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Introduction 

Linda Fernandez, Virginia Commonwealth University, Richmond, Virginia, 

USA – Brooks A. Kaiser, Department of Environmental and Business Eco-

nomics, University of Southern Denmark – Niels Vestergaard, Department of 

Environmental and Business Economics, University of Southern Denmark. 

 

 

Arctic marine ecosystems are among the most productive and most vul-

nerable in the world, both from an economic and ecological perspective of 

growing accessibility. The complexity of Arctic marine ecosystems and 

their location poses challenges for management, valuation, and the estab-

lishment of sound policy to protect them. In recognition of these challeng-

es and the importance of addressing some key threats, this special issue of 

Temanord presents papers from a workshop devoted to this topic spon-

sored by Nordregio and the University of Southern Denmark. In October 

2013, a group of multidisciplinary scientific and economic experts on ma-

rine invasive species and the Arctic came together in Esbjerg, DK for a 

two-day workshop titled: “Marine Invasive Species in the Arctic: Manage-

ment Issues”. Attendees of the workshop came from academic, govern-

mental and scientific institutions in Denmark and the Faroe Islands, Swe-

den, Norway, Finland, Iceland, Canada, and the United States. The work-

shop was organized by Brooks Kaiser, Linda Fernandez and Niels 

Vestergaard, who are engaged in a broader research project on Marine 

Resource Governance in the Arctic, with assistance by other partners in 

the project. This volume presents papers based on the presentations of 

the workshop speakers (see workshop program page 161). 

The ideas behind the workshop, and this volume, are collaborative in-

formation sharing and network development intended to address the 

fact that the ecosystem changes underway in the Arctic region are ex-

pected to have significant impacts on living marine resources in both the 

short and long run. Current actions and policies adopted by the Arctic 

(Nordic) states over such resource governance will have serious and 

ultimately irreversible consequences in the near and long terms. The 

papers in the volume cover biology, ecology, economics, political science, 

and human development perspectives on marine invasive species. While 

specific examples are used to illustrate issues, the case studies presented 
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are grounded in theoretical and analytical frameworks from all of these 

disciplines. Both academic and policy audiences can find inspiration 

from the well-rounded work contained here in thinking about how to 

develop and implement integrated policy rooted in natural and social 

science. Various options and outcomes of such policies are part of the 

papers presented with a variety of viewpoints and considerations. 

Since Arctic marine ecosystems straddle international boundaries, pol-

icies to contain invasive species in one nation’s waters will be limited in 

effectiveness by decisions of neighboring nations as well as by the ecologi-

cal context of the invasion. Cooperation is the only way a shared environ-

ment can be sustained. Coordinated resource policy across space and time 

is therefore essential to maximizing the full economic value, including 

potential non-use and indirect-use values, of the living resources of the 

Arctic Ocean as the base productivity undergoes ecological changes. As 

such, the papers are interdisciplinary in nature and consider strategic and 

bio-economic aspects of the problem of marine invasive species. 

Synergies between ecologists, economists and policy makers focusing 

on the unique challenges of marine invasive species in the Arctic bring 

focus to some important co-management and stakeholder participation 

issues in three main arenas. We describe these synergies here and direct 

the reader to chapters that enhance the discussions further. The volume 

offers awareness and exchange of ideas that in turn can lead to broader 

perspectives and different disciplines working in tandem. 

Beyond identifying invasive species problems, the authors in this vol-

ume investigate public, private, government, civic, and academic actions to 

help in the policy and action to address marine invasive species. First, one 

group tackles how to enhance the civic society role of community moni-

toring to help potentially slow the invasion process and associated dam-

ages. Such effort presents a direct set of responses to the challenges of 

invasive species that can begin immediately. Mike Gill (Chapter 1), Joan 

Nymand Larsen (Chapter 2), and Oliver Floerl (Chapter 4) all address this 

question directly in their papers. Suggestions through examples include 

on-site training by marine ecologists as well as community-based infor-

mation on existing ecosystem biodiversity, about which there is much 

formal scientific information missing. Chapter 1 also provides an overview 

of the potential consequences of ignoring the threats from invasive spe-

cies in the Arctic from a biological perspective, while Chapter 2 focuses on 

the potential consequences for the human Arctic population. 

A second arena for research is how to scientifically determine the most 

relevant threats, both economically and ecologically. This includes both 

different vectors and effective disruptors for marine invasions. While all 
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papers in the collection touch on this to some degree, Section 2 on Ship-

ping and Invasive Species in the Arctic addresses it head-on, while the two 

sections, 3 and 4, of case studies provide insights into the detailed infor-

mation and analysis underway and needed for appropriately identifying 

these threats; the first case studies come from a primarily ecological per-

spective while the second case studies come primarily from an economic 

perspective. The final section broadens the discussion from the case stud-

ies into an applied theoretical understanding of strategic, bio-economic 

considerations for minimizing the impacts of marine invasive species in 

the rapidly changing Arctic environment. 

Chapters 3 and 4, by A. Whitman Miller and Oliver Floerl respectively, 

summarize the state of knowledge and the state of action in options for 

addressing marine invasive species at various early stages of arrival and 

establishment, as well as the consequences of actions that are taken or 

opportunities that are missed to intervene. Maritime shipping and related 

vectors of marine invasive species are addressed with detailed examples 

from various settings that are relevant to the Arctic. Tying ongoing re-

search on detection and response in oceanic conditions of the Arctic is key 

to the applicability of recommendations Miller and Floerl make. 

The third arena for synergies comes from the case studies, which 

highlight the real ways in which policy directly affects transforming Arc-

tic marine ecosystems, and vice-versa. The ability to see these connec-

tions works to strengthen the resolve of policy makers and researchers 

to work collaboratively for integrated management options. For exam-

ple, the case studies on the spread and impacts of the Red King and 

Snow Crabs in Norway by Jan Sundet (Chapter 5) are almost as much 

management stories as they are ecological ones, and both economics and 

ecology must be combined in bio-economic assessments identifying, 

avoiding, and reducing damages from such cases. 

Chapter 6, on Icelandic invasive species, by Gudrun Thorarinsdottir 

Karl Gunnarsson, and Ó. Sindri Gíslason, identifies new potential prob-

lem species that were only identified in the process of gathering material 

for the workshop. This will have immediate feedback effects on manag-

ing these species in Icelandic waters. 

The case study on the risk of the Asian Clam’s establishment in Finn-

ish waters, Chapter 7, by Niemi et al. highlights the tradeoffs between 

management options at various stages of a potential invasion. This paper 

nicely illustrates the need for including economic analysis in ecological 

assessments and vice versa. The same is true of the Chapter 8 case study 

on Norwegian salmon, where Jan Olaf Olaussen guides the reader 

through a case where changing the age structure of the population 
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through harvest decisions as related to invasive species management 

has differing economic and ecological consequences. 

In the final section, the papers discuss broad lessons for invasive spe-

cies management in bioeconomic and policy context. In chapter 9, Ras-

mus Gjedssø Bertelsen looks at the different states and their policies and 

how they attempt to use their power to reach their goals suing interna-

tional relation theory. He shows how these factors may influence the 

potential for and consequences of Arctic marine invasive species. Chap-

ter 10 by Linda Fernandez presents analyses comparing cooperative and 

non-cooperative policy options that integrate economic incentives and 

biological dynamics of marine invasive species across several vectors of 

invasion for the Arctic. These analyses involve international maritime 

shipping with ballast water and bio-fouling, recreational boats, aquacul-

ture and aquarium trade with suggestions to enhance current policy 

options that address the timing and scale of the problem. Chapter 11 by 

Brooks Kaiser applies an overview of invasive species management op-

tions from prevention through to adaption, including a discussion of 

valuation issues that often arise when evaluating invasive species man-

agement options, to the Arctic context. 

These chapters accentuate the need for bio-economic integration for 

improved decision making regarding invasive species in the Arctic. 

This workshop was the first in a series of workshops that will bring 

academic experts on the economics of living marine resources in the 

Arctic Ocean with resource managers and policy makers in order to ad-

vance understanding of management of these valuable resources and to 

develop flexible, ecosystem-integrated management solutions. The over-

all purpose of the project is to identify and provide guidance in solving 

the main governance challenges of the marine living resources in the 

Arctic Ocean with reduced ice presence. A variety of scales for marine 

resource use is considered as directly pertinent to the Nordic states, 

from local indigenous populations to a global level that considers world-

wide demand for the resources present in the Arctic. 

This publication has an associated project web-site, http://www.sdu.dk/ 

arctic. On the website you can find slides of the presentations from the con-

ference and other relevant materials pertaining to the broader project. 

 

http://www.sdu.dk/
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1. Meeting the Challenge of a 
Changing Arctic 

Mike Gill, Biodiversity Observations Network and CBMP, Canada. 

1.1 Arctic Marine Biodiversity and Invasive Alien 
Species: What’s at Stake? 

The Arctic Ocean and adjacent seas are unique and vulnerable marine 

ecosystems that present distinct challenges for effective invasive alien 

species management. The circumpolar Arctic, as defined by Conserva-

tion of Arctic Flora and Fauna (CAFF) Working Group of the Arctic Coun-

cil, covers 14.8 million km2 of land and 13 million km2 of ocean roughly 

equalling an area three times the size of Europe (CAFF 2002; Figure 1). 

However, the Arctic Ocean is the world’s smallest and is a unique marine 

ecosystem characterized and influenced by an extreme and highly varia-

ble climate resulting in seasonal ice-cover over its continental shelves 

and year-round ice cover over its center. Due to this ice-cover and the 

extreme seasonality of solar radiation, the Arctic Ocean experiences 

wide spatial and intra-annual variation in primary production with low 

productivity year-round in the central basin and high productivity in the 

summer season in the outer reaches of the Arctic Ocean and adjacent 

seas (e.g. Bering and Barents Seas) (Meltofte 2013). The Arctic Ocean is 

also characterized and influenced by large, seasonal inputs of freshwater 

from major continental river basins which play a significant role in phys-

ically structuring Arctic marine waters. These unique features have re-

sulted in a correspondingly unique flora and fauna with an estimated 

2,000 species of algae, tens of thousands of species of microbes and 

5,000 marine animal species found in Arctic marine waters (Meltofte 

2013), many of which have evolved to be highly adapted to the extreme 

and highly variable physical and climatic nature of Arctic marine ecosys-

tems (e.g. Polar Bear, Narwhal, Walrus, Arctic Cod). During the short 

summer breeding season, 279 species of birds, many of which are sea-

birds, arrive from as far away as South Africa, Australia, New Zealand, 

and South America to take advantage of the long days and intense period 
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of productivity (Petersen et al. 2004). Several species of marine mam-

mals, including grey and humpback whales, and harp and hooded seals, 

also migrate annually to the Arctic. Arctic marine ecosystems are also 

unique in that they have, to date, experienced relatively little resource 

exploitation and are in a relatively pristine condition. 

Figure 1: CAFF Designated Area 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From CAFF International Secretariat. 

 

The Arctic, however, has entered into a period of intense and accelerat-

ing change with climate change at the forefront. In the past 100 years, 

average Arctic temperatures have increased at almost twice the average 

global rate (IPCC 2007). Over the past thirty years, seasonal minimal sea 

ice extent in the Arctic has decreased by 45,000 km2 /year (Stroeve et 

al. 2007). The magnitude and pace of these changes is already exerting 

major influences and stresses on Arctic ecosystems. Some of the most 

rapid ecological changes associated with warming to date have occurred 
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in Arctic marine environments. For example, net marine primary pro-

duction has increased by an average of 20% across the Arctic between 

1998 and 2009 and is strongly correlated with areas of sea-ice retreat 

(Frey et al. 2011; Figure 2). In some areas, the peak of marine primary 

production is occurring 50 days earlier than average and this may pre-

sent some challenges (e.g. trophic mismatch1) for species who migrate 

annually to Arctic seas to take advantage of this (Frey et al. 2011). In 

addition, northward movements of non-native, sub-Arctic species have 

been detected in recent years. For example, in the Beaufort Sea, six fish 

species have extended their range from the Bering and Chukchi Seas to 

the Beaufort Sea as sea-ice has retreated and marine environmental 

conditions have consequently changed (Logerwell 2008). Orca whale 

sightings in the Eastern and Central Arctic (e.g. Hudson Bay, Hudson 

Strait, Foxe Basin, James Bay) have dramatically increased in the past 

100 years (Higdon and Ferguson 2009; Figure 3). 

These rapid changes associated with a changing climate are expected 

to make Arctic marine ecosystems more vulnerable to invasive alien 

species. For example, the prospect of ocean acidification in Arctic waters 

is expected to result in the consequent reduction in the biomass of ben-

thic calcifying organisms which could lead to greater opportunities for 

invasive alien species to take hold in Arctic marine sediments (Fabry et 

al. 2009). Further, a number of marine invasive species are found in sub-

Arctic and temperate waters and, with warming sea-surface tempera-

tures in the Arctic, the potential for their northward expansion increases 

(de Rivera et al. 2011). The northward movement of non-native species 

and introduction of truly invasive species risks the displacement of na-

tive Arctic species through increased competition, direct predation or 

through the introduction of new animal diseases. Species likely to be 

most affected by these changes are those with limited distributions, cal-

cifying organisms or with specialized feeding habits that depend on ice 

foraging and those expected to experience altered recruitment timing 

and growth rates (Stachowicz et al. 2002). Limited functional redundan-

cy in Arctic ecosystems makes them particularly vulnerable as the loss of 

a single species could have dramatic and cascading effects on an ecosys-

tem’s state and function (Post et al. 2009). All of these fundamental 

characteristics of Arctic marine ecosystems and the rapid changes they 

────────────────────────── 
1 Trophic mismatch – changes in seasonality of resource availability lead to constraints for wildlife unable to 

shift their life histories to take advantage of this shift in timing. 
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are experiencing, have the potential to make Arctic marine ecosystems 

and the biodiversity they support more vulnerable to an emerging threat 

– invasive alien species. A warming Arctic and an ever-expanding global 

economy also facilitates increased human activity in Arctic marine wa-

ters (e.g. shipping, oil and gas exploration, shore-based developments, 

ports, etc.), which is expected to increase the potential for the transport 

and establishment of invasive alien species into a degraded Arctic ma-

rine ecosystem. Indeed, increases in the amount of ship activity in Arctic 

waters have been increasing in recent years (Meltofte 2013; Figure 4). 

Figure 2: Trends in annual sea ice persistence and net primary marine production 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With permission from Frey et al. 2011. Arctic Report Card 2011. 
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Figure 3: Trend in Orca whale (Orcinus orca) observations in the Hudson Bay 
region, Canada 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sources: Hidgon & Ferguson 2009 and Higdon et al. 2012. CAFF 2013. Arctic Biodiversity Assess-

ment: status and trends in Arctic biodiversity. Chapter 14. Conservation of Arctic Flora and Fauna, 

Akureyri, Iceland. 
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Figure 4: Number of ships a) transiting through the Northwest Passage (five 
year intervals from 1975 to 2009) and b) landing in Greenland (cruise ships 
only), from 2003 to 2008 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sources: AMSA 2009 and NORDREG 2009. CAFF 2013. Arctic Biodiversity Assessment: status and 

trends in Arctic biodiversity. Chapter 14. Conservation of Arctic Flora and Fauna, Akureyri, Iceland. 

1.2 Meeting the Challenge of a Changing Arctic 

These ongoing and accelerating stressors on Arctic biodiversity provide a 

challenge in determining how best to respond to and take into account 

these changes when planning for the sustainable and effective manage-

ment of the Arctic. To date, most of the focus on Arctic marine conserva-

tion issues has been on how to prevent, mitigate and/or adapt to the ef-

fects of climate change, over-harvest, contaminants, oil spills, and habitat 

alteration with little attention paid to the possible impacts and prevention 

of invasive alien species (Meltofte 2013). And yet, at a global level, inva-

sive alien species are already a major threat to biodiversity, being further 

exacerbated by climate change (Mainka and Howard 2010) and, in many 

cases, causing irreversible harm. As a result, many countries are at least 

beginning to track information on the status of invasive alien species with-

in their borders with many coastal nations having advanced surveillance 

and prevention programs in place at their port facilities. To date, over 

30% of countries have adopted national legislation aimed at controlling 

invasive alien species (McGeoch et al. 2010) including most Arctic coun-

tries. However, for the Arctic Ocean, much of which lies beyond national 

jurisdiction, there remains no clear mechanism to ensure effective preven-

tion, eradication and control of invasive alien species. 
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The Arctic Council, however, represents an existing cooperative politi-

cal structure that can be used to achieve effective technical and policy 

cooperation with regard to the prevention, detection and eradication of 

invasive alien species in Arctic marine waters. Existing Arctic Council pro-

grams, such as CAFF’s Circumpolar Biodiversity Monitoring Program 

(CBMP), have much to offer. For example, the CBMP operates as a pan-

Arctic network of scientists and local resource users working together to 

improve our ability to detect, understand and report on important trends 

in the Arctic’s biodiversity. As part of this, the CBMP has developed the 

Arctic Biodiversity Data Service (www.abds.is) – an interoperable, dis-

tributed, web-based data system where information on native biodiversity 

and, by extension, invasive alien and non-native species can be quickly 

and easily shared and presented, serving as a tool to facilitate early detec-

tion of emerging trends and thus, effective response. In addition, under 

Canada’s Chairmanship of the Arctic Council from 2013 to 2015, Canada is 

leading the Safe Arctic Shipping Initiative. While this initiative is currently 

focused on the prevention of oil spills and other issues, this could present 

an opportunity to achieve a collaborative and coordinated approach 

amongst Arctic and non-Arctic nations on the prevention, detection and 

eradication of invasive alien species. As well, the International Maritime 

Organization is leading the development of a Polar Code to govern safe 

shipping practices in Arctic waters and thus, represents another oppor-

tunity to implement a coordinated approach to the prevention, detection 

and eradication of invasive alien species in Arctic marine waters. 

In addition to these broad policy initiatives, there is an opportunity to 

better utilize and organize Arctic residents as key elements of an early 

detection network. Equipped with GPS enabled smart-phones, Arctic 

residents, many of which practice traditional lifestyles thereby spending 

much time on the land, could greatly increase our ability for early detec-

tion of potentially invasive as well as non-native species in Arctic waters 

thus facilitating rapid response. 

Beyond this, the negative experience with invasive alien species on 

most of the rest of the planet means that many examples and tools are 

available that could easily be adapted for effective use in the Arctic. For 

example, the Global Invasive Species Database (www.issg.org/database/ 

welcome/) represents an online tool for tracking existing and potential 

new invasive species and could be a useful tool for risk assessment for 

the Arctic. Utilizing existing methodology for invasive species indicator 

development would facilitate better tracking and policy response to 

emerging trends and issues in Arctic marine invasive species. And final-

ly, Antarctica’s approach to detecting and preventing IAS in Antarctic 

http://www.abds.is
http://www.issg.org/database/welcome/
http://www.issg.org/database/welcome/
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waters should be investigated to see if these mechanisms and approach 

could be effectively applied in Arctic waters. 
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2. Marine invasive species: 
Issues and challenges in 
resource governance and 
monitoring of societal impacts 

Joan Nymand Larsen, University of Akureyri, Iceland. 

 

Approximately four million people live in the Arctic, and the majority of 

residents reside in communities along the Arctic coast (AHDR 2004; 

Forbes 2011). The Arctic – although small in size and with a relatively 

harsh climate – is a region characterized by its richness in peoples, soci-

eties and cultures and with human settlements ranging from small iso-

lated and scattered communities to larger urban and industrial centers, 

and with variation in the relative importance of formal and informal 

economies (Larsen 2010a; Huskey 2010). An important characteristic is 

the close connection between Arctic residents and their surrounding 

environment, especially for many indigenous peoples – who number 

about 10% of the Arctic population – but also for a large segment of oth-

er Arctic residents (AHDR 2004; Aslaksen et al. 2009). These well-

established human-environment connections contribute to the effects of 

global change being both strongly felt and immediate. For many Arctic 

residents the growing pressure to adapt to a changing environment is 

not only real but increasing, and for some it represents growing threats 

to their daily livelihoods and wellbeing. At the same time as economic 

and political autonomy is growing in the region, Arctic residents are 

confronted with an unprecedented combination of rapid changes includ-

ing environmental processes, cultural developments, and economic 

changes. Traditional ways of life and nature-based livelihoods are met 

with increasing disruptions for many, thereby challenging the socio-

economic stability of local and indigenous communities. Many of the 

region’s narrowly resource-based local and regional economies are fac-

ing increasing pressures by global change impacts, with these impacts 

being felt on employment opportunities, distribution of income and 

wealth, and the allocation of resources. Where communities are already 
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stressed, even small changes in the availability or quality of natural re-

sources may have large effects on their livelihoods (Larsen 2010; Ras-

mussen et al. 2009). Against this backdrop of increasing and multifacet-

ed socio-economic challenges, the following offers some reflections on 

the societal impacts of marine invasive species in the context of global 

change, including brief considerations of issues and challenges in gov-

ernance and monitoring. 

Climatic change – including reductions in sea ice extent, duration, and 

thickness – will likely increase human presence and economic activities 

in the Arctic in the near to long-term (AMAP 2011; IPCC 2007). In-

creased marine invasions – including the introduction of invasive spe-

cies through ballast water and vessel hulls – presents important ecologi-

cal challenges for ecosystems and economic and cultural livelihoods in 

the Arctic (Lassuy et al. 2013; Arctic Resource Development 2012). 

Longer ice free seasons and reduced ice coverage could increase Arctic 

shipping (Stephenson et al. 2011; Arctic Council 2009; Prowse et al. 

2009; Lawson 2010), and introduce new threats to food security and 

quality of life in the region (see Miller, Chapter 3 of this volume). For 

many local communities, continued access to resources is linked closely 

to livelihoods and overall wellbeing; just as access to living resources 

and a meaningful role in resource governance are closely tied to cultural 

survival for many (ASI 2010, 2014). 

Consequences for Arctic local communities of an increase in marine 

invasive species and their ecosystem impacts may be further amplified 

when communities are located in areas which are particularly vulnera-

ble to new activities competing for natural resources (Rasmussen et al. 

2009). While Arctic indigenous peoples have a reputation for being resil-

ient and for having an ability to adapt to changing environmental condi-

tions, the multiple and compounding stressors confronting the Arctic 

today may leave many communities less resilient than witnessed earlier 

(AHDR 2004). Climatic change, increased human activity, including in-

creased marine shipping, may lead to more marine invasions, including 

the potential demise of traditional subsistence systems, and with conse-

quences for community viability (Arctic Council 2013). Climate change 

presents new challenges for institutions in the north to be more flexible, 

resilient and robust, and to find ways of increasing the ability to cope 

with rapid change in biological systems. 

Marine invasions have potentially serious ecological, economic, cul-

tural and human health impacts. External hull surfaces and internal bal-

last tanks of vessels can support a wide variety of non-native marine 

organisms. Much of the increased risk of invasion may come from in-
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creased shipping due to globalization and climate change, including Arc-

tic cruise tourism. The present and projected future increase in ship 

traffic adds to risks of biological invasion. Ship-based tourism is a poten-

tial source of non-native species, and with the number of cruise ships on 

the rise, it has become an increasingly important pathway (Stewart et al. 

2010; Lassuy et al. 2013). 

Loss of Arctic biodiversity also means loss to the potential human us-

es of that biodiversity (Lassuy et al. 2013). Economic impacts in the Arc-

tic may include the interference with fisheries in a variety of ways and 

scales, which can have potentially large effects for narrowly based econ-

omies, in particular when important commercial species, and species 

critical to subsistence based economic livelihoods, are affected. 

Also, impacts may include disruption to tourism due to environmen-

tal impacts; damage to critical infrastructure; and potentially large costs 

related to cleanup, control and monitoring, and quarantine and treat-

ment. Cultural impacts of marine invasions may include competition 

with native species important in subsistence harvest, and the degrada-

tion of habitats and resources important to cultural survival. Cultural 

impacts may be especially hard felt in predominantly indigenous com-

munities. Here, the potential for conflict between industrial activities 

and economic and cultural interests of indigenous peoples is evident in 

cases where the water or impacted species in question are important for 

the survival of traditional livelihoods. The close ties between local econ-

omies, cultures and tradition in the Arctic makes it a growing concern 

for livelihoods and the state of human wellbeing. For example, invasive 

species may force traditional knowledge to adapt and new harvesting 

patterns to be developed. Marine invasions can also have impacts on 

health and wellbeing of Arctic residents, such as via introduction of dis-

ease and parasites. Additionally, they may decrease or destroy opportu-

nities for recreation (Lassuy et al. 2013; Arctic Resource Development 

2012; Forbes 2011). 

The potential for significant economic, cultural, and health impacts of 

invasive species underscores the importance of finding viable long-term 

solutions in governance and risk management. Climate and weather 

conditions and long distances may hamper response action and restora-

tion efforts. It is therefore important to establish procedures in the Arc-

tic to address existing and emerging vulnerabilities and high environ-

mental risks. A complicating factor in this regard is the lack of data to 

measure impacts. The vulnerable character of the Arctic, the economic, 

social and cultural complexities, differences between regions, including 

difficulties of monitoring, and still being in the early stages of relevant 
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technology all present significant challenges to overcome. The more 

knowledge generated regarding the environmental conditions of the 

Arctic and the potential consequences of human activities, such as the 

consequences from increased marine shipping, the better the prospects 

will be for effectively addressing the challenges of marine invasions in 

ways that lead to fair outcomes for affected communities (ASI 2010; 

Arctic Resource Development 2012; Mikkelsen et al. 2011). 

Many of the critical issues and questions related to the occurrence, 

consequences, and solutions to marine invasions remain challenging due 

to significant and persistent gaps in knowledge and lack of comprehen-

sive community based monitoring programs for broad scale data collec-

tion and effective social indicator measurement (ASI 2010, 2014; Kan-

nen et al. 2011; Mikkelsen et al. 2011). Furthermore, all human activity 

represents some type and level of risk, and therefore part of the answer 

to addressing the challenge of marine invasion is to find ways of as-

sessing and managing the risk. This includes efforts to control the prob-

ability that an event will occur, or to limit the consequences of an event 

that will occur (Arctic Resource Development 2012; see Floerl, chapter 4 

of this volume). This also makes it imperative that more be done in 

terms of exploring the question of acceptable levels of risks, the trade-

offs for different stakeholders and the development of mechanisms to 

better safeguard against intolerable risk levels. Risk may for example be 

reduced by cleanup or by introduction of measures such as the Polar 

Code (Arctic Resource Development 2012). Effective cleaning and 

treatment of ship hulls and drilling rigs brought in from other marine 

ecosystems also reduces risk. The increased threat to Arctic livelihoods 

from climate change and related impacts for marine ecosystems necessi-

tates an assessment of risk, and the projected consequence for different 

economic sectors and social systems. This raises important questions 

about who should define the risks and benefits of society, what the tol-

erable levels of risk are or ought to be – which may differ between dif-

ferent Arctic stakeholders and regions. It also brings to the forefront 

issues of potential conflicts of interest over resource use by different 

stakeholders. There is a growing and urgent need for better assessment 

of Arctic vulnerabilities and risks. 

On the question of governance, Caulfield (2004) emphasized as key 

trends in resource governance in the Arctic the growing importance of 

property rights, the incorporation of traditional or local ecological 

knowledge with western science in decision-making, the transfer or 

devolution of power to local decision makers and co-management, and 

the widening involvement of Arctic peoples in ownership and develop-
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ment of lands and resources (pp. 121–137). These trends continue to be 

central to the protection of resources in the Arctic. But today, current 

challenges of resource governance have been extended to consider cli-

mate change, extensive land use change, and economic change concur-

rently occurring (AHDR 2014). Forbes et al. (2014) argue that to meet 

the challenges of sustainability, adaptive approaches to governance 

must be implemented– and these include flexibility in decision making, 

high levels of responsiveness, monitoring of social and ecological sys-

tems, and the active integration of knowledge systems. In general, it will 

be necessary in the future to find solutions that allow for a high capacity 

to be responsive to changing conditions, and to making decisions under 

conditions of greater uncertainty (AHDR 2014). While systems of gov-

ernance that are particularly adaptive will have an important role to 

play in the near and long term, it is clear that efforts to establish a 

framework for effective monitoring of socio-economic impacts, including 

risks and mitigation measures will play a key role (ASI 2010, 2014; Kan-

nen et al. 2011; Hoel 2011). 

The development of cost-effective early detection monitoring net-

works will be a challenge due to the distribution of resources in the Arc-

tic, just as the cost of primary data collection to enable measurement of 

social indicators and the assessment of human impacts presents signifi-

cant challenges. Further development and implementation of such net-

works and monitoring systems would help facilitate more rapid and 

efficient response, and provide for better protection for more environ-

mentally and economically efficient solutions early in a possible marine 

invasion process. Also, Arctic residents with traditional knowledge may 

greatly assist information gathering and monitoring by offering their 

observations and evaluations. Efforts to understand, manage, and re-

spond to change in Arctic coastal systems may benefit from the integra-

tion and complementarily of both scientific and traditional approaches 

(Forbes 2011). Potential advantages of integrating various forms of 

knowledge include decision-making that is better informed and more 

flexible. Recognizing the value of traditional ecological knowledge may 

also contribute to enhanced resilience and adaptive capacity in many 

Arctic communities (ASI 2010; Kannen et al. 2011; Hoel 2011). 

A critical step is to assess what information already exists and what 

information still needs to be gathered, and to address the issues and 

challenges to implementing monitoring and data collection. Important 

knowledge gaps can be closed through development of indicators and 

comprehensive modelling, mapping, monitoring, and analysis (Larsen 

2009, 2010). The Arctic Social Indicators (ASI) project offers a first at-
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tempt at implementing a system for the long-term monitoring and track-

ing of change in human development in the Arctic (ASI 2010). Provided 

that appropriate adjustments are made, this system may offer valuable 

contributions towards meeting the challenge of obtaining reliable esti-

mates of societal impacts of marine invasions in the Arctic. In particular, 

the ASI system includes among its six domain areas for indicator meas-

urement, domains on economy, culture and health, as well as contact with 

nature. These domain areas are important to capturing the societal im-

pacts of marine invasions in the Arctic. Other ASI domains include edu-

cation and fate control. Specifically, the ASI system is based on the prem-

ise that Arctic communities highlight three aspects as key factors in their 

lives: fate control, contact with nature, and cultural wellbeing. The Arctic 

Human Development Report (AHDR 2004) and ASI found that for people 

in the Arctic, fate control, cultural integrity and contact with nature are 

central for well-being and should be included in future statistical data 

collection efforts. ASI aims to construct indicators that are valid across 

space, time, scale, and robust to change. Based on a series of case studies 

to test the strength of the indicators – including Sakha-Yakutia, the 

North West Territories, the West Nordic region (Greenland, Faroe Is-

lands, Iceland, coastal area of Norway, Norwegian Sápmi), and the Inuit 

Regions of Alaska – the ASI report confirms the strength, applicability, 

and value of the monitoring system, and concludes that human devel-

opment in the Arctic has been increasing, but that regional differences 

persist. An application of ASI to the case of societal impacts of marine 

invasions would be feasible via a series of targeted adjustments to spe-

cific indicators, but in addition would also require costly data collection 

including broad scale primary data collection on subsistence harvest and 

consumption. In particular, adjustments can be made to the ASI indica-

tors for material wellbeing, cultural wellbeing, health, and closeness to 

nature (ASI 2010), to help capture specific impacts. For example, ASI 

indicators for material wellbeing include income generated from both 

formal and informal economic activity, but valid estimates of material 

wellbeing that takes into account impacts of marine invasions would 

need to account also for impacts on subsistence harvest. Similarly, ASI 

indicators for cultural wellbeing and closeness to nature must account 

also for harvest and consumption of country food; and cultural wellbeing 

can be measured also by participation in cultural activities – which may 

be negatively impacted by marine invasions. It is therefore feasible to 

apply the ASI system to the case of marine invasion by including data on 

these invasions, and by making appropriate adjustments to individual 

ASI indicators where needed, thereby enabling the measurement of so-
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cietal impacts to the economy, health and culture in the Arctic. A series 

of pilot studies could be implemented to help calibrate the way in which 

the ASI could be adjusted, so that invasive marine species risks and im-

pacts are reliably picked up if and where they exist. 

ASI has presented a series of recommendations for an ASI monitoring 

system, to be designed based on a set of principles and data criteria (ASI 

2010), and to be made a priority for current and future circumpolar 

monitoring initiatives (ASI 2014). Such a system for human based moni-

toring will require a number of steps, including: the participation of na-

tional statistical agencies in development of a meta database to identify 

ASI indicators that are already monitored by a national agency; the es-

tablishment of an international task force composed of national statisti-

cal agency analysts and Arctic researchers to identify the special tabula-

tions required to produce comparable ASI indicators; and the engage-

ment of local communities, non-government organizations and private 

parties in developing and conducting locally-focused monitoring pro-

jects for social indicators, including community self-monitoring (ASI 

2014; Larsen et al. 2010). The details of the methodology for such pro-

jects must be created via collaboration among communities, stakehold-

ers and scientists. An important step will be to encourage national and 

international funding agencies and scientific associations to assist in 

building a circumpolar network of scientists actively engaged in moni-

toring of socio-economic well-being, and to promote data sharing, ex-

change and dissemination among researchers and research organiza-

tions (ASI 2010, 2014). 

