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Abstract 

The objective of this thesis is to examine the stability of agreements about shared fish 

stocks entered into between coastal states and to investigate how these agreements may be 

made more stable. To illustrate the problems encountered by such agreements, I will conduct 

a case study regarding pelagic fishing resources in the Northeast Atlantic Ocean, which has 

been called the Pelagic Complex. This case study necessarily involves questions relating to 

the coastal states of the EU, Norway, Iceland, Russia, and the Faroe Islands insofar as they 

share the following pelagic resources: Atlantic mackerel (Scomber scombrus), Norwegian 

Spring Spawning herring (Clupea harengus), and blue whiting (Micromesistius poutassou). 

Although the standard of management in the Northeast Atlantic Ocean is advanced compared 

to other areas in the world, there are still significant problems to be resolved. Specifically, 

mackerel fishing has been in dispute in recent years because the number of parties sharing this 

resource has increased by one (Iceland); the agreement has been strained to such an extent 

that it collapsed in 2010. 

This thesis comprises four essays that address the problems of several parties sharing a 

resource. The first essay is a literature review in which the literature on game theory usage in 

fisheries economics is compared to the literature on game theory usage in international 

environmental agreements. The second essay utilizes a static model to examine what players 

in the mackerel agreement should do in the event of an extra player entering into the 

agreement. The third essay examines what might be achieved if the agreements were bundled 

into one agreement instead of being separate agreements, which is also called issue linkage. 

Finally, the fourth essay re-considers the case of the mackerel in a more dynamic model in 
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which the original players are considered one player that may deter the entry of a new player 

by keeping the stock under a certain threshold. 

A variety of results emerge from the four essays that compose this thesis. The first essay 

shows that much may be learned from the international environmental agreements literature; 

in particular, game theorists in fisheries economics could learn to build dynamic models and 

to make real transfers in the form of issue linkage. In the second and fourth essays, we note 

that a change in migration patterns may put significant stress on the mackerel agreement. In 

these two essays, we also see that smaller players have less incentive to preserve the stock, 

which makes them more likely to break out of an agreement affecting the stability of the 

agreement. On the other hand, the third essay shows that linking issues can stabilize 

agreements. 
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Abstrakt (in Danish) 

Målet med denne afhandling er at undersøge stabiliteten af aftaler over tid om fælles 

fiskebestande mellem kyststater, og hvordan disse aftaler kan laves mere stabile. For at 

illustrere problemerne vil afhandlingen analysere et casestudie, som omhandler de pelagiske 

fiskebestande i nordvest-Atlanten. Dette kaldes også det pelagiske komplex. Afhandlingen 

analyserer spørgsmål som berører EU, Norge, Island, Rusland og Færøerne, der alle deler de 

pelagiske ressourcer: Atlantisk makrel (Scomber scombrus), Norsk Vårgydende sild (Clupea 

harengus) og blåhvilling (Micromesistius poutasso). Selvom den nuværende forvaltning er 

avanceret i forhold til andre steder i verden, er der stadig store problemer at løse. Særlig har 

der været uenighed om makrellen de senere år.  Den primære årsag til uenighederne om 

aftalen om makrellen har været, at en ny part (Island) har fået adgang til bestanden som følge 

af ændret migration. Dette har øget presset på aftalen, således at aftalen om makrellen 

kollapsede i 2010. 

Afhandlingen indeholder fire essays som alle omhandler problemerne med at dele en 

fornybar ressource mellem parter. Det første essay er en litteraturgennemgang af spilteori i 

fiskeriøkonomi sammenlignet med brug af spilteori i miljøøkonomi. Det næste essay 

opbygger en statisk model for, hvad de andre aftaleparter i makrelaftalen skal gøre med en 

ekstra spiller i aftalen. Det tredje essay undersøger, hvad vi kunne få ud af at lave en aftale om 

flere arter fremfor at have flere separate aftaler om enkelte arter. Til sidst har vi det fjerde 

essay, hvor jeg undersøger makrelaftalen i en mere dynamisk model, hvor de spillere der 

oprindelig havde eneret på makrellen kan etablere en adgangsbarriere ved at holde 

makrelbestanden under en vis størrelse, så de kan forhindre den nye spiller i at få andel af 

makrellen. 
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Igennem de fire essays i afhandlingen vises mange resultater. I det første essay vises, at 

anvendelsen af spilteori i fiskeriøkonomi kan lære meget af anvendelsen af spilteori i 

miljøøkonomi. I særlig grad kunne spilteoretikere i fiskeriøkonomi lære at bygge dynamiske 

modeller og at kigge på sammenkædning af aftaler (issue linkage). 

I det andet og fjerde essay viser jeg, at ændringen i migrationsmønster har presset 

makrel-aftalen. I disse to essays viser jeg, at mindre spillere har færre incitamenter til at 

opbygge makrelbestanden end større spillere, og er mere sandsynlige til at bryde ud af aftalen. 

På den anden side viser jeg i det tredje essay, at vi ved at samle flere aftaler i en kan få mere 

stabile aftaler. 
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Background 

What sparked my interest in the topic of shared fish resources was the increasing tension 

related to the agreements on the pelagic fish stocks in the Northeast Atlantic Ocean (NEA 

Ocean). In my home country, the Faroe Islands, the shared resources of the pelagic fish stocks 

are an important part of the economy. In 2007, 20% of the GDP of the Faroe Islands came 

from fishing, fish processing, and fish farming (OECD 2011); an estimated one-half of 

landing value of the Faroese fishery is pelagic (Statistics Faroese Islands). Since I began 

writing this thesis, two agreements that were considered stable are no longer in full force. The 

Faroe Islands broke first from the mackerel agreement in 2010, leaving the EU and Norway as 

only remaining parties; at the beginning of 2013, the Faroe Islands broke from the Norwegian 

Spring Spawning (NSS) herring agreement, which includes four other parties (the EU, 

Norway, Russia, and Iceland). In both instances, the Faroe Islands were not satisfied with 

their share of the quota and have set or will set their own quotas for 2013. At a time when 

these conflicts were only a possibility, I decided to analyze the general problem of shared 

resources from the perspective of game theory, using the pelagic fish stocks of the NAE 

Ocean as a case study. 

Historically fish resources outside territorial waters were considered to be inexhaustible 

with the doctrine of the Freedom of the Seas (Mare Liberum) by the Dutch jurist Hugo 

Grotius in the 17th century (Munro 2008). This doctrine meant that the waters outside the 

narrow slip of three nautical miles were considered the property of all. At that time, this was 

reasonable given the state of fishing technology. As the technology advanced the doctrine 

needed to be changed. 

The first example of countries sharing marine resources came in the beginning of the 20th 

century as Japan, Russia, Canada, and the US discovered that the pacific fur seal was over 
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exploited. The catch at sea with pelagic trawls was a very ineffective way of hunting the seals, 

killing four for each seal caught (Barrett 2003). Japan and in particular Canada practiced the 

pelagic trawling at the time, and all parties then sat down and made an agreement in 1911 – 

well before game theory and resource economics were developed. The agreement banned 

pelagic trawling and Canada and Japan were compensated for joining the agreement. This 

agreement was in force until the 1980ties when commercial hunt for seals was rendered 

obsolete. The remarkable thing about the agreement was that it was way ahead of its time 

(Barrett 2003). Indeed, our present day agreements on fish stocks still cannot beat this 

agreement. According to Barrett, the agreement had five key components: 

1) It created an aggregate gain, a reason to come to the bargaining table 

2) It distributed this aggregate gain, so that all parties would benefit from a successful 

agreement 

3) It deterred non-participation 

4) It deterred non-compliance 

5) It deterred entry by third parties 

Barrett (2003:33) 

Ad. 1 This was an easy task, as the parties banned the wasteful pelagic sealing. 

Moreover, the agreement provided an instrument to monitor the seals that were killed on land. 

This transformed the management from an ‘open access’ to a ‘sole owner’ regime, 

maximizing the aggregate gain. The stock of seals consequently increased eightfold from 

1911 to 1940 (Munro 2008). 

Ad. 2 Then there was the question of sharing the benefits. The parties found a sharing 

scheme that meant that each party forfeited 30 percent of its harvest to the other parties. This 
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sharing scheme was symmetric and thus believed to be fair (Barrett 2003). Of course, this 

meant that the players with the highest harvest also received the largest benefits but also 

benefited the players with less or no harvest. The agreement also included monetary transfers, 

which very few agreements of today do. Another interesting part of the agreement was that 

the agreement required Canada to share its harvest even though they by the signing of the 

agreement could not harvest, and was this included because Canada might harvest seals in the 

future, when the stock was rebuilt. 

Ad. 3 For the aggregated gain to remain large, the parties needed a mechanism to punish 

parties that did not follow the agreement. This was done by a ‘grim’ strategy implying that if 

one country broke out of the agreement, the other would also break out. The credibility of the 

threat could be questioned, as all would then lose, but nonetheless the agreement remained 

stable for almost the whole period (the exception was in 1940 and during the Second World 

War where Japan broke out of the agreement, but this had no practical relevance Munro 

(2008)). 

Ad. 4 For the agreement to be successful there was a need for compliance by the 

individual sealers as well as the agreement parties. The parties agreed to monitor their sealers 

so that they would abide by the agreement. 

Ad. 5 Finally, if the agreement was not to be undermined, it was required that other 

countries (not part of this agreement) were prevented from trawling on the high seas outside a 

three mile zone at the time. This was made possible by certifying the seals caught under this 

agreement, and thus deterring entry by others. 

Based on its success it is fair to conclude that this agreement from 1911 was way ahead 

of its time (lasting over 70 years and by then the agreement was irrelevant). Putting it mildly, 
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most agreements made since 1911 have not all been as successful as this one. Of the five 

points above, I will in this thesis particularly look at how this gain from cooperating is 

distributed (2) and how to prevent the countries from breaking out of the agreement (3). I will 

also examine (5) the deterrence of entry by third parties, but from a different perspective as 

the new entrant is becoming a coastal state (Iceland in the mackerel case). 

After the Second World War, several states attempted to—unilaterally—set their 

territorial limits at sea outside of the 3 nautical mile zone (now 12 nautical mile zone). To 

prevent chaos, the UN convened three conferences to regulate the sea. The first and second 

conferences did not reach a conclusion regarding marine resources (Hannesson, 2004). The 

third lasted from 1973-82 and resulted in an agreement called the United Nations Convention 

on the Law of the Sea (UNCLOS), UN(1982). In addition, exclusive economic zones (EEZs) 

of 200 nautical miles were introduced in the late 1970s. Because 90% of the fisheries were in 

the hands of the coastal states, the dominant belief at that time was that it would not lead to 

conflicts between these coastal states and would thereby prevent the depletion of fish stocks. 

However, this proved to be far from the truth (Munro, 2008). First, fish stocks that migrated 

through more than one EEZ and the high seas became a subject of conflict between the 

fisheries nations (these conflicts were also called Fish Wars (Levhari and Mirman 1980)). 

Second, the remaining high seas became a place for those fisheries nations without sufficient 

fisheries resources in their EEZs to fish unregulated. 

The UNCLOS grouped the fish stocks into transboundary fish stocks for stocks that 

travel between EEZs but not in the high seas, straddling (highly migratory1) fish stocks for 

stocks that travel both within the EEZs and in the high seas, and, finally, the discrete fish 

                                                           
1
 The UNCLOS defines highly migratory as some species (mostly tuna) that are mentioned separately. But there 

is no biological or economical reason to separate highly migratory and straddling fish stocks (Munro 2008). So 
we just call this category straddling fish stocks. 
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stocks that only travel in the high seas (the ‘orphans’ of the sea). These groups of fish are 

listed above in an increasing order of management difficulty (Bjørndal and Munro 2003). As 

the UNCLOS was put into effect, it became clear that management of the straddling fish 

stocks was not acceptable. Then, in 1995, the UN made another agreement to supplement and 

strengthen the UNCLOS, called the ‘Fish stocks agreement’ (UNFSA) (UN (1995), Bjørndal 

and Munro (2003)). This agreement introduced the regime of the ‘regional fisheries 

management organization’ (RFMO) of which the relevant coastal states would become 

members; this organization would also manage the high seas in the area. An example of a 

RFMO is the NEAFC (North East Atlantic Fisheries Commission) that manages the Northeast 

Atlantic Ocean; NAFO is another RFMO, and it manages the northwestern Atlantic Ocean. 

The membership of the RFMOs typically consists of the coastal states and certain Distant 

Water Fishing Nations (DWFN) that do not have coastal state status but may have a history of 

fishing certain species. 

Even though the RFMO regime has resolved certain problems of shared fish stocks, 

many unsolved problems remain. One such problem is the stability over time of the 

agreements that are made when the coastal states finally agree on how to manage and share 

fish stocks. In light of climate change and the changing migration patterns of fish stocks, 

stability over time might be a significant problem (Miller and Munro 2004). Stability has been 

jeopardized many times in the NEAFC area and will likely be a future problem with the rise 

in temperatures that is expected as a consequence of climate change. The consequences of 

changed migration patterns will be one of the subjects of this thesis. 
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The Pelagic Complex Case Study 

To illustrate the problems, I have analyzed a case study that is related to sharing the 

pelagic fishing resources in the Northeast Atlantic. Although the standard of management in 

the NEA Ocean is advanced compared to other areas in the world and the RFMO (NEAFC) 

regime works reasonably well in regulating the high seas in this area, there are still significant 

problems to be resolved. 

This thesis will analyze several questions relating to the relevant coastal powers, 

including the European Union (EU), Norway (NO), Iceland (IS), Russia (RU), and the Faroe 

Islands (FO). The pelagic resources at issue are mackerel, NSS herring, and blue whiting. For 

all these species, there is a management plan with a Total Allowable Catch (TAC) and a 

sharing rule among the coastal states. The various problems related to sharing the pelagic 

species in this area have also been called the Pelagic Complex2. Table 1 shows the relative 

distribution of these species among the coastal states as they were in 2007-2009: 

Table 1: Relative distribution of species for the years 2007-2009. The ‘-’ indicates that the 

state is not a member of the coastal state agreement for that stock. Note: These distributions 

do not take into account quotas in international areas. Source: Sharing agreements on the 

species between the coastal states (Faroese Ministry of Fisheries 2013). 

2007-2009 EU NO FO IS RU Total 

Mackerel 60% 35% 5% - - 100% 

NSS Herring 6% 61% 5% 15% 13% 100% 

Blue Whiting 31% 26% 26% 18% - 100% 

                                                           
2
 A conference was convened in the Faroe Islands in September 2010 called ‘The pelagic complex’. The 

conference has both an economic focus, but also on the oceanographic and biological side of the issue. 
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In table 1, we observe that there is a dominant country for the NSS herring and 

mackerel (NO for NSS herring and EU for Mackerel). For blue whiting, the sharing is more 

equally dispersed. 

There were agreements for all three species simultaneously only for the period 2007-

2009. For the mackerel, there was an agreement made in 2000 among all the coastal states. In 

2007, the mackerel changed its migration pattern and ended in Icelandic waters. From 2010 

onward, there were only agreements between two of the parties. For NSS herring, an 

agreement had been made in 1996; however, there was no agreement between all the parties 

for the years 2003-2006, although there were agreements between some of the parties. For 

blue whiting, the coastal states finally came to an agreement in 2006. The following figure 

shows the pattern of agreements: 

 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 

Mackerel                   

NSS Herring                   

Blue Whiting                   

Figure 1: Red implies that there was an agreement between all parties and grey implies that 

there were agreements between some of the parties. Source: Sharing agreements on mackerel, 

NSS herring, and blue whiting between the coastal states discussed above. 

The three fish stocks have different stories3, as may be observed in figure 2 below, 

which provides graphic information about the catches and the corresponding recommended 

limits from biologists. In addition, the political histories of the stocks are different. 

 
                                                           
3
 This section is based in an interview with Hjalti í Jákupstovu former director of the Faroe Marine Institute 

(February 8 2013). 
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a) NSS herring:       b) Blue whiting: 

 

c) Mackerel:        d) Value of landings in 2007 (million DKK) 

 

Figure 2: a-c biological data for NSS herring, blue whiting, and mackerel, respectively. 

Figure 2d: economic data. Source: Biological data ICES (2010). Landings value data Nielsen 

et al. (2010). 

For the NSS herring, there were strong fishery industries in the 1950s and 1960 because 

of a rapid expansion in technology, i.e., the power block and sonar. This was followed by a 

collapse that lasted almost 25 years. In 1995, the parties agreed to share the stock with 

reference to historical migration patterns. The story of the blue whiting is somewhat distinct; 

there was no agreement about blue whiting at all until 2006. Before 2006, all the coastal states 

had large fishery industries for blue whiting to prove their ‘historical rights’. This overfishing 
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probably led to the collapse of the stock in 2010; it has since recovered, and the sharing 

agreement was made according to historical fishing and zonal attachment. Mackerel will be a 

topic of this thesis, but the story here is short in that a coastal state agreement was entered into 

in 2000 between the Faroe Islands, the EU, and Norway that was based on certain surveys of 

the migration patterns of the mackerel. However, mackerel is not easily observable on sonar, 

and the migration pattern is thus not known well. The sharing agreement was also made on 

historical fishery rights. In later years, the mackerel moved to the north and west, which led to 

Iceland being invited as a coastal state in 2010. However, the parties did not reach an 

agreement on Iceland's purported share. 

We observe that when the parties agreed on sharing the NSS herring stocks and blue 

whiting stocks in 1995 and 2006, respectively, the catch and biologist recommendations 

became almost equal. Mackerel has always been overfished (when measured by the 

recommendations of biologists), but overfishing has increased since the stock has been 

subject to disagreement. 

Research questions 

Even though the RFMO regime has accomplished much in the resolution of the 

problems of shared fish stocks, many problems remain. One such problem is the likelihood of 

stability when coastal state members finally are in agreement about how to manage and share 

fish stock. Problems of stability have already occurred many times in the NEAFC, and these 

problems will continue into the future, as discussed above. 
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The overarching research question for the project is as follows: 

How can agreements on straddling fish stocks be improved insofar as stability over time 

is concerned? 

An agreement that is stable over time implies that it stands the test of time. Agreements 

that are not stable over time are problematic because they lead to conflicts and overfishing 

and, therefore, loss of welfare. 

To be more specific, the following questions have been raised in this thesis: 

1. Can we learn to address the issue of instability of straddling fish stock agreements 

from the literature on international environmental agreements? 

2. When a straddling fish stock migration changes and appears in the EEZ of a non-

member of the existing agreement, under what conditions should this non-member 

become part of the agreement, and what should determine the size of the new share? 

3. Is it possible to make more stable agreements by addressing many species in one 

agreement instead of separate agreements for each species, which might allow the 

possibility that the quotas for different species could be used as side payments? 

4. What if the migration pattern changes as a response to a higher-than-normal stock 

size? What is an optimal response from the incumbent players in this situation? 

Below, these research questions are formulated as essays. 

Methodology 

The methods used for answering these questions are rooted in game theory and applied 

to the case study. The first question (corresponding to the first essay) is somewhat different 
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because this question is answered through secondary research; I review existing literature to 

find answers. 

The second to fourth questions (corresponding to essays two to four) are analyzed by 

building game theory models with underlying bioeconomic models. Essays two and three 

utilize the traditional Gordon-Schaefer model. Essay four employs the more advanced 

Beverton-Holt model (Clark, 1990). The Beverton-Holt model employs age-distributed data 

with many parameters, whereas the Gordon-Schaefer model fits all the parameters into just 

two parameters. The answers to the research questions exhibit increasing difficulty in 

modeling as the questions become increasingly advanced theoretically. 

Bioeconomic models rely on both economic and biological data. Good biological data 

are provided by International Council for the Exploration of the Sea (ICES) for the NEA 

ocean area in most cases. On the other hand, economic data might be collected, but they are 

not put into cost functions by any central institution. In this thesis, the cost functions are 

estimated in three different ways in essays two to four (corresponding to research questions 

two to four). 

In choosing game theory, I have rejected other approaches to answering the research 

questions posited above. From a legal point of view, I have familiarized myself with Ørebech 

(2013) who has analyzed the mackerel conflict and concluded that the parties should find a 

zonal attachment independently each year, and share the stock accordingly every year. The 

problem with this approach from a game theory perspective is that a participant may receive 

an amount in that setup that is smaller than what it would get if there were no agreement. 

A different discipline is that of a political scientist such as Áslaug Ásgeirsdóttir, who 

has written a book (2008) about the conflicts in particular between Norway and Iceland. Her 
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approach is bargaining; she claims that Iceland gets better agreements than Norway because 

the negotiators in Iceland are better backed by their industry than their counterparts in 

Norway. This is also a different path than the one used in this thesis. 

Economist Torbjørn Trondsen4 (Trondsen et al. (2010)) has another idea. He proposes 

an international market for fishing quotas (that may be restricted to the fleets of the coastal 

states) and that the proceeds from the selling of fishing quotas will accrue to the states that 

own the EEZs in which the fish were caught. To my mind, his idea would solve all the 

conflicts but is not likely to be implemented because coastal states would be required to give 

up their sovereignty. Additionally, certain fish are more fishable in certain areas, and this plan 

would over represent the shares of those areas. 

With all these methods in mind, the method chosen to analyze the research questions in 

this thesis is strict game theory because it seems to be the most appropriate for the issues at 

hand. However, it should be kept in mind that other methods may be employed. 

Brief answers to the resource questions 

Answers to the research questions are formulated as essays. 

First Essay: Review of game theory in fisheries and environmental agreements 

This essay addresses the first research question: Can we learn to address the issue of 

instability of straddling fish stock agreements from the literature on international 

environmental agreements? 

The purpose of this essay is to review the state-of-the-art literature on fisheries 

economics and game theory and to have a clear starting point for the following essays. The 

                                                           
4
 Both Torbjørn Trondsen and Áslaug Ásgeirsdóttir gave lectures at the mentioned pelagic complex conference 

in 2010. 
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review compares the literature on international environmental agreements with the literature 

on international fisheries agreements. 

The first author to explain why open access always resulted in no profit was Warming 

(1911). Following this, Gordon (1954), Schaefer (1957) and Scott (1955) performed more 

work on this question. Gordon proved that open-access fisheries would lead to ‘bioeconomic 

equilibrium’ and little or no profit for the fisheries. Schaefer developed the model further; 

thus, it is called the Gordon-Schaefer model. Scott developed the idea that the best result for 

the fisheries (economically and biologically) would be obtained if there were only one owner. 

Since then, there have been many developments in this field (cf. Clark, 1990). 

An important contribution to using game theory in fisheries economics was made by 

Munro (1979), which was the first article using game theory on fisheries economic theory. 

His paper concerned sharing one stock that was trans-boundary between two countries. His 

motivation was the establishment of the 200-mile EEZs in the 1970s. His results predicted 

that agreements would be more stable if side payments were possible. Side payments are 

transfers of utility between the players that are not necessarily monetary transfers. Clark 

(1980) also used game theory to predict that results comparable to the bioeconomic 

equilibrium described above would ensue if the players were symmetric and if the fisheries in 

shared fisheries stock were managed in a non-cooperative (Nash (1951)) way. Conversely, if 

the fisheries were managed cooperatively (Nash (1953)), it would resemble the case of the 

sole owner. 

Since the Munro article, there has been significant development in the literature of game 

theory. The Munro article looked only at two players. When analyzing the straddling fish 

stocks, however, there are normally more than two players that share the stock. When there 

are more than two players, the game is complicated by the possibility of coalitions. Thus, 
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when finding a solution to the game, a possible coalition between the players might exist that 

would give more to the players and still be stable. This question has been analyzed in the 

characteristic functions approaches (Mesterton-Gibbons, 1992), but these do not naturally 

take account of the kind of externalities that are often present in fisheries, although they may 

be modified to account for such externalities (Kronbak and Lindroos, 2007). A further 

development in analyzing this issue arrived with the partition function approach (Pintassilgo, 

2003). 

Similarly, there has been significant development in recent decades in the literature on 

international environmental agreements (IEAs), such as the Montreal (1987) and Kyoto 

(1997) agreements on substances that deplete the ozone layer (Montreal) and on CO2 

emissions (Kyoto). Game theory in the IEA arena is substantially developed starting with 

Barrett (1994) and others, and could game theory in fisheries borrow several ideas from this 

literature and particularly from the areas of dynamic games and issue linkage, as we’ll see in 

the first essay. 

Thus, to answer research question one, yes, we can learn to address the questions of 

instability from the literature on international environmental agreements. 

Second essay: Stability of agreements with entry: The case of the North East Atlantic Mackerel 

This essay addresses the second research question: If a straddling fish stock migration 

changes and appears in the EEZ of a non-member of an existing agreement, under what 

conditions should this non-member become part of the agreement, and what should determine 

the size of the new share? 

This essay focuses on the fact that Iceland has been fishing approximately 20% of the 

total quota of mackerel since 2007-2008 in the Icelandic EEZ without being a part of the 
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agreement on mackerel. This has been possible because the fish stock changed its migration 

pattern and swam into the EEZ of Iceland, as it had not done before (in recent times). Because 

the mackerel is in the Icelandic EEZ, Iceland's fishing cannot be curtailed. Legally, the 

Icelanders can be said to have right on their side because, according to the UNFSA, any state 

with a ‘real interest’ in the stock shall be invited to share the fisheries resources. The change 

in migration pattern leading the species into a new EEZ has not been addressed in game 

theory literature before, to my knowledge. The problem that resembles this most has been 

called the ‘new member problem’ in Kaitala and Munro (1993 and 1997). There, the problem 

is a new country (DWFN) coming in to the high seas to fish what others have been conserving 

cooperatively. The problem in my article is different from that of the Kaitala and Munro 

article because the fish stock has migrated into the EEZ of a new state that is not party to an 

agreement that is in place for this species. Thus, Kaitala and Munro (1997) propose that new 

members buy quotas from the ‘charter’ members of the RFMO. This is clearly not an option 

in our case because Icelanders will not pay for a quota that they can get for free.  

The question in a game theory setting is how to implement a new entrant into the 

sharing of the Total Allowable Catch (TAC) for the stocks. Should this new member get a 

share divided equally with the others? How large should that share be? These questions have 

been raised in the case where the new member is a DWFN in Pintasilgo and Duarte (2001). 

Another notable feature about the mackerel case is that the fish stock changes value over the 

course of the year; in the summer, when it is in Icelandic waters, it is worth only one-half of 

what it is worth later in the year in prices (in 2010). Thus, fishing by the Icelanders in that 

sense diminishes joint value. In 2010, Iceland was invited as a coastal state into the 

negotiations, but there was no consensus on what share the Icelanders should get, which led to 

the breakdown of the agreement. It also broke apart because the Faroese were asserting rights 
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to a larger share by claiming that the mackerel had changed migration pattern more to the 

west and north. 

I address this matter by using a partition function approach and quadratic cost functions. 

