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ABSTRACT 

Conflicting interests in the extraction of renewable resources bring about economic 
trade-offs that can be quantified with the methods of natural resource economics. 
These methods bring economic and ecological dimensions together while providing 
decision-makers insight into the welfare-maximizing optimal management of natural 
resources. This thesis develops three bioeconomic simulation models coupled with 
numerical optimization to analyse the conflicting interests in the management of 
Baltic salmon fisheries. 

The interaction among protected wildlife species and resource users mirrors 
conflicting interests in society. In the Baltic Sea, human-wildlife conflict occurs 
between a high-value salmon trap net fishery and protection of the recovering grey 
seal population (Halichoerus grypus). In this thesis, we quantify the economic effect 
of grey seal conservation on the professional Finnish salmon trap net fishery. We 
calculate the extent of damaged and lost catch due to seals, i.e., the seal-induced 
damages, and model the fishers’ optimal gear adaptation in the presence of seals as 
well as the implications for the salmon stock (Article I). This article is the first attempt 
to model the economically optimal Baltic salmon fisheries management in the 
presence of grey seals. 

To avoid stock collapse and to enable the fishery’s profitability in the long term, 
fisheries management is needed. The EU Common Fisheries Policy sets a minimum 
management objective at the maximum sustainable yield yet fails to explicitly address 
the three pillars of sustainability: economic growth, environmental protection and social 
development. This thesis addresses the role of the fisheries management objectives by 
comparing biological and economic management objectives, namely, maximum 
sustainable yield and maximum economic yield (Article II), in the commercial salmon 
trap net fishery. Our results show that by aiming at the economic objective, society would 
generate more gains from fisheries while attaining a higher salmon stock size. 

The interactions among resource user groups affect the reproductive capacity of the 
fish stock as well as the utility and profits of the user groups, here commercial and 
recreational salmon fishers. The reciprocal negative externalities from fishing activities 
often give rise to conflicts among recreational and commercial fishers. This thesis 
addresses the economic and ecological dynamics of the commercial salmon trap net 
fishery and recreational angling while acknowledging the role of social norms and the 
heterogeneous motivations of anglers and the effects on the reproductive capacity of 
the salmon stock caused by the commercial and recreational fishery (Article III). 

This thesis consists of a summary section and three articles, which form a 
comprehensive picture of the bioeconomic dimensions of the Finnish Baltic salmon 
fisheries. The thesis contributes to the existing literature by providing novel 
bioeconomic tools for conflict resolution and forming a coherent, holistic view of 
possible improvements in Finnish salmon management. 

Keywords: fisheries management, trade-offs, ecosystem-based management, human-
wildlife conflict, Baltic Sea, bioeconomic modelling, optimization, Common Fisheries 
Policy, commercial fishing, recreational fishing, maximum economic yield, maximum 
sustainable yield, social norms, angler motivations, Salmo salar, migratory fish, 
Halichoerus grypus  
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1 INTRODUCTION 

In fisheries management, finding solutions to resource use conflicts is a task of 
paramount importance. The task highlights the choice of a feasible objective that 
combines necessary information to balance the trade-offs amongst conflicting 
interests in social-ecological circumstances. A trade-off occurs when one objective 
causes losses for another objective (Okamoto et al. 2019). This thesis analyses the 
ecological and economic trade-offs occurring in the Baltic salmon fisheries to 
reconcile the conflicting interests in fisheries resource use. This is done by finding a 
socially optimal solution that maximizes the net economic returns of the fishery. 

Natural resource scarcity causes resource competition and conflict (Pomeroy et al. 
2016). When fish stocks degrade, their capacity to provide food, livelihoods and 
recreational enjoyment is limited. As renewable resources, fish stocks replenish over 
time and are capable of growth. Fish move across the boundaries of countries and 
landowners, which makes the definition of resource ownership difficult. Fish 
populations are common pool resources, meaning that it is difficult to exclude fishers 
from using these resources (Hardin 1968 and Ostrom et al. 1999). In an open-access 
regime, a single fisher is not able to preserve the fish stock by reducing her own 
harvesting if other fishers do not do the same. Common pool and open-access 
features characterize the use of fish resources, which means that the resources are 
in principle owned by all (Gordon 1954). Hence, fisheries tend to be overexploited, 
and stock externalities arise in unregulated fisheries because fishing costs increase 
when the fish stock is depleted (Koenig 1984). If an open-access fishery is left 
uncontrolled, overexploitation is the inevitable outcome (Clark 2010, Hilborn 2007). 
These features make fisheries management both necessary and challenging and 
highlight the need to reconcile resource-based conflicts. 

For a resource user, a renewable resource is a natural-capital asset, and harvesting 
decisions can be seen as investments (Clark & Munro 1975 and Clark 2010). 
According to the golden rule of capital investment, the decision to increase or 
decrease the stock of capital (resource stock) should equalise the marginal 
productivity of the resource to the discount rate (Clark 2010). Natural resource 
management essentially addresses the question of optimal timing – both with respect 
to decisions on when to use the resource, i.e., invest in harvesting, and when not to 
use it, i.e., preserve the resource. With the question of optimal timing come the 
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economic issues of capital and investment. Preserving the resource means saving it 
for the future, but it does not necessarily mean non-use. 

Renewable resource management touches multiple levels of society and the 
environment, as it brings together ecological, social and economic systems. Social-
ecological objectives are not fully reflected in the traditionally dominating and partial 
view of sustainability based on the ecological concept of maximum sustainable yield 
(MSY) (Okamoto et al. 2019). MSY is defined as the ability of a resource stock to 
withstand harvest equal to its growth rate. The concept of sustainability stands upon 
the three pillars of economic growth, environmental protection and social 
development (Adams 2006). Targeting MSY does not maximize the economic returns 
of fisheries, nor does it enable consideration of ecological, social or cultural objectives 
(see, e.g., Hilborn et al. 2015, Marshall and Levin 2017), and as such, it fails to attend 
to the three pillars of sustainability. Currently, management often isolates human uses 
and the environment, and the dynamics of these systems are often not considered 
jointly in management decisions. Ecosystem-based fisheries management1 requires 
a holistic view that regards the three pillars of sustainability as parts of the same 
totality. According to the theory of natural resource economics, the best possible 
management strategy is found by comparing the costs and benefits of resource 
harvesting in the long term. Thus, the answer is to identify a management strategy 
that maximizes the value of future net economic gains (Clark 2010). 

Bioeconomic modelling enables capturing the dynamics and consequences of human 
behaviour within the biological system to balance biological and economic outcomes 
(Fulton et al. 2011). In a bioeconomic model, a stock projection model describes the 
biological dynamics of the resource stock. The biological model can be very simple, 
such as a biomass model, i.e., the Gordon-Schaefer model (Gordon 1954 and 
Schaefer 1957), or it can contain different levels of complexity. Modelling the 
structure of the resource increases the complexity of the biological model. Stock 
projection models coupled with economic models through harvest and profit functions 
capture the net revenue of the resource use, which is the economic rent. This thesis 
applies the method of bioeconomic modelling to provide a description of both the 
ecological entity and economic activities. To form a holistic view of the system and to 
provide managerial solutions that maximize the returns to society, a dynamic 
economic model of renewable resource and its harvesting is formulated and analysed. 

To evaluate the economic performance of the optimal resource use over time, the 
discounted net present value over time is determined. Maximizing the net present 

 
1  Ecosystem-based fisheries management is an approach that considers major ecosystem 

components and services in managing fisheries. Its goal is to rebuild and sustain 
populations and marine ecosystems at high levels to avoid jeopardizing the marine 
ecosystem goods and services that provide food, revenues and recreation for humans. 
(Garcia et al. 2003). 
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value over time is an objective that represents the maximum net revenue from the 
fishery over time. This objective function is used in Articles I-III, and it equals the 
maximum economic yield (MEY) objective, which is defined as a sustainable level of 
effort or catch that maximizes the difference between the discounted total revenues 
and costs of fishing (e.g., Clark 1990, Kompas et al. 2010, Norman-López and Pascoe 
2011). For comparison, in Article II, an alternative objective function for maximizing 
the total harvest is used. 

According to valuation studies conducted in the Baltic Sea, Finnish people assign the 
highest relative value to cultural ecosystem services that provide opportunities for 
recreation and habitats for animals and plants (Ahtiainen et al. 2019 and Nieminen 
et al. 2019). In light of these findings, it is important to consider these ecosystem 
services in the context of Baltic salmon management. To provide both food for 
consumers and livelihoods for fishers in the long term, fisheries management should 
provide the basis for sustainable resource use. Commercial fisheries are dependent 
on the harvested stock, since the stock itself is the source of economic profits from 
the harvest. The prices in markets strongly affect the demand for fish and, 
consequently, the profitability of harvesting. When the fish price is low and costs 
remain the same, the fishery becomes less profitable. The low price of Norwegian 
farmed salmon has dramatically reduced the demand for Finnish wild salmon. 
Moreover, government regulation can either benefit or harm the fish stock and the 
fishery. Excessively loose regulation may lead to an open-access regime, where fishers 
race to fish and fishery profits go to zero, that is, the resource rent is dissipated. Overly 
strict government regulation may lead to opposition and sub-optimal profits. The 
number of Finnish professional fishers has been in decline since the 1980s, and the 
number of gear days in trap net fisheries decreased by half over twenty years (OSF 
2019 and Söderkultalahti & Takolander 2019). Diminishing fishing effort in the 
commercial fishery has given recreational anglers better opportunities to catch 
salmon on the river. 

The overall aim of this thesis is to explore the economic, social and ecological 
implications of fisheries management decisions. This thesis provides bioeconomic 
case studies of Baltic salmon fisheries that provide insight into ecosystem-based 
fisheries management. This is done by developing tools for finding long-term optimum 
solutions that combine economic, biological and social information on the Baltic 
salmon fisheries (Table 1). Decision-makers can use the long-term optimum solutions 
as information basis to alleviate conflicts in resource use. This thesis highlights the 
potential of bioeconomic modelling as a tool to overcome the challenges in integrating 
the conflicting objectives in Baltic salmon management. It is an example of a 
multidisciplinary approach to fisheries management, as it combines economics, 
biology and sociology. 
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TABLE 1 Summary of the key components of the studies. 

Study Research focus 

Type of 
conflicting 
interest 
analysed 

Trade-offs 
analysed 

Applied  
methods 

Contribution to the 
literature 

I Seal-fishery 
conflict in the 
northern Baltic 
Sea 

Seal 
conservation 
vs commercial 
salmon 
harvesting 
 

Profitability of 
the 
commercial 
fishery vs 
increasing 
seal-induced 
damages to 
the fishery 
Cost of 
adapting to 
increased 
seal-induced 
damages, 
private and 
public 

Bioeconomic 
modelling, 
cost-benefit 
analysis, age-
structured 
modelling 
coupled with 
dynamic 
optimization 

Long-term 
economic 
optimum for 
coastal trap net 
fishery in the seal-
fishery conflict and 
the resulting 
salmon stock 
dynamics. Use of 
damage functions 
to define the seal-
induced damages. 
Optimal gear 
choice in the 
presence and 
absence of seals. 

II Economic and 
ecological 
outcomes of 
maximum 
sustainable 
yield (MSY) vs 
maximum 
economic yield 
(MEY) objective 
in the Baltic 
salmon 
management 

Biological vs 
economic 
management 
objective 
 

Profitability of 
the 
commercial 
fishery 
 

Bioeconomic 
modelling, 
cost-benefit 
analysis, age-
structured 
modelling 
coupled with 
dynamic 
optimization 

Comparing a long-
term optimal 
solution under 
MSY and MEY. 
Analysis of 
changes in stock-
recruitment 
parameters with 
respect to 
prospects of 
reaching 
precautionary 
management 
target of 75% 
smolt production 
capacity under 
MSY and MEY. 

III The dynamics 
of commercial 
and 
recreational 
salmon 
fisheries. The 
role of social 
norms in 
recreational 
fishing of 
Tornionjoki 
salmon 

Commercial vs 
recreational 
fishing 

Profitability of 
the 
commercial 
fishery 
Net benefit of 
recreational 
anglers 

Bioeconomic 
modelling, 
cost-benefit 
analysis, age-
structured 
modelling 
coupled with 
dynamic 
optimization 

Combining the 
recreational river 
and commercial 
fishery dynamics 
in a social-
ecological 
framework that 
permits an 
analysis of the 
ecological and 
economic 
implications of the 
fishery dynamics. 
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Article I is the first attempt to consider the impact of grey seals in the Baltic salmon 
fisheries from a natural resource economics perspective. Although it has thus far 
saved a wildlife species from extinction, the successful conservation of grey seals has 
induced economic costs for small-scale fisheries (e.g., Suuronen et al. 2006, 
Varjopuro 2011, Varjopuro and Salmi 2011). The biological realities of the salmon 
and grey seal stocks are connected to the economic optimization to analyse how the 
increasing grey seal stock has affected the coastal commercial fisheries and whether 
the commercial fishermen were able to adapt to the changing environment. 
Quantifying seal-induced damage to fisheries enables the quantification of the 
economic cost of seals to commercial fisheries. Article I presents the bioeconomic 
model, where the commercial salmon fishery adapts to the abundance of seals over 
time via the optimal gear choice. The model provides insight into the economic and 
ecological dynamics of the trap net fishery in adapting to seal abundance. In addition, 
it addresses the ecological and economic outcomes of a technological subsidy as a 
means to alleviate the seal-fishery conflict. 

Article II addresses the European Union (EU) fisheries management objectives. The 
EU defines the principles of fisheries management across EU countries in the 
Common Fisheries Policy (CFP, EU 2013). The guiding principle of the CFP is to 
manage fisheries such that the fish stocks are above a biological threshold called the 
MSY. Since the maximization of the physical quantity (MSY) will not necessarily 
maximize the economic benefits of fishing and may be too high for a safe long-term 
target, sound management requires additional targets (Gordon 1954, Beverton 
1995). However, the level “above MSY” is not explicitly defined in the CFP. In this 
thesis, Article II addresses the potential of the MEY as a definition of “above MSY” by 
incorporating economic detail into fisheries management targets to both satisfy the 
livelihood needs of commercial fishers and safeguard the reproductive capacity of the 
Baltic salmon stock. 

Article III assesses the reciprocal stock externalities caused by commercial and 
recreational fisheries when anglers have heterogeneous motivations. The dynamics 
of the sequential fisheries are prone to conflict since the coastal trap net fishery 
harvest has a direct effect on the recreational fishery, as it affects the number of fish 
ending up in the spawning river, where anglers are active (Laukkanen 2001, Kulmala 
et al. 2008). The river fishery, i.e., anglers, directly affects the number of spawners, 
meaning the salmon that contribute to the next generation of fish. Thus, anglers have 
an indirect stock effect on commercial fishing opportunities. The level of detail in 
modelling the recreational fishery changes across three scenarios: i) no angling, ii) 
constant angling effort, and iii) endogenous angling effort and angler type evolution. 
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2 BALTIC SALMON FISHERY 

Baltic salmon (Salmo salar L.) is a keystone migratory species, i.e., it has a crucial role 
in the ecosystem (Kulmala et al. 2012 & HELCOM 2018a). It is also a valuable catch 
in the Baltic Sea fisheries. As an anadromous species, salmon occupies both 
freshwater and marine habitats during its life cycle, which also means that the 
fisheries targeting salmon are sequential, that is, separated in time and space, and 
affect different parts of the species life cycle (Willmann & Garcia (1985)). Today, three 
sequential fisheries mainly target Baltic salmon; longlining, commercial trap net 
fishery and the recreational river fishery. Longliners target feeding salmon in the 
southern parts of the sea. Polish and Danish longliners biologically affect Finnish 
salmon fisheries. During salmon spawning migration, the most important commercial 
fishery – the trap net fishery – operates on the Finnish coast. The fish that are able to 
escape both longlines and trap nets enter the spawning river. On the river, recreational 
fishers target the fish. Of these three sequential fisheries, this thesis analyses the two 
most active fisheries in Finland: commercial trap net fishery and recreational angling 
targeting Tornionjoki salmon, which is the most productive salmon stock in the Baltic 
Sea. 

The focus of this thesis is the Baltic salmon fisheries that target Tornionjoki River 
salmon. Salmon are born in freshwater rivers, and after 3–5 years of growth, feeding 
migration begins. Salmon spend 1–4 years at the feeding grounds, after which they 
return to the natal river for spawning. Recreational angling of salmon takes place at 
the river, and commercial trap net fishing takes place at the coast along the spawning 
migration route of Tornionjoki salmon (Figure 1). 
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FIGURE 1 The location of the Tornionjoki River in the northern Baltic Sea, migration routes of 

Tornionjoki salmon and the fisheries analysed in this thesis. 

The Tornionjoki River is one of the few freely flowing rivers on the Finnish coast and 
the most productive salmon river draining into the Baltic Sea. It produces more than 
one-third of the annual wild salmon smolts in the Baltic Sea catchment area (ICES 
2019). Smolts are five-year-old salmon starting the feeding migration and moving 
from the spawning river into the sea. They represent the reproductive capacity of wild 
salmon, which is an indicator of stock abundance. Hydropower production and the 
building of dams, as well as past overfishing, are the primary reasons for the scarcity 
of Baltic salmon. Smolt production has also been threatened by a reproduction 
disorder called M74 that causes thiamine deficiency and offspring mortality in 
salmon. It originates from a recent change in species interactions in the food web 
(Mikkonen et al. 2011 and Keinänen et al. 2018). In the Baltic Sea, 13 rivers out of 
the original 45–50 salmon rivers currently enable successful natural reproduction of 
salmon (Romakkaniemi et al. 2003). Only two rivers along the Finnish coast of the 
Baltic Sea, the Tornionjoki and Simojoki, still sustain wild salmon stocks. Recently, the 
Baltic salmon stock has been increasing due to stricter regulation and decreasing 
commercial harvesting. Consequently, the Tornionjoki River has reached good 
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environmental status, defined by HELCOM as 75% of the potential for smolt production 
capacity (PSPC) (HELCOM 2018 a & b). 

Commercial salmon fishers caught 200 tons of salmon annually in trap nets over the 
2010–2018 period. The average nominal value of commercial salmon catch in 
Finland was 964 000 euros per year in the period 2010-2018 (OSF 2019). In Finland, 
the trap net is the most important fishing gear in the commercial salmon fishery 
(Hemmingsson et al. 2008). A trap net is fixed gear that consists of a large 
construction of nets and a fish chamber (Figure 2). The nets lead fish towards the fish 
chamber. Various types of trap nets are used; however, a seal-safe gear-type has 
become prevalent because seal population growth has begun to cause seal-induced 
damage to salmon fisheries. 

 
FIGURE 2 Finnish commercial salmon fishing relies on a gear called trap net. Here, an emptied 

seal-safe pontoon trap net is ready to be hauled back under the sea surface. Photo: 
Maija Holma 

Since the 1900s, the grey seal population has fluctuated from the level of carrying 
capacity2 to almost extinction and back to an increasing trend (Harding et al 1999 
and 2007). The Baltic grey seal population was on the verge of extinction during the 
1970s, when poor environmental conditions affecting the reproductive health of the 
seals occurred simultaneously with the cumulative effects of intensive seal hunting. 
At its lowest, the population consisted of only 3000 seals. Strict conservation 
measures were implemented, and slowly, the environmental conditions improved. As 
a result, grey seal conservation became a success story of international conservation 

 
2  Carrying capacity is the maximum stable equilibrium of the unharvested population (Clark 

2010). 
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efforts; the population began to increase. After a few decades of rather slow 
population growth, a phase of rapid increase started around the year 2000 (Luke 
2017). Simultaneously, negative seal-induced impacts on the coastal trap net fishery 
began to increase. Grey seals cause catch and gear losses to the fishery by damaging 
the catch and gear. To quantify the economic effect of the increased grey seal 
population on the commercial fishery, we connect the number of grey seals to the 
seal-induced damages via a damage function in Article I and determine the 
economically optimal fishing gear choice that maximizes social welfare. 

