in the oceans. To date, the
ocean has absorbed about a quarter of CO> emitted to the atmosphere (IPCC 2013). Increased
CO2 concentration in seawater changes its chemical balance and leads to a perturbation of the
carbonate system including a lower pH, so-called ocean acidification. The average pH in the
surface of the world’s oceans has decreased by 0.1 pH unit from around 8.2 before the industrial
revolution to the present average of around 8.1 (Orr et al. 2005). The pH scale is logarithmic,
so this is a considerable change, corresponding to a 26 % increase in hydrogen ion concentration
(IPCC 2013). As cold water absorbs more CO- than warm water, ocean acidification is a greater
challenge in Norwegian marine areas than in warmer parts of the world.

In the Norwegian Sea, monitoring has shown that the pH values in the sea surface are declining
(Skjelvan et al. 2014). In parts of the Norwegian Sea, the pH has decreased by 0.13 units in the
sea surface, which is more than the global average decline of 0.1. This corresponds to a 30
percent increase in acidity since the 1980s. A recent study showed that the sea areas west and
north of Svalbard absorb more carbon dioxide (CO.) over the year than they emit (Chierici et
al. 2019). Model forecasts also show that the Norwegian coastal areas are sensitive to
acidification. Acidification is not only a function of atmospheric CO2 but also other local
sources such as organic carbon and nutrients through run-off from land and aquaculture, as well
as increase in supply of fresh water (Dannevig et al. 2019). It was found that areas of the Nordic
seas with corrosive surface seawater are increasing.

Towards the end of the century, results suggest an increase of 7% in runoff on an annual basis,
especially for the high emission scenario (RCP8.5) (Hansen Bauer et al. 2017). For Norway,
increases in runoff are mostly expected in the spring and autumn. In spring, a large increase is
expected at high altitudes because of snowmelt shifting from early summer to spring. At low
altitudes, spring runoff is expected to decrease, as there will be no snowmelt contributing to
spring runoff (Hansen Bauer et al. 2017). Measurements in Oslo have shown that rainfall
increased by 18% as compared to 115 years ago. Strongest rain showers occurring in the
summer have become almost twice as strong. After heavy rainfall, rivers discharge sewage into
the Oslo Fjord, as rains exceed sewage capabilities.

Furthermore, increased runoff can increase a process called coastal darkening. Increased
dissolved organic matter of terrestrial origin, also known as browning, has caused the observed
reduction in North Sea water clarity in the later years (Opdal et al. 2019). In the future, climate
warming is expected to further increase browning in lakes and rivers due to increases in
terrestrial greening and leading to increased dissolved organic matter, ultimately reducing water
clarity in coastal areas where there are freshwater drains.

For some areas along the Norwegian coast, measurements show moderate sea level rise. For
example, the relative sea level is already rising in both Kristiansand and Stavanger (Kartverket
2018). Projections of sea level in Norway indicate for all scenarios that most of Norway will
experience an increase in sea level relative to the country level before the end of this century
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(Hanssen-Bauer et al. 2015). For scenario RCP 8.5, sea level is projected to increase from 15
to 55 cm, depending on location.

It is uncertain how winds affect the wave height and if storm activity will increase the next
hundred years (Hanssen-Bauer et al. 2015). On an annual basis, projections show a very slight
decrease in the median value for the wind speed, which is exceeded in 1% of the time for both
RCP4.5 and RCP8.5. The trend towards lower values is strongest in spring and summer. In
winter, however, there is a tendency for increasing values for both median and high projection.
In winter, the entire distribution of winds is shifted towards higher values, while the opposite
is the case in spring and summer. For the absolute maximum values there is an increase for all
seasons; and for winter and summer an increase of over 20% for some projections (Hanssen-
Bauer et al. 2015).

A combination of strongest storms, and increased sea level would lead to an increase in storm
surge in most places along the coast, with the largest projected for the Trgndelag coast, Troms
and Finnmark (Hanssen-Bauer et al. 2015). Increased storm surge will have an impact on
erosion and sediment deposition on the seashore.

The biological implications of the future abiotic effects will be discussed in depth in the
following sections describing the present and possible future effects of climate change and
ocean acidification on different ocean-based industries.
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3 IMPACT OF CLIMATE CHANGE AND OCEAN
ACIDIFICATON ON EXSITING OCEAN-BASED
INDUSTRIES

3.1 Methodology

This chapter presents a summary of current knowledge on the observed and possible future
abiotic and biotic impacts from climate change and ocean acidification on ocean-based
industries. The three main ocean-based industries in Norway, the seafood industry, the maritime
industry and the petroleum industry have one section each (3.3 - 3.5). These sections have the
following sub-categories:

1. Observed effects
2. Possible future impact

New industries and processes based on the ocean and marine resources are emerging, such as
marine biotechnology, lower trophic level harvesting, biochemicals, bioprospecting, offshore
wind, seabed minerals and harvesting and production of new marine species. Impacts on these
will be described in a separate chapter (Chapter 4).

Figure 2. Fishing boat. Photo credit Mark Berry

3.2 Definitions of ocean-based industries and climate
vulnerability

3.2.1 Defining ocean-based industries

In this report, we define ocean-based industries as industries that directly depend on the ocean
and/or ocean resources. This definition follows the updated ocean strategy from the Norwegian
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government "Bla muligheter" (2019) and the publication by Menon economics (Menon
economics 2016).

In the Menon economics report the petroleum industry is defined as operating companies (oil
companies) and associated supplier industries. Maritime industry is defined as any business that
owns, operates, designs, builds, supplies equipment or specialized services to all types of ships
and other floating entities. The seafood industry is defined as fisheries, fish farming
(aquaculture), and their related processing export businesses. In this report, the land-based value
chain of ocean-based industries in Norway was not included, however some transportation
chains are discussed.

3.2.2 Defining climate vulnerability

Ocean-based industries will be directly impacted by increased ocean temperature, ocean
acidification and lower oxygen levels but also by more frequent extreme weather (storms,
waves), changing currents, rainfall/runoff, introduction of alien species, times of algal blooms,
leaching of pollutants from landfills and contaminated land (CICERO/Vestlandsforskning
2018). Other human activities at sea and land will also contribute to degradation of marine
ecosystem including pollution and littering, loss of marine natural diversity due to habitat
destruction of over-exploitation of resources. The combination of local (e.g. overfishing, oil
spill) and global (e.g. ocean warming and acidification) stressors may amplify the negative
consequences of marine ecosystems (Arnberg et al. 2018). It is therefore key to have a
comprehensive understanding of all these factors to evaluate impacts on ocean-based industries.

Industries related to fisheries and aquaculture are already directly exposed to physical climate
changes (e.g. extreme weather, diseases). However, governments, private investors, insurance
companies and banks have seen that industries can also be influenced economically by climate
change related policies, including several Norwegian companies and industries (Norsk
klimastiftelse 2018). This involves ocean-based industries such as the oil and gas industry that
can be indirectly affected by government regulations (e.g. CO- tax, emission allowances, energy
efficiency requirements). At the same time, new industry possibilities can be opened both in
short and long-term and it is important to understand new trade-offs with exposure to climate
change and ocean acidification.

The climate-vulnerability of an actor, industry, municipality or region depends on exposure,
sensitivity, and adaptive capacity. Evaluate potential impacts require the understanding of
natural vulnerability (exposure to climate change and occurrence of natural processes affected
by climate change), societal vulnerability (the degree to which processes, infrastructure and
industries affected by climate change is important for this actor/region), and institutional
vulnerability (the institutional capacity there is to handle climate change and its implications,
to carry out adaptive measures). To be able to determine the climate and ocean acidification
related financial impacts on the ocean-based industry and society, one therefore needs a look at
new broader climate risk analysis as impact is what will happen if the risk occurs.

In this report, we used the approach suggested by the G20 (or Group of Twenty) Task Force of
Climate related Financial Disclosures (TCFD) on how climate risk should be reported and
analysed (https://www.fsb-tcfd.org/wp-content/uploads/2017/06/FINAL-TCFD-Report-
062817.pdf). This approach has recently been used in another Norwegian report describing
climate risk (Norsk klimastiftelse 2018). According to this TCFD, risks can be divided into
physical and transitional risk.

The physical risks resulting from climate change and ocean acidification can be acute (short-
term and event driven) or chronic (long-term).
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Acute physical risks refer to those that are event-driven, including increased severity of
extreme weather events, such as cyclones, hurricanes, or floods.

Chronic physical risks refer to longer-term shifts in patterns (e.g., sustained higher
temperatures and ocean acidification) that may cause sea level rise or chronic heat
waves.

The transition risks. Transitioning to a lower-carbon economy may entail extensive policy,
legal, technology, and market changes to address mitigation and adaptation requirements
related to climate change and ocean acidification. Depending on the nature, speed, and focus of
these changes, transition risks may pose varying levels of financial and reputational risk to
industries. These risks can further be divided into regulatory, technology, market and reputation

risks.

Regulatory risks. Policy actions around climate change continue to evolve. Their
objectives generally fall into two categories - policies that attempt to constrain actions
contributing to the adverse effects of climate change or policies that seek to promote
adaptation to climate change. Some examples include implementing carbon-pricing
mechanisms to reduce GHG emissions, shifting energy use toward lower emission
sources, adopting energy-efficiency solutions, encouraging greater water efficiency
measures, and promoting more sustainable ocean-use practices

Technology Risks. Technological improvements or innovations that support the
transition to a lower-carbon, energy efficient economic system can have a significant
impact on industries. For example, the development and use of emerging technologies
such as renewable energy, battery storage, energy efficiency, and carbon capture and
storage will affect the competitiveness of certain organizations. To the extent that new
technology displaces old systems and disrupts some parts of the existing economic
system, winners and losers will emerge from this “creative destruction” process.

Market Risks. The ways in which markets could be affected by climate change are varied
and complex and one of the major ways is through shifts in supply and demand for
certain commodities, products, and services as climate-related risks and opportunities
are increasingly considered.

Reputation Risks. Climate change has been identified as a potential source of
reputational risk tied to changing customer or community perceptions of an
organization’s contribution to or detraction from the transition to a lower-carbon
economy.
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3.3 Impact on the seafood industry

Figure 3. Aquaculture installation. Photo credit: Mark Berry

Norway is the world's second largest seafood exporter after China, and the industry represents
the second largest export industry in Norway after oil and gas. Norway exports seafood for a
value of around NOK 53 billion every year. Of the total value of Norwegian seafood exports in
2017, 72% came from aquaculture and 28% from the fisheries sector (https://en.seafood.no/).
Measured in volume, the distribution was 40% from aquaculture and 60% cent from fisheries.
Furthermore, the Norwegian government aims at facilitating further sustainable growth in the
seafood industry, as the it has great ambitions for increased value creation from the ocean (Bla
muligheter 2019).

Marine fish and invertebrates have become an increasingly important source of food as the
human population has grown (Barrnge et al. 2018) and seafood is expected to play an
increasingly important role in the future. Earth's biological production is roughly equally
divided between land and sea, however only 2% of caloric intake and 15% of human protein
intake come from the sea (Torrissen et al. 2018). This is no longer sustainable given the
nutritional needs of a growing population and over-consumption of land-based resources
(Torrissen et al. 2018). Given the current trends, total food demand is projected to increase by
60% by 2050 unless demand can be managed more effectively (SAPEA 2017). A shift to diets
toward low carbon marine sources such as sustainably harvested fish, seaweed, and kelp as a
replacement for emissions intensive land-based sources of protein, has been proposed as one of
the ocean-based actions to lower future greenhouse emissions (Hoegh-Guldberg et al. 2019,
chapter 5).

Fisheries depend entirely on healthy ecosystems in the ocean, and aquaculture are highly
dependent on the biophysical conditions in the ocean. Recent climate projections suggest that
warming will affect economies relying on the production of seafood and the utilization of
marine ecosystems (Hollowed et al. 2013). Temperature variability, ocean warming, ocean
acidification and broader environmental regime shifts are important variables when considering
impacts on ecosystems, fisheries and aquaculture. For example, studies show that spawning
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locations and stock distribution are partially correlated with changes in ocean temperature
(Sundby and Nakken 2008). Marine fisheries are typically affected by large scale oceanic
processes, while ocean-based aquaculture may be more affected by local processes such as
precipitation and topography (Brandner 2007).

3.3.1 Fisheries

s ol

Figure 4. Fishery catch. Photo credit: Mark Berry

The term “fisheries sector” in Norway is understood to encompass value chains based on the
harvesting of cod varieties, pelagic species, flatfish and other benthic fish species, shellfish and
other molluscs (Olafsen et al. 2012). In the past 3040 years, the development has gone from
virtually free fishing towards more efficient and highly regulated fishing, with fewer fishermen
and vessels (The Norwegian Directorate of Fisheries 2016). The pelagic value chain is
characterised by a few vessel operators, a highly structured industrial link, and large production
volumes of simple products passing through the system. The white fish sector operates with a
more complex fleet structure made up of many fleet groups, a filleting industry in which the
market share in processing is in decline, and a conventional sector (dried fish, salted fish and
stock fish) which is increasing its market shares. In recent years, shrimp harvesting has been in
decline, and there are only a few processing factories left (Olafsen et al. 2012). According to
the Norwegian Seafood Council, 1,900t of king crab worth NOK 548m ($64.5m) were fished
in Norway in 2018 and exported (https://en.seafood.no/). There has also been a shift of
paradigms through the evolution within fisheries management, from protection of the fishery
(first by protecting the fisher, later the resource base of the fishery), to protection of the
environment (Eide et al. 2014). Furthermore, there has also been a shift from a single species
management to ecosystem-based management (Gullestad et al. 2017).
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Key findings:

. Fish stocks will likely move north and east due to temperature increases, but this
will also depend on i.e. availability of food (match/mismatch in space and time), and
alternative spawning grounds for the smaller species of fish. Production may increase, but
this will depend on the effects of climate change and ocean acidification on the whole

ecosystem.

and distribution areas).

weather may increase costs).

uncertain.

. Changes in stock availabilities affect cost of harvest. New fisheries may emerge
while others may vanish in some areas due to ecological changes (shift in migration patterns

. Changes in weather conditions change the cost of effort (for example more extreme

. Climatic change may also change the demand for fish and fish products regionally
and globally due to increased environmental concern and consumer caution.

. Transnational expansion may lead to international (re-) negotiations on quotas and
fishing rights. The societal effects based on highly uncertain ecological effects, are even more

3.3.1.1 Observed changes

Aguatic systems that sustain fisheries are undergoing significant changes as a result of global
warming and projections indicate that these changes will be accentuated in the future (Barange

et al. 2018). These changes have been
clearly demonstrated in Norwegian marine
areas, such as the North Sea and the
Barents Sea. In the North Sea increased
temperature have caused changes in the
zooplankton community leading to a less
productive ecosystem and local fish
species are displaced by other species
migrating from the south (Arneberg et al.
2018). Similarly, warming and loss of sea
ice in the Barents Sea has caused the
Arctic species to be largely displaced by
southern species, significantly altering
ecosystems in the northern Barents Sea
(Fossheim et al. 2015, Arneberg and
Jelmert 2017).

More subtle changes attributed to climate
change have been documented in the
Norwegian Sea.

Southern zooplankton species common in
the North Sea or further south have been
increasingly observed in the Norwegian
Sea since 2006. Furthermore, there has
been a significant reduction in the amount
of the two key zooplankton species in
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Figure 5. Map of the different sea areas in Norway
(source: Norwegian Environment Agency)
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subarctic water in the south-western Norwegian Sea from 2003, probably due to less inflow of
subarctic water from the west (Kristiansen et al. 2015). Consequences of these changes in
zooplankton communities for the ecosystem are currently unknown. However, zooplankton are
a key food source for many of the commercially important fish stocks in the North Atlantic
such as the herring. Toresen et al. (2019) show that for Norwegian spring-spawning herring
estimated recruitment and mean winter temperature show a significant positive correlation for
the period 1921-2004. However, this positive correlation did not continue from 2005 onwards
as the winter temperature increased and herring recruitment decreased and has remained low.
In the past, spawning grounds outside Mgre were the most important. Today, it is the
generations born in the north that are the most successful through the first phase of their life.
Herring itself is not directly affected by the fluctuations in ocean temperature but indirectly
through the zooplankton that they eat. The density of zooplankton in the drift route of the
herring larvae dropped significantly after 2004, and their centre of gravity shifted northwards.
Toresen et al. (2019) analysis indicated that the presence of food and overlap with high food
concentrations are likely important regulators of survival in herring larvae. As a consequence,
herring may move north in the decades to come.

Changes in migration patterns of the northeast Atlantic mackerel is likely influenced by
changing climate and ocean temperature. This migration led to intergovernmental dispute. The
interstate conflict started after the mackerel moved northwards. Due to this change in
distribution, Icelandic and Faroe fishers got better access to the stock and therefore wanted to
secure their fishing rights. The Faroe Islands wanted to enlarge their mackerel quota, while
Iceland wanted to become an accepted Coastal State member to secure their quota share. The
conflict between the EU/Norway and the Faroe Island dissolved in 2014 with a new
management agreement, which allocated a substantially larger mackerel quota to the Faroe
Islands. The conflict between Norway and Iceland persists today (Spijkers and Boonstra 2017).

3.3.1.2 Expected future consequences

Projecting the response of fished species to future climate change and ocean acidification is of
great interest for scientists, fishing communities and governments. Healthy ocean ecosystems
systems play a critical role in supporting fisheries. Observations, experiments and models
suggest that climate change and ocean acidification have the potential to impact primary
productivity, shifts species distribution and change the potential yield of exploited marine
species, resulting in impacts on the economics of fisheries (Sumaila et al. 2011). For the
fisheries sector, it is important to keep an eye on how fish stocks distribution will evolve in
future oceans (Norsk klimastiftelse 2018).