The cost parameters are derived from the agreement that was in place from 2000-2009 among 

the coastal states. The results from the exercise are that the stability of the agreement drops 

(as expected) when a new player is added. However, the fact that the fish has different values 

during the season is conducive to the stability of the agreement. Looking at the solutions to 

the four player game shows that the large party EU should pay most for the admission of the 

new player, Iceland, into the game. In the essay below, I also address how the fourth player 

should be perceived; if this player is looked upon as a new player without a history, then it 

cannot join any coalition other than the coalition as a whole and therefore should receive less 

than it otherwise would have received had it been a party to the agreement from the 

beginning. 

To answer research question two, a new entrant should become part of the agreement 

either as a full member from the beginning or as a preliminary member for the first few years. 

The share of the entrant depends on how the new member is perceived. 

Third essay: Issue linkage in fisheries 

This essay addresses the third research question: Is it possible to make more stable 

agreements by having many species in one agreement instead of one agreement for each 

species, which might allow for the quotas for different species to be used as side payments? 

The objective of the essay is to examine whether there might be one agreement for all 

the fish stocks instead of three, which would increase stability. For all these species, the TACs 

are set each year in the course of two weeks by virtually the same people; implicitly, the 
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species are connected because a discussion about one species would affect discussions about 

the other species. In addition, the vessels that fish these stocks are the same in all the countries 

(parties). The pelagic fishery in the NE Atlantic is a seasonal fishery such that, in the winter 

and spring, vessels catch blue whiting, in the summer herring, and they catch mackerel in the 

autumn and winter; the same vessels in many cases fish all these species. 

There are two reasons why linking issues may help to stabilize agreements on fisheries 

(Finus, 2001). First, the scope for side payments is larger as the payoff set grows. For 

example, for more herring, a country could get less mackerel and the quotas for the species 

would act as side payments. Game theory would predict that, if side payments were included 

into the game, the stability of the agreements would increase (Munro 1979). In an article on 

the NSS herring stock, Arnason et al. (2000) conclude that the only way to obtain stable 

agreements is to use side payments. Second, if viewed as a repeating game, the punishment 

for deviating may be made harsher (withdrawal of all agreements), and thus the agreements 

become more stable. 

Of course, the stability of the whole system may break down if there was a conflict in 

one species. However, this will put greater pressure on negotiators because the alternative is 

no agreement and a depletion of all the stocks (the threat points are lower). 

My contribution to the literature with this essay is that this solution method of the 

fisheries game has, to my knowledge, not been tried in game theory in the fisheries literature 

before, although Munro (2007) mentions this issue as a future research direction. The issue of 

linking agreements in the case of environmental agreements has been analyzed in Folmer et 

al. (1993) and others. I transfer the ideas from environmental agreements to fisheries 

agreements. Normally, the linkage in the environmental agreements literature is about the 

agreements and trade, not about different environmental agreements; according to Finus 
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(2001), it is also important that the agreements that are linked are substitutes in the objective 

function of the government and not complements. This is not always the case for 

environmental agreements but should be the case for fisheries agreements (according to Finus 

(2001), the substitutes/complements issue had not experienced sufficient research). 

Additionally, the models in this literature usually have only two players and two issues. It is 

most likely not difficult to extend the game to more than two issues but more than two players 

may be more difficult. 

In real negotiations for these species, such a joint approach has been touched upon 

between coastal states (personal communication with Hjalti í Jákupstovu, February 8, 2013), 

but no scientific assessment or analysis of a possible joint approach has yet been undertaken. 

The answer to the third research question is thus, yes, it is possible to bundle 

agreements together to produce more stable agreements. 

Fourth essay: Entry deterrence in the mackerel fishery 

The fourth essay addresses the fourth research question: What if the migration pattern 

has changed as a response to higher than normal stock size? What then is an optimal response 

from the incumbent players? 

The mackerel fishery is simulated by assuming that the mackerel stock has undergone 

either a temporary or a permanent change in migration patterns. We observed that the recent 

wider than normal distribution of the stock coincided with a larger than normal stock size. 

The model is set up with two players, the incumbent (EU/NO/FO) and the entrant (IS). We 

then construct two different scenarios. The first is that the change is temporary, and the stock 

will return to its old migration pattern when the stock becomes less abundant; the second is 

that the change is permanent, and the stock has changed its migration pattern permanently. 
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This has a profound effect on the strategic choices of both the entrant and, in particular, of the 

incumbent. The economic theory of entry deterrence is used to determine whether the original 

parties to the agreement have an advantage that results from fishing the stock down to a 

smaller size to prevent another party from entering into the fishery. In this case, the results 

suggest that the optimal strategy for the original players is to fish such that they just deny 

entry to a potential entrant. If the migratory change is permanent, the results suggest that the 

smaller player has a relatively large advantage over the larger player. 

The essay conducts a simulation of the fishery and presents a novel method of finding 

the optimal solution that allows for renegotiation, which means that the incumbent may have 

different fishing mortality depending on whether the stock is below or over the limit when it 

reaches Icelandic territories. 

There is a particular focus on the cost and recruitment functions. Costs are determined 

as either fixed or dependent on the fishing mortality. The recruitment function is either 

deterministic or stochastic. The stochastic recruitment function generates particular interesting 

results because it is shown that the incumbent could be better off deterring entry than not 

deterring entry. However, this result depends on the specific sharing scheme. 

Thus, the answer to the final research question is that there are circumstances where 

entry deterrence by the incumbents could be a profitable strategy. 

Innovation and learning process 

Each of the species in the Pelagic Complex has been previously researched in a game 

theory setting. For example, the NSS herring stock was researched in Arnason et al., (2000); 

the mackerel stock, in Kennedy (2003); and the blue whiting stock, in Ekerhovd (2008). 

Though this thesis mostly examines the mackerel stock, it solves the problems of sharing fish 
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resources that might be transformed into solving problems with other species. The essays in 

this thesis also solve the issues from a different perspective than these other papers because 

the practical problem of what happens when a stock enters new waters is examined. 

All the essays in this thesis are novel in their area of focus. The first essay reviewing the 

fisheries economic literature and comparing it to the literature in international environmental 

agreements is novel because, to my knowledge, this has not been previously undertaken. 

Additionally, it helps researchers develop game theory in fisheries economics. The second 

essay is novel in its usage of quadratic cost functions and should help negotiators address the 

situation of an extra player coming into an already well-functioning agreement. The 

negotiators may have a metric by which they can measure what share a new entrant should 

obtain from the agreement. 

We know from environmental economics that bundling two or more issues together in 

one agreement may increase the stability of the joint agreement. However, when managing 

shared stocks such as those in the Pelagic Complex, we have not yet, as far as I know, seen 

agreements emerge that cover more than one species. The original argument of the third essay 

lies in the idea that including more than one species—such as herring and mackerel—in one 

agreement might produce a more stable joint agreement. Again, this paper may help 

negotiators understand the connection between the species and the possibility of making 

stable agreements. Finally, the fourth essay is innovative because I look at the mackerel from 

an industrial organization perspective as a case of entry deterrence. If I assumed that the 

recruitment function is stochastic, an entry deterrence strategy might be profitable for the 

incumbent players. This aids negotiators because they can use this information to make better 

agreements. 
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The essays in the thesis may be read as individual papers but complement each other in 

providing the full picture of the issue of shared resources in the Northeast Atlantic Ocean and 

specifically about the resources of the Pelagic Complex. 

The learning process for me has been such that in the first essay I primarily use 

previously discovered knowledge to compare two strands of literature. In the second to the 

fourth essay, I have used gradually more complex methods to analyze the research questions. 

In the second essay, I analyze a static game with four players. In the third essay, I analyze a 

two player, two species game. Finally, in the fourth essay, the underlying bioeconomic model 

is dynamic. From these essays, I have been able to produce new knowledge, such as on issue 

linkage (essay 3), on how to include new parties into an already existing agreement (essay 2) 

and weather the original players should deter entry from new entrants (essay 4). 

Future research 

Many theoretical paths could be chosen for future development of game theory usage in 

fisheries economics. In the first essay, I review some of these paths and address dynamic 

games and issue linkage. On a more practical level, one future direction is to further develop 

the third and fourth essay and to consider whether one agreement could encompass all three 

species, and, if so, how that could be accomplished? 

We have seen repeatedly that the stock spends less/more time in one EEZ than it has 

before. Moreover, we saw from figure 2 that when one stock goes up, others may go down. 

As of now, most sharing rules are static and do not account for the fact that the stocks are 

fluctuating as time goes by. What if the shares are dynamic? Researchers might determine the 

zonal attachment of the stocks each year. When these parameters are known, the parties may 
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determine the sharing rule for the coming year (Ørebeck (2013)). Could this approach 

conform to game theory modeling? 

The game theory modeling here would be a type of dynamic game, and because there 

are three species and four countries, this would imply simulations. As discussed above, the 

cost function is not easily observable, and there are challenges in determining a recruitment 

function. 

The expected contribution to the literature from this possible future article is to explore 

whether dynamic sharing rules will lead to increased stability in the agreements. To my 

knowledge, this has not been previously analyzed in great detail. One goal of a possible future 

paper on this issue is to bridge the concepts of game theory into the more publically 

acceptable zonal attachment sharing schemes. 
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Abstract 

The goal of this paper is to review the state-of-the-art literature on fisheries economics and 

game theory. The review is carried out via a comparison between the game theory applied in 

fisheries economics and in international environmental agreements. The result of this 

comparison is that several similarities are observed, and a symbiosis of these areas would be 

fruitful. For example, the area of dynamic games and issue linkages are well developed in the 

international environmental agreements literature whereas the international fisheries 

agreements literature has not yet developed these areas. We conclude with an examination of 

how game theory has assisted in the construction of international agreements in both fisheries 

and environmental concerns. 

Keywords: Cooperative games, non-cooperative games, international environmental 

agreements, international fisheries agreements. 

JEL Classification: C71, C72, F53, Q22, Q54 
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Introduction 

Historically, the practice of economics did without the analytical tools of game theory 

for a long time, but to solve problems involving interaction among the few, game theory is 

unavoidable. Game theory was first developed in the 1940s by von Neumann and 

Morgenstern (1947). This area of study involves a mathematical method that studies the 

interactions among players and is well suited to analyzing problems of a strategic nature with 

a limited number of players. A game-in-game theory consists of a set of players, each with 

their own set of strategies, and a set of possible payoffs to the players related to each 

combination of strategies. 

A further development of game theory in the early 1950s is attributed to John Nash and 

his development of the non-cooperative (Nash, 1951) and cooperative game theories (Nash, 

1953). The difference between cooperative and non-cooperative game theory is the possibility 

of making binding agreements. In non-cooperative game theory, players only consider their 

own incentives and make decisions based solely on that information. In cooperative game 

theory, the players can make binding agreements that the others players are committed to 

follow. 

The most notable contribution of John Nash was the notion of the Nash equilibrium 

(Nash, 1953). In this equilibrium, the players offer their optimal responses given the action of 

the other players, i.e., the players’ mutually optimal responses. The Nash equilibrium is 

widely used in the literature on game theory. 

The most famous type of game in game theory is the prisoner’s dilemma. In the 

prisoner’s dilemma, the Nash equilibrium is not the optimal solution for the group because 
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self-interest yields a higher payoff to the individual player but not to the group. Another 

similarly well-known game is the ‘tragedy of the commons’ noted by Hardin (1968). This 

version stems from the breakdown of common grazing grounds and states the well-known 

facts that individuals acting independently and rationally will deplete a common resource and 

that the collective welfare can be increased if all parties cooperate. These types of games are 

widely used in both fisheries economics and environmental economics because the nature of 

these games is such that the “free-riding” incentives are sufficiently high that it is difficult to 

obtain cooperation without the influence of a supranational institution. In this case, the 

institutions involved are international agreements on either fisheries or environmental issues. 

The use of game theory in fisheries stems from the period in which the exclusive 

economic zones (EEZs) were set in the late 1970s. At that time, the need had emerged for 

regulation of fish stocks that travel over several zones. The EEZs were set using boundaries 

located 200 miles from the coasts, which also left vast areas (referred to as the high seas) that 

were unregulated. Fisheries agreements between countries were regulated in the 1982 

agreement of the UN Law of the Seas, which was augmented in 1995 with the Fish Stock 

Agreement (FSA). These agreements operate with three different types of fish stocks: the 

trans-boundary fish stocks, which travel between EEZs; the straddling fish stocks that travel 

between EEZs and the high seas; and finally, the discrete high seas stocks, which are only 

found in the high seas. The FSA established the RFMOs (Regional Fisheries Management 

Organizations) to tend the stocks located in the high seas. In certain cases, these RFMOs have 

been successful, and in other cases, less successful. The agreements from the UN do not 

explicitly state how to share the fish resources, and therefore, the parties must internally agree 

on the shares. This process has often failed and was the topic of the seminal paper by Munro 

(1979), which was the first of a string of papers on game theory in fisheries. By now, this area 
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of research has grown quite large and includes many different applications (see Bailey et al. 

(2010) for a review). Our review is restricted to examination of the international fisheries 

agreements (IFAs) component of the game theory in fisheries. 

Game theory in environmental agreement economics stems from the 1980s and 1990s. 

The need arose when global action was required to combat the growing usage of so-called 

greenhouse gases, i.e., ozone and CO2 emissions. The most notable agreements were the 

Montreal agreement in 1989 on substances that deplete the ozone layer, and the 1997 Kyoto 

agreement on CO2 emissions. In particular, the second agreement has not created the intended 

success; the players are still negotiating, and the latest meeting was held in Doha in December 

2012, the 18th such meeting. However, the agreements on CO2 emissions are not binding and 

are not sufficient to stop the growth of these emissions. 

The literature of game theory in international environmental agreements (IEAs) is even 

larger than that of fisheries economics. The IFAs and IEAs share many similarities, and in 

both cases, game theory is useful for analyzing the respective problems. These theoretical 

similarities have not been recognized until recently (Bailey et al. (2010)). 

Differences exist in how the literature has developed. For example, in most cases, the 

IEA literature has been further developed to examine the stability of the agreements in 

repeated/dynamic games and the linking of issues. In contrast, the IFAs literature possesses a 

clearer background in the underlying biological (environmental) models in most cases. 

Of course, there are also differences in the nature of the problems faced by the IFAs and 

IEAs. First, the environmental agreements examined in this work are essentially global in 

nature whereas the fishing agreements are local or regional and are often restricted to a small 

number of countries. Additionally, in environmental agreements, the problem consists of how 
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to effectively restrict emissions whereas in fisheries agreements, the problems involve how 

best to share the stock5. Although differences exist, the view of this paper is that game 

theorists in both areas have much to learn from each other. 

Several authors have published reviews of game theory usage in fisheries. Bailey et al. 

(2010) provided a comprehensive study that examines the entire history since Munro (1979) 

wrote the first paper on this issue. The Hannesson (2011) paper consists of a study that takes 

on selected specific issues from fisheries economics and is critical of a subset of the 

conclusions in the recent literature. Kronbak (2004) also reviews game theory in fisheries, and 

finally, Sumaila (1999) is an example of an earlier review. Similarly, several reviews are 

available on the use of game theory in IEAs. Eyckmans (2012) reviews the history behind the 

use of game theory in environmental agreements as well as the most recent developments. 

Finus (2008) examines the recent developments but also offers a practical example of how to 

use a simulation tool to produce interesting results. Finus (2001) represents a comprehensive 

book on game theory in international environmental agreements that is quite useful as an early 

review, and finally, Ioannidis (2000) provides another interesting early review paper. This 

current paper represents a novel contribution because it adds to the combined reviews and 

compares the use of game theory in both fisheries economics and environmental economics. 

The outline of the remainder of the paper is as follows. First, we review the history 

behind the use of game theory in fisheries agreements and environmental agreements. Second, 

we examine several issues that are typical in each of the areas and compare the solutions 

applied in both areas. Finally, we speculate on the lessons learned from game theory thus far 

                                                           
5
 We could also compare the IFAs literature to the literature on the sharing of water resources, which is more 

similar. However, the literature on the sharing of water resources does not seem to be as well developed as the 
literature on IEAs. 
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and whether it aids negotiators in sharing the fisheries resources and the construction of 

environmental agreements. 

Beginnings 

In fisheries 

Modern fishery economics are often attributed to Gordon (1954), Schaefer (1957) and 

Scott (1955), but Warming (1911) was the first to recognize the problems with open access 

fisheries. Both Warming and Gordon attempted to explain why open access fisheries always 

lead to little or no profits. Gordon coined the term ‘bio-economic equilibrium’ to describe 

open access fisheries in which the profits are zero and the costs are equal to the revenue. 

Therefore, the bio-economic equilibrium is used as the benchmark of poor resource 

management. The other extreme example was developed by Scott (1955) in that the best 

economic result for the fisheries would be that obtained if there were only a sole owner (a 

social planner), and this example becomes the benchmark for good resource management. 

Until the 1970s, the previously described examples were the two extreme models 

assumed by fisheries economics. However, the 200-mile zones were subsequently established, 

and this development allowed room for game theory to enter the fisheries economics, an area 

that is particularly well suited for the analysis of strategic interaction among relatively few 

parties or countries, in this case. No supranational body exists to enforce the agreements on 

fish stocks, and therefore the agreements must be self-enforcing such that the participating 

countries must gain from cooperation. 

The seminal paper by Munro (1979) introduces game theory into fisheries economics. 

Munro investigated how asymmetry in the players (e.g., players who face different rates of 

discount and costs of fishing) can impact the cooperative solution when analyzing a fisheries 
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resource that is shared between two coastal states. One of the main conclusions in Munro’s 

analysis states that because players often have different preferences and perspectives, joint 

management of a resource is more likely if it is possible to use side payments. Side payments 

are (not necessarily monetary) transfers of utility between players. Clark (1980) also used 

game theory to predict that if the fisheries in shared fisheries stock were managed in a non-

cooperative (Nash (1951)) manner, and if the players were symmetric, the result would be 

comparable to the bio-economic equilibrium described previously. However, if the situation 

were managed in accordance with cooperative values (Nash (1953)), it could be compared to 

the sole-owner case. Levhari and Mirman (1980) also contributed to the first wave of fisheries 

economics articles that used game theory. This group looked at the Nash-Cournot equilibrium 

between two players who exploit a common fish stock and found that the underlying stock is 

affected by both players’ actions and that each player must take into account the action of the 

other player. These two factors are what they referred to as a ‘dynamic externality’ (Bailey et 

al. (2010)).  

In environmental economics 

The triggering factor for game theory in environmental economics was the recognition 

of the need for global action to combat the emissions of greenhouse gases. The topic of 

climate change found its way into the environmental economics literature in the 1980s and 

early 1990s (Eyckmans 2012). From the start, game theory was an important component of 

this literature. The standard game theory approach was introduced by Barrett (1990, 1994), 

Carraro and Siniscalo (1993) and Hoel (1991, 1992). A self-enforcing IEA (the term “self-

enforcing IEAs” was introduced by Barrett (1990)) could create stability using the notion of 

stable cartels introduced by d’Aspremont et al. (1983), which is a game-theory formalization 

of collusion in oligopoly models in the industrial organization literature. A coalition is 
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considered to be internally stable if no player wants to leave a coalition, whereas an 

externally stable coalition is a coalition that no outsider wants to join. The IEAs is said to be 

stable if it is both externally and internally stable. 

The basic message of the IEAs literature is rather pessimistic (Eyckmans 2012). The 

problem is that no country can be excluded from the benefits of an IEA, and therefore, 

countries that do not contribute to the reduction of greenhouse gases emissions still reap the 

benefits. This non-excludability gives countries strong incentives to free ride. Many 

extensions to the standard model have been attempted but few give rise to optimism with 

respect to the creation of agreements with many parties due to the free-rider issues. In reality, 

many IEAs have been reached, but there are still many environmental issues on which the 

involved countries cannot agree, in particular, the restrictions on CO2 emissions. This paper 

will review the standard model and the many extensions that have been proposed in the IEA 

literature. 

The basic model 

In fisheries 

Game-theoretical fisheries models are constructed from a combination of biological 

models of fisheries and economics. These models are known as bio-economic models and can 

be classified into two categories, the lumped parameter type of model or the cohort type of 

model. 

The typical model of the lumped parameter type is known as the Gordon-Schaefer model. The 

growth of stock X is set up as a differential equation: 

���� = ����� −
��,�
��  
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where G is the growth of the stock, and H is the harvest of the n countries (or parties). The 

growth of the stock is set up as a classical logistic growth function: 

����� = ����1 − ��� � 
where r is the rate of growth, and K is the carrying capacity of the stock. The word “lumped” 

refers to the multiple variables of recruitment and growth of the stock that are lumped into 

two parameters (r and K). Finally, the harvest of country i is measured by the effort times the 

stock (multiplied by a catchability coefficient):  

�,� = ��,��� 
These equations subsequently describe the growth of the stock. However, the IFAs 

literature now assumes a steady state and dX/dt=0, and thus, we ignore the time dimension. 

Next, we solve these equations and find an expression for the harvest in a steady state. The 

total revenue TR is given by the harvest times the price, and the total costs TC are given by 

effort times cost per unit effort. The profits for the Nash equilibrium are expressed by: 

max�� � =�� − �� 
where the total revenue TRi is a function of the individual effort and the total effort, and the 

total costs TCi are given by the individual effort. The first-order condition sets the marginal 

revenue equal to the marginal costs, and these yield the expressions for the effort levels. 

These effort levels lead to the ‘bio-economic equilibrium’, which is equivalent to open-access 

fisheries, as described previously. 

In contrast, the cooperative profits are stated by: 

max��,…,�!� =
��� − ����
��  
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In this case, we maximize the sum of the profits instead of the individual profits. In 

contrast, this situation leads to the highest possible profits.  

The models of the lumped parameters type are the most widely used in the IFA 

literature due to the ability to find analytical solutions. For example, Pintassilgo et al. (2010), 

Arnason et al. (2000), and Ellefsen (2013a) all applied this type of underlying biological 

model. 

Certain other studies use cohort models instead of the lumped type models, and these 

types more closely resemble the models used by biologists. These models are also much more 

complicated than the lumped type models because the stock is divided into classes by age, 

number of fish per year, and average weight. The relationships among the ages, the 

recruitment, the natural mortality and the fishing mortality are explicitly modeled. The most 

commonly used of these models are the Beverton and Holt (1957) model. Although the 

biological model is more complicated, the profit functions for this type of model are the same 

as those stated previously. These cohort models are more comprehensive than the lumped 

parameter type, and therefore, we would expect more rigorous results from this model. 

Additionally, these types of models more accurately reflect the realities of the biologists and 

fisheries managers. This model is applied in the work of Kronbak and Lindroos (2007), 

Bjørndal et al. (2004), and Ellefsen (2013c). 

In environmental economics 

In a standard model for the IEAs (i.e., from Eyckmans 2012), we define a damage 

function for country i as: 

"�
 #$$∈& � 
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where e is the emission of the individual country, and N is all of the countries. The damage 

function depends on the emissions of all of the countries. These emissions can be reduced by 

costly abatement efforts ai. The cost of abatement can be written as: 

��'� 
where the abatement level ' ∈ (0, #*+, with #* < 0 as the business-as-usual emission level. 

Assuming that the countries minimize the environmental damage and abatement costs, the 

problem of country i can be written as: 

min/� 0�', '1� =" 2
 #$$∈& 3 − ��'�,			∀6 ∈ 7 

where the utility of country i depends on both the country’s own abatement effort and the 

abatement effort of all of the other countries:	'1 = ∑ '$$∉,$∈& . The first-order conditions and 

the Nash equilibrium for this problem state that the individual marginal cost of abatement is 

equal to the individual marginal damages avoided. The Nash equilibrium is generally 

suboptimal because each country only optimizes its individual utility. The optimal solution 

would be to optimize the sum of all utilities, and thus the first condition would equalize the 

marginal cost of abatement with the sum of the marginal damages avoided. Because no 

supranational institution exists to enforce the joint optimal solution, the incentive to free ride 

is high. Therefore, the suboptimal Nash equilibrium solution will generally be the outcome of 

this problem. 

Generally, the optimization problems in the IEAs and IFAs are quite similar. In 

fisheries, the problem is a maximization problem in which profits are maximized together 

with fishing efforts, and the revenue depends on one’s own fishing effort as well as the efforts 

of the other parties. In the IEAs, the problem is a minimization problem in which each party 
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minimizes abatement, and the damages of the emissions depend on each party’s own 

abatement effort and the abatement efforts of the other players. The cost of fishing or 

abatement accrues only to the party in question. 

The important aspect missing in these basic models is that of time. According to 

Eyckmans (2012), the problem in most environmental issues problems is that of accumulated 

stock (e.g., greenhouse gases) in the atmosphere rather than flow. This problem has also been 

recognized recently in fisheries in which the focus has been on stocks rather than on flows 

(harvest) in an ecosystem-based management system. Later on, we will examine how the 

dynamics in the IEAs and IFAs have been addressed. 

Coalitions 

In fisheries 

In the beginning, the analysis of migrating fish stocks only focused on two parties (e.g., 

Munro 1979), which is the simplest case to analyze. However, when analyzing migrating fish 

stocks, there are often more than two parties (countries) that share the stock. The presence of 

more than two players complicates the game because the possibility exists that subgroups of 

players will form coalitions. In other parts of the economy, coalitions are common, and 

examples include the OPEC oil cartel and the EU political unit. A coalition of all players is 

known as the grand coalition whereas a ‘coalition’ of only one player is referred to as a 

singleton. 

The first to consider coalitions in fisheries agreements were according to Bailey et al. 

(2010); Kaitala and Lindroos, 1998, and Duarte et al., 2000. In these papers, the problem was 

analyzed with the characteristic functions approach (Mesterton-Gibbons, 1992). The difficulty 

with this approach is that it is based on the value of one specific coalition and not on the entire 
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coalition structure. Therefore, it ignores the externalities that are common in fisheries. For 

example, if certain players in a coalition restrict their fishing efforts, the players outside the 

coalition obtain a positive externality by reaping the benefits of the restrictions that the 

coalition members put on themselves. 

One approach used to address this situation was developed by Kronbak and Lindroos 

(2007). In this work, the focus is on the sharing of the benefits and each player’s free-rider 

value is considered as if that player operates as a singleton against the remaining coalition. 

The sum of the free-rider values should be smaller than the value of the grand coalition 

(individually rational constraint). By comparing all of the free-rider values, Kronbak and 

Lindroos devised a sharing rule that can ‘satisfy’ all players. This approach incorporates the 

externalities present in coalition formation. 

Another method used to incorporate externalities is the partition function approach 

developed by (Pintassilgo, 2003) for fisheries. In this approach, the value of the externalities 

is explicitly modeled, and the possibility exists for one coalition to play against another 

coalition. Pintassilgo et al. (2010) and Ellefsen (2013a) also used the partition function 

approach. 