Governing commercial fishing at sea is an exclusive EU competence. For example, the 
EU CFP sets the annual total allowable catch (TAC) to limit commercial salmon 
catches. In addition, national regulation supports the implementation of the CFP. The 
Finnish Fishing Act regulates fishing rights and methods, the management of fish 
stocks and fisheries administration. The Fishing Decree sets detailed regulations, 
such as gear limitations, area limitations and fisheries control. The Finnish salmon 
and sea trout strategy is part of the programme of measures within the Finnish marine 
strategy 2016-2021, which implements the objectives of the EU Marine Strategy 
Framework Directive (MSFD). In Finland, the national coastal salmon fishing 
regulation constitutes seasonal closures (season opens with gradually increasing 
effort), gear limitations, minimum size limits, and an individual quota system for 
dividing TAC among fishermen (ICES 2019). Currently, the EU CFP relies on a fisheries 
management target called the MSY. Since using the MSY as a fisheries management 
target may harm both the reproductive capacity of the stock and long-term 
profitability, we compare the ecological and economic effects of MEY- and MSY-based 
salmon management in Article II and provide a comparison of the biological stock-
recruitment parameters and of the prospects for reaching 75% PSPC, which is the 
target set by ICES. 

A transboundary fishing rule sets the recreational fisheries management rules at the 
Tornionjoki River. The Finnish Ministry of Agriculture and Forestry and the Swedish 
Agency for Marine and Water Management negotiate the fishing rule annually. 
Currently, regulations at the Tornionjoki River include possession limits (a maximum 
of one salmon per day per fisher), minimum size limits (50 cm, undersized fish 
released), gear limitations and seasonal closures. In 2019, Finland proposed to 
Sweden a seasonal catch quota of five salmon per fisher as part of implementing an 
obligation to provide information concerning salmon catches. Salmon tagging could 
verify the seasonal quota. This proposition is in line with the findings of this thesis. In 
Article III, an analysis of the recreational and commercial fishing dynamics shows that 
an individual limit on recreational catch should be set. (Ministry of Agriculture and 
Forestry 2019). 

Salmon is a source of economic profits and utility for commercial and recreational 
fishers (Kulmala et al. 2008). Whereas commercial fishing seeks economic profits 
from fishing, recreational fishing is mostly not motivated by profits. Although not 
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motivated by profit, recreational angling creates substantial socio-economic benefits 
(Oinonen et al. 2016 and Kulmala et al. 2008). Recreational values often motivate 
anglers. Most anglers prefer to enjoy the environment and feel a sense of freedom 
and solitude as well as to catch and consume fish (Holland and Ditton 1992 and Pokki 
et al. 2020). Recreational fishing can be termed ‘self-subsidizing’, since anglers 
subsidize themselves through economic investments in gear and time from their non-
fishery-based earnings (Kleiven et al. 2019). In Article III, the heterogeneous 
motivations of anglers are analysed to provide insight into the economic and 
ecological interaction of commercial and recreational fishing. 
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3 MATERIALS AND METHODS 

Bioeconomic modelling is a useful tool in revealing optimal management options and 
connections between ecological and human systems. Constructing such a model 
requires detailed information on both systems. To describe the dynamics of a 
renewable resource stock, fisheries economists have traditionally relied upon rather 
simplistic biomass models developed by Gordon (1954) and Schaefer (1957). These 
models lack demographically important differences – such as age, sex and location – 
and treat all individuals of the resource stock as identical. Recently, age-structured 
modelling has been introduced in bioeconomic models of fisheries (see, e.g., Kulmala 
et al. 2008, Tahvonen 2009, Skonhoft and Gong 2014). Since the salmon life cycle is 
rather complex and the structure of the stock is relevant for both fisheries and its 
management, we employ an age-structured transition matrix model to reach a 
meaningful level of detail. 

Capital theory is the basis for long-term optimality in bioeconomic modelling. 
Economic optimization requires information on costs and revenues from resource 
use to formulate the production function. Intertemporal optimization in the classic 
case of a biomass model enables the specification of the production function as a 
Ramsey growth model (Ramsey 1928). However, in the case of an age-structured 
model, the vintage capital model should represent the production function. 
Optimization over a long time horizon is central in fisheries management, since the 
question of time makes the fish stock a replenishing but scarce resource. Assuming 
that fishermen act as sole owners who maximize their utility from the extraction of 
fish over time allows the use of economic optimization tools to analyse the fishery 
system. 

A detailed description of the human-ecological interaction of a fishery and a fish stock 
is essential for sound management of the system. The ecological dimension (i.e., the 
size of a fish stock) defines the availability of fish for harvesting, and vice versa, the 
human activity (i.e., level of the fish harvest) affects the fish stock size and the 
economic viability of the fishers or benefits of the anglers (Figure 3). This thesis 
focuses on the following three cases: 
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• Article I: the economic effect of a non-target species, i.e., the grey seal, on the 
optimal fishing effort and the indirect effect on the capital stock 

• Article II: a comparison of the economic and ecological implications of MEY and 
MSY management targets  

• Article III: the economic and ecological implications of heterogeneous social 
norms in recreational river fisheries 

 
FIGURE 3. Schematic presentation of the bioeconomic models in Articles I-III. Age-specific 

harvests ( ,
v

hi t  and ,
rc

hi t ) define the number of salmon caught by the trap net fishery 
and anglers, respectively. Escapement ( ,esi t ) is the age-specific number of salmon 
able pass both commercial and recreational fisheries and be ready to spawn. Vector

,FECi t
 
defines the age-specific fecundities of adult salmon, and ,SURi t

 
is the 

survival rate of each salmon age class. Commercial trap net fishery targets post-
smolts and 2SW-5SW salmon, i.e., 6- to 10-year-old salmon. 

3.1 ECONOMIC OPTIMIZATION: FINDING THE SOCIAL OPTIMUM 

Since harvesting in one period affects the flow of profits in the following periods, the 
socially optimal harvest strategy is to balance the marginal revenues of the fishery 
obtained now against the foregone revenues in the future. In a bioeconomic model, 
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the social optimum is determined by the objective function, which in this thesis is 
formulated to maximize the discounted present value of net revenues over time by 
choosing the optimal fishing efforts. The objective function entails the assumption that 
commercial fishers behave as profit maximizers. The objective function connects to 
ecological constraints in the optimization problem. The harvest function defines the 
commercial harvest, which is affected by the homing rate, number of salmon, 
catchabilities, and coastal effort. The harvest is restricted to non-negative harvest and 
stock levels. Harvest levels, salmon prices, fishing costs and the effort used determine 
the annual profits of the fishery. 

The unit of effort in the commercial coastal trap net fishery is the gear-day, which is 
the number of fishing days times the number of gears (ICES 2019). In the model, the 
cost per unit of effort is constant and based on data gathered through interviews with 
Finnish coastal fishermen in Kulmala et al. (2008) and as updated in Salenius (2014). 
The costs of fishing effort are calibrated to the Tornionjoki River salmon stock. 

In Article I, fishing costs include the constant unit cost of seal-safe and traditional 
gear. Additionally, as a novelty of the article, a seal-induced damage cost function is 
formulated based on the functional forms used in agricultural economics in estimating 
yield losses (Fox and Weersink 1995). Via the damage function, we connect the grey 
seal population dynamics to the seal-induced damages that occur in the fisheries. 
Furthermore, in calculating the gear-specific total seal-induced damages, both the 
observable and hidden catch losses occurring in trap nets are considered (Fjälling 
2005). 

The constant unit cost of effort differs across Articles I-III. The reason for the 
differences in the parameter values is the reassessment of the costs at each 
development stage of the model and calibration to the current value. For the 
commercial trap net fishery, revenues from salmon harvesting and the costs of fishing 
define the profits in each period of time. Age-specific wholesale market prices describe 
the price of fish. 

The value of nonmarket goods, for example, environmental amenities, is measured 
via revealed and stated preference techniques (Kahn 2005). Revealed preferences 
are extracted from the actual decisions connected to the environmental amenity to 
reveal the value of the amenity. The revealed preference technique focuses on the 
direct use value. Stated preference techniques elicit the value of the amenity directly 
from individuals to estimate both direct and indirect use values. In Article III, a benefit 
estimator for the recreational anglers’ net benefit is used. The estimator is based on 
the marginal willingness to pay estimates published in Oinonen et al. (2016), where 
the willingness to pay is estimated using the stated preference technique. In Article 
III, the anglers’ net benefit function parameters reported in Oinonen et al. (2016) are 
re-estimated with respect to the current recreational catch levels and number of 
fishing days. 
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3.2 THE RENEWABLE RESOURCE STOCK DYNAMICS AS 
CONSTRAINTS 

Throughout the thesis, we use age-structured, discrete-time deterministic matrix 
models to simulate the dynamics of the renewable resources, i.e., salmon and grey 
seal populations (Leslie 1945 & 1948, Lefkovich 1965 and Caswell 2001). The 
advantages of matrix modelling arise from its ability to link the individual to the 
population within a simple description of the life cycle through linear algebra (Caswell 
2001). Matrix modelling is especially suitable for describing the structure and 
dynamics of the salmon population, as it describes the complex life cycle patterns in 
a clear and tractable way and enables the spatial separation of the events in the life 
cycle (Figure 2). The biological life history of salmon defines the fishing possibilities, 
i.e., the availability of the capital stock. Thus, biological detail is essential in the 
assessment of salmon stocks to form a coherent view of the capital stock available. 
Table 2 presents the population modelling approach used in this thesis. 

TABLE 2.  Population structure and components of the population model in this thesis. 

Article Resource stock Stock dynamics 
I Age-structured matrix 

model for salmon 
and grey seal stocks 

Stock dynamics depend on: 
• endogenously defined optimal commercial fishing 

effort, gear choice and seal-induced damages 
• endogenously defined fertilities and survival rates for 

salmon depending on commercial fishing effort 
• exogenously defined salmon mortality for 

recreational fishing 
• exogenously defined age-dependent fertilities and 

survival for grey seals 
II Age-structured matrix 

model for salmon 
Stock dynamics depend on: 

• endogenously defined fertilities and survival rates for 
salmon depending on commercial fishing effort 
under MSY and MEY 

• exogenously defined salmon mortality for 
recreational fishing 

III Age-structured matrix 
model for salmon 

Stock dynamics depend on the optimal commercial trap 
net effort and: 

• exogenously defined salmon mortality for 
recreational fishing (Scenario 2) 

• endogenously defined salmon mortality depending 
on angling effort and dynamics of angler types 
(Scenario 3) 

 

‘The Baltic salmon and trout assessment working group’ (WGBAST) that operates 
under the International Council for the Exploration of the Sea (ICES) carefully assesses 
Baltic salmon stocks and produces annual reports on stock status. Scientific advice 
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from ICES is the basis for EU fishery management decisions, although it is rarely 
applied as such in final policy-driven management decisions. Our salmon model 
mimics the ICES salmon stock assessment model (Michielsens and McAllister 2004, 
Michielsens et al. 2006 & 2008) as closely as possible. Building on Kulmala et al. 
(2008) and Michielsens and McAllister (2004), the stock dynamics described by 
inserting the life history data for Tornionjoki River wild salmon. The grey seal 
population model has been parameterized to the seal stock in the Finnish marine 
areas. Article I explicitly estimates the grey seal population and connects it to fishery 
profits. Articles II and III assume that all fishermen have adapted to the presence of 
seals and use seal-safe gear to minimize seal-induced catch losses. 
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4 RESULTS 

This thesis addresses ecosystem-based salmon management and resource-based 
conflicts from three perspectives by applying dynamic optimization and bioeconomic 
modelling. Article I analyses the economic and ecological implications of human-
wildlife conflict arising from successful grey seal conservation with respect to 
commercial salmon trap net fishery. Article II compares the biological and economic 
objectives of fisheries management in the case of commercial salmon trap net 
fisheries. Article III presents a detailed model of commercial and recreational fishery 
dynamics and allows for addressing the multiple motivations of recreational anglers. 

4.1 ARTICLE I. THE ECONOMICS OF CONFLICTING INTERESTS: 
NORTHERN BALTIC SALMON FISHERY ADAPTION TO GRAY 
SEAL ABUNDANCE 

Seal-induced catch damage has been increasing in Baltic salmon fisheries since the 
turn of millennium as the grey seal population has increased. Successful conservation 
has resulted from strict seal conservation measures and improved quality of the 
marine environment. 

To quantify the economic and ecological implications of the grey seal population for 
the commercial trap net fishery, we present a discrete-time, deterministic 
bioeconomic seal-fishery model. The objective is to find the socially optimal fishing 
effort and gear choice to maximize the discounted net present value of the fishery 
over time under three scenarios: i) in the presence of seals, ii) technology subsidies in 
the presence of seals, and iii) in the absence of seals. Additionally, sensitivity analysis 
was used to test the robustness of the model parameters. 

According to the results of the bioeconomic seal-fishery model, the optimal policy in 
the presence of seals is to use both the traditional and seal-safe gear at the beginning 
of the planning horizon and switch to using seal-safe gear after 9 years. In the 
presence of seals, the fishery provides smaller revenues than in the hypothetical 
situation where seals are absent. In the case of a technology subsidy, the switch to 
seal-safe gear comes one year earlier than in Scenario 1. Although switching to seal-
safe gear reduces the seal-induced catch losses nearly to zero, the fishing costs 
increase due to the expensive purchase price of the gear. Nevertheless, technical 
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adaptation to grey seal abundance is profitable, although seal-safe fishing gear is 
expensive. This is because the forgone seal-induced damage compensates for the 
expensive gear. During the first 10 years of the planning horizon, the fishing effort is 
higher in the presence of seals than in the absence of seals. This result may suggest 
that fishermen have to compete with seals for the catch and apply more effort during 
the period of low seal population. The model results show that the salmon fishery is 
viable in the long run only if fishermen can adapt to the high abundance of seals by 
choosing the seal-safe gear. 

4.2 ARTICLE II. COMPARING ECONOMIC AND BIOLOGICAL 
MANAGEMENT OBJECTIVES IN THE COMMERCIAL BALTIC 
SALMON FISHERIES 

Harvested fish stocks and fishing communities depend on management that sets the 
desired level of the fish stock and employs measures to reach such a level. Fisheries 
management is highly political, and management decisions often reflect the tendency 
to avoid conflict (Hilborn 2007). The EU CFP requires maintaining fish stocks above 
the MSY, which is the stock level that maximizes the fish catch (EU 2013). The CFP 
also requires consistent consideration of economic, social and food availability issues. 
The challenge is that no precise formulation of the ‘above MSY’ stock level is given, 
and further, the economic, social and employment aspects are not well defined in the 
directive. Achieving these multiple goals is highly unlikely if the goals themselves are 
only implicitly defined. 

Article II compares the outcomes of an economic and biological management target 
to determine whether the concept of MEY could be a candidate for a target that 
accurately defines a target level “above MSY”. We use a discrete-time, deterministic 
bioeconomic model to compare the economic and ecological outcomes of targeting 
MSY, which maximizes the harvest, and MEY, which maximizes the discounted 
benefits from the fishery. The baseline model uses stock-recruitment parameters from 
the 2013 assessment year. Furthermore, the changes in central biological 
parameters, namely, stock-recruitment parameters, represent biological uncertainty. 
Thus, the outcomes of MSY and MEY objectives were analysed with respect to 
changes in stock-recruitment parameters and compared to the prospects of reaching 
the generic ICES scientific guidance (2008) of targeting 75% of PSPC. 

The results of the bioeconomic fisheries governance model provide an example of 
optimized ecosystem-based fisheries management. According to the results, the 
profit-maximizing policy under MEY management yields three times higher net present 
value than the harvest-maximizing policy under MSY. The optimized MSY solution 
produces a considerably higher steady-state fishing effort level than the effort level 
under MEY management, which means that the fishing pressure is higher under MSY. 
Under MSY, the cost per unit of harvest is much higher than under MEY. Further, 
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assuming that Finnish fisheries management chooses to target MSY instead of MEY, 
the fishing sector will lose €263,000 in annual profits in the long term. The ecological 
effects of management targets are striking. Under MSY, smolt production was 23.5% 
lower than smolt production under MEY. The results show that ecological 
sustainability could be linked to economic viability by using a holistic approach and 
applying the MEY objective in fisheries management. 

4.3 ARTICLE III. MANAGING NORTHERN BALTIC SALMON 
FISHERIES UNDER SOCIAL-ECOLOGICAL COMPLEXITY 

Traditionally, recreational fishing is considered less harmful to fish stocks than 
commercial fishing. In Finland, the number of commercial fishers has been 
decreasing, while the number of recreational fishers has recently been increasing. In 
ICES salmon stock assessment models, recreational fishing is described by a constant 
mortality term, which is a strong simplification of the actual situation. 

In Article III, we analyse how such simplification affects the ecological and economic 
outcomes in the Tornionjoki River fishery. Comparing three different scenarios of 
recreational fishing provides information on possible managerial improvements. A 
detailed type-specific description of angler behaviour is modelled and connected to 
the fish stock dynamics and the sequential fisheries dynamics. Recreational fishing 
effort changes endogenously as each angler changes the frequency of angling trips 
over time, depending on how satisfying each trip is. We specifically assume that 
anglers are heterogeneous and may be predominantly motivated by the prospects of 
i) relaxing in nature and ii) catching for consumption. To illustrate the importance of 
different angler motivations, we model two stylized angler types. The frequency of 
types changes over time and depends on social norms. The main novelty of this paper 
is to model the behaviour of different angler types in connection to the salmon stock 
dynamics and sequential commercial fishery. Profit-maximizing behaviour cannot 
accurately define angling as a leisure activity. Anglers differ in what motivates them 
and how much they enjoy angling. 

Consideration of the heterogeneous angler motivations reveals that angler dynamics 
have a considerable impact on the ecological prospects of the salmon population and 
the economic viability of commercial fisheries. The detailed description of the angler 
dynamics shows that the catch per unit of effort decreases considerably in the 
commercial fishery as the anglers’ catches increase. Thus, commercial fishers need to 
exert ever-larger fishing effort to catch the same amount of fish, which will also increase 
fishing costs and decrease profitability. This result highlights the importance of adopting 
a holistic view, that is, to combine ecological modelling with human activity dynamics to 
produce reliable information for ecosystem-based fisheries management decisions. The 
increasing awareness of ecological impacts caused by recreational fishing is important 
for optimal fisheries management. These new research insights can support achieving 
sustainable salmon fisheries management and conflict reconciliation. 
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5 DISCUSSION AND CONCLUSIONS 

In this thesis, three applications of bioeconomic modelling describe optimal Baltic 
salmon management. The results demonstrate the necessity of adopting a holistic 
view of ecosystem-based management, which essentially addresses economic and 
ecological systems. The bioeconomic model enables simultaneous consideration and 
optimization of the relevant variables, in both the ecological and economic spheres. 
According to the results, optimal Baltic salmon management is sensitive to the 
reproductive capacity of salmon, seal-induced damage, extraction rates in sequential 
fisheries, management objectives, fishing costs, and fish prices along with the 
technology subsidy to encourage adaptation to grey seal abundance. The findings 
presented here can inform conservation policies and the sustainable use of marine 
fish stocks, especially for migratory fish species. 