The goal of creating an Arctic human development monitoring sys-

tem is to assist Arctic governments and communities to promote human 

development and quality of life in Arctic communities, and to help facili-

tate action to ensure and advance the wellbeing of all Arctic peoples. 

Improved access to reliable and high quality data at different scales and 

across regions will help facilitate the measurement and tracking of dif-

ferent domains of human development, and in turn may contribute to 

meeting the challenge of providing valid and robust estimates of societal 

impacts of marine invasions and facilitating more effective risk man-

agement and improved social outcomes for Arctic residents, their com-

munities, and other stakeholders. 
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3. Melting Sea Ice, Accelerated 
Shipping, and Arctic Invasions 

A. Whitman Miller, Smithsonian Environmental Research Center, Edge-

water, Maryland, USA 

3.1 Introduction 

Although ships have plied the world’s ocean for centuries, polar waters 

have been significantly less connected by maritime trade than most oth-

er parts of the globe. This is especially true of the waters of the Arctic, 

where, until recently, extensive sea ice has precluded access throughout 

most of human history. While Nordic mariners and indigenous peoples 

have long inhabited and traversed coastal arctic waters, their vessels 

were neither as large, moved as fast, nor traveled as far as the modern 

ships of today. Under the growing influence of global climate change, 

shipping in arctic waters is undergoing a dramatic increase as the reduc-

tion in sea ice cover is opening the region to commercial navigation and 

exploitation of natural resources, in particular, petroleum and mineral 

extraction, and arctic fisheries (Ruiz and Hewitt 2009, Arctic Council 

2009, Christiansen et al. 2014). It is not yet clear what impacts such hu-

man activities will have on the Arctic’s ecosystems; however, the oppor-

tunity for biological invasions by marine organisms is certain to in-

crease. The loss of sea ice is opening the Arctic to commercial shipping 

for several months per year (NSRIO 2014). New and expanded shipping 

activities in arctic waters under global warming create a new corridor 

for efficient global transport of commercial goods, but in so doing, inad-

vertently create a corridor for the inter-ocean transport of marine spe-

cies in the ballast water and on the hulls of ships moving between the 

Atlantic and Pacific. These activities are expected to introduce potential-

ly harmful non-native species to the Arctic as well as to enhance the 

introduction of non-native species across oceans and port systems at 

lower latitudes. 

This chapter explores the role of shipping as it relates to the move-

ment and introduction of marine species beyond their natural ranges, 
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with particular focus given to shipping in arctic waters. Beginning with a 

short primer on marine invasion biology, this chapter then explores 

ships as non-native species vectors (i.e., via ballast water and hull foul-

ing), highlighting expected changes to shipping in the Arctic. These pro-

cesses are placed in the context of global climate change and the expec-

tation of accelerating rates of shipping as they relate to a) shorter 

transport distances and times between oceans and b) the growing ex-

ploitation of arctic natural resources that rely heavily on shipping. 

Finally, a brief summary of the current international regulatory frame-

work related to ships as vectors of non-native species (i.e., ballast water 

and sediments and to biofouling of ships’ hulls) and a call for immediate 

consideration of vector management approaches are presented. 

3.2 Marine Invasions 

Once introduced to a region outside its biogeographical range, a species 

might fail immediately, persist without attaining a self-sustaining popu-

lation, or develop a sustaining population that persists for some period 

of time. A self-sustaining population is the hallmark of a successful bio-

logical invader; however, depending on the extent of impact that a non-

native species has on the receiving habitat and environment (e.g., supe-

rior competitor, predator, or habitat engineer), a species may be consid-

ered “invasive”. In general, invasive species are considered those that 

cause extreme ecological or economic damages, or that pose threats to 

human health. Three classic examples of truly invasive species that were 

likely introduced by commercial shipping are the zebra mussel (Dreis-

sena polymorpha) invasion of the Great Lakes and fresh waterways of 

the United States; the comb jelly (Mnemiopsis leidyi) invasions of the 

Black and Caspian Seas; and the Northern Pacific seastar (Asterias 

amurensis) invasion of Australia. 

Following introduction, there are two major factors that influence in-

vasion success; that is, whether a species is able to survive, reproduce, 

and importantly, develop a self-sustaining population. The first is related 

to a species’ physiological tolerance of a new environment. In the case of 

marine and estuarine species, environmental factors such as water tem-

perature, salinity, and wave energy (e.g., open or sheltered coastline) 

have been shown to be important for shaping invasion success and fail-

ure, as has access to appropriate physical habitat. Thus, there needs to 

be a certain degree of match between a species’ physiological tolerance 

and the environmental conditions of the non-native setting if an invasion 
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is going to succeed. To some extent, an environmental match among 

native and introduced ranges can provide some insight into the likeli-

hood of invasion success; however, environmental matching is a far from 

perfect predictor of invasion success. 
A second factor is the biological resistance generated by native com-

munities to would-be invaders, which can affect the vulnerability of a 

system to invasion. Once introduced, will a non-native species be able to 

gain access to sufficient food and shelter to generate a self-sustaining 

population, or will native species’ competitive and predatory abilities be 

so great that the invader is precluded? Biological resistance to invasion 

is among the least well understood and difficult to predict aspects of 

invasion biology. 
The availability of suitable habitat types for non-native species is es-

sential for invasions to succeed. In the United States and elsewhere, ma-

rine invaders are most common in estuaries and other coastal embay-

ments, often colonizing man-made habitats (pier pilings, coastal harden-

ing structures, etc.; Ruiz et al. 2000a, Dumont et al. 2011). 

The underlying reasons for enhanced invasion success in these settings 

are not fully understood, but may be related to a variety of conditions. For 

example, the common positioning of ports in sheltered embayments 

means increased propagule supply from shipping in an environment that 

typically has lower wave energy and lower rates of physical flushing, 

characteristics that can better retain propagules compared with open 

coast habitats where propagules may be dispersed rapidly. Propagule 

retention may increase encounter rates by mates, thereby increasing 

chances for successful reproduction (Floerl and Inglis 2003). Further-

more, port development alters the natural habitat significantly, including 

substantial additions of hard substrate, a habitat requirement of many 

invertebrate species that can be carried in ballast water or on the hulls of 

ships. Anthropogenic habitats have been shown to enhance colonization 

by non-native species as providers of novel habitats and potential refuges 

from native predators, thus significantly altering local ecological commu-

nities (Glasby et al. 2007, Bulleri and Chapman 2010, Dumont et al. 2011). 

Habitat disturbance associated with coastal development can also perturb 

the ecological integrity of native biological communities, including, as 

many believe, their ability to repel invasions by non-natives (Elton 1958, 

Byers 2002, Valentine and Johnson 2003). 
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3.3 Commercial Ships as Vectors 

Commercial ships are widely recognized as vectors by which biological 

organisms can move, albeit inadvertently, across oceans and beyond the 

bounds and barriers of their natural distributions (Carlton 1985, Ruiz et 

al. 2000a, Fofonoff et al. 2003, Hewitt et al. 2009). The vast majority 

(>90%) of global cargo moves by commercial ships, providing extensive 

opportunity for the translocation of biota (Minchin 2006). 

3.3.1 Ballast Water 

Ships provide at least two significant mechanisms for the transport of 

non-native species. The first is ballast water, water that is taken into 

specialized ballast tanks or cargo holds in order to stabilize empty or 

partially loaded ships in various sea states and weather conditions. Bal-

last water also ensures proper trim and steering of the vessel. Ballast 

water, and its associated sediments, are typically taken aboard and dis-

charged in connection with the off- and on-loading of a ship’s cargo, 

meaning that most ballasting operations occur in ports and coastal wa-

ters. Importantly, in addition to the water itself, the biota suspended in 

the water column (e.g., zooplankton, phytoplankton, larval stages of 

invertebrates and fishes, as well as bacteria and viruses) are entrained 

with the water and deposited in ships’ ballast tanks (Carlton 1985, Carl-

ton and Geller 1993, NRC 1996, Ruiz et al. 2000b). Those ballast water 

inhabitants that do not expire inside a tank during transit can be dis-

charged into ports as cargo is taken aboard the ship. 

3.3.2 Hull Biofouling 

A second important ship-related invasion vector for biological transport 

is on the exterior surfaces of ships’ hulls where organisms cling. So-

called “biofouling” or “hull fouling” (Godwin and Eldredge 2001, Gol-

lasch 2002, Hewitt et al. 2009) occurs on the wetted hull surfaces of 

ships as well as in and around specialized niche areas such as sea chests, 

bow thrusters, propellers, anchors and chains, and untreated dry dock-

ing support surfaces (Coutts and Taylor 2004, Inglis et al. 2010). Biofoul-

ing can consist of microorganisms that begin developing biofilms within 

hours of a hull making contact with water to more complex communities 

of sessile macrofauna and flora (e.g., barnacles, sponges, sea squirts, 

mussels, algae) that accumulate over weeks to years. In fact, niche areas, 

especially those that are removed from the shear forces created by wa-
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ter moving by the hull, can harbour mobile organisms like crabs or 

seastars. In a broad range of geographic locations, hull fouling appears to 

be as important and sometimes more important than ballast water as an 

invasion vector for non native species (Cranfield et al. 1998, Fofonoff et 

al. 2003, Hewitt et al. 2004, Davidson et al. 2009, Ruiz et al. 2011, pers. 

comm. Davidson IC). 

Hull biofouling is not new, historically wooden hulled vessels were 

plagued by boring shipworms, which could compromise the mechanical 

integrity of the hull (Carlton 2001), but other species were also moved on 

these hulls. Prior to the 1880s, when the first steel hulled vessels were 

developed, wooden hulls were sometimes clad with copper or other sub-

stances to reduce biofouling (Hewitt et al. 2009). Modern steel hulled ves-

sels are immune from the kinds of damage faced by wooden ships, how-

ever, the biofouling of hulls can induce significant drag on a moving ship 

which results in lower fuel efficiency, adding substantially to operating 

costs (Minchin 2006). To combat hull fouling and corrosion, the shipping 

industry has developed antifouling coatings that contain a variety of bio-

cidal agents that kill or repel biofouling (e.g., copper and now banned tri-

butyl tin (TBT)) or substances that make the hull surface slippery so that 

organisms are unable to cling or remain attached, especially as a ship 

moves through the water a particular speeds and for lengths of time (see 

Chambers 2006 for in depth description of antifouling agents and ap-

proaches). Due to negative environmental impacts from TBT and related 

organotins on natural marine communities, these widely used (and very 

effective) antifouling agents were outlawed internationally as an ingredi-

ent in antifouling paints in 2003 under the International Maritime Organi-

zation’s International Convention on the Control of Harmful AntiFouling 

Systems on Ships (AFS 2001). In the absence of antifouling compounds of 

similar or greater efficacy, both Nehring (2001) and Hewitt et al. (2009) 

have suggested that the discontinuation of organotin may actually result 

in an increased risk of hull fouling invasions worldwide. 

Both the ballast water and hull fouling vectors move living biota in vast 

numbers and over significant distances, often introducing them widely to 

regions well outside their native geographic distributions (Carlton 2001, 

Ruiz et al. 2000a, Fofonoff et al. 2003). The relative lack of shipping activi-

ty in arctic waters has meant that these high-latitude regions have experi-

enced little in the way of non-native species propagule pressure (Ruiz and 

Hewitt 2009, Ware et al. 2014). Here propagules are considered organ-

isms of various life stages, be they adults, juveniles, larvae, or 

cysts/resting stages. Propagule pressure is composed of two components, 

1) the number of propagules introduced, and 2) the frequency of inocula-
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tion events. Propagule pressure has been shown to strongly influence the 

likelihood of invasion success (Lockwood et al. 2005, Verling et al. 2005, 

Johnston et al. 2009). Yet there remains significant uncertainty as to the 

exact relationship between propagule pressure and a quantifiable risk of 

invasion (Minton et al. 2005, NRC 2011). Nevertheless, despite scientific 

uncertainty surrounding this relationship, there is broad agreement that 

reductions in propagule pressure should lead to significantly lowered risk 

of invasion (Verling et al. 2005, NRC 2011). 

3.4 Arctic and Trans-Arctic shipping 

Maritime activities in the Arctic, both historic and contemporary, are no 

doubt complex and driven by the interests of multiple nations, both in-

side and outside the Arctic region (see Arctic Council 2009, Zellen (ed.) 

2013 for recent treatments of this subject.) Although there are many 

drivers affecting polar shipping, the perceived economic benefits from 

the exploitation of natural resources (both living and non-living) and the 

use of arctic waters as a shipping corridor to further connect economies 

of the Atlantic and Pacific appear paramount, but safe passage through 

icy arctic waters will remain challenging (Arctic Council 2009, Lawson 

2013). An international research team lead by the United States Geologi-

cal Survey has estimated that approximately 13% of the world’s conven-

tional oil (~90 billion barrels) and 30% of the world’s natural gas (~1.67 

trillion ft3) may occur north of the Arctic circle, with the majority of gas 

to be found in Russia (Gautier et al. 2009). High latitude oil exploration 

and extraction have taken place in the Arctic for over 5 decades, but as 

global warming reduces the extent of sea ice coverage, accessibility is 

expanding rapidly and technical obstacles are falling away. Geopolitical 

considerations and impediments to petroleum and mineral extraction 

have also played important roles in the tempo of these activities. 
With the recent signing and ratification (2010 and 2011 respectively) 

of the Maritime Delimitation and Cooperation in the Barents Sea and the 

Arctic Ocean treaty between Norway and Russia, a territorial dispute that 

strongly limited shipping and undersea petroleum exploration for decades 

was resolved. This treaty opened up approximately 175,000 km2 of the 

Barents Sea and Arctic Ocean to oil and gas exploration (Amos 2011), a 

region suspected rich in petroleum reserves. Importantly, the agreement 

between Norway and Russia has cleared the way politically for commer-

cial ships carrying commodities and tourists, as well as fishing vessels, to 

pass through and use these waters without fear of legal retribution. 
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3.4.1 Northern Sea Route and Destination Voyages 

The Russian Federation established the Northern Sea Route Administra-

tion, a body that issues permits, regulates and assists commercial vessels 

passing the approximately 3,000 miles along the Siberian peninsula 

from west to east (from Barents Sea to Bering Straits) and east to west 

(NSRA 2014). The Northern Sea Route (NSR) represents a new seasonal 

shipping corridor for commercial ships moving between Europe and 

Asia, as well as among ports and places along the route; for example 

moving liquid natural gas from Russia to Europe or Russia to China. The 

first commercial bulk carrier ships navigated the NSR in 2009 (Evers 

2013) and in 2010, the Norwegian Tschudi Shipping Company in coop-

eration with other shipping companies pioneered some of the first non-

Russian shipping across the NSR from Europe to China (TGSC 2010). 

Since 2009, the number of ships making passage has increased signifi-

cantly to 71 transits, carrying 1.29 million tons of cargo during the 2013 

shipping season. Additionally, over 350 permits were issued in 2013 for 

ships to operate inside the Northern Sea Route (NSRIO 2014). 

Table 1 summarizes some of the apparent economic incentives and 

disincentives for using this new inter-oceanic corridor. 

Table 1: Examples of economic incentives and disincentives to Arctic transits via the Northern Sea Route 

Incentives Disincentives 

Fuel savings Reinforced hulls 

Time savings Passage fees 

Draft restrictions/ DWT limitations Icebreaker escorts 

Piracy reduction Seasonality 

 

In addition to growing use by ships transiting from Europe to Asia and 

vice versa in arctic waters, the number of destination voyages (i.e., ships 

that travel into polar waters for specific operations such as petroleum 

exploration, exportation of liquefied natural gas at LNG terminals, tour-

ist visits by passenger vessels, and commercial fishing) are expected to 

far outstrip transits (Lawson 2013). 

The economic drivers of both NSR transits and destination voyages in 

the Arctic appear enormous, but the environmental costs of such activi-

ties, including those of marine invasions, although less easily monetized, 

should be considered carefully as we expand our considerable and likely 

irreversible influences in the Arctic. Deliberations must be multi-

national, including indigenous peoples, and should occur in a variety of 

policy and regulatory fora (e.g., the Arctic Council, United Nations’ Inter-

national Maritime Organization (IMO)). 
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3.4.2 Polar Code 

The Polar Code, an international agreement of the International Mari-

time Organization (IMO) is designed to develop and codify specific in-

ternational rules and regulations for ship safety and construction in the 

Arctic and Antarctic. Pending finalization, the Polar Code is expected to 

enter into force in 2016 (IMO 2014, Koranyi 2014). Importantly, the 

Polar Code sets forth operational safety measures and rescue regula-

tions for ships operating in high latitude waters, as well as certain envi-

ronmental and pollution prevention protections to reduce risks of 

oil/chemical spills. However, the Polar Code is silent on issues of inva-

sive species that are associated with ballast water discharge and hull 

fouling of ships and other maritime structures such as mobile offshore 

drilling platforms. 

All vessel operations in the arctic region pose potential risks for the in-

troduction or regional dispersal of non-native hull fouling species. Inva-

sion opportunity is also present for those vessels that discharge ballast 

water, with those ships that do not follow any sort of ballast water man-

agement or treatment posing the greatest risk. Tanker vessels that export 

Russian and Norwegian liquefied natural gas (LNG) will be continual and 

repeated sources of large volumes of foreign sourced ballast water from 

the geographic regions of their customers (e.g., European countries in the 

Atlantic and Asian countries in the Pacific). Likewise, the hulls of these 

same ships will generate large fluxes of wetted surface area with signifi-

cant potential for biofouling. Dedicated routes for specialized products 

like LNG may pose particularly great risks for marine invasions, since the 

likelihood of repeated introductions of large numbers of propagules is 

high. In the case of Arctic LNG, large new terminals are being planned with 

the expectation of serving both Europe and Asia (e.g., in Sabetta, Russia; 

Evers 2013). Nevertheless, this situation also provides a unique oppor-

tunity for the consideration of land-based or nearshore ballast water re-

ception/treatment facilities, an invasion prevention solution that is not 

suitable in most ports, but which may be economically feasible if originally 

designed as part of a specialized LNG terminal. 

3.5 Climate Change 

Arctic land and sea surface temperature are warming at faster rates than 

other parts of the globe; permafrost, snow cover, and sea ice are retreat-

ing, trends that are expected to increase in the coming century (IPCC 

2013). These changes to the environment will increase human activities 
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in the Arctic considerably. For example, increased shipping and changing 

trade patterns, petroleum and mineral exploration, extraction and ex-

port, coastal and port development, tourism, fishing (both harvest of 

natural stocks and increased aquaculture), and anthropogenic debris are 

each expected to result in greater opportunity for invasions in the Arctic 

(Ruiz and Hewitt 2009). In fact, shipping will underpin all of these activi-

ties. Therefore, when increased propagule pressure from shipping traffic 

is combined with habitat disturbance and alteration, and changes in sea 

ice cover, water temperature, sea level rise, and salinity, it is reasonable 

to assume that the rate of non-native propagule transport to the Arctic is 

likely to increase. 

3.5.1 Migration and Natural Dispersal 

A study by Vermeij (1991) documented natural migrations of molluscs 

that occurred during the Pliocene epoch, the last period when the Arctic 

is known to have been ice-free (5.3 to 1.8 million years before present). 

Migrations were strongly asymmetrical, with 261 species moving from 

the North Pacific to North Atlantic, and just 34 species moving in the 

opposite direction. Vermeij attributes this pattern to strong prevailing 

currents that moved northward through the Bering Strait and hypothe-

sizes that a lack of sea ice enabled phytoplankton concentrations to in-

crease via warmer temperatures and increased light penetra-

tion/photosynthesis, which in turn fueled migrations. Recurrence of an 

ice-free Arctic will no doubt support natural dispersal and migration, but 

will concomitantly enhance environmental conditions for transport and 

post-arrival survival of biota moved by humans. 

The discovery of a North Pacific diatom species (Neodenticula semi-

nae) in the Laborador Sea in 1999 by Reid et al. (2007) indicates that the 

reduction of arctic sea ice has influenced water circulation current pat-

terns, enabling a species that has not occurred in the North Atlantic for 

800,000 years to migrate between oceans. The authors discuss ballast 

water as a possible vector for the diatom, but conclude that given the 

small number of ships and volume of ballast water moving between the 

two regions in the late 1990s, ballast water was an unlikely vector. With 

shipping in the Northern Sea Route on the rise and the transit of the first 

commercial coal carrier through the Northwest Passage in 2013 (McGar-

rity and Gloystein 2013), active shipping and ship vectors (ballast water 

and biofouling of hulls) in the Arctic, and connecting the Pacific and At-

lantic will surely increase propagule pressure and invasion opportunity. 
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3.5.2 Modeling and Experimental Approaches to Invasion 
and Invasibility 

Given the diversity of biota and vectors in play, predicting the next im-

portant invasive species is impossible. However, examining the physio-

logical capacity to withstand environments beyond current geographic 

distributions can provide insight. Using a niche modeling approach that 

incorporates a suite of environmental parameters reflective of current 

species’ distributions (MaxEnt, see Elith et al. 2011), deRivera et al. 

(2011) modeled the capacity for several marine invaders (e.g., crab, bar-

nacle, tunicate, snail) of the Pacific coast of North America to tolerate 

higher latitude regions of Alaska under projected environmental scenar-

ios of 21st century conditions (IPCC 2007). These models predicted that 

changing climate in Alaska would create environmental conditions tol-

erable to the species studied. When model projections were expanded 

globally for year 2100 IPCC projections, most of the species were shown 

to have physiological capacity to withstand future conditions in some 

parts of the Arctic (B. Steves and C. deRivera, unpublished data). 
Using a shipping vector based approach (global port connectedness 

to the Svalbard archipelago, Norway) combined with the changing envi-

ronmental match of seawater temperature and salinity under the RCP8.5 

emissions scenario (IPCC 2013), and qualitative estimates of propagule 

pressure, Ware et al. (2014) estimated the risk for invasions to Svalbard. 

Their modeling suggested that in the second half of 21st century, Sval-

bard will be increasingly vulnerable to invasion as a function of climate 

change and increased propagule pressure from ships. 

Beyond theoretical modeling approaches, experimental methods can 

be applied to test various aspects of invasion biology. Experiments that 

test physiological tolerance of biota are common in many areas of study 

(e.g., toxicology/ecotoxicology). Agricultural sciences have long sought to 

understand how to optimize growth and production of crops, but have 

also invested extensively in the study and application of biological control 

of invasive species. Likewise, ecologists have used field experiments ex-

tensively to understand community assembly rules and the drivers of 

biodiversity, including invasion dynamics (e.g., Sousa 1979, Stachowicz 

1999). Marine invasion biologists are increasingly using laboratory and 

field experiments to understand various aspects of marine invasions such 

as the role of propagule pressure on invasion success (e.g., Clark and John-

ston 2005). Using field experiments, Crooks et al. (2011) tested the differ-

ential effects of copper on naturally occurring assemblies of native and 

non-native species in San Francisco Bay. The investigators found that na-

tive diversity was reduced significantly more than non-native diversity, 
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when exposed periodically to a copper solution. To understand the survi-

vorship/mortality of would be invaders, researchers from the Smithson-

ian Environmental Research Center are using an experimental test plat-

form to simulate ship voyages that apply actual shipping route conditions, 

a method they are now applying to possible biofoulers of commercial 

ships that transit the Arctic (GM Ruiz, personal communication). 

To most rapidly advance our understanding of arctic invasions, it is 

incumbent that investigators employ all methodologies at hand, with a 

goal toward educating managers and policy-makers about what can be 

expected and what might be done to reduce the number and ameliorate 

the impacts of marine invaders. 

3.6 Ocean acidification 

An additional driver of global change is the acidification of oceanic wa-

ters due to increasing carbon dioxide (CO2) concentrations. As CO2 in-

creases in the atmosphere, the surface waters of the ocean absorb signif-

icant portions (>25%), driving the system toward an air-sea equilibrium 

(Sabine et al. 2004, Royal Society 2005). In seawater, higher CO2 results 

in lower pH (more acid) and a lowered bioavailabilty of carbonate ions 

for the biogenic generation of calcium carbonate, the building block of 

calcareous biota (Orr et al. 2005). Water that is high in CO2 will be re-

duced or even under-saturated with respect to aragonite and calcite, two 

mineral forms of calcium carbonate used by many calcareous organisms 

to generate hard body parts. Because cold waters are able to absorb CO2 

more readily than warm waters, the chemistry of acidification in high- 

latitude ocean regions is expected to be more accentuated than in tem-

perate and tropical regions (Fabry et al. 2009). 
To date, investigators have shown a variety of biological responses to 

ocean acidification and discovered that not all taxa respond similarly, even 

demonstrating species-specific responses among closely related biota (see 

Doney et al. 2009 for review of ocean acidification and biological respons-

es to it). A recent meta-anlaysis of five important animal taxa (corals, 

echinoderms [starfish and sea urchins], molluscs [bivalves, snails], crusta-

ceans [crabs, shrimp, barnacles, and fishes) indicated differential respons-

es to elevated CO2 (Wittman and Pörtner 2013). The corals, echinoderms, 

molluscs, and larval fishes appear to be more sensitive to elevated concen-

trations of CO2 (i.e., 936 ppm in year 2100 projected under the IPCC’s 

RCP8.5 scenario) than do crustaceans, generally showing diminished per-

formance and deleterious effects in calcification, growth, metabolic pro-
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cesses, and behavior. Elevated CO2 and reduced pH has dramatic effects 

on certain species of pteropods, free swimming pelagic snails that build 

aragonite shell structures (i.e., dissolution of shells within hours of expo-

sure to conditions projected for the 21st century; Orr et al. 2005, Fabry et 

al. 2009). Pteropods occur at high densities and have been shown to be 

very important prey to juvenile pink salmon, (>60% by weight, Armstrong 

et al. 2005). Phytoplankton too show variable responses, both among 

calcifying (e.g., cocolithophores) and non-calcifying species. Recent meso-

cosm studies carried out off the coast of Svalbard, Norway indicate that 

the smaller phytoplankton (nano and picoplankton) thrive under high 

CO2, but that larger phytoplankton suffer due to strongly reduced levels of 

essential nutrients, suggesting important foodweb and biogeochemical 

effects from acidification (Riebesell et al. 2013). Fabry and colleagues 

(2009) review the effects of ocean acidification at high latitudes on both 

ocean chemistry and biotic responses, and recommend that polar waters 

be viewed as bellwethers for the rest of the globe. 
At present, it is still too early to predict the ecological-scale effects of 

acidification in arctic waters; however, given the mounting evidence of 

negative biological effects on species that reside in the water column 

and benthos, changes to arctic ecology may alter community structure 

and function, thereby changing the biological resistance to non-native 

species. A growing number of studies performed near natural volcanic 

underwater CO2 seeps indicate strong effects on community assembly 

and diversity of benthic biota (Hall-Spencer et al. 2008, Kroeker et al. 

2011), further suggesting that opportunities for invasion by non-native 

species will likely change in a high-CO2 world. 

3.7 Drivers and Determinants of Invasion 
Opportunity and their Interactions 

Human induced global climate change, caused in part by the increased 

extraction and burning of fossil fuels, is rapidly influencing both the 

physical and biological realms of the Arctic region (IPCC 2007, 2013). 

Among the most important changes are increasing ocean temperatures 

and the loss of sea ice coverage in polar waters. These and other envi-

ronmental changes may have direct effects on ecological communities of 

the Arctic, which in turn may influence their vulnerability to marine 

invasions. Such changes are already having direct effects on the number 

of commercial ships operating in the Arctic, and are expected to factor in 

greatly to the extent of natural resource exploration, extraction, and 
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export that take place in the Arctic. Climate-induced shifts in shipping 

patterns and natural resource exploitation of the Arctic will alter the 

landscape and seascape in many ways that will influence invasion op-

portunity (Ruiz and Hewitt 2009). 

Figure X.1 is a concept diagram summarizing how anthropogenic 

greenhouse gas emissions influence climate change and ocean acidifica-

tion processes, thereby affecting the opportunity for Arctic invasions 

both directly and indirectly, through other human-mediated activities. 

While not comprehensive, the diagram is meant to be illustrative of 

some important interaction of environmental change, human behavior, 

and arctic invasions. For example, shipping directly affects the volume of 

ballast water delivered, but shipping activities are directly influenced by 

sea ice coverage. Rising water temperatures have direct influences on 

invasion opportunities as well as direct effects on currents and patterns 

of ocean circulation, which themselves will also affect dispersal of both 

native and non-native species. Natural resource extraction will enhance 

greenhouse emissions (the fundamental driver of all the pictured inter-

actions), but will also strongly influence shipping, coastal develop-

ment/habitat degradation, each of which will affect invasionopportunity. 

Figure X.1: Concept diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concept diagram relating invasion opportunity to anthropogenic greenhouse gas emissions, global 

climate change, ocean acidification, arctic shipping/vectors, and natural resource explora-

tion/extraction. Arrows indicate directionality of effect, but not strength of interactions. Environ-

mental effects of to greenhouse gas emissions are depicted in white, human activities in light grey, 

and invasion opportunity in dark grey. 
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3.8 Ship Vector Regulations 

Although various countries have developed legally enforceable statutes 

and regulations for ballast water management (e.g., Australia, Canada, 

New Zealand, and the United States), the primary international effort to 

reduce risks of marine invasions is the IMO’s International Convention for 

the Control and Management of Ships’ Ballast Water and Sediments (BWM 

Convention) which was adopted in 2004. However, not until 12 months 

after 30+ maritime countries, representing 35% of the global shipping 

merchant tonnage, ratify the convention can it enter into force as an inter-

national treaty (Albert et al. 2013). Although the IMO began seeking inter-

national protections against ballast water-borne invasions in the 1980s 

(Hewitt et al. 2009), it was not until 2004 that numerical discharge stand-

ards were considered internationally (i.e., specific concentrations of viable 

biotic propagules of 3 size classes: >50um minimum dimension, >10um 

and <50um minimum dimension, and certain indicator microbes; Albert 

2013). Currently, the United States via the U.S. Coast Guard and U.S. Envi-

ronmental Protection Agency have assumed the BWM Convention’s so-

called “D-2 Ballast Water Performance Standards” as the basis for ballast 

water management and discharge (see Albert 2013 for a more detailed 

analysis of international BW regulations). 

Unfortunately, the process for seeking international agree-

ments/treaties on reducing the risk of ballast water invasions has been 

arduous, and despite apparent recent progress, a treaty will likely take 

years to fully implement since it will require the development, type ap-

proval testing, and installation of onboard ballast water treatment sys-

tems on existing ships and new builds. Until such time, many view open-

ocean ballast water exchange (BWE, the process of exchanging coastal 

ballast water and the coastal biota it contains with pelagic water/biota, 

prior to discharge in subsequent ports or coastal ecosystems) as the best 

interim management method for reducing marine invasion risk. 

It is of interest to note that as of this writing, five of eight member 

sates of the Arctic Council have ratified the IMO BWM Convention (Nor-

way, Russia, Canada, and Denmark, and Sweden), but the United States, 

Finland, and Iceland have not. Although not a signatory, the United 

States’ federal regulations require mandatory ballast water reporting 

and management of overseas ballast water and the vast majority of ves-

sels report ballast water management of some kind, either open ocean 

BWE, no discharge of BW, or use of an alternative onboard BW treat-

ment system (National Ballast Information Clearinghouse Reports to 

United States Coast Guard (NBIC 2014), but see Miller et al. 2011 for 
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discussion of some limitations of ballast water exchange). It is encourag-

ing that acknowledgement of marine invasion risk and ballast water 

management is common among Arctic nations, suggesting that interna-

tional cooperation on this issue may be achievable. 

Despite widespread concern for marine invasions associated with 

hull fouling of ships, at present, there are no international conventions 

or legally binding international agreements in place that address the 

invasion risks associated with biological fouling of ships’ hulls. Rather, in 

an effort to heighten awareness and encourage international coopera-

tion for reducing the risks of hull fouling, the IMO Marine Environment 

Protection Committee has drafted international guidelines for effective 

antifouling systems, suggested hull husbandry and dry-docking sched-

ules, as well as biofouling management (IMO 2011). Some countries (e.g., 

Australia, Canada, New Zealand), as well as individual states in the U.S. 

(Hawaii and California) have put fairly stringent regulations into force, 

which in some cases require underwater inspections of a ship’s hull pri-

or to port entry. Floerl (2014, this volume) describes the broader princi-

ples, with examples, of how biofouling management is being connected 

with risk assement as a means for reducing marine invasions. 

3.9 Vector Management 

The uncertainty associated with invasion prediction speaks to the com-

plex nature of the invasion process. Indeed, there are many opportuni-

ties and reasons for invasion failures. As described above, invasion suc-

cess requires the development of a self-sustaining population once in-

troduced beyond the native range. However, there are many potential 

filters that can result in invasion failure, even prior to the introduction of 

non-native propagules. Although ships are important vectors for many 

marine and estuarine species, there are many other vectors by which 

species are moved around the world. For example, aquaculture, the 

aquarium trade, live seafood, and bait trade are examples of important 

vectors by which biota are transported from one location to another. 

Indeed, even individual species can be moved and introduced by multi-

ple vectors (Ruiz et al. 2011, Williams et al. 2013), suggesting that coor-

dinated management of vectors, rather than species-specific approaches 

to invasive species management, will be the most effective approach for 

reducing marine invasions. 

