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Abstract 

It has been several decades that groundfish stocks have decreased around the UK. 

Meanwhile, grey seal population has increased. This has created a controversy between 

fishers and conservationists as regards to the role grey seals have played in the stock 

depletion. Currently, opinions are still divided, and further studies need to be done to 

mitigate these conflicts. 

A bioeconomic model able to quantify the economic impact of grey seal predation on 

West of Scotland demersal fisheries for cod, haddock and whiting was developed. The 

biological part of the model accounts for seal predation and fishing catches and is 

linked to an economic model accounting for fleet revenues and costs. 

Three scenarios are tested. The “status quo F” model assesses seal predation impacts 

on fleet revenues at the biological equilibrium. Two dynamic models are also studied to 

determine seal impacts when fleet behaviour is considered: the maximum economic 

yield scenario (MEY) where the fishery net profit is maximised and the bioeconomic 

equilibrium (BE) model where the profits are dissipated in the long-run. 

Cod is the fish the most impacted by grey seal predation so is the key stock in 

evaluating fishery effects. While the biological impacts can be important, seal predation 

is not economically important at the fishery level but some fleets are more sensitive 

than others. The large whitefish trawlers are likely to be the only fleet that could 

benefit from a reduction in grey seal predation. The following increase in its revenues 

would be certainly improved by fishery regulations. 
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Chapter 1 

 

Introduction 

1.1. The seal and fishery controversy 

The late 20th century has been marked by a decrease in the commercial groundfish 

stocks in the North Atlantic. The fisheries have profoundly changed to adapt to the 

modification in fish stocks resulting primarily from overfishing. Many fish stocks are 

even considered as outside safe biological limits (FAO, 2011). This is notably the case 

for the Atlantic cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) which 

are listed as “vulnerable” by the International Union for Conservation of Nature (The 

IUCN Red List of Treathened Species, 2015).  

Cod is a good example of the decline in the demersal stocks in the North Atlantic. Cod 

landings have substantially decreased since the 1970s (Figure 1.1) (FAO FishStatJ, 

2014). In the UK, the landings have decreased by 90% since the 1980s (ICES, 2014c) 

and the stock is depleted in the Baltic Sea (Isomaa et al., 2013; ICES, 2014a). On the 

eastern Canadian coast the stocks have collapsed in the 1990s and currently only one 

stock shows some evidence of recovery since the 13 years of moratorium on fishing 

(Bundy, 2005; Bundy and Fanning, 2005; Swain and Chouinard, 2008; Bundy et al., 

2009; Frank et al., 2011). The recovery of the other stocks is believed to be long and 

difficult (Neubauer et al., 2013; Swain et al., 2013; Bousquet et al., 2014; Sinclair et al., 

2015; Swain and Benoit, 2015) despite an increase in the cod abundance recently 

(Hutchings and Rangeley, 2011; Swain and Mohn, 2012). This decline in fish stock is 

not yet completely understood. Most studies agree that climate change (Rose, 2004; 

Brander, 2005; Cook and Heath, 2005; Pershing et al., 2015) and high level of fishing 
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(Hutchings and Myers, 1994; Myers et al., 1996) are responsible for this decline. This 

has often resulted in regime shifts (Frank et al., 2005; Bundy et al., 2009; Frank et al., 

2011) where the depleted fish stocks cannot compete against the growing communities 

(Bundy and Fanning, 2005). The decline in the demersal stocks became a subject of 

controversy dividing opinions among fishers and scientists (Harwood, 1984; Lambert, 

2001).  

 

Figure 1.1: Landings of cod in the North Atlantic from 1950 to 2012 (FAO FishStatJ, 2014). 

While the fish stocks were declining in the North Atlantic, the grey seal (Halichoerus 

grypus) population was increasing (Figure 1.2) (Ministry of Agriculture and Forestry, 

2007; Thomas et al., 2011; Thomas, 2012; Finnish Game and Fisheries Research 

Institute, 2015). The grey seal is a marine mammal whose range goes from the 

Northwest to the Northeast Atlantic and which is subject to removal by only killer 

whales (Orcinus orca) and humans. The three main regions where grey seals breed in 

the North Atlantic are the UK, the east coast of Canada and the Baltic Sea. While in the 

1980s the number of grey seals in Canada and the UK were similar, the Canadian 

population has increased exponentially in a few decades (Bowen et al., 2003) to present 
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currently the largest grey seal colonies of almost 350,000 individuals (Thomas et al., 

2011).  