Both of these approaches explain why cooperation is so difficult to obtain with more 

than two players. The total payoff for a group is higher than the sum of the payoffs for each 

coalition in a coalition structure, but an individual player can free-ride the agreement. If the 

sum of these free-rider values is higher than the payoff of the grand coalition, then 

cooperation cannot be achieved. Pintassilgo et al. (2010) concluded that no grand coalition 

can be achieved if there are more than two players involved. 
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Certain researchers believe that this conclusion is too pessimistic. Hannesson (2011) 

looked at the concept of farsightedness. In short, this view means that the players do not only 

look at what happens if they break out but also at the possibility for further breakouts of the 

other players, such that they end up in a situation with no cooperation at all. In that case, the 

players often receive lower payoffs than in the grand coalition, and this realization restricts 

the players from breaking out in the first place. 

In environmental economics 

The history in the IEAs is a bit different because the problems in the IEAs literature 

were considered as global from the beginning. The first IEA literature considered either full 

cooperation or non-cooperation among many parties. However, much attention has been 

directed recently to the notion of coalitions in the IEAs literature. Similar to the IFAs 

literature, the IEAs literature originally considered the use of characteristic functions but soon 

included externalities with the broader partition function approach. 

As in the IFAs literature, the basic message from the standard model in the IEAs is also 

quite pessimistic (Eyckmans 2012). Only small chance exists that the coalition of all (the 

grand coalition) will be stable (as defined previously), and the size of a stable coalition is 

likely to be quite small. The standard model has been extended in many approaches 

(Eyckmans 2012) and will be reviewed later, but surprisingly few works have successfully 

amended the pessimistic results. 

Another way to view the coalitions using cooperative game theory is one used only in 

the IEAs literature, which, in addition to either full cooperation or no cooperation, also looks 

at the possibility of partial cooperation, also known as PANE (Partial Agreement Nash 

Equilibrium) (Chander and Tulkens (1995)). The Kyoto protocol is an example of partial 
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cooperation because the developing countries are not part of that agreement. Chander and 

Tulkens (1997) also use the concept of the core in this context. In their framework, if one of 

the key players breaks out of the coalition, then all players will end up as singletons. 

Therefore, the players do not break out because the alternative is not preferable. These 

approaches are similar to those related to the concept of farsightedness, as described 

previously. 

Repeated/Dynamic games 

Thus far, we have examined one-shot stage games. However, agreements in the IEAs 

and IFAs are often repeated. A dynamic game is a more general game than the repeated game 

because the parameters can be changed from one period to the next. For repeated games, we 

use the Folk theorem, which states that for sufficiently low discount rates, cooperation can be 

sustained even though it is not sustainable in the static game. The main difference in 

repeated/dynamic games is that the players can pose threats, and these threats can take many 

forms. The players can choose to cooperate until the other players deviate and play non-

cooperatively thereafter (Grim strategy) or use a threat strategy that mimics the other player 

(tit-for-tat strategy), such that Player A plays cooperatively until the others play non-

cooperatively, and if the other players change their ways, Player A does so as well. A repeated 

game can be played either finitely or infinitely (also known as a supergame); in this work, we 

will consider only games that are played infinitely. 

In fisheries 

Relatively few papers have attempted to model fisheries as a repeated game, according 

to Hannesson (2011), but exceptions include the work of Cave (1987), Benhabib and Radner 

(1992), and Hannesson (1997). 
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The condition for cooperation in a repeated game according to Hannesson (2011) is 

formally stated as6: 

�*1 − : > �< + :�∗1 − : 

where π0 is the cooperative profits, πd is the profit from deviating for one player, and π* is the 

benefit per time period after the other players have issued a punishment strategy for the 

deviating player. We assume πd < π0 < π*. The δ(<1) is the discount factor (δ=1/(1+r), where 

r is the discount rate). This condition states that the cooperation profits must be higher than 

the profits from deviation and punishment in the following periods. We observe that for 

values of δ sufficiently close to 1, this condition could be fulfilled. In other words, the lower 

the discount factor, the lower the possibility for cooperation. Hannesson (1997) develops a 

constraint on how many identical parties, N, can participate in a fisheries agreement: 

7 < :1 − : �* − �∗�<  

If the discount rate is positive (δ<1), deviation from the cooperative solution can be 

profitable. For given discount rates, this depends on the number of players, N. If N is high, the 

temptation to deviate is also high because the gains from not playing cooperatively are high; 

in other words, the gain from cooperating is small if there are many players in the game. This 

observation confirms the general result from the static games that the higher the number of 

players, the more difficult it is to obtain cooperation. Another result from the Hannesson 

(1997) paper is that heterogeneous players have more difficulty obtaining cooperation, on 

which we will comment later.  

                                                           
6
 This is a grim strategy because the punishment goes on forever, for which we could question the credibility 

(Hannesson 2011) 
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Other than these examples, the fisheries economics literature notes little progress in this 

area (Hannesson 2011), with a particular scarcity in the dynamic games literature. However, 

inspiration for further research could come from the IEAs literature. 

In environmental economics 

Repeated and dynamic games are used extensively in the IEA literature (Eyckmans 

(2012)). In Barrett (1994), the IEAs are modeled as a repeated game as well as a static game. 

Barrett first analyses the static game and concludes that cooperation is only possible for rather 

small coalitions. He also analyses the question in a repeated game context and concludes that 

even though the Folk theorem states that cooperation can be sustained for a sufficiently small 

discount rate, this equilibrium is not proof of renegotiation. In short, this means that the 

threats from the cooperating players to the deviators are not credible because they also inflict 

damage on themselves. In both models, Barrett (1994) concludes that the gains from 

cooperation are only realized if they do not have much effect. For example, the Montreal 

agreement only materialized because the countries would obtain nearly the same benefits 

from a ban on ozone gases without an agreement (Barrett (1994)) as they did with the 

agreement. 

The IEAs literature also relates the early development of dynamic models because it 

was evident that the one-shot emission game was too simple and ignored the stock effect of 

carbon emissions. According to Eyckmans (2012), this question was first addressed by van 

der Ploeg and De Zeeuw (1992) and Van Long (1992) using differential game theory models. 

The differential models are dynamic games played in continuous time in which the 

relationships are represented by differential equations. These models have yielded important 

insights, but differential models are difficult to solve, and thus few researchers have addressed 

the question of coalition formation for these models. Instead, difference games have been 
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used to answer questions with respect to coalitions. In this approach, the dynamic 

relationships are modeled as difference equations instead of differential equations. Two recent 

contributions in this area are those of Rubio and Ulph (2007) and De Zeeuw (2008), who used 

the concepts of coalition theory noted above. Although the models are more sophisticated, the 

conclusions of Barrett (1994) still hold, according to Eyckmans (2012). The size of the stable 

coalition is likely to be small and occur when cooperation is most needed (when benefits are 

high compared with the costs); it is notably difficult to establish cooperation. 

Uncertainties 

In fisheries 

Fish stocks are notoriously difficult to assess: ‘Assessing fish stocks is a lot like 

counting trees in a forest, just with the difference that the trees are moving, and you can’t see 

them’, as a biologist once put it. Therefore, it is somewhat surprising that more has not been 

accomplished in the area of uncertainties in the IFAs (Hannesson 2011). In the IFAs, large 

uncertainties exist in the recruitment of fish stocks as well as the costs of fishing in future. 

According to Hannesson (2011), the first paper to analyze the uncertainty question in a game 

theoretical setting was that of McKelvey et al. (2003). This group found that the presence of 

uncertainty assisted in finding a cooperative solution. Additionally, Laukannen (2003), and 

Lindroos (2004) addressed the question of uncertain recruitment. In contrast, they find that 

uncertainty does not aid in reaching a cooperative solution. Ellefsen (2013c) also considers a 

stochastic recruitment function, but the focus is on when the players play their strategy 

according to a deterministic recruitment function; what they should subsequently expect will 

happen would represent a recruitment function that is stochastic. 
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Another type of uncertainty is the effect of climate change on fisheries. Shifts in climate 

can cause fish stocks to move northward (Bailey et al. 2010 and Cheung et al., 2009), which 

would result in losses for the tropical regions. However, species in the northern part of the 

world could also be affected by climate changes because they are sensitive to temperature 

changes as well (Cheung et al., 2009). Miller and Munro (2004) have addressed this question 

for the Pacific salmon shared between Canada and the United States. The salmon displayed a 

northward movement in the 1970s, which caused the original agreement to break down. The 

conclusion from Miller and Munro is that a need exists for agreements to address the issue of 

changes in migration patterns; this is also the conclusion in Ellefsen (2013a), which analyzes 

mackerel moving north-west ward to new territories. Hannesson (2007) addresses this issue as 

well in a stylized model of two players in which the stock moves from one zone to another. 

He concludes that it is best for the resilience of the stock if it moves quickly from one zone 

another. 

In environmental economics 

In IFAs, large uncertainties also exist in the underlying models, in particular, those that 

address the costs of reducing emissions as well as the damages that these emissions will 

cause. These uncertainties are also addressed in the IEA literature (Eyckmans 2012). One 

surprising result from this literature is that additional uncertainty does increase the likelihood 

of an agreement (Helm (1998), Na and Shin (1998), Ulph (2004) and Kolstad (2007)). This 

implies that the more we learn about the climate change problem, the less likely we are to 

form agreements. This result hinges on different assumptions that may not all be realistic 

(Finus and Pintassilgo, 2010). The idea is that if the governments are uncertain of the future 

climate change problem, they will attempt to err on the safe side and carry out additional 

reduction in emissions. This has not always been the case; for example, the US did not sign 
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the Kyoto agreement because of the uncertainty of exactly how the emissions will affect the 

climate (Finus and Pintassilgo, 2010). 

Numerical simulations 

In fisheries economics 

In the models described above, it is not always possible to derive the analytical solution 

to the problems. In this case, modelers often resort to numerical simulations, and this is also 

the case in the IFAs literature. This type of modeling also obtains models that more closely 

resemble the realities faced by negotiators, and three types of modeling can be used: open 

loop, feedback, and closed loop (Sumaila 1999). The open-loop solution method uses one 

decision variable that is set in the first period and must remain fixed for the entire simulation 

period. With the closed-loop and feedback rules, the decisions can change in each period in 

response to the changes in the stocks. For the feedback rule, only the current stock level can 

alter the decision variable, but for a closed-loop simulation, all stock levels up to the current 

period can affect the decision variable. The closed-loop and feedback rules are much more 

computationally difficult to implement, and therefore, these methods have not been applied as 

much in simulations (Sumaila 1999). Naturally, the more sophisticated the solution method, 

the better the model if the greater sophistication does not compromise the modeling. Bjørndal 

et al. (2004) and Kronbak and Lindroos (2007) use open-loop modeling. Ellefsen (2013c) 

uses a form of the feedback rule because this work models one catch level if the stock is 

below a certain threshold and a different catch level if the stock is above that threshold. 

Notably few studies use closed-loop simulation methods, but Xiaozi (2012) is an example. 

In environmental economics 
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Following the increases in computer power, large developments occurred in the area of 

numerical simulations in the IEAs literature. These models are generally larger than those of 

similar models in the IFAs due to their global nature and the inclusion of many parties. Finus 

(2008) uses a model known as STACO for the numerical simulation in his paper, but other 

similar models exist (Eyckmans 2012). One general result from these simulation exercises is 

that it is not the number of players that is important for the stability of the agreements but the 

identity of the players. To gain the benefits of cooperation, it is important to recruit players 

with the highest marginal contribution to cooperate in the agreement rather than insisting on 

including all players in the agreement (Bailey et al. 2010). 

Asymmetry 

In fisheries economics 

Players are generally not (ever) symmetric, although they are often assumed so in game 

theory analysis of these issues. The reason for the symmetry assumption is that an analytical 

solution usually cannot be obtained in the case of heterogeneous players. The asymmetry can 

take many forms. First, we examine the case in which differences exist in the size, e.g., 

number of players that have good access to a stock versus players that cannot easily access the 

stock. As noted in the previous section, the most important players to include in an agreement 

are those that matter most for the agreement. This situation can be compared with the result 

stated in Hannesson (2006) and Ellefsen (2013c), that the smaller players have a better 

bargaining position because their incentives for conservation are not as great as the incentives 

for the larger players. 

The other asymmetry considered in this work is that related to the differences in costs. 

This topic is addressed in Pintassilgo et al. (2010), who came to the conclusion that cost 



Chapter 2 Review of international fisheries and environmental agreements 

63 

differences aid stability, but this conclusion is not one generally found in the literature. 

Hannesson (1997) comes to the opposite conclusion, that asymmetry greatly limits the 

number of parties that can partake in a cooperative solution. The differences in the results can 

be summarized in works such as Pintassilgo et al. (2010), which assume that the players with 

the highest costs can allow the players with the low costs to fish for them, and thus the 

heterogeneity increases the likelihood of cooperation. In contrast, Hannesson (1997) finds that 

the low-cost players can fish down the stock such that the high-cost players cannot fish 

profitably, and therefore heterogeneity hurts cooperation (this situation assumes that the unit 

costs of fishing are inversely related to the size of the stock). Therefore, we can state that the 

different results are due to the different setups (Pintassilgo et al. (2010)). In Ellefsen (2013a) 

the asymmetry is in prices and different prices for each party gives more stable agreements 

according to the model in that paper. 

In environmental economics 

In this area, the players are also assumed as symmetric from the start due to the ability 

to obtain analytical results. This assumption was not realistic, and the IEAs subsequently 

introduced asymmetric players. We have discussed the issue of asymmetric players in the 

IEAs literature in the section on numerical simulation. 

Sharing rules or transfers 

In fisheries economics 

Reaching an international fisheries agreement that satisfies all parties can be difficult 

and the issue of transfers (side-payments) has arisen to balance the payments. This issue was 

previously mentioned in the Munro (1979) paper. However, little work has been published in 



Chapter 2 Review of international fisheries and environmental agreements 

64 

this area since then, and there are few examples in which real transfers have been used7. The 

topic that has shown the most progress in the IFAs literature is the question of sharing of 

benefits, which is roughly the same issue. 

When fisheries nations agree to cooperate in sharing a resource, the next challenge is to 

agree on a fair share of the proceeds of cooperation. In the IFAs literature, many different 

sharing rules have been attempted and have been borrowed from cooperative game theory. 

The different sharing rules include the Shapley value (Shapley, 1953), the nucleolus 

(Schmeidler, 1969), and the Nash bargaining solution (Nash, 1950). These sharing rules all 

relate to the characteristic function approach. Therefore, these sharing rules do not consider 

the externalities that are often present in fisheries. Sharing rules related to the partition 

function include the Almost Ideal Sharing Scheme (AISS) (Eyckmans and Finus 2004), the 

satisfactory nucleolus (Kronbak and Lindroos 2007), and the Myerson values (Ellefsen 

2013a). The AISS and the satisfactory nucleolus both consider the threat points of the players 

and find the solution based on those criteria. The Myerson value represents a generalization of 

the Shapley value to the partition functions. These examples are all one-point sharing rules. 

Another approach involves finding the core that contains a possible sharing rule. The core is 

defined as an allocation that cannot be ‘blocked’ by another coalition such that the players can 

and do form a sub-coalition to obtain additional benefits (Myerson 1991). The core can be 

empty, but if it is non-empty, then the core produces a range of possible allocations. 

All of these sharing rules assume that the players know the value of breaking out of a 

coalition, and more unrealistically, that they know the value of each possible coalition. With 

the uncertainties mentioned above, this is hardly a realistic assumption. We will examine the 

practical relevance of these sharing rules in a later section. 

                                                           
7
 The Pacific fur seal trade from 1911 actually used monetary transfers (Ellefsen 2013) 
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In environmental economics 

One important issue in the IEA literature used to strengthen an agreement is that of 

issue linkage because this is one of the few methods that offer an optimistic outlook for 

reaching better agreements (Ioanis, 2000 and Finus 2001). The concept of issue linkage in 

environmental agreements was developed by Folmer et al. (1993). If the players bring more 

than one issue to the negotiation, they are more likely to reach an agreement because the 

alternative can lead to severe damages. Therefore, during negotiation on one agreement, other 

issues are also on the negotiating table. 

This concept can be transferred into the fisheries sector by comparing it with the issue 

of multi-species interaction (Ellefsen et al. (2013b)). Another perspective from which to view 

the issue linkages is to examine the parties that participate in other relationships, e.g., trade 

(Finus, 2001), which would increase the stability of agreements. However, it should be 

mentioned that the World Trade Organization (WTO) does not normally allow for linking of 

issues in their agreements. 

Practical relevance of the theory 

Do all of the points previously discussed from the literature on game theory in fisheries 

and environmental economics assist the negotiators or do they more generally aid 

cooperation? 

In fisheries economics 

Since the seminal papers of Munro (1979) and others, the theory of shared fish 

resources has evolved to a great extent, as we have shown in this paper, but the basic 

conclusions remain the same. If no agreements exist between the parties that share a fish 

stock, this situation will lead to overfishing. One important extension to the original papers 
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was the inclusion of more than two players, which required the new theory of coalitions (e.g., 

Pintassilgo 2003). This coalition theory states that the more players included in the fishing, 

the more difficult sharing becomes because the free-rider incentives become larger; therefore 

reaching an agreement is more difficult with many parties. Additionally, the conclusion is the 

same when the agreements are treated as repeated games (Hannesson 1997). To reach an 

agreement, the parties must agree on a sharing rule (for which there are many possibilities), 

but for the players to accept an agreement, they must gain at least the same benefits as they 

would gain if there were no agreement (e.g., Kronbak and Lindroos 2007). Transfers could be 

used to reach an agreement, and for this topic, additional examination of the concept of issue 

linkage could be fruitful (Ellefsen 2013b). To inject additional reality into the models, the 

literature has also presented numerical simulations and asymmetric players. Hannesson 

(2006). Ellefsen (2013c) found that if the players are asymmetric in size, the smaller player 

generally does not exhibit the same conservation incentives as the larger player and thus must 

be given a relatively larger share of the quota compared with their access to the stock. 

Otherwise, a smaller player does not care for the health of the stock as much as the larger 

player. 

The reality of the negotiators and game theory often differ. For example, to the best of 

our knowledge, no agreement has ever been signed using the complicated sharing rules 

analyzed in this paper, e.g., the Shapley value or the AISS, most likely because most 

agreements in fisheries do not include economic reasoning but only biological reasoning; 

therefore, they do not take incentives into account. In practice, when parties agree to share a 

stock, there are generally two ways this can be accomplished. Either the parties share the 

stock according to a zonal attachment or the shares are allotted according to historical catches. 

Zonal attachment is a method in which the parties determine the time and biomass contained 
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in each zone over a year and share the resource according to that quantity (Hannesson 2006). 

Historical fishing rights refer simply to records of the respective fishing capacity of the parties 

over a historical period, and the shares are divided according to that data. Neither of these 

methods are game theory concepts and do not take into consideration the incentives of the 

players in an agreement, e.g., the smaller player versus the larger player, and this could be one 

reason for the breakdown of agreements. Sharing rules based on the above-mentioned game 

theory concepts likely result in more stable agreements because they address the incentives of 

the players. However, the sharing rules mentioned above demand a large amount of data that 

are not always available due to uncertainties whereas zonal attachment and historical fishing 

are relatively observable, although definition of these concepts can vary among the players 

(Hannesson 2006). 

Are the IFAs of the world subsequently successful? There are certainly good examples 

of sharing of fish stocks in the world, such as the Northeast Arctic cod for which Norway and 

Russia have agreed on the sharing of the quota since the 1970s and the North Sea herring for 

which the EU and Norway have agreed on the sharing of the stock since the 1980s. Until 

recently, the pelagic stocks of the North East Atlantic were also well managed, but these 

stocks have recently experienced a great deal of stress (Ellefsen 2013c). Poor management of 

stocks also occurs, e.g., the Atlantic blue fin tuna, which has experienced substantial 

overfishing most likely due to the many players sharing this resource and also due to the 

location of the tuna in the high seas in the middle of the Atlantic Ocean, with no real owner. 

The success of the IFAs seems to be negatively related to the number of players sharing the 

resource, which is a general result from work such as Hannesson (1997) and Pintassilgo et al. 

(2010). Additionally, asymmetry does not seem to aid cooperation (e.g., pelagic stocks in the 

Northeast Atlantic). The Northeast Arctic cod and North Sea herring certainly fulfill the 
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requirement for success in that only two players are involved8, and the two players can by 

classified as nearly symmetric (Russia vs. Norway and EU vs. Norway). 

We would expect negotiators to behave according to game theory even though they do 

not know game theory, much as we would expect the players to optimize their own utilities, 

although we often observe that negotiators do not focus on economic issues and only seek to 

maximize the catch instead of the profits (Hannesson 2012). If negotiators were more aware 

of game theory, we would expect better agreements because the incentives for all players 

would therefore be satisfied. Using game theory, we identified one area that should be 

developed further, and that is the issue of transfers and issue linkages. These issues are 

facilitators that could aid negotiators in making an agreement. 

In environmental economics 

The significant results from Barrett (1994) and others have not yet been refuted in the 

IEAs literature, although there have been many attempts (Eyckmans 2012). Whether the game 

is set up as a dynamic game or with heterogeneous players, the conclusions are still the same: 

the free-rider incentives are sufficiently high such that cooperation is difficult to achieve. 

Even with these challenges, over 100 IEAs were in place in 1994 (Barrett 1994). However, 

common to these agreements is that the difference between the non-cooperation outcome and 

the cooperation outcome is small, according to Barrett. One example is the Montreal protocol 

on substances that deplete the ozone layer, which did not provide the parties with much more 

than if the parties have employed the restriction on these substances unilaterally, without an 

agreement (Barrett 1994). The lack of success in the restrictions on CO2 emissions (i.e., 

Kyoto) is due to the large free-rider incentives even though large benefits exist for the parties 

                                                           
8
 Exeption to this rule are found in the Pacific where 14 Pacific Island Nations successfully share tuna, but are all 

these parties de facto just two coalition (Munro 2007).  
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(compared with that of non-cooperation) that can be obtained if the parties agree (Finus 

2008). 

The pessimistic view is that the literature on game theory in the IEAs has not helped the 

negotiators to reach agreements, apart from understanding why it is so difficult to reach 

agreements. However, one area in which the literature has provided insight is via numerical 

simulations that have successfully assisted the negotiators in figuring out how to make 

agreements (Finus, 2008). In this area, the individual parties are modeled such that the players 

involved can reach better agreements using transfers. 

Another substantial issue with practical relevance not covered in this paper is what is 

known in the environmental literature as ‘carbon leakage’ (Ioannidis et al. 2000). This term 

describes the situation in which certain countries go to other (poorer) countries to produce 

their goods, thereby restricting their own emissions but not the global emissions. This practice 

undermines any partial agreement. A prime example of this effect is the Kyoto agreement, 

which only puts restrictions on the developed countries and not the developing countries. 

Perhaps the parallel to this situation in fisheries economics is changing migration patterns, 

when the fish travel in different patterns than in the past. When situations change, both types 

of shocks to the system are difficult to address under the agreements. The stability over time 

is a crucial issue in the IFAs, which can be observed in the pelagic fish stocks of the North 

East Atlantic Ocean (Ellefsen, 2013a, b, c). 

Conclusions 

This paper has compared two similar issues: international environmental agreements 

(IEAs) and international fisheries agreements (IFAs). 
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First, we compared the basic models in the IFAs and IEAs. In this comparison, we 

found that the problems are rather similar in these two areas. In the theory of the IFAs, the 

parties attempt to optimize profits for a situation in which the revenue depends on each 

player’s own effort as well as the effort of the other parties. In the basic theory of the IEAs, 

the problem is that the players wish to minimize their individual abatement, and the damage 

to one party depends on both one’s own emissions and that of the other parties9. The basic 

model in the IFAs has developed the underlying biological model to a further extent than the 

respective underlying model in the IEAs literature, and this is an area in which the IEAs 

literature could learn from the IFAs literature. 

Second, we considered the literature on coalitions. In the literature on this topic, we 

found that coalitions were not considered in the IFAs at the beginning but were later 

developed together with the literature on coalitions in the IEAs. In particular, the notion of the 

partition function that addresses the externalities often present in fisheries was applied both in 

the IFAs and the IEAs. To further develop the coalition approach in the IFAs literature, 

researchers should examine the issues of the farsightedness approach and the cooperative 

approach taken from the IEAs literature. 

Next, we investigated the theory of repeated and dynamic games. In this area, the 

literature in the IEAs is more advanced than that of the IFAs. In particular, in the area of 

dynamic games of coalition formation, there has been almost no progress in the literature of 

IFAs whereas much development has occurred in the IEAs literature. In principle, the 

questions are so similar that the theories in the IEAs could be transferred into the IFAs. In the 

area of repeated games, limited progress has been made in the IFAs area, but there is room for 

                                                           
9
 We could argue that in the IFAs literature, the damages in the long run are experienced by the fishermen 

themselves whereas the damages in the IEAs literature are not felt on an individual level but on the society 
level, which does produce different incentives. This difference is ignored in these models because the players 
are countries and not firms or individuals.  
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improvement. However, according to Eyckmans (2012), we do not expect much in terms of 

new results even if the IFAs literature embrace the dynamic modeling of coalition formation 

because the free rider incentives are still rather strong for a dynamic game. 

Subsequently, we considered the topics of uncertainties, asymmetries, and numerical 

simulations. For these topics, there are fewer similarities in the respective development of the 

IEAs literature and the IFAs literature. 

Finally, we considered the issues of transfers and sharing. The questions are a bit 

different in each of the literatures. In the IFAs literature, the task involves a shared quota 

whereas in the IEAs literature, the task involves agreement on abatement levels for all parties. 

One area in which similarities exist is that of issue linkage; the IEAs literature has 

substantially advanced in this area, and the IFAs literature could be developed further. 

To summarize, we conclude that the literature on the IEAs appears to be more 

substantially developed, and this observation is most likely due to the larger interest in this 

area than in the IFAs area. Additionally, the IFAs literature could be further developed if the 

researchers in the IFAs area were incrementally inspired by the IEAs literature. 
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Abstract
10

 

 This paper investigates the stability of agreements for sharing fish stocks among coastal 

states when migrations patterns change -- a heretofore largely unexplored topic. The case 

investigated is the agreement on sharing the mackerel stock (Scomber scombrus) in the 

northeast Atlantic Ocean. Since 2000, this stock has been shared by three coastal states. 

However, in 2007, the fish changed its migration pattern, entering the waters of a fourth state. 

This led to the collapse of the previous agreement in 2010, causing severe overfishing. The 

game of the new entrant is modeled using the partition function approach with strictly convex 

cost functions. The results indicate that the stability decreases with the new entrant but 

increases when the prices are heterogeneous. In addition, the larger players need to pay the 

most relatively to get the new entrant into the game. 