Whatever the vector, an animal, plant, or protozoan must 1) be en-

trained alive (e.g., into a ballast tank or to the hull or niche space on a 
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ship’s hull), 2) survive the physical and chemical rigors associated with 

transport in the vector (e.g., hull foulers must withstand temperature, 

salinity, food availability, shear stresses, and possible toxicity associated 

with antifouling paints and coatings), and 3) be introduced to a new 

environment alive. Once introduced, an organism must then at minimum 

meet the environmental and biological challenges of the new setting in 

order to survive and successfully reproduce, if an invasion is to be pos-

sible. Each of these junctures in the invasion pathway represents an 

opportunity to reduce in number or eliminate viable biota being en-

trained, transported, and introduced to new habitats, including newly 

accessible regions of the Arctic. Floerl (this volume) describes how risk 

assessment and other approaches can help with understanding and 

managing invasion risks associated with ships. 

3.10 Conclusions 

With arctic shipping, exploitation of natural resources, and coastal de-

velopment all increasing, it seems both urgent and prudent for the in-

ternational community (the Arctic nations especially) to seek coopera-

tive approaches and agreements for reducing and managing the invasion 

risks associated with biofouling, ballast water, and other possible vec-

tors of marine species. Employing vector management, rather than spe-

cies by species approaches, will be the most effective and efficient meth-

od for invasion prevention. The vector approach is a philosophy that has 

guided management and policy of ballast water for over 20 years. As a 

vector, biofouling of hulls presents additional challenges, and treatment 

technologies, management approaches, and regulations/law are badly 

needed. In the face of global climate change, researchers must concen-

trate their efforts on a fuller understanding of the make-up, structure, 

and function of “natural” arctic marine ecosystems, as best they can. 

That said, rather that waiting for a full scientific accounting, we must 

look to other global regions for lessons on invasion impacts and for in-

sights into how these impacts might be prevented. Whether we choose 

an “Arctic Manifest Destiny”, whereby our drive for expanded economies 

far outstrips our desire to conserve and protect the Arctic’s unique envi-

ronment, or instead seek the possibility of more sustainable Arctic de-

velopment, is an open question. 
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4. Management challenges and 
opportunities for marine 
biosecurity in the Arctic 

Oliver Floerl, SINTEF Fisheries and Aquaculture, Trondheim, Norway 

4.1 Biosecurity management and its importance 

Invasive species are one of the most serious threats to the diversity and 

integrity of marine ecosystems (Carlton 2001). Once established and 

undergoing spread, they can be impossible to eradicate and their im-

pacts may be irreversible (Mack et al. 2000). 

To protect themselves against invasive species, some countries have 

developed so-called biosecurity systems (Hewitt and Campbell 2007). 

Different definitions are used for the term biosecurity; a useful one is 

that of New Zealand: 

Biosecurity is the exclusion, eradication or effective management of risks posed 

by pests and diseases to the economy, environment and human health. 

(Biosecurity Council 2003) 

 

The organisation of biosecurity measures into a defined and regulated 

system is important. In today’s world of trade and transport a multitude 

of pathways, mechanisms and vectors are able to translocate a wide 

range of organisms or their propagules. Managing these complex, dy-

namic and often unpredictable processes is very difficult and the conse-

quences of loopholes can be substantial. The development of an effective 

biosecurity system requires significant commitment but can offer im-

mense long-term benefits. 

The Arctic region is undergoing rapid change, both environmentally 

and economically. Shiping traffic already connects Arctic ports to a con-

siderable range of other global regions (Ware et al. 2013) and this is 

expected to increase further (Miller 2014, this volume), conceivably with 

a concomitant increase in invasion risk (Verling et al. 2005, Drake and 
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Lodge 2007). To protect themselves against the impacts of future in-

vaders, Arctic nations now have an opportunity to learn from the expe-

riences of years of biosecurity science and management undertaken at 

lower latitudes, experience that includes both successes and failures. 

This chapter will discuss some of the key elements of marine biose-

curity management, drawing on case studies and experiences from a 

range of maritime nations, predominantly New Zealand and Australia. 

The purpose of this chapter is not a detailed description of entire biose-

curity systems (it takes most countries years to develop these) but, ra-

ther, to provide a concise and informal overview of some of their main 

components relating to the prevention or mitigation of unintentional 

species introductions. Given this specific focus, no consideration is given 

here to two nevertheless very important components of national biose-

curity systems: (1) measures related to intentional species introductions 

for economic or recreational activities, and (2) the requirement for na-

tional biosecurity systems to provide sanitary and phytosanitary assur-

ances to trading partners and to avoid protectionist trade measures 

(WTO 1995, Hewitt and Campbell 2007). 

4.2 A simple framework for effective biosecurity 
management 

A primary requirement for meaningful and effective biosecurity man-

agement is that the biosecurity risks to a country or region be under-

stood and, as far as possible, quantified. This knowledge should then 

serve as a foundation for management strategies, including the preven-

tion of non-native species introductions (pre-border management) and 

efforts for eradication or management of introduced or established spe-

cies (post-border management). Figure 1 illustrates this process and 

Box 1 provides information on key terms used in this chapter. 

4.2.1 Understanding risk 

As described above and in Miller (2014, this volume), there are numer-

ous pathways and vectors that could transport non-native species and 

propagules to and within the arctic region. What is the relative risk of 

each pathway and vector? Are there particular non-native species that 

are established in trading ports that should be prevented from reaching 

the Arctic? Which arctic areas are most sensitive and which are at high-

est risk of invasion? These are some of the questions biosecurity manag-
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ers should ask and strive to answer. A useful approach for this is risk 

assessment, a family of tools and techniques that determine the likeli-

hood and consequences of undesired events (Hayes 2003, Drake 2005). 

Both quantitative and qualitative risk assessment tools are available. 

Risk assessment can be a useful and objective aid for understanding the 

relative risk of different pathways, vectors, locations, species, etc., and 

should underpin decision-making, prioritisation and resource allocation. 

Risk assessment can also form the basis of measures for managing bi-

osecurity risks pre- and post-border (see sections below). 

New Zealand and Australia are two maritime nations that have in-

vested considerable effort into quantifying and understanding the ma-

rine biosecurity risks that they are exposed to. For example, in 2004 the 

New Zealand government commissioned the sampling of nearly 500 

international vessels (including merchant, recreational and fishing ves-

sels, as well as towed barges) to determine the significance of vessel 

biofouling as an introduction vector for non-native species to New Zea-

land and the relative risk posed by different vessel types (Cawthron 

Institute 2010, Inglis et al. 2010, Piola and Conwell 2010, Bell et al. 

2011). The role of New Zealand’s domestic shipping network was also 

examined (Hayden et al. 2008). In a parallel effort, the New Zealand gov-

ernment commissioned biological baseline surveys in the country’s main 

shipping ports (selected by risk assessment) to create an inventory of 

established non-native species and their likely mode of introduction 

(Inglis 2001, Inglis et al. 2007). These exercises considerably increased 

the understanding of the biosecurity risks that New Zealand is subject to 

and, amongst other things, formed the basis for proposed hygiene 

standards for international vessel arrivals to New Zealand. Related ef-

forts in Australia involved, for example, comparisons of biofouling and 

ballast water as introduction mechanisms and an examination of the 

biosecurity risks posed by the aquarium and ornamental fish industry 

(AMOG Consulting 2002, Hewitt and Campbell 2008, Morrisey et al. 

2011). These activities are selected examples of a more comprehensive 

and on-going effort to understand sources of marine biosecurity risk. 

They illustrate how a strong motivation to understand risk has brought 

New Zealand and Australia into good positions for developing effective 

management strategies. 
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Exclusion and prevention

Surveillance and 
incursion response

Pest management

Managing risk

Pathways and vectorsUnderstanding risk
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Post-border
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Figure 1: Framework for understanding and managing biosecurity risk to a 
nation or region 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Box 1: Terminology for biosecurity management 

 Vectors 

Means by which non-native species can be introduced to or spread within the 

arctic region (e.g. ballast water in merchant vessels). 

 Pre-border biosecurity management 

Actions taken to prevent the entry of non-native species and their propagules 

into the Arctic. For example, ballast water management, biofouling standards 

for vessel hulls, inspections, etc. 

 Post-border biosecurity management 

Actions taken to manage non-native species that have been introduced or be-

come established within the Arctic (i.e. where pre-border effects were absent 

or failed). 

 Incursion response 

A set of immediate actions taken once a non-native species is detected. Incur-

sion response can include delimitation surveys, vector assessments and fea-

sibility studies (as well as other actions). 

 Pest management 

Management of established non-native populations. Pest management can 

involve eradication campaigns, population control or preventing further 

spread (as well as other actions). 
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4.2.2 Managing risk 

Pre-border 

Understanding the types of biosecurity risks that a region is exposed to 

is essential for the development of effective strategies and measures to 

manage these risks. A key component of risk management should be 

pre-border efforts aimed at excluding non-native species and minimis-

ing the likelihood of introductions (Fig. 1). This is because attempts to 

eradicate or otherwise control established non-native marine popula-

tions are generally expensive and stand limited chances of success (Bax 

et al. 2001, Thresher and Kuris 2004, Bax et al. 2006). 

An example of a common pre-border effort is the ballast water man-

agement that many coastal nations (e.g. New Zealand, Australia, Canada 

and others) require international vessels to undertake prior to entering 

coastal waters (BWM 2005, Hewitt and Campbell 2007, Miller 2014, this 

volume). In comparison, biofouling is a largely unmanaged vector. Pro-

posed guidelines for minimising biofouling risks from shipping have 

recently been released by the International Maritime Organization (IMO 

2011), however, and several countries have also developed their own 

requirements. Such requirements can be based on different principles. 

For example, New Zealand has released a draft Import Health Standard 

(IHS) that, once in force, will require international vessel arrivals to ar-

rive with hulls free of macroscopic biofouling organisms of any kind 

(MAF Biosecurity New Zealand 2010a, b). In contrast, Australia has tak-

en a species-specific approach. Using a risk assessment process, a list of 

“species of concern” was developed comprising species that could cause 

significant economic or ecological impacts if established in Australian 

waters. Some states, in particular Western Australia, require interna-

tional vessels to be demonstrably free of these species (Government of 

Western Australia 2013). 

The best way for vessels to reduce their likelihood of transporting 

non-native biofouling species is to adopt effective hull maintenance 

schedules that ensure clean hull surfaces. Such practices include regular 

dry-docking and antifouling coating renewal, or acceptable forms of in-

water hull cleaning. Both New Zealand and Australia provide guidance 

on these practices for a range of vessel types and industries 

(Commonwealth Government of Australia 2013, MPI 2013). Another 

option is the use of regular hull inspections to assess biosecurity risk, 

either for general biofouling presence or abundance, or for target spe-

cies (Floerl et al. 2010). Such inspections can be undertaken pre-voyage, 

at a vessel’s departure port, to enable its operators to carry out appro-

priate action prior to sailing, if required. Some degree of vector risk as-
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sessment can also be undertaken based on predictive models built from 

hull inspection, maintenance and travel data of an appropriate number 

of vessels. However, the predictive power of such models can be limited 

for a range of reasons (Inglis et al. 2010). 

Post-border 

Effective pre-border risk management can considerably reduce biosecu-

rity risk but it can not prevent it entirely. At times pre-border systems 

fail and non-native species are introduced and become established. Well-

designed post-border intervention measures can then help to minimise 

their potential impacts (Fig. 1). A main aim should be to detect new pop-

ulations of non-native species while they are small and localised, before 

they have been able to widely disperse to other locations. New Zealand 

is using target surveillance (surveys aimed at detecting a set of particu-

lar target species) to achieve this for its marine environments. Seasonal 

surveys for a set of high-risk non-native species are carried out in main 

shipping ports, marinas and harbours, using sampling methods appro-

priate for detecting these species (Inglis et al. 2006). On several occa-

sions these surveys have resulted in the detection of established popula-

tions of target species, most notably an incursion of the Mediterranean 

fanworm Sabella spallanzanii in the port of Lyttelton (Read et al. 2011). 

To warrant the effort and resources spent on surveillance for early 

detection of non-native species, systems, strategies and resources for 

immediate incursion response must be put in place. Incursion response 

might involve delimitation surveys to assess the size, distribution and 

demography of newly-detected non-native populations (Gust et al. 2006, 

Gust et al. 2008a). Prompt, rigorous and adequately resourced incursion 

response was a critical determinant for the successful eradication of the 

blackstriped mussel Mytilopsis sallei from an Australian marina shortly 

after its detection (Hewitt and Campbell 2007). Authorities tasked with 

biosecurity management should strive to develop incursion response 

plans based either on target species or habitats at risk of invasion. Incur-

sion response plans should comprise information on the specific objec-

tives of response activities, sampling approaches, decision points, lines 

of communication and agency responsibilities. 

The result of incursion response measures will help management au-

thorities decide whether and in what form “pest management” is feasi-

ble (Fig. 1). Pest management measures may involve attempts to eradi-

cate a non-native species from a location or region, to control its popula-

tion size or density, or to limit its further spread (Culver and Kuris 2000, 

Miller et al. 2004, Gust et al. 2008b, Atalah et al. 2013). A critical re-

quirement for pest management, particularly eradication attempts, is 
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ongoing monitoring of the distribution and demography of targeted 

populations to ensure pest management efforts fulfil their objectives. 

Ineffective or no monitoring at all can seriously compromise the re-

sources invested in pest management (Simberloff 2003). Indeed, the 

outcomes and effectiveness of all pre- and post-border measures and 

strategies should be monitored and reviewed on a regular basis to ena-

ble adaptation and improvement as necessary (Fig. 1). 

4.3 Challenges and opportunities for the Arctic region 

Most global coastal ports and harbours are connected via an intricate 

and effective transport network. The commercial shipping network, for 

example, is far more efficient at connecting any two global ports with 

each another than the global aviation network is with connecting air-

ports (Kaluza et al. 2010). Arctic ports are already frequented by vessels 

arriving from a wide range of global destinations and regional vessel 

traffic is going to increase (Miller 2014, this volume, Ware et al. 2014). 

Although the development of an effective regional biosecurity system 

will present considerable challenges, it would yield significant environ-

mental and economical benefits. Its success will be maximised if the 

following criteria can be achieved: 

 

 A regional biosecurity system should be based on common goals 

shared among all Arctic nations. Ideally these common goals should 

be formalised and anchored in a regulatory framework, such as New 

Zealand’s Biosecurity Act (1993) and Biosecurity Strategy 

(Biosecurity Council 2003). 

 All pathways and vectors need to be identified and their relative risks 

assessed, enabling development of effective risk management 

strategies (Fig. 1). 

 Strong global and regional relationships across regulatory authorities 

and industries should be developed and maintained to identify 

emerging risks (vectors, pathways or species). 

 Sufficient capability and resources must be available to ensure: 

(i) up-to-date risk assessments, (ii) effective and rapid incursion 

response, and (iii) effective pest management. 

 There should be clarity about the roles and responsibilities of all levels 

of the biosecurity system (e.g. local, regional, national regional 

organisations), and effective communication and information-sharing. 
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 Effective education and awareness programmes need to be available 

for the public, industry and other stakeholders to ensure compliance 

with regulations and best-practice guidance; 

 There should be some level of enforcement of key aspects of the 

biosecurity system (e.g. mandatory ballast water management, etc.). 

 All levels of planning, risk assessment, decision-making and policy 

development should be underpinned by independent and peer-

reviewed scientific advice to ensure management actions are 

objective and defensible. 

 There needs to be a culture of continuous improvement at all levels 

of a biosecurity system, including the various agencies and 

individuals that comprise it. 

 

Biosecurity management can serve to protect the natural and historic 

heritage of the Arctic region, and help safeguard the integrity of its ma-

rine ecosystems and the human cultures that depend on them. While the 

provision of effective biosecurity for a vast, remote and climatically ex-

treme multi-national region presents considerable challenges, the Arctic 

and its member states have the opportunity to build upon insights 

gained during decades of biosecurity management at lower latitudes. 

This unique opportunity should be seized to maximise protection of this 

region from the impacts of invasive species. 
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Section 3:  
Current Invasive Species Problems 
in the Arctic: Case Studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



5. The red king crab 
(Paralithodes camschaticus) 
in the Barents Sea 

Jan H. Sundet, Institute of Marine Research, Tromsø, Norway. 

5.1 Summary 

The red king crab is deliberately introduced and has spread to most 

parts of the southern Barents Sea, from about 36 o E to about 26 o E. It is 

found more off shore in Russian than in Norwegian waters. The biology 

of this crab is similar to what is found in native areas; hatching larvae 

and spawning takes place in shallow waters in spring, and the larvae 

stay pelagic up to 60 days before it settles. Growth is faster and matura-

tion size larger in Norwegian waters than in native areas, whilst diet is 

the same. Main prey is different benthic organisms. This feeding behav-

ior cause serious impact on receptive benthic communities in areas with 

high crab abundance. 

In Norway, the red king crab management regime has two goals; to 

maintain a long term quota regulated fishery within a limited area, and 

to limit further spread of the crab beyond this area. 

5.2 Introduction history 

The red king crab was deliberately introduced to the Barents Sea by 

Russian scientists at several occasions during the 1960s and 1970s (Or-

lov and Ivanov 1977). The overall aim of the introduction was to create a 

new fishery on a new valuable fishing resource, and Russian and Norwe-

gian scientists verified that the introduction was a “success” in a paper in 

1995 (Kuzmin et al. 1996). 

During the first years of appearance the red king crab was mainly re-

garded as a “blessing” for the fishing industry, both in Russia and in 

Norway. Only a few expressed any concerns about the crab being a non-
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native species, posing threats to the receptive ecosystem. This opinion of 

the crab, however, changed sometime just after the new millennium, 

particularly in Norway. The new apprehension has affected also the way 

this species is managed in Norway, but seems to have had no impact on 

the king crab management in Russia. 

5.3 Biology of the red king crab 

5.3.1 Spread and abundance 

Red king crabs were recorded for the first time in Norwegian waters in 

1977, but it was not until the beginning of the 1990s that they became 

abundant in limited areas close to the Russian border (Nilssen 2003). At 

that time the crab had occupied most of coastal areas on the Kola penin-

sula from about 36o E to the Norwegian border. In Norwegian waters the 

crab spread continuously westwards within near coastal waters. The 

spreading appeared to be more or less discontinuous in the way that 

small aggregations of crabs popped up at small localities in inner part of 

fjords further west, with no recordings in the areas back to the source 

population. 

It is difficult to locate the front of the king crab distribution in Nor-

wegian waters today, but we assume that the crab has moved by itself at 

least to areas around Tromsø in west, and to distances of about 12–15 

nm off shore (Figure 1). 
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Figure 1: Approximate distribution of the red king crab in the Barents Sea. Red 
asterisks indicate catch sites of single crabs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The current Norwegian management system (see page 58) results in a 

low population density and consequently a limited spreading rate west 

of 26o E. There are very few observations of red king crabs far off shore 

in the Norwegian part of the Barents Sea, while the crab seem to dis-

perse more into open sea waters in the Russian part. Here, the highest 

densities are found some 30–50 nm ashore where the largest fishery 

harvest is also taking place (Figure 1). 

There were no estimates of the total stock indices in Norwegian wa-

ters until 2002. Therefore, legal male stock indices could be regarded as 

a proxy for the total stock. As the crab spread to new areas further west, 

the population was followed up with stock estimates in new areas con-

tinuously. Therefore, the presented stock indexes of legal male crabs for 

the first period were only for Varangerfjorden; followed by Tanafjorden 

and the area Østhavet in 2003, and Laksefjorden in 2004 (Figure 1). The 

complete crab stock in the Norwegian commercial area (see pages 56–7) 

was estimated for the first time in 2008. 
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5.3.2 Demography 

As the general picture of unexploited accumulated fish stocks, the first 

catches of red king crabs in newly established areas in Finnmark were 

characterized by the presence of many large individuals of both sexes. 

Abundant year classes, visualized as peaks in the annual size distribu-

tion were also commonly observed during the “virgin” period before the 

exploitation rate increased largely after about 2000. Juvenile crabs, 

smaller than about 50 mm carapace length, are sparsely represented in 

our samples all years, due to the crab life history. Juvenile crabs inhabit 

shallow areas all year around, and start descending to deeper areas as 

they increase in size. Therefore, it is not possible to establish reliable 

stock indices of this part of the crab stock. 

After the introduction of a high exploitation rate in the Norwegian 

red king crab fishery, it seems that abundant year classes appear less 

frequently, and that recruitment has become more stable at a low level. 

5.3.3 Growth and reproduction 

Growth in the red king crab, as in all crustaceans, consists of two param-

eters; size increment at each molt, and the frequency of molting. Female 

red king crabs always molt before spawning of eggs, while molting in 

adult male crabs is more irregular (McCaughran and Powell 1977). Ju-

venile red king crabs may molt on several occasions during a year and 

the molting frequency becomes once a year as they grow to mature spec-

imens (Donaldson and Byersdorfer 2005). The red king crab in Norwe-

gian waters seems to grow somewhat faster than crabs in their native 

areas, but this may have changed in recent years due to less available 

food (Nilssen and Sundet 2006, Oug et al. 2011). 

Size at maturity for both male and female red king crabs seems to be 

about 110 mm carapace length (Rafter et al. 1996, Hjelset et al. 2009). 

This is larger than in the red king crabs native areas. Hatching, spawning 

and mating takes place at shallow waters (< 20 m) in spring where high 

numbers of male and female crabs aggregate for 2–3 months (Powell 

and Nickerson 1965). 

Each mature female crab spawns commonly 100–300 thousand eggs 

every year which are fertilized, dependent on crab size (Hjelset et al. 

2012), and an average female performs approximately 10–15 spawning 

seasons. This means that the red king crab as a species has a very high 

reproductive potential, which may be one of its major success factors 

regarding the adaptation to the new ecosystem in the Barents Sea. There 

is, however, observed a significant reduction in the potential egg produc-
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tion in the Norwegian red king crab stock in recent years, probably due 

to the fishery on large males only (Hjelset 2014). 

The larval phase in the red king crab life history may be of crucial 

importance when assessing spread of the species. The crab larvae may 

be pelagic for up to 60 days, dependent on environmental temperature, 

and may therefore be spread by currents (Pedersen et al. 2006). Un-

published results also show that the red king crab larvae are able to 

survive higher temperatures than earlier anticipated (Sparboe unpubl.). 

This may indicate that the crab could spread to a wider area in the 

northeast Atlantic in the future. 

5.3.4 Diet and feeding 

Several studies show that the red king crab feed on numerous prey cate-

gories, both in its native areas as well in the Barents Sea (Feder and 

Jewett 1981, Sundet et al. 2000). These finding may lead to the conclu-

sion that the crab is a generalist feeder (Falk-Petersen et al. 2011), but 

other studies reveal that the crab prefers and remove large individuals 

of invertebrates such as bivalves, echinoderms and siphunculids 

(Haugan 2004, Oug et al. 2011). Prey preference studies based on stom-

ach content analysis may, however, be difficult to interpret since for 

some prey groups only soft parts of the animals are ingested (e.g. large 

mussels), while for other groups (small mussels and worms) hard parts 

enter the digestive system (Jørgensen 2005, Jørgensen and Primicerio 

2007). This entails that the presence of some prey groups in the diet 

may be overestimated. 

5.3.5 Fishery 

The major fishery for the red king crab has taken place in the Bering Sea 

and the northern Pacific, where the exploitation of the crab can be dated 

back to 1930 (Otto 1986). The fishery in this part of the world is mainly 

carried out by the USA, Russia and Japan, where the US annual maximum 

catches amounted to about 65 thousand tons in 1980 (Otto op cit). Since 

then the catches have gone down dramatically, and the fishery in Alas-

kan water closed for several seasons during the 1980s and 1990s. Total 

catch in recent years has been 3–10 thousand tons in Alaskan waters. 

The red king crab fishery in the Barents Sea started as a small exper-

imental fishery agreed upon by Norway and Russia in 1994. This fishery 

lasted as an experimental fishery in Norway until 2002 and in Russia 

until 2004, when they were transformed to more regular commercial 
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fisheries. The catch quotas were small in both countries during the first 

years, but increased significantly at the onset of the commercial fishery 

(Figure 2). The annual value of the total landings of red king crab has 

varied greatly; this is mostly due to varying market prices (Figure 2). 

Figure 2: Landings of red king crab in quota regulated area and free fishing area 
in the Norwegian coastal waters off Finnmark 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stippled line show value of annual landings in million NOK. 

 

Only pots are allowed in the red king crab fishery both in Russia and in 

Norway, although the crab fishery is very different in the two economic 

zones. In Russia the red king crab fishery is performed by large (> 60 m) 

vessels operating many pots, whilst in Norway this fishery is reserved 

for small vessels operating only a few (<30) pots in near coastal waters. 

In Norway, only those fishermen experiencing bycatch problems with 

the red king crab in other fisheries (gillnet, long line etc) are given li-

cense and annual catch quotas. This entails that the majority of the fish-

ers catching the red king crab in Norway lives in Finnmark County, due 

to the distribution pattern of the crab. 

5.4 Impact on ecosystem and fisheries 

Early studies on the red king crab stomach content indicate that this 

species could affect the benthic ecosystem since the majority of the prey 

organisms were benthic living species (Sundet et al. 2000). Revealing 

any such impacts was however, challenging due to lack of knowledge of 
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the recipient benthic ecosystem before the red king crab appeared in 

high abundance in Norwegian waters. The lack of “pre-introduction” 

base line studies of the benthic fauna may be explained by the low focus 

on introduced species among leading scientists at that time in Norway. 

Fortunately, a study of the benthic fauna with a different goal, carried 

out in Varangerfjord in the mid 1990s, came to our knowledge and could 

work as a comparable study of the impact of the red king crab. Benthic 

sampling stations from the early 1990s were re-sampled in 2007 and 

revealed serious changes in the benthic ecosystems where the red king 

crab have been present in high densities for a long period (Oug et al. 

2011). The major changes caused by the crab were a significant reduc-

tion in both number of species, standing biomass and that all large spec-

imens of bivalves, echinoderms and polychaetes were absent. In addi-

tion there were indications of a reduction in bottom sediment quality 

due to the feeding activity of the crab. 

The impact of the red king crab on the local fishery activity was obvi-

ous as soon as the red king crab entered Norwegian waters in some 

amount. The crab caused problems by entangling gillnets and by remov-

ing bait from long-lines (Sundet and Hjelset 2002). 

5.5 Management 

The red king crab occupied a particular role in the Barents Sea fauna 

when it appeared in high abundances in the early 1990s. Before this 

time, there was no crab species that abundant, and in addition being a 

valuable fishing resource. The consciousness among marine scientists 

and fishery managers about non-native species was also low in these 

early years. Therefore, the red king crab was mainly regarded as a valu-

able species for fishery during the first years. It was much later (around 

2000) recognized as an unwanted species as well, and these attitudes 

also mirrored the management actions been taken. During the experi-

mental fishery period the red king crab was regarded as a shared stock 

between Norway and Russia, and the annual quotas were set by the 

Mixed Norwegian-Russian Fishery Commission. The management in this 

period was mainly based upon a 3-S regime (Size, Sex and Season), in 

addition to depth limitation for fishing activities. The exploitation rate 

was low during this period allowing the red king crab stock to increase 

and spread to new areas. This period of joint management with Russia 

lasted until 2007, when the Commission agreed on a separate national 

management. In Norway, the Ministry of Fisheries and Coastal affairs 
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launched a whitepaper to the Parliament where official management 

goals were presented for the first time (Anon 2007). At that time one 

was aware that this new species also had some devastating effects on the 

recipient ecosystem as well as the performance of local gill net fishery. 

The main aim of the Norwegian red king crab management was there-

fore to stop the spread of the crab beyond a limited area (the quota regu-

lated area) in eastern Finnmark, east of 26o E (Figure 1), where the crab 

should be commercially harvested with a long term revenue goal. To 

limit further spread, a non legislated free fishery was introduced in are-

as outside the quota regulated area, including a ban on releasing viable 

crabs back to sea. The main management tools within the quota regulat-

ed area today are a minimum legal size (130 mm carapace length) for 

catch on males and females, trap limitation and vessel quotas. 

The applied management of the red king crab in Norwegian waters 

seems to be successful regarding limiting the spread of the crab, and 

keeping the stock low in areas outside the quota regulated area. Keeping 

an area of long term exploitation, maintains also an economical way of 

getting rid of all red king crabs caught in Norwegian waters. However, 

the high densities of crabs inside the quota regulated area have obvious 

consequences for the benthic fauna since the crab feeding activities both 

reduce the biomass as well as the species composition of the benthic 

communities. The long term consequences of these changes are un-

known and we fear that maintaining this pressure on the benthic ecosys-

tems may result in a permanent change. 

5.6 The snow crab (Chionoecetes opilio) in the 
Barents Sea: Summary 

This crab is not deliberately introduced and appeared in the Barents Sea 

for the first time in 1996. Since then, it has spread to most of the north-

ern areas of the Russian zone and into international waters, the Norwe-

gian zone and Svalbard waters. Little is yet known of the biology of this 

crab in the Barents Sea, but preliminary studies indicate strong similari-

ties with what is found in native areas. It is expected that the snow crab 

will occupy most parts of the northern Barents Sea including all Svalbard 

waters. We also anticipate that this crab may cause serious effects on the 

benthic fauna within its distribution area. Fishery for the snow crab in 

the Barents Sea started in 2013, and management plans for this species 

is expected to be launched during 2014, both for the Russian and the 

Norwegian zone. 
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5.6.1 Appearance and origin 

In 1996 five snow crabs were caught in the slope areas on the Goose 

Bank in the Barents Sea by Russian scientist. This was the first recording 

ever of this species in the North-eastern Atlantic. The natural distribu-

tion of the crab is in the Bering Sea, coastal eastern Canada and along the 

western coast of Greenland. Several hypotheses on the origin of this 

introduction are proposed. The crab is likely either from the eastern 

areas or from western Atlantic. In addition, it is also possible that the 

crab might have moved by itself from the Chukchi Sea in eastern Russia, 

since examples of the crab have been found both in the East Siberian Sea 

as well in the Laptev Sea. Genetic analyses are under way which hopeful-

ly will reveal the answer to this question. 

5.6.2 Biology and life history 

The knowledge on the biology and life history of the snow crab reveals 

area specific differences. There seem to exist, however, some common 

features given below. 

Unlike the red king crab the snow crab has a terminal molt as the 

crab become mature. Female snow crab may be between 30–95 mm 

carapace width at the terminal most, whilst the sizes of males may vary 

between 40 and 150 mm in Atlantic Canada. The crab lives a maximum 

of five years after the terminal molt (Conan and Comeau 1986, Hartnoll 

et al. 1993). 

Female crabs hatch the old eggs just prior to spawning in the spring. 

New egg clutches may count between 20 and 150 thousand eggs which 

are carried under the female abdomen for almost a year (Moriyasu 

2011). There are some indications that crabs facing harsh (temperature) 

conditions may spawn every second year, but annual reproduction peri-

od is the common situation (Moriyasu and Lanteigne 1998). 

The snow crab larvae drift in the upper sea water column for up to 

two months and in contrast to the red king crab they do not necessarily 

settle in shallow areas, but may well be found in deeper (> 200 m) parts 

of the sea. Juveniles seem however to be more restricted to low temper-

atures than adult crabs (-1–3o C), which probably will be a bottleneck for 

where the snow crab will spread in the Barents Sea (Dionne et al. 2003). 

Several numbers of prey groups are found in the diet of the snow 

crab in the Barents Sea based on stomach analysis (Sundet unpubl.), but 

species groups such as Polychaeta, mussels and Echinoderms are domi-

nating in the stomachs. This means that we may expect that the snow 

crab can have effects on major parts of the benthic species communities. 
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The growth rate of the snow crab may vary, but it is believed that the 

crab is about 5–6 years old at the terminal molt, and that maximum lon-

gevity is about 15 years. 

5.6.3 Distribution in the Barents Sea 

Since the first recordings of the snow crab in the Barents Sea, the crab 

has rapidly spread to most parts of the northern Russian Economic Zone 

and northwestwards into international waters, then Norwegian Eco-

nomic Zone and the Svalbard Protection Zone (figure 3). There are also 

findings of single crab specimens along the coast of Finnmark and as far 

northwest as Olgastredet between King Carls Land and Edge Island. Due 

to its known temperature preferences it could be expected that the snow 

crab will continue to spread further north and west in the Barents Sea; 

most likely will the crab be found around the whole Svalbard and Franz 

Josef archipelago in the future. 

Figure 3: Distribution and density of snow crab in the Barents Sea based on by-
catches in bottom trawl during the IMR/PINRO ecosystem survey 2004–2012 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Red asterisks indicate catch sites of single snow crabs 
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5.6.4 Management 

So far there is no management regime for the snow crab in the Barents 

Sea implemented, neither in the Norwegian nor in the Russian zone, but 

both countries authorities have announced that they aim to implement 

management systems for the snow crab during 2014. 

5.7 References 

Anonymous (2007). Forvaltning av kongekrabbe [Management of the red king crab]. 
Parliament whitepaper no 40/2006–2007, Ministry of Fisheries and Coastal affairs. 
144 pp. 