In Article I, we analyse the economic effects of grey seal conservation on salmon trap 
net fisheries and the implications for the salmon stock. Using a bioeconomic 
optimization model, we assessed seal-induced damage to commercial salmon fisheries. 
The modelling results show that seals reduce the value of fish catch and make the 
traditional trap net fishery unprofitable in the long term. A recent study on the 
profitability of Swedish small-scale fisheries supports our findings and shows that the 
economic viability of the fisheries become low due to the interaction with seals (Waldo 
et al. 2020a). To ensure the long-term profitability of the fishery, adaptation to seal 
abundance is necessary, and investment in the expensive seal-safe gear becomes 
inevitable. The modelling approach in Article I enables an analysis of a conflict-
mitigation measure – a technology subsidy. The analysis shows that fishermen change 
to the expensive seal-safe gear only one year earlier than in the situation where no 
technology subsidy is provided. This result may suggest that the technology subsidy 
provided by the Finnish government has been rather low. The result of our study can 
be further reflected based on a Swedish study that calls for a more active 
management and deems it necessary for the survival of the small-scale coastal fishery 
(Waldo et al. 2020b). The Swedish study not only highlights the role of economic 
compensation as a way to mitigate the seal-fishery conflict, but also calls for seal 
hunting as a measure to maintain the viability of the small-scale fisheries. 

In the seal-fishery model, we only regard seals as a cost to society. This is certainly 
not the whole picture, as many people assign a value to the existence of seals, both 
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from use and non-use perspectives. Analysing the profitability of the commercial 
salmon fishery within a framework that can model the social benefits of seal existence 
would offer a broader perspective on the conflict. At the time when Article I was 
published, there were insufficient valuation data on seal benefits to form a robust 
analysis on the social benefits of seal conservation. 

Ecosystem-based fisheries management requires a broad view of sustainability that 
embraces the three pillars of economic growth, environmental protection and social 
development (Adams 2006). Aside from the biological definition of MSY that sets the 
fisheries management target at the maximum growth of the stock, i.e., MSY, 
sustainability needs to be addressed from an economic and social perspective. The 
modelling approach in Article II provides an example of coupling economic and 
ecological systems in a simple single-stock framework. The type of integrated 
modelling approach presented in Article II is not yet an established tool in supporting 
ecosystem-based fisheries management decisions. However, it can provide invaluable 
information on the sustainability and profitability of marine resource use. Such an 
integrated approach could be a step towards the goals set in the EU Blue Growth 
Strategy. 

The model could be extended to consider multiple salmon river stocks in the Baltic 
Sea area. Since the Tornionjoki River stock represents the highest reproductive 
capacity among the Baltic stocks, it is expected that a mixed fishery-optimal effort 
would be lower than the single-stock optimum. The model assumes perfect 
malleability of capital, which is a strong assumption in the case of small-scale fishing. 
Thus, consideration could be devoted the socio-cultural aspects of commercial trap 
net fishery and the salmon stock in future studies. This could entail an analysis of the 
non-market benefit of both the traditional fisheries’ and salmon stocks’ existence. By 
assigning a non-market value to traditional fisheries’ existence as part of cultural 
heritage and the salmon stock as part of natural heritage, the employment effects and 
implications for the fishing communities could be explored. This approach could also 
be used to quantify the effects of sudden reductions in fish stock, harvest and fishing 
effort. 

A joint analysis of seal-fishery conflict and the detailed description of heterogeneous 
angling behaviour would give further insight of the long-term viability of the small-scale 
trap net fishery. Although Article III indirectly addresses the seal-fishery conflict by 
assuming that fishermen are obliged to use the expensive seal-safe gear, our 
approach does not consider the explicit effects of the growing seal population. 
Inclusion of the seal dynamics would give a broader picture of the situation that the 
commercial fishery faces. 

The economic model in Articles I-III takes the fish price as a constant and is the 
wholesale market price that is also used by the Official Statistics of Finland in 
calculating the value of the Finnish fish harvest. Thus, the bioeconomic model does 
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not consider the processing of fish or direct sales of fish to consumers. Although many 
fishers sell their catch to wholesale markets, it is also common to sell fish directly to 
consumers, either gutted or processed. Thus, extending the price portfolio to consider 
fish processing among small-scale fishers could provide novel insights into the 
bioeconomic dynamics of the system. This could also enable more detailed 
socioeconomic analysis, since fish processing often has labour effects. An important 
extension in future studies on Baltic salmon fisheries is to explore a detailed spatial 
distribution to inform the EU Maritime Spatial Planning Directive (2014/89/EU) and 
to specify the trade-offs of spatially competing activities in marine areas. 

A TAC regulation set by the EU Commission sets bounds on the commercial salmon 
fishery on a yearly basis. In 2017, Finland introduced a management scheme of 
individual quotas for salmon and herring. The system is not purely based on individual 
transferable quotas but on individual quotas that allow annual leasing. In Tornionjoki, 
the current management of the recreational fishery features only creel limits, i.e., 
restrictions on how many fish can be kept. Generally, access to the recreational fishery 
in Finland is unrestricted. This reflects a regulated open-access regime and is 
especially harmful for the fish stock when the anglers do not reduce their fishing effort 
when they observe that the stock has diminished. This may be the case when anglers 
are mainly motivated by the surroundings (i.e., the nature-lover type) and not by the 
catches. Setting an upper limit on the total recreational effort at Torniojoki River would 
improve the sustainability of both commercial and recreational fisheries as well as the 
reproductive capacity of the salmon stock.  
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Abstract. The successful conservation of gray seals has led to in-
creased seal-induced damage to the Atlantic salmon fisheries of the Baltic
Sea. This paper addresses the conflict between the conservation of a for-
merly endangered species, the gray seal, and professional fishermen, whose
livelihoods are affected by both seal-induced damage and salmon fisheries
management. We develop a bioeconomic model that incorporates the age
structure of Atlantic salmon and gray seal populations. To determine the so-
cial optimum, we maximize the discounted net present value of the trap net
fishery, taking into account the presence of seals in the form of seal-induced
losses, which we describe using a damage function. By choosing the opti-
mal combination of fishing gear over time, we obtain the socially optimal
fishing efforts, salmon stock size, and salmon catch. In addition, we study
the private effects of introducing a technology subsidy aimed at mitigating
the seal-salmon conflict. The results suggest that technological adaptation
would effectively reduce the cause of the conflict, while a technology subsidy
encouraging such adaptation would shift the economic responsibility from
individual fishermen to the broader public.

Key Words: Salmo salar, Halichoerus grypus, bioeconomic modeling,
seal-fishery conflict, human-wildlife conflict, age-structured matrix model,
damage function.

1. Introduction. Worldwide public concern has arisen from recently emergent
human-wildlife conflicts, which appear when a wildlife species and humans compete
for the same limited resource, e.g., game species, crops, or fish stocks (Treves and
Karanth [2003], Graham et al. [2005]). A special case of conflict occurs when a

*Corresponding author. Maija Holma, Department of Economics and Management, University
of Helsinki, PO Box 27, 00014 University of Helsinki, Finland, e-mail: maija.holma@helsinki.fi

Received by the editors on 19th March 2013. Accepted 17th February 2014.

Copyright c© 2014 W iley Period ica ls, Inc.

275



276 M. HOLMA, M. LINDROOS, AND S. OINONEN

FIGURE 1. The migration routes and fisheries of the Northern Baltic salmon stock. Trap
net fishing (denoted by triangles) occurs during spawning migration in the Finnish coastal
areas.

legally protected species affects a resource user’s welfare, as a result of successful
species conservation. Thus, conservation goals and the economic use of a resource
can conflict, when the interests of society and those of private economic agents
clash. On the one hand, society may view species conservation and resource use as
a mere overlap, as society values both. On the other hand, private firms may view
species conservation that affects their resource use as a negative externality, caused
by the society’s conservation efforts. These conflicting interests call attention to
the need for careful management design to prevent illegal actions by resource users
(see, e.g., Yoder [2000]).

In the Baltic Sea (Figure 1), successful conservation of the formerly endangered
gray seal (Halichoerus grypus) population is claimed to affect the profitability of
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fisheries because seals damage the fish catch to such an extent as to threaten fish-
ermen’s livelihoods (Suuronen et al. [2006], International Council for Exploration
of the Sea ICES [2009], Varjopuro [2011]). However, no economic studies have been
put forward to support this claim. The extent of the conflict can be represented
by seal-induced catch losses, i.e., the catch taken from fishing gear by gray seals.
In 2011, seal-induced losses accounted for at least 14 tons of salmon (Salmo salar),
corresponding to 7% of the landed catch in coastal salmon fisheries (Finnish Game
and Fisheries Research Institute (FGFRI) [2012]).

Salmon is targeted by different sequential fisheries, which follow the phases of
salmon life cycle; the offshore long lining at the Main Basin during feeding migra-
tion, trap netting at the coastal areas during spawning migration, and recreational
fisheries throughout the Baltic Sea and the stock-dependent home rivers, where
salmon return to spawn. Due to the migration patterns, the stock is an international
resource; thus, both international and national regulation is used. The European
Common Fisheries Policy limits the total allowable catch (TAC), the minimum
landing size, and has imposed a ban on driftnets. National regulation includes se-
quential seasonal closures and gear restrictions. When the salmon trap net fishery
is closed due to seasonal restrictions, fishermen target other fish species such as
European whitefish and burbot (Lota lota), or work on trawlers. Entry into the
fishery is restricted under the European common fisheries policy, which regulates
the capacity of fishing fleets.

In 2012, 90% of salmon was caught with trap net, making it the most impor-
tant fishing method in the Finnish professional salmon fisheries, where three types
of trap nets are used. Salmon trap nets catch almost exclusively salmon, with
only a minor share of European whitefish (Coregonus lavaretus), trout (Salmo
trutta), and bream (Abramis brama). Whitefish trap net and seal safe push up
trap net catches many species, of which salmon is the most valuable species among
the three most abundant catch species (FGFRI [2012].) The fishermen gut the
fish themselves before it is sold directly to the end consumer or delivered to the
market.

Our objective in this study is to assess the economic effect of the gray seal conser-
vation on the professional Finnish salmon trap net fishery in the Northern Baltic
Sea. We discuss and analyze seal-induced changes in the Finnish coastal fishery
and their effects on the profitability of the fishery. We also consider how technology
subsidies are used to mitigate the conflict by promoting the use of seal-safe trap
nets and how such subsidies affect the fishery.

The bioeconomic literature on the Baltic salmon fishery highlights the role of the
trap net fisheries and suggests considerable benefits from international cooperation
in management (Laukkanen [2001, 2003], Kulmala et al. [2008, 2013]). As the trap
net fishery plays an important role in the Finnish salmon fishery, and gear choice
appears to offer a potential means of adapting to seal abundance, our study focuses
on the optimal gear choice between traditional and seal-safe gear. We contribute to
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the existing literature by introducing a damage function approach to tracking the
trade-offs between seal conservation and salmon harvesting and in determining the
resulting economic losses caused to salmon harvesting. To the best of our knowledge,
this approach is here applied for the first time to an empirical bioeconomic analysis
of the marine environment.

We begin the next section by outlining the seal-salmon conflict in the Baltic Sea.
Section 3 describes the model components used to analyze the economic influence
of seals in the salmon fishery and the effects of a technology subsidy scheme on
the fisheries. Section 4 presents the optimization model. We discuss the modeling
results in Section 5. The final section contains concluding remarks.

2. Seal-fishery conflict. Conflicts caused by marine mammal interactions
with fisheries are widespread and multifaceted (see, e.g., Read [2008] and DeMaster
et al. [2001]). However, only a handful of studies have addressed the bioeconomic
interaction of marine mammals and fisheries. Conrad and Björndal [1991] use a
single-species bioeconomic model to study the optimal size of the Harp seal pop-
ulation in the Northwest Atlantic, where competition between seals and fisheries
remains an issue; however, the model only considers the commercial seal hunt and
does not include fish species. A partial bioeconomic model was applied by Flaaten
and Stollery [1996] to analyze the cost of a reduced fish harvest caused by biological
predation, where the empirical example of Minke whales was presented. However,
the analysis contains no explicit biological interaction between predator and prey
species. A more recent study by Rafferty et al. [2012] considers the depredatory
effects of the harbor seal and spiny dogfish on the gillnet fishery. However, the au-
thors do not consider either economic or biological optima but rather quantify the
loss in terms of the unit price of the lost catch.

The gray seal population in the Baltic Sea (Figure 1) was near extinction in the
late 1960s (Harding and Härkönen [1999]), when a strong seal conservation effort
was introduced. The conservation scheme was successful in terms of preserving the
seal; however, the effects of the exponential increase in seal numbers that resulted
were unanticipated by fishermen, who began to suffer from seal-induced catch losses
as the seal population grew.

Seals affect fisheries directly by taking fish from fishing gear or leaving the re-
mains of half-eaten fish. In 2011, seals were the only cause of salmon discards
(FGFRI [2012]). However, the choice of fishing gear can make a difference; in ex-
periments conducted in 2003 and 2004, only 1% of the catch caught in a seal-safe
gear, called a pontoon trap net, was damaged by seals, whereas in the traditional
trap nets, seal-induced damage affected up to 54% of the catch (Suuronen et al.
[2006]).

Despite advances in understanding of both the political aspects of conflict mit-
igation in the Baltic Sea (see, e.g., Similä et al. [2006], Bruckmeier and Larsen
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[2008], Meek et al. [2011], Varjopuro [2011]) and the role of technical solutions in
reducing seal-induced catch losses (see, e.g., Hemmingsson et al. [2008], Kauppinen
et al. [2005], and Suuronen et al. [2006]), there has been little attempt to determine
the economic aspects of this conflict to ascertain the actual effect of seals on the
profitability and viability of the fisheries.

Terrestrial human-wildlife conflicts have been thoroughly studied, and there are
clearly many points of commonality between such conflicts and marine human-
wildlife conflicts (Graham et al. [2011], Linnell [2011]). For example, the unequal
share of benefits and costs to society is common to conflicts in both terrestrial
and marine environments; the benefits from wildlife conservation spread to the
society as a whole, while the costs are acute and locally borne (Nyhus et al. [2003],
Walpole and Thouless [2005]). One response to this disparity is to provide direct
compensation to those who suffer from damage caused by wildlife.

As a part of the seal management in Finland, a compensation is offered to fish-
ermen who agree to follow a seal management plan. According to Yoder [2000],
wildlife compensation is considered when 1) the wildlife species causes losses and
threatens the livelihoods of producers; 2) the wildlife problem is made more severe
by governmental management; 3) the losses caused by wildlife are recently emergent
and increasing; and 4) the problems are caused by a highly valued species. All four
of these conditions apply to the seal-fishery conflict in the Baltic Sea.

However, as Varjopuro and Salmi [2006] note, a technical management approach
can be more effective than compensation schemes in providing a long-term solu-
tion, as such an approach can actually prevent damage. They also note that non-
lethal technical solutions are generally preferred to hunting, which can be politically
controversial. Moreover, seal hunting is mainly a recreational activity, with little
economic profit and high costs, which makes effective regulation through hunting
quotas challenging (Meek et al. [2011]).

Findings of technical studies (Kauppinen et al. [2005], and Suuronen et al. [2006],
Hemmingsson et al. [2008]) suggest that gear-type, as well as regional patterns, are
strongly associated with catch damage frequency, which can be effectively mitigated
by using seal-safe gear (ICES [2012]). Clearly, a potential for technological develop-
ment exists, as only approximately 40% of salmon trap nets in the Finnish profes-
sional fishery in 2011 were of the seal-safe type (FGFRI [2012]). What makes this
technical solution still more preferable is that it contributes to the protection of both
salmon and seals because it allows for live capture and release of naturally breeding
mature fish (Similä et al. [2006]) and prevents seals from drowning in fishing gear.
The current regulation offers Finnish fishermen, willing to invest in seal-safe fishing
gear, a technology subsidy covering a maximum of 15% of the gear purchase price
(Ministry of Agriculture and Forestry [2010]). This mitigation measure shifts the
economic responsibility for seal preservation from individual fishermen coping with
seal abundance to the broader public that desires seal preservation.
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FIGURE 2. Model construction.

3. Bioeconomic simulation model. In our model, we seek to address the
economic influence of seals on the Finnish coastal trap net fishery of the Tornion-
joki river wild salmon stock (Figure 2). It is worth noting that we focus only on
the economic aspects of the seal-fishery interaction. These aspects are addressed
through the use of damage functions. A conflict mitigation measure, technology
subsidy, is analyzed by observing its effects on optimal gear choice.

3.1. Population dynamics. We first develop age-structured discrete-time de-
terministic matrix models to simulate the life cycles of salmon and gray seals
(Leslie [1945, 1948], Caswell [2001]). For both species, we assume density-dependent
growth. Individuals are classified into a groups, according to their age. Because we
have two species with unique lifespans, we denote the age group index a for salmon
by i � {1, . . . ,10} and that for gray seals by j � {1, . . . ,46}. All individuals aged
0–1 years belong to the group PO1 , all individuals aged 1–2 years belong to PO2 ,
and so on. The simulation model is constructed as follows:

pot+1⎛
⎜⎜⎜⎜⎜⎜⎜⎝

po1,t+1
po2,t+1

...
poa−1,t+1
poa,t+1

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

=

Ak pot⎛
⎜⎜⎜⎜⎜⎜⎜⎝

FECk
1 FECk

2 . . . FECk
a−1 FECk

a
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1 0 . . . 0 0
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2 . . . 0 0
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. . .
...

...
0 0 . . . SURk

a−1 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎝
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poa−1,t

poa,t

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

,(1)
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TABLE 1. Initial population size and age-specific parameters for salmon (ICES [2010]).

Initial Sex Homing Elements of
Age stock ratio rate Catchability Fecundity matrix An

i Ni , 1 rsn
i hr q fen

i

1 175,600,000 – – – – FEC n
i , t = fen

i rsn
i hrie

−qaEg(t)

2 175,600,000 – – – – SURn
1 ,t = 1

3 175,600,000 – – – – SURn
2 ,t = 1

4 175,600,000 – – – – SURn
3 ,t = 1

5 1,192,500 – – – – SURn
4 ,t = m7 4

(α+ βN4 ,t/1 0 0 0 )m7 4

6 107,100 0.02 0.15735 0.000013 7070 SURn
5 ,t = (1 − hr6 )mp s

7 59,730 0.5 0.31855 0.000009 9998 SURn
6 ,t = (1 − hr7 )mnOLL

8 22,375 0.5 0.5203 0.000005 1359 SURn
7 ,t = (1 − hr8 )mnOLL

9 5774 0.5 0.5013 0.000005 20,000 SURn
8 ,t = (1 − hr9 )mnOLL

10 2341 0.5 1 0.000005 26,750 SURn
9 ,t = (1 − hr1 0 )mnOLL

Unit: Number of Males & Proportion of Geardays−1 Eggs per
individuals females spawners female

TABLE 2. Constant biological parameters for salmon (ICES [2010]).