 

Keywords: Northeast Atlantic mackerel, Cooperative games, Non-cooperative games, 

Partition function, Stability, Climate change. 
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Introduction 

 Conservation and management agreements on transboundary fish stocks have typically 

fixed sharing rules for the coastal states in whose exclusive economic zones (EEZ) they are 

exploited by fisheries. However, for transboundary stocks with a spatial distribution that is 

susceptible to changes, these agreements may prove untenable if a stock responds to change 

by redistributing itself from a less favorable to a more favorable environment. Under such 

circumstances, the availability of the stock to existing fisheries may be jeopardized, while 

opportunities may arise for new fisheries. Such is the case for mackerel in the northeast 

Atlantic, where fisheries have occurred in the EEZs of the European Union (EU),11 Norway, 

and the Faroe Islands under a 2000 agreement to share the annual mackerel catch quota. Since 

then, changes in the ocean have affected the migration pattern of mackerel. Iceland now 

harvests the mackerel in its EEZ without being a party to the 2000 agreement on quota 

sharing. This situation can be likened to Kaitala and Munro’s (1997) ‘new member problem’, 

in which a new country begins fishing on the high seas the stock that others have been 

cooperatively conserving. Kaitala and Munro (1997) propose that the best solution would be 

for new entrants to buy quota from the ‘charter’ members of the agreement, but this is an 

unlikely option because Icelanders would be reluctant to pay for quota they can get for free. In 

this interest, we develop a game theoretic bioeconomic fishery model to investigate the 

possibility of a new mackerel sharing agreement that includes Iceland and to consider the 

stability of this agreement.  

 The introduction of game theory to fishery economics originated with Munro (1979). 

Since then, there have been major developments in the theory and application of this method 

                                                           
11

 The main countries of the EU that are fishing mackerel are Scotland, Ireland, Spain, Denmark, and the 
Netherlands. For the rest of this paper, these are considered to be one party: the EU. 
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in fisheries (Bailey et al. 2010). A major extension to this theory was the introduction of 

Pintassilgo’s partition function approach (Pintassilgo 2003) to account for the externalities 

common to fisheries, which are not considered by the original, characteristic function 

approach (Bailey et al. 2010). In other studies using the partition function approach, Lindroos 

(2008) assumes players are symmetric and have symmetric costs, Pintassilgo et al. (2010) 

assume asymmetric costs. However, both of these studies employ a linear cost function, 

which implies that, optimally, only the most efficient player fishes, which is not realistic. In 

this paper, we make a further contribution by assuming that players have asymmetric and 

strictly convex costs. This assumption enables all players to fish in an optimal solution. 

 Changes in migration patterns that lead a stock into a new EEZ have previously been 

addressed in the literature on game theory fishery economics by Ekerhovd (2010), who 

considers a hypothetical situation in which Blue Whiting is migrating for the first time into 

Russian waters. Ekerhovd uses a partition function approach to conclude that the blue whiting 

agreement will be more stable after the fish has moved into Russian waters following a 

transition period. This is because today Russia is not a coastal state in this agreement and 

therefore not likely to abide by the rules of the current agreement. 

 The mackerel fishery is the most valuable pelagic fishery in the Northeast Atlantic 

Ocean (Nielsen et al. 2010). The second most valuable pelagic fishery in this area is the 

Norwegian spring spawning (NSS) herring fishery. Although quite a few articles have 

examined this fishery (e.g., Arnason, et al. (2000) and Lindroos (2004a)), few fishery 

economics studies have examined the mackerel fishery. Kennedy (2003) studied the mackerel 

fishery but examined the situation prior to the agreement on the sharing of the resource using 

a coalition-proof Nash equilibrium approach. 
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The method for setting cost parameters that is used in this paper is innovative. The cost 

parameters are calculated for the game under the agreement introduced in 2000 and those 

parameters are used to explain the fishery both before and after the shift in migration. In this 

sense, the model is calculated backwards: We examine the agreement and calculate what 

game had to be played to achieve that outcome. However, this method is not without 

complications because it assumes that the agreement was optimal for the players in the years 

of the agreement. Furthermore, this method assumes that the migration pattern change did not 

affect the cost parameters, and it does not tell us about/explain the cost function of the new 

members. 

 In the next section, we present a historical context for the analysis, followed by the 

development of the model. We then calibrate the model and apply it to the case of the 

northeast Atlantic mackerel fishery, and discuss the results from the analysis in terms of 

expanding from a three-player game to a four-player game, and look at solutions to the games. 

We close with some conclusions. 

Background 

  In 1995, the United Nations established an agreement to supplement and strengthen the 

United Nations Convention on the Law of the Sea, called the ‘Fish stocks agreement’ 

(UNFSA) (Bjørndal and Munro 2003). This agreement created regional fisheries management 

organizations (RFMO) in which the relevant coastal states could participate and have fishery 

management authority over the high seas in their area. The NEAFC (Northeast Atlantic 

Fisheries Commission) is an RFMO that manages the Northeastern Atlantic Ocean and 

includes the EU, Norway, Iceland, Russia, the Faroe Islands and Greenland (the latter two 

formally represented by Denmark). The NEAFC regulates fishing on mackerel, blue whiting 
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(Micromesistius poutassou), (NSS) herring (Clupea harengus), and redfish (Sebastes 

mentella), which are all coastal state straddling stocks. In the northeast Atlantic, there are also 

international waters where fisheries for these species are regulated solely by NEAFC.  

 Even though RFMOs have been successful in resolving many of the problems 

associated with shared fish stocks, some issues remain. Such problems for example involve 

stability in the stock sharing agreements between the coastal states, particularly in light of 

climate change and its effect on the migration pattern of fish stocks (Miller and Munro 2004). 

This was previously experienced in the NEAFC area and will likely become a problem in the 

future given the ramifications of global climate change. 

 The northeast mackerel fishery began in the 1960s and has been relatively stable 

throughout the years. Its average harvest has been about 750,000 mt annually: never more 

than 1,000,000 mt and rarely below 500,000 mt. Under the NEAFC agreement for mackerel, 

the EU, Norway and the Faroe Islands decided in 2000 to share the annual catch quota set by 

scientists from ICES (International Council for the Exploration of the Sea (ICES 2008)). 

Approximately 8% of the quota was allocated to the international waters of the NEAFC area. 

Of the rest, 60% went to the EU, 35% went to Norway, and 5% went to the Faroe Islands. Of 

the share to international waters, Russia was allocated half, and the remainder was divided 

between the other members of NEAFC, including Iceland12. In addition to the multilateral 

coastal states agreement, the parties also entered into bilateral agreements with each other for 

access to the optimal fishing areas. Bilateral agreements were also negotiated with Russia, and 

in 2007, Russia was allocated 9% of the total quota, even though it is not a coastal state. 

 Previously, the annual migration pattern of mackerel began in the spring when it left its 

spawning ground west of Ireland. The mackerel traveled northward and was in Faroese waters 
                                                           
12

 Thus, Iceland is not a new entrant in the RFMO but Iceland had only a quota of 0.2 % of the total TAC in the 
mackerel agreement from 2000. And was not recognized as a coastal state in the agreement. 
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in the summer. In the winter, the mackerel entered Norwegian/EU waters on its way back to 

the spawning grounds. This has changed since 2007/08, and the mackerel has entered 

Icelandic waters as well as Faroese waters in the summer (see figure 1). This change made it 

possible for Icelanders to fish approximately 20% of the yearly recommended quota in their 

own EEZ. 

 

Figure 1. Change in the migration pattern of the mackerel stock (schematic figure). Source: 

Jan Arge Jacobsen, The Faroe Marine Research Institute 

-2006 

2007-09 

2010 
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  For the mackerel agreement, there were three intervals. During 2000-2006, only the EU, 

Norway and the Faroese fished mackerel as coastal states. From 2007-2009, the EU, Norway 

and the Faroese continued fishing mackerel cooperatively, while Iceland fished as a non-

participant in the 2000 quota-sharing agreement. In 2010, Iceland was invited into the 

negotiations as a coastal state. However, there was no consensus on a quota share for Iceland, 

and the Faroe Islands broke out of the agreement and only EU and Norway negotiated a 

bilateral agreement. A contributing factor to this breakdown was a claim by the Faroese to a 

larger share of the quota based upon the change in the mackerel’s migration pattern that 

resulted in more mackerel in the Faroe Islands’ EEZ. In 2010, the Faroe Islands caught three 

times their previous quota, and in 2011, they doubled this amount. The total harvest in 2010 

was 930,000 mt, the highest it has been for many years. The recommended quota from ICES 

was only 572,000 mt (ICES 2010). The total catch is estimated to be 996,000 mt in 2011 

(estimated from various sources). Figure 2 shows the actual fishery and the recommended 

fishery for the years 2000-2011.  
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Figure 2. The mackerel fishery: the actual and recommended catch. The recommended 

fishery is from the scientists at ICES (the maximum that the ICES recommends). Source: 

ICES (2008), ICES (2010). 

 We see that the actual fishery has been higher for almost the entire period. The average 

overfishing during 2000-2006 was 15%. The overfishing increased when Iceland began 

fishing in 2007-2008, and 2010 and 2011 saw overfishing of more than 50% for both years. 

An important consideration is that the commercial value of mackerel changes during the 

year. In the summer when it is in Icelandic/Faroese waters, mackerel is worth only half of 

what it is worth later in the year because it is fished partly for industrial use in the summer. 

The price in later years has been approximately 1 €/kg in the winter (Nielsen et al. 2010) and, 

thus, ½ €/kg in the summer. 
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The Bioeconomic model 

 The bioeconomic model used here is the standard Gordon and Schaefer (GS) model 

(Gordon, 1954) that has been used extensively to analyze issues concerning the biology and 

economics of commercial fishing (Pintassilgo et al. 2010). The GS model describes the 

relationship between the fish stock and the individual players in the fishery. The fish stock is 

common to the players, but the players generate different levels of fishing effort and, 

therefore, different individual harvests. These three equations describe the model: 

 ���� = ���� −
��
��  (1) 

 ���� = ���1 − �@� (2) 

 � = ���. (3) 

Here, i is a generic country of n countries, t is time, R is the growth rate of the stock, k is 

the carrying capacity of the stock, H is harvest, q the catchability coefficient and E is the 

fishing effort. Equation (1) states that the growth in the stock X depends on the natural growth 

in the stock minus the harvest. Equation (2) is the classical logistic growth function of the 

stock, which has an inverted U shape, where the maximum sustainable yield (MSY) occurs 

when the stock level is k/2. Finally, equation (3) states that the harvest depends on the fishing 

effort and the stock multiplied by the catchability coefficient. Effort is a measure of fishing 

activity: how many days each country spends fishing or how many fishing vessels a country 

has. The steady state equilibrium is given by dX/dt=0. If (2) and (3) are substituted into (1), 

then 
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 �∗ = @ A1 − ���B�� C, (4) 

where X* is the steady state level of the stock. 

Profit is defined as revenue minus costs: 

 � = �� − ��. (5) 

This paper differs from most other studies in this area in its examination of the case where 

costs are convex in terms of fishing effort. To make the calculations analytically tractable, 

these costs are made quadratic: 

 ����� = E ∗ �F. (6) 

In this case, the effort can be interpreted as the capacity or the number of vessels. The higher 

the c, the smaller the number of vessels. The introduction of quadratic cost captures the cost 

of increasing the fleet or capacity, and it captures the size difference in capacity between 

coastal states. Later, we shall see how to interpret this in our case study. 

 Using (3) and (4), we can see that the individual revenue can be written as 

 ����� = G��@ A1 − ���B�� C	. (7) 

As we can see, the revenue depends on both the individual effort and the total effort. 

The game theory model 

Because this is a situation of strategic interaction and the players make agreements on their 

fishing, we must use cooperative game theory to model this situation. In this model, coastal 

states are players in the game. We call a subset of players coalitions and the subset of all 

players the grand coalition. If only one player is in the coalition, it is called a singleton. The 

coalitions and the characteristic function are defined formally (Pintassilgo 2003) as: 
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Definition 1 

 N={1,2,…,n} is the set of players, any subsets of N are coalitions and 2N is the 

collection of its 2N coalitions. A characteristic function v: 2N ⟶R assigns value v(S) to each 

coalition S and satisfies v(Ø)=0. 

 As stated, we use the partition function approach, which is more general than the 

characteristic function approach because the partition function can examine externalities as 

well. We first define a partition as a set of coalitions containing all players and then define the 

partition function. 

Definition 2 

 A coalition structure P = {S1, S2, … , Sm} is a partition of the set of players N if Si ∩ Sj = 

Ø for i≠j and ⋃ JK�� i=N. Let Ω be the set of all partitions of N. A game in partition function 

form specifies a coalition value v(S, P) for every partition P in Ω and every coalition S that are 

elements of P. 

 The value function vi(S, P) also assigns value to each member i of the coalitions in the 

partition. 

Cooperative case 

 We solve for the cooperative case in which players seek the joint optimum. This gives 

the following unconstrained maximization problem: 

 max��,…,�! � =
�� −
�� , (8) 

where the decision variable is the effort level for each individual country taken together.  
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 If we use the definitions of TR and TC above, the maximization problem can be written 

as 

 max���,…,�! = 	G���B�@ A1 − ���B�� C − E���F−. . . −E���F		. (9) 

The first-order conditions give the following n solutions to this problem: 

 � = G�@�� − 2�∑ �$�$M �2G�F@ + 2E� . (10) 

These effort levels are then substituted back into the profit function (5) to give the payoff to 

each player. 

Non-cooperative case 

Now, consider the case in which the players are competing (non-cooperative case) so that 

they each maximize their profit. We have the following maximization problems: 

 max�� πO = G��@ A1 − ���B�� C − E�F. (11) 

First-order conditions give these n effort levels: 

 � = G�@�� − � ∑ �$��$M2G�F@ + 2E� 		. (12) 

We see that the total effort is higher in the non-cooperative case than in the cooperative case. 

We again put these effort levels into the profit function (11) to get the individual profits. 

Partial cooperation 

 Now, we will look at the case in which some players form a coalition and the others are 

singletons. Let m<n be the numbers of players in the coalition S and i be one of the n-m 

singleton players outside the coalition: 
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 max��,…,�P � = G����+. . . +�K�@ A1 − ���B�� C − E���F−. . . −EK�KF  (13) 

 max�� � = G��@ A1 − ���B�� C − E�F		. (14) 

First-order conditions give the following effort levels. First, for the coalition member s in S 

 �Q = G�@�� − �∑ �∉R − 2� ∑ �$$MQ∈R �2G�F@ + 2EQ� 		, (15) 

and for the singletons not in S 

 � = G�@�� − � ∑ �$��$M2G�F@ + 2E� 		. (16) 

 Similar results can be obtained if coalitions play against each other. We see that these 

effort levels are between the cooperative and the non-cooperative case. We also see that the 

cooperative and non-cooperative are special cases of (15) and (16), where S contains either all 

the players or none of them. 

Application to the Mackerel Fishery 

Now, the model is applied to the mackerel fishery. First, we look at the agreement that was 

made in 2000. The game theory model for this agreement will have three players: the EU, 

Norway and the Faroe Islands {EU, NO, FO}. Even though Russia is a significant player in 

the fishing of mackerel, it is ignored in this model because it is not a coastal state. The high 

seas area is also ignored in the model because this area is not an independent decision maker 

in the game. 

The model is calibrated from the sharing rule made by the parties, and the cost functions 

are derived that would give that result. Later, a fourth player, Iceland, is added to the game. 

The derived cost functions are also used to analyze the four-player game, but we do not know 
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Iceland’s cost function, so it must be estimated. Finally, we consider what would happen if 

prices were different for some players. To simplify the calculations, we set all parameters that 

are common to all players to 1 so that p=q=k=R=1 and let only the cost parameter and, later, 

the price parameter vary. The parameters that are set to 1 could be estimated from various 

sources, but the qualitative result from this model would not be affected (see the sensitivity 

analysis). The cost parameters are not easily estimated because the mackerel fishery, in many 

cases, are part of a mixed fishery of other pelagic fisheries. Therefore, in this paper, we 

estimate the cost parameters from the agreement that was made between the coastal states. 

Future research could determine if this estimation is empirically founded. 

Given these levels of the parameters, the individual effort levels are given in the 

cooperative three-player case by 

 ��S = �1 − 2��&T + �UT��2�1 + E�S� , 
	�&T = V1 − 2���S + �UT�W2�1 + E&T� , 
	�UT = �1 − 2���S + �&T��2�1 + EUT� . 

(17) 

Below, we solve these equations for the effort levels. 

The cost parameters 

To extract the parameters of the cost functions, the actual cooperative agreement is 

examined and it is assumed that the cooperative agreement maximizes joint profits. Using this 

approach, we can back out the relative cost shares resulting in joint profit maximum given the 

sharing rule. 

The equations in (17) are solved for individual effort levels in the cost parameters: 
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 ��S = E&TEUT2�E�SE&TEUT + E�SE&T + E�SEUT+E&TEUT� (18) 

 �&T = E�SEUT2�E�SE&TEUT + E�SE&T + E�SEUT+E&TEUT� (19) 

 �UT = E�SE&T2�E�SE&TEUT + E�SE&T + E�SEUT+E&TEUT�		. (20) 

 Because it was not the effort but the harvest that was distributed in the agreement, we 

use (3) and (4) to determine the harvest for each party: 

 � = ��1 − ��B��	, (21) 

and the total harvest is 

 ��B� = ��B��1 − ��B��. (22) 

Thus, we get the individual players’ harvests in a 60/35/5 distribution: 

 ��S��B� = E&TEUTE&TEUT + E�SEUT + E&TE�S = 0.6 (23) 

 �&T��B� = E�SEUTE&TEUT + E�SEUT + E&TE�S = 0.35 
(24) 

 �UT��B� = E�SE&TE&TEUT + E�SEUT + E&TE�S = 0.05	, (25) 

which is solved for the cost parameters (assuming the ci>0): 

 E�S = E, E&T = E ∗ 127 , EUT = E ∗ 12	. (26) 

 These are the cost parameters that follow from the 60/35/5 sharing agreement. This can 

again be put into equations (18) - (20) to get the effort levels. For different values of c, these 

effort levels are then inserted into the profit function: 
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 � =	��1 − ��B�� − E�F. (27) 

 Figure 3 illustrates the model in an effort – cost/revenue graph with c=½. 

 

Figure 3. The GS model in the cooperative case. Cost/revenue numbers are multiplied by 

1000. 

Above, we found the effort levels where profits maximize, this is where marginal 

revenue equals marginal costs, and this happens with the same slope for all players. This point 

is called the Maximum Economic Yield (MEY) (it is shown in the graph). We see that the 

carrying capacity k is 1 and is shared between the coastal states in a 60/35/5 relationship, with 

MSY at k/2 for each state. The quadratic cost function can be seen as a sharp rising curve, 

especially in the case of the Faroes. This illustrates the costs of extra vessels in the case of an 

increase in effort. One could question whether the quadratic functional form for the cost 

would be supported by real world data, but it is more realistic than the linear form because in 

the quadratic form, all states must fish to get the optimum profits, as in the mackerel case. 
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Further research could determine whether the cost function should have a linear and/or a 

constant term as well. 

 For the non-cooperative cases, in which players play competitively, we substitute the 

cost parameters estimated for the cooperative case into the competitive cases. These results 

are inserted into the profit function (27), and the resulting payoffs for a fixed c in all cases are 

shown in table 1. For now, we set c=½, which gives the results for the cases reported in table 

1. Later, we will vary c, which does not change the results qualitatively (all numbers in table 1 

have been multiplied by 1,000 for visualizing purposes). 

Table 1.The payoffs for the three-player game. 

Coalition Payoffs EU Payoffs NO Payoffs FO Total 

{EU},{NO},{FO} 99.1 66.6 10.9 176.6 

{EU,NO},{FO} 109.3 63.8 14.5 187.6 

{EU,FO},{NO} 102.3 70.7 8.5 181.5 

{NO,FO},{EU} 103.9 67.9 9.7 181.4 

{EU,NO,FO} 115.4 67.3 9.6 192.3 

 

As one would expect from this ‘Tragedy of the Commons’ (Hardin, 1968) problem, we 

find that cooperation is good for the total payoff of the fishery. For the large player in the 

game (EU), there is no profit gained from not cooperating. The middle player, however, can 

get more by breaking out, but if the agreement consequently breaks down, the middle player 

would ultimately get less. Finally, it is never good for the small player (FO) to be part of an 

agreement; the small player gets most by playing as a singleton, and if the agreement breaks 

down, it still gets more than it would in an agreement. 

MEYi 
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But is this game stable? In reality it was. Eykmans and Finus (2004) suggested a rule to 

determine whether a cooperative agreement can be considered ’potentially internally stable’. 

Formally, they defined this as: 

Definition 3: The partition P is potentially internally stable if: 

 
 \�J, ]�∊R ≥
 \�J\{6}, ]�.∊R  (28) 

Where Pi is a partition where i is a singleton. 

This definition states that if the sum of the free-rider payoffs is smaller than the sum of the 

cooperative payoffs, then the agreement is stable. If this is the case, the players do not have an 

incentive to break out of the agreement (the grand coalition) and become singletons. Of 

course, the players cannot all break out alone at the same time, but this is a condition for 

stability, as the players each would want their free-rider payoffs as minimum in an agreement. 

For the game in table 1, we see that the free-rider payoffs are 103.9 + 70.7 + 14.5 = 189.1 < 

192.313, so this game is stable. Thus, the players can find a reasonable allocation with side 

payments that would satisfy all players. These side payments could be monetary, but we have 

not seen that form of payment used in these agreements. Other forms of side payments are 

access agreements and agreements on other species. The players could also get more than 

their fair share of the proceeds to make the agreement stable. 

 The results from the smaller player versus the larger player situation contradict Arnason 

et al.’s (2000) findings when they examined the NSS herring fishery. In that case, Norway 

was the large player, with over 60% of the total fishery. Arnason et al.’s analysis used a cost 

parameter that depended on the location of the stock, and therefore, they found that the large 

                                                           
13

 It is the coalition structure that is stable or not. In this paper we will mostly look at if the grand coalition is 
potentially internally stable, but each sub-coalition can be considered stable or not by similar calculations. 
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player would not cooperate unless it receives side payments. Hannesson’s (2006) finding was 

similar to those in this paper; he concludes that in a two-player model, a minor player should 

get more than its ‘zonal attachment’ would warrant because this player has a lesser interest in 

conserving the stock than the major player has. 

 Finally, we can compare our results to those of Pintassilgo et al. (2010), who found, 

‘The higher the cost asymmetry among fishing states, the higher the relative success of 

RFMOs.’ This partially follows from the linearity assumption on the cost because only the 

low-cost player can fish; therefore, it is more favorable for a high-cost player to join a 

coalition. The finding in this paper is not as definite, but we see from table 1 that the smaller 

player has no incentive to cooperate, whereas the larger player has every incentive to 

cooperate. If they were more equal in size, we would end up with the middle case for all, and 

no player would break out if doing so would break down the entire agreement. Our differing 

outcomes are due to fact that we use quadratic costs instead of linear costs. 

Four-player game 

 Now the fourth player, Iceland, is introduced. The cost function for Iceland is not 

known, and we cannot treat this the same way as the three-player case because we have no 

presumptions about a four-player sharing rule in a cooperative game. Therefore, Iceland’s 

cost function must be estimated. The same cost functions as in the three-player case are used 

for the original players because the capacity is the same before and after the change and the 

cost of fishing depends only on the stock and the effort. The cost of travel to the fishing 

grounds for the vessels is modeled to be negligible. 

 For 2010, the quota set by Iceland was larger than that of the Faroe Islands in a non-

cooperative setting, and in 2011, it was a bit smaller. It is therefore assumed that the marginal 
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costs for the Faroe Islands were 12 times the costs for the EU. As a first approximation, we 

set Iceland’s cost parameter at 10 times that of the EU. This cost parameter would result in 

respective quota shares of 56.6%, 33.0%, 4.7%, and 5.7%, for the four-player case the EU, 

NO, FO, and IS (Iceland). Under this assumption, the total cost function for Iceland looks like 

 ��cR = 10 ∗ E ∗ �cRF 		. (29) 

We again set all the other parameters to 1 (i.e., p=q=k=R=1), and the effort levels in the 4-

player game look almost like they did previously, with Iceland added. 

 The four-player game has 15 different partitions, of which only two have played out in 

reality. The first occasion was when the EU, NO and FO were in cooperation from 2007-2009 

(i.e., the partition {EU, NO, FO}, {IS}). The second occasion was in 2010 and 2011, when 

the EU and Norway were in cooperation and FO and IS were singletons (i.e., the partition 

{EU, NO}, {FO}, {IS}). 

 We then perform the same calculation as with four players to calculate effort by using 

the cost parameters above. These numbers were again entered into the profit function (27) 

above. Table 2 reports these findings (again for c=½). 
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Table 2: The four-player game. Italics refer to partitions that have been played in reality. All 

above the line is with IS not being part of the possible coalitions (except the grand coalition): 

Coalition Payoffs 
EU 

Payoffs NO Payoffs FO Payoffs IS Total 

{EU},{NO},{FO},{IS} 90.4 60.8 10.0 12.0 173.2 

{EU,NO},{FO},{IS} 98.4 57.4 13.1 15.6 184.6 

{EU,NO,FO},{IS} 103.5 60.4 8.6 16.8 189.3 

{EU,FO},{NO},{IS} 93.1 64.3 7.8 12.7 177.9 

{NO,FO},{EU},{IS} 94.6 61.8 8.8 12.5 177.8 

{EU,IS},{NO},{FO} 93.6 65.0 10.7 9.4 178.6 

{NO,IS},{EU},{FO} 95.4 62.0 10.5 10.6 178.5 

{FO,IS},{EU},{NO} 91.6 61.6 9.9 11.9 175.0 

{EU,NO},{FO,IS} 99.9 58.3 13.0 15.6 186.8 

{EU,FO},{NO,IS} 98.3 65.7 8.2 11.3 183.5 

{EU,IS},{NO,FO} 98.0 66.2 9.5 9.8 183.5 

{EU,NO,IS},{FO} 104.4 60.9 14.3 10.4 190.0 

{EU,FO,IS},{NO} 96.8 69.1 8.1 9.7 183.6 

{NO,FO,IS},{EU} 100.3 63.3 9.0 10.9 183.5 

{EU,NO,FO,IS} 110.3 64.3 9.2 11.0 194.9 

 

Compared to the three-player case (table 1), the payoffs are greater for the four-player 

cooperative game (table 2) even though we have added a less efficient player with higher 

average costs. This can be explained by the convexity of the costs and the fact that this new 
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player has lower marginal costs and can therefore fish more cheaply at low effort levels than 

can the other players. Thus, the payoffs are larger. 