 

Figure 1.2: Estimates of grey seal numbers in the North Atlantic (Ministry of Agriculture and Forestry, 
2007; Thomas et al., 2011; Thomas, 2012; Finnish Game and Fisheries Research Institute, 2015).  

The implementation of different protection acts in the North Atlantic seems to have 

contributed to the expansion of the grey seal populations. Around the UK, the grey seal 

population was estimated to be 500 individuals at the beginning of the 20th century 

(Lambert, 2001). Thinking that they were rare, the Grey Seal (Protection) Act was then 

created in 1914, establishing a closed season for seal hunting. The closed season was 

also extended in 1932. The population of grey seals then started to increase. In parallel, 

fishers saw a decrease in fishing catches and were subject to seal damage to gear and 

fish at the netting stations (Bjørge et al., 1981; Bjørge et al., 2002; Bosetti and Pearce, 

2003; Königson et al., 2007; Bruckmeier et al., 2013; Cronin et al., 2014; Gruber, 2014). 

The salmon fishery is particularly concerned by these impacts (Butler et al., 2011). 

Fishers sought a seal cull to control the population. Seal culls occurred in 1960s and in 

addition, the UK Conservation of Seals Act (CoSA) created in 1970 allowed seal 

shooting during close seasons by anybody at the netting stations to prevent fish and net 
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damages (section 9.-(1)(c)) and by hunting licence holders (section 10.-(1)) (HM 

Government, 1970). Pressure from conservationists and the media against culling 

meant that the last grey seal culls occurred in 1970s. In 1992, grey seals and harbour 

seals appeared in Annex II of the European Habitats Directive, and Special Areas of 

Conservation were created in the Moray Firth for Atlantic salmon in 1999 and for 

harbour or common seals (Phoca vitulina) in 2000. But seals can still be killed under 

the CoSA. The Moray Firth Seal Management Plan was then implemented in 2005 to 

enable protection of fisheries while protecting seal conservation and tourism (Butler et 

al., 2008). The plan establishes a limit for the number of seals (grey and harbour seals) 

that can be killed each year and seems to provide an adaptive co-management 

framework for balancing seal and fisheries conservation in the area. In 2010, the 

Marine (Scotland) Act was established, giving the ability to kill seals under certain 

conditions only by licensed fishers who can prove that seals are detrimental to their 

living (Part 6, section 110, (Scottish Parliament, 2010)). In 2013, 98,800 (95% 

confidence interval: 81,400-122,000) grey seals were present around the UK (Thomas, 

2014).  

On the Canadian east coast, in 1971, a quota management system was instituted for 

seal hunting, because of a concern for population depletion (Fisheries and Oceans 

Canada DFO). Sealing occurred following total allowable catches in the Gulf of St 

Lawrence and the eastern Scotian Shelf but is prohibited in protected areas such as the 

offshore breeding zone of Sable Island. A licensing system is also possible for fishers 

who can prove that seal predation is harmful to their livelihood. A commercial market 

exists in Canada for commercial use of seal pelts for clothing, oils, health supplements 

and meat. Seals most impacted with the sealing market are the harp seals (Pagophilus 

groenlandicus) and the hooded seals (Cystophora cristata). Harvests never exceed 5,000 

individuals for grey seals and none are currently killed for commercial use. However, 

because of the collapse of cod and its non-recovery despite the closure of the fishery in 

1993, the government continues to propose large scale seal culls to reduce the 

predation pressure on the fish stocks (Fisheries Resource Conservation Council, 2011; 

Standing Senate Committee on Fisheries and Oceans, 2012). 

In the Baltic Sea, seals are fully protected with the exception of grey seals in Finland 

and Sweden. Seals started to be a concern in the Baltic Sea after the different 
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international conventions giving high priority to all Baltic seal species (Bonn 

Convention 1979, Bern Convention 1979, HELCOM 1992, EU Habitats Directive 1992). 