Symbol Definition Value Unit

α Recruitment parameter 51.57
β Recruitment parameter 0.000469
mn Instantaneous natural adult survival 0.9307 year−1

mp s Postsmolt survival 0.0841 year−1

OLL Median for OLL survival 0.77 year−1

m7 4 Survival from M74 syndrome 0.94 year−1

where the vector pot+1 , containing the number of individuals in each age class
a at time t + 1, is determined by the vector pot , containing the number of age a
individuals at time t, multiplied by the population projection matrix Ak , where the
superscript k is either n, denoting salmon, or s, denoting gray seals. The element
FEC k

a is the per capita fertility of age class a, and SURk
a is the age-specific survival

rate.

3.1.1. Salmon stock. Building on Kulmala et al. [2008], the stock dynamics are
calculated by inserting the life history data for Tornionjoki river wild salmon, pre-
sented in Tables 1 and 2, into matrix An in equation (1), where POa,t+1 is denoted
by Ni,t+1, and the initial population POa,1 is denoted by Ni,1 . Based on Michielsens
and McAllister [2004], we chose to use the Beverton–Holt stock-recruit function (see
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FIGURE 3. Stable age distribution of the gray seal population (Harding et al. [2007]).

Table 1, SURn
4,t), which is linked with the survival from reproductive disorder called

M74. Thus, the salmon stock develops according to the following function:

Ni,t+1 = Ni,tA
n .(2)

3.1.2. Gray seal population. Until recently, the Baltic gray seal population was
thought to increase exponentially (Harding et al. [2007]). However, seal censuses
suggest that density dependence has begun to set in, as population growth has
slowed (FGFRI [2011b], Svensson et al. [2011]). Thus, we apply a density-dependent
model, based on Svensson et al. [2011], in simulating the gray seal population.

By assumption, the initial population, S1 =
∑46

j=1 Sj,1 , has a stable distribution
(Figure 3), where the starting population is estimated by linking the gray seal count
data (FGFRI [2009a]) to a measure of seals absent from the counts1 (Hiby et al.
[2007]). The population is classified into 46 age groups, with even sex ratios denoted
by rss (Harding et al. [2007]). Tables 3 and 4 contain the model parameter values,
which are used to determine the elements of matrix As in equation (1).

The number of pups, S1,t+1, , is determined by the sex ratio (rss), fertility (fes
j ),

and survival (suj ) of fertile individuals of age 6 and up (Sj,t), in each age class j in
year t :

S1,t+1 =
46∑

j=1

rssfes
j sujSj,t .(3)
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TABLE 3. Age-specific life history parameters for gray seals (Harding et al. [2007]).

Age j Fecundity fes
j Survival suj Elements of matrix As

1 – 0.7 FEC s
j,t = rssfes

jsuj

2 – 0.83* SURs
1 ,t = (1 − ( St

KF in
)θsu1 )

3–4 – 0.83* SURs
v ,t = suv , v ∈ {2, · · · , 46}

5 – 0.95
6 0.375 0.95
7–46 0.75 0.95

*Source: Schwarz & Stobo [2000].

TABLE 4. Constant biological parameters for gray seals.

Symbol Definition Value Unit Source

K Carrying
capacity

100,000 Number of seals Harding and
Härkönen [1999]

Fin Proportion of
seals in the
Finnish
areas

0.36 FGFRI [2011a]

μ Proportion of
seals
unobserved
in the
counts

1.15 Hiby et al. [2007]

θ Rate at which
θ is reached

1.05 Svensson et al.
[2011]

rss Sex ratio 0.5 Males & females Harding et al. [2007]

When density limits the population growth rate, the number of second-year class
seals in each year t, S2,t+1, is determined by the factor from the logistic equation,
so an increase in density reduces the survival of age class 1 as follows:

S2,t+1 = S1,t

(
1 −

(
St

KFin

)θ

su1

)
,(4)
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FIGURE 4. Gray seal population dynamics.

where St =
∑46

j=1 Sj,t , i.e., the population size summed over all ages at time t.
Carrying capacity, K, is set to 100,000 individuals, and the proportion of seals in
the Finnish Marine area2 (Fin) is estimated to be 36% of the whole population
(Harding and Härkönen [1999], FGFRI [2011b]). The parameter θ defines the rate
at which carrying capacity is reached. From age 3 to 46, seals survive according to
the constant life history parameters, su2 to su46 . Thus, the seal population develops,
according to equation (1), as follows:

Sj,t+1 = Sj,tA
s.(5)

Figure 4 depicts the seal population dynamics through 50 periods, starting from
the initial period, 2009.

3.2. Economic model. Revenues from salmon harvesting and costs of the
fishing define the profits in each period of time. The economic parameter values
are presented in Table 5. From the salmon population model, we obtain the 10 age
groups (Ni,t), from which the fishable sized ages are used as an input in the harvest
function. The nonselective harvests depend on the gear-specific choice variables,
namely, fishing efforts, Eg (t), where g is either seal-safe (1) or traditional (2) trap
net, coupled with the age-specific catchability coefficient (qi), and the homing rate
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TABLE 5. Economic parameters.

Symbol Definition Value Unit Source

TAC Total allowable catch per
year for 2009–2013

[23.9 22.4
19.3 9.4
10.5]

1000 fish MoAF [2013]

TAC Total allowable catch per
year for 2014 onwards

16 1000 fish

ω1 Proportion of hidden damage
for seal-safe trap nets

1.2 Fjälling [2005]

ω2 Proportion of hidden damage
for traditional gear

1.3 Fjälling [2005]

δ Parameter of damage
function

0.000017 ICES [2010]

Tor Proportion of Tornionjoki
salmon

0.3 ICES [2010]

c1 Unit cost of seal-safe gear 43.84 Tor €/gear day Kulmala et al.
[2008]3

c2 Unit cost of traditional gear 35.71 Tor €/gear day Kulmala et al.
[2008]3

cpur Unit cost of purchasing
seal-safe gear

19.25 Tor €/gear day Kulmala et al.
[2008]3

pi Average age-specific catch
price

[0 0 0 0 0
10.6 26.4
41.1 41.6
48.5]

€/fish FGFRI
[2010b]

τ Technology subsidy 0.15
gu Proportion left after gutting 0.75 FGFRI [2007]
r Discount rate 0.06

(hri), which defines the share of salmon in each age i heading to the spawning
grounds as follows:

Hg
i,t =

(
1 − e−qi Eg (t)

)
hriNi,t .(6)
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In the long run, fishermen are assumed to be able to choose the gear endogenously
over time. That is, they will choose both E1(t) and E2(t). The profits of the fishery
in period t, summed over the salmon age groups i and gear types g:

πt =
2∑

g=1

10∑
i=1

piH
g
i,tgu − cgEg (t) .(7)

Fishermen face gear-specific linear costs per unit of effort, cg, and age-specific
linear prices, pi . The parameter gu defines the amount of fish left after gutting.
The cost of fishing effort is based on Kulmala et al. [2008]3 and is calibrated to
the Tornionjoki river salmon stock, which constitutes about 30% of the total Baltic
salmon stock. Fishing costs consist of variable costs, which are gear price, gear
maintenance costs, fuel costs, and labor costs.

To capture the economic effect of seals on the fishery, a damage function is for-
mulated. From the gray seal population simulation, we determine the number of
seals, which, coupled with a damage parameter4 (δ), is used in the damage function
defining seal-induced catch losses. As the frequency of catch losses depends on the
fishing gear used, we use different forms of damage function for traditional and
seal-safe gear. In defining the damage function, we apply the functional forms used
by agricultural economists in estimating yield losses (Fox and Weersink [1995]).

For the seal-safe trap nets, we use the square root response plateau, which reflects
the fact that the gear is seal proof:

Z1
i,t = δ

√
St.(8)

As the traditional trap net fishery is prone to seal-induced damage, we use the
formulation, where the damages are linearly dependent on the size of the seal
population:

Z2
i,t = δSt.(9)

The damage function Zg
i,t is based on observable seal-induced damages, although

the total amount of seal-induced damages also contains hidden losses, which accord-
ing to Fjälling [2005] cannot easily be observed. This is why we take into account
hidden losses and use a gear-specific loss factor5 (ωg ) that scales the seal parameter
upwards. The total seal-induced salmon catch losses for each age i in year t depend
on gear type (g):

CLg
i,t = ωgH

g
i,tZ

g
i,t .(10)
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Thus, by linking together total revenues and costs in presence of seals, and using
equation (10), we get the long-run profits of the fishery in period t with gear type
g summed over the salmon age groups i:

πseal
t =

2∑
g=1

10∑
i=1

pi

(
Hg

i,t − CLg
i,t

)
gu − cgEg (t) .(11)

In Finland, the cost burden associated with the expensive seal-safe fishing gear is
diminished through a technology subsidy. Hence, we introduce a technology subsidy
to cover the increased costs fishermen face in the presence of seals. The technology
subsidy affects net present value by diminishing the cost of fishing effort (c1) through
a reduction in the purchase price (cpur) of seal-safe gear. Thus, we use the unit
cost of purchase price (cpur), while keeping gear maintenance, fuel, and labor costs
constant, to obtain minimum costs, which are not affected by the subsidy: cmin =
c1 − cpur. The cost function with a technology subsidy (τ) is formulated as follows:

csub
1 = cmin + (1 − τ) cpur .(12)

Applying equations (10) and (12), the subsidized profits of the fishery are given
by

πsub
t =

10∑
i=1

pi

((
H1

i,t − CL1
i,t

)
+
(
H2

i,t − CL2
i,t

))
gu − (csub

1 E1(t) + c2E2(t)
)
.(13)

4. Optimization. Since harvesting on one period affects the flow of revenues
in the following periods, the socially optimal harvest strategy is to balance the
marginal profits of the fishery with the foregone revenues in the future. The social
optimum is determined by the objective function, which maximizes the discounted
net present value of net revenues over time by choosing the optimal combination
of gear-specific fishing efforts, Eg (t). The optimization problem is defined by the
objective function and constraints on the salmon stock size (Ni,t), the harvest (Hi,t)
under TAC regulation, and the seal population size (Sj,t), given that Ni,t ≥ 0,
TAC ≥ Hi,t ≥ 0, Sj,t ≥ 0. For TAC constraint, we use the actual limits for years
2009–2013, and for the forward simulation, we use the average TAC of years 2011–
2013. In the model, we use an upper bound for the fishing effort, which translates
into the TAC limit of the corresponding year. Simulations over a 40 year time period
were carried out using a constrained nonlinear programming toolbox “fmincon” in
MATLAB 7.1.6
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To calculate the economic effect of seals, we first model the optimal gear and effort
choice in the presence of seals, and then, for comparison, consider a hypothetical
scenario in which seals are absent. The third scenario observes the effects of subsidy
policy in the form of a technology subsidy encouraging the use of seal-safe gear.

4.1. In the presence of gray seals. In scenario 1, the objective function is
defined by equation (11) and using a discount rate r as follows:

NPV 1 = max
E1 (t),E2 (t)

40∑
t=1

πseal
t / (1 + r)t−1 .(14)

4.2. Economic effects of the technology subsidy in the presence of seals.
Inserting equation (13) into the objective function, we capture the effect of tech-

nology subsidy on the discounted net present value of the net returns:

NPV 2 = max
E1 (t),E2 (t)

40∑
t=1

[
πsub

t

]
/ (1 + r)t−1 .(15)

4.3. In the absence of gray seals. To quantify the economic effect of seals,
we consider a hypothetical case, in which seals are absent and fishermen are thus
able to land the whole catch. In scenario 3, we use equation (7) to form the objective
function, when seals are absent:

NPV 3 = max
E1 (t),E2 (t)

40∑
t=1

πt/(1 + r)t−1 .(16)

5. Results.

5.1. Baseline scenarios. The dynamic optimization results in Table 6 and
Figures 5 and 6 show that the optimal policy in the presence of seals results in

TABLE 6. Dynamic optimization results for endogenous gear choice.

Net present Steady state Seal-induced
value summed effort in damages % of

Gear through time gear days of total catch

1: In presence of seals €266,410 E1 = 4700, E2 = 0 0.22–9.28
2: Technology subsidy €373,894 E1 = 6660, E2 = 0 0.21–8.6
3: Seals absent €661,810 E1 = 0015, E2 = 10,300
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smaller revenues comparing to the hypothetical situation where seals are absent.
This result may explain the continuous dispute regarding gray seals and fisheries,
as seals clearly do affect the profitability of the trap net fishery. The optimal policy
is to use both the traditional and seal-safe gear in the beginning of the period,
however, as the optimal effort approaches the steady state, only the seal-safe gear
remains in use (Figure 5). Considering scenarios 1 and 2, although the traditional
gear entails low fishing costs, the seal-induced damage is sufficiently large that the
traditional trap net effort, E2, goes to zero over time, while the fishermen tolerate
up to 9.2% seal-induced damages of the catch before they switch to use the seal-safe
gear, and under a subsidy policy, their tolerance reduces to 8.6% damages of the
catch before switching (Table 6).

Although, according to our results, fishermen are better off using the seal-safe
gear than using the traditional gear when seals are present, almost 60% of fish-
ermen in Finland currently use the traditional gear (FGFRI [2012]). This lag in
adaptation to seal abundance is the reason why a technology subsidy is currently
provided by the Finnish government, as a conflict mitigation measure, to encour-
age the use of seal-safe gear. To see how the subsidy affects the profitability of the
fishery, we run the optimization model assuming the current policy of the Finnish
government—a maximum technology subsidy of 15% of the purchase price of seal-
safe trap nets—is applied. Now, the net present value in the long run is almost 1.4
times that of the fishery without the subsidy, and the optimal steady-state fishing
effort increases by almost 2000 gear days. When the endogenous gear choice is al-
lowed under a subsidy policy, the fishermen stop using the traditional gear at period
8, corresponding to year 2016, which is one period earlier than in the case without
subsidy.

Looking at the first 10 years, the effort levels in scenario 3, where seals are absent,
are somewhat lower comparing to scenarios 1 and 2, suggesting that the presence
of seals makes it optimal to harvest more fish now, when the seal population is
still low. Accordingly, the optimal efforts in presence of seals are limited by the
TAC regulation during the first four periods, whereas in the absence of seals, the
regulation is limiting only on the fourth period. Although the starting efforts are
higher in the presence of seals, the steady-state effort level in scenario 3 is more
than double the steady-state effort in scenario 1.

If fishermen desire to adapt to the presence of seals and avoid catch losses, their
best option is to use seal-safe fishing gear (Figure 6). When the fishery switches to
the use of seal-safe gear, catch losses fall nearly to zero, but the fishermen face high
costs due to the expensive gear, making the steady-state effort level comparably
low, as can be seen from scenario 1 (Figure 5). Despite the high costs, however, the
seal-safe gear fishery remains profitable and the effort level remains positive through
time. The viability of the fishery in the long run implies that in the presence of
seals, fishermen are better off using the seal-safe gear than using the traditional
gear.
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FIGURE 7. Salmon spawners at the river in the presence (blue) and absence (golden) of seals,
and under technology subsidy (black). Crosses indicate the average number of spawners at
the river in 2009–2012 according to the satellite monitoring [FGFRI 2013).

In view of the differences in harvest associated with the gear choice in the presence
of seals, fishermen are able to land bigger catches with the seal-safe gear over
time, because the seal-induced losses are close to zero (Figure 6). This shows that
fishermen using traditional gear must engage in high effort levels, due to the high
proportion of the catch taken by seals. High traditional trap net effort levels, in
turn, entail large effects on the salmon stock size without gains in fishery profits.
From this perspective, seal-induced damage can be seen as wasted resource rents.

In the hypothetical scenario 3, where seals are absent, the fishermen are able to
land the whole catch. It is clear that the absence of seals will affect fishermen’s effort
levels. Now the traditional gear becomes profitable, because the cost of fishing is
low and the proportion of the catch that otherwise would have gone to seals is now
available to the fishermen. The optimal fishing effort is therefore high, which has
negative implications for the sustainability of the salmon stock (Figures 5–7). As
the scenario is by nature only hypothetical, it is therefore important to interpret
the results with special caution.

In examining the number of salmon spawners, we find that the largest stock size is
realized in scenario 1, with the salmon stock stabilizing at 36,000 fish (Figure 7). In
scenario 2, we observe that introducing the technology subsidy decreases the number
of spawners by almost 2000 fish; however, the steady-state number of spawners
remains above the recent years’ average. The lowest level of the spawners is observed
in scenario 3, where seals are absent, as the optimal fishing effort is considerably
greater than when seals are present.
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FIGURE 8. Percent changes in the steady-state salmon spawning stock size, catch, fishing
effort, and summed net present value resulting from a ± 20% change in a given parameter
value.

5.2. Partial sensitivity analysis. To determine how various key assumptions
affect the results of our bioeconomic model, we apply a one-way sensitivity analysis.
The optimization model is tested for effects on them associated with changes in
various parameters, with changes specified for one parameter or assumption at a
time. The model is tested under the assumption that seals are present. To capture
the total effect of parameter changes, we do not use the TAC limits here.

We tested the effects of a ±20% change in each of various parameter values. The
results are presented in Figure 8. The main economic drivers of the model are cost
of a unit of effort and the unit price of landed salmon, whereas the discount rate has
only a marginal effect. The results show that the fishery operates near a threshold,
where a decrease in the salmon price or an increase in seal-safe gear costs (Cost1)
would make the fishery unprofitable. It is worth noting that a 100% decrease in effort
corresponds to closing the fishery. The economic parameters seem to have a modest
impact on the number of spawning salmon at Tornionjoki river. For example, 96%
increase in catch due to a decrease in seal-safe fishery cost (Cost1) results in only a
15% change in the number of spawners. Thus, there appears to be some resilience
in the salmon stock with respect to changes in the economic system.

Although costs and prices are important drivers of fishermen’s behavior, the prof-
itability of the fishery is affected by the availability of salmon, which, in turn, de-
pends largely on the fishing mortality of the mixed stock offshore long line fishery.
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Thus, the profits of coastal fisheries depend on the amount of fish that can escape
the long liners. Recently, Sweden has banned offshore long lining, and the option
of shutting down the Finnish offshore fishery has been considered (Havs och vatten
myndigheten [2012], The Parliament of Finland [2012]). Thus, we analyzed a change
in the proportion of salmon surviving the offshore long line fishery, and the results
show a considerable increase in coastal fishery profits. Yet, the four-fold increase
in catches results in a 1% decrease in the number of spawners, when TAC limits
are not considered. The reason for the impact of escapement from long line fishery
is clear: increased survival means more fish on the coast, where the trap nets are
located.

With respect to changes in the number of spawners, the strongest effects come
from the offshore long line fishery and from postsmolt survival, which refers to the
survival of young salmon spending their first year at sea. Increased postsmolt sur-
vival doubles the net present value of the fishery and catches. Given changes in the
biological parameters, it is clear that conservation of the salmon stock implies large
benefits for the fishery. Therefore, to achieve a larger salmon stock, special efforts
to promote postsmolt survival and maintain offshore fishing effort at a low level
are needed. Given effective conservation, the salmon stock could tolerate somewhat
higher effort in coastal fisheries, without compromising stock size—especially with
the seal-safe gear.

Additionally, we tested the assumption of density-dependent growth model for the
seal population, which was compared with an exponentially increasing population
structure. The gray seal population structure does not appear to have a significant
impact on the optimal effort levels or on profits, which may imply that hunting
seals does not make the fishery significantly better off in economic terms.

6. Conclusions. The motivation for our study is the claim that gray seal con-
servation efforts have caused significant losses in salmon fisheries, although studies
on the actual economic effects on salmon fisheries have been lacking. To assess the
economic effects of the gray seal population on the trap net fishery, we developed
a bioeconomic optimization model, which also allows for an analysis of technology
subsidies as a mitigation measure.

