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Purpose and Objectives:  Our goal is to develop and enhance theories and methods to investigate the productive capabilities and values of marine resources in the Arctic under risk and uncertainty, and to provide insights for governance and marine resource management in order to prevent, contain, mitigate, and/or adapt to changes in Arctic marine resource productivity as appropriate. To do this, we must answer:

(1) What are the bioeconomic features of Arctic marine resources at risk of change over space and time?

(2) How do human behavior and policy incentives directly and indirectly impact these marine resources?

(3) What are the best governance options for Arctic marine resources?

To this end, we develop, through innovative bioeconomic analyses and application of game theoretic tools, integrated marine resource management tools for decisionmaking designed for the unique Arctic environment, its complex geopolitical configuration, and the changing risks and uncertainties over space and time across these interlinked human and ecological dimensions. 

While the tools and results of our research aim to be generally applicable, we concentrate primarily on focused cases where integrated policy offers the most impact. Accordingly, these are cases where threats of losses due to inadequate policy are imminent and costly; interplay of ecology and economic behavior is clear; sufficient knowledge of ecosystems and political economy allows for predictive results; and successful policy integrates remaining risks, uncertainties, ecology, and economic behavior. These cases are: the dynamics of existing and new commercial fisheries in the North Atlantic and in the center of the Arctic Ocean, the threat of marine invasive species with increasing trade and marine infrastructure in the Northwest Passage and Northern Sea Route, and the increases in damaging human interactions with vulnerable marine mammal species.   These cases help address governance gaps that Koivurova and Molenaar (2009) discuss more generally.  Our research offers predictive analysis of policy and governance options to sustain marine resources. We address three themes identified by the Belmont Forum: (1) The Natural and Living Environment, (2) Natural Resource Management and Development and (3) Governance. 
Theory for Arctic Marine Resource Governance: Research Gaps


Whereas economic theory and application have led to many insights on both managed and wild resources, from endangered to invasive species, to date little of the published research has focused on Arctic resources. Only a handful of scientific articles have some connection to Arctic marine resource governance.
 Co-management plans for subsistence marine resource use, such as those between the US National Marine Fisheries Service (NMFS) and various Alaska native communities for marine mammals, aim to resolve conflicts stemming from divergent resource values (here, e.g. subsistence hunting and protection under the Marine Mammal Protection Act), but are generally limited in nature to bargaining within a nation-state, and have been little studied in a broader ecological-economic context. The economic literature on arctic co-management activities, as indexed by Econlit, consists of a single book chapter written in 1989 (Doubleday, 1989). Meanwhile, much natural science has more clearly defined the area’s biological resources and the ecosystem-transforming changes that are occurring due to climate change (Poloczanska et al, 2013). Koivurova and Molenaar (2009) and Tedsen et al (eds) (2014) do much to set up the framework for identifying the current legal and regulatory governance frameworks and gaps for Arctic marine resource management.  This project seeks to build on this knowledge by bridging the geo-political context with the bio-economic realities of the Arctic environment. Most directly, this project aims to remedy the lack of “integrated, cross-sectoral ecosystem-based ocean management” (Koivurova & Molenaar, 2009) by investigating how choices for implementing (or failing to implement) regulatory tools such as Marine Protected Areas, harvest management and co-management in fisheries, ballast water treatment, anti-hull fouling actions, and/or other related shipping regulations will affect the many ecosystem-dependent values derived from them. The ability to maximize these values depends critically on the ways in which the dynamic bio-economic properties of the resources are impacted by the human behavior induced by the regulations (or lack thereof).   


Now the need for economic studies is evident in order to investigate the dynamic incentives among stakeholders acting in the Arctic
. These studies are essential to the development of governance structures that address several unique threats to the Arctic environment described in the preceding paragraphs. Solutions to the threats identified above each require innovative, integrated marine resource policy in order to minimize the negative effects of the dramatic shifts in Arctic systems with only weak governance structures available now to substitute for the melting ice barrier. Koivurova and Molenaar (2009) point out weaknesses of the Arctic Council for Arctic states including no general role in coordinating Arctic policies and lack of ability to impose legally binding obligations of any kind on its members. Minimizing these negative effects requires policy integration across uncertain ecological conditions and misaligned private, public, local and international incentives and interests. Local, regional, and global stakeholders all place differing values, some of which are likely negative, on marine mammal stocks for a variety of potentially competing reasons. As increased human presence in the Arctic threatens to affect these stocks and their diverse values, policy structure must integrate their spatial and temporal ecosystem dependencies in order to maximize overall economic value from Arctic marine resources. Such marine dynamic spatial planning relies on good scientific data accumulated over long time spans (Ehler and Douvere, 2009). We are beginning to have such data for the Arctic through Arctic Observing Networks. 

We aim to fill the gaps in understanding necessary to progress from the current Arctic management activities and challenges to ones that foster integrated Arctic marine resource governance to maximize the total economic value to society, including direct, indirect, and non-use components at all relevant scales, from local subsistence hunting values through to global biodiversity values. Our ecosystem approach reframes the standard open access problem from focusing on resource extraction driven by private benefits to include public goods of marine biodiversity and ecosystem services in need of natural resource management. Marine living resources consist not only of productive fisheries species (e.g. shrimp, Arctic cod) but also species integral to sustaining life in the Arctic (e.g. Arctic copepod, Smetacek and Nicol, 2005), species with ambiguous net impacts (e.g. Red King Crab, Jørgensen, 2005), and species that threaten ecosystems, their productivity and human health (e.g. diseases, including trichinosis and brucellosis; Vlasman and Campbell, 2004). Cross-sectoral considerations include how new shipping activities may threaten ecosystems, through e.g. invasive species introductions, and how this affects resource productivity. 
Broader Impacts: Policy 

Our research will enable policymakers to specify appropriate governance policies for optimal resource conservation that benefits society, particularly Arctic stakeholders, and the local, national, and international economy through sustainable harvest practices and the prevention and abatement of invasive species and other forms of marine pollution. The Convention on Biological Diversity Aichi Target 9 aims for invasive species pathways to be controlled by 2020. Our research should help in this effort to investigate policies for prevention, detection and early response best management practices to combat the marine invasive species vectors in the Arctic. Such practices fit into ecosystem based management of adaptive action from monitoring incremental impacts rather than waiting for cumulative impacts in a reactive manner that risks irreversible losses from biological pollution and habitat destruction.