In 1993, the “Mainland Finland: Hunting Act and Hunting Decree” allowed grey seals to 

be killed during hunting seasons with a hunting licence and following quota restrictions 

(Ministry of Agriculture and Forestry, 2007). In certain areas, grey seals are protected 

and can only be shot if they are found causing damage inside nets. These mainly 

concern fixed nets, pots and traps (Königson et al., 2007; Konigson et al., 2013; 

Konigson et al., 2015). Besides seal hunting, a fishery insurance system exists since 

1958 allowing compensation when seal damage occurs. Also, since 2002, European and 

national funds enable fishers to get compensation for seal damage and funds for fishing 

technology development (Lunneryd et al., 2003; Lehtonen and Suuronen, 2004; Fjälling 

et al., 2006; Suuronen et al., 2006). 

The decrease in fish stocks coupled with the increase in seal population has created a 

controversy between fishers and conservationists (Lambert, 2001; Lavigne, 2003; 

Read, 2008). Fishers argue that the depletion in fish stocks is due to seal predation and 

ask for a return of seal culls while the conservationists seek to protect the grey seal 

population and stress the economic benefit it offers (i.e. seal-watching and ecotourism). 

The seal and fishery controversy has become a political, economic, social and 

environmental issue with the media and public opinion often supporting the 

conservationist’s position. 

1.2. The gap in the literature and the choice of the 

West of Scotland as case study 

Research has been pursued, and still is, to understand the cause of fish stock depletion 

and the possible responsibility of seals in this decline. The first concern is to 

understand grey seal diet. Much research focusing on seal diet data collection and 

analysis exists (Bowen and Harrison, 1994; Hammond and Grellier, 2006; Hammond et 

al., 2006; Harris, 2007; Lundström et al., 2007; Gosch et al., 2014). However, looking at 

how much commercial fish grey seals eat is not enough to conclude on their impacts on 
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the fisheries. Fishing being an economic activity, it is necessary to study the impact of 

grey seal predation on fish stocks and the consequences on fishing revenues and net 

profits. The literature quantifying the economics of seal damage impacts on fisheries is 

large (Bjørge et al., 1981; Bosetti and Pearce, 2003; Bruckmeier et al., 2013; Cronin et 

al., 2014; Gruber, 2014). However, the bioeconomic impacts of grey seal predation on 

fisheries have never been fully examined. 

The West of Scotland area represents an opportunity to investigate grey seal predation 

following seal diet studies carried out in 1985 and 2002 (Hammond et al. 2006, Harris 

2007). This corresponds to the ICES (International Council for the Exploration of the 

Sea) Division VIa. The 2002 seal diet data were used to estimate total consumption of 

cod in VIa (Harris, 2007) and suggested it exceeded the ICES estimated cod spawning 

stock biomass (SSB) (ICES, 2014c). This means seals may consume more fish than can 

actually be produced every year. This may be due to the fact that the seal consumption 

and/or SSB estimates are incorrect. Both estimations present limitations. Seal 

consumption estimates suffer from the uncertainty around grey seal numbers and the 

assumption regarding the estimation itself. SSB estimates are sensitive to the 

assumption of stock-recruitment but mainly on the assumption of natural mortality 

which affects the estimates of fishing mortality and therefore the perception of the 

stocks. Yet, these estimates may be evidence that grey seal predation on cod is large in 

this area. The fishery that is the most in competition with seals in VIa is therefore the 

mixed demersal fishery for whitefish. Cod, haddock and whiting (Merlangius 

merlangus) were the main targeted species in the past but the decline of cod and 

whiting has reduced the quantities landed today and Norway lobster (Nephrops 

norvegicus), anglerfish (Lophius sp.), saithe (Pollachius virens) and haddock are now the 

fish with the greatest landings (ICES, 2014c). 

Since the 1980s, the grey seal population has increased in the West of Scotland but has 

stabilized in the recent years (Thomas, 2014). Grey seal predation mortality on cod has 

already been estimated in this area (Holmes, 2008; Holmes and Fryer, 2011; Cook et al., 

2015; Cook and Trijoulet, 2016). However, cod is not the only commercial demersal 

species that appears in grey seal diet, haddock and whiting are also present (Hammond 

et al., 2006; Harris, 2007). The weight of haddock consumed by grey seals in VIa is 

notably slightly larger than the weight of cod consumed. Whiting is also one of the fish 
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the most numerous in grey seal diet. It can therefore be argued that if grey seal 

predation is large on cod that may also be the case for haddock and whiting. This 

highlights the necessity of estimating grey seal predation on the three species in the 

West of Scotland and to study its impacts on the fishery. 