Our model results show that there is economic justification for the claim that
fisheries suffer significant losses due to seals. However, our analysis also suggests
that by using appropriate gear, fishermen can avoid the losses caused by seals.
While the low-cost traditional trap net fishery ceases to exist in a long run, in our
simulations, because high seal-induced losses make the gear unprofitable, a viable
fishery is obtained through the use of seal-safe gear. Our results suggest that the
salmon fishery is viable in the long run only if fishermen can adapt to the high
abundance of seals.
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All in all, mitigating the conflict requires a trade-off between social and private
benefits of the fishery. Subsidies are a way of compensating fishermen for living with
seals and adapting to coexistence, while shifting the economic burden to the broader
public. As our results show, a technology subsidy speeds up the transition to seal-
safe gear use. Providing the subsidy may express the will to preserve small-scale
professional fishing or it may be a reflection of the social value of seals. A surprising
feature of Finnish fishermen’s behavior is observed in the case of subsidies, when
the model results are applied to a reality in which only 40% of fishermen use seal-
safe gear. This seems to implicate that the 15% subsidy is not enough to give
incentives for switching the gear, although fishermen have all the economic reasons
to do so. If the fishermen behaved rationally, they would certainly shift to the use of
seal-safe gear, given the presence of seals, as the subsidy covers a fair share of the
high investment costs. However, receiving the subsidy requires applying the seal
management plan, which may be difficult for fishermen, for whom the seal issue
is rather sensitive and provoking. Fishermen are also skeptical toward the subsidy
scheme, since its permanence is questionable, as Finnish government has gotten
only a temporary permit from EU to provide the national subsidies.

Reasons for fishermen’s resistance to seal-safe gear can only be guessed at—be it
caution or the inherent rigidity of the industry—and go beyond the scope of this
analysis. A solution for speeding up the adoption could be to ban the traditional
gear. However, this could cause difficulties for many older fishermen who are perhaps
not willing to invest in a new gear, although it is more profitable to use the seal-
safe gear. Also, a credible regulation in case of gear restriction requires surveillance,
which is usually costly for the society.

Trap nets catch multiple species, such as bream, European whitefish and trout;
however salmon is the most valuable of these species. There may be a small bias
toward low profitability because we ignore the catch of European whitefish, which
is also a valuable catch species. Modeling multispecies fishing could be an inter-
esting future extension of the study. The total benefits attributed to seal existence
remain unknown, although it is possible to estimate these benefits through valu-
ation studies. This may add a possible source of bias toward high profitability in
our simulation scenario, where seals are absent, as there may exist a social cost of
not having seals. Adding the benefits of seal conservation to the model would be a
useful modification, providing a more complete view of this many-sided conflict.

Because the offshore long line fishery has a significant impact on the trap net
fishery and on the salmon stock size, it would be useful to add it to the objective
function, alongside the recreational fishery, to see which fishery brings the most
benefit to society. This extension of the model could reasonably be connected to
strategic aspects of the internationally shared salmon stock. One possibility would
be to have some countries with high priority for species conservation and some
countries with highest priority on the resource use.
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The damage function approach may undermine the total effect of seals in that it
does not consider the biological link between seal and salmon population. The diet
of seal mainly contains other species than salmon, which makes the predator-prey
link between seal and salmon less significant. However, extending to the biological
interaction would improve the model, and it could be considered as soon as the
biological data are available.
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ENDNOTES

1. Hiby et al. [2007], comparing photoidentification and count data, estimate that 70–85% of
seals are hauled out at the time of counts, which means that 15–30% of seals are absent.

2. Excluding the Gulf of Finland.

3. We updated the costs of Tornionjoki salmon fishery to cover the current number of fishing
days (FGFRI [2009b, 2010a, 2009b]) and purchase price information about the seal-safe trap net
(Christer Kattil, personal communication).

4. The damage parameter is calibrated from the reported seal-induced catch losses (ICES
[2009]).

5. Fjälling [2005] uses day-pairs to estimate the hidden catch losses and suggests that a loss
factor per fish remains found should be used. For traditional gear, the loss factor is 1,3 and for
seal-safe traps it is 1,2.

6. The MathWorks Inc.
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Reduction of Seal-induced Catch and Gear damage by Modification of Trap-Net Design: Design
Principles for a Seal-Safe Trap-Net, Fish. Res. 79, 129–138.

C.J. Svensson, A. Eriksson, T. Härkönen, and K.C. Harding [2011], Detecting Density Depen-
dence in Recovering Seal Populations, AMBIO 40, 52–59.

A. Treves and U. Karanth [2003], Human-Carnivore Conflict and Perspectives on Carnivore
Management Worldwide, Conserv. Biol. 17(6), 1491–1499.

R. Varjopuro [2011], Co-Existence of Seals and Fisheries? Adaption of a Coastal Fishery for a
Recovery of the Baltic Grey Seal, Mar. Policy 35, 450–456.

R. Varjopuro and P. Salmi [2006], Complexities in Keeping Seals Away from the Catch – Build-
ing “Seal-proof” Fishing Gear, Mast 5(1), 61–86.



THE ECONOMICS OF CONFLICTING INTERESTS 299

M.J. Walpole and C.R. Thouless [2005], Increasing the Value of Wildlife Through Non-
Consumptive Use? Deconstructing the Myths of Ecotourism and Community-Based Tourism in
the Tropics, in (R. Woodroffe, S. Thirgood, and A. Rabinowitz, eds.), People and Wildlife, Conflict
or Co-Existence?, Conservation Biology–Series No. 9, Cambridge University Press, Cambridge.

J.K. Yoder [2000], Damage Abatement and Compensation Programs as Incentives for Wildlife
Management on Private Land, USDA National Wildlife Research Center Symposia: Human Con-
flicts with Wildlife: Economic Considerations.





 

 

 

Holma, M., Lindroos, M., Romakkaniemi, A. and Oinonen, S. 2019.  

Comparing economic and biological management objectives in the 
commercial Baltic salmon fisheries.  

Marine Policy 100, 207-214. DOI: https://doi.org/10.1016/j.marpol.2018.11.011 

  

II 

https://doi.org/10.1016/j.marpol.2018.11.011




Contents lists available at ScienceDirect

Marine Policy

journal homepage: www.elsevier.com/locate/marpol

Comparing economic and biological management objectives in the
commercial Baltic salmon fisheries
Maija Holmaa,⁎, Marko Lindroosa, Atso Romakkaniemib, Soile Oinonenc
a Department of Economics and Management, P.O. Box 27, 00014 University of Helsinki, Finland
bNatural Resources Institute Finland, Paavo Havaksen tie 3, 90570 Oulu, Finland
c Finnish Environment Institute, Latokartanonkaari 11, 00790 Helsinki, Finland

A R T I C L E I N F O

Keywords:
MEY
MSY
CFP
Bioeconomics
Optimization
Age-structure

A B S T R A C T

This paper compares two fisheries management objectives recognized in the literature and applied in practice:
maximum sustainable yield (MSY) and maximum economic yield (MEY). The European Union Common Fisheries
Policy (CFP) sets the minimum target of fish populations at the MSY level, defined as the stock level that
maximizes the fish catch. Although MSY is useful in nudging over-harvested stocks back to biologically sus-
tainable levels, the CFP requires the harvested stocks to be maintained above levels that can produce MSY
without addressing the exact definition of “above MSY”. One possibility for maintaining fish stocks above MSY is
to apply the maximum economic yield (MEY) that maximizes the discounted net present value of the fishery.
Comparison of the economic and ecological outcomes of the two objectives in the Northern Baltic salmon fishery
is conducted by applying a dynamic optimization model coupled with age-structured salmon stock dynamics.
The results are further tested for the changes in stock-recruitment parameters, and related to the precautionary
management target of reaching 75% smolt production capacity. A sensitivity analysis for the economic para-
meter values is conducted. The results show that as a target, MEY performs better than MSY in both conserving
the stocks and providing economic viability for the fishers. Targeting MEY while keeping MSY at hand as a
minimum biological objective was found to be a pragmatic objective that is in line with the goals of the CFP and
the EU Blue Growth Strategy.

1. Introduction

Fisheries management aims to ensure the long-term sustainable use
of fish stocks among other desirable outcomes. A selection of reference
points are used as tools to relate the ecological realities of fish stock
dynamics with the management objectives. With varying success and
failure, maximum sustainable yield (MSY) has been widely applied as a
management objective that is said to define an operational and quan-
tifiable goal (e.g., [18,38,45]). The European Union Common Fisheries
Policy (CFP) [11] is one example from the adherents of MSY – the
overall management target of the CFP is to maintain harvested fish
stocks above MSY levels. MSY defines the maximum level of harvest
that can be taken without reducing the stock size in the long run. Stated
more fully, harvesting at the level of MSY results in the maximum
growth rate of the population. In the CFP, MSY answers the need of
defining a minimum sustainable level of fish stocks from a biological
point of view. This target is important since the fishing mortality

exceeds the MSY level in 50% of fish stocks1 in the EU [50].
There is, however, another set of requirements for a sound man-

agement target aside from the biological definition of sustainability.
According to these general fisheries management requirements – also
stated in the EU CFP [11] – economic, social and employment benefits
as well as the availability of food must be consistently taken into ac-
count [35]. The lack of correspondence between the multiple, and at
times even conflicting, objectives of the CFP is striking, as is the mere
definition of a limit reference point at MSY, yet not uncommon when
viewed from a global perspective [9,16]. No precise formulation of
“above MSY” stock levels is provided, nor is a further quantifiable goal
given to meet the economic, social and employment benefits in the CFP.
It is clear that if fisheries management is to meet sustainability by
combining biological, economic and social dimensions, it is not suffi-
cient that its goals be only implicitly defined [6].

To this end, the use of a management objective called maximum
economic yield (MEY) in the case of Northern Baltic salmon fishing is
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explored, and compared with targeting MSY. Instead of maximizing the
harvest, MEY maximizes the sum of discounted net present value of the
fishery over time to capture the effects of catch price, fishing costs and
discounting [19,30]. To test the pragmatic MEY objective that is in line
with both the CFP and the EU Blue Growth Strategy [10], as well as the
traditional MSY objective, a sensitivity analysis is conducted. In addi-
tion, the biological uncertainty over the stock-recruitment parameters
is considered by reproducing the modelling results with the stock-re-
cruitment parameters from the years 2010–2014. The results of both
MEY and MSY management are compared against the precautionary
target set by the International Council for the Exploration of the Sea
(ICES) of reaching 75% of the Potential for Smolt Production Capacity
(PSPC) [20].

2. Fisheries management targets in theory and practice

Alongside the biological realities of fish stocks, fishing is essentially
driven by the economic maximization of fishing activity, and the po-
tential economic benefits from an efficiently managed fishery are well
established [12,13,51]. The availability of fish stocks changes over
time, which makes the continuum of time important in fisheries man-
agement: Scott [51] states that the prospects for efficiency in fisheries
management strategies increase when moving from short-term to long-
term management. The trade-off between fishing now or later, i.e.,
choosing to harvest the fish to gain the profits immediately versus
contributing to future fish resources by conserving the fish while having
to wait for the profits, is highlighted in the seminal work on dynamic
definition of MEY [2,3].

Whether MEY can perform better than MSY is under debate. The
biological, economic, and social goals are essentially conflicting: for
example, MSY provides maximum biological production, yet failing to
maximize employment, ecosystem preservation and economic profit-
ability [16,48]. Hilborn [16] also points to the similarities of environ-
mental protection and economic maximization in that proponents of
these objectives would prefer high fish biomasses alongside stable
catches and low fishing effort. Grafton et al. [14] argue that a fish stock
at MEY is bigger than a stock at MSY as long as the prices, costs, and
discount rates are reasonable, which is opposed by Clark et al. [4], who
suggest that the possibility of stock extinction under MEY management
cannot be ignored. In response to the critique, Grafton et al. [55] show
that if the current biomass level is lower than a dynamic MEY solution,
no trade-off between stock conservation and profitability exists. The
global performance of MEY was tested within a surplus-production
model setup where data from 4713 fisheries was analysed to find that a
management regime relying on MEY simultaneously maximizes the
global annual profits and biomass [5]. Large differences between MSY
and MEY objectives emerge when the objectives are compared using
dynamic age-structured modelling and endogenous harvesting se-
lectivity [53].

As shown above, the simulations of MEY management are plentiful
in the literature; however, MEY has been implemented only recently as
a practical policy. In Australia, for example, the MEY based manage-
ment of the northern prawn fishery (NPF) was implemented in 2008,
and has recently earned a sustainability certificate from Marine
Stewardship Council [44]. Initially, the underlying bioeconomic model
built to support the NPF entailed a delay-difference model [7,30],
which was updated to consider the size-structured stock dynamics, an
integrated profit function and forward projections of size-related prawn
price and fuel costs [46]. Building on the experiences from the NPF
management, Dichmont et al. [8] present challenges that occur in im-
plementing MEY in practice, especially in specifying the bioeconomic
estimation of MEY. Norman-López and Pascoe [42] found that the MEY
based management in the NPF resulted in overall losses in the short
term, but net economic benefit was created in the long term. Despite the
challenges in specifying the bioeconomic estimation of an MEY target,
the Australian example indicates that the challenges can be overcome

[19]. In 2007, the Parties to the Nauru Agreement implemented a
transferable effort scheme in the Western and Central Pacific Ocean
tuna fisheries aiming for maximizing economic returns in the long run
[15].

The Baltic salmon stocks are utilized by sequential fisheries, in-
cluding international commercial offshore long lining, commercial
coastal trap net fishing and recreational angling in rivers. The se-
quential nature of the fishery is explained by the anadromous life cycle
– salmon are born in a specific natal river, migrate to the sea, and return
to the natal river for spawning – in addition to the spatial extent of
salmon feeding and spawning migrations. During the spawning mi-
gration, salmon are targeted by trap nets along the migration route on
the coast, and then by recreational anglers at the river. The salmon
stock of the River Tornionjoki is by far the largest salmon stock in the
Baltic Sea region, accounting for about half of all wild salmon in the
region [25]. Coastal trap nets are the most important item of gear in the
Baltic commercial salmon fishery; in 2016, trap net fishing caught
57.5% of the total nominal catches in the Baltic Sea region [26]. Tor-
nionjoki river stock contributes to 34% of the total salmon abundance
in the Gulf of Bothnia and is predominantly harvested on the Finnish
coast of the Gulf [25]. The ICES uses the Potential Smolt Production
Capacity (PSPC) as the basis for estimating the reference points, and
suggests to reach at least 75% of the PSPC in order to recover the
salmon populations to the MSY level [20].

Thus, given the important role of the Tornionjoki in reproduction
and catches especially to the Finnish salmon fishing industry, the focus
of this paper is on the Tornionjoki river stock. Furthermore, Finnish
economic data for the economic parameters is used. The harvesting
quota for salmon is set for professional fishing only, and since the re-
creational fishing is not explicitly considered in quota decisions, this
paper considers only the biological effect of recreational fishing on the
amount of eggs produced by spawners. This paper analyses the relative
performance of MSY and MEY objectives in the commercial trap net
fishery targeting salmon of the River Tornionjoki in the Northern Baltic
Sea to deepen the understanding of how to integrate economics into
fisheries management decisions. Bioeconomic modelling coupled with
dynamic optimization is used in order to compare the economic and
ecological effects of targeting MEY, which maximizes the discounted
benefits from the fishery or MSY, which maximizes the harvest. Both
objective functions are built upon an age-structured salmon stock
model. Additionally, the biological uncertainty of changes in stock-re-
cruitment parameters was analysed, and an economic sensitivity ana-
lysis was carried out. The outcomes of MSY and MEY objectives are
analysed with respect to the generic ICES scientific advice (2008) of
targeting 75% of PSPC.

3. Bioeconomic model of the Northern Baltic salmon fishery

3.1. Tornionjoki salmon stock dynamics and harvesting

To foster the inclusion of time-delay effects in the modelling of
structured population (e.g. Tahvonen [52]), an age-structured model-
ling approach is utilized for describing the salmon stock dynamics in
this paper. The age-structured salmon population dynamics are based
on the model first described in Holma et al. [17] and Appendix A de-
scribes the model and its parameters in detail. The baseline biological
parameters values are listed in Tables A.1 and A.2. The salmon stock
develops according to the following function, which specifies the
number of salmon aged i=(1,...,10) at Baltic Main Basin before coastal
fishing at time t+1 ( +sob i t, , 1) as a function of the life history matrix Aob t,
and the number of salmon aged i at time t under the chosen manage-
ment objective ob=(MEY or MSY): =+s A sob i t ob t ob i t, , 1 , , , .

The number of homing salmon (spob i t, , ) of age i at time t is therefore
given by =sp s e yob i t ob i t

mS
i, , , , , where mS is the instantaneous natural

mortality for homing salmon and vector yi is the share of salmon of age i
heading to the spawning river. The coastal catch of Tornionjoki river
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stock is almost entirely harvested by the Finnish coastal trap net fleet
[27]. The amount of homing salmon is used as an input in the harvest
function of the coastal trap net fleet:

= ( )H e sp1ob i t
q E

ob i t, , , ,i ob t, (1)

Thus, the annual profits ( )ob t, of the fishery under a chosen man-
agement objective, summed over the salmon age groups i, are defined
by the total revenue minus the total costs from harvesting:

=
=

p H cEob t
i

i ob i t ob t,
1

10

, , ,
(2)

where fishers face the age-specific salmon wholesale prices for gutted
salmon, pi, and linear costs per unit of effort, c, multiplied by the choice
variable, fishing effort Eob t, . The economic parameter values are pre-
sented in Table 1. The fishing effort is expressed in geardays defined as
units of gear multiplied by the number of fishing days. The cost per unit
of effort is scaled with the parameter θ to match the costs with the
proportion of the catch originating from Tornionjoki river in the total
salmon catch.

3.2. Dynamic optimization model

To quantify the economic and ecological effects of targeting either
MEY, which maximizes the discounted benefits from the fishery, or
MSY, which maximizes the harvest, a dynamic optimization model is
used. The projections over a 100 year time period are carried out using
a KNITRO2 nonlinear optimization toolbox “knitromatlab” in MATLAB
8.3.3

3.2.1. Maximum economic yield (MEY)
The MEY management objective (ob=MEY) takes into account the

economic characteristics of the coastal trap net fishery, including
salmon catch prices, fishing costs and discounted value of future ben-
efits, in calculating the revenues from harvesting. To discount future
benefits, an economic discount rate (r=0.03) is used. Following the
approach of Kompas et al. [30] the MEY management target maximizes
the sum of discounted net present value of the fishery over time by
choosing the optimal level of fishing effort:

=
+=

NPV
r

max
[ ]
(1 )MEY

E t

MEY t
t

1

100
,

1MEY t, (3)

subject to an initial guess that geardays, an initial condition of si,1,
=+sMEY i t, , 1 s AMEY i t MEY t, , , and the constraint that
=H e y s(1 )MEY i t

q E
i MEY i t, , , ,i MEY t, .

3.2.2. Maximum sustainable yield (MSY)
In calculating MSY, the objective is to find the optimal level of

annual effort that maximizes the harvest over time (ob=MSY). The
optimization problem under MSY management is defined as follows:

=
=

MSY Hmax [ ]
E t

MSY i t
1

100

, ,
MSY t, (4)

subject to an initial guess of =E 5000MSY ,1 , an initial condition of si,1,
=+sMSY i t, , 1 s AMSY i t t, , and the constraint that

=H e y s(1 )MSYi t
q E

i MSY i t, , ,i MSY t, .