Conservation does not imply a lack of resource use; rather, sustainable practices for generating the full economic value from the natural resources, not just the extractive private profits. Determining this value requires interdisciplinary input from social and natural scientists in order to define and implement optimal policies that are compatible with human behavior (Arrow et al, 1995; Pezzey & Toman, 2002). Thus we have established an international interdisciplinary and transdisciplinary research team of ecologists, biologists, and natural resource economists with background support from engineers, legal scholars, and anthropologists from marine research institutes and universities in the U.S., Norway, Iceland, Greenland, the Faroe Islands, Canada, Russia and Denmark with an optimal combination of expertise to carry out vital research for the Arctic. 
Research outline: The project consists of 3 intertwined research components on Arctic Marine Resource Management. Risk and uncertainty over the resources and cooperative prospects amongst stakeholders are ubiquitous and will be considered throughout our research after the brief orientation to risk and uncertainty in the following paragraphs. The first research component, Spatial Bioeconomic Modeling and Ecosystem Management, lays the foundation for the project by analyzing key ecological-economic considerations affecting marine resources in the Arctic in order to develop natural resource management plans for their optimal use, taking into account commercial, subsistence or other non-market, and ecosystem values. This research component also includes a spatial aspect, in which spatial concerns regarding property rights over the resources and/or ecological behavior of the species affect management strategies. This research component is heavily dependent on existing data and observations for arctic marine resources, developing this information about the natural and living environment (theme 1) into actionable natural resource management and development (theme 2). Simultaneously, the second research component, Game Theoretic Framework for Decisionmaking and Monitoring, focuses on understanding strategic behavior amongst stakeholders in Arctic marine resources management and development (theme 2) using economic game theory. This research component focuses on theoretical frameworks for decisionmaking when incentives for resource use are difficult to align, as with subsistence hunting vs. biodiversity preservation, or invasive species abatement vs. development of new arctic fisheries resources. In the third research component, these two research components are brought together into comprehensive ecological-economic governance plans for Integrated Arctic Marine Resource Governance (theme 3). 
Risk and Uncertainty Theory: A serious concern in Arctic marine resource governance is how much we do not know about either the present or future states of the resources and the vital need for continuing existing observing systems in perpetuity. Infrequent status reports by working groups of the Arctic Council hint at the need for more study. Thus management by indigenous populations, nations, regionally, and globally must generate policy options that incorporate the unknowns (Ludwig et al, 1993). We, as economists, include risk and uncertainty in our analyses regularly. Resource economists consider that the frequency and magnitude of change to a biological or economic system has either a known or unknown distribution of the probability of occurring. A known distribution implies risk that can be calculated with standard statistical methods and parameters that provide adequate description for monitoring the risk of change. An unknown distribution implies uncertainty and analyses need to build in true randomness terms.
Methods:  Our research includes Monte Carlo methods and other repeated simulations across potential outcome paths that can treat both parameter uncertainty for Arctic ecology (e.g. wildlife populations, summer sea ice coverage) along with economic uncertainty (e.g. the existence and forms of markets for tourism or Arctic oil and gas) (Smith et al, 2009). We have experience building models with both ecological and economic risk and uncertainty relevant for the Arctic. For example, Fernandez (1998, 2005) develops and applies models that involve decisions and policy for reducing pressures and increasing benefits from functioning coastal and marine ecosystems amidst ecological and economic risks and uncertainty. We will focus on risks and uncertainties that are most likely to change outcomes and values. For example, though carrying capacity of a resource and its intrinsic growth rate might be uncertain, previous research has shown that variation in the intrinsic growth rate may have a much more dramatic impact on the dynamics of a bioeconomic model than carrying capacity (Kaiser, 2013). 
Spatial Bioeconomic Modeling and Ecosystem Based Management (Research Component (RC) 1): 

Theory: Bioeconomic modeling of natural resource management problems has a long tradition in renewable resources and fisheries of combining biological growth functions with economic objectives (Gordon, 1954; Clark & Munro, 1974; Rogozin & Brown, 1985; Ravn-Jonsen, 2011; Kronbak, Squires and Vestergaard 2014). Early applications of these models have a focus on only commercial species, generally in an aspatial setting. However, other fisheries, Arctic marine mammals, and the ecosystems are integral parts of the marine environment rather than simply separate economic activities exploiting stocks of common resources (National Research Council, 1999). Furthermore, spatial issues are of clear relevance and concern, as Arctic marine environments are spatially divided not only by the habitat of 16 large marine ecoystems (LMEs) (AMAP, CAFF, SDWG, 2013), but also by geo-political lines which are now faced with threats from other spatial areas through e.g. hitchhiking invasive species. With these spatial and ecological considerations in mind, the economic objective is to optimize the entire sustainable flow of goods and services from the living marine environment, including direct use values when consuming the resource for e.g. subsistence or commercial use, as well as nonconsumptive values (Tisdell, 1991; Kuronoma and Tisdell, 1993; van Kooten and Bulte, 2000; Grafton et al., 2010). To this end, we recognize the potentially largest threats to marine biodiversity: (1) harvest of species faster than stock replenishment, and (2) habitat alteration and loss through competing use of habitat, invasive species, and pollution, all of which climate change can exacerbate (Convention on Biological Diversity Secretariat, 2006). 

Vestergaard (1996) and Vestergaard el al. (2011) show how the Greenlandic ecosystem has interacted with harvest decisions in previous decades and how climate change might impact Greenland fisheries (Vilhjálmsson et al., 2005). The Greenland studies serve as a base for research in other Arctic ecosystems where fisheries  develop as a function of climate change will vary in their potential sustainability as a function of human decisionmaking. This bioeconomic modeling delineates the extent of the gains and losses possible from coordinated actions, such as indigenous co-management (Meek, 2009), or their failures, such as the collapse of international fisheries management agreements in the North Atlantic (Ellefsen, 2013). 