Fishery managers need to address biological as well as economic problems when 

dealing with fisheries because they need to protect the fish stocks without serious 

detriment to the livelihood of fishers. Bioeconomic modelling offers one approach to 

addressing this question and Table 1.1 illustrates many of the typical issues that have 

been addressed. Bioeconomic models are often developed to answer specific questions 

and for specific areas (Prellezo et al., 2012). Bioeconomic models such as FISHRENT 

(Salz et al., 2011) and FLR (Kell et al., 2007) are notably interesting to perform 

simulation or optimization studies focusing on fisheries management scenarios. They 

were both applied to trawl fisheries in the North Sea (Hoff and Frost, 2008; Simons et 

al., 2014) but the model FLR was also used in the Mediterranean Sea (Maravelias et al., 

2012). The model TEMAS (Ulrich et al., 2002b; Ulrich et al., 2007) was created to study 

fleet behaviour and enables complex economic modelling where fishers can change 

their effort in the short or long-term using discrete choice random utility models and 

entry-exit modelling respectively (Marchal, 2005; Vermard et al., 2005; Kronbak et al., 

2009; Andersen et al., 2010). However, while these bioeconomic models created by 

economists present really complex economic components, the fish stock dynamics is 

often modelled superficially and some bioeconomic models do not present any 

biological modules (Prellezo et al., 2012). Numerous complex biological models, where 

prey-predator interactions are considered, currently exist (Harvey et al., 2003; Speirs 

et al., 2010; Alexander et al., 2014). Nevertheless, this level of complexity in the 

biological part of the model is not often encountered in fisheries bioeconomics and 

models created by biologists show often a biological part with a complex multispecies 

model but where the economic part is less developed (Beattie et al., 2002). The 

challenge in fisheries bioeconomics is to have a complete model where the fish stock 

dynamics is as developed as the economic part. This motivated the choice of creating a 

specific bioeconomic simulation model in this study. This also brings more flexibility in 

the conception of the model depending on the data available for the fishery and area of 

interest. 
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Table 1.1: Summary of the principal literature topics and goals in fisheries bioeconomics. 

Topics Principal goals  References 

Effect of marine 
reserve on fishery and 
fish stock 

- Biological and economic performances of a marine 
reserve creation 
 
- Effect of dispersal on management outside a 
marine reserve 

- Hannesson (1998); Pezzey et al. (2000); Sanchirico and Wilen (2001); 
Beattie et al. (2002); Boncoeur et al. (2002); Armstrong (2007); Kar and 
Matsuda (2008); Chakraborty and Kar (2012) 
- Armstrong and Skonhoft (2006) 

Optimal management 
policy 

- Determine the optimal harvest or effort policy 
 
 
- Estimation of the optimal long-run surpluses 
- Determine the optimal fishing season 
- Fisheries regulation policies and management 

- Laukkanen (2001); Ulrich et al. (2002a); Bjørndal et al. (2004); Puga et al. 
(2005); Hritonenko and Yatsenko (2006); Pal et al. (2012); Guillen et al. 
(2013); Simons et al. (2014) 
- Gilbert (1988) 
- Kellogg et al. (1988); Önal et al. (1991); Larkin and Sylvia (1999) 
- Matulich et al. (1996); Brasao et al. (2000); Ulrich et al. (2002b); Clark 
(2006); Kell et al. (2007); Ulrich et al. (2007); Hoff and Frost (2008); 
Kronbak et al. (2009); Cissé et al. (2013) 

Modelling fishing 
behaviour 

- Location choice 
 
- Change in effort and/or capacity 

- Holland and Sutinen (1999); Wilen et al. (2002); Marchal (2005); van 
Putten et al. (2012) 
- Hilborn (1985); Bjørndal and Conrad (1987); Hilborn and Walters (1987); 
Kronbak (2005); Vermard et al. (2005); Ulrich et al. (2007); Andersen et al. 
(2010); Nøstbakken et al. (2011); van Putten et al. (2012) 