Physical risks

Acute: More extreme weather such aswind, §
storms, storm surges and waves can
influence the safety at sea and limits the &
number of days at sea. This can have §
negative consequences for the fishermen
(Hovelsrud 2011, Noone et al. 2013). Local
knowledge of ocean conditions is not
necessarily sufficient under new weather R b e , ,

conditions (Hovelsrud 2011). A more 8 ‘ W, 3
widely distributed, distant and possible w8 % g N <~
different target fish stock (see chapter v . A
below) is likely to require increased vessel  Figure 6. Fishing boat with net. Photo credit: Mark
capacity investment, both with regard to  Berry
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safety (rougher seas, and fishing further from shore) and gears, in order to reach deeper and a
more varied catch composition (Eide et al. 2014).

Chronic: Marine ecosystems can be defined as the sum of the biological community and its
physical environment. Environmental conditions affect the species composition, their
distribution and primary production (Eide et al. 2014). The IPCC identifies four principal
climate drivers that affect marine ecosystem structure, functioning and adaptive capacity: pH,
temperature, oxygen and food. The resulting ecological impacts associated with climate change
and ocean acidification will be complex, including changes in productivity, food web structure,
losses of native species, and the introduction of non-native species. For example, ocean
acidification and increased temperature can have a dramatic effect on the size of fish stocks,
which will have major negative consequences for the fishing and fishing industry (IPCC 2014).
Recent studies have sought to characterize how climate-related drivers alter species'
distributions and community size structures, with increased attention allocated toward
interactive effects, early developmental stages, community size structure, and genetic and
phenotypic adaptation (Weatherdon et al. 2016 and reference therein). Each of these aspects is
likely to affect the availability and abundance of fish stocks (Sumaila et al. 2011), with regional
variation accompanying climatic trends.

Changes in environmental conditions strongly affect the spatial distributions of marine fishes
and invertebrates (Sumalia et al. 2011). Higher ocean temperature drive changes in ocean
circulation and stratification, decrease of oxygen concentrations, and shifts of primary
productivity. Ocean acidification can also affect organisms, food and habitat availability
(BIOACID 2018). As a consequence, marine fish populations are experiencing large-scale
redistributions, increased physiological stress, and altered food availability (Barange et al.
2018).

The number of fish reaching fishery size every year is critically dependent on the match or
mismatch between the occurrence of the fish larvae and the availability of their zooplankton
food (Cushing 1982). Climate change and ocean acidification may have important
consequences on the seasonal timing and the magnitude of blooms of phytoplankton and or
zooplankton at high latitudes (Henson et al. 2017). Global scale modelling of phytoplankton
has projected large shifts in the seasonal timing of blooms throughout subpolar waters of the
north Atlantic and polar waters of the Artic (Henson et al. 2017). Coastal darkening as reduced
water clarity in coastal areas where there are freshwater drains are expected to increase and can
contribute to a shift in the timing of phytoplankton blooms (Opdal et al. 2019).

Zooplanktons are key diets of early life stages of fish (Barange et al. 2018). In the northeast
Atlantic, major biogeographical shifts in zooplankton have already been observed in response
to warming, including poleward increase in warm water species and a reduction in cold water
species in the same area. Even small alterations at the base of the food web can have knock-on
effects for higher trophic levels (BIOACID 2018). The decline of a key prey item (the copepod
Calanus finmarchicus) has been correlated with recent failures in cod recruitment in the North
Sea (Beaugrand et al. 2003).

As temperature, oxygen and acidity levels are causing habitats to be restricted, several species
of fish are moving. In recent years a northwards expansion of the distributional range of several
fish species has been driven by warming, sometimes also including a contraction of their
southern distributional range (Perry et al. 2005, Fossheim et al. 2015). The change in
distribution of stocks leads in turn to shifts in local fisheries (Barange et al. 2018, Bonanomi et
al. 2015, Pecl et al. 2017). Countries or regions in the southern part of the distributional range
of a species may lose access to the resource while countries or regions in the northern part might
benefit from a northward shift of its distributional range (Barange, et al. 2018). The effect of
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temperature rise may be positive for the commercial fish species which Norway currently
exploits. Large scale redistribution of maximum fisheries yield potential is projected by 2050
under a business as usual scenario including a 30 to 70% increase in yield of high latitude
regions such as Norway’s Exclusive economic zone (EEZ) (Barange, et al. 2018). For example,
pelagic fish have the potential for rapid abundance and distribution shifts in response to climatic
variability due to their high adult motility, planktonic larval stages, and low dependence on
benthic habitat for food or shelter during their life histories. It is expected that more anchovies
and sardines will be distributed in the North Sea, while herring and mackerel are expected to
spread further north (Montero-Serra et al. 2015). Cod and other cold-water species are doing
worse in the southern parts of the North Sea today than 30 years ago. The cod is moving slowly
north, as the temperature is rising. Studies show that if average bottom temperature in the North
Sea is above 5.6 °C in the first quarter of the year, there is lack of good cod recruitment. The
institute of marine research (IMR) suggests that higher temperatures during the spawning
period is an important reason for the reduced cod recruitment for the cod stock in the North Sea
(https://www.imr.no/hi/nyheter/2019/juni/kraftig-nedgang-for-torsk-i-nordsjoen).

A shift between Arctic to Boreal (Atlantic shallow water) fish communities dominated by
American plaice, Atlantic cod and haddock occurred between 2004-2012 in the Barents Sea
(Fossheim et al. 2015). In 2014, the UN Climate Panel estimated that marine fish species move
at approximately 40 kilometres per year. Fossheim et al. (2015) found that fishing communities
in the Barents Sea moved up to four times as fast over the period 2004-2012. The increased
access to Arctic waters due to the ongoing retreat of the summer sea ice has accelerated a
growing interest in exploiting Arctic marine ecosystems and expanding fisheries also in the
Arctic ocean. In the future, an Arctic fishery may broadly rely on two groups of fishes, i.e. those
which are already commercially harvested: native and boreal fish fauna native. Lam et al.
(2016) projected that total fisheries revenue in the Arctic region may increase by 39% (14—
59%) by 2050 relative to 2000. Ocean acidification is expected to reduce the potential increases
in catch. However, the effects of ocean acidification on total fisheries revenues will lower than
the expected future benefits in the Arctic.

Several fundamental questions arise when boreal fishes invade Arctic waters (Christiansen et
al. 2014). Many commercial fish (e.g. cod, capelin, herring, mackerel, blue whiting) are now
found north of their traditional distribution areas. The expected increase in the abundance of
boreal fish in Arctic waters is likely to disrupt existing and create novel trophic links.
Furthermore, question remains: how do native and boreal fish interact, and how does that affect
the population dynamics for both groups of fish? (Christiansen et al. 2014). It is anticipated that
this could result in the local extinction of some arctic fish species, such as the Polar cod
(https://climefish.eu/c4f-barents-sea). The suitability of present spawning habitat for both
Atlantic cod and Polar cod are expected to decrease by 2100 under RCP 8.5 scenarios (Dalke
et al. 2018). Christiansen et al. (2014) suggest that precautionary management practices by the
Arctic coastal states are urgently needed to mitigate the impact of industrial fisheries in Arctic
waters.

Not all fish species have the ability to move to new ecosystems as temperatures rise
(https://forskning.no/fangst-klima-havforskning/klimaendring-pavirker-globale-fiskefangster).
For example, bottom fish such as cod and haddock often depend on a specific habitat and cannot
replace a shallow continental shelf with deep water. Pelagic fish that live freely in the water
masses much of the year may also depend on special conditions for spawning. For example,
capelin is spawning outside Finnmark and Norwegian or herring spawning in Spring use banks
from Mgre and north as spawning grounds. These species cannot easily find new habitats
further north. They may migrate further north to colder seas to graze but will have to migrate
back to spawn.
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Invertebrate species are also migrating North because of increased temperature. Pelagic larvae
of the commercially important Northern shrimp are particularly sensitive to temperature
changes. This translates into negative effects in southern areas and positive in northern areas
(Ouellet et al. 2017). Temperature, substrate, salinity and depth are all factors that control the
distribution and density of Northern shrimp along the Norwegian coast. Predation and fishing
pressure also affect density, while stock size may affect distribution. The shrimp in the Barents
Sea have already moved northeast as the sea has become warmer. According to scientists,
shrimp in the North Sea and the Skagerrak could become climate refugees in northern Norway
and can disappear from their southern habitats in Norway
(https://www.harvestmagazine.no/artikkel/en-historie-om-rekene).

Concurrent with long-term  persistent warming, discrete periods of extreme regional
ocean warming (marine heatwaves, MHWSs) have increased in frequency (Oliver et al.
2018). Smale et al. (2019) identified the northeast Atlantic as a region with rapid increases in
the annual number of MHW days and overlap with existing high-intensity non-climate
human stressors. As a consequence, these regions may be particularly vulnerable to MHW
intensification as existing regional pressures, including overfishing and pollution, have the
potential to exacerbate MHW impacts. The physical attributes of prominent MHWSs varied
considerably, but all had deleterious impacts across a range of biological processes and taxa,
including critical foundation species (corals, seagrasses and kelps). MHWs can also change the
distributions and abundances of commercial fisheries species (Mills et al. 2013), and
widespread shifts in coastal biota (Sanford et al. 2019). For example, in the northwest Atlantic
high temperature in Summer 2012 moved lobsters closer to the shore. This led to an increased
catch size, a subsequent lowering the prices and a collapse of lobster fisheries (Mills et al.
2013). Similar events will become more frequent as MHWs intensify.

Several studies have indicated that climate change has already affected fish size (Forster et al.
2012). In response to climate-induced changes in temperature and oxygen, fish size might
decrease. The smaller body sizes being projected for the future are already detectable in the
North Sea. The size of North Sea fish such as cod and flounder, decreased the yield-per-recruit
of these stocks by an average of 23% over the past 40 years (Baudron et al. 2014). Cheung et
al. (2012) estimated that under high-emissions scenarios, warming oceans will cause a 14-24%
reduction in the average body mass per fish worldwide in the first half of the 21st century.
Overall, this could reduce commercial catches by up to 3.4 million tonnes annually per degree
of heat increase (Pauly and Cheung 2018). While laboratory experiments support Cheung's
model, few studies have tested it in wild populations, and some researchers remain sceptical of
the model’s applicability in the real world.

Increase in water temperature could affect fish size because of the reduction in oxygen content
in the water. As the water's dissolving capacity decreases in higher temperatures, global
warming will result in the ocean absorbing less oxygen. Some research indicates that fish stocks
may have difficulties adapting to a changing oxygen level, which may limit fish's overall
growth. Stendardo and Gruber (2012) examined oxygen trends over five decades in the North
Atlantic and identified declines in almost all regions during the period from 1960 to 20009.
Whether or not these changes in dissolved oxygen are a result of long-term climate change
remains unclear, and it is also unknown whether such changes will impact commercial fish and
commercial fisheries (Townhill et al. 2017). However, Deutsch et al. (2015) suggest that
projected climate and oxygen conditions has the potential to restrict the distribution of marine
fish poleward, as equatorward waters become too low in oxygen to support their energy needs.
Furthermore, even the more-poleward waters will have reduced oxygen levels. The
combination of temperature increases and reduced oxygen levels in fish habitats could
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contribute to reduce total cod habitat by up to 20 percent globally and as much as 50 percent in
northern areas by 2100 (Deutsch et al. 2015).

While there is certainty in the direction and magnitude of ocean pH decline, and of its largely
negative impacts on many marine organisms (Kroeker et al. 2017), most models do not
incorporate the potential impacts of ocean acidification (OA) on fish and fisheries. This may be
a consequence of the lack of monitoring and models for the carbonate chemistry on the coastal
zone as well as a limited understanding of the impact of OA on commercially important species.
However, a strong body of evidence shows that OA can have a major impact on marine life,
including seafood such as mussels, clams and other shellfish. OA can have consequences on
habitats such as corals and coastal vegetation, which in turn will affect populations of small fish
and fish food (IPCC 2014, Colburn et al. 2016, BIOACID 2018). Recent research has also
shown that fish species (especially in the early development phase) can be negatively affected
by OA (levels that are predicted to occur in the near future, but have already been observed in
many coastal areas) including effects on their behaviour through modification of their senses
and central brain function (e.g. Porteous et al. 2018). Combined ocean acidification and
warming may also reduce the survival rates of early life stages of some fish species and will
likely reduce recruitment of fish stocks and ultimately fisheries yield (Dahlke et al. 2018).
Direct and indirect (through habitat restructuring and food interactions) can reduce the size of
cod stocks in the Barents Sea and the Baltic Sea up to a quarter of the current level in 2100,
assuming a COz increase in line with that in RCP 8.5 (BIOACID 2018).

Although some fish move toward the poles, absolute stocks will nevertheless be at risk of being
reduced, as suitable fish habitat may also be threatened by climate change and ocean
acidification. In marine ecosystems, habitat-forming species (HFS) such as reef-building corals
and canopy-forming macroalgae alter local environmental conditions and can promote
biodiversity by providing biogenic living space for a vast array of associated organisms
including commercially important species (Teagle and Smale 2018).

Cold water corals (CWC), with all their small cavities and formations, provide fine habitats for
fish fry and benthic animals. They are regarded as hot spots for biodiversity and carbon cycling.
Along the Norwegian coast there are thousands of coral reefs, especially on the continental
shelf. Lophelia is one of the most common coral species in Norwegian reefs and plays a key
role in benthic ecosystems in Norwegian waters (Jarnegren and Kutti 2014). Lophelia
ecosystems have come under increasing anthropogenic pressure due to releases of suspended
particles from the aquaculture, oil and gas, mining and bottom trawling industry (Jarnegren and
Kutti 2014). Changes in ocean temperature and ongoing acidification will act as additional
stressors on Lophelia ecosystems. Ocean acidification is considered the most serious threat.
However, laboratory studies have shown that Lophelia from Norwegian populations are only
slightly impact by OA. More serious effects have been observed under specific conditions and
it is urgent to better understand the effects of multiple stress factors and long-term exposure to
stressful conditions. Most of the habitat formed by Lophelia is made of dead coral (calcium
carbonate structures) that are threaten by the chemical changes associated with OA. Of all
known Lophelia occurrences in the world, 30% are from the Norwegian shelf. Norway has then
a special responsibility in managing this species and the ecosystem it creates. Functional
connections between CWCs and fish stocks are suspected, and there is evidence of the
utilization of CWCs by fish larvae, mainly those of redfish (Sebastes spp) (Baillon et al. 2012).

Macroalgae (e.g. Laminaria hyperborea and Saccharina latissima) are important habitat
forming species (Teagle et al. 2017) that create large underwater forests. Under the canopy of
these forests, several brown, red, and green algae of various sizes thrive, some even growing
on the kelp itself (epiphytes). These algae communities’ function as habitat for invertebrates
such as bivalves, echinoderms such as sea urchins, crustaceans such as crab, and benthic fish
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such as cod and wolf fish. They dominate lower intertidal and shallow subtidal reefs along
temperate and subpolar coastlines including Arctic coastlines in the Northern Hemisphere
(Teagle et al. 2017). Seagrass meadows and kelp forests are sensitive ecosystems at high risks
for projected global warming exceeding 2°C above pre-industrial temperature and other
associated climate-related hazards (IPCC 2019). Interactive effects of ocean warming and
acidification can lead to kelp degradation and disease-like symptoms, with detrimental effects
on photosynthetic efficiency (Qiu et al. 2019).

According to Aradjo et al. (2016), kelp forest distribution and abundance are decreasing in
Europe except for an increase of some populations in some localities in Norway and Svalbard.
In Norway, grazing by sea urchins has been regarded as the most important stressor affecting
kelp species, especially in the northern and mid part of Norway where recovery of kelp forests
is in progress after the intensive grazing period (Norderhaug and Christie 2009). The L.
hyperborea kelp recovery in the southern part of the grazed area (i.e. mid Norway) has
expanded northwards since the 1990s due to reduced sea urchin populations (Norderhaug and
Christie 2009, Rinde et al. 2014). The reduction in sea urchins is linked directly to warming by
a resulting reduction in sea urchin recruitment (Fagerli et al. 2014, Rinde et al. 2014) and
indirectly through increased predation from crabs expanding their range (Fagerli et al. 2014)
and changed water masses in recent decades (Wiltshire et al. 2008).

Kelp species thrive in cold water, and their general health is reduced under warmer conditions.
This makes them less resilient towards additional stressors like eutrophication, pollution,
foreign species, harvest and extreme weather events (Filbee-Dexter and Wernberg 2018). Most
of the kelp forests (80 %) along the Norwegian coast towards Skagerrak has disappeared since
2002, due to increased temperature and runoff, together with other human influences. They
have been replaced by communities of opportunistic and ephemeral filamentous algae, resulting
in a much lower species richness and abundance (Christie et al. 2009). Turf-covered reefs are
lacking the three-dimensional structure of a kelp forest, where an immense richness of
crustaceans, fish and snails live and hide. These shifts to turfs represent widespread global loss
in structural habitats and a new “battlefront” as kelp forests move away from traditional urchin-
grazing (and overfishing) dynamics toward climate- and nutrient-driven replacement by turf
algae (Filbee-Dexter and Wernberg 2018). Furthermore, as waters warm and sea ice retreats,
more light will reach the seafloor, which will benefit marine plants. Researchers predict a
northern shift of kelp forests as ice retreats (Krause-Jensen and Duarte 2014). There is a major
knowledge gap concerning the effects of changes in kelp forests on fisheries at the European
level.