The key fisheries we will examine are the intertwined cases of the Red King Crab (RKC) and the Snow Crab (SC) in the Barents Sea. The RKC is regulated and managed, like all fisheries and marine biology management/research between Norway and Russia in the Barents Sea, by the Joint Russian-Norwegian Fishery Commission. The SC also falls under their purview and will be first discussed during the annual meeting in October 2014. These species in the Barents Sea are, additionally, serious biological invasions. The RKC (Paralithodes camtschaticus) was purposefully introduced to Russian Arctic waters almost a half-century ago (Falk-Petersen et al., 2011), and has established and spread into Norwegian waters. The SC (Chionoecetes opilio) was unintentionally introduced to the Barents Sea and was recorded for the first time in 1996 on the Goose Bank in the Russian zone (Kuzmin et al 2000). It is not known how it was transferred and from where. Since then, the stock has increased rapidly and is now distributed in most of the REZ, in the northern part of International waters, and in to the FPZ (Sundet and Bakanev 2012). Both countries are ostensibly obliged to follow international conventions and treaties; regarding non-native species, it is the UN Convention on Biodiversity and The Law of the High Seas that give the most specific guidance and rules. In spite of these international fora for negotiation, in the Barents Sea, the RKC are regarded as two separate stocks (Russian and Norwegian), and are exclusively managed by each country in their Economic zone (Anon 2007). There is a fundamental difference in how Russian and Norwegian authorities consider the problem of non-native invasive species. Both ecological and geo-political conditions matter for the future impacts of these species: the Norwegians see the crabs as both an ecological pest and a market opportunity, while management of the crab in neighboring Russia indicates that they are mainly interested in the crab as commercial species. These clear disconnects between policy and ecology highlight the importance of bridging the gaps in understanding with spatially explicit bioeconomic modeling. These crab species have complex ecological and market effects that are dramatically changing the bio-economic conditions in the Barents Sea. Further, these new fisheries threaten longstanding Alaskan and Canadian fisheries and add market volatility to an already burdened industry. 
Additionally, we address vectors for potential accidental invasive species that have not established like the preceding crab case, along with vessel strikes and noise from vectors accompanying increasing trade and marine infrastructure in the Northwest Passage and Northern Sea Route. Dynamic vectors of marine invasive species, through both marine ecosystems and economic activity, require bioeconomic analyses that focus across a range of potential  management options that are wider in scope and scale than only addressing one invasive species at a time.  We will apply the analysis in the context of a new liquefied natural gas plant in Sabeta, Russia, anticipated to bring vessels from Europe nearly all year through the Northern Sea route, and vessels from Asia for part of the year along with major port development leading to more invasive species propagule pressure. Aside from any regulatory policy, the cost savings from less weight and fuel use that comes with biofouling on hulls and in ballast water may be a key economic incentive driving vigilance towards vector abatement of marine invasive species (Younqlood et al, 2003).


The established and potential invasive species of our research span space in ways that matter for the net benefits of policy action. Our analysis is new in that it directly incorporates spatial and uncertainty considerations in the growth and spread of the established and potential species, offering added integrated economic and biological detail over time and space in a decision-making context.
This differs from the spatial mapping of the Arctic Options project (arcticoptions.org) in several dimensions, including the level of bio-economic integration and the primary focal areas: the Barents Sea and evolving maritime shipping transport routes. The newly opened, potentially cheaper transport routes across the Arctic are key drivers in the increased interest in the Arctic and with them come a number of spatially oriented bio-economic consequences, such as the accidental introduction of invasive species. Furthermore, in the Arctic, increased shipping overlaps in space with aggregating marine mammals (whales, polar bears) with potential threats of mortality impacts from vessel strikes, light and acoustic noise that impedes many species’ feeding, breeding and ability to communicate. These threats warrant attention for spatially analyzing potential requirements governing shipping in order to minimize the expected impacts to marine resources from predictable behavior of both indigenous and migratory marine mammals feeding and/or breeding in areas of potential shipping passage in Arctic waters (AMAP, CAFF, SDWG, 2013; McKenna, 2012a). 


Aside from the recognizable damage to the marine mammals, vessel managers may also experience damages from collisions such as impaired vessels and delays. This could motivate proactive vigilance through management to reduce the probability of whale strikes. The Pacific Merchant Shipping Association, a trade group that represents ocean carriers, seeks more information on the abundance, distribution and behavior of whales to guide shipping plans (Irvine, 2014). While land-based deer deaths due to vehicle collisions have received more attention in the academic literature (Schwabe et al, 2002) and provide a model of related research, it is similarly imperative to address marine mammals.  

Habitat destruction due to vessel groundings is also a contemporary hazard for the Arctic. The availability of technology to monitor whale densities for avoidance should be considered for all levels (e.g. GPS, Sidescan sonar). Researchers use satellites also in the event of tagged whales for tracking over several years in order to produce maps of feeding areas with densest food supply for whales. Evidence shows voluntary speed reduction by commercial ships is not adequate for protecting whales in marine environments south of the Arctic (McKenna et al., 2012 b) and more options need exploration for the Arctic. Irvine (2014) has recently found, south of the Arctic, that a shift in shipping lanes would affect whales positively as current shipping lanes have more densely concentrated whale populations for longer duration in feeding areas than would be the case in the proposed new lanes. Careful planning in the Arctic could avoid such conflict a priori. Incentives for human behavior to mitigate all of the aforementioned bio-economic impacts vary with spatial scale, resource use, national and international priorities, which again requires further exploration of strategic (game theoretic) solutions to these threats, as addressed in RCs 2 and 3.
Methods: We focus our research tasks on the gaps in the literature and policy regarding ecosystem management. Our spatial bioeconomic modeling of marine resources will focus on the important dynamic issues involved in the changes in sea-ice and management challenges posed with established invasive species (the RKC and SC crab species) and potential vectors of invasive species, noise and vessel strikes from maritime shipping. Existing spatially explicit models (Sanchirico and Wilen, 2001; Burnett et al, 2007b; Kaiser and Burnett, 2007, 2010; Fernandez 2006, 2007, 2011, and Murray, Fernandez and Zertuche, 2007) include spatial range of the resources, spatially differentiated biological pollution abatement costs, marginal economic costs and damages of ecosystem changes, and harvesting costs to habitat resiliency in various ways through the different analyses. Uncertain effects of climate change on ice dependent resources over significant space (sea level rise, salinity and temperature) will be a new component in the analytical models we develop as expansions of this existing research. Evidence of shifts in whale prey as the ice melts can shift the spatial orientation of the whales (Silber, 2013). Such shifts need to be included in the temporal and spatial analysis in a predator/prey context amidst potential shipping presence. Our tasks include building on predator-prey models of Fernandez (2006, 2007) involving maritime shipping vectors of invasive species impacting Canadian and Bering Sea native species, where decisions to interrupt invasive species involve investment in different stages (prevention, early warning response, etc). 