 Iceland, like the Faroe Islands, can do better by not cooperating. Comparing the results 

from the three-player game (table 1) with those from the four-player game (table 2), we see 

that the payoffs are less for all original players in all cases when Iceland joins the sharing 

agreement. This is because now the profits must be shared with another player. Even though 

the total profit increases in the cooperative case, this increase is not enough to offset the losses 

experienced by the original players. The payoff for Iceland is highest if it is alone outside the 

coalition, and the payoff decreases when the Faroe Islands leaves the sharing agreement. For 

the Faroe Islands, it makes sense to leave the coalition of {EU, NO, FO}, as they did in 2010. 

For Norway and the EU, it does not make sense to change to the non-cooperative solution 

because the sum of their payoffs is lower in that solution. 

  We calculate the stability of this game by examining the free-rider values. We see that 

the grand coalition is not stand-alone stable. The free-rider values are 100.3 + 69.1 + 14.3 + 

16.8 = 200.4 > 194.9. However, the coalition structure where Iceland is a singleton is a stable 

coalition, so that was not the reason it broke down (more on this later). Also is, as we saw 

above, the partition {EU, NO}, {FO}, {IS} stable. We see that as more players join the game, 

i.e. we go from a three player game to a four player game, the likelihood of stability goes 

down. This finding corresponds to the general results from Pintassilgo et al. (2010). Our 

results also concur with Pintassilgo et al. in that the gains from cooperation (the difference 

between non-cooperative payoffs and cooperative payoffs) increase as the number of players 

increases. 
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Three-player game with heterogeneous prices 

  The price of mackerel is much higher during the winter, when it occupies Norwegian 

and EU waters, than in the summer, when it occupies Faroese (Icelandic) waters. We now 

consider what happens when we change the price of mackerel for the Faroe Islands when they 

are not in cooperation and they have no bilateral agreements with the other parties. 

 Under these circumstances, we model the cooperative game as before, and assume that 

the players engage in bilateral agreements for access to foreign fishing grounds. For the non-

cooperative game, we use equation (16) and set p=q=k=R=1. We then give p a value of 

either 1 or ½ for the Faroes, depending on whether they are part of the agreement (this is in 

line with data for the Faroe Islands in 2010). The non-cooperative case for the Faroes 

becomes 

 �UT = ½−½���S + �&T�1 + 2EUT 		. (30) 

We use a similar model for the case where the Faroes are the singleton. The calculations 

above are repeated, which yields the results shown in table 3. 

Table 3 The three-player game with heterogeneous prices. 

Coalition Payoffs EU Payoffs NO Payoffs FO Total 

{EU},{NO},{FO} 103.0 69.2 8.3 180.5 

{EU,NO},{FO} 114.3 66.7 11.1 192.0 

{EU,FO},{NO} 102.3 70.7 8.5 181.5 

{NO,FO},{EU} 103.9 67.9 9.7 181.4 

{EU,NO,FO} 115.4 67.3 9.6 192.3 
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Under these circumstances, the Faroes and the EU have incentives to cooperate, but Norway 

has no interest in cooperating because they could gain by leaving the cooperation altogether. 

It is apparent that the game is stand-alone stable, and we can find an allocation that is stable 

with side payments. 

Four-player game with heterogeneous prices 

 We now examine the more interesting case of four players. The case for Iceland alone 

outside the sharing agreement is expressed as 

 �cR = �½−½���S + �&T + �UT��1 + 2EcR 	, (31) 

and when both IS and FO are outside, we have (31) and 

 �UT = �½−½���S + �&T + �UT��1 + 2EUT 	. (32) 

  Table 4 reports the results when we enter the formulas from (31) and (32) into the 

profit function (27). 

 These results are a bit different from those in table 2. We see that the Faroe Islands and 

Iceland still gain from breaking out, but if the agreement broke down altogether, they would 

lose compared to the cooperative solution. As we saw above in the three-player game, 

Norway could do even better if the agreement broke down altogether. This four-player game 

is stand-alone stable because the free-rider values for the grand coalition are calculated as 

100.3 + 69.1 + 10.9 + 13.0 = 193.2 < 194.9, so the heterogeneous prices contribute to the 

stability of the game. For the two partitions that were played out in reality the conclusions are 

still the same, that these are stable. However, the partition {EU, NO, FO}, {IS} it is only just 

stable, and this could explain why it broke down to the partition {EU, NO}, {FO}, {IS}. 
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 From table 4 we also see that the EU and NO are crucial to the cooperation (cf. Arnason 

et. al. 2000). Both the partitions where {EU} and {NO} are singletons are not stable, i.e. the 

free rider values of the three others are larger than the value of the coalition where they are in 

coalition. {FO} and {IS} are not crucial to cooperation. {EU} and {NO} are called veto-

players (Lindroos 2004b) as these are part of all stable coalitions. 

Table 4. The four-player game with heterogeneous prices. Italics refer to partitions that have 

been played in reality. All above the line is with IS not being part of the possible coalitions 

(except the grand coalition). 

Coalition Payoffs 
EU 

Payoffs NO Payoffs FO Payoffs IS Total 

{EU},{NO},{FO},{IS} 98.0 65.9 7.9 9.5 181.3 

{EU,NO},{FO},{IS} 108.0 63.0 10.5 12.5 194.0 

{EU,NO,FO},{IS} 108.9 63.5 9.1 13.0 194.5 

{EU,FO},{NO},{IS} 97.3 67.3 8.1 9.7 182.4 

{NO,FO},{EU},{IS} 98.9 64.6 9.2 9.6 182.2 

{EU,IS},{NO},{FO} 97.2 67.5 8.1 9.7 182.6 

{NO,IS},{EU},{FO} 99.0 64.3 8.0 11.0 182.4 

{FO,IS},{EU},{NO} 98.4 66.1 7.7 9.3 181.5 

{EU,NO},{FO,IS} 108.4 63.2 10.2 12.3 194.1 

{EU,FO},{NO,IS} 98.3 65.7 8.2 11.3 183.5 

{EU,IS},{NO,FO} 98.0 66.2 9.5 9.8 183.5 

{EU,NO,IS},{FO} 109.1 63.6 10.9 10.9 194.5 

{EU,FO,IS},{NO} 96.8 69.1 8.1 9.7 183.6 

{NO,FO,IS},{EU} 100.3 63.3 9.0 10.9 183.5 

{EU,NO,FO,IS} 110.3 64.3 9.2 11.0 194.9 
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This conclusion about the stability of the grand coalition is optimistic that an agreement 

could be in sight. What remains to be seen is whether the change in the migration pattern is 

permanent or temporary. If it is a temporary shift, the original players are best advised not to 

let the fourth player enter the agreement because they will all get less than in the three-player 

agreement, as seen when comparing tables 3 and 4. If, however, the shift is permanent, the 

original players get most from having the fourth player in the agreement, as we see in table 4. 

 One possible way to address the potential for variability in migration is to introduce 

dynamic sharing rules. When the mackerel stock enters new waters, the new recipients will be 

part of the agreement as long as the stock remains in their EEZs. If the fish move out, the 

agreement reverts to its original state. We will now look at possible agreements. 

A cooperative solution 

 Thus far, we have only studied the stability of the games. Another important issue is 

how the players can share the surplus created by the cooperation. If we can allocate this 

surplus, we have found the so-called solution to the game. In the cooperative game theory 

literature, many different possible solutions exist. We will calculate a few of these solutions 

for an indication of where a cooperative solution to the four-player game could lie for this 

model. 

 A main solution concept in cooperative game theory is the core (Myerson 1991), which 

is given by allocations that cannot be blocked by another coalition. This means that no players 

can form a sub-coalition by themselves and get more. This core can be empty, but in this case, 

it gives a range of values with which allocations can be made that satisfy all the players. It is 

intuitively appealing that the core solution is not just one allocation but a range of possible 

allocations. 
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 Formally, the core is defined as allocations xi that satisfy 

 
xOO∈e > \�S�, ∀	coalitions	S	. (33) 

An allocation is thus in the core if there is no coalition that gives the players more. We see 

that the minimum that each of the parties can ensure themselves is their non-cooperative 

values. The maximum they can get in this case is the grand coalition minus the value of a 

coalition of three (or two). This gives the following values for the core for the four-player 

game with the same prices: 

 90.4≤{EU}≤111.7, 60.8≤{NO}≤80.4, 10.0≤{FO}≤19.1, 12.0≤{IS}≤22.4 . (34) 

We get similar results for the heterogeneous prices. In table 5, percentages of the total 

coalition value (194.9) are reported. 

Table 5. The core of the four-player game. 

Same prices Heterogeneous prices 

 EU NO FO IS  EU NO FO IS 

Min 46.4% 31.2% 5.1% 6.1%  50.3% 33.8% 4.1% 4.9% 

Max 57.3% 41.2% 9.8% 11.5%  57.2% 41.0% 5.8% 6.8% 

These percentages do not total 100, but are feasible allocations that all players would be 

willing to accept. We see that the core is larger for the same prices, and the lower allocations 

for the EU and NO are gone in the heterogeneous prices case. For FO and IS, the possible 

allocations are less favorable. 

 Another notable solution concept is the Shapley value (Shapley (1953)), which looks at 

the marginal benefit that each player gives to the cooperation. The Shapley value then 
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calculates the relative sizes of the contributions and allocates the surplus accordingly. The 

Shapley value is defined as 

 lQm = 
 �n − |J|�! �|J| − 1�!n! �\�J� − \�J − {6}�R∈Fq 	 ,	 (35) 

where n is the number of players in the game, and ∣S∣ is the number of players in coalition S. 

The Shapley value is only defined for the characteristic function, but there is a partition 

function equivalent, the Myerson value, that gives a similar value for the partition functions. 

The Myerson value is defined as (Myerson (1977)) 

 lKs = 
−1|t|1��|]| − 1�!
\�J, ]� 
 A1n − 1�|]| − 1��n − |Ju|C ,Rv∈t\R:∉RvR∈tt∈x  (36) 

where ∣P∣ is the number of partitions, and ∣S’∣ is the number of players in the partition(s) 

outside of the one that we are looking at (where i is not a member). 

 Other sharing rules include the Nash bargaining solution (Nash, 1950), which considers 

the values that each player would get under non-cooperation and then shares the surplus 

equally between them (no bargaining weights). Finally, the sharing rule that is used in 

Pintassilgo et al. (2010) looks at the free-rider values for each player and then shares the 

surplus equally among the players (Kronbak and Lindroos 2007). Because this game is not 

stable for the four-player game with the same prices, we look at the free-rider values minus 

the cooperation value and divide that value between the players. 

 Table 6 shows the different sharing rules for tables 2 and 4 above. 
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Table 6. Solution concepts for the four-player game. 

Same prices Heterogeneous prices 

 EU NO FO IS  EU NO FO IS 

Shapley 50.5% 34.9% 6.7% 7.9%  53.1% 36.9% 4.6% 5.4% 

Myerson 51.2% 34.9% 6.3% 7.5%  52.4% 36.6% 5.0% 6.0% 

Nash bargaining 49.2% 34.0% 7.9% 8.9%  52.0% 35.5% 5.8% 6.6% 

Free rider 50.0% 34.5% 7.1% 8.4%  51.9% 35.7% 5.7% 6.7% 

 These allocation rules are all close within the same prices and heterogeneous prices, and 

they all lie within the core. We see that the EU must bear most of the cost of getting IS into 

the cooperation because they have the most to gain from cooperation in the model. 

The new member different from the others
14

 

 In all these possible solutions, the ‘worth’ of each player depends on what it can get in 

coalition with others. We can say that this game of a new entrant is different from the other 

games because Iceland is a new player in the game and therefore cannot enter a coalition 

other than the grand coalition. This changes the game because what the new player can get in 

a solution is only its default position (its non-cooperative payoff). Then we divide the rest of 

the surplus amongst the original players. This gives the core that is calculated in table 7. 

  

                                                           
14

 This part is inspired by Mesterton-Gibbons 2000 p143 
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Table 7. The core for the four-player game with the fourth player as a new entrant. 

Same prices Heterogeneous prices 

 EU NO FO IS  EU NO FO IS 

Min 46.4% 31.2% 5.1% 6.1%  50.3% 33.8% 4.1% 4.9% 

Max 57.6% 42.1% 13.9% 6.1%  57.3% 41.0% 7.4% 4.9% 

 The core is larger now because there are fewer coalitions that can block. We see that the 

core has widened for all original players, mostly for the Faroe Islands and particularly for the 

same prices. In table 8, we look at the solution concepts above for which Iceland can only join 

the grand coalition. 

Table 8. Solution concepts for the four-player game with the fourth player as a new entrant. 

Same prices Heterogeneous prices 

 EU NO FO IS  EU NO FO IS 

Shapley 50.6% 35.2% 8.1% 6.1%  53.1% 36.8% 5.2% 4.9% 

Myerson 50.9% 35.2% 7.8% 6.1%  52.8% 36.7% 5.6% 4.9% 

Nash bargaining 50.1% 34.9% 8.8% 6.1%  52.6% 36.1% 6.4% 4.9% 

Free rider 51.6% 35.1% 7.1% 6.1%  53.3% 36.2% 5.7% 4.9% 

 We see that the solutions here also lie within the core, and Iceland gets less now that it 

cannot enter any coalitions, whereas the other players get more. 

 This method introduces more stability into the game because the free-rider value for 

Iceland is lower than it was in tables 2 or 4. For the other players, the free-rider values are 

also lower. For table 2, we have 94.6 + 64.3 + 13.1 + 16.8 = 188.8 < 194.9. For table 4, we 
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have 98.9 + 67.3 + 10.5 + 13.0 = 189.6 < 194.9. If the players saw the game this way, the 

game would be more stable. 

 When looking at these solutions, we need to remember that we are comparing profits 

from a steady-state solution, so there are no dynamics. What has happened in recent years is 

that harvests have been much higher than what is considered to be biologically optimal (as we 

saw in figure 2) and therefore higher than what is economically optimal, as predicted by this 

model. One reason why Iceland began fishing mackerel was to prove that the fish was in their 

waters. This led the Faroe Islands to prove that more of the fish was in their waters than the 

agreement stated in an attempt to gain more bargaining power in the next round of sharing of 

the stock negotiations. The model developed here uses parameters from the historical fishery. 

When real negotiations take place, the parties use both the historical fishery and ‘zonal 

attachment’ (Hannesson 2006) to determine how much each party receives. Zonal attachments 

are an expression of the amount of time that the stock is in the waters of each coastal state. To 

fully explain the cooperative solution that is likely to occur, we should include a spatial 

dimension into the model as well as dynamics. 

Sensitivity analysis 

 The robustness of the results was checked by examining different values for the 

parameters. The foundation for the analysis was the cost parameters for the agreement that 

was in place from 2000 with the 60/35/5 distribution. We did not change the relative 

distribution in the sensitivity analysis. However, we examined the c parameter, which 

measured the level of the costs. We also examined different values for the cost parameter for 

the new member, Iceland, and we examined the R, k, q and p parameters that were set to 1 in 

the model. Finally, we examined the robustness of the solutions to the games. 
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 Figure 4 shows the results from varying c where c is on the horizontal axis and payoffs 

are on the vertical axis. First, we look at the three-player game represented in table 1. 

 

Figure 4. Different values of c and the payoffs. 

We can see that the results presented in table 1 are also robust for other values of c. In 

particular, we can see that the free-rider values for the EU are lower than the cooperative 

value for the EU. However, the lowest value for FO is the non-cooperative value. As 

expected, the advantages of cooperation are larger when the costs are low. Next, we examine 

the four-player game results reported in table 2. Here, we get similar results as in figure 4. 

 Similar robustness checks were performed for tables 3 and 4 when the prices were 

heterogeneous. For the minor players (Faroe Islands and Iceland), the results are not as in 

figure 4 above. If c increases, cooperation is the most favored option. This can be explained 

0

50

100

150

200

250

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1 1,1

1,2

1,3

1,4

1,5

1,6

1,7

1,8

1,9

2

P
a
y
o
ff

s

Cost parameter c

EU nocoop EU singleton

EU Coop NO nocoop

NO singleton NO Coop

FO nocoop FO singleton

FO Coop Total nocoop

Total Coop



Chapter 3 The Stability of Fishing Agreements with Entry: The Northeast Atlantic Mackerel 
 

114 

by the fact that the cost of fishing offsets the increased revenue of being a singleton when c is 

large. 

 The results for the stability of the games with different values of c can be illustrated 

with the following graph: 

 

Figure 5. Stability measured as cooperative value minus free-rider values (negative means not 

stable). 

 For different values of c, we see that the stability is as argued in the paper: the three-

player game is more stable than the four-player game (for any c), and the heterogeneous 

prices model is more stable for both the three- and the four-player game.  

 We also examine different cost parameters for the new member, Iceland. Remember 

that we set their cost to be 10 times the cost of the EU; here, we set it at 3 times and at 6 times 
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the EU level. This gives Iceland a larger share, and they become more like Norway and are 

therefore more interested in cooperation when the prices are the same. This contributes to the 

stability of the agreements. When the prices are heterogeneous, Iceland wants to be in 

cooperation even more so when the value of c is larger. 

 When looking at the parameters p, q, k, and R in the model, we see from (7) that p and k 

both enter linearly, but q and R do not enter linearly. These parameters also enter the effort 

levels in, for example, (15) and (16), but they do not enter the cost function (6). Thus, even 

though these parameters enter the revenue function differently, they have the same effect on 

all parties. Consequently, the results are not affected if we change the values for the 

parameters, as tested with different values for all parameters. The conclusion is that if we set 

the parameters to other values than 1, we get the same qualitative results. 

 The solutions (the Core, Shapley value etc.) to the game that were reported are not 

robust to different values of c. As the c parameter increases, the sharing reverts to the original 

agreement for the three/four-player game as the costs of fishing dominate the revenue. Thus, 

the exact values for the sharing should not be viewed as absolute values. Nevertheless, the 

qualitative results hold for different values of c. 

Conclusion 

 In the 1970s, there was a ‘Cod War’ between the UK and Iceland, and British vessels 

were banned from Icelandic waters due to Icelanders setting their 200-mile zone. The 

situation that has now emerged with regard to Atlantic mackerel, where Icelanders fish 

without an agreement, has been deemed the ‘Mackerel War’ because of its similarities to the 

‘Cod War’. Why did it come this far? 
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 As can be seen from the analysis in this paper, the question is a complex one to analyze 

in a game theory setting. We have calibrated a model based on the rules negotiated in the 

quota sharing agreement for mackerel. The numerical results here offer a qualitative view. A 

next step would be to examine how the parameters conform to reality. In particular, the cost 

functions could be estimated to a different functional form than the plain quadratic form. 

 We set out to explain how the mackerel fishery could go so wrong due to the entry of a 

new participant. We used the standard Gordon-Schaefer bioeconomic model with strictly 

convex costs. The results in this paper can be summarized in the following points: 

- First, we saw that the stability of the game was reduced as we added a new player. This is a 

generic result from Pintassilgo et al (2010). It comes from the fact that when there are more 

players, there are more possibilities for the players to break out of the agreement and free ride. 

- Second, we saw that the stability of the agreements was better when we modeled 

heterogeneous prices—in this case, that the prices for mackerel are lower in the summer than 

in the winter. This is because players have a lower default position when they cannot get the 

full price for their catch. Thus, the game becomes more stable. 

- Third, we looked at a case where the new entrant was different from the other players 

because it could not form coalitions with other players and thereby gain bargaining power. 

This situation increased the stability of the agreement because there were fewer ‘blocking’ 

coalitions. 

 These final two conclusions are optimistic that the coastal states should be able to reach 

an agreement. However, time is running out for the four coastal states because the overfishing 

of the stock in 2010 and 2011 is severe, as we saw in figure 2. 
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 What would an agreement look like? This is a political question, but some results in this 

paper suggest that the minor players (Faroe Islands and Iceland) were not interested in 

cooperation unless we modeled heterogeneous prices. In contrast, the major players (EU in 

particular) got more from cooperation. This implies that when looking at the solutions to the 

game, the EU, as the largest player, would have to pay the most for including Iceland in the 

game because they gained the most advantage from the game. However, this model does not 

have dynamics built in. To address this question adequately, we need to model the game as a 

dynamic game, which is a future research topic. Furthermore, this model does not include a 

spatial dimension, which could explain the solution that eventually will arise from these 

negotiations. 

 Finally, due to climate change as well as other anthropogenic factors, changes in 

distributions and migration patterns are likely to occur for other fishery resources throughout 

the world in the coming years. The results from this analysis provide valuable information for 

the conservation and management of other fisheries as well. 
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Abstract
15

 

Many commercial fisheries around the world operate under conditions of the spatial 

coexistence of species and imperfectly selective harvesting gears. These fisheries are multi-

product industries that often harvest many species simultaneously or have a bycatch of 

another, possibly valuable species, which may or may not be a target species for another 

fishery. The traditional game theoretic fisheries literature ignores this relation between species 

when applying one-species models. This paper explores the economic consequences of 

ignoring this relation by making separate management agreements instead of linked 

agreements in both cooperative and non-cooperative frameworks. We use an empirical 

example from the pelagic fishery in the Northeast Atlantic Ocean to demonstrate the 

economic gain from incorporating knowledge about the relations between species into the 

joint management of these species. Additionally, it is shown that linking agreements can often 

be used as an alternative type of side payment to balance payoffs in agreements. 

 

Key words Biodiversity preservation, bio-economic modeling, multi-species fisheries, 

cooperative game, bycatch, issue linkage.  

JEL Classification C70, Q22, Q28 
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Introduction 

Many fisheries around the world are multiproduct industries. They often harvest several 

species or have bycatch of species other than their target species due to the existence of 

several species in the same habitat and imperfectly selective harvesting gears. Analyzing the 

welfare effects in these fisheries is problematic because changes in the harvest of one species 

may have spillover effects on the harvest of the other species (Vestergaard, 1999). The 

traditional game-theory models in the fisheries literature are single-species models that do not 

consider multispecies fisheries (for a review, see Bailey et al. 2010). One example of a 

multispecies fishery is the pelagic fishery in the Northeast Atlantic Ocean. There are three 

main species in this area (mackerel, Norwegian Spring Spawning (NSS) herring, and blue 

whiting) that are divided between the four (five)16 coastal states around the ocean. Typically, 

similar vessels from the various coastal states exploit the resources in a mixed fishery. A 

mixed fishery is often also a seasonal fishery where each species is to be caught during a 

particular season, but there is always a (sometimes minor) bycatch of the other species. The 

Total Allowable Catch (TAC) and management plans are set separately for each species. 

Bycatch is an issue for many fisheries worldwide, but most fisheries management agencies 

normally practice single-species management (Clark 1990). This paper examines the 

economic and biological consequences of ignoring the links between species in a stylized 

model. The results are visualized with a case study from the pelagic fishery in the Northeast 

Atlantic and a simple bio-economic model. 

Multi-product fishermen may consider one species as a bycatch because the other 

species is their target species. Among the first papers to address the bycatch problem in the 

                                                           
16

 The four coastal states are the EU, Norway, Faroe Islands, and Iceland, all of which are part of the 
agreements on the three species. Russia is only a party to the NSS herring agreement. 
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economic literature was Boyce (1996), in which the term “bycatch” is generally used to 

describe the incidental catch in a fishery. Boyce (1996) describes three problems that are 

unique to fisheries managers: first, managers must understand the problem of bycatch as 

perceived by parties with competing interests. Second, their allocation may not be internally 

consistent; and third, bycatch will likely change aspects of the fisheries such as technology 

and prices. Boyce (1996) formulates a single-season model where bycatch is treated as a 

function solely of the harvest rate of the target species. However, the bycatch may be of 

economic importance for another fishery. Our model addresses the first problem described by 

Boyce (1996) but differs from Boyce’s model in that it calculates equilibrium harvests in 

optimal and non-cooperative management scenarios and compares stocks and rents in these 

cases. Since Boyce’s paper, several authors have addressed the economics of bycatch 

(including Reithe, 2006; Bisack and Sutinen, 2006; Pascoe, 2000, Larson et al. 1998), many 

with the aim of finding instruments to avoid or reduce bycatch. Abbott and Wilen (2009) take 

a slightly different stand by examining what actually occurs in the real world as opposed to 

what might happen. They describe the connections between regulatory institutions, 

fishermen’s incentives and bycatch outcomes and apply the framework of strategic behavior 

to analyse these connections. 

The current paper studies the problem of managing multi-species fisheries in a game-

theoretical context. Much game theory research focuses on single species despite the fact that 

the fisheries that these researchers examine are multi-species fisheries (for example, Kronbak 

and Lindroos (2007) on the cod in the Baltic sea; Arnason et al. (2000) on the NSS herring in 

the Northeast Atlantic; and Bjørndal and Lindroos (2004) on North Sea herring). All of these 

species are part of a multi-species fishery. This paper adds an important layer of complexity 

to prior models by considering the management of multiple species. In addition, most of the 
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relevant literature assumes that side payments can be made to balance payoffs, but side 

payments are not common practice in the shared fisheries around the world. Without these 

side payments, the agreements can be unstable. This paper examines issue linkage as an 

alternative way to make side payments in kind and thereby stabilize agreements. 

The benefits of issue linkage have been thoroughly examined in the context of 

environmental issues by, e.g., Folmer et al. (1993) and Barrett (1997). There are two strands 

of this literature (Finus, 2001), one using a repeated game and the other using a static 

equilibrium game. When issues are linked in a static game, the linked issues are generally 

public goods and club goods, for example, linking CO2 emissions with R&D or trade 

agreements (Barrett (1997)). This paper contributes by linking two common pool resources in 

a static game. To the authors’ knowledge, issue linkage not been recognized for fisheries 

issues even though many fisheries are multi-product industries and side payments are 

assumed to make agreements go more smoothly (Munro, 1979). Side payments can help to 

balance payoffs, and this paper examines whether adding different fisheries agreements can 

facilitate the negotiations of shared fish resources. 

To analyze these questions, this research introduces a stylized model including several 

agents exploiting several common resources. Then, the Nash non-cooperative outcome is 

compared to the first best or cooperative outcome in the case of single-species and multi-

species agreements in an analytical setting. Then, the case study with two players and two 

species is introduced. The case study provides a context for simulation of the results. 

The paper is organized as follows. The general model is introduced in the second 

section; in the third section, the case study is introduced and applied to the model setup. The 

case study illustrates the theoretical results for a simple bio-economic model. Section four 

concludes the paper. 
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Model 

This section describes the model of issue linkage and the methodology used in this 

paper to analyze this issue. From a game-theoretical perspective, there are several advantages 

of linking issues (Sebenius, 1983). Figure 1 illustrates the benefits of issue linkage. There are 

two players, numbered 1 and 2, and two agreements (issues), A and B, that are of the same 

type as the Prisoner’s Dilemma (PD); typically, fisheries are modeled as PD-type games 

(Lindroos et al., 2007). A and B are agreements on different species. Only the cooperation 

and the non-cooperation payoffs are considered. The points A and B show the cooperative 

payoffs in an asymmetric PD game where the non-cooperation payoffs are normalized to zero. 