Conan, G.Y. and Comeau, M. (1986). Functional maturity and terminal molt of snow 
crab, Chionoecetes opilio. Canadian Journal of Fisheries and Aquaculture. Vol. 49: 
2460–2468. 

Dionne, M., Sainte-Marie, B., Bourget, E. and Gilbert, D. (2003). Distribution and habi-
tat selection of early benthic stages of snow crab Chionoecetes opilio. Marine Ecolo-
gy Progress Series, 259: 117–128. 

Donaldson, W.E., Byersdorfer, S.C. (2005). Biological field techniques for lithodid crabs. 
Alaska Sea Grant College Program, University of Alaska Fairbanks, AK-SG-05-03. 

Falk-Petersen, J., Renauld, P. and N. Anisimova. 2011. Establishement and ecosystem 
effects of the alien invasive red king crab (Paralithodes camtschaticus) in the Bar-
ents Sea – a review. ICES Journal of Marine Science 68(3): 479–488. DOI: 
10.1093/icesjms/fsq192 

Feder, H. M., and Jewett, S. C. 1981. Feeding interaction in the eastern Bering Sea 
with emphasis on the benthos. In: The Eastern Bering Sea Shelf: Oceanography and 
Resources 2: 1229–1261. D.W. Hood and J.A. Calder (eds.). Office of Marine Pollu-
tion Assessment, NOAA, University of Washington Press, Seattle. 

Hartnoll, R.G., Bryant, A.D. and Gould, P. 1993. Size distribution in spider crab popula-
tions: spatial and temporal variation. Journal of Crustacean Biology. Vol. 13: 647–655. 

Haugan, T-A. 2004. Bunnsamfunn og næringsvalg hos kongekrabbe, Paralithodes 
camtschaticus (Tilesius, 1815), på noen lokaliteter i Finnmark [Benthic communities 
and prey preferences in the red king crab, in selected localities in Finnmark coun-
ty]. Master thesis, University of Tromsø, 2004.86 pp. 

Hjelset, A.M. 2014. Fishery-induced changes in Norwegian red king crab 
(Paralithodes camtschaticus) reproductive potential. ICES Journal of Marine Science, 
vol. 71(2):365–373. 

Hjelset, A. M., Sundet, J. H. and E. M. Nilssen. 2009 . Size at sexual maturity in the 
female red king crab (Paralithodes camtschaticus) in the Barents Sea, Norway. Jour-
nal of Northwest Atlantic Fishery Science 41: 172–182. 

Hjelset, A. M., Nilssen, E. M. and Sundet, J. H. 2012. Reduced size composition and 
fecundity related to fishery and invasion history in the introduced red king crab 
(Paralithodes camtschaticus) in Norwegian waters. Fisheries Research 121: 73–80 
DOI: 10.1016/j.fishres.2012.01.010. 

Jørgensen, L. L. 2005. Impact scenario for an introduced decapods on Arctic benthic 
communities. Biological Invasions 7: 949–957. 

Jørgensen, L. L., and Primicero, R. 2007. Impact scenario for the Jørgensen, L. L., and 
Primicero, R. 2007. Impact scenario for the invasive red king crab Paralithodes 



82 Marine invasive species in the Arctic 

camtschaticus (Tilesius, 1815) (Reptantia, Lithodidae) on Norwegian, native, 
epibenthic prey. Hydrobiologia 590: 47–54. 

Kuzmin, S., Olsen, S. and Gerasimova, O. 1996. Barents Sea king crab (Paralithodes 
camtschaticus): Transplantation Experiments Were Successful. High lattitude 
crabs: Biology, Management and Economics. Proceedings of the International Sym-
posiym on Biology, Management and Economics of Crabs from High Latitude Habi-
tats. Anchorage, Alaska, USA. October 11–13, 1995. pp. 649–664. 

McCaughran, D. A., and Powell, G. C. 1977. Growth model for Alaska king crab 
(Paralithodes camtschatica). Journal of Fisheries Research Board of Canada 34: 989–995. 

Moriyasu, M. 2011. Review of the current status of the snow crab Chionoecetes opilio 
(O. Fabricius, 1788) fisheries and biological knowledge in eastern Canada. New 
frontiers in crustacean biology: Crustaceana Monographs 15: 95–107. Koninklijke 
Brill NV, Leiden. 

Moriyasu, M. and Lanteigne, C. 1998. Embryo development and reproductive cycle in 
the snow crab, Chionoecetes opilio (Crustacea: Majidae), in the southern Gulf of St. 
Lawrence, Canada. Canadian Journal of Zoology, 76 (11): 2040–2048. 

Nilssen, E.M. 2003. Kongekrabbe i Barentshavet – biologi og utbredelse. [Red king 
crab in the Barents Sea – biology and distribution]. Ottar no 4/2003. p.7–12. (in 
Norwegian). 

Nilssen, E.M., Sundet, J.H., 2006. The introduced species red king crab (Paralithodes 
camtschaticus) in the Barents Sea: II. Growth increments and moulting probability. 
Fish. Res. 82, 319–326. 

Orlov, Y.I., Ivanov, B.G., 1978. On the introduction of Kamchatka King Crab 
Paralithodes camtschatica (Decapoda: Anomura: Lithodidae) into Barents Sea. Mar. 
Biol. 48, 373–375. 

Otto, R.S., 1986. Management and assessment of Eastern Bering Sea king crab stocks. 
Can. Spec. Publ. Fish Aquat. Sci. 92, 83–106. 

Oug, E., Cochrane, S. K. J., Sundet, J. H., Norling, K. and Nilsson, H.C. 2011. Effects of 
the invasive red king crab (Paralithodes camtschaticus) on soft-bottom fauna in 
Varangerfjorden, northern Norway. Marine Biodiversity 41: 467–479. DOI 
10.1007/s12526-010-0068-6. 

Pedersen, O. P., Nilssen, E. M. Jørgensen, L.L. and Slagstad, D. 2006. Advection of the 
red king crab larvae on the coast of North Norway – a Lagrangian model study. 
Fisheries Research 79: 325–336. 

Powell, G.C. and Nickerson, R.B. 1965. Aggregations among juvenile king crabs 
(Paralithodes camtschatica, Tilesius) Kodiak, Alaska. Animal Behaviour, 13: 374–380. 

Rafter, E. E., Nilssen, E. M. and Sundet, J. H. 1996. Stomach content, life history, matu-
ration and morphometric parameters of red king crab, Paralithodes camtchaticus, 
from Varangerfjord area, North Norway. ICES Document CM 1996/K:10. 25 pp. 

Sundet, J.H. and Hjelset, A.M. 2002. The Norwegian red king crab (Paralithodes 
camtschaticus) fishery; Management and bycatch issues. In Crabs in cold water re-
gions: Biology, Management and Economics (ED. A.J. Paul, E.G. Dawe, R. Elner, G.S. 
Jamieson, G.H. Kruse, R.S. Otto, B. Sainte-Marie, T.C. Shirley and D. Woodby) . Uni-
versity of Alaska Sea Grant, AK-SG-02-01, Fairbanks. 876 pp. 

 

 

 

 



6. Invasive Species: Case studies 
from Iceland 

Gudrun G. Thorarinsdottir, Marine Research Institute, Reykjavík, Iceland; 

Karl Gunnarsson, Marine Research Institute, Reykjavík, Iceland; Ó. Sindri 

Gíslason, The University of Iceland’s Research Centre in Suðurnes, Uni-

versity of Iceland, Iceland. 

6.1 Introduction 

In the last decades the transport of species to areas outside their natural 

distribution range has increased enormously, globally. It has been esti-

mated that some 10,000 species are being transported every day 

throughout the globe and in European coastal waters alone non-native 

species are discovered on the average every second or third week (Bax et 

al. 2003, Streftaris et al. 2005). The main pathways of transport are con-

sidered to be by humans such as hull fouling of ships, ballast water, 

transport of aquaculture animals, especially shellfish, and with interna-

tional aquarium trade (Stachowicz et al. 2002, Padilla and Williams 2004). 

By far the biggest group of introduced marine species are benthic or-

ganisms, phytobenthos and zoobenthos (Streftaris et al. 2005). Larvae, 

spores and young stages of benthic species are most likely transported 

by ballast water while adult stages have a better chance as fouling on 

ship hulls or associated with mollusc shells that are being transported 

long-distance. Molluscs and fish have been transfered for aquaculture 

purposes for centuries and it is still a common practice worldwide. Aq-

uaculture species may transfer diseases (viruses and bacteria) and para-

sites, and hitch hiking species that can survive in the new environment 

and potentially cause threat to the native biota (Brenner et al. 2014). 

Inter-ocean transport of non-native species has also been facilitated by 

global warming which has caused reduced Arctic ice cover during summer 

and aided drift of pelagic species from the North Pacific through the 

North-western Passage into the North-west Atlantic (Reid et al. 2007, 

Corbyn 2007). Man-made canals as the Suez Canal have also opened 

routes for the transport of organisms between oceans (Galil 2009). 
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Only a small fraction of the numerous species that are transported 

over long distances each day survives the transport, and still fewer with-

stand the environmental conditions at the site where they are released 

(Crooks and Soulé 1999, Mack et al. 2000). 

There are many examples of introduced species that are more suc-

cessful in their new destination than in the area they originate from. This 

has in some instances been thought to be caused by the lack of natural 

enemies in the new habitat (Stæhr et al. 2000). 

It may take many years, even decades before the impact of intro-

duced species can be detected (Crooks and Soulé 1999). Of those intro-

duced species that successfully colonize, some become invasive, i.e. af-

fect the recipient habitat and bioregions, economically, and/or ecologi-

cally even though the seriousness of the impact can vary greatly. 

Changed environmental conditions (as e.g. increased sea temperature in 

the North-Atlantic) may affect the success of a non-indigenous species in 

the new environment (Occhipinti-Ambrogi 2007, Sorte et al. 2010). 

The impacts of introduced species can be either direct e.g. when they 

alter trophic interactions, interfere with competition (for food and space) 

and by disease transmission or indirect through habitat modification 

(Snyder and Evans, 2006, Wallentinus and Nyberg 2007). The conse-

quences are changes in species diversity of the native biota (Eastwood et 

al. 2007, Williams and Smith 2007, Hollebone and Hay 2008, Weis 2010) 

and in some instances displacement of native species (McDonald et al. 

2001). Hybridisation has also been indicated as a consequence of intro-

duction of new species but has scarcely been studied (Coyer et al. 2007). 

The highest number of registered invasions of non-native marine 

species, is in Europe. These species belong to almost all groups of marine 

organisms from bacteria to fish (Streftaris et al. 2005), and the majority 

originates from the Pacific (Molnar et al. 2008). 

Although the number of non-native species is relatively well known 

in Europe little is known of their effect on local biota. Studies indicate 

that invasive non-native species can cause changes in the recipient biota 

and are considered to be the greatest threat to biodiversity and ecology 

of marine communities in European coastal waters (Bax et al. 2003). 

Because of that, there is an identified need by the scientific community 

for a risk-based assessment of the transport and introduction of non-

native species. Risk assessments should include all possible effects of the 

introduction both direct effects and side effects such as diseases, hitch 

hiking species and genetic contamination (Muehlbauer et al. 2014). 

Human induced introductions of non-native species in Icelandic wa-

ters have increased in the last decades. Most of these species originate 
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from the Pacific and are brought to Iceland from Europe as a secondary 

introduction (Table 1). Only minor negative effects on the ecosystem 

have been reported for these species in Iceland. However, it is empha-

sised that there have been limited ecological studies of their interaction 

with native species. 

Table 1: Non-native marine species in Icelandic waters 

Taxa First recorded Pathway Invasive References 

Phytoplankton     

Heterosigma akashiwo 1987, Southwest Shipping No Thorarinsdottir and  

Thordardottir 1997 

 

Stephanopyxis turris 1997 Southwest Shipping No Gunnarsson et al. 2011 

 

Mediopyxis helysia 2007, West Shipping No Gunnarsson et al. 2011 

 

Neodenticula seminae 2002, North Currents No Reid et al. 2007 

 

Macroalgae     

Fucus serratus 1900, Southwest Shipping Potentially Jónsson 1903 

 

Codium fragile 1974, Southwest Shipping No Jónsson and Gunnarsson 1975 

 

Bonnemaisonia hamifera 1978, Northwest Shipping No Gunnarsson and  

Egilsdóttir 2010 

 

Crustacea     

Cancer irroratus 2006, Southwest Shipping Potentially Gislason et al. 2014 

 

Crangon crangon 2003, Southwest Shipping/ 

currents 

Potentially Gunnarsson et al. 2007 

 

 

Mollusc     

Mya arenaria 1958, Southeast Shipping No Óskarsson 1982 

 

Cerastoderma edule 1948, Southwest Shipping No Óskarsson 1982 

 

Tunicata     

Ciona intestinalis 2007, Southwest Shipping No Svavarsson and Dungal 2008 

 

Fish     

Platichtys flesus 1999, Southwest 
Shipping/ 

currents 

Potentially 
Jónsson et al. 2001 

 

Oncorhynchus mykiss 1983, Southwest Acuaculture No Jónsson 1983 

 

In this article we describe the present status of non-native marine spe-

cies in Icelandic waters. We attempt to identify their distribution in Ice-

land and the vectors for spread, and how the introduced species interact 

with the local biota. 
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6.2 Phytoplankton 

6.2.1 Heterosigma akashiwo (Y. Hada) Y. Hada ex Y. Hara 
& M. Chihara 

A blooming of the planktonic algae Heterosigma akashiwo (Figure 1) in 

Hvalfjörður was observed in May 1987 causing massive mortality in pen 

reared salmon at a local fish farm (Thorarinsdottir and Thordardottir 

1997). The species has only been found in Iceland on this one occasion. 

This could possibly be explained by a single introduction event during 

optimal environmental conditions, as the species did not survive the 

conditions for the rest of the year and died out. 

Figure 1: Heterosigma akashiwo 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Wenche Eikrem and Jahn Throndsen. 

 

H. akashiwo was first formally described form Japan in 1967 (see Hara 

and Chihara 1987). In Europe it was first reported from a dens bloom in 

Oslofjord in 1964 (Braarud 1969). Since then it has been reported in 

many places in the North Atlantic where it has caused several incidents 

of mortality in farmed fish and shellfish. Due to the close genetic rela-

tionship that exists between Pacific and Atlantic populations H. akashiwo 
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has been thought to have been introduced recently into the Atlantic, 

possibly by humans (Connell 2000). But given the global distribution of 

this species this has been challenged (Smayda 2006). 

6.2.2 Stephanopyxis turris (Greville et Arnott) Ralfs 

The diatom Stephanopyxis turris (Figure 2) was first recorded in 1997 

when it was found in Hvalfjörður (Eydal 2003, Gunnarsson et al. 2011). 

It has since been found in Faxaflói and Breiðifjörður. S. turris is a com-

mon species at the Atlantic coast of Europe and the east coast of North 

America. The species had not been found in numerous surveys in the 

area until it suddenly appeared and was found in high concentrations in 

Hvalfjörður. It is therefore suspected that it was introduced a shortly 

before it was first recorded. 

Figure 2: Stephanopyxis turris 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Karl Gunnarsson. 
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6.2.3 Mediopyxis helysia Kühn, Hargraves et Hallinger 

The first formal description of the diatom species Mediopyxis helysia 

(Figure 3) was published in 2006 (Kühn et al. 2006). It was first found in 

samples collected on the west coast of North America in 1996. Subse-

quently it was found close to Helgoland in the North-Sea coast in 2002, 

and at the Scottish coast in 2005 (McCollin 2008). It is not known from 

where it originates but detailed examinations of samples from the west 

coast of N-America and Helgoland in the years prior to its discovery did 

not reveal any individuals of this relatively large and conspicuous spe-

cies (Martin and LeGresley 2008, Kraberg et al. 2012). 

In 2007 through 2010 the species was found at numerous occasions in 

Breiðafjörður western Iceland (Gunnarsson et al. 2011) and in Hvalfjörður 

in 2010. Recently it was found in samples collected in 2008 in Tálknafjör-

ður, north-western Iceland (H. Gudfinnson MRI, personal communication). 

Re-examining of samples from Breiðafjöður and Hvalfjörður taken before 

its discovery in 2007 did not yield any additional records of the species. 

Figure 3: Mediopyxis helysia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Karl Gunnarsson. 

 

In the Wadden Sea the species has become established and has re-

peatedly formed extended blooms (Meier and Hillebrand 2012). Its 

dominance in the plankton community has affected the diversity of 

the phytoplankton and consequently it has been considered to be an 

invasive species. 
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6.2.4 Neodenticula seminae (Simonsen et Kanaya) Akiba 
et Yanagisawa 

Neodenticula seminae (Figure 4) was discovered in Icelandic waters in 

samples collected by continuous plankton recorders (CPR) in 2003 and 

in samples taken in the North Icelandic waters in 2002 (Reid et al. 

2007). The species was first detected in the North Atlantic in 1999 in the 

CPR series south of Greenland. Recently it was found to be abundant in 

the Nordic Seas up to Svalbard (Miettinen et al. 2013). It has probably 

drifted with currents from the Pacific along the Northwest Passage as a 

result of longer ice-free periods in summer in the Canadian Arctic (Cor-

byn 2007). 

Figure 4: Neodenticula seminae 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Akira Kuwata. 

 

N. seminae has until now only been found in two samples from Icelandic 

waters. One of the samples was taken off the south coast and the other 

one on the northern shelf. It was not introduced by humans but its in-

troduction was facilitated by global warming and resulting ice melting in 

the Arctic. 
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6.3 Macroalgae 

6.3.1 Fucus serratus Linneaus 

The brown seaweed F. serratus (Figure 5), native to the Atlantic coast of 

Europe, was probably introduced to Iceland by man. It was first recorded 

at the end of the 19th century in two isolated populations in south-western 

Iceland (Jónsson 1903). In recent years the population has extended its 

distribution over most of the western and northern shore of Reykjanes 

peninsula, south-western Iceland. Additionally, small isolated population 

was found in Hvalfjörður in 1998 which now covers most of the shores in 

the inner and middle part of the fjord. Molecular genetic analyses indicate 

that F. serratus was introduced to Iceland a few centuries ago and has 

since spread from Iceland to the Faroe Islands (Coyer et al. 2006). 

Figure 5: Fucus serratus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Karl Gunnarsson. 

 

Hybridisation is commonly found between F. serratus and F. distichus 

especially in areas where the species have recently started growing to-

gether i.e. when one is introduced into the habitat of the other. In Iceland 

hybrids are commonly found between the two species (Coyer et al. 

2006). These hybrids seem to be most common at the edges of the 

spreading area of F. serratus where the two species are in direct contact. 
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In old established populations, F. serratus is considered a week com-

petitor with other canopy forming species (Hawkins and Harkin 1985). 

Studies in Iceland have however shown that the growth of F. serratus 

affects or eliminates the growth of other canopy-forming species nor-

mally found growing at the same level in the lower part of the shore 

(Gunnarsson and Galan 1990, Ingólfsson 2008). When established, F. 

serratus becomes dominant by forming a canopy cover in the lower part 

of the shore, reducing or eliminating the cover of other canopy forming 

algae. It can therefore be classified as an invasive species. 

6.3.2 Bonnemaisonia hamifera Hariot 

The Japanese red seaweed Bonnemaisonia hamifera (Figure 6) was first 

recorded in the North Atlantic at the end of the 19th century. It spread 

from Europe to the west coast of North America where it was recorded 

in 1927. First record of it in Iceland was sometimes between 1964 and 

1975 (Munda 1978). The species normally has a life cycle with morpho-

logically dissimilar phases. Its sporophytic phase is made of thin fila-

ments, growing closely attached to the substrate or forming small tufts. 

The gametophytic phase is a larger, upright fleshy plant. B. hamifera i.e. 

the sporophytic phase was first reported growing on Fucus distichus in 

the intertidal zone in Dýrafjörður. The species was recorded again in 

2004, when it was found subtidally in Hvalfjörður, again it was only the 

sporophytic phase that was found and it was growing attached to the 

calcareous algae Lithothamnion (Gunnarsson and Egilsdóttir 2010). It 

formed small, pink tufts on the host. The gametophytic phase has not 

been reported in Iceland. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 Marine invasive species in the Arctic 

Figure 6: Bonnemaisonia hamifera 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Svanhildur Egilsdóttir. 

 

In Europe and the west coast of North America reproductive structures 

have been observed both on gametophytic and sporophytic plants 

(Floc’h 1969, Chen et al. 1969). The species is however thought to 

spread primarily by fragmentation. No reproductive structures have 

been found on the species in Iceland. Sporophytes have a wider distribu-

tion in the North Atlantic than the gametophytes and are the only life 

cycle stages found close to its northern distribution limit. Here it seems 

to spread exclusively by fragmentation. Experiments have though shown 

that the sporophytes are able to form spores when the sea temperature 

is above 10 °C during short day conditions (d<12 hrs). It occasionally 

happens in Iceland that the temperature is above 10°C after the autumn 

equinox but does probably not last long enough for the spores to mature 

and germinate to form viable gametophytes. 

Bonnemaisonia hamifera is has been found to be invasive in other are-

as, but in Iceland it is rare inconspicuous and cannot be termed invasive. 

6.3.3 Codium fragile (Suringar) Hariot 

The green seaweed Codium fragile (Figure 7) was first recorded in Ice-

land in 1974 when it was found in Hvalfjörður, southwestern Iceland 

(Jónsson and Gunnarsson 1975). It has now also been recorded on the 
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western and northern coast of the Reykjanes peninsula (Gunnarsson and 

Egilsdóttir 2010). The plants grow up in spring from filamentous masses 

left at the holdfast from previous summer. The macroscopic plants dis-

appear again in late autumn. No reproductive structures have been 

found on the Icelandic plants. 

6.4 Figure 7: Codium fragile 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Karl Gunnarsson. 

 

Codium fragile is a very morphologically variable species and numerous 

subspecies have been described that can be difficult to distinguish. In the 

North Atlantic three subspecies have been described; subspecies tomen-

tosoides, atlanticum and scandinavicum. It was thought that the different 

subspecies were introduced from the Pacific in three separate events 

(Silva 1955, 1957). Later studies have indicated that there are actually 

only two subspecies in the North Atlantic; subspecies fragile and sub-

species atlanticum. The subspecies fragile is now the only one consid-

ered to have been introduced from the Pacific to the North Atlantic, sub-

species atlanticum is considered to be native (Brodie et al. 2007, Provan 

et al. 2008). In Iceland C. fragile is found in rock pools in the upper litto-
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ral and just below low watermark at spring tide. The biggest specimens 

are 15 cm. 

In Europe and the east coast of North America the species has be-

come very common and dominates the vegetation in places (Scheibling 

and Gagnon 2006). Sometimes causing nuisance e.g. by dislodging com-

mercial shellfish and clogging dragnets (Fralick & Matthieson 1973, Carl-

ton and Scanlon, 1985) and therefore defined as an invasive species. In 

Iceland, however, Codium fragile is nowhere common although it has 

been present for at least 40 years and does not show any invasive char-

acteristics here. 

Studies have shown that for reproduction to occur in C. fragile the sea 

temperature needs to reach at least 12 °C (Churchill and Moeller 1972). 

In Iceland the temperature often exceeds this limit during late summer 

in the inner parts of fjords in the southwest and west part of the country 

(Jónsson 1999). Therefore C. fragile might occasionally be able to repro-

duce in Iceland or at least start developing reproductive structures. 

6.5 Crustaceans 

6.5.1 Cancer irroratus Say, 1817 

The Atlantic rock crab Cancer irroratus was first recorded in Icelandic 

waters in 2006 (Gíslason et al. 2014). This was as well the first record of 

the species colonization out of its native range, the Atlantic coast of N-

America (Williams 1984). This relatively large decapod crab (Figure 8), 

with carapace width up to 15 cm, is considered to have been introduced 

to Iceland as larvae via ballast water (Gíslason et al. 2014). The large 

scale changes in the North Atlantic in recent years (Anonymous 2004), 

with noticeable warming in Icelandic waters (Astthorsson et al. 2012) 

are likely to have aided the colonization. Since colonization C. irroratus 

has spread quickly along the southwest and west coast of Iceland, and 

has now colonized approximately 20% of the coastline. In its new habi-

tat competing decapods are scarce, with only two commonly found, the 

European green crab (Carcinus maenas) and the great spider crab (Hyas 

araneus). Despite of its recent colonization C. irroratus appears to be the 

dominant brachyuran crab species in south-western Iceland, both re-

garding adults and planktonic larvae (Gíslason et al. 2014). The density 

of adult C. irroratus was estimated to be around 0.12 crabs per square 

meter (Gíslason et al. 2013a) which is similar to observations in its na-

tive range (Miller 1989). Studies on the genetic population structure 
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revealed that the genetic variation in the Icelandic population is high 

and similar to what it is in its native range (Gíslason et al. 2013b, 

Gíslason et al. 2013c). Nothing is yet known about the predator-prey 

interaction and effects of C. irroratus on marine ecosystems in Iceland. 

Considering the size and generalist diet C. irroratus is capable of having 

significant effects on a variety of native benthic organisms, e.g. through 

direct predation, competition for habitat or indirect trophic cascades 

(Gíslason et al. 2014). 

Figure 8: Cancer irroratus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Ó. Sindri Gíslason. 

 

The size and abundance of adult crabs, their reproductive condition, 

occurrence of all larval stages in plankton, high genetic diversity, appar-

ent lack of founder effects and rapid spreading of the species along the 

coastline indicate that the newly established C. irroratus population is 

healthy and is thriving well in Icelandic waters. Thus according to cur-

rent knowledge, C. irroratus has the potential to become invasive in Ice-

landic waters. 
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6.5.2 Crangon crangon (Linnaeus, 1758) 

The European brown shrimp (Crangon crangon) (Figure 9) was first 

recorded in Icelandic waters in 2003 (Gunnarsson et al. 2007). In light of 

its occurrence in Arctic waters, and with records of its incidental obser-

vations in Icelandic waters dated back to the late 19th century (Campos 

and van der Veer 2008, Doflein 1900), it is interesting that successful 

colonization has not occurred before. The species native distribution 

extends from the White Sea and northern Norway, the Baltic in the north 

to the Atlantic coast of Morocco, including the Mediterranean and the 

Black Sea in the south (Campos and van der Veer 2008, Tiews 1970) 

where the shrimp inhabits eulittoral and sublittoral soft-bottom habitats 

of temperate waters, commonly in large numbers (Henderson and 

Holmes 1987, Hostens 2000). Since colonization C. crangon has spread 

quickly along the south and west coast of Iceland, and has as well isolat-

ed population in the southeast Iceland (Gunnarsson et al. 2007, 

Kolbenstein 2013). Introduction of C. crangon in Icelandic waters is ei-

ther thought to have occurred naturally via larval drift by currents or by 

multiple introductions via ballast water, or even both. Known ecological 

impacts of its colonization in Iceland has not been estimated, the density 

of C. crangon has however been measured as high as 6,700 animals per 

100 m2 (Gunnarsson et al. 2007). In general C. crangon is a carnivorous 

nocturnal predator with diet determined by the composition of the ben-

thic community and the abundance of available prey, both of which are 

strongly correlated with substrate type (Ansell et al. 1999). As C. cran-

gon has also been implicated as a major predator of young plaice 

(Pleureonectes platessa L.) on nursery grounds (Oh et al. 2001, van der 

Veer et al. 1998, Wennhage 2002) its possible impact in Iceland is of 

special concern as the plaice is a commercially valuable species. 
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Figure 9: Crangon crangon 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Hans Hillewaert. 

6.6 Molluscs 

6.6.1 Mya arenaria Linnaeus, 1758 

Mya arenaria, the Sand gaper, (Figure 10) is found in all European seas 

and is widely distributed along European coasts (Poppe and Goto 1993, 

Strasser 1999). This is the oldest introduced species documented in 

European waters, as shells found in Denmark have been dated back to 

1245–1295 (Petersen et al. 1992). This species was first observed off the 

east coast of Iceland in 1958 (Óskarsson 1982). Since then it has been 

found at several places almost all around Iceland but always in low 

abundance (Thorarinsdottir et al. 2007). The transport of M. arenaria to 

Iceland is most probably from Europe by natural currents and/or ballast 

water. It is difficult to identify impacts of M. arenaria in Icelandic waters, 

but in the Baltic (Obolewski and Piesik 2005) and in Danish fjords 

(Christiansen et al. 2006, Petersen et al. 2008) this species has invaded 

and caused regime shift in the last decades. 
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Figure 10: Mya arenaria 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Gudrun G. Thorarinsdottir. 

6.7 Cerastoderma edule (Linnaeus, 1758) 

The Common cocle, Cerastoderma edule, is widely distributed in the 

Northeast Atlantic Poppe and Goto 1993) and was first observed in 

south-western Iceland in 1948 (Óskarsson 1982). The distribution has 

increased since then but is restricted to the west coast most probably 

related to sea temperature (Figure 11). The transport to Iceland is most 

probably from Europe by natural currents and/or ballast water. The 

impact is hard to detect as it is always found in very low abundance, but 

the species might compete for resources such as food and space with 

other bivalve species in the same locality as Arctica islandica and Ser-

ripes groenlandicum. 
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Figure 11: Cerastoderma edule 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Gudrun G. Thorarinsdottir. 

6.8 Tunicata 

6.8.1 Ciona intestinalis (Linnaeus, 1767) 

Tunicates commonly foul ships and docks and are transported around the 

globe with ships. The Sea vase tunicate, Ciona intestinalis, (Figure 12) is 

the only tunicate species that has been recorded as non-native in Icelandic 

waters. This species, is globally distributed except in Antarctica and is 

native to the North Atlantic, but is introduced to the South Atlantic, Pacific, 

and Indian Oceans (Dybern 1967). C. intestinalis is listed as an invasive 

species in Canada (Therriault and Herborg 2008, Carman et al. 2010) and 

South Africa (Robinson et al. 2005) having negative economic impacts on 

shellfish aquaculture, reducing growth rates of cultured mussels and foul-

ing ropes and equipment. It is also a formidable competitor, quickly occu-

pying space and potentially displacing native fouling species. 
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Figure 12: Ciona intestinalis 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Pálmi Dungal. 

 

In Iceland C. intestinalis was first recorded in 2007 in a harbour in 

Straumsvík, south-western Iceland (Svavarsson and Dungal 2008) and 

again in 2010 from floating docks in three small harbours also in the 

Southwest (Björnsson 2011). The tunicate has most probably been 

transported to Iceland as fouling organism on ship hulls. The impact of C. 

intestinalis in Iceland is impossible to detect yet, as it has just lately been 

recorded at few sites and in low abundance. This species is potentially 

invasive causing problems in bivalve aquaculture where it has been in-

troduced (Hayes et al. 2005, Lambert and Lambert 2003) so further in-

vestigations are needed. 

6.9 Fish 

6.9.1 Platichthys flesus (Linnaeus, 1758) 

The European flounder, Platichthys flesus, (Figure 13) is widely distrib-

uted in the Northeast Atlantic and common in coastal waters in Western 

Europe as in the Faeroes (Muus et al. 1997, Joensen and Taaning 1970). 

In autumn 1999 P. flesus was first observed near the mouth of the Ölfusá 

river, on the south west coast of Iceland (Jónsson et al. 2001, Gud-

brandsson and Jónsson 2004). Since then the distribution of the species 

has increased greatly and it can now be found clockwise around Iceland 

from the east to the north, in brackish water (Jónsson et al. 2001). The 

introduction pathway for P. flesus is unknown, it is considered to be ei-

ther by natural dispersal with currents from the Faroese or human me-
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diated with ballast water. Records of such human mediated transport 

are known from the United States for P. flesus, though not resulting in 

successful colonization (Welcomme 1988). Studies on the flounder in 

Iceland have shown predation on salmon larvae as well as competition 

for food with salmon, eel and stickleback (Jóhannsson and Jónsson 

2007). The species is considered as potentially invasive. 

Figure 13: Platichthys flesus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Jónpáll Pálsson. 

6.9.2 Oncorhynchus mykiss (Walbaum, 1792) 

The Rainbow trout, Oncorhynchus mykiss, (Figure 14) is a Pacific species 

from the west coast of North America. It has been introduced worldwide 

for aquaculture and was first transported to Europe in 1884 (MacCrim-

mon 1971). It was first imported to Iceland from Denmark in 1950 for 

aquaculture purposes (Gudjonsson 1952). Sea run O. mykiss (Steelhead 

trout) was first recorded in nature in 1983 in the estuary of the Fróðá 

river, western Iceland (Jónsson 1983). It has since then been observed in 

rivers and ponds in the Southwest Iceland, as the trout has escaped or 

been released from hatcheries and fish farms. The size and age of Steel-

heads caught in South Iceland indicate that they are likely escapees from 

aquaculture farms in the Faroe Islands. There are no evidences of natu-

ral populations in Iceland. However, the possible impact from O. mykiss 

is predation and competition by adults with native species especially 

brown trout and Arctic charr, fry and parr (Landergren 1999). 
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Figure 14: Oncorhynchus mykiss 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo: Alex Borbely. 