In an ever-changing marine environment, organisms must respond to their environment in order
to survive and reproduce. This involves migration, acclimation and/or adaptation. However, the
current rate of change is extremely fast and strong. For example, sea surface temperature is
projected to increase by approximately 3°C by the year 2100 (Collins et al. 2013). As a
consequence, many species will rapidly be exposed to conditions they never experienced in the
past. Many seafood species have long generation time and will only have a few generations to
adapt to these changes completely depending on existing genetic variability. In over-exploited
ecosystems, pelagic species that are smaller and have faster turnover generally increase in
dominance (Cheung et al. 2007). Although species with higher turnover rates may theoretically
have more capacity to adapt evolutionarily to environmental changes (Cheung et al. 2018), the
scope and rate of such adaptive response for most fishes are unclear (Munday et al. 2013). Also,
over-exploited fish stocks with largely reduced abundance may also have reduced genetic
diversity and variability, and consequently the population will have a reduced scope for
adaptation under climate change and ocean acidification (Munday et al. 2013).
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There are strong interactions between global and local drivers. For example, fishing interacts
with climate change and ocean acidification. As fishing reduces fish age, size, and distribution
as well as ecosystems biodiversity, fish and their associated ecosystems are more sensitive to
additional stressors such as ocean acidification and climate change (Brander 2007). Climate
change will likely also hinder efforts to rebuild overfished populations (Brander 2007).
Reducing fish mortality in the majority of fisheries, which are currently fully exploited or
overexploited, is the principal feasible means of reducing the impacts of climate change and
ocean acidification. Free et al. (2019), suggest that prompt improvements in fisheries
management could maintain global wild-capture fisheries yields and profits into the future. It
is essential to prevent overfishing and develop management strategies that are robust to
temperature-driven changes in productivity (Free et al. 2019). In addition to overfishing,
multiple interacting stressors can have negative impact on fisheries (Toft et al. 2018). It is
therefore key to build a comprehensive understanding of the overall burden of human activity
ecosystems and the fishery industry, especially in the vulnerable northern areas (Boyd et al.
2018).

Transition Risks
Requlatory risks/Technology Risks:

The global fuel use and greenhouse gas (GHG) emissions from the global wild capture fisheries
accounts for 4% of global food system production emissions (Hoegh-Guldberg et al. 2019).
Reductions in emissions from wild capture fisheries can be achieved through technical and
behavioural changes and solutions, optimising fish catch efficiency (Hoegh-Guldberg et al.
2019). For example, new trawlers can be equipped with battery packs that enable diesel-electric
propulsion, and each new generation of boats can be made more energy efficient (Norsk
klimastiftelse 2018). Vessels with low or zero emission are under development. Therefore, the
fishing fleet is likely to face increasingly stringent emission requirements and possible new
regulations.

Climate change and ocean acidification will change the distribution and abundance of fish
species in Norwegian waters. This can have a significant impact on small-scale coastal fisheries
and fishing tourism. New fisheries regulations may be essential to prevent overfishing and
develop management strategies that are robust to temperature and pH-driven changes in
productivity (Gourlie 2017). Responsive harvest control rules provide inherent resilience to
adverse effects of climate change (Kritzer et al. 2019). Precautionary fisheries policy has been
also been suggested by the IPCC (2019) to global international fisheries, which suggests that
one should avoid taking risks when consequences are highly uncertain but maybe result in
permanent losses of biodiversity or sustainable stocks or other unacceptable damages to present
or future generations.

Market risks/reputation risks:

Demand for fish and other seafood is expected to grow strongly in the future, and ocean food
may play a role in emission reductions efforts if the production is sustainable (Hoegh-Guldberg
et al. 2019). However, the sustainability aspect is increasingly being questioned (Norsk
klimastiftelse 2018). When it comes to climate footprint and sustainable production, air
transport is an issue. Carrying fresh fish by aircraft over long distances has significantly greater
footprint than other methods of transport (Norsk klimastiftelse 2018).

There are suggestions of significantly altering the behaviours of a broad section of the society,
through possible food related taxes that embed broader environmental and social costs (external
costs) of different food choices and thus motivating lifestyle changes (Hoegh-Guldberg et al.
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2019). Wild fish might come out well in regard to carbon and environmental footprint compared
to meat and farmed fish (Norsk klimastiftelse 2018).

3.3.2 Agquaculture
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Figure 7. Aquaculture site. Photo credit: Mark Berry

Fish farming is an important industry in Norway. The annual revenue of the aquaculture
industry in the country is 30 billion NOK and the industry offers 21,000 man-labour years.
Salmon dominates the farming industry and although several other species are farmed such as
cod, halibut, wolffish, turbot, these account for only less than 2%, total fish farming in Norway.
Aquaculture is the second largest export industry in Norway, after petroleum and it is a national
goal to 5-fold the production by 2050.

Climate change and ocean acidification can have direct and indirect impacts on the Norwegian
aquaculture industry, both in short- and long-term. Short-term impacts include losses of
production and infrastructure arising from extreme events, increased risk of diseases, parasites
and harmful algal blooms (HABS), and reduced production due to negative impacts on farming
conditions (Barange et al. 2018). Changes in temperature, precipitation, ocean acidification,
incidence and extent of hypoxia and sea level rise, amongst others, will have long-term impacts
on the aquaculture sector at scales ranging from the organism to the farming system (Barange
et al. 2018). The aquaculture industry depends on water quality and weather circulation
conditions in the fjords along the Norwegian coast. An increase of ocean temperatures and a
higher frequency of extreme weather are believed to have the greatest impact. Also, ocean
acidification and changing water salinity due to increased freshwater inflow into the fjords may
affect the industry in the long run
(https://www.climatechangepost.com/news/2016/9/21/norways-aquaculture-needs-more-
focus-long-term-cli/). In comparison with other seafood producing countries, Norway and Chile
has been identified as being the most vulnerable to climate change, reflecting the high
production and the concentration of production on few species (Barange et al. 2018).
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There may however be some positive effects from climate change for the aquaculture industry
such as faster growth rates and higher feed conversion ratio, longer growing season, and new
production areas as a result of decreases in ice cover (Holmyard 2014). Furthermore, it may
also become possible to use species with preferences for higher temperature. These possibilities
will be described in more detail in the chapter new ocean-based industries (Chapter 4).

Key findings:

e Short-term impacts of climate change and ocean acidification on the aquaculture
industry include losses of production and infrastructure arising from extreme
events such as MHW, increased risk of diseases, parasites and harmful algal blooms
(HABS), and reduced production because of negative impacts on farming conditions.

e As temperature increase due to climate change, optimal salmon production areas
will move northward along the Norwegian coast. This is a consequence of optimal
temperature for growth of the salmon itself, but also temperature rise aggravating
existing problems linked to parasites (including salmon lice) and pathogenic
organisms. On the other hand, ocean warming may provide opportunities for
farming new species.

e Predicted reduced ice coverage in the arctic as a result of climate change can also
open up new production areas.

e Production of feed for aquaculture can have indirect negative effects on the
industry as they require fish capture and agriculture production. Shortage of fish oils
suitable for fish feed is expected in the near future, and climate change risks
associated with crop failure may occur at the same time in important soy producing
countries.

3.3.2.1 Observed changes

Impacts of climate change and ocean acidification on aquaculture to date have been difficult to
discern from natural environmental variability, and the pace of technological development in
aquaculture often overshadows effects of these changes. There is little existing evidence of
impacts on aquaculture that can be attributed to climate change. However, hatchery failures and
survival of larval groups of Pacific oysters in an US hatchery was linked to increased CO> and
ocean acidification (Barton et al. 2015). Furthermore, several effects have been observed that
could be related to a changing climate such as increased shellfish contamination, harmful
plankton events and the establishment of non-native species, but it is not clear that a changing
ocean climate is responsible for these effects (Gubbins et al. 2006). Both diseases and lice have
become more common on fish farms in recent years, with experts blaming warming sea
temperatures associated with climate change (Callaway et al. 2012). A recent event (September
2019) in the east coast of Canada of mass mortality of salmon in open-net pens operated by
Mowi Canada East's Northern Harvest Sea Farms. This led to an economic loss of 50 million
NOK. Unusually warm water over an 11- to 13-day period led to low oxygen levels that caused
a mass die-off of farmed Atlantic salmon. Temperatures ranged from 18 C to 21 °C throughout
the entire water column, meaning there was nowhere for the fish to go to cool off. The
aquaculture company Mowi expresses its concern that these events are not treated as a new
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normal (https://www.intrafish.com/aquaculture/1856007/mowi-calls-for-climate-change-
action-after-massive-farmed-salmon-die-off-in-newfoundland).

3.3.2.2. Expected future consequences
Physical risks

Acute: More extreme weather (stronger winds, storms, storm surges and waves) may increase
the requirements of all constructions in the ocean. The most common aquaculture site failure
events occur in connection with severe storms, especially in autumn and winter. When an
aquaculture site is failing, and nets are broken, fish can escape. Not only this is a financial
burden but also an environmental risk from escaped farm fish mixing with wild populations.
Genetic pollution can weaken the wild stock resilience (Bergh et al. 2007). More intense and
more frequent storms are projected and will necessarily incur increased costs for the aquaculture
industry in the form of larger investments. Furthermore, more extreme weather might also be
an environment health and safety challenge to employees working on sea-based fish farms
(Norsk klimastiftelse 2018).

Chronic: The aquaculture may be affected by long-term chronic biophysical changes in the
water conditions in the fjords along the Norwegian coast. The variations in biophysical
conditions along the Norwegian coast as well as the variation in biophysical conditions over
the years may have an impact on the production of Norwegian fish farming, which can affect
prices and the profitability for the industry (Thyholdt 2014). Both growth and health of fish and
shellfish are dependent on variables such as water temperature, salinity, oxygen content and
water quality (Mydlarz et al. 2006). Physical processes associated with waves, currents, tides,
ice and river input may also influence the farming conditions (Callaway et al. 2012).

Marine life is sensitive to temperature changes, and most species perform poorly outside their
optimal temperature range (Hiddink et al. 2015). Fish often have an optimal temperature for
growth and temperature and deviating from this optimum restricts growth and therefore reduce
harvest. Salmonids have a relatively narrow range of temperature for optimal growth and thrives
in the temperature range between 9-14°C. Hevragy et al. (2013) showed for Atlantic salmon that
the most efficient growth was achieved at a water temperature of 13°C. Furthermore, the study
showed that salmon farmed at temperatures of 15 and 17°C grew efficiently in the first two
weeks but exhibited reduced feed intake and growth over the rest of the study period. Salmons
living at 19°C reduce their feed intake by 50% as compared to salmon living at 14°C (Hevrgy
et al. 2013) and reduced growth at the same rate as observed for 3°C. Temperature above 20°C
lead to physiological breakdown (Lorentzen 2008). Therefore, periods with higher than usual
temperature can lead to faster growth of farmed salmon in the North and Central regions, while
leading to slower growth in the South region of Norway. In 2012, optimum conditions for
salmon farming were documented at latitude of 62-64° (from Stadt to Fosen) along the
Norwegian coast (Hermansen and Troell 2012). For the farms currently located at optimum or
higher temperature, ocean warming has the potential to decrease the production. For salmon
farms located North of the optimum as well as in the Artic will likely experience improved
productivity (Hermansen and Troell 2012). This was demonstrated by Thyholdt (2014) showing
that an increase in temperature positively affected salmon growth in the Northern and Central
Norway, while an increase in temperatures negatively affected the growth in the Southern
region. Ocean temperature changes may therefore influence the area available for farming. As
temperature increases new areas might be available. Predicted reduced ice coverage in the arctic
as a result of climate change can also open new areas, as cage cultures requires more or less
ice-free conditions year-round, as ice can cut nets release fish (Hermansen and Troell 2012). In
the arctic, suitable areas might be constrained by the minimum water temperature that allows
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economically sustainable farming (Hermansen and Troell 2012). A study by Anttila et al.
(2014) demonstrated that Atlantic salmon has a remarkable cardiac plasticity which is largely
independent of their natural habitat. They suggest that this strategy may aid salmon to cope with
global warming. Other species such as cod and halibut, have narrower temperature tolerance.
Similarly, increases in temperature can have both positive and negative influence on growth
and productivity depending on existing temperature regime at farm sites and (Hermansen and
Troell 2012).

An aquaculture-based study has reported that ocean acidification can also impact fish
physiology and have substantial effects on behaviours linked to sensory stimuli (smell, hearing
and vision) both having negative implications for fitness and survival (Ellis et al. 2017). Ellis
etal. (2017) showed that the aquaculture industry has been farming aquatic animals at high CO-
levels that exceed end-of-century projections (sometimes >10 000 patm) long before the term
‘ocean acidification' was coined, with limited documented detrimental effects reported. The
study highlights that its therefor vital to understand the reasons behind this apparent
discrepancy. Potential explanations include the environment used in aquaculture (abundant
food, disease protection, absence of predators) as compared to the wild, selection of aquaculture
species based on their natural tolerance to the intensive culturing conditions, including CO-
levels or the breeding of species within intensive aquaculture having further selected traits that
confer tolerance to elevated CO».

Increased temperature can also have indirect effects, such as increased risk for diseases or
pathogens and lice infections, lower oxygen content in the waters, and increased harmful algal
blooms (HABS).

Previous studies have shown decline in dissolved oxygen of the ocean basins. Aksnes et al.
(2019) study of the deep Norwegian fjord Masfjorden basin showed that dissolved oxygen (DO)
declined over the last four decades. This is likely the consequence of a decrease in high-density
intrusions and reduced ventilation associated with ocean warming. Furthermore, this study also
showed that high fish farming activity can also contribute to the DO decline and that reduced
basin ventilation decreases the holding capacity for fish farming. As the ventilation mechanism
of many Norwegian fjord basins is similar to Masfjorden, these results can likely be
extrapolated to the entire Norwegian coast. Increased temperature combined with low dissolved
oxygen concentration is one of the most challenging environmental conditions farmed fish
experience (Vikesa et al. 2017). As the metabolic rate of the fish exposed to higher temperature
increases, they consume more oxygen. Combined with a reduced oxygen availability, this can
have significant impact on carry capacity of an aquaculture sites along the coasts. Farmers may
have to adapt fish densities so that oxygen demand does not exceed the available oxygen and
sites with poor water exchange may have to significantly reduce density of fish (Hermansen
Troell 2012).

Abrupt changes in biophysical conditions also increase the production risk and can lead to
considerable variations in industry profit levels (Tveteras and Almaas 1999). Discrete periods
of extreme regional ocean warming (marine heatwaves, MHWS) have increased in
frequency for the northeast Atlantic (Oliver et al. 2018). If these extremes are close to the fish
tolerance, and occur in combination with oxygen depletion, this can result in extreme
physiological stress and increased susceptibility to disease (Gubbins 2006). This has recently
been seen in Canada, where a prolonged increased temperature event killed salmon (see
observed changes 3.3.2.1). High temperature can also affect disease progression through direct
negative effect on host immune system function or through a direct effect on the parasite
replication rate (Miller et al. 2014). Furthermore, there is an increased distribution expansion
of various marine species and their associated pathogens across ocean basins (Post et al. 2013).
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This leads to risk for a shift in the distribution of pathogens, possibly leading to introduction of
exotic diseases and removal of others.

Parasite infections is a major problem in aquaculture. The occurrence and growth of parasitic
organisms are temperature dependent, as shorter generation time is associated with increased
temperature (Hermansen and Troell 2012). The most common parasite in salmon farming is sea
lice. This parasite is more common in southern waters than in the Arctic and ocean warming
can contribute to increase its prevalence in the north. It is likely that infections will be more
frequent as the temperature increase with associated increased costs for fish treatments to avoid
or reduce mortality of farmed fish, as well as limiting infestations on wild salmon (Bergh et al.
2007).

Harmful algal blooms (HABS) also have negative consequences for the aquaculture industry.
For example, a recent HABs events both in the north (Nordland county) and south (Troms
county), 11,600 tonnes of farmed salmon died and there was a considerable economic loss of
estimated 720 million NOK (https://www.fiskeridir.no/Akvakultur/Nyheter/2019/0519/11-
600-tonn-doed-laks-i-nord).

Climate models project increased precipitation that will likely lower the salinity of coastal
water, strengthening the stratification and influencing the availability of nutrients for algae. In
addition, many coastal areas are prone to eutrophication. Many eutrophic habitats that host
recurring HABs already experience extreme temperature, low dissolved oxygen, and low pH,
making these locations potential sentinel sites for conditions that will become more common in
the future as global changes progress (Griffith and Gobler 2019). Excessive nutrient loading
and prolonged residence times can promote many types of HABs. Increase temperature can also
favour HABs via accelerated growth and an expanded realized niche. Reduced pH can increase
the toxin production of several harmful algae (Hattenrath-Lehmann 2015a, b; Griffiths et al.
2019). In addition, recent ocean warming has caused bloom favourable conditions for several
HABs allowing them to establish earlier and persist longer. This increases the risk and/or
duration of exposure to aquaculture from certain HABs (Gobler et al. 2017). Identifying
combined impacts of these stressors is critical for high-production aquaculture
facilities/locations contributing large quantities of organic matter to the water column
(Burkholder and Shumway 2011) that can deteriorate water quality (e.g. acidification, hypoxia,
and HABS) and may prolong algal blooms
(https://www.imr.no/en/hi/news/2019/may/aquaculture-didnt-cause-the-algal-bloom).  Given
that caged organisms are unable to avoid HABs, aquaculture operations may be particularly
vulnerable to the co-exposure to these stressors. The study of Griffith and Gobbler (2019)
highlights critical gaps in our understanding of HABs as a climate change co-stressor that must
be addressed in order to develop management plans that adequately protect fisheries,
aquaculture, aquatic ecosystems, and human health.