4. Results

4.1. Comparing the management objectives

Solving the dynamic optimization models presented in Eqs. (3) and
(4) to find the effort level that either maximizes the harvest (ob=MSY)
or the net present value (ob=MEY) yields the results depicted in Fig. 1
and in Table 2. The models are populated with stock-recruitment
parameters from the assessment year 2013. The generic advice from the
ICES of targeting 75% of the PSPC in the Baltic Sea [20] is used to
determine how the modelling results relate to the long term precau-
tionary objective. The river specific smolt production targets used in the
ICES advice vary between 60% and 80% of the PSPC.

The largest steady state fishing effort (Fig. 1a) was realized under
MSY management, and it took approximately 30 years to reach the long
run equilibrium. The optimal effort level under the MEY management
target required a moratorium on the salmon fishery for first two years,
because the initial population was low, and the moratorium allowed the
stock to recover. As the model assumes perfect malleability, the adap-
tion costs of the fishery incurred by the moratorium are not explicitly
treated. Comparing the average actual effort level from 2013 to 2016 to
the optimization results (Fig. 1a) reveals that the actual effort levels
have been close to the optimized MSY effort level in 2013 and 2014.

The summed discounted net present value of maximizing the har-
vest under MSY is 4.06 M€, whereas maximizing the value of the fishery
under MEY yields a net present value that is three times higher
(Table 2). Annual undiscounted fishery profits were calculated using
Eq. (2) and were positive over time for both the MSY and MEY objec-
tives (Fig. 1b). During the first seven years of optimization, the profits
were similar under both management objectives, and MSY performed
slightly better during this initial period. However, in the long term, the
steady state profits under MEY were more than two times the profits
under MSY. The economic efficiency of effort defined as the ratio of
profits per effort under MEY was relatively higher than under MSY,
since the profits were considerably lower under MSY than under MEY
while there was a smaller disparity in harvest levels (Fig. 1c). Under
MSY, the cost of unit of harvest is much higher than under MEY. As-
suming that Finland targets the MSY level instead of MEY, the fishing
sector will lose 263,000 € in annual profits in the long term.

The number of smolts, i.e., the number of salmon that begin the
migration from the natal river to the Baltic Sea, represents the status of
the salmon stock and is depicted in Fig. 1d. Under MSY, the smolt
production over time was 23.5% smaller than the smolt production
under the economic reference point. Using the biological data from year
2013, neither MSY nor MEY smolt level attained the PSPC target level.
As the fishing effort in the initial periods is high under MSY manage-
ment, the transition to the steady state smolt production is more pro-
nounced during the first decade when compared to MEY management,
which is essentially limited by the monetary cost placed on effort that

Table 1
Economic parameter values.

Symbol Definition Value Source (Unit)

θ Tornionjoki salmon in total catch 0.345 ICES (2015)
c Unit cost of effort for a seal-safe trap net Proportion of 47.945θ Kulmala et al. [56]a

(€ / gearday)
pi Average age-specific catch price [0 0 0 0 0 9.127 30.54 56.13 54.92 66.25] Luke (2015) (€ / fish)

a The unit cost in coastal trap net fishing is based on Kulmala et al. [56], as updated in Salenius [57], and converted to 2015 euros [58].

2 Ziena.
3 The MathWorks Inc.
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acts as a buffer for changes in the number of smolts.

4.2. Effect of changes in salmon stock-recruitment parameters

There is considerable uncertainty in the year-specific estimates of
salmon stock-recruitment parameters, which is reflected by the changes
in the annual updates of the parameter estimates (Table 3). The bioe-
conomic optimization results given the stock-recruitment parameters
estimated by the ICES in assessment years 2010–2014 (Table 3) were
compared by repeating the optimization for the MSY and MEY objec-
tives with the stock-recruitment parameters of the assessment years
2010–2014. Here, the steady state results of the optimization are pre-
sented.

With the assumed prices, costs and discount rate, choosing MEY
management brought about higher profits and fish stocks in all years
from 2010 to 2014. Fishery profits were consistently higher under MEY
than under MSY management. With the stock-recruitment parameters
from assessment year 2010, fishers face negative profits under MSY
management in the long run, whereas under MEY management, the
same data give 202M€ in profit at the steady state. The fishing effort is
consistently lower under MEY than MSY; the highest steady state level
of effort is realized with data from the year 2012 that represents a high
productivity of the stock (MSY 81,124 geardays, MEY 48,244 gear-
days), while the lowest effort is realized with data from the year 2010.

As shown in Fig. 2, from an economic point of view, the precau-
tionary 75% of the PSPC target is feasible only with the biological
parameters from assessment years 2011 and 2014. With parameters
from assessment years 2010, 2012 and 2013, meeting the 75% of PSPC
target would entail costs to society, as the fishing effort would be below
the economic optimum level.

4.3. Variation of economic factors

Fish catch prices and fishing costs are central in MEY management.
On the one hand, they make the fishery profitable and sustainable when
the economic parameters are within reasonable limits. On the other
hand, if the economic parameters become unreasonable in that prices
are extremely high and costs low, the profits of the fishery may override
its sustainability. To this end, the baseline scenario described in

Sections 3.2.1 and 3.2.2 is used with stock-recruitment parameters from
year 2013 for the economic sensitivity analysis.

Due to the market integration of wild caught and farmed salmon in
Finland, the price of imported farmed salmon determines the price of
wild caught salmon [49]. Until recently, the price of wild salmon has
decreased substantially as a result of increased competition with the
readily available and cheap Norwegian farmed salmon. However, the
global production of farmed salmon may decrease because of a con-
tinuing environmental and sanitary crisis in the Chilean salmon farming
industry [34,36] and the slackening production growth of the Norwe-
gian farmed salmon industry [1]. Since the demand for salmon is not
decreasing, this may result in higher salmon prices. Thus, the MEY
scenario is tested with respect to price changes. In addition, the effects
of changes in the unit cost of effort and in the discount rate were
analysed.

Changes in the economic factors affect the prospects of achieving
the smolt production target as shown in Table 4. With a 30% decrease
in prices the 75% of PSPC target is reached in the long-term. Increase in
catch prices has to be very high to make the fishing effort high enough
to reach the effort level in MEY that corresponds to the effort in MSY; a
3.6-fold increase in catch prices (the baseline wholesale price averaged
over ages is 5.01 €/kg and the increase corresponds to 17.9 €/kg) made
the steady state fishing effort under MEY higher than under MSY, which
also resulted in a smolt production level smaller than it was under MSY.
Discount rates had only minor effects on the salmon stock, whereas the
summed net present value was affected. The role of the discount rate is
generally considered small in fisheries management since it is usually
dominated by the sensitivity of fishing costs to changes in the stock
level [19].

5. Discussion and conclusions

In this paper, the performance of MEY as a management target that
explicitly defines the level “above MSY” according to the CFP was
analysed. Thus, the economic and ecological effects of targeting the
maximized harvest (MSY) versus the maximized discounted net present
value of the fishery (MEY) were compared by applying bioeconomic
modelling and dynamic optimization based on age-structured salmon
stock dynamics. The baseline modelling results show that choosing to

Fig. 1. Optimal time paths for (a) fishing effort
in geardays, (b) fishery profits in €, (c) harvest
in number of salmon and (d) number of salmon
smolts under MEY and MSY management with
stock-recruitment parameters from assessment
year 2013. The 75% of PSPC target is a generic
MSY based objective proposed by the ICES
[20]. Actual efforts from 2013 to 2016 refer to
the commercial salmon trap net fisheries ef-
forts from assessment unit 1 (AU1) [27]. Hor-
izontal axis refers to time in years from 2013
onward.
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target MEY enhances the reproductive capacity of the salmon stock
while also providing higher profits for the fishers. In MEY, fishing costs
make the fishing effort an essentially scarce resource, and putting more
effort into fishing also increases the costs, i.e., the price of effort. This is
why the effort is usually lower under MEY compared to the effort under
MSY. Under MSY, the only limiting factor to fishing activity is the size
of the fish stock, whereas fishing effort is not considered costly at all.
Thus, aside the size of the stock, in MSY management all factors af-
fecting fishers' behaviour are disregarded.

The sensitivity analysis of MEY management showed that increased
prices and decreased costs improve the economic performance of the
fishery but diminish the reproductive capacity of the salmon stock. The
inherent uncertainty in assessing the stock-recruitment data is reflected
in both the results of MSY and MEY management. Our results show that
the relative economic tradeoff between MSY and MEY is highest when
the productivity of the fish stock is high. In this situation, the efficiency
of effort decreases considerably under MSY management. Thus society
loses the most from targeting MSY when the productivity of a salmon
stock is high.

Our results provide an example of optimized fisheries management.
These results can be used for linking the economic viability and

ecological sustainability in managing the coastal salmon trap net
fishery, which has recently become the most important commercial
salmon fishery in Finland. In the literature, MSY is traditionally juxta-
posed with MEY, which is unnecessary in our opinion as the objectives
could be used as complements to capitalize on the best features of each
of them. While targeting MEY, MSY could be used as an ecological limit
if the economic realities would suggest smaller stock sizes than MSY
management, that is, when MEY would no longer result in a state of the
stock that is “above MSY”. MSY has an important role as a limit target
and can be used as a constraint for the MEY advice in an apparently
relatively rare situation of high fish prices, exceptionally low fishing
costs or a high discount rate, which are conditions that could lead to a
stock collapse under MEY management. Based on the modelling results,
aiming for MEY and keeping MSY at hand is proposed, as also suggested
by Voss et al. [54] who introduce an ecologically-constrained Maximum
Economic Yield (eMEY) in the case of the eastern Baltic cod fishery.
Such a holistic approach would be a step towards the ecosystem-based
management as well as reaching the goals set in the EU Blue Growth
Strategy.

Since the salmon fishing quota is set for the commercial fisheries
only, the model in this paper considers the optimization of commercial
trap net fishing while considering the biological effects of recreational
fishing. However, the optimal management of sequential salmon fish-
eries has been analysed by, e.g., Kulmala et al. [31], showing that a
reallocation of harvest from offshore to coast and river would entail
70% larger benefits in the case of the Simojoki river salmon stock.
These results are supported by Laukkanen [32], who shows that fish-
eries management could be improved to harness the full productive
potential of the Northern Baltic salmon fishery by moving away from
offshore fishing. The formerly dominating offshore fishery now con-
tributes to a much smaller proportion of salmon catches. The ongoing
reallocation of effort has also led to a shift towards harvesting salmon
that spawn or are stocked within the country's own territory. This shift
to a more clearly defined ownership of the salmon resource reduces the
occurrence of strategic behaviour among the sequential fisheries that
would otherwise require costly cooperation and negotiation efforts
[33,43]. Modelling the economic dynamics of professional and re-
creational fisheries within the context of MSY and MEY is left for fur-
ther study.

The scientific foundation for providing the management re-
commendations is still largely based on biological modelling of the fish
stocks. Our modelling approach is an example of coupling economic
and ecological systems in a fairly simple single-stock fishery. This type
of integrated modelling is not yet an established tool in supporting
management decisions, although it can provide invaluable information
on the sustainability and profitability of marine resource use. The ICES
working group on integrating ecological and economic models was
organized in 2015, and provides a promising platform for integrating
bioeconomic modelling with stock-assessment models. As marine
fishing is an essential element of integrated coastal management, con-
sideration of the socio-cultural impacts and values of fish, fishing and
fisheries management (see e.g. [28,47]) would be a natural extension to
the existing model. This could be done by e.g. relaxing the assumption

Table 2
Baseline modelling results and current mean coastal trap net harvest of Tornionjoki salmon in number of fish from ICES sub-divisions 29–31 over years 2010–2014.

Sum of discounted net
present value over
time (M€)

Annual undiscounted
profits at steady state
(thousand €)

Annual commercial
harvest in number of fish
at steady state

Optimal annual steady state
effort in gear days

Number of smolts at
steady state (in
millions) per year

Current mean commercial
coastal harvest in number of
Tornionjoki river stock fish
over years 2010–2014a

Status quo 27,265
MSY 4.06 182.7 39,360 67,840 1.298
MEY 12.01 445.3 33,660 40,059 1.603

a Mean coastal harvest estimate is based on the results of the stock-assessment model by ICES [25] and includes a minor share of salmon harvest caught with gill nets.

Table 3
Stock-recruitment parameters for assessment years 2010–2014.

Year of assessment Source Alpha Beta PSPC median PSPC 75%

2010 ICES [21] 77.16 0.000384 2,090,000 1,567,500
2011 ICES [22] 54.11 0.000408 1,924,000 1,443,000
2012 ICES [23] 42.12 0.000374 2,408,000 1,806,000
2013 ICES [24] 53.31 0.000376 2,298,000 1,723,500
2014 ICES [25] 48.02 0.000383 2,020,000 1,515,000
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Fig. 2. Comparison of percentage of the potential for smolt production capacity
(PSPC) attained in the steady state with salmon recruitment data from assess-
ment years 2010–2014. The dashed line indicates the generic 75% of PSPC
target suggested by the ICES.
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of perfect malleability and giving a monetary value to both the non-
market benefit of traditional fisheries’ existence and the salmon stock as
part of natural heritage to analyze the employment effects and im-
plications to the fishing communities and to reconcile the effects of
sudden reductions in fish stock, harvest and effort. Further integrated
assessment and collaborative decision making could be developed by
involving fishers, scientists, NGOs and policy makers as has been done
in the MEY based management of Australian Commonwealth fisheries
[37].

The single-stock modelling approach could be extended from
Tornionjoki river stock to consider the whole Baltic salmon stock that is
essentially characterized by multiple river stocks with varying pro-
ductivities. The optimal effort resulting from a mixed-stock fishery
optimization model is expected to be somewhat lower than the single-
stock optimum reported in this paper, because Tornionjoki river stock
represents one of the highest productivities among the Baltic stocks. In
case the fisheries management efforts across the Baltic Sea were not
coherent, a game theoretic modelling approach could be used to ana-
lyze the effects of one country applying MEY management, while other
countries stick to the MSY management. Additionally, it should be
noted that the model builds on constant cost and price functions, and

exploring the effects of alternative functional forms and extending the
price portfolio to consider fish processing would give new insight into
the economic and ecological dynamics of the fishery system. These
extensions are left for future studies.
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Appendix A

The stock dynamics of salmon are modelled by mimicking as closely as possible the ICES salmon assessment model [39,40,41]) used for giving
scientific advice that is required by the EU CFP. To predict the salmon population dynamics, an age-structured matrix model, sometimes referred to
as the Leslie model, is used building on the salmon model first used in Holma et al. [17]. The original ICES stock assessment model is modified to
consider the wild salmon stock and to accommodate the matrix modelling approach. The model is parametrized for the Tornionjoki river stock
utilizing the ICES stock assessment results (Tables A.1 and 3).

Salmon are classified into i ∈ {1,…,10} age groups. The salmon life history model is constructed as follows to calculate the number of salmon that
have survived the offshore longline fishery at time t+ 1 in the Main Basin before the spawning run:

=
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where the vector +s ,ob t 1, containing the number of individuals in each age class i at time +t 1, is determined by the population projection matrix Aob t,
multiplied by the vector sob t, , containing the number of age i individuals at time t . Salmon stock dynamics are specific to the management objective,
ob {MEY or MSY}. The biological and fishery related parameters and the elements of At are presented in Tables A.1 and A.2. In the matrix At , the
element FECi is the per capita fertility of age class i, and SURi is the age specific survival rate at age i. The ICES stock assessment model does not
specify the life stages from spawned eggs to smolts emigrating the river on average 4 years after the spawning year. Instead, a Beverton-Holt stock-
recruitment model is established to capture all the biological processes within this stage of the salmon life cycle. To follow the approach and to
capture the time-delay effect in the stock dynamics of our model, the survival of the first four salmon life-stages is set to 1. The offshore longlining
and river fishery enter the population dynamics as constant age-specific mortalities (OLLi and reci) in the matrix At .

See Appendix Tables A1 and A2.

Table 4
Economic sensitivity analysis results under MEY. The 75% of PSPC target level is 1.72 million smolts according to the stock-recruitment data from assessment year
2013.

Summed discounted net present value
over time (M€)

Commercial annual harvest in number of
fish at steady state

Optimal steady state annual
effort in geardays

Annual number of smolts at steady
state (in millions)

Salmon wholesale prices
- 10% / +10% 9.05 / 15.16 32,065 / 34,893 36,573 / 43,094 1.638 / 1.573
- 20% / +20% 6.33 / 18.46 29,833 / 35,810 32,373 / 45,682 1.679 / 1.546
- 30% / +30% 3.92 / 21.9 26,526 / 36,518 27,130 / 47,941 1.725 / 1.522
Unit cost of effort
- 10% / +10% 13.9 / 10.24 35,007 / 36,918 43,400 / 32,234 1.570 / 1.635
- 20% / +20% 16.12 / 8.65 36,186 / 30,661 46,849 / 33,861 1.534 / 1.664
- 30% / +30% 18.48 / 7.22 37,208 / 28,977 50,456 / 30,912 1.496 / 1.692
Discount rate
- 40% / +40% 18.42 / 8.48 33,096 / 34,189 38,756 / 41,297 1.617 / 1.591
- 60% / +60% 23.65 / 7.31 32,764 / 34,412 38,032 / 41,852 1.624 / 1.585
- 80% / +80% 31.21 / 6.38 32,403 / 34,619 37,268 / 42,378 1.631 / 1.580
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Table A.1
Initial population size and biological parameters for salmon [25].

Symbol Value Description (unit)

si,1 [175,600 175,600 175,600 175,600 1192.5 107.1 59.73 22.375 5.774 2.34] Initial stock at t=1 (1000 fish)
zi [0 0 0 0 0 0.02 0.5 0.5 0.5 0.5] Sex ratio (prop. of females)
yi [0 0 0 0 0 0.1627 0.3446 0.537 0.467 1] Maturation (prop. of spawners)
qi [0 0 0 0 0 0.00001411 0.00001325 0.00001325 0.00001325 0.000002851] Commercial fishery catchability
fei [0 0 0 0 0 3929 9142 13100 13650 17220] Eggs per female
reci [0 0 0 0 0 0.837067 0.824833 0.824833 0.824833 0.824833] River fishery escapement
cwi [0 0 0 0 0 1.919 6.104 10.999 10.763 12.983] Average catch weighta (kg)
OLLi [0 0 0 0 0 0.001958 0.11381 0.09637 0.09559 0.1015] Median offshore longline survival

53.31 Beverton-Holt Recruitment parameter for year 2013
0.000376 Beverton-Holt Recruitment parameter for year 2013

PSPC 2298000 PSPC median for year 2013
0.75 Target level of PSPC

mps 0.1253 Proportional post-smolt survival (year−1)
m 0.949 Proportional natural adult survival (year −1)
mins 0.052 Instantaneous natural adult mortality
mseal 8.4427 Instantaneous seal mortality (July & August)
mS +mins mins

mseal
5

6 6
Instantaneous natural mortality for spawners

m74 0.9625 M74 –syndrome survivalb (year−1)

a The average catch weight of salmon takes into account the returning spawners, which makes the 4 and 5 sea winter salmon (age classes i=9 and 10) relatively
slimmer.
b M74 syndrome is a reproduction disorder typical for salmon stocks in the Baltic Sea that causes high mortality in hatched fry [29].