We will generate a transport matrix of invasive vectors over time and space to help quantify potential environmental and economic damages to native marine species and ecosystems through vectors such as biofouling, ballast water and dunnage discharges from maritime shipping as well as cargo, aquaculture, and shore infrastructuve for shipping. Predator/prey relationships and life-cycle models over time and space will be included not only for analyzing changes in direct-use fisheries’ productivity issues but also for quantifying potential environmental and economic damages to native marine species and ecosystems through vectors such as biofouling, ballast water and dunnage discharges from maritime shipping as well as cargo, aquaculture, and shore infrastructure for shipping. Vectors for marine invasive species in the transport matrix include space and time inside and outside of the Arctic with maritime shipping flows to be characterized with data. Real time tracking of ships, as occurring globally and available through multiple sources based on AIS (Automatic Identification System) tracking for commercial and large private ships and supplemented by voluntary registrations of other private vessels, and of whales, as done for the right whale on the Atlantic coast are ideal components in the matrix. In the data section the Arctic whale data sources available are identified.

The matrix of spatial and temporal vectors of invasion will be integrated into the modelling with decisionmakers in and out of the Arctic, as a formal constraint on the decisionmakers’ objective in the analytical model. These decisionmakers aim at minimizing expected net costs of shipping with attention towards safety of life at sea and navigation as well as protection of the marine environment.


With respect to the ongoing invasions of the RKC and the SC, our tasks include spatial bioeconomic modeling that analyzes the impacts of the existing management regimes in Norway and Russia as well as addresses the prospects for improved management for joint economic and ecological values. This portion of the research directly exhibits how existing biological Arctic observing data is brought to greater policy relevance through collaboration with natural resource economics. To show this, we recount here some of the known ecological and economic data about the crab invasions, and discuss how we will use this ecological information to address spatial bioeconomic concerns regarding Arctic marine resource management. There is also a need for updating and refining the knowledge on both the spreading potential for both crab species, as well as probable impacts on the receiving seabed ecosystems. The existing raw data is detailed, including sex, age, and stomach contents for spatially explicit samples (Sundet, 2013). One significant task will be to refine this data into appropriate parameters for bioeconomic modeling, while another is to explicitly build the bioeconomic models to incorporate accurately the information from this data, e.g. that patterns of male and female dispersal appear to differ, so that if market forces evolve in ways that increase differences in prices according to sex, this will have dynamic feedback effects for the locations of RKC invasions. 