Aquaculture industry is dependent on feed. Today, 30% of salmon feed is of marine origin
while 70% is land based such as soya. Both these sources are dependent on climate conditions.
Climate change may affect the abundance of pelagic fish such as anchoveta used for fishmeal
production, an ingredient in salmon feed. For example, lower catches of anchoveta in southern
America in 2012 resulted in a decline in fishmeal and fish oil production, and an associate price
rise (Holmyard 2014). Several factors will likely limit the access of fish oils suitable for fish
feed in the near future such as requirements for sustainable harvesting, over-fishing of the
marine raw materials at the global scale, and an increase in the consumption of the raw materials
(Winther et al. 2013). A decrease in natural feed availability leads to reduced fish growth and
quality. For example, a fishmeal/oil-free feed impacts flesh composition and may reduce
nutritional value, in particular with regards to n-3 polyunsaturated fatty acids (PUFAS)
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(Barange et al. 2018). There is extensive R&D on developing alternative and more sustainable
feed.

Transition Risks
Requlatory risks/Technology Risks:

Like other sectors, the aquaculture industry may gradually face stricter regulations on
greenhouse gas emissions. The largest source of emissions is related to feed production (Norsk
klimastiftelse 2018). Hoegh-Guldberg et al. (2019) propose a framework to evaluate price based
on a full lifecycle assessment of emissions from new feeds, targeted investments, information
and certified campaigns that could help prioritise low-emissions feed options. For example,
airfreight transportation of farmed salmon to markets can be more costly than locally wild
caught because of the CO2 cost of travelling (Norsk klimastiftelse 2018).

The aquaculture industry is investing in R&D, both in land-based and offshore facilities. Land
based sites may be more energy demanding as a result of the need for Recirculating Aquaculture
Systems (RAS). Except for feed and airfreight, salmon farming is not a very energy intensive
industry, but as the production sites are often located at a great distance from the power grid,
there is considerable use of diesel generators (Norsk klimastiftelse 2018). Renewable energy
can reduce the environmental impact of energy production. For example, a transition to onshore
power or hybrid solutions is considered in addition to the electrification/hybrid solutions for
boats (Norsk klimastiftelse 2018).

Market risks/reputation risks:

The global need for protein is increasing. There is a challenge for agriculture to supply enough
food while shifting diets to include more low-carbon sources of ocean-based proteins as a
solution to reduce greenhouse gas emissions (Hoegh-Guldberg et al. 2019). Norwegian farmed
salmon is mainly an export product and transportation to markets is therefore an issue (Norsk
klimastiftelse 2018). Air freight significantly increases the climate footprint. Both increased
CO- taxes on air cargo and negative consumer reactions can be a threat for increased other
market (Norsk klimastiftelse 2018). The key may lie in getting consumers to accept frozen fish
and freezing technologies that preserve quality (Norsk klimastiftelse 2018). Furthermore,
criticism of the aquaculture industry has been raised both from media, researchers and
environmental and recreational NGO's. These criticisms relate to issues of local pollution, feed
production and emissions from transportation to markets (Norsk klimastiftelse 2018) as
consumers, to an increasing extent, demand that seafood satisfies their preferences for
responsible environmental management.
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3.4 Impact on maritime industry

Figure 8. The research vessel Johan Hjort. Photo credit: Mark Berry

Shipping is one of Norway's oldest business sectors. The industry employs around 90,000
peoples, generates an economic value for a total of NOK 140 billion
(https://www.regjeringen.no). Norwegian ships and sailors sail on all world’s oceans,
Norwegian maritime producers deliver components and equipment to ships under construction
throughout the world and Norwegian maritime service providers offer their skills to customers
on the global markets (DNV 2016). The Norwegian government's overall goal for the maritime
industry is sustainable growth and value creation. Calculations based on the maritime fleet
activities show that domestic Norwegian shipping makes up 9% of all Norwegian greenhouse
gas emissions (DNV 2016). The global shipping industry is under pressure to cut climate-
altering greenhouse gases and find sustainable shipping solutions. Reduction of greenhouse gas
emissions (chapter 5) by implementing available technologies to increase energy efficiency
(e.g. improved hull design) and support the development of low-carbon fuels is one of the
“ocean action” aiming at contributing to the broader decarbonisation of ocean industries and
energy supply chains, including port facilities.

Akvaplan-niva AS, 9296 Tromsg, Norway
30 www.akvaplan.niva.no



Key findings:

e Climate change can create opportunities for new transport routes, especially in the
northern areas, where higher temperatures reduce sea ice and lead to a gradual
opening of northern trade routes in both the Northeast and Northwest passages. These
changes will have important economic, strategic, environmental, and governance
implications for the region.

e To achieve climate targets, changes in economic activity that will affect trade
patterns and the need for ocean-based transport might be required. Trade in new forms
of energy such as biofuels and hydrogen can grow rapidly. Norwegian ship equipment
producers have taken leading positions in markets that could prove vital in reaching
the world’s climate goals.

3.4.1 Observed changes

In 2017, more icebergs have drifted into the North Atlantic shipping lanes than usual. Michael
Mann, director of the earth system science centre at Pennsylvania State University, argues that
this trend will increase in the future. He also points to the risk for changed wind patterns
(https://www.theguardian.com/science/2017/jan/19/sea-levels-could-rise-by-six-to-nine-
metres-over-time-new-study-warns).

3.4.2 Expected future consequences

The maritime sector will meet stricter regulations to reduce climate change. The industry must
also expect indirect effects if other industries cut emissions, and if physical climate change
modifies transportation needs and trade patterns (Norsk klimastiftelse 2018). Compared to other
environmental phenomena, observed and projected changes in wave and wind climate are
expected to have the largest impact on maritime structure designs and operations. An increase
in storm activity (intensity, duration and fetch) in some ocean regions, and changes to storm
tracks, may lead to secondary effects such as an increased frequency of extreme wave events
(abnormal waves, also called rogue or freak waves) (Bitner-Gregersen 2016).

Physical risks

Acute: Physical consequences of climate change can affect the ability to transport goods
between countries, especially through extreme weather events that can affect infrastructure and
make goods transport more difficult, both on land and at sea (Norsk klimastiftelse 2018). The
latter is particularly important as about 80 percent of world trade is transported at sea.

Chronic: Climate change can create opportunities for new transport routes, especially in the
northern areas, where higher temperatures will reduce sea ice cover and lead to a gradual
opening of northern shipping routes in both the Northeast and Northwest Passages. The new
Trans-Arctic shipping routes may be navigable by mid-century (RPC 8.5) (Smith and
Stephenson 2013). This enables increased ship traffic in the Arctic and shorter transportation
routes between Europe, North America and Asia (EY 2019). Although numerous other no
climatic factors also limit Arctic shipping potential, these changes will have important
economic, strategic, environmental, and political implications for the region (Smith and
Stephenson 2013).

Future rising sea levels, erosions of coastlines or destruction through extreme weather can also
result in reduced port capacity in the future emission scenario (IPCC 2019). A complete opening
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of shipping in the Arctic Ocean between Europe and Asia could lead to a sharp increase in
shipping traffic and strengthen Norwegian trade with Asian countries by up to 7% (EY 2019).
Northern Norway can become a favourable place for port activity and other ship services (EY
2019). However, increased ship traffic will also possibly result in increased pollution of air and
sea in highly vulnerable natural areas, along with an increased risk of environmental disasters
associated with oil and gas transportation (EY 2019). This will in turn strengthen the need for
international environmental cooperation in the Arctic.

Transition Risks

Requlatory risks/Technology Risks: Both near shore shipping and international shipping can
expect the introduction of new emission regulations or a strengthening of current regulations
(Norsk klimastiftelse 2018). International shipping is regulated through the International
Maritime Organization (IMO). IMO has also adopted an ambitious climate action plan. This
plan aims to reduce emissions from international shipping by 50% by 2050 (Hoegh-Guldberg
et al. 2019). Considering planned growth in the industry, this will require up to 80% reduction
in greenhouse gas emissions (Hoegh-Guldberg et al. 2019).

The energy intensity and absolute GHG emissions from ocean-based transport, can be reduced
by technical and operational interventions to reduce energy consumption per tonne of
transported goods and substitution of low and zero carbon fuels (e.g. hydrogen and biofuels)
for diesel and bunker oil (Hoegh-Guldberg et al. 2019).

The Norwegian national transport plan proposes to transfer more transport work from road to
sea. This is regarded as a climate measure as CO> emissions from near shore shipping is lower
than for trucks on land. Near shore shipping is covered by Norwegian climate policy for the
non-quota sector and must expect national requirements to reduce emissions in line with
Norway's international climate obligations. As a consequence, stricter climate policy can have
positive effects on the industry. The introduction of political incentive schemes for low-
emission technology, and penalties for ships that are less environmentally friendly, can
reinforce the need to seek zero-emission solutions, such as biofuels and hydrogen (Norsk
klimastiftelse 2018).

Market risks/reputation risks: To achieve climate targets there is a need for changes in trade
patterns and increase ocean-based transport. New forms of energy such as biofuels and
hydrogen can grow rapidly. Within the near shore shipping and offshore segment, new
opportunities may emerge including ocean based renewable energy (Norsk klimastiftelse 2018).
Increased pressure to develop environmentally friendly solutions and effects of digitalisation
will also challenge the industry to innovate. Norwegian ship equipment producers have taken a
lead position in markets that could prove vital in reaching the world’s climate goals. Norway is
developing into a stronghold for production of battery-driven ship equipment, and Norwegian
equipment suppliers are well positioned for the boom in LNG-fuelled ships and other alternative
fuels (DNV 2016).

Increasing regional and coastal marine transport to support the exploration and extraction of
oil, gas and hard minerals, coupled with increase in Arctic tourism, have brought a complex set
of users to the Arctic. This increases the demand for changes in legal and regulatory frameworks
for marine safety and environmental protection (https://pame.is/index.php/projects/arctic-
marine-shipping). These challenges will also require strong cooperation among the eight
members of the Arctic Council (AC) as well as broad engagement between AC and the many
non-Arctic stakeholders within the global maritime industry.

There is already increased focus on the importance of climate-friendly shipping from various
stakeholders, such as banks, shareholders and civil society. In the first instance, increased
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reporting requirements and transparency regarding emissions profiles for ships and shipping
companies can be expected. In the long term, this could potentially cause changes in capital
costs and pressure on freighters to choose the most environmentally friendly shipping services

(Norsk klimastiftelse 2018).
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3.5 Impact on the petroleum industry

Figure 9. Oil platform. Photo credit: Mark Berry

Oil and gas are very important to the Norwegian economy. Petroleum activities have played a
key role in the development of today’s welfare state in Norway. Norway is the World’s 15"
largest producer of oil, the 11" largest exporter and the 3 largest producer of gas in the world
(EIA 2019). Since production on the Norwegian continental shelf began in the early 1970s,
petroleum activities have contributed over NOK 14,000 billion to Norway's gross national
product measured in current value. At the same time, climate policy is increasingly leading the
way for the industry both globally and in Norway. The petroleum industry is increasingly being
criticised for its role as one of the main contributors to climate change and ocean acidification
(Grasso 2019). Many commentators have highlighted the contradiction at the heart of the
Norwegian approach to climate change. On the one hand, a political consensus that Norway
should take a leading role in climate policy; on the other hand, a policy of continuing petroleum
production and maintaining a strong petroleum industry (Lahn 2019). Understanding ‘the
Norwegian paradox’ may also be relevant beyond its specific national context. The goal of the
Paris Agreement to keep global temperature rise below 2°C and pursue efforts to limit it to
1.5°C, challenges all fossil fuel-producing nations with new questions regarding their future
contributions to the global energy mix (Lahn 2019). Climate targets may result in changes in
both energy production and consumption and in the transition to more renewable energy sources
in the global energy mix. The cost of extracting oil can be affected by climate policy, but it has
been argued that it is unlikely that it will lead to major changes in the industry. According to
NOU (2018), it is more likely that future changes in Norwegian international climate
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commitments will affect the scope and orientation of Norwegian oil and gas production. (NOU
2018).

Key findings:

e At the global level, the trajectory of international climate policy cooperation will
determine the extent to which Norway will be able to reconcile its oil and gas
production with its climate leadership ambitions. If limiting the supply side of fossil
fuels were to become a more established part of the international response to climate
change, whether through regulations or norms, this will likely increase the pressure
on Norway oil policy.

e For the petroleum industry, climate impact can be directly a question about future
market prices. In recent years, strong oil demand has been observed. It is the speed of
the transition to other energy sources that constitutes the main threat to the petroleum
industry. The development of technology will be crucial to the pace of transition.
In the recent years there has been a strong oil demand, resulting in a slower pace in the
development of new technology. This may be altered in the future.

3.5.1 Observed changes

Oil and gas companies are already grappling with the risks posed by climate change, from the
physical threats of extreme weather to the challenge of switching to cleaner energy. The
industry also has a new item appearing on their agenda: liability lawsuits. For example, the US
industry is being met by an increasing number of legal cases from cities and counties that are
seeking compensation for climate change related damages
(https://www.ft.com/content/d5fbeae4-869c-11e9-97ea-05ac2431f453). In Norway, the oil and
gas industry are being challenged by the “Arctic climate lawsuit”, the first Norwegian climate
court case in history. Norwegian authorities have opened for oil exploration in the Arctic, and
environmental organizations have taken the Norwegian state to court to challenge this policy.
The climate lawsuit deals with ten new oil exploration permits in the Barents Sea, allocated by
the government in 2016. Norwegian environmental organizations have sued the state for
violation of the Constitution's environmental clause, section 112, which is to safeguard the right
of present and future generations to a liveable climate (http://www.xn--klimasksml-
95a8t.no/om-saken/).

Figure 10. Platform in sunset. Photo credit: Mark Berry
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3.5.2 Expected future consequences

The world’s largest oil and gas companies must cut combined production by 35 % by 2040 if
nations are to meet the collective ambitions of the Paris Agreement and limit global warming
to below 2°C. Therefore, demand for oil and gas may be reduced accordingly.

Climate-related issues reinforce several risk factors facing by the petroleum sector (Norsk
klimastiftelse 2018). Potential changes in the longer term will depend, among other things, on
international developments in climate policy as well as oil and gas markets. Existing political
tensions around the question of how Norway should reconcile its petroleum industry with its
climate ambitions may however provide some insights into future Norwegian petroleum and
climate policy (Lahn 2019).

Physical risks

Acute: Although extreme weather might be more common and occurring more frequently, there
is little evidence that this will result in any significant change in the Norwegian petroleum
industry's existing operations (Norsk klimastiftelse 2018).

Chronic: Climate change has played an important role in expanding access to that untapped
storage of oil and natural gas in the Arctic (Eurasia and Woodrow2014). Further, decline in
Arctic sea ice is projected to continue in the near-term (2031-2050) due to rising surface air
temperature (IPCC 2019) and this could potentially open even more areas to oil and gas
exploration. Norway faces production decline at its developed fields in the North Sea and
Norwegian sea. Therefore, there has been an increased focus on the unexplored resources in the
Barents Sea over the later years. This is partly due to the 2010 Russia-Norway border
agreement, which has allowed Norway to open the southern part of the formerly disputed area.
Over the past few years, Norway has attracted more than $9 billion in investments in far
northern fields (Eurasia and Woodrow 2014). Currently, most of the Norwegian Continental
Shelf is open for licensing, with the exception of the areas off Lofoten, Vesteralen and Senja in
Northern Norway, the Northern part of the Barents Sea, the area surrounding the Svalbard
archipelago as well as some other coastal areas that are defined as ecologically sensitive areas
(Lahn 2019). The 2016 licensing rounds with ten new oil exploration permits in the Barents Sea
was controversial (Lahn 2019). This led to the mobilization from environmental organizations,
the fisheries industry and other stakeholders. The opposition towards petroleum activities
outside Lofoten, Vesteralen and Senja islands in Northern Norway has been particularly strong
(Kielland 2017, Sather 2017). These protests are explicitly tied to climate change but also to
worries for the marine environment in case of oil spills. They call for a “managed decline” of
the oil and gas industry as a whole in Norway (Lahn 2019). The most high-profile recent
initiative to protest further oil and gas licensing in Norway is the lawsuit brought by the
environmental NGOs.

Also, some governmental agencies in Norway has pointed to the potential climate consequences
of future licensing and the need to reconsider licensing in light of climate policy targets (Lahn
2019). In the 2016 and for the first time in Norwegian petroleum history, the Norwegian
Environment Agency argued for caution in further licensing for climate policy reasons. In doing
so they highlighted the economic risk of expanding oil production in the Barents Sea in a
situation where fossil fuel reserves will have to be left undeveloped and thus may become
“stranded assets”. In the 2019 licencing round, Norwegian Environment Agency were joined
by the Norwegian Institute of Marine Research (IMR), who pointed to the findings of the 2018
IPCC report statement that oil and gas consumption will have to be significantly reduced in
order to keep global temperature rise below 1.5°C (Lahn 2019). These institutes have not found
backing in the Norwegian government and Norwegian licensing policy therefore remains
unchanged.

Akvaplan-niva AS, 9296 Tromsg, Norway
36 www.akvaplan.niva.no



The transition Risks
Requlatory risks/Technology Risks

For the Norwegian oil and gas industry, there seems to be considerable uncertainties associated
with the development of policies and regulations at national, European and global levels. If
climate change consideration is tightened against the oil sector, activity in the Norwegian
petroleum industry will be adversely affected (Norsk klimastiftelse 2018). There is uncertainty
in how the Norwegian petroleum policy will develop in the coming years. There are also
uncertainties regarding the development of European and global climate policy (Norsk
klimastiftelse 2018).