6.10 Summary and conclusion 

Fourteen non-native marine species have been recorded in Icelandic 

waters in the last 58 years, nine of them in the last decade. This is a di-

verse group of species belonging to to phytoplankton, macroalgae, crus-

taceans, bivalves, tunicates and fish. Four of those species can be consid-

ered potentially invasive as they adversely affect the habitats and biore-

gions they invade environmentally, and/or ecologically. The Atlantic 

rock crab, the brown shrimp and the European flounder are then species 

that might become invasive in the future, as the populations seems to be 

healthy and are thriving well in Icelandic waters, spreading rapidly pos-

sibly to the disadvantage of other native species. 

The brown seaweed Fucus serratus is the only macroalgae species 

that can be classified as an invasive species, as it becomes dominant part 

of the community by forming a canopy cover in the lower part of the 

shore, reducing or eliminating the cover of other canopy forming algae. 

Other introduced species, still not showing invasive characteristics as 

the Vase tunicate Cione intestinalis and some phytoplankton species as Me-

diopyxis helysia, should be paid attention to in the future as they have be-

come invasive elsewhere in the world where they have been introduced. 

The flounder Platichthys flesus, the brown shrimp Crangon crangon and 

the Atlantic rock crab Cancer irroratus, were first recorded in Icelandic 
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waters in 1999, 2003 and 2006 respectively and all were first found in 

south-western Iceland. These species spread rapidly, predate on other 

species in the area and compete for food and space. The brown seaweed 

Fucus serratus that was first observed more than100 years ago, has spread 

slowly but has outcompeted other native algal species like Fucus distichus, 

where it grows. These species have probably been transported to Iceland 

in ballast water and in the case of the Fucus serratus probably with stone 

ballast. Most likely they have been transported from Europe, except the 

rock crab that came from the east coast of North-America. Most of the 

non-native marine species were first recorded in south-western Iceland 

where the oceanic traffic of large cargo vessels is most frequent and moni-

toring programs have been carried out for years. 

The increasing sea temperature in Icelandic waters in the last two 

decades has changed the distribution of local fish species and made it 

possible for more varied group of non-native species, like the Atlantic 

rock crab, to invade Icelandic waters. 

It is extremely difficult to eradicate non-native marine species once 

they have arrived. Because of the known risks of certain introductions 

the emphasis should be on precaution. New regulation on handling of 

ballast water was introduced in Iceland in 2010 to prevent introduction 

of alien marine species. It forbids discharge of ballast water in Icelandic 

jurisdiction. Hopefully this will slow down the rate of new introductions. 

Although ballast water is certainly an effective vector for transfer of non-

native species, other vectors such as ship hull fouling and transport of 

aquaculture organisms are also important and need to be addressed, but 

in a different way. The complete prevention of the transport and estab-

lishment of non native marine species to Iceland is probably an unrealis-

tic dream. While potentially invasive alien species continue to arrive, 

understanding the process of settling and establishment of non native 

species and their effects on the Icelandic coastal ecosystem is necessary. 

Regular monitoring and case studies are badly needed. 
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7. Optimizing policies to combat 
aquatic invasive species 

Jarkko K. Niemi, MTT Agrifood Research Finland, Helsinki, Finland;  

Kari Hyytiäinen, MTT Agrifood Research Finland and University of Hel-

sinki, Department of Economics and Management, Helsinki, Finland; 

Maiju Lehtiniemi, Finnish Environment Institute, Marine Research Cen-

tre, Helsinki, Finland; Kimmo Tikka, Finnish Meteorological Institute, 

Helsinki, Finland. 

7.1 Introduction 

Invasive species are a major threat to aquatic ecosystems. They can re-

sult in biodiversity loss and adverse environmental, economic and social 

impacts (Leppäkoski et al., 2002; Occhipinti-Ambrogi and Savini, 2003; 

Pimentel et al., 2005). Arctic areas are particularly sensitive to distor-

tions and climate change can further emphasize their sensitivity by al-

lowing increased human activities in the area. International ship traffic 

from Europe to Asia via the Northeast route in combination with the 

warming of the oceans can increase invasions of species in the Arctic 

areas. Ballast water, sediments and ship fouling associated with ship 

traffic provide species with routes to spread quickly over long distances 

in a manner which is not in line with their natural pattern of spread. 

According to Molnar et al. (2008), 31% of all identified aquatic invasions 

have occurred via ballast water. 

Thermal pollution due to increased human activity in the Nordic re-

gions is a largely neglected issue. Establishments of new heat-producing 

infrastructures can increase the temperature of water at least locally and 

hence provide a place for aquatic invasive species to settle down in the 

Arctic. Thermal pollution near the warm water discharge outlets of 

power plants are typical gateways for aquatic invasive species to enter 

an area from warmer environments. 

Cooperation between stakeholders and preventive abatement (Fer-

nandez 2007), as well as behaviour of stakeholders are important for the 

choice of and the effectiveness of policies to control invasive species 
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(Levente and Phaneuf, 2009). It can be very difficult and costly, if possi-

ble at all, to eradicate aquatic species which have been established in a 

region. International Maritime Organization (IMO) has suggested im-

provements in ballast water treatments to reduce the risk of invasion. 

However, for a decision-maker choosing measures to combat invasive 

species it is important to have information about measures which are 

beneficial. It is also important to notice that the measures are not chosen 

separately. Benefits that can be obtained through more intensive moni-

toring or preventive measures depend on the damage that can be avoid-

ed. As adaptation and eradication are ways to reduce the losses caused 

by invasive species, they can also affect the optimal monitoring and pre-

vention policies, and hence should be studied simultaneously. 

Asian clam (Corbicula fluminea) is a small bivalve originating from 

Asia, from where it has been spreading rapidly in recent decades 

(Darrigran, 2002; McMahon, 2002; Sousa, 2008). The clam is a freshwa-

ter species which tolerates salinities up to 13 PSU (Practical Salinity 

Units) and which aggressively outcompetes native invertebrates 

(Karatayev et al., 2003), fouls water intake pipes (Eng, 1979), alters ben-

thic habitats (Hakenkamp et al., 2001) and reduces the recreational val-

ue of beaches (Pimentel et al., 2005). 

Invasive species in the context of power plant investments have been 

studied previously (e.g. Leung et al., 2002), but research in the context of 

cold water is sparse. The goal of this study was to conduct an ex-ante 

analysis of management (prevention, eradication, control and adapta-

tion) of Asian clam in an area close to the harbor of Kemi in Northern 

Finland. Because of thermal water pollution expected from a planned 

nuclear power plant, the environment was potentially suitable for the 

Asian clam. 

Our analysis is built on a previously published stochastic dynamic 

programming model by Hyytiäinen et al. (2013). Earlier results are en-

riched through additional analysis with respect to some of the most crit-

ical model parameters, which are jointly minimised. The model accounts 

for both private and social costs of Asian clam and control measures. Our 

analysis contributes to the previous knowledge by taking into account 

how new information about the state of a clam invasion and associated 

risks affects the optimal management policy. 
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7.2 Summary 

Invasive species can cause substantial damages to various industries. Bal-

last water, sediments and ship fouling associated with ship traffic provide 

species with routes to spread quickly over long distance to the Nordic 

conditions. In this paper we examine the control of Asian clam, an invasive 

aquatic species. Analysis revealed a set of relevant policies. This set in-

cludes preventive policies aimed at preventing an invasion, and to some 

extent also to adapting to the invasion and eradicating the clam from the 

region. Also, mitigative policies involved efforts on the timely detection of 

clam population and preventing an established population from growing 

thereafter or from causing excessive damages. Interestingly, monitoring 

and chemical antifouling as preventive measures (if taken before any in-

vasion) could be substitutes. Adaptive policies focused on reducing the 

negative consequences of the invasion for the power plant without paying 

too much attention to prevention and monitoring. Finally, in eradication 

policies efforts were put on both eradication and prevention of clam inva-

sion. These policies benefit stakeholders differently as the costs are borne 

by different stakeholders. Policies which focus on adaptation involve the 

power company over other stakeholders more than other policies. This is 

because adaptation focuses on mitigating failures at the power plant 

whereas other policies put more emphasis on reducing the clam stock. 

7.3 The dynamic programming model 

7.3.1 Case-study area 

Our case study area is the water discharge area of a nuclear power plant, 

which was planned to be built in Karsikkoniemi, on the northeastern 

shore of the Bothnian Bay of the Baltic Sea. The place is located next to 

the Ajos harbour of the town of Kemi. The harbour is served with both 

scheduled and irregular freight traffic from European ports which are 

contaminated by the Asian clam. During the course of this this study the 

power company decided to install the power plant in another location. 

Kemi is located in the northernmost corner of the Baltic Sea, where 

the waters are too cold for Asian clam to survive in most winters. How-

ever, heat pollution of planned power plant would have provided the 

Asian clam with more favourable conditions to become established. We 

have estimated that there would have been 200 ha of seabed where the 

clams could reproduce (Ilus, 2009). 
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7.3.2 Objective function 

As our analysis is based on a previously presented model, we repeat 

here only the generic idea of the model and information necessary to 

interpret the results. The details of how the utility-maximising manage-

ment policy was optimized are available in Hyytiäinen et al. (2013). Re-

garding the details the reader is recommended to consult the article. 

Given the decision to build a nuclear power plant, the social planner 

adjusts the prevention, mitigation and adaptation measures such that 

the total discounted costs from damage to shipping, power production, 

and people living in the area are minimized over time. 

The Bellman (1957) equation of the problem is of the form: 

 

 
          

       
(                          )                   

s.t.                        

                    

 

 

       represents the minimized value of the risk of clam invasions and 

preventive measures, t is the time index and T is the total number of 

time periods considered,    is the vector of state variables, which con-

tains the information on whether an invasion has been observed and 

what is the size of the invasion,    refers to the costs incurred during the 

period t, b is the discount factor (i.e. one minus annual discount rate), 

             are decision variables, and the constraints represent the 

transition equations for the state variables. As decision variables are 

optimise simultaneously, the model actually solve the optimal combina-

tion of measures. The optimal set of measures over time and across state 

space is called the optimal policy. The evolution of state variables over 

time is a stochastic process such that the clam population may or may 

not occur in a given year, the rate of population growth can vary and 

also the detection time of the population can vary. 

The development of the clam population in the heat pollution zone is 

described by a stage-structured model (e.g. Getz and Haight, 1989). Re-

cruitment and mortality functions define the growth and the proportion 

of clams removed from the population each year. Each year, the number 

of clams is reduced due to natural mortality, catastrophic mortality due 

to harsh weather condition, density-dependent mortality, i.e. mortality 

rate increasing with the size of clam population (due to competition on 

food and space), and mortality due to control effort (γ). 
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The size of clam stock is modelled by using 36 levels of stock describ-

ing the biomass of the clam population. The first class represents the 

situation before invasion with zero clam individuals and the thirty sixth 

represents the maximum carrying capacity of the area. Discovery of a 

clam invasion, should it occur, is expressed using a binary state variable 

which depends on the stock size and the monitoring effort. 

7.3.3 Decision variables 

Measures of prevention, eradication, control, and adaptation as pro-

posed by Finnoff et al. (2010) were examined. The management of an 

invasion which has not yet been detected cannot be distinguished from 

the case where there is no invasion at all. 

We consider four decision variables. Firstly, the ballast water from 

vessels coming from contaminated areas to Ajos harbour can be treated 

(α) in order to reduce the probability of invasion. Secondly, monitoring 

activities (β) are expected to increase the probability of detecting the 

invasion should it be realised. Thirdly, the clam population can be eradi-

cated by the means of suffocation (γ), i.e. by covering the sea bed with 

plastic mats to kill the clam population. Fourthly, chemical antifouling 

system can be established at the nuclear power plant to reduce the 

probability of cooling water pipelines becoming clogged by the clam (δ). 

7.3.4 Parameter values 

We simulated a baseline scenario, which was parametrized similarly to 

Hyytiäinen et al. (2013), and thereafter altered probability and price 

parameters from the baseline to examine changes in the optimal man-

agement policy. The baseline cost of ballast water treatment is 

EUR 1,450 per ship (Seakleen® biocide, Chattopadhyay et al., 2004; 

Wright et al., 2007) mulitiplied by 300 ships coming from the contami-

nated areas. Monitoring costs due to weekly water and sediment sam-

ples are EUR 8,000 per year. The suffocation of clams by plastic mats is 

assumed to be EUR 18.2 per m2 for the 5 ha closest to the shore, and 

EUR 25.2 for other areas. The costs of chemical antifouling are 

EUR 50,000 per year (Phillips et al., 2005). The shutdown of power plant 

due to clogging, if it occurs, is set at EUR 4,080,000 (Jalarvo, 2010). The 

value of lost recreation services due to full clam invasion for the 20,000 

adults living in the area is set at EUR 50 per person per year (cf. Nunes 

and van den Bergh, 2004; McIntosh et al. 2010). Based on Gaffield et al. 
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(2003) and Dwight et al. (2005), the maximum human health damages 

are set at EUR 100,000 per year. 

The probability of invasion is set at 0.05 without and 0.005 with bal-

last water treatment (Port of Kemi, 2012). The probability of detecting a 

clam invasion increases with the stock size and follows a sigmoidal (S-

shaped) distribution as defined by Hyytiäinen et al. (2013, Appendix). 

Clam mortality rate due to the proportion of sea bed covered by plastic 

mats decreased with the stock size. The probability of additional service 

breaks is higher with than without chemical antifouling and decreases 

linearly with the size of clam. The simulations reported here were con-

ducted for T=100 years period. 

7.4 Results 

7.4.1 Optimal policies under different costing scenarios 

The baseline scenario represents a default situation and other scenarios 

are compared to it. In tables 1 to 3 the column “Cost 1” refers to the 

baseline scenario. The net costs of risk of Asian clam invasion in the vi-

cinicity of the planned nuclear power plant were simulated to amount 

almost EUR 5 million when discounted over the 100 years time horizon. 

The costs are substantially higher if an invasion is realised and also the 

timing on invasion impact eventual costs. In the baseline scenario the 

model suggests to implement the monitoring programme, but not ballast 

water treatment in cases where an invasion either does not exist or it 

has not yet been observed (Table 1). When an invasion is detected, the 

model suggests reducing the monitoring effort (result not shown) and 

starting to use chemical antifouling and suffocation as methods to re-

duce the invasion and damage caused by it (Tables 2 and 3). This result 

is due to the fact that once an invasion has taken place, measures are 

needed to control the damages. Then the marginal benefits associated 

with monitoring decrease as possible new invasion would not spread 

uncontrolled due to measures that are already in place due to the cur-

rent invasion. 

The current size of invasion that has been observed also has an im-

pact on the optimal mitigation and adaptation policy. A small invasion in 

Tables 2 and 3 is defined as observed clam population falling in any of 

clam stock size levels 1 to 10, and the percentages in Tables 2 and 3 re-

fer to an index of average use calculated across these ten levels. In the 

event of a binary variable, the average use simply refers to the percent-
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age of classes using the measure. In the event of continuous variables the 

extent of use in each individual class affects the result because the range 

of use in each individual class can range from zero (not used at all) to 

100% (used at up to the maximum extent) in that class. 

Medium-sized and large invasions refer to clam stock size levels 11 to 

20 and 21 to 30, respectively. When a small invasion is detected, the mod-

el suggests implementing chemical antifouling in 80% of classes and cov-

ering a small core area of sea bed with plastic to suffocate the clams which 

have already been established. By contrast, if medium-sized or large inva-

sion is observed, then the policy of suffocation is abandoned and the ef-

forts are out on preventing power plant failure by chemical antifouling. In 

the event of a large outbreak, even monitoring effors are reduced to a 

minimum. These results are related to the view that once an invasion is 

large enough, it becomes very difficult and costly to eradicate it. 

Next, the role of costs associated with each measure is examined. As 

Tables 2 and 3 show, the optimal policy was sensitive to assumptions 

regarding the costs. Decreasing the costs of measures can lead to more 

effective mitigation measures to be used and smaller costs to be expected 

due to the risk of Asian clam invasion. The analysis is carried out by reduc-

ing the costs of each measure by 30% (column “Cost 0.7” in Tables 1 to 3), 

by 60% (“Cost 0.4”) or by 90% (“Cost 0.1”), while keeping the costs of 

other measures at the baseline level (i.e. the change in each cost ceteris 

paribus). When the costs of ballast water treatment decrease, already a 

30% decrease is enough to provide incentives for the decision-maker to 

stop monitoring and start ballast water treatments. However, since time 

needed to detect an invasion is then expected to increase, chemical anti-

fouling is to be used jointly with ballast water treatment. The result may 

seem surprising, but when taking into account that the costs of antifouling 

are only EUR 50,000 per year, it is a rational measure to reduce damages 

that may occur if an invasion takes place. Hence, these two measures are 

complements and monitoring is a substitute for them. 

As monitoring was implemented already in the baseline scenario, it 

will be applied also at lower costs levels of monitoring activity. When the 

costs of suffocation by plastic decrease, it can become a measure that is 

used in small amounts also before observing an invasion. However, Ta-

ble 1 suggests that this would require substantial reductions (-90% in 

Table 1) in the costs of this measure. This is quite expected result as the 

measure is costly and the benefits are obtainable only when an invasion 

has occurred. Should suffocation be used as a preventive measure, it 

could provide incentives to stop monitoring activities and ballast water 

treatment and chemical antifouling could substitute for monitoring. 
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Next we examine the impact of cost parameters on the use of suffoca-

tion by plastic in the event that an invasion has been observed. These re-

sults are highlighted in Table 2. In the baseline scenario, suffocation 

method is applied only in the event of a small invasion and even then it is 

used in very small amounts (<6% of the total area, on average 1% of area). 

When the costs of suffocation decrease dramatically (by 90% in Table 2), 

the measure becomes widely used as all the area will then be covered. In 

other cases only small areas are to be covered by plastic. While monitor-

ing costs did not affect the use of suffocation, a decrease in the costs of 

ballast water treatment increased the use of suffocation method a little. 

Chemical antifouling is a substitute for suffocation as decreasing the cost 

of chemical antifouling would reduce the use of suffocation. 

Table 3 represents the impact of cost parameters on the use of chem-

ical antifouling during an invasion. The size of an outbreak has a clear 

impact on the use of antifouling. Table 3 suggests that chemical antifoul-

ing would be used in almost all cases where the outbreak is either medi-

um-sized or large. In the event of a small outbreak, a decrease in the 

costs of antifouling measure will also increase the rate of use close to 

100%. The substitution between suffocation and antifouling can be seen 

also here. When the costs of suffocation decrease substantially (by 90% 

in Table 3), the use of chemical antifouling also decreases in all outbreak 

size categories, although the decrease is smaller the larger the outbreak 

is. Finally, decreasing the costs of ballast water treatment or monitoring 

did also to some extent reduce the use of chemical antifouling in the 

event of a small invasion. 
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Table 1. The impact of reducing the cost of each measure by 30% (Cost 0.7), 60% (Cost 0.4) or 90% 
(Cost 0.1) ceteris paribus from the baseline (Cost 1) level on the use of each four measures when 
no invasion has been observed 

Costs of ballast water treatment Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Ballast water treatment Yes Yes Yes No 

Monitoring No No No Yes 

Suffocation by plastic No No No No 

Chemical antifouling Yes Yes Yes No 

Costs of monitoring Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Ballast water treatment No No No No 

Monitoring Yes Yes Yes Yes 

Suffocation by plastic No No No No 

Chemical antifouling No No No No 

Costs of suffocation costs Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Ballast water treatment Yes No No No 

Monitoring No Yes Yes Yes 

Suffocation by plastic Yes No No No 

Chemical antifouling Yes No No No 

Costs of chemical antifouling Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Ballast water treatment No No No No 

Monitoring No Yes Yes Yes 

Suffocation by plastic No No No No 

Chemical antifouling Yes No No No 

Table 2. The extent of using* suffocation as an eradication measure after a small, medium-size or 
large invasion has been observed by the by the cost level** of each measure 

Costs of ballast water treatment Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Small invasion 3% 3% 2% 1% 

Medium-size invasion 3% 3% 2% 0% 

Large invasion 2% 1% 0% 0% 

Costs of monitoring Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Small invasion 1% 1% 1% 1% 

Medium-size invasion 0% 0% 0% 0% 

Large invasion 0% 0% 0% 0% 

Costs of suffocation costs Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Small invasion 100% 1% 0% 1% 

Medium-size invasion 100% 0% 0% 0% 

Large invasion 100% 0% 0% 0% 

Costs of chemical antifouling Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Small invasion 0% 0% 0% 1% 

Medium-size invasion 0% 0% 0% 0% 

Large invasion 0% 0% 0% 0% 

*Percentage of use refers to an index of average use calculated across the relevant invasion size 

classes. Zero percentage of use refers to the measure not being used at all in any relevant size class, 

and 100% refers to the measure being used to the maximum extent in all relevant size classes. Small 

invasion represents classes 1 to 10, medium-sized invasion classes 11 to 20 and large invasion 

classes 21 to 36 (36 is the maximum).  

**The cost of each measure is reduced by 30% (Cost 0.7), 60% (Cost 0.4) or 90% (Cost 0.1) ceteris 

paribus from the baseline (Cost 1) level. 
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Table 3. The extent of using* chemical antifouling as an adaptation measure after a small, medi-
um-size or large invasion has been observed by the costs** of each measure 

Costs of ballast water treatment Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Small invasion 40% 50% 60% 80% 

Medium-size invasion 100% 100% 100% 100% 

Large invasion 100% 100% 100% 100% 

Costs of monitoring Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Small invasion 60% 70% 70% 80% 

Medium-size invasion 100% 100% 100% 100% 

Large invasion 100% 100% 100% 100% 

Costs of suffocation costs Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Small invasion 20% 80% 80% 80% 

Medium-size invasion 10% 100% 100% 100% 

Large invasion 47% 100% 100% 100% 

Costs of chemical antifouling Cost 0.1 Cost 0.4 Cost 0.7 Cost 1 

Small invasion 90% 90% 90% 80% 

Medium-size invasion 100% 100% 100% 100% 

Large invasion 100% 100% 100% 100% 

*Percentage of use refers to an index of average use calculated across the relevant invasion size 

classes. Zero percentage of use refers to the measure not being used at all in any relevant size class, 

and 100% refers to the measure being used to the maximum extent in all relevant size classes. Small 

invasion represents classes 1 to 10, medium-sized invasion classes 11 to 20 and large invasion 

classes 21 to 36 (36 is the maximum).  

**The cost of each measure is reduced by 30% (Cost 0.7), 60% (Cost 0.4) or 90% (Cost 0.1) ceteris 

paribus from the baseline (Cost 1) level.  

7.4.2 The impact of probability of invasion, monitoring 
and preventive measure 

Next we examine the impact of the probability of invasion and measures 

to reduce the probability. Table 4 represents the use of four studied 

measures conditional on four different scenarios where the probability 

of introducing the clam in the study area is as in the baseline scenario, or 

alternatively -60%, -30% or +30% compared to the baseline scenario. 

Preventive measures behave quite robustly within the studied range of 

probabilities. Monitoring is used in most situations. However, when the 

probability of introduction is decreased by 60%, then monitoring is 

stopped and ballast water treatment and chemical antifouling are used 

instead. The result is related to the assumption that the probability of 

introduction is affecting also the size of invasion. When the probability 

of invasion is low enough, the benefits from timely detection of Asian 

clam are reduced and preventive measures are used instead. 

The probability of invasion also has a small impact on adaptation and 

eradication as a smaller probability decrease the use of chemical anti-

fouling and increase the use of suffocation by plastic in some cases 

where a small invasion has been observed (Table 4). 
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If policies are able to decrease the probability of invasion, they will 

benefit also the society (Figure 1). By contrast, the society can suffer 

losses when the probability of invasion increases. However, when the 

probability is large enough, more effective measures might be used to 

control the risks and thus the damages could be limited up to a level. 

More effective measures to control the risk of invasive species have 

been suggested. In the baseline scenario ballast water treatment and 

monitoring were voluntarily taken up. If monitoring would be a manda-

tory measure at all possible states of nature and at all times, the costs of 

Asian clam risk would increase only a little. In addition, monitoring was 

chosen frequently in the baseline scenario. This shows that implement-

ing monitoring activities would not cause much extra burden to the so-

ciety. By contrast, if ballast water treatment would be mandatory at all 

possible states of nature and at all times, the costs of Asian clam risk 

were 53% higher than in the baseline scenario (Figure 2). Mandatory 

ballast water treatment resulted in significant reduction in monitoring 

activities, chemical antifouling to be used both before and during an 

invasion, and suffocation of clams by plastic to be applied more fre-

quently as an eradication measure. These results suggest that when pre-

ventive measures are more efficient, they can change the marginal bene-

fits from eradication and hence provide incentives to put more effort on 

eradication of Asian clam. Regulations enforcing ballast water treat-

ments could therefore have both negative (extra costs) and positive 

(more effort on eradication) spillovers to the stakeholders. 

Finally, if both monitoring and ballast water treatment were manda-

tory, the costs of Asian clam risk were approximately 2.5-fold compared 

to the baseline scenario. Enforcing both measures could therefore cause 

extra economic losses to the society. As a consequence of enforcing both 

measures, suffocation by plastic would be used more frequently and 

chemical antifouling less frequently in the event of a small invasion.  
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Table 4. The use of mitigative, preventive, adaptive and eradicative measures (yes or no) before 
an invasion has been observed, and the use of eradication and adaptation measures after a small, 
medium-sized or large invasion has been observed by the probability of invasion* 

Probability of invasion -60% -30% Baseline +30% 

Before observing the invasion         

Ballast water Yes No No No 

Monitoring No Yes Yes Yes 

Suffocation No No No No 

Chemical use Yes No No No 

When a small invasion has been observed         

Suffocation 2% 2% 1% 0% 

Chemical antifouling 60% 60% 80% 90% 

When a medium-sized invasion has been observed         

Suffocation 1% 0% 0% 0% 

Chemical antifouling 100% 100% 100% 100% 

When a large invasion has been observed         

Suffocation 
0% 0% 0% 0% 

Chemical antifouling 100% 100% 100% 100% 

*Baseline probability, +30%, -30% or -60% from the baseline.  

Percentages of use in the lower part of the table refer to an index of use calculated across the 

relevant invasion size classes. Zero percentage of use refers to the measure not being used at all in 

any relevant size class, and 100% refers to the measure being used to the maximum extent in all 

relevant size classes. Small invasion represents classes 1 to 10, medium-sized invasion classes 11 to 

20 and large invasion classes 21 to 36 (36 is the maximum). 

Figure 1: The impact of adjusting probability of invasion on the costs incurred by 
the invasion and monitoring, prevention, mitigation, and adaptation when simu-
lated over a hundred-years time horizon 
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Figure 2:The impact of baseline policy* and policies where monitoring, ballast 
water treatment or both are mandatory on the costs (the negative of the value 
function) over a hundred-years time horizon 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.5 Discussion 

In this study we have simulated the choice of prevention, monitoring, 

eradication, and adaptation measures regarding the management of 

Asian clam invasion. The management measures can help to narrow 

down the distribution of damages as they can reduce the likelihood of 

the most severe damages. Each management measure is justified if it can 

provide net savings in social costs. Although each measure can be cho-

sen at any time and at any state of nature, monitoring and ballast water 

treatment for instance make the most sense before an invasion has been 

detected as they speed up the detection process and reduce the proba-

bility on introducing species into the region. 

With the baseline parameter values it was optimal for the society to in-

vest in continuous monitoring of the area before any invasion and thus 

speed up the detection process, and in addition to invest in ensuring that 

operational failures at the power plant are minimal after an invasion. In 

this case, the society would not invest in preventive measures, aim at re-

ducing the spread of population during an invasion, or engage in other 

activities. However, a reduction in the unit cost of ballast water treatment 

can change the optimal policy: treatment, which reduces the probability of 

clams being introduced into the area reduces the expected damage. The 

treatment is taken into consideration jointly with preventing damages 

with chemical antifouling, but the monitoring policy is abandoned. Ballast 
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water treatment also becomes economically attractive if ballast water 

treatment reduces the probability of invasion enough. 

Analysis with regards to the costs of control measures revealed a set 

of policies to address the risk of invasive species. Preventive policies are 

aimed at preventing an invasion, and to some extent also to adapting to 

the invasion and eradicating the clam from the region. In mitigative poli-

cies efforts were put on the timely detection of clam population and pre-

venting an established population from growing thereafter or from it 

causing excessive damages. Interestingly, monitoring and chemical anti-

fouling as preventive measures (if taken before any invasion) can be 

substitutes. Adaptive policies focused on reducing the negative conse-

quences of the invasion for the power plant without paying too much 

attention to prevention and monitoring. Finally, in eradication policies 

efforts were put on both eradication and prevention of clam invasion. 

These policies benefit stakeholders differently as the costs are borne by 

different stakeholders. Policies which focus on adaptation prefer the 

power company over other stakeholders more than other policies. This 

is because adaptation focuses on mitigating failures at the power plant 

whereas other policies put more emphasis on reducing the clams. 

Monitoring is a convenient standard policy. Eradication of the clam is 

quite problematic as it is challenging and costly. Hence, it is fair to ask 

whether the harm done by invasion is permanent and whether the costs 

should be appraised accordingly. It was assumed that the invading clam 

population remains within the boundaries of the heat pollution zone. 

However, if the clam establishes to the warm water area and is able to 

adapt to the abiotic conditions of the surrrounding ecosystem, it may 

gradually spread outside of the warm water area and survive there as 

well. This has been observed in Finland with Conrad’s false mussel (Myt-

ilopsis leucophaeata), which survived many years only in the warm wa-

ter area outside a nuclear power plant in the eastern Gulf of Finland, but 

has now adapted to the system and spread to natural parts of the Gulf of 

Finland ecosystem. In addition, warming climate may make it easier for 

the clam to adapt to the Nordic conditions in the future. If the clam is 

able to spread to larger area, suffocation by plastic mats may become 

impracticable. If the goal of a policy is to remain free of Asian clam, then 

eradication could be supported by enforcing also mitigative measures as 

that way the benefits from eradication would increase. However, such a 

policy could increase the costs to the society. A public policy also in-

volves transaction costs, which we have not examined. The role of tra-

saction cost could be a topic for further research. Another aspect is that 

the Asian clam survives well in fresh water (cf. Sousa, 2008), and the 



  Marine invasive species in the Arctic 127 

species might be able to spread gradually to one of the 188,000 lakes in 

Finland. This aspect may also need to be assessed if the lakes have envi-

ronments that are suitable to the Asian clam to settle down. 

Ship traffic is a major risk factor for such invasion both in the Baltic 

Sea (Zaiko et al., 2011) and the Arctic. The effect of climate change on 

introduction of invasive species can be boosted by thermal pollution. 

This requires that any plans involving thermal pollution should also 

evaluate the risks associated with invasive species (cf. European Com-

mission, 2003). Investing in preventive, mitigative or adaptive measures 

when facing the risk of invasions by invasive species is an important 

decision for a society. 

There are various approaches to model invasive species (e.g. Perry 

and Enright, 2007; Bogich and Shea, 2008; Kaiser and Burnett, 2010; 

Leung et al., 2002) which can have benefits in other types of decision 

situations. Our framework considers simultaneously the optimal alloca-

tion of effort between pre- and post-invasion measures. This is an im-

portant methodological issue because prevention and treatment choices 

do not always, if ever, separate. Our approach is convenient also because 

it accounts for uncertainty about future and for the option to adjust in-

vasive species control policy according to the current situation, and it 

accounts for state-specific marginal costs and benefits. The framework 

as such is applicable to other ecosystems in the Arctic although the pa-

rameterizations must be adjusted case-by-case. 
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8. Adaptive harvest strategies in 
the case of invasive species- 
induced mortality 

Jon Olaf Olaussen, Trondheim Business School, HiST, Trondheim, Norway 

8.1 Abstract 

This chapter considers adaptive harvest strategies under invasive spe-

cies-induced mortality. The overall aim is to analyze how the harvest 

regimes and utility obtained from wild Atlantic salmon change when 

external factors, such as invasive species-induced mortality, reduce the 

wild stock survival. The wild salmon stock is associated with both use 

and non-use values. We have considered two types of adaptive harvest 

regimes when the salmon is faced with negative consequences from 

invasive interaction. The first is a selective harvest regime, where the 

trade-off between the harvest value and the contribution to the recruit-

ment of the stock is taken into account. This harvest regime is contrasted 

with the traditional uniform harvest pattern across different age classes. 

We find that the selective type harvest pattern is more important the 

more important the harvest value is in the social welfare function.  

 

 Keywords: Atlantic salmon, invasive, Artic, age-structured model, 

social welfare. 

 Acknowledgements: I would like to thank Brooks Kaiser and Jarkko K. 

Niemi for their comments on an earlier draft of this chapter. 

8.2 Introduction 

Man-made activities frequently provide challenges for both terrestrial as 

well as aquatic species. The most well-known examples are pollution, 

deforestation, habitat degradation, overfishing and introduction of inva-

sive species. One of the challenges facing management in the Artic is 
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invasions. Invasive species may establish in the Artic accidentally due to 

e.g. ballast water or escapement from aquaculture, intentionally by de-

liberate introduction or due to habitat alterations associated with cli-

mate change. Some changes are hence possible to influence, while others 

can hardly be influenced. In the same manner, some changes may have 

huge consequences while in other cases, it may be possible to diminish 

the consequences to man by adaptation. 