We treat the Barents sea as generating a small (price-taking) supply of RKC to the world market, though the choice of harvest technology and condition affects the market segment and resulting prices. Today, the Russian and Norwegian fisheries for the RKC in the Barents Sea are very different. The Russian fishery takes place off shore from large vessels (> 30 m), while the crab fishery in Norway is carried out from small vessels (< 15 m). Most Russian catch is cooked and frozen onboard and landed in Murmansk for further trade, whilst more than 50% of the Norwegian landings are exported from several (<10) factories in small Finnmark coastal villages as live crabs. This difference in markets has significant effects on technological investment in the fisheries and the long term consequences of promoting the invasive species as a commercial endeavor. Our modeling will investigate the dynamic impacts on the fishery and the ecosystem’s ability to provide other market, subsistence, and non-market outputs under the two alternative regimes. Then, in research component 3, we will use this information to evaluate how different forms of cooperation between the neighboring countries would affect these dynamics, hence providing clear guidance for improved policy choices. 
Our spatial modelling will incorporate the implications of RKC movement within the Barents Sea. While the original invasion moved from Russia into Norwegian waters, which initiated joint management of the crabs 20-30 years ago, the crab now moves both ways across the border between Norway and Russia in the southern Barents Sea. Spread of the RKC continues slowly, mainly along the coast of Northern Norway, in a scenario with no climate change (warming). The ecologists believe that the spread of the RKC is effectively being slowed down by the open access fishery implemented west of 26o E (Sundet 2014a) for the purpose of eradicating the crabs from the western coast of Norway. Economic theory, however, suggests that this may not be as long-term effective as the ecologists hope. The role of human dispersal is closely tied to markets for the crabs. In the 1990s, Norway had a situation where fishermen from mid- and southern parts of Norway fishing for cod in Finnmark brought live RKC to their home waters and released them there to establish local stocks of the crab in their neighborhoods. 
While this activity has been deemed a crime and threat of punishment may be a successful deterrent to date, changes in incentives, including enforcement measures or the creation of additional market value through e.g. in-situ tourism, are likely to affect the efficacy of this containment policy. Our research will investigate the spatial bioeconomics of the current Norwegian and Russian management plans for the RKC and the potential plans for the SC by working with existing observing data to see how anticipated and potentially uncertain shifts in carrying capacity, the density, growth, and/or diffusion (spread and/or dispersal), size-dependent market prices, temperature sensitivities and effects due to climate change, and other key parameters affecting the balance of the crabs as profitable fisheries vs. ecological invaders influence optimal management. 
This has both economic and an ecological research needs. For example, ecologists currently have little exact knowledge regarding the level of temperature tolerance of adult and juvenile RKC. It is known that the crab is strictly stenohaline (tolerate only minor changes in salinity), and that adult crabs may tolerate quite a range of temperatures (- 1 – 10o C), but regarding a spread further south along the coast of Norway it is expected to be limited by the survival capacity of larvae, without human assisted dispersal. Recent experiments have surprisingly shown that RKC larvae are able to survive in much higher temperatures than believed before (up to 18 – 20o C) (Sparboe, unpublished). This gives us reason to believe that the RKC may spread to areas further south along the coast of Norway than assumed before, and may require more comprehensive efforts at preventing the spread of the species, beyond the current open-access fishery policy. Meanwhile, the spread of the snow crab (SC) is more recent but is proceeding rapidly, probably twice as fast as what happened with the RKC.  Climate warming will also challenge the current hypotheses on the spread of both species. It is therefore imperative to create spreading scenarios to be used in the Monte Carlo simulations for both non-native crabs in the Barents Sea, based on the established knowledge on dispersal features of the RKC along the Norwegian coast (Windsland et al 2014), and on modeled individual (Windsland et al 2013) and stock growth (Hvingel et al 2012). Data on bottom sediment types and temperature will also be essential input to the models establishing such future scenarios. These data are available, but need to be prepared. Most of the environmental data collection in the Barents Sea is carried out as joint operations between Norwegian and Russian scientists. Russian research institutions and scientists will therefore be included in this work. 
Since both crab species feed on the benthic fauna we believe that the ecological impacts of these two species will be mostly the same, and the efforts to quantify damages at relevant spatial-ecological scales can be used in both cases. Impact on benthic ecosystems by the RKC is known (Oug et al 2011), and new results from ongoing studies in other geographical areas will be available and included in our work during the course of this project. A similar investigation on the effect of the SC on the seabed ecosystems in the Barents Sea are initiated and applied for funding from the Norwegian Research Council during 2015 – 2018 (ESCOBE).  The SC seems to be a more ‘Arctic’ species than the RKC, and is expected to spread further north into probably more sensitive ecological areas , which we account for by making our habitat valuations spatially dependent (Kaiser, 2010). These values for in-situ benthic fauna will be estimated using hedonic techniques (e.g. for fisheries or tourism), travel cost methods (e.g. for tourism), production function methods (e.g. for fisheries or climate regulation), and benefits transfer (e.g. for tourism or climate regulation) when appropriate (Willis and Garrod, 2012; Hanley and Barbier 2009; Swinton et al. 2007). Particular consideration will be given to determining the ecological services provided by the existing pristine habitat and their values. The Arctic benthic habitat is understood to be much more sensitive and crucial to resources higher up the food web than in more southern regions (Sundet, 2014b) and as such, ecological models of the habitat tie the crab invasions to marine mammal populations and fisheries in more direct paths than other ecosystems. This will more readily enable transfer of already estimated market, recreational, tourism and subsistence values for e.g. polar cod and/or seals to the benthic habitat upon which they depend. Working together, the ecologists and economists will determine the probabilistic effects on these populations  due to destruction of the benthic habitat, and then convert those population effects to price effects through bio-economic estimates of market demand and elasticities as dynamic functions of resource availability. 
Earlier, RKC from the Norwegian fishery were known for their large size and they gained higher prices than crabs from other places. This encouraged market development. Since 2008, the exploitation rate in the Norwegian quota-regulated fishery has increased significantly (to reduce spread) with a decrease in individual crab sizes as a consequence.  We will explore this within a more complete bio-economic picture of demand and supply.  If reduced prices shift the balance away from the fishery’s desirability, one implication may be a worsening of the invasion, particularly west of the quota-controlled zone. 
Here, a spatial bio-economic model with uncertainty over demand (prices) can capture the competing incentives and help to predict outcomes for the fisheries and the ecosystems. There are multiple overlapping market segments for the RKC and the SC that vary in ways that can be exploited by economic methods including Almost Ideal Demand Systems (AIDS models) and related variations that enable analysis of markets where primary goods products may be produced in a variety of market and environmental conditions or locations and are processed in different manners (e.g. fresh or frozen) that affect their market value (Nguyen et al., 2013; Thong, 2012; Barten and Bettendorf, 1989; Deaton and Muellbauer, 1980)  to identify how shifts in bioeconomic conditions will change the nature of the markets as complements and substitutes, and how this will affect overall fisheries pressures and investment. This requires gathering together existing data on in-situ recreational (tourist) fishing values, markets for subsistence catch, and size- and condition (frozen v. fresh)- dependent commercial pricing. 
While Barents Sea RKC fishers are price takers
, the market demand for Barents Sea RKC remains complex. The main market for traditional boiled frozen Norwegian RKC is Asia (Japan, Singapore and Taiwan), while Korea is the largest market for live RKC. Minor quantities go to Europe and US, but these may vary much from year to year (Seipæjærvi pers. comm.). Additionally, Norway has a small tourist fishery which is allocated a small annual quota. Small enterprises operate in the touristic fishery for the RKC  and the total catch is insignificant compared to the total catch.  However this activity might spread west, into the open access fishery, thus changing incentives for an in-situ RKC population. Further, similar to Alaska, people residential in the quota regulated area of Finnmark County are permitted to catch three RKC each year. This arrangement is suspected to imply some black market sales inside Norway. As the RKC is non-native, it is not a cultural subsistence resource. This provides an interesting opportunity to compare incentives for marine resource use and preservation among northern populations when there are cultural ties and when there are not, thus one of the research actions will be to follow the trail of the crabs from indigenous catch to consumption in their native communities vs. communities where they are an invader. 
Accurate bioeconomic modeling of the crab species, using all the data discussed, will result in non-closed form growth functions, such as are needed to capture uncertain diffusion processes for species. Most bioeconomic modeling to date has avoided such complications due to the lack of analytical solutions possible. However, treating the best intervention strategies for these actual and potential spatially and biologically explicit invasions as, for example, mixed integer non-linear programming problems (MINLP) allows one to determine numerical results that provide insightful policy guidance for the timing and location of expensive action (Kaiser and Burnett, 2010). 
While the spatial bio-economic analysis for RKC and SC can be formulated similarly, we expect that Snow Crab management faces even more difficult challenges. The SC occupies a different market segment than the RKC and has a much lower price (~ NOK 20/kg vs. ~NOK 100 for RKC).  Not only is the SC spreading faster and further, but the market value is positive but not high as it is for RKC. Only large male SCs are fished and have a value in the market and there is no interest for juveniles or females. Thus the intense pressures anticipated for new RKC populations cannot be expected for SC as well. At the same time, the Barents population of the SC has the potential to become more influential on world markets, as the largest, the Canadian fishery (historically ~100 ktons), is declining. Recruitment failure has been observed in the Canadian stocks during the past couple of years, and the future forecast is not positive (Mullowney et al 2014). Landings from the Bering Sea (Alaska) are much smaller and Greenland has a small fishery for SC (< 3 ktons). Norwegian commercial catch in the Barents Sea only started in 2013, and has increased in 2014 (~15 vessels). Total landings from the Barents Sea in 2014 are expected to reach more than 5 ktons (Norwegian Fishery Directorate). Stock model estimates though show that the fishery for SC in the Barents Sea may increase to reach annual landings of more than 100 ktons (Hvingel and Sundet 2014).

These differences in the two fisheries highlight the importance of understanding the full bioeconomic and strategic conditions surrounding change in the Arctic. The connections between them, e.g. habitat at risk, generate research synergies in valuing damages and generating carefully parameterized spatial bio-economic models. Our ability to use existing data on the two invasions in comparison alleviates some of the limitations of needing to rely on numerical rather than analytical solutions.  The results from the two cases can delimit expectations about uncertainty over these and subsequent potential invasions, as well as other implications for climate change to Arctic benthic habitat, using Monte Carlo methods to parameterize simulations under differing market and ecological conditions (Kaiser, 2013).  