At the national level there are uncertainties regarding new exploration licenses, and the
development in ecological sensitive areas such as Lofoten. In addition, the petroleum industry
may be facing new regulations such as the government’s direct involvement in ownership in
licences, changes in the tax regime and increased costs in CO2 emissions (Norsk klimastiftelse
2018). As the oil industry accounts for around ¥z of Norwegian greenhouse gas emissions (Lahn
2019), higher production-related emissions costs can have a significant influence on the
industry. High emission projects may therefore not be realised if the costs for emission is too
high for the industry (Lahn 2019).

EU climate policy will directly impact Norwegian climate regulation due to increasing policy
integration in this sector. It will also possibly have a major indirect impact on the Norwegian
oil and gas industry by determining European demand for natural gas in the decades to come
(Lahn 2019). Furthermore, proposals of total ban on drilling in the Arctic have been proposed
by the European parliament (https://thebarentsobserver.com/en/industry-and-
energy/2017/03/european-parliament-calls-for-ban-oil-arctic).

At the global level, the trajectory of international climate policy cooperation will determine the
extent to which Norway will be able to reconcile its oil and gas production parallel with its
climate leadership ambitions. If limiting the supply side of fossil fuels were to become a more
established part of the international response to climate change, through regulations or norms (
Newell and Simms 2019), this will likely increase the pressure on Norway to further revise its
present approach (Lahn 2019).

The oil and gas industry face increasing competition from low- and zero-emission energy
resources. It is the speed of the transition to other energy sources that constitutes the main threat
to the petroleum industry. The development of battery technology, and the response of the
automotive industry, will be crucial to the pace of transition. For heavier vehicles and ships,
hydrogen can also be an option (Norsk klimastiftelse 2018). In the recent years there has been
a strong oil demand, resulting in a slower pace in the development of new technology (Norsk
klimastiftelse 2018).

Market risks/reputation risks:

The petroleum industry is facing a substantial market risk as a lower demand due to climate
policies and a possible future transition to new energy solutions will result in lower oil prices
and therefore decreased profitability for the industry. This may change the focus towards
resources or reserves that has the lowest development costs. These will be the “safest” to
explore if oil demand and prices decline (Norsk klimastiftelse 2018). Compared to the global
oil market the market for gas is more regional and dependent on the European market and
European policies. In the short term there will probably be an increase in demand for gas, but
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with EU long-term climate emission reduction goals, demand of gas may also be reduced in the
European market (Norsk klimastiftelse 2018)

The petroleum industry is increasingly being criticised for its role as one of the main
contributors to climate change and ocean acidification. As a consequence, there is an increasing
number of lawsuits that is raised against the industry or the policy of oil producing countries,
including Norway with the “Arctic climate lawsuit”. The oil industry in Norway is dependent
on broad political will and therefore societal acceptance to be able to run its business. The fact
that constraints on future greenhouse gas emissions may limit the demand for oil and gas in the
coming decades has been accepted as a potential economic risk in Norway. At the same time,
the realization that stricter climate targets mean less demand for oil and gas can also be
signalling new questions about the future of Norway’s main industry — thus, potentially,
pointing towards bigger policy changes ahead (Lahn 2019). However, the most important
influence on how the debate about the future of Norwegian oil and gas proceeds are likely to
be policy developments on the international arena (Lahn 2019).
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4 IMPACT OF CLIMATE CHANGE AND OCEAN
ACIDIFICATON ON NEW OCEAN-BASED
INDUSTRIES

f;'.a/'{l

Figure 11. Fish catch. Photo credit: Mark Berry

4.1 Methodology

New ocean-based industries are emerging industries with future potential value in Norway.
These were selected on the base of four Norwegian reports: “Forward-looking food production
in coast and fjord” (Torrissen et al. 2018), “Value created from productive oceans in 2050”
(Olafsen et al. 2012), “Sektoranalyse for de marine nzringene i Nord-Norge” (Winter et al.
2013), and “Verdiskapning i naeringene” (Verdiskapning i naeringene 2019).

4.2 Background

There ocean is expected to play an increasing role in future production of sustainable seafood
(see section 3.3 on sustainable low carbon ocean-based proteins) and energy production. There
is also a need for new ocean-based measures (chapter 5) to reduce greenhouse gas emissions.
Consequently, the global community must cooperate to ensure the right of future generations
to a healthy and productive sea (Torrissen et al. 2018). One example is the sustainable
production and capture of low-trophic level seafood as the way to increase global food
production (SAM 2017, Torrissen et al. 2018, Hoegh-Guldberg et al. 2019).

For fisheries, the development is expected to be relatively stable, but the emergence of new
business activities such as harvesting at lower trophic levels, harvesting of snow crabs, and a
better utilization of leftover produce from the seafood industry, could provide greater value
creation for Norway (Olafsen et al. 2012).
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For this section, we focussed primarily on bio-based industries such as: (i) Marine Ingredient
Industry that includes utilization of marine raw material for the production of ingredients (e.g.
omega-3, marine biochemical); (if) Unborn marine industry, including harvest at lower trophic
level, upwelling, low-trophic production of marine species, etc.; (iii) Exploitation of wild
caught and cultivated of seaweed and kelp. Other industries include wind farming and seabed
mining industry.

Key findings:

e Harvesting and increased production of new species could significantly
increase value creation and valuable local employment in the future. A dietary
shift toward low carbon marine sources such as sustainably harvested fish,
seaweed, and kelp can be a replacement for emissions intensive land-based
sources of protein (chapter 5).

e When harvesting new species, rapid climate change with associated nonlinear
adjustments (distribution and abundance) on keystone species, poses challenges for
the management of ecosystems. Precautionary approaches should apply in order
not to reduce fishery stocks and avoid the risk of ecosystem damage.

e Climate change and ocean acidification are expected to impact many marine
species. Selection of future species for food and or biomass production should
therefore consider species' sensitivity to expected changes in the environment.

e Increased sea temperature is likely to benefit pathogens and promote their spread.
Thus, the risk of disease problems for cultured organisms may increase in the
future.

e Biodiversity is deteriorating worldwide. Ocean acidification and climate change
can lead to the local extinction of some species. This can strongly limit the
prospects for marine bioprospecting.

e Scaling up renewable marine energy have been identified as a key global ocean
action. This includes offshore floating and fixed wind installations, tidal and wave
power, etc. As this has the potential for high mitigation potential, this industry can
have significant value potential (se chapter 5).

e Seabed mining is a new industrial frontier. However, consequences for carbon
sink and impacts on biodiversity must be carefully considered and investigated.

4.3 Harvesting of new marine species

It has been suggested to harvest on different trophic levels to meet increasing global food
demand. Furthermore, there is a need for new feed ingredients for the aquaculture industry.
Species on lower trophic levels include phytoplankton, zooplankton, mesopelagic fish, sea
cucumbers, micro and macro algae, periwinkle, molluscs, polychaete, sea urchins and many
more. There is presently little harvest of these species in Norway (Almas and Ratvik 2017).

4.3.1 Wild capture
Macroalgae:
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Wild species of kelp are harvested along the Norwegian coast, with an average of 160,000 -
170,000 tonnes of kelp per year and a turnover value of approximately 1.4 billion NOK (Breimo
etal. 2018). Kelp is harvested mainly to produce alginate and brown-hued seaweed for seaweed
flour. In addition, kelp has the potential to be utilised in the production of fertilizer and biofuel
(Gundersen et al. 2017). Sensitive ecosystems such as seagrass meadows and kelp forests are
at high risks if global warming exceeds 2°C above pre-industrial temperature, combined with
other climate-related hazards (IPCC 2019). As the kelp forest recovers to some shores in
northern Norway after the intensive grazing period from sea urchins, there is an increasing
interest in expanding the harvesting area northward. This has led to concern, as the
consequences of kelp on local ecosystems are unknown. Fishermen in Norway are worried
about reduced catches as they blame kelp harvesting for the disappearance of coastal fish
species. Kelp is also a potential important player in the blue carbon budget. It contributes to the
regulation of the global climate by capturing carbon dioxide (CO2) and represents a significant
part of the carbon sequestered in marine sediments and the deep ocean (Krause-Jensen and
Duarte 2016). Furthermore, kelp forests form important habitats supporting high biodiversity.
In temperate and boreal regions, such as Norway, the conservation, restoration and sustainable
management of kelp forests and seagrass meadows can contribute to climate change mitigation
efforts. The high productivity and biodiversity of kelp forests and seagrass meadows make them
important providers of various ecosystem services, of which some are similar to those for
tropical blue forests (https://www.hi.no/hi/nyheter/2018/juni/blaaskoq). The wild harvesting of
kelp has sustainability implications for the species and associated ecosystem. Over-exploitation
could lead to negative impacts on marine biodiversity, loss of nursery grounds for juvenile
invertebrates and fish, reduced contributions to the marine carbon cycle, disrupted transfer of
organic materials between ecosystems and reduced coastal protection from erosion and flooding
(Morrison 2018). Conservation of kelp might be very important in future and may come in
conflict with kelp harvesting.

Zooplankton and mesopelagic fish:

The potential for large-scale harvesting of zooplankton
and mesopelagic species is unknown (Verdiskapning i
neringene 2019). However, lower trophic level
resources constitute enormous biomasses. For example,
the production of the zooplankton species Calanus in
the Norwegian Sea is estimated to be 190-290 million
tonnes (Broms et al. 2016). Norway started sustainable
harvest of Calanus with a quota of 254,000 tonnes for
2019 and 300,000 tonnes of Antarctic krill are fished
each year by Norway accounting for about half of
this fiShery. Most of the krill and Calanus catch goes Figure 12. Krill larvae. Photo credit: NORCE
to flour production and functional ingredients,

which in turn is used for fish feed and fish farming. As the aquaculture industry needs new
sources of omega-3 rich feed ingredients, the theoretical potential and value creation for this
activity is high.

Global warming and ocean acidification as well as restoration of seal and whale population
may reduce the potential for krill and Calanus exploitation
(https://www.dagbladet.no/mat/skulle-bli-rokkes-nye-gull-sa-bestemte-den-seg-for-a-
reise/70697544). According to a new study from Atkinson et al. (2019), krill has moved 440
kilometres closer to the South Pole over the past 90 years. Calanus has also changed its
distribution in Norwegian waters. For example, there has been a significant reduction in the
amount of Calanus finmarchicus in the Norwegian Sea (Arneberg et al. 2018).
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Both krill and Calanus are key species in the Norwegian Sea, for example as a major source of
food for wild fish. Calanus is an important food for krill, herring, mackerel, fish larvae and fry
but also endangered seabird species. Increased research on the link between fished zooplankton
populations, harvesting, ocean acidification and climate change is required to ensure that fishery
is done in a sustainable way. Fishing bans and precautionary approaches should apply in order
not to reduce the output of traditional fisheries but to avoid the risk of ecosystem damage (SAM
2017). Norway must also apply the same standards when harvesting in Antarctica as in its own
waters (https://framsenteret.no/arkiv/mer-forskning-i-antarktis-5315790-146437/Norway).

Mesopelagic fishes

Mesopelagic species is a collective term for species that live in the water column between 200-
and 1000-meters depth. Norwegian vessels only harvested mesopelagic species to a limited
extend. However, there is an increased interest from the industry to increase the harvesting
(Verdiskapning i neeringene 2019). Mesopelagic fish feeding on zooplankton and not currently
exploited have a large potential to contribute to the increasing seafood demand (see (SAPEA
2017). Mesopelagic fish species can be used to produce fish feed. However, fundamental
knowledge gaps and technical limitations raise doubts about the short-term techno-economic
viability. The most recent estimate of an exceptionally high mesopelagic fish biomass remains
uncertain due to inadequate sampling methodology and other factors. Extensive utilisation of
this resource would require improved biological knowledge of these stocks, and how these are
influenced by climate change and ocean acidification.

Snow crab

Until recently, snow crab could only be found in Alaskan, Pacific Russian and Atlantic
Canadian waters. Globalisation and growing human access to Arctic waters have expanded the
species distribution. Increased marine traffic allowed the introduction of this species into the
Barents Sea. Climate change is making it easier to fish the crabs as ice-free periods in the
Barents Sea past longer. Norwegian vessels started catching snow crab in 2012, and the increase
in catches has been rapid. The Norwegian and Russian authorities agreed to manage this
resource with the aim of achieving the highest possible long-term and sustainable economic
return on the stock (Verdiskapning i naeringene 2019). Based on the average price in 2018, the
snow crab quota for 2019 has a first-hand value of NOK 234 million.

In Norway, snow crab may have negative effects on native species and fishery resources.
Among other things, cage fishing for snow crabs may conflict with other fishing gear,
specifically shrimp trawling. The snow crabs advance into international waters also created a
diplomatic dispute (dsthagen and Raspotnik 2019). In 2015, Norway and Russia agreed on a
new set of regulations. They used a loophole in international laws to categorise the crab as
seabed resource, basically equivalent to a mineral or oil, instead of a fishing resource.
Reclassifying the crab allow Russians and Norwegians to deny vessels from other countries to
fish as continental shelves define mineral resource boundaries, while distances to shore define
fisheries boundaries. An international treaty from 1920 allows anyone to engage in commercial
or scientific opportunities on Svalbard. There is now ongoing dispute between Norway and EU
states regarding international permits to fish snow crab in Svalbard as the Norwegian
continental shelf also extends there (http://polarconnection.org/snow-crab-climate-change/)

This example shows the potential of international conflicts of stocks redistribution. As climate
change and ocean acidification contributes to the redistribution of species in and out of legal
jurisdictions, it can be expected than these disputes will be more frequent. A new way of
negotiating shared resources amongst interested local and global parties is required.
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4.3.2 Aquaculture in fjords and along the coast

With one of the longest coastlines in the world, Norway has a lot of potential to expand seafood
production and play an important role in food production for the world's growing population.

Alga

Marine algae include micro- and macro-algae that form the basis of the marine food chain.
They harvest energy from sunlight through photosynthesis, absorb nutrients and fix carbon from
dissolved CO2 in seawater (Breimo et al. 2018). The growth potential of algae-based industry
in Norway is large. The report "Value creation based on productive seas in 2050" from Wither
et al. (2018) forecasts algae production to an economic value of NOK 8 billion by 2030 and
NOK 40 billion by 2050.

Microalgae are single-celled organisms that grow in the epipelagic zone (0-200 m) of the sea.
Large-scale industrial cultivation of marine microalgae is an environmentally favourable
approach for meeting the climate goals. It can produce liquid hydrocarbon fuels required by the
global transportation sector and supply proteins to feed a global population (Greene et al. 2016).
In Norway, it can play an important role as a feedstock for aquaculture and a marine source of
both protein and oil (omega 3 fatty acids). Norwegian salmon have already been produced on
microalgae diet (BIOMAR 2017). Two Norwegian projects seek to identify the best types of
algae suitable for industrial production, optimization of productivity and uncovering the
profitability of production on land (http://www.co2bio.no/nasjonal-algepilot-mongstad/,
https://goo.gl/ubnrUz).

Seaweeds and kelp have been utilized and harvested commercially in Norway for decades.
However, the first commercial license for kelp cultivation in Norway came only in 2014. With
cold and nutritious water, Norwegian waters are ideal for kelp cultivation, and the industry is
expected to grow substantially (Hancke et al. 2018). A sustainable cultivation of kelp requires
an understanding of specific impacts and potential consequences of tare cultivation (Hancke et
al. 2018). In recent research project such as KELPPRO investigate the positive and negative
effects. Hancke et al. (2018) state that future kelp cultivation industry requires an adaptive
management strategy, and it is essential that the industry develops in close connectivity with
research and environmental management efforts to succeed. In a modelling study by Broch et
al. (2019), they demonstrate that there is higher production potential offshore than in inshore
regions for kelp, which is mainly due to the limitations in nutrient availability caused by
stratification more often found along the coast. Some suitable locations areas for kelp
cultivation have also been identified in areas with high vertical mixing close to the shore (Broch
etal. 2019). Cultivation of macroalgae is relatively area demanding, and there are many sectors
and interests competing for space in coastal regions (Duarte et al. 2017). Cultivation of Kelp
has also been suggested as an ocean measure to reduce greenhouse gas emissions (Chapter 5).

Sea ranching

Sea ranching is defined as the harvesting of marine production as a result of the release of
organisms or physical devices that contribute to increased production and easier access to the
resource in parts of the production cycle. This differs from farming or cultivation where the
organisms are kept in enclosure throughout the production cycle or on a substrate for the
purpose of controlling access and optimizing production conditions (Torrissen et al. 2018).
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Sea ranching of low trophic organisms can be
significantly increased and intensified by artificial
upwelling nutritious deeper water layers in fjords.
This is a new, unique and proven solution for
increased low-trophic production with the potential
for a relatively large contribution to increased food
and biomass production in fjords. European lobster
is currently at a minimum and has little commercial
significance compared to approx. 70 years ago
when the catches made up 30-40% of the total
withdrawal in Europe. With its high market value,
there has been great interest in the breeding and
release of hatchery-produced lobster to rebuild the
stocks and strengthen the fisheries. Lobster as a
resource has an important and exclusive position in
the coastal culture and increased production could contribute to a significant value creation
along the coast (Torrissen et al. 2018).

Figure 13. Sea urchin. Photo credit: NORCE

Another potential candidate is sea urchin. The roe from the green sea urchin has a high market
value and its use as feed is under development and production the international market has
started (Torrissen et al. 2018).

Organic wastes from fish farming facilities can locally result in increased occurrence, biomass
and production of benthic animals. Production of polychaete under aquaculture plants can be
50 times higher than natural production. Harvesting this production for biomass purposes can
also reduce the impact of fish farming waste on the benthic environment. Similarly, culturing
red sea cucumber under fish farming facilities recycles aquaculture waste and is a value
resources on the Asian market (Torrissen et al. 2018).