Table A.2
Elements of the life history matrix At.

Element Description Unit

=FEC fe z y ei t i i i
qiEob t mS reci, , Fecundity i {1, ... ,10} Eggs per female

= =SUR j1, 1...3j t, Survival assumed to be 1 for ages 1–3

= +SUR t
m

s t m4,
74

( 4, / 1000) 74
Recruitment with given M74 survival Number of smolts

=SUR y m OLL(1 ) ps5 6 6 Post-smolt survival at Baltic Main Basin Number of salmon
= = = +SUR y mOLL g k g(1 ) , 6...10, 1g t k k, Adult survival at the Main Basin Number of salmon
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Abstract 

This paper assesses the economically optimal commercial Baltic salmon fishing effort that maximizes 

society’s net present value under three scenarios of recreational angling. We assess the ecological and 

economic implications of heterogeneous angler motivations, considering the profitability of commercial 

salmon trap-net fisheries and the dynamics of angler types and salmon stocks over time. We consider anglers 

with heterogeneous preferences and identify two types of anglers differing in the degree of catch orientation 

based on the literature: nature lovers and selective anglers. Using an age-structured bioeconomic model for 

salmon fisheries, we study how the optimal management of the commercial fishery depends on angling by 

considering three scenarios of angling. In our model, the angler type, number of anglers' fishing days, and 

the frequency of angling trips endogenously change over time, depending on how satisfying each trip is. The 

results show that a holistic approach to jointly managing commercial trap-net fishery and recreational angling 

is required to ensure viability of recreational and commercial fisheries and the sustainable use of salmon 

stocks. 

KEYWORDS: Recreational fishery, angling, commercial fishery, bioeconomic modelling, social norms, angler 
behaviour 
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1. Introduction 

Commercial fisheries have been extensively managed since the recognition that they may severely deplete 

fish stocks, while recreational fisheries have received less attention from fisheries managers until recently 

(Lewin et al. 2006). However, recreational fishery landings may have equally serious ecological and economic 

implications for harvested fish stocks (see, e.g., Coleman et al. 2004, Cisneros-Montemayor & Sumaila 2010). 

In general, recreational fishing is characterized by high effort and low catchability, while commercial fisheries 

entail high catchability and low effort (Cooke and Cowx 2006). Thus, a single angler is unlikely to have a large 

impact on the fish stock, but the cumulative effect of all recreational anglers can be considerable if angling 

occurs before spawning, as is the case with Baltic salmon (Cooke and Cowx 2004 and Michielsens et al. 2006). 

Although recreational fishing is an important means by which people interact with nature, it also has major 

effects on fish stock dynamics (Carpenter et al. 2017). 

Salmon fishing is a topic of constant tension and political debate, as differing socio-cultural, economic, and 

ecological perspectives become intertwined among various interest groups who produce reciprocal 

externalities on each other in the sequential fishery (Eskelinen et al. 2013, Ignatius and Haapasaari 2018, 

Olaussen and Skonhoft 2008 and Salmi and Salmi 2010). The most important and the most conflict-ridden1 

fisheries in Finland that target the wild salmon stock originating from the Tornionjoki River are commercial 

trap-net fishery along the coast and recreational angling in the river (see, e.g., Salmi and Salmi 2010).  

The life cycle of salmon defines the sequential features of salmon fisheries, which means that different 

fisheries are separated in time and space. The dynamics of recreational and commercial salmon fishing create 

tension between the interest groups, as the fishing effort applied in one fishery affects the fishing possibilities 

in the other. Commercial fishing reduces the number of fish available to recreational fishers, which makes a 

direct link between two sequential fisheries within the same fishing season. The indirect link between 

 
1 In Finland, an attempt to solve the conflict among anglers and commercial fishers took place in 2006, when a 
fund for wild salmon protection was established. The idea was to pay compensation to commercial fishermen to 
reduce fishing efforts to increase the amount of salmon available for anglers in the river (Salmi and Salmi 2010). 
The compensation fund did not receive support from commercial fishermen, and the action faded away. Another 
example from Norway explains the lack of side payment schemes by the stochastic ecology of wild salmon in a 
game theoretic setting (Olaussen 2007).  
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recreational and commercial fishing is that the salmon mortality caused by anglers reduces the number of 

spawners available to reproduce and contribute to the next salmon generation. Recreational catches vary 

yearly—the peak recreational catch of 2016 following a successful salmon spawning run was almost six times 

higher than the average catch over the last decade at the Tornionjoki River, where rod fishing is the 

predominant form of recreational fishing, although traditional forms of fishing—dipping and trammel net 

fishing—are also exercised (Salmi and Salmi 2010). Hereafter, we refer to recreational rod fishers as anglers.  

On the one hand, the number of commercial coastal fishermen has decreased over the past decades because 

of changes in the operational environment, such as tightened fisheries regulations, interaction with grey seal 

population, and the development in salmon demand dictated by the Norwegian farmed salmon supply 

(Holma et al. 2014 and Bjørndal et al. 2016). On the other hand, angling is a popular leisure activity in Finland. 

Participation in recreational fishing is high, as 28% of Finns fished in 2016, when the recreational salmon 

catch at the Tornionjoki River was 166 tons (approximately 22 000 salmon) caught by 11 400 recreational 

fishers (Natural Resources Institute Finland (Luke) 2017 and Palm et al. 2019). Angling has recently increased 

in popularity, while recreational subsistence fishing with nets has remained constant for the last ten years.  

Currently, recreational fishing at the Tornionjoki is regulated through possession limits (a maximum of one 

salmon per day per fisher), size limits (a minimum length of 50 cm, with undersized fish released whether 

dead or alive), gear limitations and seasonal closures (the fishing season is open from June 1st to August 31st). 

Due to possession limits for caught salmon, as well as fulfilment of the desired amount of catch, many anglers 

exercise catch-and-release fishing. Although the set of recreational fishery regulations constrains the volume 

of landed fish, it allows an infinite increase in the number of anglers and fishing days. Thus, Tornionjoki 

angling represents a limited open-access fishery.  

The economic impact of recreational salmon fishing has been widely studied. McConnell and Sutinen (1979) 

develop a theoretical economic framework for the optimal management of recreational fishing. Kulmala et 

al. (2008) are among the first to analyse the optimal management and allocation of commercial and 

recreational salmon fisheries in the Baltic Sea with the methods of bioeconomic theory. They find that only 

coastal commercial and recreational river fisheries would operate under optimal management and that such 
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regimes result in substantial economic benefits without posing a risk to the salmon stock. Oinonen et al. 

(2016) find that successful international cooperation in Baltic salmon management requires acknowledging 

the benefits of recreational fisheries in Finland and Sweden. Skonhoft and Gong (2014) develop an analytical 

description of the optimal harvesting strategy for Norwegian recreational salmon fishery based on a 

maximum economic yield objective, in which they set the price of fish equal to the fishing permit price. An 

empirical model of the Miramichi River salmon fisheries by Cook and McGaw (1996) shows that both 

commercial and recreational fisheries entail positive net economic benefits; however, upon comparing these 

two fisheries, recreational fishery is more valuable. Olaussen and Skonhoft (2008) apply a biomass model to 

describe the market for Atlantic salmon recreational fishing permits, while marine commercial harvesting is 

taken as given. They find that the stock effect of recreational fishing is by no means minor, as recreational 

fishing imposes large stock variations, even under constant marine harvesting. All the above-mentioned 

studies analyse anglers as a homogenous group. 

Heterogeneous angler motivations have not been studied in connection with a detailed description of the 

fish stock dynamics in a setting where a comparison between commercial and recreational sectors was 

possible. McConnell et al. (1995) develop a detailed econometric model of angler welfare using a random 

utility model by estimating expected catches for different angler classes using a Poisson model; however, no 

statements on the ecological system can be made, as the fish stock dynamics are not considered. In his 

insightful study, Stoeven (2014) develops a theoretical model to compare effort- and catch-oriented 

recreational anglers. The findings show that at a low fish stock level, effort-oriented anglers may cause the 

collapse of the fish stock, as they prefer the activity itself and continue fishing, although catches are poor. 

The result underlines the possible lack of self-regulation in recreational fishing, as a low fish population level 

does not always lead to reduced angling effort (Post et al. 2002). The lack of self-regulation in inland 

recreational fishing is also highlighted by Carpenter et al. (2017), who consider optimal recreational fishing 

effort defined in relation to the utility obtained from fishing and other activities. They use a biomass model 

to describe the fish stock dynamics. According to Salmi et al. (1999), understanding the fishermen’s basic 

behavioural models is essential for building an efficient fisheries management system. As Johnston et al. 
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(2010) find that management strategies allowing for the inclusion of complex angler behaviour result in 

socially optimal recreational fishery management and biological sustainability of the resource stock.  

This paper analyses the economically optimal fishing effort level in the commercial salmon fishing and the 

endogenously defined recreational fishery when the behavioural complexity of anglers and their social 

interactions are considered. This is done by extending the model first presented in Holma et al. (2014), 

building upon the models by Kulmala et al. (2008), Oinonen et al. (2016), Johnston et al. (2010), Stoeven 

(2014) and Pokki et al. (2020). The present paper differs from previous studies by considering anglers’ 

behavioural complexity simultaneously with optimized commercial fishing in an age-structured stock 

framework. Our biological model mimics the ICES salmon stock assessment model as closely as possible, and 

we analyse the ecological and economic outcomes of relaxing the assumption of constant and homogenous 

recreational fishing effort by letting the anglers derive utility from two types of angling while observing the 

changes in angling types over time. The analysis of recreational fishery requires economic information on the 

value of nonmarket goods to estimate recreational anglers’ net benefit function. In the Baltic Sea, Oinonen 

et al. (2016) use a stated preference method—contingent valuation—for estimating salmon anglers’ 

marginal willingness to pay. We follow the approach presented in Oinonen et al. (2019) to estimate 

recreational anglers’ benefits. 

The next section describes the bioeconomic model that describes the commercial and recreational salmon 

fishing as well as the salmon stock dynamics. First, the optimal commercial effort is described under a 

hypothetical scenario, where recreational fishing is absent. Second, static recreational fishing with 

homogenous angling motivations is introduced. Third, recreational fishing is endogenously defined based on 

the differing motivations of anglers and the evolution of angling types over time. In section 3, the baseline 

modelling and sensitivity analysis results are presented. Section 4 provides a further discussion of the 

ecological and management implications of the role of recreational fishing and the motivations guiding it in 

relation to commercial trap-net fishing.  
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2. The bioeconomic model 

The analysis conducted in this paper builds upon a bioeconomic model describing the dynamics of salmon 

fisheries and the salmon stock. Economic optimization of commercial salmon harvesting over a 100 year time 

horizon depends on an age-structured salmon stock model under three different recreational fishing 

scenarios. 

2.1. Salmon population dynamics 

To estimate the wild salmon stock dynamics in the Tornionjoki River, we use an age-structured matrix 

population model developed from the model presented in Holma et al. (2014) and Holma et al. (2019) that 

mimics the approach of the ICES salmon assessment model. Figure 1 gives a schematic representation of the 

stock dynamics and sequential fisheries analysed in this paper. The salmon stock model and its parameter 

values are described in the appendix.  

 
FIGURE 1. Schematic representation of the salmon life cycle and fisheries. 
 

2.2. Model scenarios 

We model three cases listed in Table 1 to compare the trade-offs between the inclusion and exclusion of 

recreational benefits and angler heterogeneity.  
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TABLE 1. Scenarios to compare coastal commercial trap-net fishing and recreational angling of Tornionjoki salmon.  

 Optimization Angling Model output 
Scenario 1 Optimized commercial coastal 

fishing effort 
No angling • Economically optimal commercial effort 

and harvest levels 
• Net present value of commercial fishery 
• Salmon stock size 

Scenario 2 Optimized commercial coastal 
fishing effort 

Constant angling • Optimized commercial effort and 
harvest levels 

• Constant angling effort 
• Recreational benefit 
• Net present value of commercial fishery 
• Salmon stock size 

Scenario 3 Optimized commercial coastal 
fishing effort 

Endogenous type-
specific angling 

• Optimized commercial effort and 
harvest levels 

• Endogenous angling effort and number 
of fishing days 

• Recreational benefits 
• Net present value of commercial fishery 
• Salmon stock size 

 

2.2.1.  Scenario 1: Commercial coastal fishing 

 
In scenario 1, commercial trap-net fishery is optimized in a hypothetical situation where the recreational 

effort at the river is zero. The number of salmon available for commercial trap-net fishery is 1, , 1 1, ,i t i t ts s A+ =

. The commercial trap-net catch is determined by the catchabilities (𝑞𝑞𝑖𝑖,𝑣𝑣), optimized fishing effort (𝐸𝐸1,𝑣𝑣,𝑡𝑡), 

number of homing salmon ( 1, ,i i thrs ) and natural mortality of homing salmon (mS): 

1,, ,
1 ,, ,, 1)(1 ti vvqv

i it
E mS

tih e ehrs− −= − , and it, in turn, defines the net revenue from commercial fishery in period 

𝑡𝑡 as follows: 
10

1, , 1, , 1, ,
1

v
v t i i t v t

i
p h cEπ

=

= −∑ . The economic parameter values are presented in Table 2. Under 

the maximum economic yield harvesting programme, the manager’s objective is to maximize the summed 

discounted net revenues of commercial coastal trap-net fishery over the 100-year time horizon ( 100t = ) to 

mimic an infinite planning horizon by choosing an optimal level2 of fishing effort 1, ,v tE : 

1, ,

100
1

1, 1, ,
1

/ (1 )max
v t

t
v v t

E t
NPV rπ −

=

= +∑ subject to the age-specific harvest ( 1, ,
v
i th ) and salmon stock size ( 1, ,i ts

).  

  

 
2 The dynamic optimization problem is solved with MATLAB software using the non-linear constrained 
minimization toolbox knitromatlab. 
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TABLE 2. Economic parameters for commercial trap-net fishery 
 

Symbol Definition Value Source (Unit) 
𝑻𝑻𝑻𝑻𝑻𝑻 Proportion of Tornionjoki salmon 

in the total catch 
                  

0.345                   ICES [2010] 

𝒄𝒄 Unit cost of seal-safe gear 47.945Tor                 Kulmala et al. [2009]1 

(€/gear-day) 
𝒑𝒑𝒊𝒊 Average age-specific catch price 

 [0 0 0 0 0 9.127 30.54 56.13 54.92 66.25] OSF 2019 (€/fish) 

𝑻𝑻 Social discount rate     
 0.03 Weitzman [2001] 

1The unit cost in coastal trap-net fishing is based on Kulmala et al. [2009], as updated in Salenius [2014], and is 
converted to 2015 euros (BoF [2015]).  
 
In the model, subsistence net fishing is expressed as an exogenous mortality rate (mnet,i) defined as the 

average subsistence net fishing harvest rate from 2006-2015. The number of salmon able to escape both 

commercial trap-net fishery and subsistence net fishing is 1, , , 1, , 1, ,( )v
i t net i i t i tesc m s h= − . 

2.2.2.  Scenario 2: Commercial coastal fishing and constant angling mortality 

In scenario 2, we model commercial trap-net fishery as described in scenario 1. Here, the number of salmon 

of each age is 2, , 1 2, , 2,i t i t ts s A+ = . Coastal trap-net fishery targets the proportion of salmon that start the 

spawning migration ( ihr ). The number of salmon in the spawning migration ( , 1i tsm + ) is defined by the 

number of salmon of age i in period t, 2, ,i ts , and by natural mortality (mins): 2. , 2, ,
insm

i t i i tsm hre s= . The 

commercial harvest in scenario 2 is ,, 2 ,
2 2,, ,, )(1 v ti v E

i t
qv

i th e sm−= − . The number of salmon that escape from 

trap-net fishery and recreational subsistence net fishery ( ,net im ) is 2, , , 2, , 2, ,( )v
i t net i i t i tesc m sm h= − . In 

scenario 2, angling enters the model as static age-specific mortalities defined by recreational harvest rates 

(hrec,i) that reduce the number of spawners. The number of salmon caught by anglers is 2, , , 2, ,
r

i t rec i i th h esc= . 

The ICES salmon stock assessment model applies similar static recreational harvest rates. The anglers’ total 

harvest in scenario 2 is defined as follows: 
10

2, 2, ,
1

r r
t i t

i
H h

=

= ∑ . The age-specific harvest biomass in kilograms is 

2, , 2, ,
r r
i t i t iW h cw= × , where icw is the age-specific catch weight. The net benefits of the Tornionjoki anglers 

in this scenario are calculated using the aggregated net benefit function presented by Oinonen et al. (2016), 

2
2, 2, , 2, ,rec rec t rec tNB kH vH= − , where the functional parameters k and v  are estimated for the marginal 
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willingness to pay at the Tornionjoki River. We have updated the parameter estimation of k  and v  per the 

current number of anglers, fishing days and anglers’ catches (Pokki et al. 2020, ICES 2019 and FGFRI 2014). 

2.2.3.  Scenario 3: Heterogeneous angling as a social phenomenon 
 

In scenario 3, we assume that the anglers’ preferences are heterogeneous regarding the motivation for 

fishing. Angling is mainly motivated by the recreational value of relaxing and enjoying nature (Toivonen et al. 

2003, Pokki et al. 2020 and Holland & Ditton 1992). According to Olaussen (2010), welfare-maximizing 

resource management requires knowledge of how aggregate resource use affects the individual utility in 

different user groups. We do not attempt to accurately model the actual utility that each angler obtains from 

fishing but instead explore how the most important motivational factors influence the utility and, ultimately, 

the decision to go angling. 

The importance of catching fish has been reduced as subsistence fishing has become less predominant. This 

is not to say that the catch is unimportant, as catching a fish is one of the characteristics that defines a good 

fishing trip. There are diverse angler typologies that reflect certain lifestyles, habits or simply traditions. Thus, 

based on a travel cost study conducted at the Tornionjoki River by Pokki et al. (2020)3, we assume that there 

are two broad categories of anglers: i) nature lovers, who go angling mostly for the sake of leisure and 

recreation, and ii) selective anglers, who go fishing for the sake of the catch. The angler type is denoted by 

a, with f denoting nature lovers and c denoting selective anglers. The recreational fishing model in scenario 

3 describes the type-specific utilities derived from fishing, the decision to go angling, and the dynamics of 

some anglers quitting and some anglers starting to fish by describing angling as a social phenomenon. 