Modelling fish prices As a function of supply or demand Barten and Bettendorf (1989); Herrmann (1996); Delgado et al. (2003) 
The different equilibria 
in a fishery system 

- Equilibria for seasonal fisheries, marine reserves 
or patches 
- Equilibria for age-structured or multispecies 
models 

- Ardito et al. (1993); Sanchirico and Wilen (1999); Kar and Matsuda (2008) 
 
- Tahvonen (2009); Kar and Chakraborty (2010); Pal et al. (2012); Sana et 
al. (2012) 

The impact of species 
interactions on 
fisheries 

- Effect of competing species on fishermen’s profits 
- Effect of prey-predator interactions on fisheries 

- Chaudhuri (1986); Flaaten (1991); Kar and Chaudhuri (2004) 
- Flaaten (1998); Boncoeur et al. (2002); Kar and Chakraborty (2010); 
Chakraborty and Kar (2012); Pal et al. (2012) 

The impact of 
environmental quality 
on fisheries 

- Effect of water quality 
- Effect of fish quality 
- Include environmental quality 

- McConnell and Strand (1989); Massey et al. (2006) 
- Larkin and Sylvia (1999) 
- Knowler (2002) 

Fish stock recovery - Fishermen behaviour and stock collapse 
- Optimal management for stock recovery 

- Pitcher (1995); Mackinson et al. (1997) 
- Lleonart et al. (2003); Da Rocha et al. (2010); Hutniczak (2012) 
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This thesis studies the bioeconomic impacts of grey seal predation on the mixed 

demersal fishery for cod, haddock and whiting in VIa. It is comprised of two main 

modelling studies. First, a parameter estimation analysis was realised to estimate the 

seal (notably grey seal predation mortality for the three fish species of interest) and 

fish stock parameters necessary for the bioeconomic model using Bayesian techniques. 

For this, the state-space stock assessment model previously used for cod in Cook et al. 

(2015) and Cook and Trijoulet (2016) was developed for haddock and whiting. It 

provides therefore updated estimates for cod and new estimates for haddock and 

whiting. Then, a simulation study was carried out. The estimates were used in an age-

structured multifleet bioeconomic model which studies the impacts of seal predation 

on fishing revenues and net profits.  

Nine fish species are considered within the simulation model: cod, haddock, whiting, 

saithe, anglerfish, European hake (Merluccius merluccius), megrim (Lepidorhombus 

whiffiagonis), ling (Molva molva) and Norway lobster (Nephrops norvegicus) since they 

represent most of the fishing revenues in VIa (STECF, 2013). Three equilibria are 

compared and enable the investigation of grey seal impacts for different fisheries 

scenarios. The first scenario studies the impacts of seal predation at the steady state 

keeping the current fishing mortality constant. Grey seal predation impacts are also 

considered in two dynamic scenarios accounting for fleet behaviour. The bioeconomic 

equilibrium corresponds to the unregulated fishery scenario where the fleet net profits 

are dissipated in the long-run. The maximum economic yield equilibrium (MEY) 

represents the conventional equilibrium considered in the fisheries economics and 

assumes the total fishery net profit is maximised at the equilibrium.  

This study is the first attempt to estimate grey seal predation mortality for haddock and 

whiting in VIa. To our knowledge, it represents also the first study considering grey 

seal predation within a multifleet bioeconomic model which investigates not only the 

impact of grey seal predation on the fish stocks but also on fleet revenues. 
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Figure 1.3: Structure of the thesis highlighting the main components of the chapters. 