Controlled supply of nutrients from deeper to upper layers in fjords has been shown to provide
a basis for better production conditions for phytoplankton and thus culture-related harvesting
through the cultivation of, for example, blue mussels and vase tunicate. Mussels grown in the
deep-water influx area are shown to yield 24-95% higher yields of soft parts than mussels grown
outside. Sea ranching through controlled influx of nutrient-rich deeper layers of fjords is a
unique utilization of low-trophic production that can make a major contribution to realizing
some of the largest production for food production along the coast (Torrissen et al. 2018).

The prospect for development for all these species in a long-time perspective (10+years) is
promising and opens for other species and methods for cultivation. However, uncertainty as to
whether ocean acidification and climate change will impact sea ranching should be considered.
Increased sea temperature is likely to improve the conditions for pathogens and promote the
spread of pathogens. The risk of diseases for cultured organisms will likely increase. Selection
of future species for food and biomass production should include an assessment of the species'
tolerance to expected climate and ocean acidification changes in the environment (Torrissen et
al. 2018).

Marine fish Farming

Today, Norway has a large production of salmon and rainbow trout. Production of halibut is
increasing while cod and spotted wolffish are farmed in some parts of Northern Norway. There
is also a small but stable turbot production in Vest-Agder (Torrissen et al. 2018). It is projected
that salmon will still dominate the aquaculture in Norway by 2050. However, Torrissen et al.
(2018) suggest that cod fish (cod, saithe and haddock) may be the most appropriate species for
large-scale production in the sea. They are all native species in Norway and have different
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feeding requirements. Cod already has a well-established breeding program. Flat fish species
are considered as good new candidates to be farmed as products aimed for a northern European
market. Norway have good knowledge and long experience in the production of flatfish, and
this competence can be transferred into production of new species.

There is also an interesting potential for the farming of key species for the treatment of the lice
problems in salmon farming, such as lump sucker and Ballan wrasse. Development of methods
for these species is driven by salmon breeders.

4.4 Marine bioprospecting

Marine bioprospecting is a discipline under marine biotechnology that seeks knowledge of
genes, biomolecules and properties of marine organisms that may have potential for commercial
exploitation (Olafsen et al. 2012). These resources or compounds can be useful in many fields,
including pharmaceuticals, agriculture, bioremediation, and nanotechnology. In Europe, marine
biotechnology revenues are expected to reach one billion Euro by 2020, which in turn could
result in 10,000 new jobs (ECORYS 2014).

Northern marine areas are characterized by many species that specialize in extreme and shifting
conditions and are therefore of particular interest (Olafsen et al. 2012). For example, Arctic
fishes have evolved an array of unique physiological and biochemical adaptations to sustain
sub-zero temperatures (DeVries and Cheng 2005). Many compounds (e.g. biological
antifreezes, lipids, enzymes) hold a great potential for marine bioprospecting and
biotechnology. Norway's marine areas are large, and most of the biodiversity here is still
unexplored. New technology and development of next generation sampling based on self-
propelled underwater robots, provides access to organisms retrieved from new marine habitats.
At the same time, the rapid development of genetic technology contributes to making the
potential for value creation based on marine biological resources to appear more exciting than
ever (Verdiskaping i neringene 2019). As biodiversity is deteriorating worldwide, goals for
conserving marine diversity cannot be met under current emissions trajectories and associated
climate change and ocean acidification (IPBES 2019). It is anticipated that this could possible
result in the local extinction of some species, some with biotechnological potential
(https://climefish.eu/c4f-barents-sea).

4.5 Residual raw materials

The marine ingredients industry is a collective term for companies that use residual raw
materials from the fisheries and aquaculture industries to produce ingredients used in food and
drink, dietary supplements and cosmetics (Nofima 2019). Parts of the seafood industry have
experienced periods of low profitability, which has increased their interest in using more of the
fish and thereby increasing the value of the residual raw materials. Meanwhile, growing
environmental awareness has made it less acceptable to waste part of the fish
(https://www.kbnn.no/en/article/waste-not-want-not-an-analysis-of-the-marine-ingredients-

industry-in-northern-norway). In Norway, a directive promotes the conservation all waste
marine raw materials. An efficient handling and logistical systems have been established even
for the smallest vessels in the fisheries industry. As a consequence, land-based residual raw
material handling industry will likely be established in Norway. Heads, livers, roe, milt and
stomachs are directly used in consumer products or to produce ingredients with well-established
markets. Currently, 170,000 tonnes of waste raw materials are dumped by the coastal and sea-
going fleets. At an average price of NOK 5 per kilo, this is the equivalent of about 1 billion
NOK. However, increases in economic value will be linked to the markets’ willingness to
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purchase marine proteins and oils but Norway has the potential to assume a leading position in
the global marine ingredients sector by 2050.

4.6 Offshore wind

Scaling up renewable marine energy (offshore floating and fixed wind installations, tidal and
wave power, etc.) have been identified as one of the global ocean actions as it has the highest
potential to mitigate carbon dioxide emissions (see chapter 5). Technology development, cost
reductions and major international development have contributed to offshore wind power being
the fastest growing form of renewable energy production in Europe (NORWEA 2017),
including in seas bordering the Norwegian seas. In Norway, offshore wind developments have
been slow. However, the Norwegian state-owned company Equinor just landed the world’s
biggest offshore wind contract and is building three wind farms off Britain. Furthermore,
Equinor is investing in the Hywind Tampen development, deploying floating offshore wind
farms to power its oil and gas production platforms in Norway. The project would consist of 11
wind turbines based on Equinor’s floating offshore wind concept. It would be enough to meet
about 35% of the annual power demand of the five platforms. However, there are concerns
about the possible environmental problems caused by wind farms. For example, Brostrom
(2007) found that generated upwelling by wind farms may be sufficiently enough that the local
ecosystem may be influenced. Furthermore, Gattuso et al. (2018) suggest that renewable energy
may lead to some local collateral damages on ecosystem services when these systems are
deployed in coastal ecosystems, however this study suggest that these impacts may be largely
moderated through careful planning and consultation.

4.7 Seabed minerals

The world has a growing need for minerals and metals. The green shift and renewable energy
production technologies are also contributing to this demand (Breimo et al. 2018). When it
comes to seabed minerals, three main types are considered to be of particular economic interest:
massive sulphide ores, manganese nodules and manganese crusts (SPC 2013). For Norway,
multi-metallic sulphides are present and possible to recover on the Norwegian continental shelf,
but manganese crusts have also been found (Breimo et al. 2018). Extraction of seabed minerals
have not started in Norway. However, it is estimated that the Norwegian continental shelf can
contain minerals and metals for up to 1000 billion NOK (NTNU 2013). Wither et al. 2018, also
suggest environmentally sound mineral resource extraction in the future could support the green
transition.

Extraction of new minerals and metals, even at several thousand meters of sea depth, will have
negative impact on marine ecosystems (Miller et al. 2017). The prospect of deep-sea mining
has been met with warnings from scientists and prominent conservationists who have
highlighted the risk of irreversible damage to ecosystems, including those that are poorly
understand. They argue that mining with no net loss of biodiversity in the deep sea is an
unattainable goal (Van Dover et al. 2017) and that opening a new industrial frontier in the
largest ecosystem on Earth and undermining an important carbon sink carries significant
environmental risks. Indeed, the mining activity itself could add to greenhouse gas
concentrations in the atmosphere by disturbing carbon stores (Sweetman et al. 2018). In the
light of the urgent threat from loss of biodiversity because of human activities, the Norwegian
goals to conserve and sustainably use nature may be problematic in relation to deep sea mining.
Miller et al. (2017) pointed out that improving consumer access to recycling and streamlining
manufacturing processes can be a more efficient and economically viable method of sourcing
metals than mining virgin ore. This could greatly reduce or even negate the need for exploitation
of seabed mineral resources.
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5 OCEAN SOLUTIONS TO ADRESS CLIMATE
CHANGE AND OCEAN ACIDIFICATION -
OPPORTUNITIES FOR ACTION AND TRADEOFFS

Figure 14. The ocean. Photo credit: Mark Berry.

The ocean is one key to achieve climate and societal goals. Ocean-based solutions and actions
have different potential to reduce carbon dioxide levels and impacts of climate change and
ocean acidification on marine ecosystems and associated services ecosystem services. Each
solution is associated with challenges trade-offs and should be considered with caution.
Moreover, ocean acidification and climate change can negatively impact their potential.

5.1 Methodology:

This section is based on four key studies/reports describing and comparing ocean solutions and
actions. These reports/studies have different approaches and levels of industry focus.

1) Gattuso et al. (2018). Ocean solutions to address climate change and its effects on marine
ecosystems. Frontiers in Marine Science, 5 (337).

2) Hoegh-Guldberg et al. (2019) The ocean as a solution for climate change: Five opportunities
for action. World Resources Institute. Report. Washington, D.C. Available at
www.oceanpanel.org/climate

3) The Global Climate Action Summit (2018). Ocean-Climate Action Agenda.
https://www.oceanclimateaction.org/wp-content/uploads/Ocean-Climate-Action-
Agenda FINAL 8.16.18-2.pdf

4) United Nations Global Compact (2019). Global Goals, Ocean Opportunities.
https://www.unglobalcompact.org/library/5711

5.2 Background

All people on earth depend directly or indirectly on the ocean (IPCC 2019). Key ocean
ecosystems, associated services and marine industries are already being impacted by climate
change and ocean acidification (IPCC 2019). Severe and irreversible impacts are projected in
the near future (Gattuso et al. 2018, IPCC 2019). Future impacts are dependent on the different
GHG emission scenarios with stronger impacts as they become more severe (Bopp et al. 2013).
Although there is an increasing political and societal focus on climate change, the current
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emission reduction pledged under the 2015 Paris agreement have not been fulfilled, and the
emission gap is larger than ever (Christiansen and Olhoff 2019). Unless mitigation ambition
and action increase in the form of new or updated nationally determined contributions (NDCs),
exceeding the 1.5°C goal can no longer be avoided, and achieving the well-below 2°C
temperature goal becomes increasingly challenging (Christiansen and Olhoff 2019).

Strong policies and implementation of solution is critical to solve the climate issue. However,
solving the global climate change crisis relies also on changing human behaviour (Williamson
et al. 2018). Consumer choices regarding food, mobility, and housing, and more generally
consumption patterns affect GHG emissions (Faber et al. 2012). Nearly two-thirds of global
emissions are linked to both direct and indirect forms of human consumption (Williamson et
al. 2018). Adoption of sustainable behaviours is a key component of solving the climate change
challenge, and individual behaviour changes when taken up by billions of people can therefore
make a decisive difference (Williamson et al. 2018).

Various social actors, both in politics and management, industry and finance, academia and
civil society, must emphasize the climate risk when making decisions. (Norsk klimastiftelse
2018). Key enablers for implementing effective responses to climate-related changes in the
ocean are the governing authorities (IPCC 2019). Governments have the power to enact
legislation which could regulate industries and society to remain within sustainable emission
limits and adhere to environmental protection standards. Furthermore business and industry
has an impact through production processes and at the same time has the capability to facilitat
e climate change mitigation and adaptation through implementing clean technologies
(https://unfccc.int/files/na/application/pdf/module_1_7.business_response to_climate change

-_bcsdz.pdf).

To date policy responses to climate change have largely focused on land-based actions, while
relatively little attention has been paid to ocean-based potential (Rau et al. 2011, Billé et al.
2013, Field and March 2017, Gattuso et al. 2018). However, the ocean also provides major
opportunities for action to reduce climate change globally and reduce its impacts on vital
ecosystems and ecosystem services (Gattuso et al. 2018, Global climate action summit 2018,
Hoegh-Guldberg et al. 2019, UN Global Compact 2019). The ocean already absorbs 93%
percent of the heat trapped by the rising anthropogenic CO2 (Hoegh-Guldberg et al. 2019) and

Key findings:

e There is a battery of existing and potential ocean-based solutions that can contribute
to mitigate CO2 emissions and limit impacts of ocean acidification and climate change
on marine species, ecosystems and their associated services.

e It is key to recognize uncertainties and limitations of currently available ocean-
based solution. Technology development and research on potential impacts are
urgently needed but some actions related to mitigation (renewable energy, decarbonize
industry) and adaptation (protection and restoration of key ecosystems) should be
urgently developed.

o Greatest benefit is derived by combining local and global solutions, some of which
could be scaled up immediately

e All measures have trade-offs and multiple criteria must be used for comprehensive
assessment off their potential

e Political consistency must be achieved through effective cross-scale governance
mechanisms
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removes about 25 to 30 % of the anthropogenic CO> (Le Quéré et al. 2018) that would otherwise
remain in the atmosphere and increase global warming.

5.3 Ocean solutions

Gattuso et al. (2018) present 13 types of global and local scale measures to reduce the scale and
impacts of climate change. These were divided into four types of actions: (1) reduction of
atmospheric greenhouse gas concentrations, (2), solar radiation management, (3) protection of
biota and ecosystems and (4) manipulation of biological ecological adaption. The first two
actions were considered “global” and aim at reducing atmospheric CO2 and its impacts on
climate. Solar radiation management is not an ocean-based solution and aims at counteracting
warming through increasing albedo in the atmosphere or at the earth’s surface, thereby
increasing the proportion of solar radiation that is reflected to space. The two other actions were
referred as “local” and aim to reduce impacts of site-specific combination of stressors (global
and local) and/or reducing the sensitivity of organisms and ecosystems to these drivers.
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Figure 15: Potential solutions. Four main groups are considered: addressing the causes of climate change (i.e.,
reducing anthropogenic greenhouse gas emissions or increasing the long-term removal of greenhouse gases,
primarily COy), solar radiation management, protection of biota and ecosystems (habitats, species, resources, etc.),
and manipulation of biological and ecological adaptation (Gattuso et al. 2018).

Four “global” ocean-based solutions can contribute to a global decrease in CO: into the
atmosphere and into the ocean. The first two options (development of alternative sources of
energy and decarbonisation of the industry) aim at decreasing emissions while the next two
(COz2 captures by marine ecosystems and alkalinisation) aim at reducing CO> concentration into
the atmosphere and the ocean.
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1. The ocean can contribute to a decrease in CO. emissions from fossil fuels by offering
alternative sources of energy. Ocean based renewable energy resources can offer alternatives
to the use of fossil fuels. Marine-based renewable energy has an enormous energy potential as
tides, waves, ocean currents and thermal stratification is estimated to well exceeding future
human energy needs (Gattuso et al. 2018, United Nations Global Compact 2019). Hoegh-
Guldberg et al. (2019) emphasize that it is critical to reduce barriers to scale up offshore wind
(fixed and floating turbines) and invest in new, innovative ocean-based energy sources such as
floating solar photovoltaics, wave power, and tidal power. These proposed actions could
contribute to 5.4% of the emission reduction required by 2050 to limit warming to 2°C.

2. The Global Climate Action Summit (2018) and the United Nations Global Compact reports
(2019) highlight the importance to decarbonise the industry. For the ocean-based transport,
this could be achieved by the implementation of available technologies to increase energy
efficiency (e.g. improved hull design) and support the development of low-carbon fuels as part
of a broader decarbonisation of ocean industries and energy supply chains, including port
facilities. This could start with decarbonising the domestic fleet, such as coastal ferries. These
actions could contribute to 1.8% of the emission reduction required by 2050 to limit warming
to 2°C (Hoegh-Gulberg et al. 2019). Such changes could also be implemented in fisheries and
aquaculture related industries. A further reduction of the emissions by fisheries and aquaculture
operations can be done by optimising wild catch and shifting to low carbon feed options, shift
diets toward low carbon marine sources such as sustainably harvested fish, seaweed, and kelp
as a replacement for emissions intensive land-based sources of protein. These actions could
contribute to 1.2% of the emission reduction required by 2050 to limit warming to 2°C (Hoegh-
Gulberg et al. 2019).

3. Part of the COz present into the atmosphere can be captured by marine ecosystems. Coastal
wetlands such as tidal marches, mangroves and seagrasses are powerful “blue carbon” sinks
that sequester up to 5 times more carbon per area that terrestrial forests. The restoration and
conservation of coastal vegetation seeks to enhance their carbon sink capacity and avoid
emissions from their existing large carbon stocks if degraded or destroyed. This measure does
not only have benefits at the global scale (mitigation). Local implementation provides local
mitigation (e.g. buffering of local variability) and adaption benefits (e.g. increase ecosystem
health) as well as other co benefits (Gattuso et al. 2018). The report from the Global Climate
Action Summit (2018) proposes an increase by 20% the global area of coastal wetlands critical
to global carbon sequestration and storage (mangroves, tidal marshes, and seagrasses) as
compared to 2018. These efforts can be complemented by the expansion of farmed seaweed
(Hoegh-Gulberg et al. 2019). The potential of the ocean to capture CO- could also be artificially
increased through fertilization. This involves the artificial increase in the ocean primary
production and, hence carbon uptake by the open ocean. This can be achieved primarily by
adding soluble iron to surface waters where it is currently lacking (Gattuso et al. 2018). These
proposed actions could contribute to 1.4% of the emission reduction required by 2050 to limit
warming to 2°C (Hoegh-Gulberg et al. 2019).

It is also critical to ensure long-term storage of carbon in the seabed. This can be compromised
as a consequence of ocean acidification and climate change but also by emerging industrial
activities (e.g. deep-sea mining). Hybrid methods are land-ocean hybrid methods, for example,
by including the use of the ocean and its sediments to store biomass, CO- or alkaline substances
derived from terrestrial sources. For example, crop residue storage on the seafloor, marine
storage of CO; from land-based bioenergy, or from direct air capture of CO2 and conversion of
such COz to alkaline forms for ocean storage. Hybrid methods also include techniques involving
marine-to-land transfers, such as using marine biomass to fuel biomass energy with carbon
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capture and storage (BECCS) on land or using such biomass to form biochar as a soil
amendment (Gattuso et al. 2018).