An overarching key issue is the ability of the systems, both human and natural, to adapt to changes. Understanding these responses, i.e. the resilience of the systems, will enable us to better predict how such systems in general will respond to both natural perturbations and a range of management strategies. Using the Monte Carlo methods above allows us to include economic valuation of the ecosystem resilience in our analyses (Holling 1995, Carpenter and Cottingham 1997). In concrete terms, for example, we will include the sensitivity of the benthic habitats to effects of a single crab invasion as well as the invasion by both crab species in terms of their probabilistic impact on the food web and values derived from the habitat, and investigate through simulation the importance of the ecological assumption that damages are in fact linear (e.g. increases in the biomass of either crab in the area contribute equally to the decline of the habitat) or are in fact more ecologically complex in ways that matter significantly to policy, and are therefore in need of greater ecological research. Resilience acts as insurance against the uncertain and potentially irreversible effects on ecosystem stability, i.e. as factor reducing risk and we will measure the benefit of this insurance (resilience) as the value of natural insurance capital (Deutsch et al. 2003). We will apply analytical models and simulate our models using data on harvest and ocean conditions of the Arctic (Collie et al 2004) available from interactions with our supporting ecological researchers and data collection from both widely available sources and on-site research visits, see below.  
Data: We will use available Arctic observing systems, datasets and sources like the recently released Arctic Resilience Report, the Arctic Biodiversity Assessment (www.arcticbiodiversity.is) and accompanying Arctic Biodiversity Data Service, the Arctic Fisheries Working group of the International Council for the Exploration of the Sea (ICES; www.ices.dk), direct research at the Norwegian Institute of Marine Research (IMR), Tromsø and the Knipovich Polar Research Institute of Marine Fisheries and Oceanography (PINRO), Murmansk, and related field research. This implies that necessary input data on crab stocks, as well as new data on ecological impact, need to be prepared for the bio economical models both at IMR and PINRO. Some necessary tasks include field trips to other Arctic ports (Barrow, AK (Beaufort/Chukchi Sea); Kara Sea port (Sabeta) from Murmansk, Russia (Russian coastal waters/ Northern Sea Route); and Thule, Greenland, as well as collaboration in Tromsø. These locations correspond with the September 2013 report from three working groups of the Arctic Council (AMAP, CAFF and SDWG) identifying Arctic marine areas of heightened ecological and cultural significance. The Arctic Marine Shipping Assessment provides initial context for the current and future shipping lane areas that we will build on with more recent updates. 

Our field trips enable data collection tasks through interviews and culling inspection records from our supporting ecological researchers of Arctic marine resource use, threats, challenges, and management in marine mammals (whales), fisheries, tourism, and transport. In addition to the large marine ecosystems (LMEs) surrounding the locations, the September 2013 report also identifies Alaskan traditional use areas, Canada and Greenland archeological and historical areas and Norwegian communities for cultural significance. Our bioeconomic models will include indigenous stakeholders along with other resource managers from these culturally important areas as decisionmakers of sustaining marine resources they depend on subject to the dynamics of predator/prey interaction and fishery stocks. The Arctic Council Indigenous Peoples’ Executive Secretariat is a source of data for six indigenous peoples’ organizations of the Arctic that are permanent participants in the Arctic Council, through in person and electronic communication to the Secretariat’s headquarters in Copenhagen, Denmark.  The data is expected to include information on various forms of commitment to community based environmental monitoring as capacity building for efforts such as the Circumpolar Longterm Biodiversity Monitoring Program as well as co-management regimes (Meek, 2009; Armitage, 2011). 


We intend to utilize recent and ongoing experiments of Whitman Miller of Smithsonian Environmental Research Center (SERC) that simulate salinity and temperature conditions experienced by marine life transported by shipping vessels on the North West Passage in order to investigate the survivability of invasive species on a trip between New York and Alaska. The experiment is based on the ballast water tank vector of hitchhiking by potential marine invasive species. This is realistic as in 2013, the Nordic Orion was the first bulk carrier through the North West passage, delivering coal from Vancouver to Finland. Such information can help in evaluating feasible management options for controlling marine invasive species with a derived probability of survival defining potential risk of marine species invasion.


Some Arctic GIS data is indexed by groups like the Arctic Research Consortium of the US (http://www.arcus.org/gis/maps-data/metadata.html), including items such as daily sea ice conditions.  More data to facilitate spatial analysis of marine resource threats will come from our network of ecologists.  For example, whale density data will be accessed from Sue Moore, Peter Conn and Greg Silber at NOAA’s National Marine Mammals Lab and Office of Protected Resources, respectively. Spatial statistical modelling efforts by Williams, Bravington and Forney (2009) of vessel strike risk and variance estimates from line transect survey data of cetacean species will be integrated into the analysis. The International Whaling Commission (IWC) will be a reference for the material generated by Moore in 2014 presentations to the IWC to urge action on shipping separate lanes and other policies for Arctic whale protection.  Also, Jan Sundet (Institute for Marine Research, Tromsø, Norway) has gathered years of spatial data for introduced invasive species including the red king crab and the snow crab. Lloyds Register of Shipping is a vessel database with specific data for nearly all of the world fleet including shipping characteristics (tonnage, speed, engine power and age) among other parameters that we can utilize in our spatial modeling.  Given the conditions in the Arctic, some vessel types will not be included as they are not expected to ever transit the Arctic. For example, tankers are more likely in the region than container ships. Additionally, the Northern Sea Route Information Office (Murmansk, Russia) is available to help with ship traffic documentation.

Game Theoretic Framework for Natural Resource Management Decisionmaking and Monitoring (Research Component 2): 
Theory: The international vectors of marine invasive species, vessel strike and noise threats to marine mammals and ecosystems from international maritime shipping pose increasing risk in the Arctic over space and time. Both stakeholders in the Arctic in the rest of the world are the focus of our study of governance of the Arctic with analysis of policy options to address these risks and their impacts on the natural environment. Additionally, Arctic biological marine stocks are often migratory or their habitat crosses political boundaries, requiring international cooperation for optimal management. A game theory framework can integrate biological, economic, governance and political aspects over temporal and spatial dimensions (Munro, 1979 and Kronbak, Squires and Vestergaard, in press), as yet without Arctic adaptation. Dynamic game models for the Arctic Frontier can involve marine resources and economic livelihood influenced by more than one country because of straddling stocks and migratory patterns of marine mammals and seabirds in seasonal north-south and east-west movement.

The spatial dimensions of these marine fauna may affect the scale of governance through potential international cooperation in a vital way of matching natural resource management to ecological scales of both the marine invasive species and migratory cetacean and fishery species. Coordinated international activity that benefits economic productivity in the Arctic is over 100 years old, such as the Northern Fur Seal Treaty of 1911. This treaty exhibited considerable insights into strategic behavior even before game theory had been formally described (Ellefsen, 2013). On the other hand, the heart of the Arctic Ocean has approximately 2.8 million square kilometers of international waters that are not currently governed by any national or international fisheries agreements or management measures. To date, it has not needed governance because the ice has rendered fishing impossible. With changes to the ocean’s accessibility and productivity, Arctic states must determine the best course of action for management of this new frontier amidst multiple interests in the resources. 