To induce cooperation, we must be in the northeast quadrant, where both players have 

positive payoffs. 

 

 

 

 

 

 

Figure 1: Agreements A and B are single-species agreements, and C is the linked agreement. 

Linking (adding) agreement A and agreement B results in the linked agreement C (-2+3; 

1+3) = (1; 4); thus, we obtain an agreement that is individually rational for both parties. The 

issue linkage can be used to balance payoffs. At B, player 1 has a negative payoff in the case 

of cooperation; i.e., non-cooperation yields more than cooperation does for player 1. This 

Agreement A 

Agreement B 

Agreement C 

Player 1 Payoffs 
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outcome is typical for a minor player (Ellefsen, 2013). Adding agreements A and B together 

yields the linked agreement C, which has positive payoffs for both players. Therefore, issue 

linkage can induce cooperation on issue B. In this example, issue B functions as side 

payments from player 1 to player 2. There could also be a point in the southeast quadrant that 

could be added to B to achieve cooperation in the linked game. Then, there would be two 

games without any possibility for cooperation which, when added together, induce 

cooperation. 

This result can be related to the Northeast Atlantic pelagic case, where there is currently 

cooperation in the herring and blue whiting stocks, but no cooperation for the mackerel stock 

(Ellefsen, 2013). If, e.g., herring and mackerel were combined into one agreement with a 

larger scope, herring could function as a side payment for the mackerel, as observed in the 

figure above. 

This paper focuses on three research questions. The first concerns the consequences for 

stocks and rents under cooperative behavior with single-species management (SSM) or multi-

species management (MSM). The second question focuses on the consequences for stocks and 

rents under SSM with cooperative (CB) and non-cooperative behavior (NCB), respectively. 

The final research question considers whether issue linkage can function as a form of side 

payment to achieve more stable agreements. In summary, the three questions can be 

formulated as follows: 

1. What are the consequences of ignoring the economic links between species compared 

to a multi-species management approach? 

2. What are the consequences of non-cooperative behavior versus cooperative behavior?  

3. Does issue linkage yield higher rents? 
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The paper formulates a model to visualize the answers to these questions based on the 

case study described above. 

Before proceeding, the terminology used throughout the paper must be clarified. The 

paper distinguishes between two types of management: management of economic 

competition, called behavior, and management of species. Agents can agree or disagree on 

whether to cooperate. The possible behaviors of agents are thus (1) Cooperative behavior 

(CB), in which the players cooperate to achieve the highest joint economic rents from the 

fishery; and (2) Non-cooperative behavior (NCB), in which the players adopt Nash behavior 

and apply their mutually best response, considering only the goal of maximizing their own 

economic rents from the fishery. The management of species includes the question of whether 

all species are considered as economically important. Possible species management 

approaches are (1) Multi-species management (MSM), in which the players consider the 

economic rents from all species in their multi-species fishery when determining their efforts; 

and (2) Single-species management (SSM), in which the players only consider a single species 

when determining the effort to be employed in the fishery. The combination of players’ 

behavior and species management returns four plausible scenarios, and the outcomes of some 

of these will be compared later. The possible scenarios are summarized in Figure 2.  

 Cooperative behavior  Non-cooperative behavior  

Multi-species management MSM/CB MSM/NCB 

Single-species management SSM/CB SSM/NCB 

Figure 2 Terminology and research questions 

The question arises of whether, in a cooperative management regime, there are 

economic and ecological losses from managing the several fisheries separately, as in SSM, 

Species Players 2. 

1. 
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compared to managing the species together, as in MSM. The answer depends on whether there 

are surpluses (economic or ecological) in the multi-species management approach that exceed 

the sum of surpluses (the sum of cooperative benefits) in the single-species management 

approach. If so, multi-species management of the stocks is beneficial. 

 To address the research questions, it is necessary to formulate the maximization 

problems to mirror the four squares in Figure 2. The general settings of the model assume a 

limited number of species, m, being exploited by a limited number of players, n, (e.g., 

countries, POs, fleets). Optimal fishing effort is determined such that the change in the stocks 

over time is zero, 
<yz<� = {$�|�, … , |K� − ∑ �V�, |$W��� = 0 for all } = {1,… ,~}, where Fj 

describes the growth function of stock j; and Hi is the harvest function for player i which 

depends on the effort employed by the player Ei and the stock size of stock j, xj. Given 

functional forms for the growth functions and the harvest functions, the equilibrium level of 

stocks can be found. The profit for each of the n players is a function of its own effort 

employed in the fishery and the stock sizes. Thus, the profit for player i is	���, |�, … , |K�, 
but through the equilibrium uses of the stocks, there is an indirect link to the effort levels of 

other players, which creates economic competition amongst the players. The following sub-

sections define all of the problems from Figure 2 one by one.  

Cooperative behavior and multi-species management (MSM) 

The first best solution incorporates all available information in the bio-economic model, 

i.e., all players in a cooperative management agreement for all available species (MSM). 

Thus, to calculate optimal effort from joint action if all stocks are treated in the same bio-

economic model, the following formula is applied: 
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 max��,…,�! �
���, |�, … , |K�	�
�� � (1a) 

 st.   
<yz<� = {$�|�, … , |K� − ∑ �V� , |$W��� = 0 			∀} = {1,… ,~} (1b) 

This problem is solved as a constrained maximization problem by setting up the 

Lagrangian, finding the first derivatives with respect to the choice, state and co-state variables 

and setting these equal to zero. The resulting optimal effort levels (cooperative efforts) of 

multi-species management are derived, and the equilibrium stock sizes and corresponding 

profits can be determined.  

Cooperative behavior and single-species management (SSM) 

Under single-species management, the profit for each of the n players is only a function of 

its own effort employed in the fishery and of the target stock; thus, the profit for player i 

targeting species j is	���, |$�. The problem becomes a maximisation of the joint profit from 

target fisheries without considering the bycatch of other species. The efficient solution to this 

management regime is determined by maximizing the sum of profits from harvesting the 

single species with respect to equilibrium use of stocks, ignoring bycatches of this species in 

the decision-making on effort. In the following setup, it is assumed that each of the players 

has different target species and that there are exactly as many species as players (n=m). The 

species are then ranked such that player i targets species i.17 

                                                           
17

 This assumption is made for notation purposes. Multiple players targeting a single species can be thought of 

as forming a coalition and agreeing on their effort and the harvest level of this species from a first-best 

solution. On the other hand, species that are not target species can be thought of as being excluded from the 

species management decision.  
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 max��,…,�! �
���, |�	�
�� � (2a) 

 st.   
<yz<� = {$�|�, … , |K� − �$V�$ , |$W = 0			∀} = {1,… ,~}  (2b) 

The effort levels that satisfy the above maximization of joint profits from a single 

species management perspective can be calculated in the same way as for the cooperative 

solution in the multi-species management approach18. When determining the corresponding 

stock levels, it is important to apply the equilibrium stocks from equation (1b) (and not from 

equation (2b)) because the stock sizes change according to the bycatches even though they are 

ignored in the optimization problem. 

Non-cooperative behavior and the MSM approach 

     The objective is to find the mutual best individual response. This is performed by 

maximizing the individual profits from the fishery across all species. Thus, each player solves 

its own private problem as follows: 

 max��(���, |�, … , |K�+, ∀6 = {1,… , n} (3a) 

 st.   
<yz<� = {$�|�, … , |K� − ∑ �V� , |$W��� = 0			∀} = {1,… ,~} (3b) 

Solving each of these private maximization problems yields the best individual response 

functions, and solving these mutually yields the Nash equilibrium effort levels. The 

                                                           
18

 This single species management scenario is a hypothetical calculation as we assume that the party i has the 

species i as its target and disregards the other species that it catches. This may not seem a realistic assumption 

from the fishermen’s point of view, but nonetheless, this is how managers treat most mixed fisheries today. 

Each species is managed separately, and the management approach is determined using single-species game-

theoretical models. 
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corresponding biomass levels are found by inserting these effort levels into the constraint in 

(3b). 

Non-cooperative behavior and the SSM approach 

This case yields the best response or the Nash equilibrium for each player under single species 

management. Now, the individual profits for each player are maximized, considering only one 

species. The problem for each player is thus: 

 max��(���, |�+, ∀6 = {1,… , n} (4a) 

 st.   
<yz<� = {$�|�, … , |K� − �$V�$ , |$W = 0			∀} = {1,… ,~} (4b) 

As before, the solution to these problems yields the best response functions for each player, 

and solving those gives the Nash equilibrium of effort levels. The corresponding biomass 

levels are again found by inserting these effort levels into the constraint in (3b). 

Methodology setup 

Sections 2.1-2.4 defined the standard bio-economic problems related to cooperative and non-

cooperative equilibrium uses of fish stocks. It is possible to find analytical solutions for effort 

levels, stock sizes and profits from the fishery in these problems, but the complexity of these 

solutions does not allow for meaningful contributions to the literature. The primary consistent 

conclusion based on the methodology setup is that cooperative behavior and multi-species 

management will always lead to the most economically efficient solution. This solution 

excludes the institutional problems entailed by not treating all species in the same bio-

economic model and takes the best stand of cooperative behavior. Thus, all possibilities are 

available to identify the exploitation pattern resulting in the highest available profit from the 

defined fisheries. There is no general picture of the relative stock sizes. They depend on the 
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catchability and the relative economic importance of the various species. This means that the 

relative biological consequences of any of the alternative cases depend crucially on the nature 

of the real fisheries and, hence, the model parameters. Section 3 also illustrates these results 

by an illustrative example. 

The most interesting management challenge based on the above argument is the relative 

difference between the losses incurred in single-species management and non-cooperative 

management. For any fishery, the managers need to consider which of these two potential 

problems is worse: ignoring other species or the tragedy of the commons. Based on this 

analysis, the managers then need to consider how to manage the fishery. 

Case study 

The case study to be used for illustrating the above conclusion is the pelagic fishery in 

the Northeast Atlantic Ocean. For calculation purposes, the example is simplified to two 

issues and two parties. The issues included in the model are mackerel and herring, which are 

fished by the same vessels and often at the same time of the year. The countries are lumped 

into two groups: Norway and non-Norway. These parties are assumed to be symmetric in 

costs and in prices, but not in the catchabilities of the stocks that they face (this assumption is 

not unrealistic; for example, different technologies are needed to fish mackerel in the summer 

than in the winter (Ellefsen, 2013)). In the simulations, the assumption will be made that each 

player has the technological advantage for exploiting one species. Without this assumption, it 

would be obvious that the party that is most efficient at exploiting both species would take 

over the joint harvest, and thus the game would primarily involve sharing of joint benefits.  

The model is a standard Gordon-Schaefer model with two parties and two stocks. The 

two stocks follow a logistic growth function: 
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 {V�$W = �$�$ 21 − �$�$3 . ∀} = {1,2} (5) 

Where Xj is the size of the stock, rj is the growth, and Kj is the carrying capacity. This 

function has an inverted U shape, where the maximum sustainable yield (MSY) occurs when 

the stock level is Kj/2. The harvest function for player i is given as: 

 � = �$��$ . ∀6 = {1,2}, ∀} = {1,2}, 6 = }. (6) 

Where qij is the catchability coefficient and Ei is the fishing effort. If the change in the stocks 

is zero, the stock size is given as: 

 �$ = �$ 21 − �$� + �1$��$ 3 , ∀6 = {1,2}, ∀} = {1,2}, 6 = }. (7) 

Where –i refers to the other player. The profits are given by the following problem for 

cooperation and SSM (player i and stock j), where p is the price and c is the cost: 

 max�� πO = G$�$��$ 21 − �$��$ 3 − E�, 6 = }.	 (8a) 

For SSM and non-cooperation, the effort of the other player is also considered, but the other 

species is not: 

 max�� πO = G$�$��$ 21 − �$� + �$1�1�$ 3 − E�, 6 = }. (8b) 

For MSM and non-cooperation, both the other player and the other species are considered, but 

still only the Nash equilibrium: 
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 max�� πO = G$�$��$ 21 − �$� + �$1�1�$ 3
+ G1$�1$��1$ 21 − �1$� + �11$�1�1$ 3 − E�, 6 = }. 

(8c) 

Where –j refers to the other stock. For MSM and cooperation, a joint optimum is considered, 

which is expressed as: 

max��,�� πO 	= G$��$�+�$1�1��$ 21 − �$� + �$1�1�$ 3 + 

(8d) 

G1$��1$�+�11$�1��1$ 21 − �1$� + �11$�1�1$ 3 − E� − E1�1, 6 = }. 
The prices and costs for these species are from a report on these issues from 2010 (Nielsen et 

al., 2010). Additionally, the MSY for these species are reported here, and the carrying 

capacity K is thus given as twice this number. The growth of the stock r is from Arnason et al. 

(2000) for herring and is set at the same level for mackerel. Table 1 summarizes the applied 

parameter values: 

Table 1 The parameters for the case study 

Gm , GK �m , �K c1=c2 rh=rm ��m �Fm �FK ��K 

2.3, 7.5 10mmt,5mmt 1 0.5 [0.5;1] 1-q1h [0.5;1] 1-q2m 

Where pj is the price of species j, Kj is the carrying capacity of species j, and ci is the 

cost of employing effort for player i; qij is the catchability coefficient for player i on species j, 

i={1,2} and j={h,m}; h is herring and m is mackerel; and subscript 1 is for Norway and 

subscript 2 for the other coastal states (non-Norway). Mmt is million metric tons. Prices are 

given in DKK/kg. 
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As shown in Table 1, the example is illustrated for a range of different catchability 

parameters that satisfy the assumption that each party have higher catchability for one of the 

two species. A range of different catchabilities is included to demonstrate how sensitive the 

model is to differences in the relative economic importance of each species.  

The model is run with the aim of comparing the different management regimes; first, by 

comparing single-species with multi-species management, in line with the first research 

question, and then by comparing non-cooperative to joint behavior, relating to the second 

research question. Finally, the question of issue linkage is examined. The model runs are 

obtained by running a Matlab® program. The output from these runs is illustrated in the 

various figures for rents (profits). 

Research question 1: SSM versus MSM 

To address this question, the consequences for rents of single-species (SSM) versus 

multi-species management (MSM), under either cooperative behavior or non-cooperative 

behavior, are described. Figure 3 summarizes the difference between the effect of joint 

behavior under MSM and that of joint behavior under SSM. This figure displays contour plots 

illustrating the effect of catchability on rents. For each combination of ��m and �FK, the 

difference between the rents from the two management regimes is computed. A higher value 

for a color (corresponding to the difference) in the vertical bar indicates that MSM 

management is better compared to SSM management. 
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Figure 3: Comparing multi-species management and single-species management under 

cooperative behavior (left) and non-cooperative behavior (right): 

From Figure 3, we see that the sum of economic rents from managing both species 

together in MSM is higher for all catchabilities compared to that resulting from treating 

species separately in SSM. Based on this result, multi-species management is recommended 

under both cooperative and non-cooperative behavior. Without MSM, the two players will 

concentrate their effort on the species for which their catchability exceeds the other player’s, 

and the other species will be treated as a bycatch species. With MSM, there is a joint concern 

about the future rents from both species, and therefore the rent will be higher. 

The magnitude of the increase in rents depends on the catchability coefficients and 

varies from close to 0 to 6 billion DKK for cooperative behavior and from close to 0 to 3 

billion DKK for non-cooperative behavior. The smallest increase in rents for MSM compared 

to SSM occurs when the catchability coefficients are high for the target species, resulting in a 

low catchability for the bycatch. For example, in the upper right corner of both panels, there is 

not much difference between MSM and SSM. Here, the catchability of herring for Norway is 

1, and the catchability for mackerel is 1 for non-Norway countries, implying that both parties 

take zero bycatch. This result is as expected because, when the bycatch catchabilities are low, 
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there is no difference between the two management regimes. On the other hand, when target 

catchabilities are low and bycatch catchabilities are high (lower left corner), more rent is lost 

if the management regime is SSM because the manager still only optimizes the management 

of the fishery with regard to the target species.  

In conclusion, under this model structure, MSM is always beneficial for the rents 

compared to single-species management, and the excess benefits are largest when the bycatch 

levels are high. 

Research question 2: Cooperative versus non-cooperative behavior 

In this section, rents from cooperative behavior are compared to rents from non-

cooperative behavior between the parties for either SSM or MSM. Figure 4 summarizes the 

conclusions from rents under CB compared to rents from NCB. 

Figure 4 Comparing cooperative behavior and non-cooperative behavior under multi-species 

management (left) and single-species management (right): 

The left panel demonstrates the somewhat obvious and expected result that the benefits 

of cooperation always exceed the benefits of non-cooperation under multi-species 

management. The more extensive the economic interaction between species is (lower 

catchabilities for the target species in the figure implies larger bycatch of non-target species), 
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the more beneficial cooperation is compared to non-cooperation. As the bycatch approaches 

zero (i.e., catchabilities come close to one), the excess benefits from cooperation diminish 

towards zero. With catchabilities of one for the target species, cooperation and non-

cooperation yield equal benefits under the present model setup because each player only 

harvests one species without bycatch. 

At first glance, the right panel may seem surprising in its demonstration that the rents 

from non-cooperative behavior are higher than the rents from cooperative behavior in single-

species management for all catchabilities of the target species. This result is explained by the 

setup of the problem for the cooperative solution under single-species management. The 

players do not consider their bycatch at all in their objective function due to the prerequisite 

that the model is a single-species model. This is in contrast to the non-cooperative single-

species management solution, where players compete over the species independently. The 

result from non-cooperation is therefore a hypothetical game that conflicts with the setting of 

a non-selective harvest for the two players. Each of the non-cooperative single-species games 

requires a certain level of effort for each player, but there is a mismatch between the effort 

levels for the different species for a single player. In addition, the bycatch effects on the 

species are not included, yielding a higher rent than the cooperative case if the benefits from 

the two players and two species are added. Therefore, the results are in conflict with the 

results of the traditional game theory problem for the fisheries, where it is expected that the 

non-cooperative solution is lower than the cooperative solution.  

Finally, the magnitude of the excess benefits is much lower in Figure 4 compared to 

Figure 3. Therefore, managing the fishery as a multi-species fishery is even more important 

than cooperating. In other words, ignoring non-target species when managing a fishery is 

worse in an economic sense than the tragedy of the commons. 
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Figure 5 summarizes the two questions asked so far and shows absolute values for the 

four squares in Figure 1. The total rents for different catchabilities are compared (q1x=q2y and 

q2x=1-q1x=q1y=1-q2y or the diagonal line in Figures 3 and 4): 

 

Figure 5 Absolute values for different management regimes 

Figure 5 shows that multispecies management and cooperation (MSMC) are always preferred; 

however, when the catchabilities approach 1 for the different species (and thus the bycatch q-

values approach zero), the rents close in on the MSMC regime for all management regimes. 

For SSM, non-cooperation is always preferred to cooperation, as shown in Figure 5. The 

figure also illustrates that ignoring other species is worse than ignoring the tragedy of the 

commons as the lines are in two groups, one for MSM and one for SSM. 

Research question 3: Issue linkage 

The rents for the individual parties are compared to see if issue linkage yields higher 

rents to the parties involved and if side payments can be made. From Figures 3 to 5 it can be 

concluded that multispecies management is always preferred. However, does this result also 

hold for each individual party? This question is illustrated in Figure 6. 
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Figure 6 Difference in rents between MSM and SSM for Norway (left) and non-Norway 

(right): 

The rents from MSM are higher than those of the SSM in most cases (this is the case below 

and above the dashed lines, respectively). However, there are cases where this is not true. For 

example, when the catchability of mackerel for non-Norway is 1 (and thus bycatch for 

Norway is 0) and the catchability for herring for NO is 0.5 (and thus the bycatch for non-

Norway is also 0.5), SSM yields a higher rent for Norway. Then, Norway has equal 

catchability of herring as the other countries but is unable to catch mackerel. This is the 

lowest possible combination of catchabilities for Norway in this setting. In this situation, SSM 

yields a higher rent than MSM for Norway. Similarly, for the right panel, the rents are higher 

in the MSM case for non-Norway except under a very small set of parameters. Revisiting 

Figure 1 shows that this result implies that if we link issues A and B (herring and mackerel), 

we obtain to a point that is above the sum of these points (to the northeast) in most cases. 

However, this point can be less than C for one of the players in some cases, whereas the sum 

of payoffs is always higher, as shown in Figure 3. 
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What if the parties were not cooperating, e.g., as in the SSM non-cooperative case? 

Does issue linkage then also yield a positive payoff to both parties in the game? This question 

is illustrated in Figure 7: 

 

Figure 7 Difference in rents between cooperation under MSM and non-cooperation under 

SSM for Norway (left) and non-Norway (right) 

The same conclusion as for the cooperative case, namely, that issue linkage yields higher 

rents for both players, still holds, albeit for smaller areas in Figure 8 as compared to Figure 7. 

Non-cooperation is preferred in the same corners of the figure (lower right for the right panel 

and upper left for the left panel). These are the corners where bycatch is low for one species 

and high for the other. 

Figure 8 is a similar figure to Figure 5, where the absolute values are illustrated for the 

different management regimes and the two parties. The figure illustrates that issue linkage is 

preferable in economic terms for all catchability values considered here. 
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Figure 8 Absolute values for different management regimes for Norway (left) and non-

Norway (right). 

Generally, we can say that MSM always yields more than SSM in the aggregate. When we 

consider the individual parties, we find that MSM yields more in economic terms in most 

cases. So, for most cases, issue linkage can provide side payments in kind, and both players 

gain if their issues are linked together. 

To illustrate this point, consider the following Figure 9, similar to Figure 1, in which 

two agreements, A and B, are summed to yield C. 
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Figure 9: Transferable utility game stability is ensured above the 45-degree line, and issue 

linkage is relevant for non-transferable utility games in the shaded area. In the shaded area, 

the linked agreement is individually rational for both players. 

A and B are single species agreements, and C is the linked multispecies management 

agreement. In a transferable utility game, any point above the 45-degree line through C is a 

stable solution, i.e., the benefits of the MSM agreements are greater than the sum of the 

benefits of the individual agreements. Outside of a transferable utility game, issue linkage is 

only preferable in the shaded area. Figures 6 and 7 showed that we almost always end up in 

the shaded area, where it is individually rational for each player to engage in issue linkage 

(considered as MSM in the present model) even in games without side payments; put another 

way, there is no transferable utility. 

Bycatch 

In SSM, the fishermen catch a certain amount of bycatch in addition to the target 

species. These bycatches are not included in the model presented in the paper to illustrate the 

decisions made in a traditional single-species model. If the bycatches are included in the profit 

function, we take the view of the fishermen instead of the manager, and we deviate from the 
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traditional single-species game-theoretical models. Including the bycatch in the single-species 

management approach for the two players results in a hypothetical situation. Players play a 

Nash game on each other for one species, but that species is only a target species for one of 

the players and a bycatch for the other player; without selectivity in the fishery, this results in 

a conflict. The reason for this conflict is the way the SSM problem was set up in (7a) and 

(7b). In particular, for the SSM non-cooperation scenario, it is an artificial problem that is 

solved when we optimize one player’s effort given that the other player optimizes effort on 

the other species, similar to the MSM cooperation case. To make a genuine non-cooperation 

problem for a single-species game, only one species at a time should be solved. However, 

four solutions for effort are given in this scenario (two for each player), and then the problem 

arises of which solutions to choose. 

If the bycatch is included for the SSM cooperative case, the results are the same as 

without the bycatch: the SSM approach yielded a lower rent than both MSM approaches for 

all catchabilities, as expected. 

Stocks 

So far, only rents have been considered. Another issue is the sizes of the stocks. Figure 

10 below shows the sizes of the stocks under the different management regimes.  

.
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Figure 10: Stock sizes under the different management regimes. Herring (left); mackerel 

(right). 

The same tendency observed for the rents holds for the stock sizes: when the catchability is 

high for both target species, the difference in the stocks is not large for the different 

management regimes. When considering the different management regimes, we see that the 

SSM non-cooperative approach yields the second largest stocks for both species. As noted in 

section 2.5, there need not be a connection between the sizes of the stocks and the rents. For 

herring, the results are ambiguous in that the MSM non-cooperative regime is in some cases 

the worst regime for the herring stock. The consistent result that the MSM cooperative 

solution yields the highest stocks for both species still holds. However, even this result does 

not hold for all combinations of catchabilities. 
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The robustness of the results was checked for different catchabilities (q) and different 

costs (c). In the graphs above, the q values were set as q and 1-q. This was not performed for 

any particular economic reason other than to run the model and to make sure that the bycatch 
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catchabilities at q/b, where b>1. These approaches were tried and did not affect the results 

above in any qualitative way. 

For the cost parameter, the qualitative results remained the same if alternative values for 

the cost were used. The cost was set at 0.5, 2 and 5. All of these values of the parameter gave 

the same qualitative results. The prices of the mackerel and the herring were also changed, but 

this change had no effect on the qualitative results of the paper. 

The sensitivity analysis demonstrates that the empirical results that are presented in this 

paper are general and robust to changes in parameter values and the functional choice of 

catchabilities. Thus, the results also hold more generally than for the illustrated case study. 

Conclusion 

The knowledge that issue linkage is a good idea in an idealized game-theory setting led 

us to relate the idea to fisheries. The paper describes and tests a fishery model with two 

parties and two issues using a simple standard Gordon-Schaefer model and applying a case 

study from the Northeast Atlantic pelagic fishery. The two issues are the herring and the 

mackerel fisheries, and the players are Norway and the rest of the parties bordering the 

fishery. The results demonstrate that there is a significant benefit of managing a fishery as a 

multi-species fishery compared to single-species management. Multi-species management 

implies that managers consider several species simultaneously when determining the total 

allowable catch, for example. This is not the reality today in most fisheries around the world, 

and the Northeast Atlantic pelagic fishery is no exception. The analysis in this paper also 

shows that multi-species management is even more important than cooperative management. 

Finally, the issue linkage hypothesis is tested. Multispecies management always yields more 

in the sum, but in some cases the individual party can obtain more by using single species 
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management. However, in most cases, issue linkage can provide side payments in kind and 

thereby induce cooperation. 

This paper contributes to the existing literature by examining issue linkage and 

multispecies management in a different way. The traditional approach in game-theoretical 

analysis of fisheries has been to apply single-species models. This paper states several 

problems with that approach and with the interpretation of the results, in particular when the 

bycatch is included in the profit function for the single species management approach. Finally, 

we can conclude that issue linkage can function as side payments in kind in many cases, 

which is of particular interest in games without transferable utility. 