 

Here, the number of salmon starting their spawning migration is 3, , 3, ,
insm

i t i i tsm hre s= , and the commercial 

fishery harvest is ,, 3 ,
3 3,, ,, )(1 v ti v E

i t
qv

i th e sm−= − , which provides profits in period t as follows: 

 
3 Pokki et al. (2020) analyse the heterogeneity of angler preferences for fishing site attributes and for valuing the 
recreational demand using the travel cost method through mail survey responses. Factor analysis is used to reveal 
different angler subgroups. The mail survey was sent to 1500 anglers, representing 13.9% of the total fishing 
permits sold. The response rate in the mail survey was 55.2%. Among the respondents, 772 anglers reported the 
number of trips to the Tornionjoki River.  
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10

3, , 3, , 3, ,
1

v
v t i i t v t

i
p h cEπ

=

= −∑ . Again, the objective is to maximize the summed discounted net revenues of 

commercial fishery over the 100-year time horizon ( 100t = ) by choosing the optimal level of fishing effort

3, ,v tE : 
3, ,

100
1

3, 3, ,
1

/ (1 )max
v t

t
v v t

E t
NPV rπ −

=

= +∑  subject to the age-specific harvest ( 3, ,
v

i th ) and salmon stock size 

( 3, ,i ts ), which is affected by the anglers’ fishing effort. The total recreational harvest by nature lovers and 

selective anglers in period 𝑡𝑡 in terms of the number of fish is ,, 3, , ( )
3, , 3, , , (1 )i rc f ci v v t q E Eq Erc

i t i i t net ih hr s m e e− +−= − , 

and the corresponding age-specific harvest biomass is 3, , 3, ,
rc rc

i t i t iW h w= . The number of spawners able to 

escape both commercial and recreational fisheries in period 𝑡𝑡 is given by 

,, 3, , ( )
3, , 3, , ,

i rc f ci v v t q E Eq E
i t i i t net ies hr s m e − +−= . The harvest in terms of the number of fish caught by nature lovers 

in period t is
10

3, ,
1

f
f rc t

t i t c
i t

Ef h
E=

= ∑ , and selective anglers’ harvest number is 
10

3, ,
1

c
c rc t

t i t f
i t

Ef h
E=

= ∑ . The harvest 

biomass is type-specific: a a
t t ib f w= . 

2.2.3.1. Angler motivation and utility 

First, anglers’ utility has a catch component that depends on the total harvest, as given by ( , ),a a
c t tU b f , where 

a
tb is the type-specific catch biomass per trip and a

tf  is the angler type-specific number of salmon per trip. 

Thus, utility depends on the catch obtained per trip but at a marginally decreasing rate. This implies that 

there is a preferred amount of catch that a given angler wants to obtain. As we relax the non-satiation 

assumption, the utility may even become negative beyond this preferred amount if the catch exceeds the 

amount that could possibly be eaten, stored in the freezer at home, or given to friends. 

Second, anglers’ utility clearly has a leisure component, as most anglers enjoy being outdoors or going on a 

trip with friends. We assume that the utility of nature lovers depends on the presence of fellow anglers via a 

crowding factor, as individuals enjoy some company when going angling, but if the fishing site is too crowded, 

the utility may actually decrease (Olaussen 2010, Arlinghaus et al. 2014, Schuhmann and Schwabe 2004 and 

Toivonen et al. 2003).  
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While nature lovers (denoted by f) have utility coefficients 2 3, 0α α >  and 1 0α = , the nature lovers’ utility 

function can be given by 2 3( ) ( )f f
t f t f tU U e U fα α= + , where te  is the crowding factor. In our model, 

crowding is assumed to affect only the nature lover type. Selective anglers (type denoted by c), who are 

eager to go fishing for the catch, can be characterized by 1 3, 0α α >  and 2 0.α =  Hence, their utility can be 

given by 1 3( ) ( ).c c c
t c t c tU U f U bα α= +  

How will the ecological dynamics and any regulatory intervention influence the decision to go angling and 

the social dynamics among the anglers? The answer can be found only by specifying the functional forms of 

the utility components above. To define the net benefits of anglers, we follow the approach of Oinonen et 

al. (2016) and use a quadratic function form, with the parameter values estimated for the Finnish side of the 

Tornionjoki River stylized for the two types of angler groups. We assume that the utility for selective anglers 

can be given as 2 2
1 2( ) (1 )( ),c c c c c

t t t t tU kb vb kf vfω ω= − + − − while the utility for the nature lovers can be 

given as 2 2
2 2( ) (1 )( ).

200 200
f f f f f

t t t t t
k vU e e kf vfω ω= − + − −   The crowding factor, f

te , affects the 

utility of nature lovers, and can be interpreted as the crowding of the river by both types of anglers per 

recreational angler’s fishing day. The specification of the crowding factor is explained in section 2.2.4. 

2.2.4.  The decision to go angling  

We assume that anglers are habitual and only slowly change their behaviour. The tendency to go fishing 

depends on how much utility the activity yields. In our model, anglers with the fishing orientation a, with f 

denoting nature lovers or c denoting selective anglers, have n  free days that can be used to go fishing each 

year (e.g., weekends or holidays) and choose to go on a
tn n≥  trips per year. The effort per angler depends 

on a motivation parameter εa and the number of fishing days a
tn  as follows: a a a

t te nε= . The decision to go 

angling is conditional upon how much utility has been obtained in the last season compared to the utility 

derived from staying home and doing something else. The utility of staying home is given by U . If going 

angling yields more utility than staying at home, individuals will choose to make more fishing trips, while the 

opposite will be true if going fishing actually gives less utility. The number of angling trips per angler over 
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time can be given by the discrete version of the replicator equation (Sigmund 1986), which is given by 

1

a
a a t
t t a

t

Un n
U+ = , where ,a tU  is the average utility obtained on a day off and is given by 

( )( )a a a
t t ta

t

n U n n U
U

n

+ −
=




, with a again denoting the angling orientation. Note that if an individual 

chooses to take every possible opportunity to go angling, the average utility will equal the utility obtained 

from fishing. If an individual does not go angling once, the utility will be given by .U  Thus, the total type-

specific angling effort is a a a
t t tE e N= . In total, there are tN  anglers in the region in a given year t, and 

c f
t t tN N N= + . 

While we preserve the standard economic assumption that individual angler preferences are stable over 

time, we account for the possibility that some anglers stop angling, while others discover nature-oriented 

angling as a new hobby. We assume that the preferences of the established anglers are stable and that the 

preferences of new anglers are determined through a process of socialization (Bisin and Verdier 2001). 

Socialization happens in the field, i.e., individuals adopt the preference of the person who takes them on the 

trip. 

For simplicity, we assume the number of anglers to be constant, i.e., each year, tNφ  stop angling, while tNφ  

start angling. Thus, the constant number of anglers adjust the number of fishing days and can affect the 

prevalence of the angling type on the long term. The probability that a new angler will be of the nature lover 

type depends on the prevalence of the nature lover type in the field, as given by .
f

t
f c

t t

E
E E+

The probability 

of a new angler turning into a specialized type is given by 
c
t

f c
t t

E
E E+

. The difference equation of the two 

angling types evolves over time as ( )1 1
f

f f t
t t t f c

t t

EN N N
E E

φ φ+ = − +
+

 and 

( )1 1 .
c

c c t
t t t f c

t t

EN N N
E E

φ φ+ = − +
+

The total angling effort is given by .c f
t t te E E= +  The type-specific 



 
 13 

crowding factor is given by how busy the river is on a given trip day, 
,

.a t
t

a t

ee
n

=  The parameter values for the 

angler dynamics specification in scenario 3 are reported in  Table 3. 

 TABLE 3. Parameters for recreational fishery.  

Symbol Definition Value Source (Unit) 

n  Number of possible fishing days in a season              80 ICES [2010] 

𝑵𝑵𝒕𝒕 Total number of anglers 11040 Luke [2015a] 

𝑼𝑼� Utility of staying home 21 Scaled 

𝑵𝑵𝟏𝟏
𝒇𝒇 Initial number of nature lovers 8000 Initial guess 

𝑵𝑵𝟏𝟏
𝒄𝒄  Initial number of selective anglers 𝑁𝑁𝑡𝑡 − 𝑁𝑁1

𝑓𝑓   

𝒏𝒏𝒇𝒇,𝟏𝟏 Initial number of individual fishing days for 
nature lovers 

3.55 Pokki et al. 2020 

𝒏𝒏𝒄𝒄,𝟏𝟏 Initial number of individual fishing days for 
selective anglers 

3.55 Pokki et al. 2020 

εf Motivation of nature lovers 0.3 Scaled  

εc Motivation of selective anglers 0.4 Scaled 

𝒌𝒌 
Parameter of the angler net benefit function 7.10292 Oinonen et al. [2016] (€/kg) 

𝒗𝒗 Parameter of the angler net benefit function 0.00002179 Oinonen et al. [2016] (€/kg) 

ɸ Proportion of anglers stopping and starting 
fishing       

0.1  

𝝎𝝎𝟏𝟏 Weight of the angler utility function 0.1  

𝝎𝝎𝟐𝟐 Weight of the angler utility function 0.9  

 

3. Results 

The scenario-specific optimization results of the bioeconomic model are presented in Table 4. According to 

the modelling results, the highest discounted net present value summed over time is realized under scenario 

1 with no angling. The trap-net fishery in scenario 1 is rather efficient, as the catch per unit of effort is close 

to 1. Surprisingly, the commercial effort is highest in scenario 3; however, the high fishing effort does not 

translate into high catches (Figure 2). This result can be explained by the rate of catch per unit of effort, 

which is considerably lower in scenario 3 than in other scenarios. Since the high effort in scenario 3 does not 

translate into high catches but instead causes costs, it naturally follows that the summed net present value 

for commercial trap-net fishery is the lowest in scenario 3. 



 
 14 

TABLE 4. Optimization results and comparison between scenarios. 

 Summed 
discounted 
NPV of the 
coastal 
commercial 
fishery over 
time 

Annual  
optimal 
commercial 
steady-state 
effort in gear-
days 

Annual 
commercial 
steady-state 
harvest in 
number of 
fish 

Commercial 
catch per 
unit of 
effort in the 
steady state 

Steady-
state 
spawning 
stock size 
in number 
of fish 

Annual 
recreational 
steady-state 
harvest in 
number of 
fish 

Number 
of 
salmon 
smolts in 
the 
steady 
state 

Scenario 1 19.4 M€ 53910 48870 0.9 55590 - 1875000 
Scenario 2 16.27 M€ 47810 42090 0.88 46220 9614 1759000 
Scenario 3   4.7 M€ 66875 37114 0.55 24089 54005 1074000 
        

 
FIGURE 2. Optimal fishing effort for commercial trap-net fishery. 
 
The economic efficiency of effort can be defined as the ratio of profits per effort. We compare the annual 

undiscounted net returns of the commercial trap-net fishery (Figure 3) to the effort level in the respective 

year. In the steady state, the economic efficiency of effort in scenario 1 is 13.4 € per gear-day annually, while 

in scenario 2, it is 12.5 € per gear-day, and in scenario 3, it is only 1.85 € per gear-day since the undiscounted 

annual returns of the commercial fishery are considerably lower under scenario 3 than under scenarios 1 

and 2. 

 

FIGURE 3. Comparison of the undiscounted net returns of commercial fishery.  
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The number of salmon smolts is interpreted as an indicator of the salmon reproductive capacity (ICES 2019). 

Our results show that the number of salmon smolts over time is lowest in scenario 3 and that the salmon 

stock dynamics fluctuate more in scenario 3, that is in the case of heterogeneous angling, than in scenarios 

1 and 2 (Figure 4). The salmon smolt production is highest under scenario 1, in which no resource competition 

occurs between the sequential commercial and recreational fisheries. ICES has proposed targeting a smolt 

production level of 75% of the total potential for smolt production capacity (ICES 2019). According to our 

modelling results, this target was reached only in scenario 1, while both of the scenarios with recreational 

angling failed to reach the target in the long term (Figure 4). 

 

FIGURE 4. Smolt production under scenarios 1-3 compared to the smolt production target (75% of the potential for smolt 
production capacity) set by ICES. 
 
In scenario 3, commercial fishers and nature lover anglers caught most of the salmon harvest, while the 

harvest caught by the selective type diminishes over time (Figure 5 and 6). The nature lovers’ benefit depends 

upon the crowding of the fishing site, which may explain why the nature lover type flourishes when the 

fishing effort by the selective type diminishes (Figures 5 and 6). Figure 5 is to show the catch proportion of 

each fishery, and the full dynamics of angling harvest is shown in figure 6.  



 
 16 

 

 

FIGURES 5 a & b. Results of scenario 3. a) Commercial and type-specific total angling harvest over time, b) type-specific 
angling effort in fishing days. 
 
Figure 1 clearly shows that the optimal fishing effort of commercial fishery responds to the diminishing 

salmon stock size over time. However, similar pattern is not present in the harvesting pattern of the anglers 

(Fig. 5a and 6). Especially nature lover type seems to ignore the scarcity of fish stock, and increases the fishing 

effort regardless of the decreasing stock (Fig. 5b).  

 

Figure 6. Number of fish caught per angler per trip over time. 

Observing the net benefits per angling trip in Figure 7 explains why nature lover type keeps on fishing as the 

fish stock diminishes while the selective type stops fishing. When the fish stock starts to decrease after period 

80, the nature lovers’ benefit from fishing decreases only moderately.  
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FIGURE 7. Results of scenario 3. Net benefits per angler per trip over time.  

4. Conclusion 

This paper analyses the ecological and economic impacts of heterogeneous angling motivations on 

commercial Baltic salmon fisheries. The salmon population dynamics and commercial coastal fishery net 

present value are analysed under three scenarios: i) only commercial fishing, ii) additional constant angling 

mortality, and iii) heterogeneous angling with endogenously evolving angler types. This approach enables 

the assessment of the reciprocal stock externalities among commercial and recreational fisheries when 

anglers express heterogeneous preferences. The difficulty of implementing effective management for 

interlinked fisheries of migratory wild salmon may arise from the fact that the ecological or economic impacts 

of diverse angler behaviour have been overlooked.  

Anglers’ behaviour differs from that of commercial fishermen, as anglers prefer the fishing activity itself, 

while commercial fishermen are forced to maximize profits from fishing to continue practising the profession. 

Clearly, angling is a leisure activity that cannot be accurately described by profit-maximizing behaviour. 

Instead, anglers differ in terms of what motivates them and the degree to which they enjoy angling. As 

anglers are not dependent upon making profits to continue fishing, economic viability does not limit angling 

in the same way as it limits commercial fishing. 

The long-term profitability of commercial salmon trap-net fishery depends heavily upon how many fish are 

caught by the anglers at the spawning river. According to our modelling results, under heterogeneous angler 
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behaviour, the socially optimal level of commercial effort becomes very high, yet the net present value of 

the fishery that reflects the long-term profitability is low. The economic efficiency per effort varies 

considerably under each scenario, and the lowest economic efficiency rate is realized under scenario 3. These 

results show that resource competition causes inefficiency in the commercial fishery since the catch per unit 

of effort is much lower under heterogeneous angler behaviour than the cases in scenarios 1 and 2.  

In addition to yielding economic inefficiency caused by resource competition, recreational angling causes 

considerable trade-offs in ecological terms. Catches at the river threaten the reproductive capacity of the salmon 

stock. This result also shows that the ICES salmon stock assessment model may underestimate the ecological 

effect of recreational fisheries because it applies a constant river fishery mortality rate, as shown in our modelling 

approach in scenario 2. Additionally, it is unlikely that the MSY target level of the EU common fisheries policy is 

reached if commercial and recreational fisheries are managed in isolation using a simplified approach.  

Although commercial fishery is strictly regulated, the current regulated open-access management of the 

Tornionjoki River recreational fishery may give rise to an angling effort that is too high because there is no 

upper limit for the total angling effort level. Recent findings from a travel cost estimation study conducted 

at the Tornionjoki River raise concerns about the possible adverse effects on the salmon stock caused by 

anglers’ heterogeneous behaviours (Pokki et al. 2020). 

Appendix 

The salmon stock size per age class { }1,...,10i ∈  in period 1t +  is determined by the stock size in period 

t  multiplied by the scenario-specific life history matrix ,sc tA , as follows: , , 1 , , ,sc i t sc i t sc ts s A+ = , where the life 

history matrix ,sc tA contains the scenario-specific fecundity probabilities ( , ,sc i tFEC ) in the first row, and 

the following rows diagonally contain the survival probabilities ( , ,sc i tSUR ) defined by the biological 

parameters, exogenous offshore longline fishing survival and endogenously defined fishing efforts in 

commercial trap-net fishery in all scenarios and recreational angling in scenario 3 (Tables A1 and A2). The 

scenarios are { }1, 2,3sc ≡ , as listed in Table 3.  
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TABLE A1. Initial population size and biological parameters of salmon (ICES [2015]). 
Symbol Value  Description (unit) 

1,ts  [175,600 175,600 175,600 175,600 1,192.5 107.1 59.73 22.375 5.774 2.34] Initial stock at t=1 (1000 eggs or 
fish)    

irs  [0 0 0 0 0 0.02 0.5 0.5 0.5 0.5] Sex ratio (prop. of females) 

ihr  [0 0 0 0 0 0.1627 0.3446 0.537 0.467 1] Maturation (prop. of spawners) 

,i vq  [0 0 0 0 0 0.00001411 0.00001325 0.00001325 0.00001325 0.000002851] Commercial fishery catchability 

,i rcq  [0 0 0 0 0 0.01578 0.03468 0.03468 0.03468 0.03468] Recreational fishery catchability 

ife  [0 0 0 0 0 3929 9142 13100 13650 17220] Eggs per female 

iw  [0 0 0 0 0 1.919 6.104 10.999 10.763 12.983] Average catch weight1 (kg) 

 

iOLL  [0 0 0 0 0 1-0.001958 1-0.11381 1-0.09637 1-0.09559 1-0.1015] Median offshore longline survival 

α  42.12 
Recruitment parameter for year 
2012 

β  0.000374 
Recruitment parameter for year 
2012 

psm  0.1253 
Proportional post-smolt survival 
(year-1) 

m  0.949 Proportional natural adult survival  
(year -1) 

insm  0.052 Instantaneous natural adult 
mortality 

sealm  8.4427               
Instantaneous seal mortality (July & 
August)  

Sm  5

6 6
ins ins

seal

m m

m
+  

Instantaneous natural mortality for 
spawners 

74m  0.9625 
M74 –syndrome survival (year-1) 
 

mnet,i [0 0 0 0 0 1-0.015 1-0.014 1-0.014 1-0.014 1-0.014] 
Recreational subsistence net fishery 
survival  

hrec,i [0 0 0 0 0 0.163 0.175 0.175 0.175 0.175] River fishery harvest rate3 (scenario 
2) 
 

MRi [0 0 0 0 0 1-hrec,6 1-hrec,7 1-hrec,8 1-hrec,9 1-hrec,10] River fishery survival rate (scenario 
2) 

 
1The average catch weight of salmon takes into account returning spawners, which makes the number of 4SW and 5SW fish 
relatively slimmer. 
2 Average from 2006-2015. 
3 Average from 2013-2015. 
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TABLE A2. Elements of the life history matrix At 
Element Description Unit 

, , ,
1, , ,

i v v i tq E mS
i t i i i net iFEC fe rs hr em − −=  

Fecundity in scenario 1,

{ }1,...,10i ∈  
Eggs per female 

, ,

2, , ,
i v v t i Sq E

i t i i i
MR m

net iFEC fe rs hr em − − −=  
Fecundity in scenario 2,

{ }1,...,10i ∈  
Eggs per female 

, , , , ,( )
3, , ,

i v v t i rc f t c tq E q E E mS
i t i i i net iFEC fe rs hr em − − + −=  

Fecundity in scenario 3,

{ }1,...,10i ∈  
Eggs per female 

, 1, 1...3j tSUR j= =  Survival assumed to be 1 for ages 
1-3 

Number of alevin, fry 
and parr 

74
4,

4, 74( / 1000)t
t

m
SUR

s mα β
=

+
 

Recruitment and M74 survival
  

Number of smolts 

6 65 (1 ) psSUR hr m OLL= −  Post-smolt survival in the Baltic 
Main Basin 

Number of salmon 

, (1 ) , 6...9, 1g t k kSUR hr mOLL g k g= − = = +  Adult survival in the Main Basin Number of salmon 
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