In this chapter, we look at the case of wild Atlantic salmon (Salmo salar) 

harvest under invasive species-induced mortality. Atlantic salmon harvest 

serves as a good example of a species living within the Artic habitat being 

vulnerable to invasive species for a number of reasons. As for many Artic 

species, the potential invader challenges are numerous. Climate change may 

alter the survival rate in the offshore habitat, inducing introduction of new 

species competing for the food, or predating directly on the salmon. Salmon 

farming also increases the wild salmon mortality through increased spawn-

ing competition from escapements, destruction of wild salmon spawning 

nests in the rivers, spread of diseases as well as increased sea lice density. 

Atlantic salmon stocks have declined during the last decades. A re-

cent report from the scientific advisory board for salmon management 

in Norway states that the high sea lice densities, together with escaped 

farmed salmon from aquaculture, are the two most significant and exis-

tential threats to the wild salmon populations in Norway (Anon 2011). 

Salmon aquaculture increases the sea lice density in the fjords and along 

the coast because it amplifies the number of hosts for the lice by a mag-

nitude of 100 (Heuch et al. 2005). Aquacultured salmon is considered an 

invasive itself since it is genetically different from any of the wild salmon 

stocks due to the special breeding program for farmed salmon. 

In this chapter we apply an age-structured wild salmon population 

model to assess the welfare loss of the invasive species-induced mortali-

ty. The economic losses and effects on the fishing mortalities are ana-

lyzed by obtaining the reduced harvesting value of the mature salmon 

due to various invasive induced mortality scenarios.2 First, we analyze 

what happens when the wild salmon manager aims to maximize the 

social sustainable value of the wild stock consisting of harvest plus stock 

value under selective harvesting of the different age classes. Then, in a 

next step, we analyze the situation in which a uniform fishing mortality 

rate is applied across the different age classes. 

────────────────────────── 
2 In the fisheries literature, fishing mortalities refer to harvest rates. 
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The reason for analyzing these different harvest strategies is that, 

during the last decade, the management regime of the wild Atlantic 

salmon in Norway has gradually shifted from one in which a fish is con-

sidered “just a fish” towards one with a selective harvesting pattern for 

each year class of mature salmon (Thorstad et al. 2001). This is made 

possible by allowing for catch and release management; that is, a regime 

in which the angler can release the salmon if the bag limit for that specif-

ic year class of salmon (measured by size) is met. This has also made it 

possible to allow angling for, e.g., the smallest type of mature salmon; 

that is, salmon less than 3 kg, or the so called 1SW, while all older (big-

ger) salmon must be released.3 This new potential flexibility in man-

agement has however not yet been put fully into effect, and the differ-

ence in management practice among rivers is large. This may possibly 

hinge on the lack of analysis of what the best harvest regime would look 

like under different mortality levels. The overall aim of this chapter is 

hence to assess the welfare loss of increased mortality under different 

scenarios, and to explore to what extent the optimal adaptive harvesting 

policy is affected by invasive-induced mortality. 

Both fishery ecologists (e.g., Hilborn and Walters 2001; Walters and 

Martell 2004) and economists (e.g., Wilen 1985; Townsend 1986) have 

argued that management models should be based on age- and/or -stage-

structured biological models instead of the simplified biomass models. 

Due to the complexity of age structured models, economic studies based 

on such models have basically been case studies illustrated by numerical 

analysis. One noteworthy exception is Tahvonen (2009), who demon-

strates analytical results on optimal harvesting under certain simplifying 

assumptions within a dynamic framework. In addition, Skonhoft et al. 

(2012) analyzed a static maximum economic yield fishery with three age 

classes under perfect and imperfect selectivity, and demonstrated sev-

eral analytical results that contrast what are found in the biomass mod-

els. In closer relation to the present study, Massey et al. (2006) devel-

oped a stage-structured bioeconomic model of the recreational Atlantic 

coast summer flounder fishery. They look at the benefits of improving 

the water quality conditions in Maryland`s coastal bays. When the bene-

fits are compared with estimates from a non-structural model, they find 

that the unstructured model is likely to lead to inaccurate predictions. 

────────────────────────── 
3 1SW are salmon that have stayed 1 winter (e.g. 1 sea winter) in the offshore habitat before they return to 

spawn in the river. Further, 2SW and 3SW have stayed 2 and 3 winters, respectively, before spawning migration. 
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This study is structured as follows. The next section presents the 

population model and welfare function associated with the wild salmon. 

Then, a numerical illustration applying Norwegian salmon data is pre-

sented. Some concluding remarks and management implications are 

given in the final section. 

8.3 Population model and welfare function 

8.3.1 Atlantic salmon 

Atlantic salmon is an anadromous species with a complex life cycle that 

includes several distinct phases. Freshwater habitat is essential for the 

early development stages, where it spends the first 1–4 years from 

spawning to juvenile rearing, before undergoing smoltification and sea-

ward migration. It then stays from 1–3 years feeding and growing in the 

ocean, and, when mature, it returns to its natal, or “parent”, rivers to 

spawn in the spring and/or summer. A fraction of the stock returns to 

spawn after only one winter in the offshore habitat. This is the 1SW (Sea 

winter) sub-population that is typically 1–3 kg. Another fraction returns 

after two winters, the 2SW sub-population that is typically between 3–7 

kg. The remaining part of the stock returns after three winters, the 3SW 

sub-population that is typically above 7 kg. After spawning in autumn, 

most salmon die, as less than 10% of the female salmon spawn twice 

(Mills 2000). The Atlantic salmon is subject to fishing when it migrates 

back to its parent river. In Norway, sea fishing takes place in fjords and 

inlets with wedge-shaped seine and bend nets, and is commercial or 

semi-commercial. In the rivers, salmon are caught by recreational an-

glers with fishing rods. The recreational fishery is the far most important 

from an economic point of view (NOU 1999), but in number and biomass 

of fish caught, these two fisheries are today more or less equivalent 

(Anon. 2011; Liu et al. 2011). More than half of the present commercial 

catch is caught in the Finnmark County, while in the remaining 18 coun-

ties, the commercial harvest is already shut down or rapidly decreasing 

due to strict regulations (Statistics Norway 2011). In the following, we 

assume all harvest takes place in the rivers. There are two main reasons 

for this. First, due to strict regulations of the marine salmon fishery since 

2008, sea fishing seems to gradually be fading away, and is already non-

existent in many fjords (Statistics Norway 2011). Second, we want to 

look at the most valuable harvest pattern, and it is well known that this 

involves zero marine harvest (see e.g. Olaussen 2007; Liu et al. 2011). 
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8.3.2 Welfare 

Atlantic salmon may be valued both for use as well as non-use values. In 

the following, we consider the recreational harvest value (use value) and 

the intrinsic stock value (non-use value). The utility from recreational 
harvest of salmon is given by the utility function ( )tU Y . In general, the 

utility from harvest is a measure of the value of the catches, accounting 

for differences in the weights, values, and catchability of the different 

year classes of salmon. Readers that are not particularly interested in 

the specific model details may now move to the numerical illustration 

section. In the utility function, 
tY is the year class scaled biomass har-

vested (in kg) in year t . With 
3w , 

2w , and 
1w  as the fixed weights (kg 

per fish, with
3 2 1w w w  ) and 

3 2,f f , and
1f as the harvest fractions of 

the 3SW, 2SW, and 1SW mature population, respectively, the biomass 

harvested (in kg) in year t  is defined by 

 1 1 1, 0, 2 1 2 2, 0, 1 3 1 2 3 3, 0, 2(1 ) 1t t t t t t ty w s f N w s s f N w s s s f N              

Here, the fraction of the stock that returns after one winter at sea is  , 
and hence (1 )   is the fraction that returns after two winters at sea 

and  1       is the fraction that returns after three sea winters. 

Finally, 
0N is the number of recruits that make it to the offshore habitat, 

and 
1 2,s s  and 

3s  are the stage-specific survival rates respectively. The 

utility obtained from different year classes may typically differ. For ex-

ample, recreational anglers may prefer harvest of 3SW salmon over 2SW 

salmon and 2SW over 1SW. This could be due to the trophy aspect of the 

fishing experience (see Nævdal et al. 2012). To allow for different valua-

tion of different age classes, we have the scaling parameter iz ( 1,2,3i  ) 

for each of the year classes in the harvest, and hence the year class 

scaled biomass harvested is written 
 1 1 1 1, 0, 2 2 1 2 2, 0, 1 3 3 1 2 3 3, 0, 2(1 ) 1t t t t t t tY z w s f N z w s s f N z w s s s f N            

Note that since the scaling parameters for the different year classes, iz , 

are determined by the preferences for salmon in the recreational fishery, 

we typically have 3 2 1z z z   (Olaussen and Liu 2011). 

The non-harvest related utility obtained from the stock is given by 

the utility function ( )tV Q where 

 1 1 1, 0, 2 1 2 2, 0, 1 3 1 2 3 3, 0, 2(1 ) (1 ) (1 ) 1 (1 )t t t t t t tQ w s f N w s s f N w s s s f N               

represent the stock (in kg) after harvest has taken place. Both ( )tV Q

and ( )tU Y are assumed to be increasing and concave functions, that is, a 

higher salmon stock as well as a higher harvest yields a higher utility, 

but at a declining rate. 
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We next formulate a welfare, or utility, function that takes both the 

conservation and the use perspective of salmon into account (see Liu et 

al. 2013). The utility provided through harvesting salmon (use value) 

and the utility derived from the intrinsic value (non-use-value) the wild 

salmon stock possesses are both included in the social welfare function 

 ( ), ( )t t tW W U Y V Q . When assuming separability, the social welfare 

at time t can be written    ( ) (1 ) ( )t t tW U Y V Q    . 

The parameter 0 1  is a weighting factor between use and non-

use values. Hence, if 1  , only harvest counts in the welfare function, 

while 0   implies that only the intrinsic value is taken into account. 

Consequently, 0.5  indicates an equal valuation of harvest and stock 

abundance.  

8.4 A Numerical illustration 

The specific biological and economic model is quite complex.4 For the 

specific purpose of this chapter, it is sufficient to acknowledge that the 

model is solved by maximizing the social welfare in equilibrium, that is, 

a situation in which no one has incentive to change their behavior. Fur-

ther, the Kuhn-Tucker first order conditions that define the optimization 

provide easily interpreted equations. It turns out that for the Norwegian 

data, straightforward harvest patterns are revealed as long as we as-

sume that the recreational anglers are indifferent with respect to which 

year class they harvest. In this case, only the biomass/fecundity ratio 
/i iw   ( 1,2,3i  ) steer the fishing mortality and the fishing composi-

tion, and hence no other factors play a direct role. Here 
iw is the average 

weight of the year class i  while 
i  is the average fecundity of the same 

year class. The intuition behind these relative ratios is that they deter-
mine the relative economic (through the weights, 

iw ) versus the biolog-

ical (through the fecundities, 
i ) of the different year classes. For the 

wild Atlantic salmon, the data give us the following relationship: 

1 1 3 3 2 2/ / /w w w    , which determines the optimal harvest pat-

tern. By harvest pattern, we mean year classes that are harvested, and to 

what extent. Generally, the Kuhn-Tucker first order conditions give us 

thirty different potential harvest patterns. For example, when we have 

────────────────────────── 
4 Both the model specification and parameter values are available on authors request. 
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1 1 3 3 2 2/ / /w w w    , which is in accordance with our Norwegian 

wild salmon data, there will be five potential harvest patterns given by 
i)

1 3 21, 1, 0 1f f f    , ii)
1 3 21, 1, 0f f f   , iii)

1 3 21,  0 1, 0f f f    , 

iv)
1 3 21, 0, 0f f f   , v) 

1 3 20 1, 0, 0f f f    .5  

Clearly, the most aggressive harvest pattern is given by case i), where 

the whole 1SW and 3SW sub populations are harvested. Then, harvest 

pattern ii) is less aggressive, and so on, with harvest pattern v) giving 

the lowest harvesting pressure; that is, only harvesting some proportion 

of the 1SW. 

8.4.1 Results 

Managing for harvest value only, 1   

First, we look at the harvest pattern when the manager is concerned 

with the use value only (harvest value).With weight–fertility variations 
as 

1 1 3 3 2 2/ / /w w w    , we find that the potential optimal fishing 

mortality possibilities under the assumption of perfect fishing selectivity 

are given by cases i) - v) as described above. In the baseline scenario, we 
find that case i) with 

1 3 1f f   and
2 0.52f   yields the optimal fish-

ing mortality pattern. See Table 1 (first column). Based on valuation data 

from a typical small Norwegian salmon river, the overall social welfare 

becomes 3.808 (NOK 100,000), consisting of utility obtained from har-

vest only (Olaussen 2007, Olaussen and Liu 2011). The consequences of 

invasive species-induced mortality are also demonstrated in Table 1. It 

is not possible to give an accurate estimate regarding how much the 

smolt survival, s, is reduced due to invasive induced mortality on a na-

tional scale. Note that the smolt mortality takes place before the smolt 

reaches the offshore winter habitat, and should not be confused with the 
stage specific mortalities. Hence, the

0N population from above is the 

population remaining after the smolt stage. The mortality effect due to 

invasives varies between fjords, and from river to river. To take this 

variation into account, we assess the consequences at different mortality 
levels. When the smolt mortality increases such that the survival rate s  
decreases, the fishing mortality for 2SW decreases while it is still opti-

────────────────────────── 

5 The twenty-five remaining possibilities are found by assuming 1 1 2 2 3 3/ / /w w w   
,

2 2 3 3 1 1/ / /w w w   
, 2 2 1 1 3 3/ / /w w w   

, 

3 3 2 2 1 1/ / /w w w   
, and 3 3 1 1 2 2/ / /w w w   

. 
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mal to keep 
1 3 1f f   at the 40% smolt survival reduction (s=0.03), 

and we hence have pattern i) as described above. With this survival rate, 

the utility is reduced by about 17% to 3.175 (NOK 100,000). The same 

harvest pattern is kept even for a 60% reduction in the smolt survival (

0.02s  ). In this case, the utility is reduced significantly and is now 

only 1718 (NOK 1,000), that is, about one third of the profit in the base-

line scenario. With an 80% reduction in the baseline smolt survival rate 

and 0.01s  , we find that it is still optimal to harvest the whole 1SW 

stage population, while the harvest of the 3SW is reduced to 
3 0.98f  , 

and there is no harvest of 2SW fish. We then have the above described 

pattern iii). The same case is still present when the smolt survival is 
further reduced to 0.005s  . Note that the 

0N  harvestable population 

decreases relatively more than the social welfare for all reductions in the 

survival parameter since the marginal utility is decreasing in number of 

fish (concave social welfare function). As a result, the utility is reduced 

less; that is, the social welfare is reduced by about 42% (1618) when the 

survival rate is reduced by 80% (s=0.01). 

It may seem surprising that even when the smolt survival is reduced 

by 90%, the harvest is still quite aggressive. The reason is that the re-

cruitment function is very steep at low stock levels. However, it may be 

shown that the shape of the recruitment function must be altered quite 

significantly before the second most aggressive harvest pattern (pattern 

ii)) replaces the most aggressive (pattern i)). 

Table 1: Managing for harvest value only ( 1  ). Optimal fishing mortalities under different 

invasive-induced mortality levels 

 
1f  2f  3f  0N  1H  2H  3H  U  V  W  

s=0.05 1 0.52 1 1663 358 68 53 3.808 1.884 3.808 

s=0.04 1 0.46 1 1299 279 47 42 3.535 1.755 3.535 

s=0.03 1 0.38 1 933 202 28 30 3.175 1.568 3.175 

s=0.02 1 0.24 1 587 126 11 19 2.641 1.301 2.641 

s=0.01 1 0 0.98 240 51 0 8 1.618 0.698 1.618 

s=0.005 1 0 0.30 90 19 0 1 0.282 0.088 0.282 

Note: s is the lumped survival rate from the juvenile to the smolt stage where s=0.05 is the survival 
rate in absence of sea lice. 

1f
, 

2f
and 

3f
 are harvest rates for the 1SW, 2SW and 3SW class, 

respectively. 
0N  is the potentially harvestable population. H1, H2, and H3 are the harvest (in number 

of salmon) of the 1SW, 2SW, and 3SW, respectively, while U is the utility in the recreational fishery, 

V is the non-consumptive utility and W is the weighted social welfare (U,V and W all measured in 

NOK 100,000). NOK 1 = USD 0.17 (Aug. 21 2013). 
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Managing for harvest and stock value, 0.5   

As expected, when the manager takes both harvest and the stock val-

ue (non-consumptive value) into account, the optimal harvest pattern is 

less aggressive. In the baseline case, we have the harvest pattern iii) 
from above with 

1 3 21, 0.31,and 0f f f   . If natural mortality is reduced 

by 80% (s=0.01), we have harvest pattern iv) with 
1 3 21, 0,and 0f f f   . 

Finally, a further reduction of the natural mortality, s=0.005, gives the 
harvest pattern v) from above with 

1 3 21, 0,and 0f f f   . Not surpris-

ingly, when use and non-use values are weighted equally, the stock will 

be higher, while the harvest, and hence the harvest value, will be lower. 

Table 2: Managing for harvest and non-consumptive values ( 0.5  ). Optimal fishing mortali-

ties under different invasive-induced mortality levels 

 
1f  2f  3f  0N  1H  2H  3H  U  V  W  

s=0.05 1 0 0.31 1886 405 0 19 3.372 3.148 3.260 

s=0.04 1 0 0.29 1287 320 0 14 3.124 2.920 3.022 

s=0.03 1 0 0.25 1089 234 0 9 2.791 2.627 2.709 

s=0.02 1 0 0.17 692 149 0 4 2.292 2.211 2.252 

s=0.01 1 0 0 299 64 0 0 1.350 1.445 1.398 

s=0.005 0.94 0 0 100 20 0 0 0.195 0.391 0.293 

Note: s is the lumped survival rate from the juvenile to the smolt stage where s=0.05 is the survival 

rate in absence of sea lice. 
1f ,

2f and 
3f  are harvest rates for the 1SW, 2SW and 3SW class, 

respectively. 
0N  is the potentially harvestable population. H1, H2, and H3 are the harvest (in number 

of salmon) of the 1SW, 2SW, and 3SW, respectively, while U is the utility in the recreational fishery, 

V is the non-consumptive utility and W is the weighted social welfare (U,V and W all measured in 

NOK 100,000). NOK 1 = USD 0.17 (Aug. 21 2013) 

Managing for stock value only, 0   

When the manager only takes the stock value of the salmon into consid-

eration, no harvest takes place. Consequently, this is the case where the 

invasive species-induced mortality has least impact on the stock level. 

Furthermore, since social welfare is dependent on the stock value only, 

this is the case where the social welfare reduction is smallest. In this 

case, due to the concave utility function, an 80% reduction in the surviv-

al rate reduces the stock level by 83%, while the social welfare is re-

duced by less than 50%. 

 

 

 

 

 

 



140 Marine invasive species in the Arctic 

Table 3: Managing for non-consumptive values only ( 0  ). Optimal fishing mortalities under 

different invasive-induced mortality levels 

 
1f  2f  3f  0N  1H  2H  3H  U  V  W  

s=0.05 0 0 0 1917 0 0 0 0 3.808 3.808 

s=0.04 0 0 0 1518 0 0 0 0 3.574 3.574 

s=0.03 0 0 0 1117 0 0 0 0 3.268 3.268 

s=0.02 0 0 0 717 0 0 0 0 2.824 2.824 

s=0.01 0 0 0 318 0 0 0 0 2.008 2.008 

s=0.005 0 0 0 117 0 0 0 0 1.012 1.012 

Note: s is the lumped survival rate from the juvenile to the smolt stage where s=0.05 is the survival 

rate in absence of sea lice.
1f ,

2f and 
3f  are harvest rates for the 1SW, 2SW and 3SW class, respec-

tively. 
0N  is the potentially harvestable population. H1, H2, and H3 are the harvest (in number of 

salmon) of the 1SW, 2SW, and 3SW, respectively, while U is the utility in the recreational fishery, V 

is the non-consumptive utility and W is the weighted social welfare (U,V and W all measured in NOK 

100,000). NOK 1 = USD 0.17 (Aug. 21 2013) 

Managing for harvest value only, 1  , optimal uniform harvest rate 

Now we turn our attention to the case where the manager does not sep-

arate between different age classes, and hence, a uniform harvest rate is 

applied. As in the cases considered above, the optimal harvest rate is 

quite high, even for a quite dramatic reduction in the survival rate. For 

example, a 90% reduction in the survival rate reduces the optimal uni-

form harvest rate only from 0.80 to 0.36. The social welfare, however, is 

reduced much more under the uniform harvest rate than in the stage-

specific harvest case (0.019 vs. 0.282). Note also that in the baseline case 

(s=0.05) without invasive species-induced mortality, the social welfare 

under the uniform harvest rate is only slightly below (2%) the stage-

structured harvest pattern. 

Table 4: Managing for harvest value only ( 1  ). Optimal uniform fishing mortality under differ-

ent invasive-induced mortality levels 

 
1f  2f  3f  0N  1H  2H  3H  U  V  W  

s=0.05 0.80 0.80 0.80 1593 273 99 41 3.721 2.033 3.721 

s=0.04 0.77 0.77 0.77 1236 205 75 31 3.436 1.890 3.436 

s=0.03 0.74 0.74 0.74 884 140 51 21 3.055 1.699 3.055 

s=0.02 0.68 0.68 0.68 542 79 29 12 2.481 1.412 2.481 

s=0.01 0.54 0.54 0.54 218 26 9 4 1.352 0.845 1.352 

s=0.005 0.36 0.36 0.36 71 5 2 1 0.019 0.074 0.019 

Note: s is the lumped survival rate from the juvenile to the smolt stage where s=0.05 is the survival rate in 

absence of sea lice. 
1f
,

2f
and 

3f
 are harvest rates for the 1SW, 2SW and 3SW class, respectively. 

0N  is 

the potentially harvestable population. H1, H2, and H3 are the harvest (in number of salmon) of the 1SW, 

2SW, and 3SW, respectively, while U is the utility in the recreational fishery, V is the non-consumptive 

utility and W is the weighted social welfare (U,V and W all measured in NOK 100,000). NOK 1 = USD 0.17 

(Aug. 21 2013). 
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Managing for harvest and stock value, 0.5  , uniform harvest rate 

A 90% reduction in the survival rate has a relatively modest effect on the 

uniform harvest rate that is reduced from 0.46 to 0.23. In the case when 

only the harvest value mattered considered above, the social welfare 

effect of a uniform harvest rate was quite modest in the baseline case 

with survival rate s=0.05, and quite substantial when the survival rate 

was only 0.005. When the stock value matters in the social welfare func-

tion, the welfare difference between the uniform and stage-specific har-

vest rate is much less dramatic. The intuition is straightforward as the 

more important harvest is in the welfare function, the more impact will a 

more sophisticated (stage-structured) harvest pattern have compared 

with a simple uniform harvest pattern. 

When it comes to adaptive harvest, both the stage-structured and 

uniform harvest patterns must be considered adaptive because the har-

vest rate is changed due to invasive species-induced mortality. In ab-

sence of adaptive capacity in the management, that is, if the uniform 

harvest rate is kept fixed under all invasive species-induced mortality 

levels, the stock would go extinct. 

Table 5: Managing for harvest and non-consumptive values ( 0.5  ). Optimal uniform fishing 

mortality under different invasive-induced mortality levels 
 

1f  2f  3f  0N  1H  2H  3H  U  V  W  

s=0.05 0.46 0.46 0.46 1846 183 67 27 3.322 3.152 3.237 

s=0.04 0.45 0.45 0.45 1448 141 51 21 3.062 2.924 2.993 

s=0.03 0.44 0.44 0.74 1052 99 36 15 2.711 2.630 2.670 

s=0.02 0.41 0.41 0.41 659 58 21 9 2.179 2.209 2.194 

s=0.01 0.34 0.34 0.34 274 20 7 3 1.115 1.443 1.279 

s=0.005 0.23 0.23 0.23 92 4 2 1 0.004 0.512 0.258 

Note: s is the lumped survival rate from the juvenile to the smolt stage where s=0.05 is the survival 

rate in absence of sea lice. 
1f ,

2f and 
3f  are harvest rates for the 1SW, 2SW and 3SW class, respec-

tively. 
0N  is the potentially harvestable population. H1, H2, and H3 are the harvest (in number of 

salmon) of the 1SW, 2SW, and 3SW, respectively, while U is the utility in the recreational fishery, V 

is the non-consumptive utility and W is the weighted social welfare (U,V and W all measured in 

NOK 100,000). NOK 1 = USD 0.17 (Aug. 21 2013). 
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8.5 Concluding remarks 

In this paper, we have analyzed one example of the more general class of 

problems where invasive species provide challenges for native species. 

The overall aim of this example has been to analyze how the harvest 

regimes and profitability of wild Atlantic salmon may be changed when 

external factors, such as invasive species-induced mortality, reduces the 

natural smolt survival rate. The wild salmon stock is associated with 

both use and non-use values. We have considered two types of adaptive 

harvest regimes when the salmon is faced with negative consequences 

from invasive interaction. The first is a selective harvest regime, where 

the trade-off between the harvest value and the contribution to the re-

cruitment of the stock is taken into account. This harvest regime is con-

trasted with the traditional uniform harvest pattern across different age 

classes. Not allowing different harvest rates for different stages of the 

salmon stock turns out to reduce the welfare considerably, and seems to 

be more important the higher the invasive species-induced mortality is. 

We find that the selective harvest pattern is more important the more 

important the harvest value is in the social welfare function. 

We have found that increased invasive species-induced mortality 

does not necessarily call for altered harvest regimes, particularly when 

the mortality reduction was not too strong. In fact, we found surprisingly 

aggressive harvest patterns to be persistent even under quite high inva-

sive species-induced mortality situations. However, if a fixed uniform 

fishing mortality is applied, high invasive species-induced mortality may 

drive the population to extinction. Thus, an optimal selective harvesting 

regime should be employed to secure both the highest potential welfare 

and a viable population. 
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9. The interaction of natural and 
social systems: how 
International Relations theory 
can inform research on Arctic 
marine invasive species 

Rasmus Gjedssø Bertelsen, Aalborg University, Aalborg, Denmark. 

9.1 Introduction: Natural and social systems, 
International Relations theory and invasive 
species in the Arctic 

Marine invasive species are an excellent case of the interlinking of natu-

ral and social systems, as they display feedback between these systems. 

This essay will discuss how International Relations theory can outline 

research agendas and supply useful concepts and assumptions of actors 

and causalities for exploring this interlinking. 

Search on International Relations literature and invasive species 

yield little (Bright 1999). It is therefore a research field to be developed. 

It is clear from this workshop and this volume that the question of ma-

rine invasive species in the Arctic are a case of how international politi-

cal and economic processes are affecting and could affect biological sys-

tems with feedback to politics and the economy. It therefore seems ap-

propriate to outline how Arctic marine invasive species can be explored 

in International Relations. 

This chapter will discuss possible International Relations research 

agendas on Arctic marine invasive species through the following steps. 

In light of the absence of such a tradition and to introduce such a possi-

ble tradition outside circles of political scientists, International Relations 

research in the Arctic and International Relations theory will be intro-

duced as a starting point. 
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Initially International Relations reseach topics on the Arctic will be 

briefly introduced. Then the scholarly and policy importance of linking 

natural and social systems, such as concerning Arctic marine invasive 

species, will be discussed briefly. These discussions lead to the main part 

of the chapter, which is a discussion of how the main theoretical tradi-

tions in International Relations, realism, liberalism, institutionalism, 

transnationalism, and constructivism each can propose research agen-

das with concepts and assumptions of actors and causalities for analyz-

ing the international politics dimensions of Arctic marine invasive spe-

cies. Finally, there is a brief concluding discussion of how International 

Relations theory can contribute to the debate and analysis of the inter-

linking of natural and social systems in general and in particular con-

cerning Arctic marine invasive species. 

9.2 Doing International Relations Arctic research  

The Arctic is a science-dense region compared to other human activity in 

the region, and much popular and media attention to the region has 

been because of science and exploration.6 The region is very big with 

important natural science phenomena, while relatively few people live 

there. The research attention to the Arctic has therefore historically pre-

dominantly been natural scientific. This predominance has been reflect-

ed in the international organization of Arctic research such as the previ-

ous International Polar Years and international scientific organizations. 

In recent years, the human and social sciences aspects of Arctic research 

have gained attention and strength as reflected in the most recent Inter-

national Polar Year (they have naturally always been there, especially 

with ethnographic research on the indigenous peoples of the North) 

(Barr, Luedecke 2010; Launius, Fleming, DeVorkin 2010). 

The field of International Relations interacts with its subject matter, 

international politics, also concerning the Arctic. International Relations 

are also a fairly young discipline, which emerged in the interwar years 

from the carnage of World War One. The Arctic came into international 

politics with the Cold War. In this conflict, the Arctic was a theatre of 

confrontation between the superpowers and of deployment of strategic 

────────────────────────── 
6 See, for instance, the Arktis exhibition at Louisiana, 26.9.2013-2.2.2014, 

http://www.louisiana.dk/dk/Menu/Udstillinger/Tidligere+udstillinger/ARKTIS/Arktis  

http://www.louisiana.dk/dk/Menu/Udstillinger/Tidligere+udstillinger/ARKTIS/Arktis
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nuclear weapon systems and warning systems. Arctic International Rela-

tions research reflected this (Heininen, Southcott 2010). 

With the thaw between East and West under Mikhail Gorbachev, Arc-

tic international politics changed as well. In 1987, Gorbachev gave the 

famous Murmansk speech calling for Arctic environmental and research 

collaboration and disarmament. Finland followed up on this opening 

with the Rovaniemi process leading to the Arctic Environmental Protec-

tion Strategy in 1991. Canada continued this momentum leading to the 

Ottawa declaration of 1996 establishing the Arctic Council. These devel-

opments made the Arctic an area of transnational environmental and 

research collaboration between the Arctic states and some European 

states with Arctic research traditions (Heininen, Southcott 2010). 

Readers are undoubtedly aware of the expanded global interest in the 

Arctic in recent years, which culminated in the admission of rising or es-

tablished Asian powers, China, India, Japan, South Korea and Singapore, as 

permanent observers to the Arctic Council in May 2013. This Asian inter-

est in the Arctic is driven by environmental (climate change) and political-

economic globalization. For instance, Arctic climate change may affect its 

Chinese weather patterns and thus agriculture and food security with 

possible impacts on social and political stability. The “rise of the rest” (es-

pecially Asia) in the world economy shifts economic and eventually politi-

cal power to the East. Countries as China and India see themselves as nat-

ural stakeholders in the governance of regions around the world, includ-

ing the Arctic. The rise of Asia has led to an almost insatiable appetite for 

raw materials and energy, where the Arctic is a possible new politically 

stable supplier region. The Asian growth economies are export-based 

economies, whose exports travel on ships, and new, shorter and securer 

shipping lanes to markets in Western Europe and the East Coast of North 

America are therefore of interest. Arctic International Relations scholar-

ship today is to a significant extent about this global attention to the re-

gion (Li, Bertelsen 2013, also for literature review). 

More concrete examples of Arctic International Relations scholarship 

with relevance for Arctic marine invasive species looks at the history, 

present and future of the North Atlantic parts of the Kingdom of Den-

mark (Iceland previously and today the Faroe Islands and Greenland). 

Here I am interested in the long process of devolution of power from 

Copenhagen starting in the 1840s with the reestablishment of the Ice-

landic Althingi as a consultative assembly to the Danish king. What are 

the conditions for state-building and independence? In my view, they are 

political will, human capital and fiscal independence (Bertelsen 2013; 

Bertelsen 2014; Bertelsen, Justinussen, Smits 2014). 
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And these conditions actually have relevance for the question of Arc-

tic marine invasive species, which make heavy demands on environmen-

tal management and scientific capacity for micro-states. The question of 

marine invasive species and shipping in connection with offshore energy 

projects, raw materials mega-projects or trans-Arctic transhipment hubs 

(which Iceland, the Faroe Islands and Greenland have high hopes for), 

highlights importance of state-, institution- and capacity-building. Ice-

land, due to intense shipping to and from the island, is already host to a 

range of marine invasive species (see Thorarinsdottir et al., chapter 6, 

this volume). These are particular challenges to very small or micro-

states, even if they have strong human capital as Iceland or the Faroe 

Islands, and even more so for Greenland with its human capital chal-

lenges. Some of my research has touched upon how Iceland, the Faroe 

Islands and Greenland as very small or micro-states can design and im-

plement efficient comprehensive security policies, where human capital 

is key. Marine invasive species highlights the topic of bio-security and 

the threats increased shipping to these areas (which is highly desired by 

these societies) poses. 

9.3 Linking natural and social systems 

Talking about the importance of looking at the interlinkages of natural 

and social systems to the Esbjerg workshop and probably to most read-

ers of this volume is “preaching to the converted.” However, we are all 

faced with colleagues and students in either the natural or human or 

social sciences who are not sufficiently aware of these linkages and their 

importances, whether scientifically, policy-wise or for the career pro-

spects of our graduates. 

Many of the most interesting and important phenomena in the natu-

ral or the social world are the results of interactions between natural 

and social systems. Climate change is probably the most important one 

right now. Here the human invention of the steam engine and the onset 

of industrialization and later the invention of the combustion engine led 

to an explosive rise in the use of fossil fuels which changed the global 

environment with significant social, political and economic consequenc-

es (Stern 2007; Intergovernmental Panel on Climate Change 2013). 