Marine resource management will entail international shared governance involving Arctic communities at multiple scales for more than simply a treaty. One blatant example of the need for the international scale follows. The recent U.S. Arctic Fisheries Management Plan that is a unilateral moratorium for fishing in the Chukchi and Beaufort Seas north of Alaska, where the ice thaw of the Arctic’s donut hole is faster than elsewhere, is not a concerted scale for addressing all pressures on fish stock from groups outside the U.S. The Human Development Report 2006 (UNDP, 2006) underscores the range of cooperation that stretches from coordination (such as sharing information) to collaboration (developing adaptable national development plans) to joint action (including joint ownership of infrastructure assets). We can explore this range of possibilities for the Arctic through game theory analysis. 

Incentives for participation in any international policies vary spatially and temporally for Arctic stakeholders. Such asymmetry between stakeholders may be a key issue for multilateral agreements to be self enforcing when countries are asymmetric with respect to different pollution costs, flow and stock effects, potential damages of ecosystem changes and resources for investing in habitat resiliency (sustainability). Each country’s perception of potential benefits of cooperation on protecting the Arctic from such threats requires identification and quantification of the range of cooperation benefits as well as the investment over time and space in their efforts to achieve it. Not all Arctic states are parties to relevant international policies as the U.S. has not signed the United Nations Convention on the Law of the Sea (UNCLOS) for example. This warrants a comparison between cooperation and noncooperation. The current development of the Polar Code into amendments to existing conventions, International Convention for the Safety of Life at Sea (SOLAS) and International Convention for the Prevention of Pollution from Ships (MARPOL) offers empirical context for our game theory analysis.  We aim to compare the options of different signatories of each convention by the economic incentives for specific polar environmental measures in the Arctic separate or jointly with safety at sea measures.
Methods: Our tasks include developing and applying dynamic game models involving transboundary marine resources, invasive species and native biodiversity shared between several Arctic stakeholders pondering long term vigilance for resource protection with and without coordination under the international policy fora indicated above. We are innovating with the new IMO policy discussions underway to add into an integrated bioeconomic game model in which Arctic stakeholders decide simultaneously but individually to minimize expected net costs of vector control and damage avoidance. This context is due to the current IMO Arctic Marine Shipping Guidelines and the IACS Unified Requirements Concerning Polar Classification not including regulation on discharges, emissions nor technology for ballast water nor hullfouling abatement for the Arctic. In the modelling, each stakeholder’s objective is constrained by pollution vector dynamics with a transport matrix over time and space between ports. 

The analytical model will build from Fernandez (2006, 2007) with multiple countries making decisions over time and space, separately and jointly in parallel with noncooperation and cooperation game theory solutions, to address marine management for invasive species vectors as well as vessel strikes with marine mammals. We will include multiple stakeholders (indigenous communities, nations), shippers and port managers with varied motives for vigilance in a comprehensive analysis of asymmetric costs, potential damages, and investment in protection of the marine environment.  Fernandez (2006, 2007) provides bioeconomic game models that include asymmetry and varied motives for vigilance in applied differential game analysis with investment choices between pollution prevention and reactive abatement as functions of invasive species flow and stock. Some motives in the Arctic setting include streamlining transportation (speed, weight, cost) and regulation to avoid potential damages as well as reciprocity for facing a shared threat. Additionally, co-management pragmatically seeks to balance Inuit cultural values and knowledge with other regional and global demands (Meek, 2009), but is not always developed with broader ecosystem concerns in mind.
Another task involves comparing the economic incentives of coordinated marine resource protection versus unilateral action from the applied bioeconomic game modeling when policies are linked or not. The current Polar Code development has separate existing conventions on safety and marine pollution that is augmented by text for polar guidelines, and warrants such comparison.  The current policy context is different from what Koivurova and Molenaar (2009) discuss that sidelines ballast water and antifouling topics without the potential of linking with other existing conventions.  Of prime importance is a rigorous study investigating the economic benefits of coordinated protection versus unilateral action by solving for non-cooperative and cooperative game solutions from the applied differential game theoretic modeling we develop. The comparison of such solutions helps to articulate ecosystem management strategies at an international scale, assessing the effect on actual environmental protection and long term governance for Arctic resources from the division of Polar Code topics and the linking to other conventions of the International Maritime Organization without lag time for ratification.  

We also consider random variation in migratory marine resource stocks that pass through the Economic Exclusive Zones (EEZs) of more than one Arctic country and through international waters where no single country has management authority. Previous applications of dynamic games have assumed deterministic resource stock dynamics. For example, the Norwegian herring and North Atlantic cod have been modeled deterministically. However, many of the species with dramatic ecological changes related to ice necessarily need to be characterized with ecological and economic uncertainty.

Data: On-site data collection is needed to characterize not only biological and economic parameters but also strategic management components that will enable us to make an applied dynamic game comparison of unilateral versus multilateral management that can serve the wider context of the Arctic. Tromsø is the site of the permanent secretariat of the Arctic Council as of 2017. The other locations discussed in RC1 offer access for data related to indigenous stakeholders, shipping, fishing, recreational and ecosystem functions linked to economic incentives for marine resource management. In their professional capacity, Joel Clement (U.S. Dept. of Interior) and Mark Bloom (U.S. Dept. of State) are references for ongoing input on the Arctic Council related to the U.S. chairmanship (2015-2017) prior to the permanent secretariat in Tromsø. We will further rely on Joan Nymand Larson, a member of our exploratory workshops on Arctic marine resource management, and The Arctic Council’s Indigenous Peoples’ Executive Secretariat for input.

Integrated Arctic Marine Resource Governance (Research Component 3): 
Theory:  Integration involves a formal process of updating with new information that can facilitate adaptive management with a formal tie to Arctic observing system data to help stakeholders evaluate and finetune policies for marine resources.  Fully integrating all our research components is essential to achieve effective governance tools with a spatial and temporal ecosystems based approach for sustaining Arctic marine resources that are vulnerable and not infinitely bountiful and resilient. The sum of all components is stronger than each one separately while at the same time each research component is vital for our innovative approach to address the Belmont Forum themes.  The integration can produce truly transdisciplinary science based policymaking where social and natural sciences come to bear for potentially precautionary principled policy for the Arctic Council and others analyzed in our research. Oran Young (2010) notes the Arctic Council has directed assessment work through its working groups. Therefore, our analysis will formalize the information updating from scientific assessment with the Arctic Council facilitating the updating for its sovereign members to make marine resource management decisions. Our marine resource research topics support the suggestion of Koivurova and Molenaar (2009) that the spatial mandate of the Arctic Council be focused on the marine environment.  