4. Alkalinisation describes the addition of a variety of alkaline substances into seawater to
reduce CO> concentration by increasing the concentration of carbonate or hydroxide ions in
surface waters. This would increase the oceanic uptake of atmospheric CO2 and limit ocean
acidification. Alkaline substances could be land-based mineral, synthetic chemical sources or
locally available marine material (e.g. waste shells). This method would require preparation,
transportation and distribution within the marine environment (Gattuso et al. 2018).

Four “local” ocean-based solutions aim at limiting negative impacts of ocean acidification and
climate change (adaptation).

5. Marine ecosystems are locally exposed to a wide range of global (e.g. ocean acidification
and warming) and local (e.g. overfishing, pollution) pressures. While each of these stressors
contribute to the overall pressure on the ecosystem, it is the unique combination of these
stressors that will determine its fate. Management of local stressors is often easier and can be
based on existing regulatory framework. For example, reducing local pollution pressures that
can directly harm ecosystems or exacerbate hypoxia and ocean acidification (Gattuso et al.
2018) can increase ecosystem resilience to climate change and ocean acidification. Similarly,
restoring hydrological regimes (the maintenance and restoration of marine hydrological
conditions, primarily in coastal waters, including both the tidal and riverine delivery of water
and sediments) can alleviate local changes in global drivers (Gattuso et al. 2018).

6. Healthy and diverse ecosystems are more resilient to climate change and ocean acidification.
This resilience is challenged by overexploitation of resources and habitats destruction. Limit
overexploitation includes ensuring the harvest and extraction of living resources are within
biologically safe limits for sustainable use by humans and to maintain ecosystem function and,
in the case of non-living resources (e.g. sand and minerals), in levels that avoid irreversible
ecological impacts and keep them resilient (Gattuso et al. 2018). The Global Climate Action
Summit report (2018) advocates that global ocean fishing and aquaculture should be sustainably
managed by 2025 to ensure food security in the face of climate change and ocean acidification.

7. Another way to ensure ecosystem health is the protection of habitats and ecosystems. This
refers to the conservation of habitats and ecosystems, primarily through marine protected areas
(MPAs). For example, increased abundance of marine species is expected to enhance
productivity of the surrounding areas which can help buffer against climate impacts and
increase resilience. The Global Climate Action Summit report (2018) sets the goal of at least
30%t of the global ocean included in effectively managed MPAs by 2030 to ensure food
security, coastal protection, and biodiversity preservation in the face of climate change and
ocean acidification.

8. There is a huge potential in exploring genetic diversity into the ocean to identify or select
individuals more resilient to ocean acidification and climate change. These can be used for
aquaculture or ecosystem restoration. Assisted evolution involves large-scale genetic
modification, captive breeding and release of organisms with enhanced stress tolerance to future
ocean acidification and climate change (Gattuso et al. 2018).

The potential of these ocean-based solutions depends on their contribution to two different
attributes: (i) the effectiveness to reduce exposure to ocean acidification and climate change,
and (ii) the sensitivity of ecosystems to changes in these drivers (Gattuso et al 2018). The first
four “global solutions” are the most effective ones to reduce exposure to the global drivers but
do not reduce sensitivity of the ecosystems. On the other hand, the four “local solutions” do not
reduce exposure but increase health and resilience of coastal ecosystems and marine
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environments and this limit the potential negative impacts of ocean acidification and climate
change. Consequently, a combination of global and local solutions has the greatest potential in
addressing future global drivers and their effects on marine ecosystems and ecosystem services.
Prioritization of ocean-based solution can also be based on local needs. For example, sensitive
marine ecosystems or services with limited potential for increased resilience and associated
services would benefit the most from the implementation of global measures. Proper
management of resources can also lead to co-benefits for climate. For example, the most
effective local scale interventions to maintain healthy conditions for fisheries and aquaculture
is to eliminate overexploitation, restoring hydrology, reducing pollution vegetation and
protection. Increasing stock abundance and productivity by effective management of fisheries
is likely to compensate for the losses from climate change and ocean acidification ( Costello et
al. 2016, Cheung et al. 2017, Gattuso et al. 2018).

5.4 Challenges and cautions using ocean solution options and
climate-related impacts that could reduce the ability to
provide ocean solutions

Ocean based actions increases hope that reaching the 1.5°C target might be possible, along with
addressing other societal challenges including economic development, food security, and
coastal community resilience (Hoegh-Guldberg et al. 2019). Hoegh-Guldberg et al. (2019)
suggest that deploying proposed actions (Ocean-based renewable energy, decarbonize ocean-
based transport, management of coastal marine ecosystems, sustainable fisheries and
aquaculture) could contribute to as much as 25% of the emission reduction required by 2050 to
limit warming to 2°C.

However, there are uncertainties and associated risks with ocean-based solution. Presently,
there is a lack of guidance for prioritising ocean-based interventions as there has been relatively
little research, development and deployment in this field (Gattuso et al. 2018). It is then critical
to determine the effectiveness of a given approach, possible spatial and temporal scales of
deployment, trade-offs, associated positive and negative climate, environmental economic, and
societal impacts, and implications for ethics, equity and governance (Russell et al. 2012, Preston
2013, Burns et al. 2016, Williamson and Bodle 2016, Gattuso et al. 2018). For example, the
deployment of wind farms in coastal ecosystems can create collateral damages on some
ecosystems. However, these impacts may be largely moderated through careful planning and
consultation (Pelc and Fujita 2002, Gattuso et al. 2018). Decisions favouring any measure must
therefore consider multiple criteria including effectiveness, feasibility, co-benefits,
governmentality and cost effectiveness rather than only climate related effectiveness (Gattuso
et al. 2018). For example, alkalinisation have high mitigation potential, but low technological
readiness and governmentality.

Global measures are more effective than local ones in addressing the climate and ocean
acidification problem, but they are in general more difficult to implement due to challenges in
global governance. In contrast local measures have higher governance readiness, but they only
offer local opportunities for mitigation.

The scale of development for most ocean solutions remains far below what would be necessary
to effetely address climate change and drivers and impacts (Gattuso et al. 2018). Moreover,
many measures are still too uncertain to be recommended (e.g. alkalisation, assisted evolution)
until more research is conducted (Gattuso et al. 2018). However, it is urgent to develop the
necessary knowledge to sustainably and safely implement ocean-based solutions. As ocean
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acidification and climate change progress, related impacts on ocean ecosystems and services
will reduce ecosystems ability to provide local solutions thereby decrease the possibility for
action (Albright et al. 2016, Cheung et al. 2017, Gattuso et al. 2018). For example, Cheung at
al. (2018) suggest that potential fish catches will decrease by more than 3 million metric tons
per degree Celsius of warming.

5.5 Knowledge gaps in relation to ocean solutions

A successful implementation of ocean-based solution requires a better scientific understanding
of benefits, costs, trade-offs, impacts, uncertainties and suitable governance arrangements to
inform industry, policy and decision making (Gattuso et al. 2018). There is an urgent need for
more investment at local, regional, and global scales into marine research, monitoring, and
observing systems to evaluate the biggest climate-related threats to society. For example, one
need to better understand the ocean’s role as a major carbon sink, how to upscale from physio-
chemical changes to ecosystem and associated services impacts, understand how to develop
“climate-ready” fisheries, and how to improve nature-based approaches to climate adaptation
(The Global Climate Action Summit 2018, Hoegh-Guldberg et al. 2019).

More robust ocean observation systems such as the Global Ocean Observing System and Global
Ocean Acidification Observing Network are vital to document and project climate change and
ocean acidification as well as understand complex local conditions. This is critical to evaluate
how related shifts in ocean conditions will impact regional communities around the world and
develop efficient adaptation options. Technological development is also needed (Hoegh-
Guldberg et al. 2019) as many of the proposed ocean-based solutions are still in their infancy.

Social challenges are involved in all ocean-based solutions (Gattuso et al. 2018, Mangan et al.
2016). An effective implementation of ocean-based solutions, the need to mitigate and adapt
must be first acknowledges (Dannevig and Hovelsrud 2016). That would require increased
ocean literacy and communication strategy for all stakeholders. Ocean literacy is the
‘understanding of the ocean’s influence on you and your influence on the ocean’ (Cava et al.
2005). Being ocean literate implies being able to address marine issues in order to develop
solutions and actions adapted to our culture and values (Dupont and Fauville 2017). Working
closely with educators and communicators, scientists can play a key role in moving toward a
more ocean literate society. Furthermore, it will also require insight and research into what
hinders and drives collective action (Jagers et al. 2019). A collective action problem is normally
described as a situation in which short-term self-interest conflicts with longer-term collective
interests, generating a substantial risk that the collective benefit is not produced at all. This all
to allow a balanced consideration of new ideas, possible avoiding social conflicts, and to
provide decision making and policymakers with robust information.
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6 OVERALL IMPACT ON NORWEIGIAN SOCIETY

Figure 16. Coastal community. Photo credit: Mark Berry

6.1 Methodology

As humans depend on ecosystem services, society is affected through the first- and second-
order impacts of climate change. Climate sensitive sectors such as agriculture, forests, fishery
and aquaculture, and hydro-electric power, are together with oil deposits, the basis of much of
the industrial production and employment in Norway. Many research challenges remain to fully
evaluate the effects of climate change and ocean acidification on people and society (Hovelsrud
2011). Two factors strongly limit our ability to make a proper assessment: societal adaptive
capacity and uncertainties regarding future changes and impacts on climate, impacts and society
(Hovelsrud 2011).

There is very limited knowledge on the impact of climate change on the Norwegian economy
(CICERO/ Vestlandsforskning 2018). In this section we will therefore explore some general
trends in how the impacts from climate change and ocean acidification on marine ecosystems
and ocean-based industries can influence the Norwegian society. We will also briefly discuss
how policy and society at local and global scales may influence ocean-based industries.

The impact on ocean-based industries and society are dependent on both mitigation efforts
(scale of the future emissions) and by the ability for Norwegian society to adapt to present and
future conditions.
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6.2 Background

Most scientists and policy makers already recognize that climate change and ocean acidification
is a complex social challenge and call for urgent action. Rogelj et al. (2016) describe efforts to
limit warming to no more than 2°C relative to pre-industrial levels as a societal challenge, and
they point out that ‘preparing for a global transformation of development pathways is critical’.

As with other global challenges, such as biodiversity loss, tackling climate change and ocean
acidification can be described as a wicked or persistent problem. It is characterized by a high
degree of complexity and uncertainty; it persists over long time and involves a diverse range of
actors with their respective interests and roles (Weseley et al. 2013). A wicked issue typically
does not follow the existing organizational structures. Weseley et al. (2013) and Levin et al.
(2007) emphasize that climate change and ocean acidification challenges even go beyond other
policy problems, thus calling them “super-wicked”. They point out that (1) time is running out
to implement especially effective mitigation actions, as the natural environment cannot be
negotiated with, (2) centralized governance is lacking and coordination across various scales is
required, (3) actors aiming to end the problem are also its cause, and (4) decision makers and
the public disregard even clear evidence on harmful consequences and instead focus on short
term actions. AMAP (2019) found that climate change interacts with other environmental and
health stressors together with a range of social, economic, and political factors that are
fundamentally changing the nature of the Arctic, especially for the Indigenous cultures and
economies.

Facing the severe consequences of inaction as well as the “super-wicked” nature of the
challenge, several authors (e.g. Stern 2007, IPCC 2011) have stressed the need for approaches
that enable transitions, shifting from currently dominant harmful regimes towards more
sustainable forms. These radical changes towards new systems or system configurations carried
out by multiple actors over long-time spans (usually 40-50 years) can encompass multiple
changes in societal systems (Rotmans and Loorbach 2009). Norwegian society is closely linked
to nature, and the Norwegian economy relies to a large extent on the country's natural
conditions. This makes the Norwegian economy and society highly vulnerable to effects of
climate change, but climate change can also open new opportunities (as discussed in chapters

Key findings:

There is limited knowledge on direct and indirect consequences of climate change and
ocean acidification impacts on society.

Approaches that enable transitions, shifting from currently dominant harmful regimes
towards more sustainable forms are needed. These include changes in technology,
economy, institutions, behaviour, culture, ecology and belief systems.

Impacts of ocean acidification and climate change on the ocean-based industries are
uncertain but are highly depend on emission scenarios and then mitigation strategies.

As ocean acidification and climate change impacts are already visible today, adaptation
efforts to reduce the vulnerability of society to climate change impacts is essential.
Norway is perceived to be well prepared to adapt. However, this capacity is not
equally distributed in society and vulnerability to is highly differentiated between regions
and sectors in Norway.

It has been shown that well planned, early adaptation actions save money and reduce
impact on society. At present, there is no national strategy for ocean-based solutions
in Norway.
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3-4). At the same time, the Norwegian economy is well integrated into the world economy
making it vulnerable to climate change impacts in other countries but also provide additional
adaptation opportunities.

6.3 Impact on society depending on mitigation

Impacts of ocean acidification and climate change on society is highly depending on the
different CO2 emission scenarios. Three Norwegian studies compare economic trends under “a
business as usual” emission scenario vs. a more sustainable option (CICERO/
Vestlandsforskning 2018, Edvardsen and Almas 2017, Aaheim et al. 2017). Two studies focus
on general costs for society (CICERO/ Vestlandsforskning 2018, Aaheim et al. 2017), while
the one evaluates impacts on ocean-based industries (Edvardsen and Almas 2017).

CICERO (2019) conclude that socio-economic consequences of a temperature change up to
2.5°C by 2031-2060 may only have moderate impacts in Norway. However, following the same
trend till 2100 would lead to a 4.5°C increase with dramatic consequences. Edvardsen and
Almas (2017) confirm the “sustainable scenario" is the most favourable for Norwegian
economic growth of the ocean-based industries towards 2030. A "sustainable scenario” would
increase gross value added (GVA) by approximate 14% while a "business as usual” scenario
would reduce GVA by approximately 25% by 2030. Aaheim et al. (2017) emphasize that it may
be more profitable to implement major measures to reduce greenhouse gas emissions on the
long term but with no positive economic gains at a global level over this century. The return on
capital would also depends on type of development. Development with high emissions produce
high returns in the first decades, but gradually reduce the return as a consequence of climate
change. A low emission path leads an opposite trend. Initially, the return is low due to
investment restrictions but limitation of the costly effects of climate change benefits on the long
term. As expected, scenarios involving strong mitigation is detrimental for the fossil fuel
extracting industries while all other sectors would be positively affected. These changes are
associated with conflict between socioeconomic groups including conflicts of interest between
generations. The transition to low-carbon economies may lead to negative economic
consequences for the next generation, while further generations would benefit.

6.4 Impact on society depending on adaption

Implementation of adaptation solutions to reduce the vulnerability of society to climate change
is unavoidable (Climate Policy Info Hub 2019). The urgency of adaptation measures increases
dramatically if one fails in climate change mitigation (https://www.met.no/en/archive/climate-
change-calls-for-verified-mitigation-and-adaptation-measures).  Adaptation implies the
reduction of the vulnerability to the harmful effects of ocean acidification and climate change
but also taking advantage of potential beneficial opportunities
(https://climate.nasa.gov/solutions/adaptation-mitigation/).

Norway is perceived as well prepared to adapt to both gradual and abrupt changes in climate,
as it scores well on a number of factors associated with adaptive capacity, such as “wealth,
technology, education, information, skills, infrastructure, access to resources, and management
capabilities” (McCarthy et al. 2001). Sygna et al. (2004) suggest that while Norway has a high
technical and financial capacity, the ability of communities to adapt is highly variable within
Norway. Vulnerability is shaped not only by exposure, but also by underlying social and
economic conditions that shape adaptive capacity. It depends on economic wealth, social
structures, and previous experience with climate variability.

The impact of climate change and ocean acidification on sensitive sectors (ocean-based
industries) are likely to be felt more severely in some regions than in others (Sygna et al. 2004).
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While Norway is sometimes regarded as a potential winner from increased temperature,
analysis of the social and economic context shows that there are important barriers to adaptation
that may exacerbate negative impacts on certain sectors and regions (Sygna et al. 2004). For
example, if accessible fish stocks get depleted, traditional inshore fisheries would be the first to
be impacted as larger vessels have a better ability to adapt (e.g. travel farther, able to pursue
different species).

As compared to small scale fisheries, the adaptive capacity of the Norwegian aquaculture
industry is strong. The sector is innovative, financially strong and used to handle highly variable
weather. However, they may underestimate the consequences of climate change, and may not
be able to adapt fast enough to threads and potential benefits. Traditional environmental issues
rather than ocean acidification or climate change is mainly driving current industry’s
innovations. A stronger focus on how to adapt to ocean acidification and climate change may
strengthen the capacity of the industry to exploit the benefits climate change can offer
(Hovelsrud 2016). On the other hand, ill-informed aquaculture choices increase the risk of
maladaptation and further livelihood losses. For example, farm facilities not adapted to the
range of variability expected in the near future may suffer higher cost of adaptation if
maladaptation options are chosen first (Barange et al. 2018). Operational and breeding
strategies could be implemented to reduce the impact of rises in ocean temperature and
acidification. Stronger materials and better system designs (including mooring), coupled with
the development and implementation of rigorous technical guidelines (Barange et al. 2018),
play a role in reducing vulnerability to climate change in the marine aquaculture in Norway.
Moving farming facilities further out offshore to cooler/deeper waters could free up coastal
areas and reduce negative coastal environmental impact from fish farming activities
(Verdiskapning i naeringene 2019). Large offshore facilities would require large and powerful
installations. Development of such expertise would offer significant opportunities nationally
and internationally for the equipment industry. Moving water-based aquaculture (especially
cages and pens for finfish) onto land and employing recirculating aquaculture system (RAS)
technologies are also being proposed as a means of reducing exposure to climatic extremes
(Barange et al. 2018). Rising ocean temperature open the possibility to exploit greater numbers
of thermophilic species (Olafsen et al. 2012) increasing the potential adaptive capacity through
economic diversification by providing the ability to shift from one species to another (Blanchet
et al. 2019). Development of forecasting capabilities (e.g. early warning signal for extreme
events) could assist marine resource users to plan their activities, minimise risks due to adverse
conditions, and maximise opportunities (Spillman et al. 2014). This knowledge would also be
of great benefit for marine managers and lead to science-based spatial planning and
identification of new favourable and unfavourable areas and increase industry resilience to
climate variability. A new Norwegian Research Centre on Sustainable Climate Change
Adaptation (Noradapt) was established in 2019 and seeks to build knowledge on sustainable
climate change adaptation. Noradapt holds that all adaptation efforts should be in accordance
with the principles of sustainable development to avoid adding to the problem of climate
change.