Here we are looking at marine invasive species, where an interna-

tional economic-political phenomenon of shipborne international trade 

leads to the transplant of species between environments. These invasive 
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species can have very important environmental consequences, which 

again can have important social consequences. 

In my view, it is important to introduce students from an early stage 

to this interaction between natural and social systems in the world. Es-

pecially in Europe (without the American liberal arts undergraduate 

tradition), students overwhelmingly set out studying in narrow fields in 

natural, human or social sciences and are not exposed to interdiscipli-

nary thinking before a later stage. Introducing such interdisciplinary 

thinking early is important for scholarly reasons, but also for profes-

sional reasons. Very few graduates will find work in pure natural, human 

or social science. Whether they come from natural, human or social sci-

ences many will find work in the intersection of the natural and the so-

cial world, where a thorough grounding in this interaction of natural and 

social systems will be valuable. 

In light of the lack of scholarship on the international politics of (Arc-

tic) marine invasive species despite their importance, I will turn to out-

line how International Relations theory can guide such inquiry. 

9.4 Theoretically informed International Relations 
research on invasive species in the Arctic 

International Relations theory is characterized by a number of rich theo-

retical traditions and their constant debate. The debate between these 

theoretical traditions is what constitutes to a large extent International 

Relations as a discipline (see Knutsen 1997 for an overview). 

As mentioned above, International Relations as an academic disci-

pline emerged after World War One with the practical purpose of under-

standing how such an international catastrophe was possible and how to 

make it impossible in the future. The field was therefore imbued with an 

agenda of and a belief in the possibility of international progress and 

cooperation, so the first academic theoretical tradition was liberalism 

(Knutsen 1997). 

However, these beliefs in international progress and cooperation 

were of course dashed in the interwar years and World War Two. These 

actions gave rise to the realist school of thought in International Rela-

tions, which was much more doubtful of the possibility for international 

progress and cooperation. Realism was the predominant theoretical 

school in International Relations until the 1970s, when new liberal 

schools pointed out the rise of international institutions, interdepend-

ence between nations and transnational ties between non-state actors. 
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In the early 1990s an alternative school, constructivism, gained promi-

nence pointing out that key aspects to international politics and the in-

ternational system are historically and socially constructed directing our 

attention to meanings, discourses and norms (Knutsen 1997). 

In the following sections, I will suggest how these theoretical tradi-

tions in International Relations each can propose useful concepts and 

assumptions of actors and causalities for exploring the international 

politics of (Arctic) marine invasive species. 

9.5 Realism: Power (Transition), China and the Arctic 

Realism is often the starting point for trying to make sense of interna-

tional politics (although it was a response to liberalism), because it ad-

dresses key concepts such as the state, power and the nature of the in-

ternational system. Looking at the international system, it is clear that 

the states are very important, perhaps the most important, actors in this 

system. It is also clear that the states are sovereign and there is no high-

er authority, there is no world government. There is nowhere to turn for 

help if a state is attacked by another state, there is no night watchman. 

Every state must ultimately rely on it self for its survival, even in allianc-

es, which can never be completely trusted. It is a self-help system, and it 

is an anarchical system in the sense that there is no higher and central 

authority. Therefore the relative power of states compared to each other 

and the development of these relative power relationships become very 

important topics of political strategy and of research (see Knutsen 1997 

for overview). 

Such a self-help system, where all are left to themselves to survive, 

gives reason for great pessimism about the possibilities for progress and 

cooperation, unlike the liberal tradition (which exactly centers on the 

belief in progress). Realists point back to important authors who have 

expressed such pessimism concerning progress, as for instance, Thucyd-

ides, who in his History of the Pelopposian War has the famous quote 

that the “strong do what they can and the weak suffer what they must.” 

This 5th century BC quote is not far from China’s foreign minister re-

marking in 2010 about maritime disputes in the South China Sea, “China 

is a big country and other countries are small countries, and that’s just a 

fact” (Pomfret 2010). Closer to the Arctic, it can be noticed that Norway 

recently has invested in five guided-missile Fridtjof Nansen-class frig-

ates and will invest in more that 50 F-35 fighters, which probably illus-

trates other sides to the Norwegian-Russian relationship than the recent 
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amicable settlement of the long-standing Barents Sea maritime delimita-

tion dispute. 

Also in the Arctic and in the interface between environment and soci-

ety do we see power imbalances between states play out, where seem-

ingly more powerful greater states try to use their apparent greater 

power against smaller states. Right now we see a dispute over mackerel 

and herring quotas between the Faroe Islands, Iceland, the European 

Union and Norway. Here the European Union is trying to coerce the tiny 

Faroe Islands by closing its market to Faroese catches. The most famous 

example of a larger state trying to coerce a smaller state in the Arctic is 

of course Britain’s ill-fated attempts to use destroyers and rammings by 

tugboats to stop Iceland from enforcing its expanded economic exclusion 

zones in the Cod Wars of the 1950s and 1970s (Jónsson 1982). 

As mentioned, perhaps the main topic in International Relations re-

search on the Arctic today is the rising Asian interest in the Arctic, and 

especially what China’s political goals and strategy in the Arctic are. As 

mentioned above, China is deeply concerned by Arctic climate change, 

but that is an area where brute power is completely useless. However of 

interest to the topic here of Arctic marine invasive species is China’s 

interests in Arctic shipping. China may have important interests in ship-

ping along the Northwest Passage and the Northern Sea Route (the 

Northeast Passage), which may pin it against Canadian and Russian sov-

ereignty and also environmental concerns concerning marine invasive 

species. Will China put its shipping interests above Canadian and Rus-

sian concerns about marine invasive species and try to coerce these Arc-

tic coastal states from enforcing costly protective measures against this 

biological threat? The question here becomes whether China (perhaps 

backed by Japan and South Korea as major shipping nations in an unlike-

ly show of East Asian solidarity) will try to use its power to get its way? 

A realist inspired International Relations research agenda on Arctic 

marine invasive species will therefore look at the states and their poli-

cies and how they attempt to use their power to reach their goals and 

thus, how these factors may influence the potential for and consequenc-

es of Arctic marine invasive species. 
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9.6 Liberalism: the importance of other actors and 
their interests 

Liberalism is the other grand old tradition of International Relations 

scholarship (with realism). A mainstain of liberalism is the belief in pro-

gress and cooperation. Therefore liberalism has a keen interest in the 

international institutions and transnational relations and economic rela-

tions that can lift the world out of the gloomy self-help anarchy of realism. 

In the anarchic world of realism, the states are the main actors and their 

interests and strategies are forced upon them by the anarchic system. In 

liberalism, there is a much wider range of actors, such as international 

organizations, corporations, civil society movements, political parties, 

bureaucracies, etc., and the national interest and strategy is not given by 

the overarching system, but emerges from a domestic political process 

involving this wide range of actors (see Knutsen 1997 for overview). 

Early interwar liberalism was highly optimistic about international 

progress and cooperation, but in vain, and therefore called utopian. 

When liberalism reemerged as an important International Relations 

research program in the 1970s, it was much less utopian and more sci-

entific. It accepted the states as central actors acting under anarchy, but 

developed important research programs on how states despite anarchy 

could collaborate and form institutions, and how economic integration 

created complex interdependence, often unequal, between countries. 

The attention to a broader range of actors also led to the introduction of 

the transnational research agenda (Keohane, Nye 1977; Knutsen 1997). 

Institutions and transnational relations are discussed further below. 

The liberal International Relations tradition also makes useful sugges-

tions for studying the international politics of Arctic marine invasive spe-

cies. Liberalism raises the questions of who are the actors concerning 

Arctic marine invasive species besides the states? Possible actors could be 

shipping interests, importers and exporters, ports, fishermen, ship-based 

tourism operators, local communities, bureaucracies, and civil society 

organizations at start and end of the shipping journeys in question. 

Liberalism reminds us to ask the questions: “What are the interests of 

all these different international organizations, state and non-state, com-

mercial, civil society, etc., actors concerning Arctic marine invasive spe-

cies?” “Who benefits from the shipping creating the biological threats, 

and who pays the price?” “How are the national interests and positions 

formed and formulated?” This multitude of interests interacts for form-

ing interests and positions at multiple levels. 
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The importance of this wide range of actors and their interests for 

preference-formulation is therefore an important liberal research agen-

da. This research agenda could look at the role of international organiza-

tions as the International Maritime Organization and their efforts to 

establish a Polar Code along with the Arctic Council and its recent focus 

on “safe Arctic shipping,” how governments form their positions and the 

role of a multitude of actors in that process. 

9.7 Institutionalism 

A fundamental question for debate between realism and liberalism is 

whether institutions matter? Do international agreements and interna-

tional law matter? Can the world progress through agreement from an-

archy? Or is realism right, that the world is locked in a self-help system 

where every state is left to rely on itself and might is stronger than right? 

The counter-argument would sound that, there are a multitude of inter-

national agreements, rules and regulations. But a more sophisticated 

realist criticism could sound that states decide themselves if and when 

they want to be bound and they can can and will break the rules if they 

judge it necessary. Also a sophisticated realist criticism would be that 

these rules are set by states and they reflect the power relations be-

tween states, so strong states get institutions that reflect and promote 

their interests. The debate continues with instutionalist arguments that 

institutions develop lives of their own and have an influence beyond the 

intentions of the states that founded them. Also institutions can outlive 

the reasons for their creation, so that they start acting on other issues 

and in other contexts than what they were created for. Finally institu-

tions affect the people working within them. They socialize and create 

norms and worldviews different from the ones of their founding states. 

So why do states create institutions? The liberal institutionalists claim 

that institutions can facilitate cooperation in the interest of self-

interested states acting under anarchy. Institutions validate agreements, 

create common expectations, facilitate flows of information, address 

issues of common interest, and make keeping of agreements easier 

(Krasner 1983, Keohane 1984, Slaughter Burley 1993, Hall, Taylor 1996, 

Martin, Simmons 2001). 

There are important institutions concerning Arctic maritime affairs. 

The most important is naturally the United Nations Convention on the 

Law of the Sea, which plays a pivotal role in Arctic international politics. 

UNCLOS definitely creates common expectations and makes it easier for 
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the Arctic coastal states and others to cooperate. However, it is also clear 

that the strongest Arctic state, the United States, has not ratified the 

convention for domestic political reasons and can remain outside the 

convention despite the strong international norm of ratification the con-

vention (the Administration does adhere to the convention). The con-

vention creates the rules of the game for claiming extended continental 

shelfs, which facilitates the positive interaction and cooperation of the 

coastal states significantly. However, it remains to be seen if powerful 

states as Russia will abide by any negative rulings on its claims to ex-

tended continental shelf around the North Pole. 

The development of the law of the sea saw bitter conflict between 

NATO allies over this institution, which is of course the Anglo-Icelandic 

Cod Wars of the 1950s and 1970s. Here Iceland and Britain were in bit-

ter conflict about the content of important international institutions, the 

exclusive economic zone, and both sides used state violence to enforce 

its interpretation of the institution (Jónsson 1982). Another example 

was the Canada-Spain Turbot wars in 1995. The status of the Northwest 

Passage and the Northern Sea Route (Northeast Passage) are often de-

picted to be central controversies of Arctic international institutions in 

the years to come. 

So the institutionalist research agenda concerning Arctic marine in-

vasive species would ask questions such as: “Is it possible to design ef-

fective international agreements to minimize the risk of Arctic marine 

invasive species?” “Will different governments around the world commit 

to such instruments?” “How will agreements come about, and whose 

interests will they reflect?” 

9.8 Transnationalism (science) 

A part of the liberal resurgence in International Relations theory in the 

late 1960s and 1970s was the focus on transnational relations. Two of 

the main authors, Joseph Nye and Robert Keohane (1971), defined 

transnational relations as the movement of information, goods, people 

and money by non-state actors across borders. This definition captures a 

multitude of economic, media, academic, people-to-people, etc., rela-

tions. In this Arctic marine invasive species context, we will focus on 

transnational science and indigenous relations. 

The Arctic is characterized by transnational scientific research. Science 

and knowledge production plays an important role concerning the Arctic. 

The place of science in Arctic affairs is clear from, for instance, the trans-
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national International Polar Years, the role of the working groups in the 

Arctic Council and the use of science for legitimizing a place at the Arctic 

table for non-Arctic states. We see how outsiders legitimate their presence 

in the Arctic through science (as in the Antarctic Treaty System). The orig-

inal European observer states in the Arctic Council from the founding 

were accepted based on their Arctic research traditions. Similarly, the 

Asian newcomers are entering the Arctic via scientific research. 

The strength of transnational Arctic science raises the questions: 

“What are transnational science relations concerning Arctic marine in-

vasive species?” “Who are the participants, scientists in universities, 

various kinds of research organizations, corporate researchers, envi-

ronmental organization researchers, and from what countries?” Arctic 

science is transnational (as science in general), which raises the question 

whether there are Arctic epistemic communities and perhaps even inte-

grated into one? An epistemic community is a transnational group of 

experts and professionals who agree on what the world looks like, what 

the challenges are and what the solutions look like (Haas 1992). Possible 

Arctic epistemic communities could be the working groups of the Arctic 

Council and the International Arctic Science Committee. So this transna-

tional community of Arctic scientists, do they agree on what the Arctic 

looks like, what the challenges are and what the solutions would be? 

Does any Arctic epistemic community have an influence on policy? To 

what extent is Arctic Council policy based on working group recommen-

dations? 

9.9 Transnationalism (indigenous peoples) 

Transnational relations can be about people-to-people relations and the 

linkages of sub-state actors. Another very interesting research agenda 

on transnational relations in the Arctic is concerning the indigenous 

peoples and their struggle to protect their rights and interests. The Arc-

tic Council stands out for the prominent place it accords indigenous 

peoples as the six permanent participants of Arctic Athabaskan Council, 

Aleut International Association, Gwich’in Council International, the Inuit 

Circumpolar Council, Russian Association of Indigenous Peoples of the 

North, and the Saami Council. The various arrangements for indigenous 

self-government are among the most important traits of the Arctic. As is 

clear from the six permanent participants of the Arctic Council, it is clear 

that Arctic indigenous people organize and operate transnationally. 
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Arctic marine invasive species can be a significant threat to the liveli-

hoods of Arctic indigenous peoples. It is therefore an important transna-

tional studies research agenda to describe and analyse how Arctic indig-

enous peoples could be impacted by and could mobilize and repond to 

the threat of Arctic marine invasive species. 

9.10 Constructivism 

Constructivism is the important newcomer in International Relations 

theory. The realist and the liberal schools of thoughts share the assump-

tion that identities and interests are given. This is most clear in realism, 

where the anarchic structure of the international system forces states to 

act in a self-help way. In economics-inspirered liberalism, material self-

interest is a given. Constructivists have pointed out that identities and 

interests are rather socially constructed through social interaction. Ac-

tors develop meanings about what their identities and interests are 

through interaction with other actors. Alexander Wendt made the fa-

mous claim that “anarchy is what states make of it” (1992). The con-

structivist research agenda highlights the power of words, images and 

norms. How we speak about international politics becomes important 

because it both reflects established norms and expectations originating 

in shared meanings, and such talk also is part of an ongoing effort to 

shape our shared meanings about international politics. 

Constructivism makes us think about how we talk about the Arctic, 

where do shared meanings and understandings come from, and who are 

trying to change how we talk about the Arctic? The five Arctic coastal 

states have been collaborating to create a discourse of the law of the sea 

giving them the rights and the responsibilities to manage the Arctic 

Ocean. This discourse should create a generally accepted norm that 

these five Arctic coastal states are undisputedly sovereign in the Arctic 

Ocean over their exclusive economic zones and their claimed extended 

continental shelves. 

However, these discourses are not undisputed. Most clearly China 

has been advancing a discourse of China as a “near-Arctic state” with 

legitimate rights in the Arctic and the Arctic as the “common heritage of 

mankind.” This discourse is a clear example of China trying to influence 

the shared meaning of the Arctic in order to gain acceptance for its in-

terests and demands. If China can affect the discourse on the Arctic in 

the direction of the “common heritage of mankind,” it will strengthen 

China’s say and role in the region and undermine the discourse of the 
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five Arctic coastal states as the rightful and responsible sovereigns of the 

Arctic Ocean (see Li, Bertelsen 2013 for overview of literature). 

Constructivism therefore also suggests a potentially fruitful research 

agenda on the international politics of Arctic marine invasive species. 

Constructivism points to the question of how do we talk about Arctic 

marine invasive species? What are the discourses on these invasive spe-

cies? How are they portrayed as risks and challenges? Who are blamed? 

What are the norms about Arctic marine invasive species? What is con-

sidered as acceptable behaviour by a range of actors globally and in the 

Arctic? How have the discourse and norms on Arctic marine invasive 

species emerged? Who have shaped this discourse and these norms? 

Who are seeking to reshape this discourse and these norms today? What 

is the effect of Arctic marine invasive species discourses and norms on 

policy today? 

9.11 Conclusion 

The Arctic environment is a very fruitful place to study the interaction of 

natural and social systems. It is an environment, which is deeply affected 

by human activity around the world through mechanisms as climate 

change, long-range pollutants or marine invasive species. These envi-

ronmental changes have significant feed-back mechanisms into local and 

global environments, politics and economics. The Esbjerg workshop and 

this volume is all about this natural-social interaction concerning Arctic 

marine invasive species. 

International political and economic processes are important in the 

original mechanisms and feedback mechanisms of Arctic marine inva-

sive species. Arctic marine invasive species are therefore an obvious 

International Relations research topic concerning the Arctic and the 

global environment. Therefore this chapter discusses how International 

Relations theory can guide research on the international politics of Arc-

tic marine invasive species. 

Theory matters. It provides frameworks of assumptions of important 

actors and causal connections. It guides research explicitly (hopefully), 

and academic or popular theories guide much debate, analysis and poli-

cy-making implicitly. It opens arguments to explicit criticism on its as-

sumptions. It is therefore important to be clear about theory both in 

scholarship and in debate and policy-making. This chapter tries to assist 

clear scholarly analysis of the international politics of Arctic marine in-

vasive species and debate and policy-making in broader public and pro-
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fessional circles by suggesting how many theoretical traditions of Inter-

national Relations can assist in understanding the international politics 

of Arctic marine invasive species. 
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10. Bioeconomic Strategies to 
Address Potential Marine 
Invasive Species in the Arctic 

Linda Fernandez, Virginia Commonwealth University, Richmond, Virginia, 

USA. 

10.1 Introduction 

The chance to stop non native marine species from threatening and 

damaging Arctic marine ecosystems still exists. There are economic as-

pects underlying fundamental efforts to take this existing chance to pro-

tect the unique Arctic. Dynamic changes in environmental media condi-

tions (temperature, current shifts, ocean acidification) may widen the 

range of flora and fauna from outside the Arctic to inside the Arctic to 

successfully invade through establishing and displacing native Arctic 

species (Miller, 2014, this issue). Therefore vigilant efforts to address 

human induced movements of the non native species to the Arctic are 

needed. This section outlines the manner in which economics and ma-

rine biology can work in concert in analysis informing prompt steps 

towards actual protection from non native marine species before they 

invade the Arctic. The section includes analysis of existing policies and 

identification of policy gaps at different scales (international to regional) 

that can be finetuned and augmented with input from economics to help 

in steps towards protection of the Arctic marine environment. 

Time and space influence not only non native species spread from 

outside to inside the Arctic but also influence the likelihood of more than 

one country being involved in decisions that start or stop pathways (vec-

tors) of non native marine species from invading the Arctic. The spatial 

scale of potential marine species in the Arctic is international. A few 

remote ports of sovereign countries with Arctic coastline interact eco-

nomically and ecologically with the rest of the world, with increasingly 

open access to the Arctic Ocean center. 
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Much attention has focused on the pathways the ice melt provides for 

transport in east and west directions within the Arctic to reduce time 

and fuel in transit compared to equatorial passages. Additionally, there 

are the north and south directions to address as a basis of discussing 

economic incentives to foster any action on potentially invasive marine 

species in the Arctic. This section draws from a large spatial scale start-

ing south of the Arctic, in the Pacific Ocean near Baja California up 

through the Bering Sea for several analyses with relevance for the Arctic 

in terms of the realistic spread of southern non native species to the 

Arctic (Vermeij, 1991). The analyses tackle open access and incomplete-

ness of existing policy for addressing protection against the biological 

pollution of non native marine species that may successfully invade 

where many polluters (responsible for vectors of non native species) can 

damage without the stewardship for protection from ruin resulting from 

invasion. The vast spatial scale challenges Arctic protection from marine 

invasive species. Ideally, policies with economic incentives for self en-

forcing abatement of invasive species are possible in the Arctic given 

limits to resources to police internationally the open access scale of 

threats to Arctic protection from marine invasive species. 

10.2 Four Analyses with Lessons for the Arctic 

Marine invasive species threats of relevance to the Arctic encompass 

multiple bioeconomic considerations. Four existing analyses that ad-

dress components of the Arctic challenge across different vectors of non-

native marine species with potential for invasion. As these analyses are 

based on previously presented models, I summarize the elements of 

each analysis and information necessary to relate results to relevant 

Arctic marine resource management. 

These are: (1) between trading countries (commercial shipping) in 

and out of the Arctic; (2) between shipping industry and ports with dif-

ferent information on risk and pollution control; (3) across boating in-

dustry and recreational boaters in various countries; and (4) in coastal 

public waters where aquaculture and aquarium trade may take place. 

These analyses investigate incentives and policies for more than one 

decisionmaker of the shared biological pollution problem to prevent non 

native marine species from hitchhiking on boats, aquaculture inputs 

through investment and management practices related to shipping, 

ports, aquaculture and aquarium trade vectors of marine invasive spe-

cies. The analyses share underlying characteristics of: threats of losses 
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due to inadequate policy are imminent and costly; interplay of ecology 

and economic behavior is clear; knowledge of ecosystems and political 

economy allows for predictive results; and successful policy integrates 

remaining risks, uncertainties, ecology, and economic behavior. The 

bioeconomic analyses rely on applications of game theoretic tools and 

integrated marine resource management tools for more than one deci-

sionmaker addressing transboundary and potentiall invasive non native 

marine species with changing risks and uncertainties over space and 

time affecting long term vigilance for resource protection with and 

without coordination. All of the analyses can offer guidance for the nas-

cent development of the Polar Code that so far involves the International 

Maritime Organization (IMO) dealing with the separate sovereign Arctic 

countries over search and rescue and operation safety without attention 

yet towards including non native marine species threatening invasion 

(Deggim, 2013). 

Varied motives exist for vigilance against marine invasive species by 

the decisionmakers in the analyses that can lead to investment choices 

ranging between pollution prevention and reactive abatement as func-

tions of non native marine species flow and invasive marine species 

stock, respectively. Some motivators in the Arctic setting include reduc-

tions in transportation costs (speed, weight, fuel) that abatement can 

yield, regulation to avoid potential damages and reciprocity for facing a 

shared threat. Given this range of motivators, the analyses seek potential 

international cooperation for matching the scale of management to eco-

logical scale in need of protection. 

10.3 Analysis 1: International Maritime Shipping and 
Strategies between Trading Countries 

Maritime shipping around the world can bring potentially invasive ma-

rine species to the Arctic through ballast water and biofouling of hull 

and niche locations (propellers, etc) (Miller, 2014, this issue). A sum-

mary of analysis (1) between trading countries relying on commercial 

maritime shipping offers some lessons for stimulating vigilance against 

marine invaders through these vectors. 

In analysis (1), asymmetric incentives across countries in the Pacific 

Ocean from Baja California through the Bering Sea are based on different 

pollution control costs, flow and stock effects, ability to pay, and damag-

es of ecosystem changes, and costs to habitat resiliency. Fernandez 

(2007) develops and applies an integrated bioeconomic game model 
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with Pacific Ocean countries along North America deciding simultane-

ously to minimize expected net costs of abatement and damages due to 

invasive marine species. Each country’s objective to minimize costs is 

constrained by non native marine species dynamics with a transport 

matrix of invasive species movement (flow) between ports through bal-

last water and hullfouling vectors with plausible effects on native spe-

cies (stock) from successful invasion of the non native marine species. 

These costs are influenced by both the components of the flow of arrival 

of non native marine species as well as any accumulated stock of suc-

cessfully invasive marine species. There are choices over which stage to 

address non native marine species, ranging from prevention if focused 

on the flow to reaction (rapid response or eradication) if focused on the 

stock of marine invasive species after successfully established. These 

choices are investigated in the model that specifies explicitly prevention 

costs as a function of flow for ballast water and hull biofouling abate-

ment on ships, monitoring and rapid response on shore. Also, the model 

specifies explicitly reactive costs are a function of stock for eradication 

of established marine invasive species. 

Of prime importance in the analysis is a comparison investigating the 

economic incentives of coordinated protection versus unilateral action 

by solving for noncooperative and cooperative game solutions from the 

applied bioeconomic game modeling. The comparison of game solutions 

help to articulate ecosystem management strategies at an international 

scale as the decisions are direct functions of the stock of marine re-

sources. Empirically, there are true asymmetries in costs and damages in 

the North and South with non native marine species moving in both di-

rections from continual maritime trade transit in those directions. Pacif-

ic coast ports shipping frequency and volume help define the transport 

matrix of shipping with marine invasive species vectors of ballast water 

and hullfouling over space and time. This matrix is a part of the dynamic 

equation that defines the movement of nonnative marine species that 

are potentially invasive in both directions. Data and growth equations 

for two marine invasive species, Bugula neritina and Nemertea (ribbon 

worm) are referenced from Kuris et al. (1992ab) and Haygood (2000). 

The Bugula neritina moves from north to south through the vectors and 

Nemertea moves from south to north. 

The two marine invasive species have varied impacts that are taken 

into account in the analysis, as it influences the asymmetric incentives to 

motivate any action on marine invasive species. Commercial value of 

native shellfish species damages in Canada and recreational value as 

damages from Nemertea are referenced from Kuris et al. (1992ab). 
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Pharmaceutical value of Bugula neritina is referenced from Haygood 

(2000) as an potential commercial value from harvesting the invasive 

bryozoan (Bugula neritina ). Empirally estimated preventative and reac-

tive abatement cost functions for hull maintenance (cleaning) along with 

antifouling paints on the ship hull and are based on data from Taylor and 

Johnson (2003). Likewise, on board and off shore ballast water treat-

ment cost functions are estimated with data from Tamburri et al. (2002). 

Note, the reason for this form of treatment is because most vessels mov-

ing along the South to North space would not motor out beyond 200 

nautical miles to carry out open water exchange due to time and fuel 

costs that would be expended instead of an on board alternative that 

does not require the significant distance from shore to carry out. An 

economic incentive that motivates the commercial shipping sector sepa-

rate from any potential regulation is the chance for fuel savings from 

strategies to prevent hull biofouling such as hull maintenance (cleaning 

and drydocking) as well as antifouling paints (Younqlood et al. 2003). 

For example, 30% reduction in fuel and expenditures is possible from 

bearing the abatement costs from investing in antifouling coatings and 

management practices included in the preventative cost functions of the 

study. Additionally, the on board treatment of ballast water saves in time 

and effort to motor out beyond 200 nautical miles away for open water 

ballast exchange, the option suggested under the 2004 IMO Convention 

for the Control and Management of Ship’s Ballast Water and Sediments. 

The comparative analysis is able to assess quantitatively between sev-

eral options: cooperation and prevention, cooperation and reactive strat-

egies, noncooperation and prevention and noncooperation and reactive 

strategies. Of the four options, cooperation with prevention is found to be 

the best at cost minimizing between the countries by reducing damages 

from Nemertea with higher benefits from harvest value of Bugula neritina 

and fuel savings for the region. This result can be the basis of benefit shar-

ing across trading participants to offset abatement costs with the generat-

ed savings and actual revenues from the harvested species. 

10.4 Analysis 2: Port and Ship Incentives for both 
Ballast Water and Hull Fouling Policy 

Analysis (2) focuses on the shipping industry and ports with different 

information on marine invasive species risk while both may be aware of 

potential damage from both shipping vectors of invasion (ballast water 

and hull fouling). The shipper clearly knows more than the port about 
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any abatement of non native marine species he has undertaken onboard 

in the form of treating ballast water and abating hull fouling. This is the 

premise of the analysis by Fernandez (2008) in order to design policy 

options that take into account these variations in information between 

relevant participants in the potential controls of shipping vectors of ma-

rine invasive species to the Arctic. 

Another premise for the analysis is that ballast water has received at-

tention at the international level translated into guidelines from the IMO 

for numerical limits on marine invasive species concentrations in ballast 

water through the International Convention for the Control and Man-

agement of Ship’s Ballast Water and Sediments of 2004. Instead of a 

policy similar to the IMO Convention on ballast water and sediment, 

there is a ban on tributyltin coating, that had been used in the past by 

shippers to control biofouling. The coating was found to harm to sur-

rounding marine life, thereby leading to the International Convention on 

the Control of Harmful Antifouling Systems on Ships in 2001. There exist 

some draft guidelines on anti fouling practices rather than a formal in-

ternational policy on the order of the ballast water convention of 2004. 

In analysis (2), both vectors (ballast water and hull fouling) and the 

information divide between shippers and ports require the same num-

ber of policies to match the vectors and information issue plaguing pub-

lic good protection from marine invasive species. The analysis proceeds 

to evaluate technology subsidies and ballast water reporting fees in a 

manner that assesses the effectiveness in combination with liability 

rules from maritime ship safety law of the IMO. The numerical analysis 

helps in exploring the possibility to finetune existing policies working in 

combination, including the maritime ship safety liability rule of the IMO, 

the tax in the form of the port access fee and west coast ballast water 

reporting fee and the subsidy from the U.S. Coast Guard technology as-

sistance cost share and grant program for implementing new abatement 

technology. Results from the analysis show that combining a subsidy 

with liability or a tax with liability can help address information prob-

lems and uncertain damages. Liability influences the distribution of ben-

efits between the shipper and the rest of society, but it does not influ-

ence the levels of abatement for investing in both abatement of ballast 

water and hull fouling. Subsidies and taxes achieve the same level of 

abatement and economic welfare. The difference is shipper profits are 

lower with taxes. 

The following suggestions from analysis (2) can apply in the current 

drafting of the Polar Code that needs to augment the search and rescue 

and operational safety topics to include environmental concerns such as 
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marine invasive species. Aim to tie current technology subsidy for bal-

last water treatment to liability and potential damages. Also, tie current 

port reporting fee to liability in a manner such that the QUALSHIP 21 

program of U.S. Coast Guard rewards vessels that have complied with 

international safety and environmental requirements by reducing the 

inspection frequency. 

Additionally, the NZ 1993 Biosecurity Act, Section 154, an existing 

policy with a variation of combining a liability rule with a tax can offer 

more experience in this effort (Floerl, 2014, this issue). That Act has a 

penalty for incorrect information about abatement and disobeying direc-

tions that includes fines and possible prison time. There is room to ex-

plore combining such policy instruments beyond the public resource 

manager and regulator of a country to include viable entities such as 

maritime shipping insurance companies too. 

10.5 Analysis 3: Recreational Boats 

Analysis (3) looks beyond commercial maritime shipping to across the 

boating industry and recreational boaters in various countries noting 

their vital role in addressing the marine invasive species threat to the 

Arctic. Recreational boaters constitute a hull fouling vector for hitchhik-

ing marine invasive species to the Arctic. In analysis (3), the boating 

industry refers to the supply side of abatement control options for hull 

fouling on recreational boats. The empirical focus of analysis (3) centers 

on the cost and availability of supplies and services to control marine 

invasive species on recreational boats traveling along the West Coast of 

North America (including Mexico, U.S. and Canada) (Johnson and Fer-

nandez, 2011). Specific attention is placed on comparing metal based 

and non toxic anti fouling paints. Metal based paints do not have an in-

ternational policy like the International Convention on the Control of 

Harmful Antifouling Systems on Ships in 2001 that implemented a ban 

on tributyltin antifouling paints for hulls. The present concern has been 

with copper based antifouling paints posing a hazard to marine life be-

yond the target marine invasive species as hullfouling (Johnson and Fer-

nandez, 2011). The ablative properties of copper based paints results in 

copper build up from deposition to the benthic layer below where boats 

are situated. 

In order to conduct this analysis, Johnson and Fernandez (2011) con-

ducted a survey of various entities of the boating industry to generate 

data. Managers of marinas, harbors, yacht clubs, boat repair yards, in-
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water hull cleaning companies, slip liner companies and boat lift compa-

nies participated in the international survey of the boating industry con-

ducted by Johnson and Fernandez (2011). Slip liners and boat lifts are 

two alternatives to anti fouling paints to deter biofouling on recreational 

boats. The survey results indicate 48% of boats rarely leave the marina 

where stationed and for that reason the rate of deposition of metal 

based paints can be quite large. For those stationary boats and protec-

tion at the marinas, non toxic (non metal based) anti fouling paints are 

the best option, if available. With the 48%, focus is on preventing the 

heavy metal deposition and there is less of a threat from these boats 

transporting marine invasive species if they stay in the marina. Given 

that 48% of boats never leave their own harbor, performance bonds and 

“evergreen leases” for slip space are viable policies for implementing 

nontoxic coatings to avoid exceeding Total Maximum Daily Loads on 

copper in harbors that are the focus on many marinas along the Pacific 

Coast of North America (from California through British Columbia). 