Taking into account the current and future use of Arctic Observing System information in joint marine resource governance for the Arctic leads to adaptive management with continuous information through monitoring stock and flow marine resource conditions (Adger et al., 2005; Brunner and Stellman, 2003). Financial and human capital resources to cover the costs of adaptive management ideally come from long term institutional commitment in the Arctic to support monitoring and reporting. In our research, we therefore investigate the interaction between sovereign countries, with interdependent management of transboundary marine resources through independent institutional support beyond simply a treaty. The institutional support would foster long term monitoring through joint use of Arctic Observing Systems information to lower costs through new information for proactive and adaptive marine resource management based on the cumulative perspective of more than one country impacting joint marine resources (Fernandez, 2013). The context of linking a potential Polar Code to existing conventions, SOLAS and MARPOL warrants our investigation into the use of Arctic Observing Systems and other relevant data generating monitoring for joint decisionmaking for optimal Arctic marine resource policy. As both SOLAS and MARPOL are from the 1970s, they have been ratified and entered into force, but without a specific Arctic focus. It is relevant to investigate Arctic states’ participation in terms of institutional support through formal channels from each country to commit financial and knowledge resources to carry out necessary transboundary management with new environmental infrastructure as resources change dynamically and spatially (Fernandez, 2013). The science-based policy to address vectors of threats to Arctic marine resources we focus on in our research does depend on the formal governance arrangements taking shape with the Polar Code and we seek to explain various aspects of this governance.   
Methods: We will apply spatial and temporal bioeconomic modeling in a dynamic game theory framework that builds upon modelling from the first two research components. The complete models involve more than one Arctic decisionmaker (e.g. indigenous community resource managers and federal managers, and/or federal managers from multiple states) operating within the changing, uncertain Arctic, whose decisions will establishtimely, integrated, ecosystem based measures. Decisionmaking here will involve policymaking and implementation based on updating with new Arctic Observing System information in empirical models. Invasive species policies viable for the Arctic follow from our policy analysis experience at all stages of intervention with updated natural science information in Fernandez (2006, 2007, 2008, 2011), Kaiser (2006a), Burnett et al (2008), and Kaiser and Burnett (2010).  


We will include analysis of economic incentives for coordination where asymmetry is formally addressed through an agreement to pool resources for generating monitoring information rather than require each state to amass redundant resources within the group. Issues of potential financial and/or resource transfers amongst stakeholders and mechanisms to balance differing incentives for stakeholders for cooperative decisions will be addressed through similar modeling of various scenarios in analyses by Fernandez (2002, 2007, 2011) involving linkages to underutilized formal financial channels that connect with policy options. We will have a parallel marine resource case  with the underutilized Project Support Instrument (PSI) of the Arctic Council, set up in 2005, with funding starting in 2012 from the U.S. to finance actions preventing climate related pollution (black carbon, hazardous waste, polychlorinated biphenyls) in the former Soviet Arctic (Belarus, etc). The PSI might be expanded with more funders and more (marine related) issues to address. We can compare different solutions to the integrated governance game model that include noncooperation, cooperation, and Stackelberg analyses where the chairmanship of the Arctic Council comes into play for leading financial and other commitments for the entire group of Arctic sovereigns to reap long run joint stability. 

We will investigate coordination incentives not only between participants of the Arctic Council for information sharing and investment and other entities (IMO). This integrated game theory framework can accommodate actual variation between the joint coordination through the Arctic Council and separate, sovereign activity in other international fora such as the International Maritime Organization. A specific example entails the  International Convention for the Control and Management of Ship’s Ballast Water and Sediments. Five out of eight member states of the Arctic Council have ratified the convention, while Finland, Iceland and the U.S. have not. While the IMO adopted this convention in 2004, it requires at least 30 maritime countries representing 35% of global shipping to enter into force as an international treaty.  We can directly compare opting for this vector control policy expanded to the Arctic separate from the current discussion on augmenting text to the MARPOL and SOLAS which have not contained language on some of the vectors of threats we have identified of concern for the Arctic..  

We will explore governance options by identifying the formal financial channels and policy connections between various resource stakeholders investing in natural resource protection and monitoring for adaptive management via formal support for Arctic Observing Systems. The six indigenous organizations that act as permanent participants in the Arctic Council, representing over 40 ethnic communities and several hundred thousand people, are included as asymmetrically powerful agents in differential game strategic modeling that is updated with new monitoring information. Industry participants such as Bulk Partners, who sent the Nordic Orion through the Northwest Passage, would be subject to any potential new requirements to address invasive species, noise and vessel strikes. In parallel to international trade and environment issues, our analysis will include tasks of identifying scale effects, composition effects, technique effects (Cole and Elliott (2003) of any potential policy and management options to address the vectors of environmental threat over time and space. If maritime shipping is moved or curtailed the scale effect would be relevant. If particular treatment and abatement requirements on biofouling and ballast water tanks are implemented, the composition and technique effects are relevant as they would measure the modification of processes of production (transportation for international trade). 
Data: Data needs are met by activities described in the other Research Components as well as accessing the MARPOL and SOLAS monitoring systems.
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� In Nature (2005), Smetacek and Nicol note, “Studies in polar waters tend to have a narrow research focus,” but that “future changes in polar marine ecosystems will depend as much on global climate change as on our ability to regulate exploitation pressure at sustainable levels,” and that research must become ecologically and economically integrated.


� The Barents Sea RKC fishery is not currently an important player in the international marketplace. Landings (and TAC) of RKC in Norway are small compared to both the fishery in Bristol Bay, the Russian Far East fishery and amounts up to between 10 and 20% of the Russian Barents Sea landings. World market prices on RKC are therefore mostly dependent on the amount of crabs from Alaska and/or the illegal, unreported and unregulated (IUU) fishery in Russian Far East. Particularly the Russian Far East is characterized by high IUU catches that mainly go in to the Asian market. There is expected to be a minor IUU fishery going on in the Barents Sea as well, but this fishery seems to be under better control than in the Russian Far East.
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