The study is divided into six additional chapters (Figure 1.3). Chapter 2 introduces the 

background on seal impacts on fisheries. It assesses grey seal diet in the three main 

breeding zones in the North Atlantic and identifies what we currently know about grey 

seal impacts on the commercial fish stocks as well as the gaps in the literature. Chapter 

3 presents the situation for grey seals and the fisheries in the West of Scotland, the area 
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of interest. It gives an overview of the fisheries present in the area and explains the 

choice to concentrate on the impact of seal predation on the demersal fishery. The 

dynamics of the grey seal population since the 1980s is also presented. Chapter 4 is the 

main chapter describing the modelling studies. It defines the bioeconomic simulation 

model but presents also the state-space model developed for cod, haddock and whiting 

necessary to the parameterisation of the simulation model. Finally this chapter studies 

the consistency of the simulation results. Chapter 5 presents the three different 

simulation scenarios and their results. Chapter 6 explores the sensitivity of the 

bioeconomic results to the assumptions taken in the study. Finally, the last chapter 

discusses the results and concludes on the impacts of grey seal predation on the West 

of Scotland fisheries. 
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Chapter 2 

 

Background on grey seal predation 

and interactions with fisheries in the 

North Atlantic 

The aim of this chapter is to give an overview of what has been done to attempt to 

quantify the interactions between seals and fisheries in the North Atlantic (Canada, UK 

and Baltic Sea). In order to reach this purpose, the grey seal diet is first analysed. Some 

studies quantify the impact of seals on fish stocks without relating the consequences 

for fisheries. Consequently, the impacts that seals can have on fish stocks are 

deliberately differentiated with their impacts on the fisheries. These latter effects can 

be direct and is called depredation impacts (e.g. damage to gear or fish) or indirect 

(predation on fish stocks, propagation of diseases). The impact of grey seal predation 

on fisheries is rarely considered and there is a gap in our understanding of the 

economic consequences for the fisheries due to seal damage or predation. This chapter 

highlights the necessity to develop bioeconomic modelling to fully assess the effect of 

grey seal predation on fisheries in the North Atlantic so the relevance of this study. 
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2.1. Grey seal diet 

2.1.1. Methods used to assess grey seal diet 

There exist different methods to study seal diet, each of them having their own 

advantages and limitations. The most common methods are presented below. Other 

more recent methods exist such as the use of stable isotopes and DNA analysis but are 

not considered here since not broadly used yet (Bowen and Iverson, 2013).  

2.1.1.1. Scat sampling 

Scat analysis is the most common method used to determine seal diet. This consists of 

the collection of faecal samples on seal haul-out sites and on their analysis to extract 

fish remains such as otoliths and any other hard part (e.g. cephalopod beaks, bones). In 

the UK, this method has been used in 1985 and 2002 by the Sea Mammal Research Unit 

(SMRU, University of St Andrews) to assess grey seal diet in the North Sea and the West 

of Scotland (Hammond et al., 2006; Harris, 2007) but also more recently in 2010/2011 

(unpublished data). Some studies have based their estimates of cod consumption by 

grey seals on this method in the West of Scotland (Holmes, 2008; Holmes and Fryer, 

2011; Cook et al., 2015; Cook and Trijoulet, 2016), and this technique has also been 

used to analyse the impact of harbour seals on fish stocks in the North Sea (Bjørge et al., 

2002).  

The advantage of the scat sampling method is that it is simple and non-intrusive but it 

only reflects recent seal feeding and foraging close to shore. For these reasons, most 

studies assume that the inshore and the offshore diets of grey seals are the same. 

However, this method has been used to study the offshore diet of grey seals using 

samples collected on Sable Island (Canada), an offshore haul-out site (Bowen and 

Harrison, 1994; Beck et al., 2007). Furthermore, this method is limited when the 

otoliths are partially or completely digested so cannot be related to an identified fish 

species because the otoliths are too damaged. These are often discarded during the 

analysis and can induce important bias in the results. Often, a digestion factor is used to 
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account for partial digestion. Some improvements have been also done to account for 

complete digestion using feeding experiments on captive individuals. The factors 

applied are called number correction factors (NCFs) and began to be commonly used 

when dealing with seal diet (Tollit et al., 1997; Bowen, 2000; Grellier and Hammond, 

2006; Hammond and Grellier, 2006; Hammond et al., 2006; Harris, 2007; Lundström et 

al., 2007; Gosch et al., 2014; Hammill et al., 2014). Even if it is believed that seal diet 

estimates corrected for partial and complete digestion are reliable, these processes can 

vary with individual seals but also with prey and NCFs may not be available for some 

fish species in certain geographic areas (Tollit et al., 1997; Grellier and Hammond, 

2006; Bowen and Iverson, 2013). This adds to uncertainty in seal diet estimates. 