The policy implications of this paper are, first, that species should be managed in a 

multi-species management framework for all the parties to obtain the maximum payoffs. 

Second, the fisheries agreements should be linked together to maximize payoffs to the 

players.  

This paper also has some limitations. The model is formulated for two players and two 

species. In reality, there are four to five players in the pelagic fishery in the Northeast Atlantic 

and three species that are fished on a regular basis. The extension to more than two issues 

should not pose any problems, but expansion beyond two players implies dealing with the 

different possible coalition structures for both species. The practical problems of issue linkage 

have not been considered in this paper. The whole setup in this paper can be seen as a 

limitation for the single-species management approach as the value of the bycatch is not 

considered. Nonetheless, single-species management is the way most fisheries are managed 

and analyzed in traditional game-theory approaches. 
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Future research could examine other complexities that could be added, perhaps by 

including another control variable besides effort, for example, the harvest (Ekerhovd, 2008). 

This variable could restrict the fishery so that the quotas allocated to the parties become a 

constraint in the maximization problems. The model of the fishery could also be made more 

complicated so that the parties have different costs in addition to different catchabilities. The 

model could also be a more complicated model than the standard Gordon-Schaefer model. 

The model could also consider the practical issues related to linking. There are definitely 

benefits to linking management in the Northeast Atlantic beyond those analyzed in this paper 

because linking can make agreements more stable in a dynamic setting. This could also be a 

subject for future research. 

In conclusion, this paper demonstrates that multi-species management is beneficial for 

fisheries and that significant synergies result from the linkage of agreements beyond the sum 

of the profits. This model can be used to show that many fisheries suffer from management 

failures because managers ignore their multi-species reality.  
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Abstract 

The agreement governing the mackerel fishery in the Northeast Atlantic Ocean broke down in 

2010 due to a change in migration patterns. In this paper, we simulate outcomes in the fishery, 

assuming that the mackerel stock has undergone either a temporary or a permanent change in 

migration. If the change is temporary, we assume that the change is related to the stock size, 

with a larger stock size yielding a larger area of distribution. The economic theory of entry 

deterrence is used to determine whether the original parties to the agreement have an 

advantage in that the results from fishing the stock down to a smaller size to prevent another 

party from entering into the fishery. In this case, the results suggest that the optimal strategy 

for the original players is to fish such that they just deter entry to a potential entrant. If the 

migratory change is permanent, the results suggest that the smaller player has a relatively 

large advantage over the larger player. The paper presents a novel method of finding the 

optimal solution that allows for renegotiation. We also use both a deterministic and a 

stochastic recruitment function. 

Keywords: Dynamic bio-economic simulation, mackerel, entry deterrence 

JEL classification: C7, C15, Q22  
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Introduction 

Among fish stocks in the Northeast Atlantic (NEA), those of pelagic fish are the most 

abundant (NEA). The main pelagic species are mackerel (scomber scombrus), Norwegian 

spring spawning (NSS) herring (clupea harengus), and blue whiting (micromesistius 

poutassou); these species are very important for the economies of the countries near the ocean 

(Nielsen et al. 2010). These species are particularly important to the economies of the Faroe 

Islands and Iceland, for which fishing is a key component of the economy (OECD 2011). 

However, this fishery is also important for coastal areas of Norway, Russia, and some 

member states of the EU. 

The aforementioned pelagic fish stocks have always fluctuated significantly in terms of 

abundance. The International Council for the Exploration of the Sea (ICES) has collected 

landing data starting in 1950 for NSS herring and in later years for the other species. The NSS 

herring experienced a boom in catches in the mid-1960s, resulting in a collapse that lasted 

over 20 years. The boom and collapse was caused by new fishing and fish-finding 

technologies (Bjørndal et al. 2004). After a moratorium on NSS herring fishing that lasted 

over 20 years, the countries participating in the NSS herring fishery agreed to restrict the 

stock catch and sharing in 1996. Since the late 1990s, the blue whiting has experienced a 

boom in catches that was partly driven by unlimited fishing by the coastal states; this period 

was meant to establish so-called ‘historical rights’ (Ekerhovd 2008), but it led to a collapse in 

2010 that almost eliminated the fishery altogether. Finally, the mackerel has experienced a 

smaller boom since 2008, characterized by the highest landing quantities on record. The 

landings of mackerel were the greatest (in weight) among the three species in the years 2010-

12 for the first time since the early 1990s. If we instead consider the value of landings, the 
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mackerel is by far the highest-valued of the three species on a per-unit basis (Nielsen et al. 

2010) and has been the most economically important species of the three since the 1970s. 

 

Figure 1: Landings in metric tons of pelagic fish species in the NEA. (ICES 2010) 

What complicates the issue is that these three species are normally not confined to just 

one Exclusive Economic Zone (EEZ); they straddle different zones and international seas 

over the course of a year. Straddling fish stocks are regulated by Article 63 of the UN Law of 

the Sea, (UNCLOS, United Nations (1982)) and the UN Fish Stocks Agreement (UNFSA, 

United Nations (1995)). The coastal states established agreements regarding the NSS herring 

in 1996, regarding mackerel in 2000, and regarding blue whiting in 2006; thus, all three 

species were managed under agreements by 2006. The agreement for mackerel broke down in 

2010 due to changes in migration patterns that were of a magnitude that the agreement was 

not equipped to address (Ellefsen, 2013). In particular, the mackerel stock entered Icelandic 

waters in 2007, which was unprecedented, and the Icelanders began fishing the mackerel in 

significant quantities starting in 2008. In 2010, the Faroe Islands left the agreement because 

they were not satisfied with their share of the total stock. As of December 2012, there is still 
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no new agreement on how to share the mackerel stock. The mackerel catch has been well 

above the level recommended by biologists since 2008 (Ellefsen, 2013). This high level is due 

to the combination of activity in the Icelandic and the preexisting fisheries of the original 

coastal states.  

To contextualize the situation in the mackerel fishery, consider a comparison with the 

NSS herring and blue whiting fisheries. In these fisheries, the above-average landings over the 

last 30-60 years have been associated with a larger abundance; however, these larger catches 

have also been related to a larger distribution area of the stocks. The distribution area of the 

blue whiting was wider when the abundance was high (Utne et al. 2012) and lower when the 

abundance was low. For the NSS herring, the stock was distributed over a larger area in the 

1960s, while it was only distributed in the Norwegian EEZ during the 1970s and 1980s. By 

1995, the distribution was again similar to that of the 1960s. Bjørndal et al. (2004) examined 

whether Norway should simply increase their fishing effort to limit the distribution of the 

herring and keep it in their waters. The authors found that this strategy would not be profitable 

for Norway. 

The mackerel stock is currently distributed over a larger area, which can be attributed to 

its greater abundance. The present paper tries to answer similar questions as those addressed 

by Bjørndal et al. (2004). First, is the best strategy for the incumbent parties to the mackerel 

agreement to deter the entry of the newcomer (Iceland) by fishing at a higher rate than the 

optimal rate? Second, if the change in migration is not related to an abnormally large stock 

size, what is the best strategy? 

The aim of this paper is to analyze the fluctuations of the mackerel stock and the 

strategic questions that follow. The strategic questions are analyzed using a bio-economic 

age-structured model and incorporating a game-theoretic perspective that considers entry 
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deterrence strategies. The research questions answered here reveal the best strategies for the 

players if the migration change is temporary and if it is permanent. 

The mackerel fishery has not been the focus of many scientific articles in fishery 

economics. The NSS herring fishery has been analyzed many times (e.g., Bjorndal et al. 

(2004), Lindroos (2004), and Arnason et al. (2000)), and the blue whiting fishery has also 

been analyzed thoroughly by Ekerhovd (2008). These studies all conclude that the cooperative 

solution is optimal. Kennedy (2003) examines the mackerel fishery in an age-structured 

model, but this analysis was performed before there was an agreement among the coastal 

states. Kennedy thus concludes that the catches should be lowered considerably to increase 

economic profit. Ellefsen, (2013) considers the agreement but does so using a static Gordon 

Schaefer model. Hannesson (2012) also examines this fishery and does so in almost the same 

setting as the present paper, with the distribution being dependent on the abundance, but does 

not consider the costs of fishing. Hannesson also considers a four-player setting (i.e., the EU, 

Norway, Faroe Islands, and Iceland), instead of the two-player setting examined in the current 

paper, and concludes that the smaller players in the mackerel game have a clear advantage 

over the larger players. However, Iceland does not have an advantage if the stock is only 

temporarily in their waters. 

This paper is novel compared with that of Hannesson (2012), as we examine the 

mackerel question in an economic setting and include costs. Another novel contribution is that 

we include the theory of entry deterrence. In addition, the solution method for the simulation 

model is also new; we use what we call a semi-closed loop solution method. Finally, this 

paper also analyzes the question in a setting with risk: we allow for uncertainty regarding 

whether the stock will enter Icelandic waters or reach a level where there is a risk of collapse 

(Blim, in the terms of ICES). 
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In the next section, we examine the mackerel fishery in more detail. The following 

section presents a description of the model and the results from the model. The results are 

then examined in a setting with uncertainty. Finally, we perform sensitivity analyses and 

present our conclusions. 

The mackerel fishery 

The mackerel fishery was divided up by an agreement in 2000 among three coastal 

states: the EU, Norway, and the Faroe Islands. This agreement gave the EU a 60% share, 

Norway a 35% share, and the Faroe Islands a 5% share. In addition, there was an 8% share 

that was allocated to the international area; of this share, almost half went to Russia (Ellefsen, 

2013). 

As previously noted, the agreement broke down in 2010 due to changes in migration 

patterns. It is uncertain whether this change in migration is temporary or permanent. In this 

paper, we assume that if the migration change is temporary, it is due to an abnormally high 

stock size that leads to a larger distribution area. However, if the migration change is 

permanent, we assume that it is unrelated to the stock size19. 

The mackerel fishery is seasonal due to the annual migration pattern of the mackerel. 

The mackerel begins its annual migration by spawning west of Ireland in spring and then 

travels north to the Faroe Islands (starting in 2007, it also began traveling to Iceland) in the 

summer to grow. Next, it travels to the Norwegian coast in the autumn, where it is most 

fishable. Norway is where most of the catch historically occurred (Ellefsen, 2013). Finally, 

                                                           
19

 Hannesson (2012) considers a third hypothesis, i.e., that the change in migration is random. This hypothesis 
is not considered here. 
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the mackerel returns to the waters west of Ireland in the late winter. This is known as the 

‘migration triangle’ (Figure 2)20 (Hjalti í Jákupsstovu, Pelagic complex conference). 

This pattern has recently changed, and the mackerel has traveled over a larger area. This 

change is most likely due to the larger stock biomass coupled with other reasons, such as 

changes in the physical environment and the zooplankton concentration and distribution 

(ICES, 2012). The connection between a larger biomass stock and its distribution is illustrated 

in the following figure: 

 

Figure 2: The stock biomass compared to the distribution area of the NEA mackerel. The 

migration pattern is indicated on the figure by arrows. Source: ICES (2010), Ellefsen (2013). 

We conjecture that the stock will not enter Icelandic waters when the stock biomass is 

below 3.5 million tons (the red line)21. This lack of entry implies that the shift in migration is 

                                                           
20

 In addition to this migration triangle, some of the mackerel travels south to French, Spanish, and Portuguese 
areas. 
21

 The stock size was higher in the 1970s, but there was another North Sea stock of the mackerel that no longer 
exists. Our conjecture is the same as that in Hannesson (2012). 
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temporary. However, we also consider the consequences of a permanent shift in distribution; 

for example, such a change could be caused by climate change. 

Game theory modeling 

In this paper, we treat the original signatory parties (i.e., EU, Norway, and the Faroe 

Islands) from the agreement in 2000 as one party, called the incumbent; we treat Iceland as 

the entrant. 

The entry deterrence issue in a renewable resource management setting has been 

addressed by Mason and Polasky (1994). In their setting, there is a sole exploiter of the 

resource who is worried about the potential entry of a new exploiter. The incumbent 

fisherman promotes an active entry deterrence strategy by increasing present catch levels; this 

strategy would reduce the likelihood of future entry, which would, in turn, reduce future 

profits for the incumbent. The setting here is quite similar, and we can apply the insight of 

Mason and Polasky. 

From the industrial organization literature, we find that entry deterrence reduces welfare 

because the incumbent can continue its monopolistic behavior if the entry deterrence is 

successful. For renewable resources, this situation is different because the welfare-

maximizing level of output is not the fully competitive situation (which is equivalent to an 

open-access situation). Additionally, the sole owner cannot influence the price, so they are not 

a monopolist in a traditional sense. If entry deterrence suppresses the total catch below the 

open access level, then the effect on the total welfare is ambiguous. On the one hand, smaller 

catches imply higher resource rents. On the other hand, the restricted competition means that 

the industry is less dynamically efficient. In this paper, we evaluate the effect of this 

competition on total welfare. 
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Bio-economic model 

The population dynamics are described using a discrete-time age-structured model. The 

number of fish is given by 

7*,� = �� 
7��,��� = 7,�#1���Q�U��, 

(1) 

(2) 

where Rt is the recruitment in year t, Ft is the fishing mortality, si is the selectivity, and M is 

the natural mortality. The initial Ni,0 estimates are based on data from ICES, which includes 

thirteen years' worth of mackerel classes i={0,1,2,…12}. The dynamics can be illustrated as 

follows: 

 

 

 

 

 

 

Figure 3: Illustration of the population dynamics 

By definition, the recruitment only has an effect on year class 0. The fishing mortality 

for the mackerel fishery has an effect on all year classes, as observed in Table 1; however, due 

to selectivity, this effect is very small for the younger year classes and large for the older year 

classes. The natural mortality rate is a fixed number for all year classes for the mackerel and 

is defined by ICES. 

The total biomass in period t is given by 

Recruitment R (+) 

Fishing mortality 

si F (-) 

Natural mortality 

M (-) 

Number of 
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��� =
��7,��F
�*  (3) 

where swi is the stock weight at age i. The spawning stock biomass (SBB) in period t is given 

by 

J��� =
~��F
�* ��7,� (4) 

where moi is the mature part of the year class. The yield (catch) is given by the following 

Baranov (1918) equation: 

�� =
 �{�� + �{� E�7,��1 − #1���Q�U��
�F
�* � (5) 

where cwi is the weight in the catch and the rest of the variables are explained above. The 

initial parameters for the above quantities are given by ICES (2011) for the year 2010 in table 

1: 
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Age class cw sw N0 mo s M 

0 0.048 0 3.899 0.00 0.02 0.15 

1 0.148 0.071 3.464 0.07 0.07 0.15 

2 0.222 0.150 3.188 0.58 0.20 0.15 

3 0.293 0.211 2.639 0.87 0.47 0.15 

4 0.331 0.254 3.545 0.98 0.77 0.15 

5 0.365 0.299 2.543 0.99 1 0.15 

6 0.418 0.351 1.074 1 1.25 0.15 

7 0.470 0.393 0.521 1 1.31 0.15 

8 0.487 0.414 0.655 1 1.35 0.15 

9 0.515 0.445 0.237 1 1.43 0.15 

10 0.573 0.484 0.059 1 1.66 0.15 

11 0.604 0.552 0.432 1 1.50 0.15 

12 0.629 0.571 0.032 1 1.50 0.15 

Table 1: Initial biological data: sw and cw are measured in kg. N is measured in billions. 

Source: ICES (2010). 

 

Recruitment function 

The recruitment function of the NEA mackerel is not easily determined. As observed in 

Figure 4, the stock-recruitment relationship is very weak. Nevertheless, ICES (2007) 

estimates four different recruitment functions with known functional forms. These four forms 

are as follows: 
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• Beverton- Holt 

• Ricker 

• Hockey stick  

• Modified hockey stick 

The ICES report states that either the Ricker or hockey stick recruitment function is 

recommended because these forms best reflect the data. The recruitment function chosen here 

is the hockey stick (which was also chosen by Kennedy (2003)). The parameters are slightly 

different than those used in ICES (2007): the threshold at which the recruitment is constant is 

set higher here than in ICES (2007). The increase in the threshold is chosen to be consistent 

with the MSY (maximum sustainable yield), given by ICES (2012). The recruitment function 

gives an FMSY of 0.21, which is the highest fishing mortality that is sustainable. The 

recruitment function is given by 

�� = �4.072.66JJ�		6�		JJ��� − 1� < 2.66
4.07																																								#��#  

(6) 

This function generates the following figure for the stock-recruitment relationship, 

where the line is the applied recruitment function and the dots are a scatterplot of recruitment 

and SSB data since 1972: 
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Figure 4 Stock-recruitment relationships (data from ICES 2011) and applied recruitment 

function. 

Figure 4 shows that the function fits well in some cases, but it does not fit at all in other 

cases. In the sensitivity analysis, we consider a different recruitment function that does not 

influence the results of this paper to a significant degree. 

Costs of fishing 

The paramount reason for fishing the NEA mackerel is economic: fishermen would not 

fish the mackerel if it were not profitable. An important part of the profit function involves the 

costs of fishing; it is thus essential to determine these costs, which are estimated using the 

cost functions. However, the cost functions are not easily determined. Specifically, this 

fishery is complicated because it is part of a mixed fishery of other pelagic fisheries. 

Therefore, empirical data for this specific fishery are not available. As an alternative 

approach, we examine different cost functions that have been used in the literature for this 
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type of schooling fisheries in the NEA. In studying the mackerel, Kennedy (2003) introduces 

a cost function for the NEA mackerel that depends on the catch and a parameter for the degree 

of schooling. To find the cost function, Kennedy uses the harvest function, which is specified 

as the modified Schaefer harvest function. When adjusted to the notation in our paper, this 

function is given by 

H=EaXb (7) 

where E is effort and X is the stock. The effort exponent a indicates convexity in the costs to 

account for the fact that extra effort requires extra vessels. In Kennedy (2003), the parameter 

a is assumed to be either 0.6 or 0.8. The schooling parameter b reflects the degree of 

schooling. One extreme is full schooling such that b=0; the other extreme is an equal density 

distribution of the stock such that b=1. The Kennedy (2003) article uses b values of 0, 0.6, or 

1. 

This harvest function is then transformed into a cost function through an isolating effort: 

� = ���1���//, (8) 

and total costs are assumed to consist of constant unit costs of effort, called c, times the effort: 

�� = E���1���// (9) 

Finally, Kennedy empirically determines the constant unit cost parameter, c, for fishing 

mackerel based on data for the base year of 1999.  

Other prior empirical approaches for estimating a cost function for a schooling fishery 

in the NEA relate to the Norwegian Spring Spawning (NSS) herring fishery. Bjørndal and 

Gordon (2000) have estimated a cost function for the NSS herring fishery, which is also 

applied in Bjørndal et al. (2004). This type of cost function is dependent only on the harvest 

and not on the stock; thus, it assumes a full schooling fishery [b=0 in Equation (1)). Arnason 
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et al. (2000) also examine the NSS herring fishery, and they assume a full schooling fishery 

and that the cost is proportional to the catch; however, they also introduce a parameter to 

account for the distance to the fishing fields when determining the costs. This paper does not 

consider the distance component, as the cost of travelling a distance is not a significant part of 

the cost of fishing in the NEA mackerel fishery (source: personal communication Tórheðin 

Jensen, June 2009). Finally, some studies examine the NSS herring fishery and specify costs 

as a function of only F (fishing mortality); one example is an article by Rahikainen et al. 

(2013). This brief overview of applied cost functions in schooling fisheries in the NEA makes 

it clear that there is a wide variety of cost functions that can be used to describe a pelagic 

schooling fishery. 

In building our cost function, we drew ideas from Hannesson (2006), who examines the 

cod fishery in the Barents Sea and compares the two different extremes of b in equation (7), 

which are 1 and 0. In one case, Hannesson assumes that unit costs are fixed (b=0); in the other 

case, he assumes that costs are fully dependent on F (i.e., b=1). He concludes that the fixed 

unit costs imply higher fishing mortality than costs that are related to F. 

In this paper, we apply a slightly broader function than that in Kennedy (2003). The cost 

also depends on fishing mortality, which is the decision variable. Additionally, we use 

different cases, as in Hannesson (2006). 

We use equations (7), (8), and (9) above and derive a link between fishing mortality and 

effort. We know that fishing mortality is given by the harvest divided by the stock (here a=1): 

{ = �� = EX�� = 	EX�1�,					� ≥ 0 
(10) 

If we have an equal density distribution for the stock (e.g., b=1), we know that 
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F=E, (11) 

The fishing mortality and effort are thus proportional. Because the mackerel fishery is a 

schooling fishery, b is likely smaller than 1 and equation (11) is no longer valid; therefore, 

effort is not proportional to F. From equation (10), when b<1, fishing mortality F becomes 

larger as the stock X decreases for a given effort level. 

In this paper, we first examine the cost function with b=1. In this case, the total costs are 

TC=c*F, (12) 

with c representing the unit costs, as above. The cost function is calibrated such that the total 

costs of fishing in 2010 were approximately 50% of the revenue, both in the short and long 

runs, when the model is solved. This calibration is in line with what has been found to be the 

resource rent in the NEA fishery (Nielsen et al. 2010). The calibrated parameters values are 

��c& = {c& ∗ 14000000	��c& = {c& ∗ 14000000 
(13) 

where subscript IN indicates the incumbent and subscript EN indicates the entrant. 

At the other extreme, we have a full schooling fishery. In this case, b=0, and equation 

(8) reflects the case where the costs are fixed unit costs. We thus have 

H=E, (14) 

By merging equations (8) and (9), we have the case where costs only depend on the 

catch and a constant unit cost. In this case, we can ignore the costs in the optimization because 

they could be treated as a reduced price (i.e., subtracted from the price directly). 

Thus, we consider two cases in the simulations: one in which the schooling parameter is 

0 with fixed unit costs and one in which the cost function is dependent on fishing mortality. 
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Simulation model 

The above is all incorporated into a Matlab® program with two players. The initial 

values are presented in Table 1, and the recruitment and cost functions are given as above. 

The program simulates 50 years of the mackerel fishery. This long time horizon is used to 

determine what happens in the long run. The decision variable for the players is F (fishing 

mortality). The base year is 2010, when the catch of mackerel was 860,000 tons. This 

corresponds to F=0.25, which in 2010 was divided into 0.21 for the incumbent parties and 

0.04 for the entrant (ICES (2011)) (Figure 5).  

The problem that we maximized was the following: 

maxU 
���*
��* = ���� − ���� ∗ :� = ���� ∗ G − ���� ∗ :� , (15) 

where δ is the discount rate given by the formula 

: = 11 + � (16) 

and r is the rate of return, which is set to 0.02 for the remainder of our analysis. This choice of 

the discount rate is identical for both parties and is in accordance with the 3% discount rate in 

Weismann et al. (2001) because the general discount rate has decreased since then. The unit 

price of mackerel is set at 8 NOK/kg, which is close to the average price since 2000 (Nielsen 

et al. (2010)). This price is set to be constant throughout the simulation period. 

In the game theory literature relating to fisheries, there is a tendency to assume that the 

players can only have one strategy to which they adhere for the whole simulation period 

(Sumalia 1999). This is called an open-loop simulation and is more computationally tractable 

than the more rigorous closed-loop simulation. In a closed-loop simulation, the strategy can 

be changed in each period of the simulation. 
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In this paper, we use a ‘semi’-closed-loop approach. In particular, there can be a 

different fishing mortality for the incumbent player depending on whether the entrant 

(Iceland) is in the game. The fishing mortality for Iceland is set to be zero if the mackerel is 

not within their regional zone and is set to a positive number if the stock is in their regional 

zone (i.e., the stock size is higher than 3.5 million tons). Given these conditions, we find the 

optimal F for both players for all periods. Thus, in this simulation model, there are two 

players when the stock is above 3.5 million tons and only one player when the stock is below 

3.5 million tons. 

To reflect capacity constraints and limited access to the mackerel stock, we restrict the 

fishing mortality of the entrant. Figure 5 presents the historical values of F since 1980: 

 

Figure 5: Average fishing mortalities for the incumbent, entrant, and MSY (ICES 2011) 

The values of F have been high from 1990 to 2005 but have fallen considerably since 

2005 because of the greater abundance of the mackerel. 

We assume that the entrant can only have an F between 0 and 0.05: 
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0 ≤ {�& ≤ 0.05, (17) 

The upper bound is only slightly higher than the average F of 0.045 since 2008, but we 

assume that the mackerel were fished almost at full capacity during these years. The fishing 

mortality of the incumbent can vary from 0 to 1: 

0 ≤ {c& ≤ 1 (18) 

This assumption is justified because the incumbent parties have nearly unlimited access 

to the resource. 

The full problem is characterized as equation (15) with constraints (17) and (18). We 

simulate the solutions to this problem. The incumbent and entrant each choose a fishing 

mortality F to maximize their profits given what the other player does (best-response), which 

defines a Nash equilibrium. The fishing mortality in the base year is given as stated above. If 

the change in migration is temporary, the incumbent can alter its fishing mortality if the stock 

size goes below 3.5 million tons22. However, the entrant can only choose one level of fishing 

mortality: if the stock size falls below 3.5 million tons, the entrant’s fishing mortality is 

constrained to be 0 because it does not have access to the stock. In the permanent migration 

change case, there is no 3.5-million-ton limit, and both players can set their fishing mortality 

subject to the constraints in (16) and (17) to maximize profits given the other player’s action. 

Finally, if the players are in cooperation, it is equivalent to modeling a single player: we 

calculate the fishing mortality levels that result in the maximum profits for this lone player. 

Results 

The results of the simulation model have been grouped along two dimensions, e.g., 

whether the change in migration is assumed to be temporary or permanent and examining the 
                                                           
22

 As the 2010 level is higher than 3.5 million tons, according to ICES (2011), the simulation also starts with a 
stock size above 3.5 million tons. 
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cooperative solution. The results are also grouped according to whether the cost of fishing 

depends on the fishing mortality or the catch (cases 1 and 2). 

Temporary change in migration 

The migration change is temporary if it is dependent on the stock size; i.e., if the stock 

size is above 3.5 million tons, the entrant is part of the game. 

Case 1: Costs depend on fishing mortality 

First, we examine the case where the cost function is dependent on the fishing mortality 

according to the equations in (13) and thus the stock levels. The Nash equilibrium is given by: 

{c& = 0.1533	6�	�� > 3.5 

{c& = 0.1648			#��# 

{�& = 0.05	6�	�� > 3.5 

{�& = 0	#��# 

(19) 

where TB is total biomass. The resulting population dynamics, yield, and profit can be 

observed in Figure 6: 
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Figure 6: Simulation of the mackerel fishery with temporary changes in migration and cost 

function that depend on fishing mortality. Figure 6a presents the population dynamics, and 

Figure 6b presents the total harvest. Figures 6c and 6d present the profits for the incumbent 

and the entrant, respectively. 