Statistical analysis of the survey data indicates the following results. 

Awareness of nontoxic coatings is statistically significant in influencing 

anti fouling coating choice. Cost and location are not statistically signifi-

cant for recreational boaters. Education has positive influence on choice 

of nontoxic coating. For recreational boats that do engage in long-

distance trips by leaving the marina, there is a higher risk of transport-

ing marine invasive species via hull fouling and less risk of contributing 

to deposition of metal based coating in benthic layer below marina slip. 

Therefore, the availability of metal based paints for those recreational 

boats proves a viable option. For boats leaving harbors, avoiding addi-

tional fuel and speed loss costs from hull fouling offers incentive to regu-

larly remove biofouling whether they are involved in racing recreation 

or less rapid travel for leisure. 

A comparison of the calculated average cost per foot to use each type 

of antifouling paint included in the analysis indicates the most widely 

available copper based anti fouling paints are cheapest followed by zinc 

based and subsequently epoxy (the nontoxic) coating that is available. 

When expected service life is factored in, epoxy based coatings gain in 

cost effectiveness against heavy metal based paints (copper and zinc) 

due to the lasting twice as long the metal based options in terms of life-

time prior to replacement. The capacity of industry to service nontoxic 

paints needs expanding everywhere. 
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10.6 Analysis 4: Coastal Waters, Aquaculture and 
Other Leasers 

Analysis (4) is conducted by Fernandez (2011) in coastal public waters 

where aquaculture and aquarium trade may take place. In this setting, 

the need for coordination between aquacultural operators and others 

similar to slip leasers in a marina is obvious from the potential harm 

from spreading problems in common space. Here, shared marine inva-

sive species risk among users is a quantifiable component to include in 

decisions by leasers of the public coastal space in how they use and 

maintain that space to prevent marine invasive species from plaguing 

their space and surrounding connected space. 

With the absence or incomplete presence of a separate policy to ad-

dress marine invasive species in these coastal shared setting, a remedy 

may be through existing lease arrangements by instilling an environ-

mental bond where upfront payment of a lump sum to cover any poten-

tial impact is part of the requirement in obtaining a lease. Coordinated 

not unilateral action will help to prevent damage from aquaculture, 

aquarium trade in coastal area and marina slips and foster long run posi-

tive revenues not losses if avoid the marine invasive damages. The pres-

ence of environmental bonds imposes a cost on potential damage that is 

forfeited if the damage occurs. However, the bond is refunded for dam-

age avoided by vigilant abatement effort in each leaser’s own space. Co-

operation increases with increased bonds or deposit-refund amounts 

because there would be more to lose if abatement is not done and the 

threat is larger to all leasers. Existing leases can be fine-tuned for incen-

tives, such as along lines of the U.S. Leaking Underground Storage Tank 

Trust that has addressed ubiquitous threats to water quality throughout 

the country in a manner that insures any harmful impacts are fully fi-

nanced with upfront and continuous pooled resources from the com-

mercial industries depending on the tanks for their livelihood. 

10.7 Conclusion 

The four analyses were undertaken with attention towards integrating 

marine ecology and economic components for analytical gain in as-

sessing viable strategies over several vectors of marine invasive species 

to impact the Arctic. The analyses provide comparisons that help gauge 

tradeoffs between lack of coordination and coordination when the scale 

of the vectors extends internationally and responsiveness of policy or 
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abatement action may be at different scales to compare. The analyses 

also indicate tangible economic incentives in various forms that directly 

influence the timing and scale of response towards stewardship of pro-

tecting against marine invasive species. Some incentives are identified 

through the comparisons of net benefits to preventative versus reactive 

policies and action to combat marine invasive species. Cost savings in 

the form of less fuel, weight and lost time in transit by commercial and 

recreational marine vessels may be realized through responses to poli-

cies to address ballast water and hull biofouling vectors of marine inva-

sive species, provided the policies stimulate those cost savings. Econom-

ic incentives are also shared in terms of the avoided risk in coastal public 

space shared by aquaculture producers or leasers in a marina faced with 

a shared threat of marine invasive species changing their productive 

space once invaded. A common finding in the analyses is the gain from 

coordination at various scales. 

These analyses can inform the Polar Code currently under develop-

ment. The Polar Code can contribute to acting on the chance to stop ma-

rine invasive species in the Arctic. With that international policy focused 

on the special ecological settings of the poles, there is a potential to 

match the scale of policy to the scale of the marine invasive species 

threat, that is, the international scale. Cooperation is a necessary condi-

tion among the Arctic countries endowed with ports that are recipients 

of the vectors mentioned in the four analyses summarized in this section 

for any efforts to address marine invasive species threat to the Arctic 

involving the rest of the world as well. 
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11. Invasive Species 
Management Strategies: 
Adapting in the Arctic 

Brooks A. Kaiser, University of Southern Denmark, Esbjerg, Denmark. 

11.1 Introduction 

Invasive species have, to date, been a relatively minor concern in the 

Arctic marine ecosystems because the harsh environmental conditions 

that stem from a combination of generally low temperatures and ex-

treme fluctuations in seasonal light and food availability. As discussed in 

Gill (Chapter 1 of this volume), the rapid pace of climate change in the 

Arctic is bringing new urgency to concern over the introduction of non-

native species and their potential threats to the marine environment and 

its economic productivity. 

The same characteristics that have previously made the Arctic less 

open to the establishment and spread of invasive species are ones that 

make the potential problem so expansive. At stake are unique species 

and co-evolved systems that have taken millennia to develop. Small per-

turbations in the fragile Arctic ecosystems are likely to have outsized 

impacts both ecologically and economically. Even beyond initial polar 

environmental concerns, comparisons of Arctic and Antarctic systems 

have established that conditions in Arctic systems make it more likely 

that the Arctic will experience greater effects from human activity than 

the Antarctic due to lower alkalinity, enhanced warming, and nutrient 

limitations (Shadwick et al., 2013). 

Warmer temperatures and decreases in sea-ice are bringing in-

creased economic opportunities to the Arctic (Economist, 2012). Efforts 

to exploit these opportunities are increasing human presence in the 

Arctic and increasing both the vectors of introduction of non-native spe-

cies and their intensity in terms of numbers of potential introductions, 

which both contribute to the ability of a new arrival to establish and 

evolve into an invasive species (Simberloff, 2009; Johnston et al., 2009). 
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With the changing threat in mind, this chapter focuses on the human 

dimensions of invasions, both from the behavioral aspects that affect 

them and from the policy perspective of trying to manage them. I con-

sider that the path from a non-indigenous species to an invasive species 

problem in a new area such as the Arctic is a process, and that this pro-

cess provides differing policy intervention opportunities that incorpo-

rate both ecological and human behavior, i.e. bio-economic modelling, in 

order to minimize expected damages from an invasion. When the species 

cross national borders, additional policy challenges arise. 

Some challenges, like the Red King Crab and the Snow Crab introduc-

tions in the Barents Sea, are already attracting concern and attention in 

both scientific research and management efforts within and across na-

tional borders (see Sundet, Chapter 5 of this volume), but others will be 

more difficult to spot and manage (see Floerl, Chapter 4 of this volume) 

though they may have even more devastating impacts. The biology of 

invasions often involves lags, uncertainties, and non-linear relationships 

that are not easily understood. Even our ability to detect the arrival of 

new species and the beginnings of an invasion are functions of human 

behavior that should be accounted for in policy for the Arctic. 

Discrepancies across species’ threats are matters of both ecological 

uncertainty, in terms of not knowing of a threat, its presence, or the ex-

pected changes to the system it will bring, and of policy implementation. 

Policy implementation will necessarily vary because of the ecological 

uncertainty, but also can vary if stakeholders differ in the expected dam-

ages (or benefits) they will accrue from the invasion. These problems 

require coordinated bio-economic understanding to resolve. 

11.2 A Brief Overview of Species Introductions in an 
Arctic Context 

11.2.1 Effects of the Age of Pacific Exploration 

While at first thought, remote tropical Pacific locations like the Hawaiian 

Islands and The Arctic Ocean and its coasts may not seem to have much 

in common, the cautionary lessons of the tropical Pacific with respect to 

invasive species are likely to be of direct use to the coming concerns in 

the Arctic. With some of the very same explorers – James Cook and 

George Vancouver, for example – advancing the paths into both locales 

in the late 18th Century, and direct links between locales from the whal-

ing industry, direct parallels can be explored for insights. We can also 
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look to other species and locations for trends that can guide improve-

ments in invasive species management in the Arctic. 

At long distances from neighboring land and/or without favorable cur-

rent paths, the Pacific Ocean had formed a barrier around places like the 

Hawaiian and Galapagos Islands that led to the evolution of unique and 

fragile ecosystems which transportation advances have eroded, with the 

pace continuing to accelerate today with shortened sea- and air- routes. 

The changes in the Pacific have been dramatic, rapid and transforma-

tive. While some of the species introductions causing the changes have 

been accidental, many have been intentional. For example Captain Van-

couver’s introduction of cattle to Hawaii, and royal tabus on these exotic 

and unfamiliar creatures
7
 protecting them and allowing them to multiply 

rapidly, led to the destruction of the forests and reductions of the water 

supply (Kaiser, 2014). The Galapagos now have more introduced plant 

species than they do native species. The count for introduced plant species 

is over 600, meaning an average rate of introduction of 1 per year since 

the first western contact in 1535, compared to a natural rate of introduc-

tion estimated at 1 species every 10,000 years (Reaser et al, 2007). 

Similarly, due to sea-ice, Arctic marine ecosystems have evolved with a 

level of isolation that renders them unique and fragile as well. Successful 

species introductions have undoubtedly been slowed more by differences 

in climate than differences in human behavior toward introductions of 

new species. For example, across all known introductions of herpetologi-

cal species globally since 1850, intentionally introduced species have oc-

curred earlier than later. (Figure 1). This should be rather unsurprising, 

since introductions that have net benefits to at least some stakeholders 

are likely to be directly undertaken by humans rather than left for more 

random chance opportunities for a species to hitchhike to a new environ-

ment. The Red King Crab introduction into the Barents Sea by Russia is an 

example of just such an intentional introduction made for market benefits 

(Orlov and Ivanov, 1978) (see Sundet, Chapter 5 in this volume). 

While intentional introductions are generally driven by private as-

sessments of expected net benefits to those invested in the introduction, 

these may well be in conflict with social measures of net benefits. In the 

case of the Red King Crab, for example, not only are there ecological side 

effects to benthic communities that were ignored in the initial decision 

────────────────────────── 
7 The only land mammal to arrive in Hawaii without human-assisted transport was a bat species. Polynesian 

arrivals in the 1st millennium AD brought pigs, rats, dogs, and chickens, and began the ecological changes that 

were intensified by western contact (Kirch, 1985). 
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to transplant the species but there are also potential market effects from 

the expansion of crab production. Alaska fishermen today complain that 

prices are falling due to illegal Russian catch and sales (Stewart and 

Tallaksen, 2013). While this is bad for Alaska fishermen, it is good for 

consumers of crab, and the net market impacts are not estimated here. 

In order to capture the full economic value a proper management sys-

tem has to be in place that incorporates these conflicting incentives. 

With such incentive based development, the distribution of producer 

and consumer surplus can change over time in accord with maximum 

sustainable economic value. 

Accidental introductions may not be aggravated by the way that the 

benefits of intentional ones drive a wedge amongst stakeholders trying 

to manage an invasion, but they still require coordinated community 

action at a scale relevant to the full bio-economic context, including any 

markets or non-market values for the threatened resources, in preven-

tion and control. If one community, for example, finds a new species 

introduction becoming an invasive species problem, then neighboring 

communities will benefit from an early interception of the problem (See 

Fernandez, Chapter 10 in this volume). 

Figure 1: Cumulative introductions of known herpetological species worldwide 
since 1830 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species data is from Kraus (2009). The timing of intentional introductions precedes that of uninten-

tional and ambiguous cases. This is likely due to the fact that intentional introductions are likely to 

have expected benefits to the parties responsible for the introduction, regardless of overall ex-

pected social costs. 
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All actual and potentially affected parties, should, therefore, be willing to 

aid in the costs of such intervention, but may, for budgetary or other 

reasons, decline to “do their part,” exacerbating the problem for both 

invaded and threatened communities. 

As climate evolves to be more accommodating of new species introduc-

tions (see Miller, Chapter 3 in this volume), we expect the rate of initial 

introductions, and their ability to take hold and transform into invasive 

species, to occur. 

11.2.2 Anthropometric Correlates of Invasive Species 
Movements 

The challenges of human survival in the Arctic meant that much early 

exploration ended disastrously, such as the Franklin Expedition of 1847. 

(Beattie and Geiger, 1987). These human invaders were fended off by 

the sea-ice. On the other hand, native communities have co-evolved with 

the Arctic environment over the past several millennia, with several 

developing subsistence economies dependent in large part on marine 

mammals such as seals, walrus, and whales. More successful Arctic ex-

cursions adapted to the environment. Roald Admunsen explores both 

the Arctic and Antarctic after learning from native Inuit how to survive 

and travel through arctic conditions (Katz and Kirby, 1991). Fridtjof 

Nansen builds a ship, the Fram, that he can purposefully let freeze into 

the Arctic ice in his attempt to reach the pole by letting the currents take 

him there. While he did not reach the Pole in this manner, he did survive 

a lengthy voyage, which was managed in great part by unexpectedly 

meeting up with Frederick George Jackson, after 1.5 years in the ice, on 

June 17, 1896 (Figure 2). In some cases, propagule pressure does not 

need to be very high to dramatically increase the chances of successful 

survival in a new environment (See Miller, Chapter 3 and Floerl, Chapter 

4 in this volume). 
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Figure 2: F. Nansen encounters F. Jackson, June 1896. Photo from Bull (2011) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

While the rate of both accidental and intentional introductions is an 

increasing function of trade and travel to new locations, this is not the 

only important factor. The movement of some species may have high 

external costs, while that of other species may not. One must consider 

the biology and the economics together to get a clear and full picture of 

the threat. 

11.3 Management Overview of Invasive Species: 
Options for threatened states 

11.3.1 Opportunities for Intervention 

Figure 3 illustrates the interconnectedness of policy options with the 

biological process of invasion and time. Actions to reduce damages from 

invasive species may begin before the arrival of any new species to an 

area and continue through the spread of a new species to its biological 

carrying capacity. In the case of marine invasive species, limited man-

agement interventions may be possible after the arrival of a species be-

cause the environment is often more difficult to manage than for terres-

trial systems. These limitations make it perhaps more necessary to con-

sider the full spectrum of policy options when making decisions about 



  Marine invasive species in the Arctic 181 

prevention because the costs of control may be so prohibitively high. 

See, for example Niemi et al, Chapter 7 of this volume; Floerl, Chapter 4 

of this volume; Bax et al, 2001; Ruiz and Carlton, 2003.  

Figure 3: Integrated management of Biological Invasions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11.4 Prevention and Early Detection (ED) and Rapid 
Response (RR) Strategies 

At low potential population levels, when a potential invader has not yet 

become a problem, the management options should focus not only on 

prevention of arrivals at obvious points of entry (e.g. ports, ship hulls) 

but also on a process of early detection (ED) and rapid response (RR) 

that also includes expected damages and costs of investigating the inva-

sion in the decision-making (Kaiser and Burnett, 2010). 

Preventative measures are imperfect, probabilistic, and will fail. Pre-

vention can only be expected to buy time, rather than provide an impen-

etrable shield around an ecosystem. Early detection systems are moni-

toring systems that increase the likelihood of identifying the arrival or 

incipient population of a potential invader. Rapid Response systems 

provide actionable responses to eliminate or spatially contain the new 

invasion. Together EDRR can function to protect ecological and econom-

ic assets at risk in relatively low cost ways. For example, preventative 

efforts to keep the Brown Tree Snake arriving in Hawaii from Guam have 

knowingly failed several times, and may have unknowingly failed others. 
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EDRR targets these unknown cases by enlisting the public’s help through 

awareness and a hotline for reporting snake sightings and then deploy-

ing a team of trained snake spotters for several weeks’ worth of night 

searches in the region of the sighting. In this case, as sightings occur in 

places that humans use, they are more likely to accrue damages to hu-

mans from bites and other interactions than snakes in other areas, so the 

damage minimization process is built in (Kaiser and Burnett, 2010). 

There are, of course, other potential ecological damages that are sepa-

rate from human interactions which this sort of EDRR will systematical-

ly miss. Awareness of such concerns is important to policy efficiency and 

will be particularly important in the Arctic where direct human-species 

interactions are not likely the primary source of damages from invaders 

(see valuation discussion below). 

Policy Options for prevention can be categorized as either incentive 

based or command-and-control. Command and control options are regu-

lation via “green/white” lists that include all species that may be intro-

duced to an area (knowingly) or “red/black” lists that include all species 

that must be kept out of an area (knowingly). Note that these policies 

only target intentional introductions. Green lists are less permissive than 

red lists in that they ban the introductions of species about which little 

or nothing is known. These species may have net benefits from introduc-

tion (e.g. many agricultural products have been introduced around the 

globe with positive net gain) but cannot occur under the policy regime of 

a green list, potentially stifling growth and economic prosperity. On the 

other hand, the green list system is better at protecting the status quo 

against unexpected consequences. Green lists, being less permissive, 

may be more difficult to negotiate across borders and may lead to in-

creases in smuggling, which makes prevention more costly (Burgiel et al, 

2006; Wittenberg and Cock, 2001). 

Incentive based regulations, e.g. those targeting economic behavior 

such as taxes or subsidies, focus on aligning the interests of those who 

are causing the introduction with the overall expected social damages. 

As such, they are more targeted policy than the command and control 

options, such as prohibitions, technology mandates and quotas, and can 

therefore in theory operate at lower costs to society by avoiding costs 

from e.g. hierarchical management and control, information gathering, 

and monitoring and enforcement. Such incentive based systems include 

certification systems, under which any new introductions must be re-

searched and shown to lead to acceptable expected costs before the in-

troduction can be made, and liability or insurance systems, where the 
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expected costs are borne by the introducers. Again, these regulations 

focus mainly on intentional introductions (Inglis et al, 2012). 

In the Arctic, intentional introductions may not seem like the primary 

pathway for new invasions. However, with approximately four million 

people inhabiting the Arctic (ACIA, 2004), the case of the Red King Crab 

suggests that there are likely gains to be had from introducing new ma-

rine species. As the climate changes, some species that already spend 

some portion of the year in the Arctic may expand both their spatial and 

temporal ranges at the expense of existing endemic ice-obligate and ice-

associated species (Moore and Huntington, 2008). Some of these endem-

ic species are hunted for subsistence, and communities might look to 

ways to enhance marine productivity. Or, as with the Red King Crab case, 

individuals or nations may find the climate changes in the Arctic condu-

cive to the introduction of other marine resources. Thus some consider-

ation to policy should be given to limiting intentional introductions. 

While the above discussion focuses on reducing impacts from inten-

tional introductions, policy options aimed at accidental introductions 

such as would occur through ballast water exchange or hull fouling are 

clearly important policy tools needed in the Arctic. These are discussed 

at greater length in Section 2 (Miller, Floerl) and Chapter 10 (Fernandez) 

of this volume. In short, these policies need to focus on regulating the 

bio-economic conditions rather than just the economic or ecological 

ones independently. For example, ships that are only in transit through 

the Northern Sea Route (or Northwest Passage, eventually) may not 

need as stringent controls as those that are stopping at ports along the 

way. Additionally, slow moving or stationary equipment, like the recrea-

tional boats that might eventually dot Arctic waters for tourism and lei-

sure, or oil rigs set to the ocean floor, are likely to need more attention 

than faster ships that are used for trade who will spend time neither 

accumulating nor discharging many species in similar waterways. 

11.5 Control (Spatial Containment and/or Population 
Reduction) 

If prevention and EDRR fail, so that an incipient, self-sustaining popula-

tion exists in the new location, the option of limiting intervention to con-

trolling either the spatial extent of the invasion or the biomass levels 

associated with the invasion become other possible intervention policy 

options. This is the stage of intervention we are now at with the Red 

King Crab. While efficient policy that minimizes expected net damages 
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would consider the costs and benefits of the Crab across time in terms of 

its likely movements into new areas, markets for crab over time, and 

ecological and/or economic damages from the crab to other species and 

the whole benthic ecosystem, existing policy has not been so thorough. 

The result is that the crab continues to spread eastward and has become 

a market good upon which livelihoods are beginning to depend in Nor-

way and Russia (Jørgensen and Nilssen, 2011). This makes future man-

agement decisions even more complicated as one weighs more easily 

measurable gains from the crab against difficult valuations in changes to 

the ecosystem and its productivity. The 2007 management decision to 

have an open access fishery for crab west of 26°E in an attempt to stem 

the invasion does not appear to be successful (Falk-Petersen et al, 2011). 

11.5.1 Adaptation 

As there are significant economic benefits to the harvest of the crab, and 

the crab is already being managed in both its native range (Alaskan wa-

ters) and its expanded Russian and Norwegian range with quota systems 

that work to limit harvests so that the fishery is sustainable over a long 

time horizon, the long term control strategy will likely be one of fisheries 

management for stable economic outcomes focusing on producer and 

consumer surplus from market transactions rather than for full ecologi-

cal considerations that might include protecting biodiversity values or 

ecosystem services with direct or indirect values to society. In adapta-

tion to the new conditions, the one-time chance to preserve the benthic 

ecosystem associated with the newly invaded habitat will be lost, at po-

tentially tremendous cost. 

This describes one of the biggest concerns of invasive marine species 

in the Arctic: that we will lose the stock of nature built up over millennia 

and replace it with a less diverse, less resilient system. The costs to society 

might be high and yet difficult to measure. We turn now to discussions of 

valuation and the role of valuation in policy making for invasive species. 

11.6 Valuation of what is “at stake” 

It is important to realize that just as the ecological consequences vary 

with the level of invasion, the expected costs and benefits of interven-

tions are also dynamic. Any calculations of policy costs must be contin-

gent on the stage of invasion and level of prevention and/or control de-

sired over the long run. 
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Failure to make policy decisions regarding invasive species over the 

long run can be extremely costly to anyone who garners any sorts of 

value from the threatened ecosystems – privately or socially. Decision-

making may be through private cooperation or public management, and 

may be local, national, regional, or global, depending on the bio-

economic conditions of the threat. In the worst case scenarios, any mon-

ey or effort spent on prevention or control is swamped by the ecological 

changes and the end tally for the damages is higher than if no interven-

tion were attempted at all (Kaiser, 2006). Unfortunately the piecemeal 

funding opportunities for invasive species management often make this 

all too real of a problem (Kaiser and Burnett, 2010). One way in which to 

avoid this problem is, like Nansen, to work with nature and the sea-ice 

and ecology rather than against it. A dollar spent on spatial containment 

of a new invader, keeping it, for example, east of a certain longitude, 

such as Norway seeks to do with the Red King Crab (Sundet, Chapter 5 of 

this volume), may bring much more success than reduction in biomass 

across the entire range, for example, if there are spatially differentiated 

costs or benefits from protecting the existing ecosystems. On the other 

hand, if the ecosystem is widely similar, it may be more efficient to simp-

ly target biomass reduction at any location than to worry about spatially 

controlling the spread (Frid et al, 2013). In any case, one must deter-

mine the values of the assets one wishes to protect through the invasive 

species management policy as well as the costs of the intervention as 

functions of the invasion level. It is generally far cheaper, for example, to 

remove invasives from a large concentrated population than it is to hunt 

down the last specimen of an invader across a wide range. 

These considerations lead to a balancing act between present and fu-

ture actions and their consequences. Optimal policy would provide in-

tervention activities today (prevention, EDRR, and/or control) until the 

last dollar spent on the intervention, was just equal to the marginal ben-

efit of that dollar spent, not only in the current consequences but also in 

the future expected costs. These future expected costs are based on the 

population that is left remaining after current intervention activities are 

undertaken and its ability to reproduce and spread, and the damages 

from those future ecological changes, and the future costs of intervening 

to manage them. (See, for example, Burnett et al., 2007). In addition, 

policy expenditures across intervention options should also equate mar-

ginal benefits and costs. In other words, the last dollar spent on preven-

tion activities should bring the same expected return as the last dollar 

spent on control/containment policies for a species, or one could im-
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prove outcomes by moving resources from the lesser productive policy 

to the more productive one. (Burnett et al., 2008). 

11.7 Valuation techniques for Non-Market Resources 
Damaged by Invasive Species 

There are two types of valuation techniques that economists have devel-

oped (and continue to develop) to address valuation of non-market 

amenities such as most of the ones generated by marine resources and 

ecosystems in the Arctic (see, e.g. Garrod and Willis, 1999; De Groot et al, 

2002; Freeman, 2003; Atkinson et al, 2006; Bennett, 2011; Barde and 

Pearce, 2013 for overviews and cases of environmental valuation). The 

first are revealed preference techniques, where economists try to parse 

the portions of real market interactions such as tourism dollars spent or 

trips to see polar bears at zoos that are reliant on the ecosystem condi-

tions under threat. These are also known as hedonic methods. The alter-

natives are stated preference techniques, or direct survey methods.  

We discuss these with the example of the polar bear, for which a pre-

liminary study using a variety of (imperfect) methods exists, resulting in 

a very rough average estimate of a willingness to pay by Canadians for 

polar bear preservation equivalent to 1% of Canadian household income 

per year (Ecoresources Consultants, 2011). 

11.7.1 Revealed Preference methods 

As mentioned, revealed preference methods tie market activities to as-

pects of ecosystems and non-market amenities (see, e.g. Bateman 1993; 

Bennett, 2011; Hanley et al, 2013). Subsistence hunting, sport hunting, 

and polar bear viewing in their natural habitat are all activities that can 

be related to market expenditures. 

Polar bear viewing and sport hunting both require direct investments 

that are made due to the existence of the polar bear. Of course, not all 

expenditures can be entirely attributed to the bear. For example, if warm 

winter clothing is purchased for the trip, the portion of the value of the 

clothing that should be assigned to polar bears is probably not the entire 

value of the wardrobe, since it can be used for many other cold-weather 

outings for years. Or consider that you wanted to see polar bears in their 

native habitat, and that you have a college friend who lives in Churchill, 

Canada. You plan to visit your friend for a week and spend one day de-

voted explicitly to finding polar bear viewing. Only 1/7 of your expenses 
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should probably be attributed to bear viewing. It is helpful, then, to have 

a sample of expenditures across activities to try to parse out what is, on 

average, attributable to the bear and what expenditures might have been 

due to other reasons. A particular type of revealed preference method, 

the travel cost method, is most applicable for such cases (see e.g. Barde 

and Pearce, 2013; Hanley et al, 2013). 

Expenditures on hunting licenses are another market item tied to the 

polar bears’ continued existence. One might be tempted to assume that 

the value of the licenses sold is a good estimate for the hunting value of 

the bear. While it may be the best proxy available, it is probably not a 

great estimate however, unless there is price variation in the permits so 

that a demand curve can be developed (Bennear et al, 2005). This is 

because such licenses are rarely distributed in an open market system. It 

may capture the lowest value of the bear to hunters, since the hunt can-

not happen without it and hunters who value the hunt less than the li-

cense cost will not partake. But it is not likely to capture the upper end, 

nor is it easily parsed of any other related activities, such as the camara-

derie of the hunt or the scenic beauty encountered. Similarly, subsist-

ence hunting values are in one sense measurable by the food expendi-

tures that would have to be made if the hunt were not available. This 

expenditure might miss many other associated benefits, however, in-

cluding cultural heritage values and lifestyle satisfaction. One must be 

careful in applying these valuation methods to truly capture the asset 

under threat (De Groot et al, 2002). However the biggest disadvantage of 

revealed preference techniques is that they cannot be used to measure 

non-use values, or the values to individuals who make no expenditures 

directly related to the existence of the polar bears. For this, we must turn 

to survey methods. 

11.7.2 Direct (Survey) Valuation Techniques 

Survey valuation techniques are also known as contingent valuation 

methods or survey methods (Hanley et al, 2013; Carson, 2012a). As 

practiced by economists today, they tend to be framed as something 

called conjoint analysis, in which individuals are asked, in surveys, to 

choose between scenarios that trade off some financial cost against 

some non-market amenity. For example, if we wanted to estimate how 

much polar bears were worth to the average American, who is unlikely 

ever to travel to see one but might get a “warm glow” from their contin-

ued existence nonetheless, or hope to preserve them for their children 
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and future generations, for example, we would survey a sample of the 

population and ask them questions like the following: 

Would you choose: 

 

A. A tax of USD 5/year that increased the probability of the continued 

existence of polar bears for at least 1,000 years from 45 to 55%, or 

B. No taxes for polar bear preservation and a continuing probability of 

45% that the bears will survive for the next 1,000 years? 

 

As one surveys different individuals, the cost and the change in probabil-

ity are varied so that statistical analysis can determine the expected 

willingness to pay for increases in the probability of survival as a func-

tion of the existing probability. 

Such methods are valuable because they are the only tools we have to 

address non-market values. They come under fire, however, for poten-

tial biases that are mainly based in concerns that the questions are hypo-

thetical and do not commit the surveyed individuals to make the ex-

penditures in question. For more on this debate, see JEP 2012 symposi-

um (Kling et al, 2012; Carson, 2012b; Hausman, 2012). 

11.8 Using valuations in invasive species 
management 

For monetary values to affected parties to be most useful to the discus-

sion of invasive species management, the expected changes in the envi-

ronment that will change the values must be measured at the same scale 

as the potential intervention. That is, if an invading species threatens the 

polar bear by reducing the availability of its prey, for example, then the 

connection must be made between preventing or removing either a bi-

omass measure or a spatial area of an invasive species that is directly 

translatable to the survivability of the polar bear and its values to socie-

ty, which may include direct, indirect, and non-use values across a range 

of interested parties. Again, we see that the economics and the ecology 

must be tightly interconnected in order to develop the best policies. 

In the absence of such knowledge, the Arctic may be one of the cases 

where erring on the side of precaution outweighs economic considera-

tions. The slow ecological growth conditions and the fragile, unique hab-

itat make it more likely that small perturbations in the system will have 

large and potentially unanticipated outcomes (Shadwick et al., 2013).  
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11.9 Conclusions 

This chapter seeks to provide an overview of the management of poten-

tial invasive species in the Arctic from a bio-economic perspective. To 

most effectively address the threat of invasive species, the whole series 

of events from pre-introduction through establishment, spread, and 

eventual saturation of viable habitat must be considered in a simultane-

ous integration of human and ecological behaviors. Non-market valua-

tion is an important part of this integration. Appropriate valuation re-

flecting marginal damages from invasive species not only allows deci-

sion-makers at all levels to assess the tradeoffs inherent in the costs and 

benefits of an invasive species policy option, as well as the costs of fail-

ing to act against invasions, but also helps to address questions of why, 

where and how invasive species should be combatted by allowing com-

parisons in outcomes across policy options. 

Even with the natural barriers that the Arctic climate has historically 

provided against invasions, marine invasive species in the Arctic have 

already been both intentionally (e.g. Red King Crab in Russia) and unin-

tentionally (e.g. Snow Crab in Norway) established and identified. Count-

less others may already be underway, and certainly the increased hu-

man use of Arctic waters will increase the probability of new invasions. 

Policy options are the most flexible before invasion; the potential to min-

imize damages from invasions only shrinks as time passes. Thus the 

faster good preventative policy and early detection monitoring pro-

grams can be agreed upon and established amongst various Arctic 

states, the higher the expected net gain to all parties. 
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12. Sammendrag 

Arktiske marine økosystemer er blandt de mest produktive og mest 

sårbare i verden, både fra et økonomisk og økologisk perspektiv på 

grund af voksende tilgængelighed. Sårbarhed af arktiske marine økosy-

stemer og deres placering en udfordring for forvaltningen og etablerin-

gen af en balanceret politik for at beskytte dem. I erkendelse af disse 

udfordringer og betydningen af at behandle nogle af de vigtigste trusler, 

præsenterer dette særnummer af TemaNord bidrag fra en workshop 

sponsoreret af Nordregio, Syddansk Universitet og NOS-HS. Workshop-

pen blev afholdt i Esbjerg i oktober 2013, hvor en gruppe af tværfaglige 

videnskabelige og økonomiske eksperter deltog. Ttilen for workshoppen 

var: "Marine Invasive Species in the Arctic: Management Issues" Delta-

gerne i workshoppen kom fra akademiske, statslige og videnskabelige 

institutioner i Danmark og Færøerne, Sverige, Norge, Finland, Island, 

Canada og USA. 
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13.1 Program, Marine Invasive Species in the Arctic: 
Management Issues, Oct 24–26, 2013 
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 Brooks A. Kaiser. 
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 Niels Vestergaard. 
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 Mike Gill, Vice-Chair, Group on Earth Observations – Biodiversity 
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Day 1: Thursday 24/10 
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Meeting the Challenge of a Changing Arctic 

 

12:00 PM – 1:30 PM Lunch 

 

1:30 PM – 3:00 PM Keynote 2, Linda Fernandez, Virginia Commonwealth U., USA: 

Bioeconomic Factors for Preventing Invasive Species in the Arctic 
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Day 3: Sat 26/10  
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Gudrun Thorarinsdóttir, Marine Research Institute, Iceland: 
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Nordic challenges and strategies for invasive species management in the Arctic 
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