6.5 Policy and management

Coastal management is complex and will become increasingly complicated under climate
change and ocean acidification (Wesely et al. 2013). Achieving "blue growth" is a current
strategy of the Norwegian government. It will require a strengthening of the coastal zone
management in order to maintain and further expand the capacity for increased activities (e.g.
aquaculture, shellfish, kelp production, tourism), as well as ensuring that coastal ecosystems
and  services are resilient to the increasing  environmental impacts
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(https://www.vestforsk.no/sites/default/files/migrate_files/acid-coast-finalposter-1-.pdf). For
example, Dannevig et al. (2019) suggest that strategies to measure and prevent impacts of ocean
acidification in Norway, are urgently needed to strengthen marine ecosystem resilience, adapt
marine industries and coastal zone management. Adaptation measures include the reduction of
other stressors (e.g. pollution and harvesting), protection of key ecosystems, management of
land use that increases nutrient supply, and special planning of shellfish farming to avoid zones
with local sources of acidification. This would require a national strategy that is not currently
existing in Norway (Dannevig et al. 2019). The importance of adaptation has to a large extent
been neglected within policy. Until now, climate policy has been equated with greenhouse gas
mitigation policies and has not included measures aimed at reducing harmful effects or taking
advantage of opportunities produced by climate change (Dannevig and Hovelsrud 2016.

The most important climate impacts may not be captured in studies focusing on a single system,
sector or scale (Dannevig and Hovelsrud 2016). There is a need for adaptive co-management
of the coastal zone (Dannevig et al. 2019). This requires greater interaction and participation
across sectors and administrative level in coastal zone management. Coastal zone plans must
also cover a wider geographical area. Multidisciplinary research approaches are needed to
ensure better integration, sustainability, and synergies among activities in the coastal zone.
Coastal areas are not just the literal boundary between fresh water, terrestrial and open sea
ecosystems. They are also the practical interface whereby humans have been interacting with,
and adapting to, their natural surroundings for thousands of years. A coupling between natural
and social science studies is critical to assess ecosystem status and provides the foundation for
understanding the future of the primary biological and socio-economic drivers of development
in the northern regions (Jgrgensen and Renaud 2015).

A better understanding of the threats and opportunities associated with climate change, ocean
acidification and climate policy give us a better basis for making good decisions such as
strategic investments in both the public and private sectors (NOU 2018). Furthermore, it can
provide a faster and smoother transition to a low-emission society.

Global climate change will also increase the pressure on Norway’s established foreign policy
and its role in international institutions. Increasingly, climate change is perceived as a threat
multiplier that can increase the risk of conflict in many ways (CICERO/Vestlandsforskning
2019). For example, movement of fish stocks (e.g. mackerel and NSS herring) due to global
changes can lead to international disputes on harvest rights and quota sharing. Transnational
expansion may lead to international (re-)negotiations on quotas and fishing rights.
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7 OVERALL CONCLUSIONS

Ocean acidification and climate change are and will profoundly after marine environment,
ecosystems and their associated services. Impacts on ocean-based industries is already visible
and the extend of future impacts is highly dependent on what greenhouse gas emission scenarios
will be followed. Impacts are projected to be more or less severe depending on human’s ability
to apply mitigation (actions that are taken to reduce and curb greenhouse gas emissions) and
adaption (actions that are based on reducing vulnerability to the effects of climate change).
Several ocean-based solutions are available. Global mitigation solutions include the
development of ocean based renewable energy, decarbonisation of ocean-based industry, CO>
capture by the ocean and marine organisms and ecosystems. Local adaptation options involve
the management of local stressors, limitation of the over-exploitation of resources, the
protection of habitat and ecosystems and the exploration of genetic diversity.

Socio-economic consequences of climate change and ocean acidification will be dependent on
the ability to quickly implement such mitigation and adaptation strategies. The understanding
on the impacts on society is limited but it is clear that the more sustainable emission scenarios
favour economic benefits on the long term. The implementation of adaptation solutions is
critical to minimize the negative impacts and reduce the vulnerability of society. Norway is
perceived to be well prepared to adapt. However, the adaptive capacity is not equally distributed
and vulnerability to climate change and ocean acidification is highly differentiated between
regions and sectors in Norway.

There are controversies and uncertainties around many of the current and new ocean-based
solutions and ocean-based industries and their effects on the environment and society.
Furthermore, climate change and ocean acidification have the potential to interact with these
solutions. To be able to prioritize and successfully implement these solutions, there is an urgent
need for the development of these solutions as well as a better scientific understanding of their
costs, benefits and suitability at all levels from ecosystem to society.
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Appendices

R&D institutions survey.

The project was to set out to summarize the 20 most important publication/reports and projects
on the theme, however the projects group found this was an impossible task. This because the
research area is large, and several excellent reports and projects are important depending on
what exactly you want to investigate. Therefore, a slightly different approach was used. We
instead identified the most relevant knowledge gaps to be able to fully answer how climate
change and ocean acidification can impact ocean-based industries and society in Norway.
Thereafter we have identified projects that can help get further understanding regarding the
knowledge gaps. Findings in the report are based on both the literature study (in main report)
and the answer from the R&D institutions survey (described below). Findings of knowledge
gaps from the report is described very broadly, while knowledge gaps from the R&D
institutions survey are described more in detail below.

A survey that was sent to R&D institutions working on the theme’s climate effects and ocean
acidification. The purpose of the survey was to ensure good Norwegian anchoring in the
knowledge acquisition for the project. Since the questionnaire was only sent to a select few
working on this topic in each R&D institution, the feedback may be a bit more biased than
generalized for the whole research community.

In the survey we asked the following questions.

1. Does your institution work on projects with focus on studies of the effects of climate
change and / or ocean acidification on marine ecosystems, ocean-based industry and society?

2. In that case, which are the most important projects that the institution participates in
that focus on climate change and / or ocean acidification on marine ecosystems, marine industry
and society? What is the time perspective / project period on these?

3. Please list the most relevant publications (max 20) with contributions from your
institution focusing on the effects of climate change and / or ocean acidification on marine
ecosystems, ocean-based industries and society

4. What do you consider to be the largest knowledge gaps in Norway and internationally
with regard to the effects of climate change and ocean acidification on marine ecosystems,
ocean-based industries and society?

5. Do you work on projects focusing on how ocean-based actions or measures can help mitigate
and reduce the magnitude of climate effects, ocean acidification and environmental problems,
including potential trade-offs in the potential. We would like to have the institution's views /
thoughts on this topic.

Some knowledge gaps identified by R&D institutions

There are uncertainties in fish migration and stock size and how this would affect fisheries on
the Norwegian coast. Nor is there very clear answers how so-called marine death zones and
what effects these could have on coastal populations. Furthermore, no good estimates have been
made of the social and economic consequences this may have for Norway, and the Norwegian
industries, and what kind of response one should have related to this. How will industries be
affected by these changes in ecosystems, and what measures should be implemented in
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management and business? How will coastal communities, including industries, be affected by
the changes and how will they adapt to the changes? Understand the importance of total impacts
at multiple complexity levels in the ocean.

There are many knowledge gaps still to fill regarding the impact of climate change on marine
ecosystems, not least foundation level information on the impacts of OA, salinity fluctuation,
temperature and oxygen levels on long established marine communities. There is very little
targeted research on ocean acidification and its variability in Norway as it is for example in the
US. Variation in the effects of ocean acidification and climate change throughout the year
(which season and life stages are most exposed?) and across geographical areas. Related to
point above, good time series on pH throughout the year and in different places are needed.
How does OA affect coastal systems and communities? How is the best way to involve
communities and municipalities is the research and ensure that the management authorities are
aware of the coastal variation of climate change and develop monitoring to that effect. Research
on cost-effective methodology for climate and environmental monitoring is needed.

There is little research on how climate change will affect coastal areas. How will these changes
interact / combine with other stressors in coastal zones (such as nutrient discharge, runoff of
organic matter from land)? How will climate change affect marine ecosystems, not just
individual species? How will land changes change supply (of nutrients, particles, carbon,
environmental toxins) from land to sea and how will this affect ecosystems? There is a research
need for combined effects in nature (e.g. acidification, heating, phenology). There is
furthermore research need for the potential for evolutionary adaptations of species

There is little research on glacier-ocean interactions and their impact on Arctic marine
ecosystems. Furthermore, how fast will sea ice melt and how will this affect Arctic ecosystems?
In general, there is little research on Arctic species, given that climate change and ocean
acidification should have the strongest impact in Arctic regions.

There is also little research on system-wide impacts (feedbacks across scales) and incentives
for behavioural change, conflicts and interdependencies between individual sustainable
development goals. No bridge between knowledge and policy / industry. No National Climate
Adaptation Plan that would prepare the industry e.g. fisheries and aquaculture to take measures
to adapt to climate change. There is very limited knowledge and research on direct and indirect
consequences of climate change and ocean acidification for society. The research community
further request funding to initiate sector specific climate adaptation plans that may feed into
National Multiannual Climate Adaptation Plans are welcomed.

Some relevant projects. (this is information from R&D institutions and was not translated due
to maintain the clarity of the statements, since this information is for The Norwegian
Environment Agency).

Spatial shifts of marine stocks and the resilience of polar resource management
(https://www.fni.no/projects/spatial-shifts-of-marine-stocks-and-the-resilience-of-polar-
resource-management-stockshift-article1151-277.html)

ClimeFish: The overall goal of ClimeFish is to help ensure that the increase in seafood
production comes in areas and for species where there is a potential for sustainable growth,
given the expected developments in climate, thus contributing to robust employment and
sustainable development of rural and coastal communities. (https://climefish.eu/aims-and-

goals/)
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NFR BIOTEK project from the Digital Life program NFR 248840 “dCod 1.0: decoding systems
toxicology of cod (Gadus morhua) - environmental genomics for ecosystem quality monitoring
and risk assessment”, which will run from 01.04.2016 to 31.03.2020. This is a relevant project
for the topic of ocean acidification which has had endeavours to include it as a stress-parameter
in their experimental design, as soon as capacity and resources allow.

Langvarig forskning pa hvordan fisk pavirkes av hgyt CO- (kontaktperson Sveinung Fivelstad).
Sveinung.Fivelstad@hvl.no

Biological Impacts of Ocean ACIDification: Effects of acidification are investigated through
experimental studies of broodstock and offspring of Atlantic cod. Studies have been conducted
at Kraknes and AMSE is responsible for analyses of histological effects in cod larvae organs.
Inger-Britt Falk-Petersen

Viral diversity and interactions in a changing environment on kelp (prosjektsgknad HAVBRUK
2). Her undersgkes bl.a. pH og temperatur som klimaparametre (kontaktperson Ingunn Alne
Hoell).

AquaVitae Horisont2020: EU har valgt Nofima til & lede et omfattende prosjekt for & utvikle
nye produkter og metoder for miljgvennlig oppdrett av lavtrofiske marine arter, som alger og
krakeboller. De neste fire arene skal det forskes pa kryss og tvers av Atlanterhavet.

Offshore wind development (kontaktperson Valeria Jana Schwanitz).

System-wide impacts with respect to environmental, economic and social impacts, e.g.
hydropower <-> Fjord landscape (kontaktperson Valeria Jana Schwanitz).

Climate change impact (using SSP scenarios and linking with regions/local data)
(kontaktperson Valeria Jana Schwanitz).

H2020 COMETS - Collective Action Models for Energy Transition and Social Innovation
(05/2019-04/2022), time perspective: this century/human planning horizon (kontaktperson
Valeria Jana Schwanitz).

CONNECT: The International Context for Norway's Transition to a Low Emissions Economy.
How will shifts in international climate policy change the conditions for Norway's transition to
a low emissions economy? The project is financed by the Norwegian Research Council.

Arven etter Nansen: The Nansen Legacy is the collective answer of the Norwegian research
community to the outstanding changes witnessed in the Barents Sea and the Arctic as a whole.
The Nansen Legacy constitutes a joint Norwegian research platform to address the following
over-arching objectives: Improve the scientific basis for sustainable management of natural
resources beyond the present ice edge, Characterize the main human impacts, physical drivers,
and intrinsic operation of the changing Barents Sea ecosystems — past, present, and future.
https://arvenetternansen.com/

Climate Change and Sea Level Rise in the Anthropocene: Challenges for International Law in
the 21st Century ( https://www.fni.no/projects/climate-change-and-sea-level-rise-in-the-
anthropocene-challenges-for-international-law-in-the-21st-century-article285-277.html ),
2014-2019

“Coastal water darkening”. https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.14810 This
was also commented wupon on «Forskning»: https://forskning.no/havet-partner-
plankton/morkere-vann-forsinker-algenes-arlige-varfest-i-nordsjoen/1560756 The study refers
to previous published studies on the “coastal darkening” phenomenon and its climate link. BIO
was awarded a new NFR project on this topic this year (NFR 287490 “A green-blue link made
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browner: how terrestrial climate change affects marine Ecology” which will run from
01.08.2019 to 31.12.2022.

Ocean warming and deoxygenation of fjord basins.
http://bio.uib.no/te/news/index.php#190919 This project is not supported by NFR or other
external bodies.

BarEcoRe: The objective of the BarEcoRe project is to evaluate the effects of global
environmental change on the future structure and resilience of the Barents Sea ecosystem.
http://www.imr.no/forskning/prosjekter/barecore/en

Coreplan: Integrert kystsoneforvaltning og planlegging - @kosystemtjenester o0g
kystforvaltning Konkurransen om kystarealene og -ressursene gker, og forvaltningen ma ta
hensyn til mange ulike interesser. | dette prosjektet studerer vi lgsninger for en mer helhetlig
og berekraftig forvaltning av arealene i kystsonen (2016-2020, Norges forskningsrad).

Barents-RISK (Assessing risks of cumulative impacts on the Barents Sea ecosystem and its
services; Research Council of Norway, 20 million NOK 2018-2022)

CECO Cells in the cold (CECO)

ABC: Arctic Ocean ecosystems — Applied Technology, Biological interactions and
Consequences in an era of abrupt climate change (Arctic ABC).

EU H2020: JERICO-NEXT and JERICO-S3 Joint European Research Infrastructure network
for Coastal Observatory — Novel European eXpertise for coastal observaTories 2015-

ARCTIC 2030: Modelling changes in flux of DOC, methane, and CO2 to the ocean as a
consequence of erosion and melting of permafrost in the Arctic ecosystem — PERMAFLUX

EU H2020: INTAROS Integrated Arctic Observation System 2016-2021
SCAR Integrated climate and ecosystem dynamics (ICED) 2009-present
SCAR Action Group on ocean acidification 2010-present

AMAP Working Group on ocean acidification 2010-present

IMBeR/Future Earth Coasts Continental Margins Working Group 2017-present

Monitoring Ocean Acidification in Norwegian Seas 2017-2020, Norwegian Environment
Agency

Monitoring Ocean Acidification in the Coastal Zone 2019-2020, Norwegian Environment
Agency

Marin  restaurering, med fokus pa Bla Skog (se  prosjekter  pa
https://www.niva.no/forskning/marin-biologi).

Naturlig bla skog kan avbgte gjennom lagring/binding av CO2, lokale reduksjoner i OA, og
samtidig ivareta hgstbare ressurser (Norwegian Blue Forest Network, se http://nbfn.no/, ogsa
http://www.merces-project.eu/, https://sciencenordic.com/climate-change-climate-solutions-
denmark/how-nordic-marine-forests-can-help-fight-climate-change/1458309).

Taredyrking (prosjekter pa https://www.niva.no/forskning/marin-biologi) kan ogsa avbgte,
med potensielle avveininger (f. eks. pavirkninger pa kystgkosystemer, http://kelppro.net/).

Grgnnskift innenfor maritim nering (f. eks. rensing av ballastvann, https://ballasttech-
niva.com/).

Anvendelse av mikroalgteknologi 0g utvikling av bioprodukter (se
https://www.niva.no/forskning/Mikroalger). Alger er kjent som fornybare, barekraftige og
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gkonomiske kilder til forskjellige bioprodukter, med eksempelvis store miljggevinster for
rensing av avlgpsvann og for reduksjon av karbonutslipp.

Utvikling av mer berekraftige tilneerminger i fiskeoppdrett (f. eks. landbasert, Aquaponics,
semi-lukkede systemer, se prosjekter pa https://www.niva.no/forskning/akvakultur, ogsa
https://www.niva.no/nyheter/sirkulaer-okonomi-i-sanntid-pa-akvariet-i-bergen)

Utvikling av et kunnskapsgrunnlag for & hjelpe kystkommuner og virksomheter til a ta
barekraftige beslutninger (se prosjekter pa https://www.niva.no/tjenester/samfunnsperspektiv-
pa-vann, https://www.niva.no/forskning/oseanografi).
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