In Figure 6a, we see that the population of the mackerel will start by increasing in 2011 

but will decrease from 2012 to 2017. Finally, the population will increase until it lies just 

below 3.5 million tons. The initial rise in the population stems from the current state of the 

stock, and the subsequent fall in the population is due to lower recruitment. The final increase 

from 2017 onward is due to a far lower total fishing mortality rate. From 2017 on, the 

incumbent parties are the sole owner of the resource and attempt to maintain that ownership 

by deterring entry. In the Nash equilibrium, the incumbent fishes such that the mackerel 

population is just below the threshold that keeps the stock outside Icelandic waters. The 

optimal catch level for the incumbent is to settle at a fishing level of 520,000 MT in the long 
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run. The profits for the incumbent and the entrant are reported in Figures 6c and 6d. The 

profits for the incumbent are higher in the beginning of the simulation period because of the 

discounting factor. The entrant only makes positive profits for the first seven years, during 

which the entrant is in the fishery. There are large differences in the total profits for the 

incumbent and the entrant; the differences are much larger than the current gap in profits 

because the entrant can only fish for a few years, while the incumbent can fish throughout the 

period. 

Case 2: Fixed unit costs 

As noted previously, there are arguments for a cost function that is independent of the 

stock size (e.g., Arnason et al. (2000)). If the costs are independent of the stock and depend 

only on the catch, then explicit modeling of costs in the analysis is not necessary, and we can 

simply model these costs as a reduction in the unit price of the fish. This is the second case, 

and we performed the same calculations as in case 1, where the unit price is 50% of the 

original unit price. The results are generally similar; however, the optimal fishing mortality 

for the incumbent players is at a higher level. The Nash equilibrium is given by 

{c& = 0.2482	6�	�� > 3.5 

{c& = 0.2104			#��# 

{�& = 0.05	6�	�� > 3.5 

{�& = 0	#��# 

(20) 

The fishing mortality level equals the MSY when the incumbent is operating as the sole 

owner of the resource. This equality is logical because the model is treated as though costs are 

simply price reductions; therefore, MSY=MEY (maximum economic yield). 
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These fishing mortalities result in the following graphs for the stock, catch, and profits: 

 

Figure 7: The resulting Nash equilibrium with fixed unit costs. Figure 7a presents the 

population dynamics, and Figure 7b presents the total harvest. Figures 7c and 7d are the 

profits for the incumbent and the entrant, respectively. 

In Figure 7a, the stock levels are slightly lower than they were in Figure 6a because of 

the higher fishing mortality in this case. As in case 1, the incumbent will have success by 

keeping the stock under the limit of 3.5 million tons, above which the mackerel is assumed to 

wander into Icelandic territory. The optimal catch level is over 1 million tons for the first few 

years. The catch level then falls to 563,000 tons in the long run, which is slightly higher than 

in case 1. The profits are of the same magnitude as in case 1. 
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Permanent change 

The shift in the migration pattern could be a permanent shift. If so, when the stock 

decreases, the mackerel would not disappear from Icelandic waters, which would occur if the 

migration patterns shifted due to climate change. The change would be irreversible, and the 

mackerel would permanently take up a new migration pattern. The permanent change is 

modeled by eliminating the 3.5-million-ton limit for the stock from the model. In this case, 

both players a priori choose a fishing mortality, which they maintain for all periods. 

Case 1: Costs depend on fishing mortality 

This case again assumes the cost function in (13). In contrast to the previous 

simulations, the resulting Nash equilibrium is now characterized by only two values: 

{c& = 0.14 

{�& = 0.05 

(21) 

We still impose the constraint that the entrant’s fishing mortality must be below 0.05, 

while the fishing mortality for the incumbent is unrestricted. The solution above generates 

figures 8a-d. 

The population dynamics are quite similar to the temporary migration change case. The 

long run catch is calculated to be 548,000 tons per year, which is slightly higher than the 

temporary case (Figure 6). In contrast, the profits are highly different: the entrant makes a 

profit of 16.7 billion NOK compared to only 4.8 billion NOK in the temporary case. Thus, a 

permanent change in migration will considerably improve the bargaining position of the 

entrant in a future catch share agreement compared to a temporary change in migration 

patterns. The profits of the incumbent will decrease, which will reduce the incumbent’s 

bargaining position. 
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Figure 8: The resulting Nash equilibrium with costs that depend on the fishing mortality. 

Figure 8a presents the population dynamics, and Figure 8b presents the total harvest. Figures 

8c and 8d present the profits for the incumbent and the entrant, respectively. 

Case 2: Fixed unit costs 

In this case, the costs are fixed unit costs (and thus modeled as a lower price). The Nash 

equilibrium in this case is characterized by the following values of F: 

{c& = 0.14 

{�& = 0.05 

(22) 

The figures are not presented here because they are almost identical to Figure 8. The 

profits for the incumbent and the entrant were 58 million NOK and 13 million NOK, 

respectively. Therefore, the bargaining position of the entrant relative to the incumbent is 

again dramatically improved compared to the case in which the change in migration was 
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temporary. The total fishing mortality of the two players is equal to FMSY, which would not be 

the case if there were no constraint (or a higher constraint) on the entrant’s fishing mortality, 

as presented below. 

Cooperative solution 

Now, we assume that there is only one player that maximizes profits. We refer to the 

solution of this problem as the cooperative solution. 

Case 1: Costs depend on fishing mortality 

We use the cost function in (13) to represent the total fleet. The optimal solution 

depends on whether the players can change their fishing mortality during the simulation 

period. If we had one F level for the entire period, we could achieve the same profit level that 

is possible if the fishing mortality can change when the biomass reaches a certain level. In this 

cooperative case, we are flexible in determining where this biomass threshold could lie. The 

threshold in the optimal cooperative solution would thus lie between 4.1 and 4.4 million tons. 

Given F- and catch-dependent costs, the optimal values of F are the following: 

F=0.2292 if TB>4.2 

F=0.141 if TB<4.2 

(23) 

The other equilibrium outcomes can be graphed as follows: 
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Figure 9: The cooperative solution with costs that depend on the fishing mortality. Figure 9a 

presents the population dynamics, Figure 9b presents the total harvest, Figure 9c presents the 

profits for the incumbent and the entrant as a single agent, and Figure 9d presents the fishing 

mortality. 

The population dynamics demonstrate that the biomass is above 3.5 million tons in the 

long run (the level was 3.7 million tons). The resulting catch is 488,000 tons per year. In 

Figure 9d, the stock is above the 4.2-million-ton threshold only in the second and third years 

of the simulation, during which the fishing mortality must be higher. The mortality must be 

higher due to the larger-than-average stock in later years. 

Case 2: Fixed unit costs 

We also consider the case where the players have fixed unit costs in the cooperative 

game. Here, we also establish the stock threshold at 4.2 million tons. For biomass levels 

above this threshold, the fishing mortality should be very high to reach the optimal solution: 
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F=0. 472 if TB>4.2 

F=0. 211 if TB<4.2 

(24) 

This equilibrium generates the following graphs: 

 

Figure 10: The cooperative solution with costs that depend on the fishing mortality. Figure 

10a presents the population dynamics, Figure 10b presents the total harvest, Figure 10c 

presents the profits for the incumbent and the entrant as one agent, and Figure 10d presents 

the fishing mortality. 

The population dynamics in this case are similar to those in Figure 7. The resulting 

catch is 563,000 tons per year. The profits for the fishery are slightly higher than those 

obtained in the non-cooperative solution, with a limit of 3.5 million tons. We also observe that 

very high fishing mortality is only chosen in one year, after which point the fishing mortality 

falls back to the FMSY level. 
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Summary of the results 

Given all of our results, we can generate the following table of the profits in each case: 

Table 2: Profits for each player and the total where the cost depends on F (case 1) or the catch 

(case 2). The cooperative profit is also reported for both cases. Numbers in parentheses are the 

shares of total profit to the respective players. 

 Case 1: Costs depend on F  

(profits in million NOK) 

Case 2: Fixed unit costs 

(profits in million NOK) 

 Limit 3.5 No limit Limit 3.5 No limit 

Incumbent 62.9 (93%) 48.4 (74%) 77.27 (97%) 58.37 (81%) 

Entrant 4.8 (7%) 16.7 (26%) 2.6 (3%) 13.47 (19%) 

Total 67.7 (100%) 65.1 (100%) 79.86 (100%) 71.84 (100%) 

Cooperative 69.5 79.93 

 

Table 2 indicates that the entrant share is higher when costs depend on fishing mortality 

than when the unit costs are fixed. This result is most likely explained by the fact that the 

economically optimal solution yields a lower fishing mortality and that the mackerel will 

enter Icelandic territories more often, thus giving the entrant a larger share of profits. Under a 

bargaining solution, the sharing of the benefits is usually determined by sharing the surplus of 

what cooperation yields compared to non-cooperation. The most intuitively appealing sharing 

rule is to share this surplus equally between the players. This is also the result that two well-

known sharing rules, the Nash bargaining solution and the Shapley value, would produce in 

this case (Bjørndal and Lindroos, 2004). Thus, for case 1 (temporary migration change) we 
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should subtract 67.2 from 69.5 and allocate half of the difference to each player. This would 

give the entrant 8.2 % of the total profits, and the incumbent would receive 91.8%. 

Conversely, if we split the difference between the parties in the no-limit case, the entrant 

would claim 27% of the total profits. This result is the same for case 2, although the numbers 

are lower. 

Table 2 clearly illustrates that the dispute over the mackerel fishery can be boiled down 

to a question of whether the migration change of the mackerel is considered to be a permanent 

or a temporary change. The incumbent would claim that the change is temporary and will be 

reversed in a couple of years before offering the entrant a 7% share of the total stock; the 

entrant (Iceland) would claim that the change is permanent and request a 20% share of the 

total stock. Only time will tell which party is correct. 

Table 2 also indicates that the incumbent player loses considerably if the parties agree to 

have no 3.5–million-ton stock limit. If the cooperative solution is used, it is not individually 

rational for the incumbent to agree to the no-limit-solution concept. 

When the coastal states share a straddling fish stock, the states normally share the catch 

and not the profits. The catch share for the entrant in the temporary case is much lower than 

that for the incumbent because of the discount rate, which values profits in the near future 

more highly than in the distant future; in contrast, catches are not discounted. This difference 

is important in the temporary case due to the different activity patterns of the incumbent and 

the entrant. The entrant fishes only in the beginning of the simulation period, but future 

profits are discounted for the incumbent. The catches are not discounted. In the permanent 

case, there is no difference regardless of whether we look at the catch or at the profits, as the 

entrant fishes throughout the period. 
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The results in this paper do, to a certain degree, contradict Bjørndal et al. (2004), who 

found that it is not at all optimal for Norway to confine the NSS herring to Norwegian waters. 

This disparity is most likely driven by the fact that confining the NSS herring to Norway 

requires a much lower stock than does confining mackerel within EU/NO/FO waters. The 

present study focuses on a different fishery, however, and it uses a different model. 

Uncertainties in recruitment 

This paper has so far only considered a deterministic model of recruitment. However, as 

we observed in Figure 3, the recruitment of the mackerel is likely not very deterministic. In 

particular, the last three years of recruitment are given by ICES as geometric means of 

recruitment for the last forty years (ICES, 2012). In this section, we consider a random 

function to describe the future recruitment. The average recruitment since 1980 is set at the 

mean, while the standard deviation since 1980 is set as the width in a uniform distribution, 

from which we pick a random number to predict future recruitment23. We can now plug in the 

strategies from the deterministic case and determine what the outcome would be in a random 

recruitment scenario. 

In the deterministic case, where the costs were fixed and the change was temporary, we 

found that the best strategy to deter entry was for the incumbent to use an F of 0.1648 after a 

couple of years in which the value of F is 0.1533. The entrant would have an F of 0.05 when 

the stock is above 3.5 million tons. The deterministic recruitment function suggests that the 

fish stock would simply not enter Icelandic waters in the long run. However, if these 

strategies were plugged into the random recruitment function above, the chance that the stock 

will exceed 3.5 million tons and enter Icelandic waters is higher than 50/50. 

                                                           
23

 This function is not quite biologically correct, as there is no chance for the stock to collapse; there is always a 
new recruitment that is around average. And we also abandon any stock-recruitment relationship. 
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The case is quite similar if the parties instead have fixed constant unit costs, in which 

the F is 0.211 if the stock is below the 3.5 line and 0.2982 (0.2482 plus 0.05) if the stock is 

above the line, which were the strategies in the deterministic case (20). This case is depicted 

in Figure 11 over 100 simulations. 

 

Figure 11: The resulting population dynamics with a random recruitment function and a 

fishing mortality, as in case 2 (F=0.211), with a temporary shift in migration. The thick solid 

black line shows the median, and the dashed lines show the 95% percentiles. The solid blue 

and thin solid black lines at 3.5 and 2.5 are lines related to entering Icelandic waters and the 

limit where there is a high probability of collapse according to ICES (ICES 2012), 

respectively. 24 

                                                           
24

 ICES operates with a level called Blim, which is a level for the SSB. This level is translated into biomass, 
assuming that the SSB is a constant part of the total biomass. 
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In these simulations, there is less than a fifty percent probability that the stock enters 

Icelandic waters, and the risk of a collapse is very small. 

Conversely, the average fishing mortality since 1980 is 0.2845 (figure 5). If this average 

fishing mortality is maintained for the next 50 years, the population dynamics will have the 

following shapes, according to our model: 

  

Figure 12: Simulations of the population dynamic for an F of 0.2845 with random 

recruitment functions. The thick solid black line shows the median, and the dashed lines show 

the 95% percentiles. The solid blue and thin solid black lines at 3.5 and 2.5 are lines related to 

entering Icelandic waters and limit where there is a high probability of collapse according to 

ICES (ICES 2012), respectively. 

The probability of the stock entering Icelandic waters is small now (approximately 8%), 

but the probability of collapse has increased significantly compared to that observed in Figure 
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11. If we count the cases where the stock either goes above 3.5 million tons or below 2.5 

million tons for each period, we obtain Figure 13: 

 

Figure 13: The number of cases that the stock size of mackerel will be above 3.5 million tons 

(where the stock will be entering Icelandic waters) and the number of cases that the stock size 

will be below 2.5 million tons (where there is a high risk of a collapse) per year if F=0,2845. 

We interpret these cases as probabilities for either collapse or entering Icelandic waters. 

There is not a high chance that the mackerel stock will enter Icelandic waters if the coastal 

states maintain the strategy that they have used since 1980 for the next fifty years. In contrast, 

there is a high risk of collapse. The coastal states must weigh these two risks. 

Figures 11 to 13 demonstrate that the population of mackerel is very dependent on 

which fishing mortality the coastal states use. If the coastal states follow the ICES 

recommendation and choose a fishing mortality of 0.211, there will be approximately a 45% 

chance of the stock reaching above the 3.5-million-ton limit, implying that the stock will enter 
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Icelandic waters. In contrast, if F had been set at the average since 1980 (0.2845), there would 

be only approximately an 8% chance that the mackerel stock will enter Icelandic waters. 

To assess the optimal response for the incumbents, the case where the coastal states 

have a fishing mortality of 0.211 if the stock is below 3.5 million tons and deter entry if the 

stock is above is considered. Several simulations have been run, and the average probability 

of either the stock rising to over 3.5 million tons (i.e., entering Icelandic waters) or the stock 

falling below 2.5 million tons (i.e., the stock heading for a collapse) is assessed. We fix the 

fishing mortality at 0.211 (MSY) if the stock is below 3.5 million tons, and we vary the 

fishing mortality over the range from 0.20 to 0.35 if the stock is above 3.5 million tons. 

Figure 14 shows the probability of entering Icelandic waters and the probability of collapse 

under these conditions. The corresponding average catches are also shown. 

 

Figure 14: Average probabilities of entering Icelandic waters and a collapse, respectively, for 

different fishing mortalities. The catch is also reported for each of the fishing mortalities. 
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Figure 14 shows that the probability of the stock entering Icelandic waters declines quite 

dramatically with rising fishing mortality when the stock is above 3.5 million tons. 

Conversely, the risk of a collapse almost does not increase with rising fishing mortality. 

The average catch per period for 100 simulations was highest if the coastal states used a 

fishing mortality of 0.21 for all periods. In that case, the catch was 684,000 tons. This result 

can be compared to the results in Figure 13, where the corresponding catch was 702,000 tons. 

Figure 14 also suggests that the incumbent can reduce the chance of the stock entering 

Icelandic waters while barely increasing the risk of a collapse. The Nash equilibrium found 

above (20) is characterized by an incumbent fishing mortality of 0.2482 and an entrant fishing 

mortality of 0.05 if the stock is above 3.5 million tons; the incumbent fishing mortality is 

0.211 if the stock is below 3.5 million tons. That Nash equilibrium would result in a risk of 

the stock entering Icelandic waters of approximately 23% and a risk of collapse of 

approximately 1.5%. The corresponding catch is 659,000 tons each year compared to the 

optimal catch of 684,000 tons. The difference is 25,000 tons (3.7%) below the optimal total 

catch. However, the probability of the stock entering Icelandic waters is reduced considerably 

after the Nash equilibrium is applied, from 46% to 23%. 

Is entry deterrence a profitable strategy? In a cooperative solution, the coastal states 

could make an agreement that fixes a fishing mortality of 0.211 (FMSY), provided that the 

entrant can obtain a reasonable share. In 46% of the cases, Iceland could claim 20% (which is 

roughly the size of their share in later years (F=0.05/F=0.25)) if the change is temporary. The 

non-cooperative solution where Iceland would fish when the stock is in their waters would, 

conversely, give them only a 23% chance to fish for their 20% share. Table 4 presents the 

following calculations of the entrant share: 
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Table 4: Comparing the share of the entrant in the cooperative and non-cooperative solutions 

‘Cooperative solution’ 46%*0.2=9.2% 

Non-cooperative solution 23%*0.2=4.6% 

The difference in the share of Iceland is 4.6%, which is slightly greater than the smaller 

catches that the coastal states can expect by following the above Nash strategy (i.e., a loss of 

3.7%). In the case of a temporary migration change, the entry deterrence strategy is profitable, 

but not by a large margin. There is thus a 4.6% smaller share for Iceland compared to a 3.7% 

smaller stock; i.e., the incumbents could catch 684*(100%-9.2%) = 621,000 tons per year in a 

cooperative solution, while they could catch 659*(100%-4.6%) = 629,000 tons per year in a 

non-cooperative solution. 

We also tested whether the results would be the same if the costs depended on the 

fishing mortality using the profit function in equation (13). In that case, the probability that 

the stock will enter Icelandic waters is much higher than it was in the case above where the 

costs were fixed as the fishing mortalities are lower. The probability that the stock will enter 

Icelandic waters is approximately 70% for the Nash equilibrium (19), and 80% for the 

cooperative solution (23), so there is not much difference. And now Iceland with mackerel in 

70% or 80% of the cases would be considered not as an entrant but as one of the incumbents 

and could claim a higher share.  

We have not considered the case in which the change in migration is permanent and the 

recruitment is stochastic. In that situation, it does not make sense to consider an entry 

deterrence strategy, and Iceland can claim their 19% or 26%, as in the deterministic model. 
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Sensitivity analysis 

In this section, the robustness of the results is tested by varying the different biological 

and economic parameters. In particular, many versions of the cost function have been used. 

The costs could be dependent on the fishing mortality in different ways than those modeled in 

equation (13). In addition, if the costs depended only on the catch, there could be a different 

relationship than the fixed proportion modeled earlier in the paper. However, for all of these 

different cost functions, the general conclusions of the paper are not significantly different. In 

the temporary migration change case, the results all predict that the incumbent player should 

increase the fishing mortality to keep the mackerel stock just below the level at which it 

would enter Icelandic waters. 

We also tried recruitment functions other than the hockey stick. The Ricker recruitment 

function was used and gave the same conclusions as the hockey stick recruitment function. 

The Ricker recruitment function differs from the hockey stick in that there is not a level at 

which the recruitment stays constant; however, this difference does not affect the conclusions. 

For uncertainty in recruitment, we also tried different average recruitment levels and standard 

deviations; in these analyses, the general conclusions were also the same.  

The other parameters, such as the discount rate and length of simulation period (after 

the initial period of approximately 20 years), do alter the percentage sharing of the stock, but 

they do not alter the conclusions. When the stock was below rather than above the 3.5 million 

mark for the base year, the conclusions were not notably different. The main difference is that 

the incumbent could keep the stock at such a low level that it does not enter Icelandic waters 

at any point in the simulation period. 
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The price of mackerel does change during the year and is lower when the mackerel is in 

Icelandic waters (Ellefsen, 2013). If this change were built into the model, the results change 

such that Iceland is in a weaker bargaining position in both the temporary and permanent 

change cases. The price of mackerel does have a higher impact if the change is permanent 

because the percentages that Iceland can claim are higher. 

Altering the maximum limit for the fishing mortality for the entrant also alters some of 

the results. For the temporary migration change case, the entrant can set the F at a very high 

level, but the stock then falls to the 3.5-million-ton limit even more quickly; thus, this change 

does not have a large effect on the results. 

For the permanent case, when we increase the maximum F to approximately half of the 

FMSY (in the case of fixed unit costs), the incumbent decreases its F.  

However, if the entrant’s F were allowed to be larger than half of FMSY, the total would 

increase to considerably above the FMSY. For example, if we allow the F to vary between 0 

and 0.2 for the entrant (and between 0 and 1 for the incumbent), we obtain the following 

equilibrium values for F: 

{c& = 0.18 

{�& = 0.13 

(25) 

If the maximum fishing mortality were set higher, the stock would be driven to 

extinction even faster. These results indicate that smaller players in a fishing game have an 

advantage because they can almost fish up to their limit in a Nash equilibrium; in contrast, the 

larger player needs to conserve the stock, which is also the conclusion drawn by Hannesson 

(2006). 
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However, if the costs were dependent on F and the catch, the optimal F would not be 

affected by the maximum F set for the entrant. The costs of increasing the fishing mortality 

would have been too high for the entrant to partake in the fishery. 

The 3.5-million-ton limit is set quite arbitrarily and could be set differently. This change 

obviously alters the results. If the limit is set lower, the entrants can claim a larger share, 

while the incumbents would claim a smaller share. 

Conclusion 

This paper simulated the stock levels, catch, and profits for the mackerel fishery under 

different scenarios for the migration change of the mackerel. The simulation combined a 

dynamic bio-economic model with a game-theoretic model of entry deterrence. There were 

two players: the group of incumbents (EU, Norway, and the Faroe Islands) and the entrant 

(Iceland). 

The biological part of the model was built using data from ICES. Two different 

recruitment functions were used: one was deterministic, and the other was stochastic. As the 

data for fishing cost are not readily available, two alternatives for the cost function were used: 

one was dependent on the fishing mortality, and the other was dependent on the catch.  

The first scenario simulated assumed that the increased distribution area of the mackerel 

observed in later years was dependent on increased abundance and was a temporary 

phenomenon. This scenario was modeled such that when the mackerel reached a threshold of 

3.5 million tons, it would enter Icelandic waters; the mackerel would leave Icelandic waters if 

the stock again fell below 3.5 million tons. The paper then tested the economic theory, 

suggesting that the incumbent players could have a profitable entry deterrence strategy to 

prevent entry from Iceland. We found that the best strategy for the incumbent player was to 
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fish down the mackerel to a stock level such that it just marginally does not enter Icelandic 

waters. This was the result regardless of the cost function that was used. 

The second scenario assumed that the distribution pattern has nothing to do with the 

abundance of the mackerel and that the recent change in the migration pattern was a 

permanent change. In this case, the results showed that the share that should be allocated to 

the entrant should be much larger than if the change were temporary. 

The significant difference in these results explains why there are such large differences 

in the real-world opinions of the incumbent and the entrant. The incumbent parties to the 

mackerel agreement from 2000 claim that this is a temporary migration change, while the 

entrants claim that the change is permanent. 

The cooperative solution assumed that the players jointly maximized their profits. 

However, the maximized profits did not exceed the non-cooperative profits by a large margin. 

This optimistic result can be attributed to the restriction on the entrant’s fishing mortality 

choice. The entrant cannot exceed the maximum fishing mortality that has been observed in 

later years, which models restrictions based on the access to the resource. 

The uncertainty in recruitment is large; this feature was also built into the model. The 

main result under uncertainty was that if the parties decide to follow the biological 

recommendations, there is a large probability that the stock will enter Icelandic waters. The 

probability of the stock entering Icelandic waters was lower if the incumbents would deter 

entry by increasing the fishing mortality when the stock was above 3.5 million tons. This 

increased fishing mortality also lowered the catch; the incumbent would be better served by 

deterring entry, albeit not by a large margin. 
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Another strategy tested the case in which uncertain recruitment was set to equal the 

fishing mortality, as it has been since 1980. At this level of fishing mortality, there is almost 

no chance that the mackerel stock will enter Icelandic waters; however, the risk of a collapse 

was quite high. 

These results have several policy implications: 

There is not a high probability that the parties will agree on whether this is a permanent 

or a temporary shift in migration because the different scenarios imply completely different 

strategies and benefits. Perhaps biologists could resolve this controversy, but the most likely 

outcome is that the parties will wait for the stock to return to lower levels and see what 

happens to the migration pattern. 

The results from the case with uncertainty suggest that the incumbent would be better 

served by deterring entry for Iceland instead of reaching an agreement. 

Finally, the economically optimal solution dictates a lower fishing mortality than the 

biologically optimal fishing mortality; this discrepancy will increase the probability of the 

mackerel entering Icelandic waters, thus leading to a larger share for Iceland. 

The results also show that the smaller player has a relatively strong bargaining position. 

One player that we have not considered thus far is the Faroe Islands, which broke out of the 

mackerel agreement because they were not satisfied with their catch share. Iceland and the 

Faroe Islands are quite similar in size in this setting, but the difference is that mackerel has 

always been present in Faroese territories. Hence, the Faroe Islands are operating under the 

conditions from the permanent case, which gives them higher bargaining power. Therefore, 

convincing the Faroe Islands to come to an agreement with EU and Norway is another 

potential stumbling block for the negotiations. In the meantime, the total fishing mortality of 
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the coastal states is well above what biologists recommend. Even if entry deterrence is not the 

primary motivation for the high fishing mortality, the effect would be similar to intentional 

entry deterrence.  

In the paper, we mentioned one possible agreement in which the Icelanders obtain a 

large share (19%) when the stock if the stock size is above 3.5 million tons but obtain no part 

when it is below. The Faroe Islands could claim a similar share of the stock, but for all 

periods. Could every player do the same; that is, break out of the agreement and later claim a 

larger share? Clearly, the parties need to find a solution that effectively shares the stock, but 

there is an advantage for small players, as the smaller players do not have the same 

conservation incentives as the larger players (Hannesson, 2006). 
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