Moreover, the scat sampling method assumes that grey seals eat the head of all prey. 

However, this approach is subjected to limitation due to head rejection and belly-biting 

behaviours which appear to be observed in grey seals notably by fishers (Moore, 2003). 

In these cases, the head and then the otoliths of the fish are not consumed. This seems 

to occur mainly when grey seals forage on large fish and can underestimate the 

proportion of large fish in grey seal diet (Bowen and Harrison, 1994; Harris, 2007; 

O’Boyle and Sinclair, 2012). Also, some fish such as cartilaginous fish do not have 

otoliths and may be underestimated in the sample. This highlights the advantage of 

using all the hard parts found in seal scats. Finally, studies using the scat sampling 

method assume that all otoliths found in the samples correspond to fish consumed by 

grey seals. The presence of otoliths in the samples can also result on predation of small 

fish by piscivirous fish (Arnett and Whelan, 2001). In that case, otoliths found in the 

sample are not fully representative of grey seal diet but rather what other fish have 

eaten. 

2.1.1.2. Stomach and intestines contents 

The second possible method to study grey seal diet is the analysis of hard prey remains 

in stomach and/or intestine contents. This technique has been used to determine seal 

diet mainly in Canada and the Baltic Sea (Bjørge et al., 1981; Andersen et al., 2007; 

Lundström et al., 2007; Lundström et al., 2010; Benoît et al., 2011a; Kauhala et al., 

2011; Suuronen and Lehtonen, 2012; Hammill et al., 2014) but also cetacean (Bjørge et 

al., 1981), bird (Andersen et al., 2007) and fish diets (Bundy, 2005; Bundy and Fanning, 

2005).  
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Beside digested otoliths analysis limitations, this technique requires dead animals from 

hunting, bycatch or stranding so the number of samples is often limited. As with the 

scat method, this approach only accounts for recent feeding. This could be a serious 

problem notably when grey seals are caught at the netting stations. Indeed, the grey 

seal diet possibly reflects in that case the species caught by the fishery and can bias 

grey seal diet composition (Lundström et al., 2007; Lundström et al., 2010). 

2.1.1.3. Quantitative Fatty Acid Signature Analysis (QFASA) 

This method, less often used in the UK, consists on the analysis of seal blubber 

assuming that the acid signature of the prey is accumulated in fatty tissues. This 

technique has been used in Canada to assess the impact of seal predation on cod 

(Trzcinski et al., 2006) and sex differences in grey seal diet (Beck et al., 2007). More 

recently, Lundström (2012) applied this method to assess the diet of Baltic grey seals. 

This process has the advantage of giving a broad idea of seal diet from weeks to months 

so it can be used to assess offshore diet as it is not limited to recent feeding. A recent 

publication also concluded it may be possible to detect changes in the diet using fatty 

acid signature analysis (Stewart et al., 2014), which could permit the investigation of 

switching in seal diets. However the composition of lipids can be modified during the 

seal’s metabolism, prey lipid composition can vary with seasons and age, and the acid 

signature is often given for taxonomic groups rather than exact species (O’Boyle and 

Sinclair, 2012). If the acid signature of a prey is unknown because it has been modified 

by grey seal metabolism or because its signature model is unknown, the prey will be 

unidentified and underestimated in the diet. However, the acid signature library for 

grey seal diet is well documented (see discussion in Trzcinski et al. (2006)). 

2.1.1.4. Summary 

As discussed above, each method has advantages, disadvantages and bias (Table 2.1). 

In this thesis, seal diet data obtained from scat sampling is used to estimate grey seal 

inputs for the bioeconomic models because this is the method to assess grey seal diet in 

the West of Scotland. Seal diet estimates have large confidence intervals which 
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highlight the limits of this method (Harris, 2007). The biases induced by the scat 

sampling method may add limitations to the simulation results. This is something that 

needs to be kept in mind when analysing the results of the bioeconomic models. 

2.1.2. Variations in grey seal diet 

2.1.2.1. Spatial and temporal variations 

Spatial variation in the seal diet has been demonstrated (Bowen et al., 1993; Kauhala et 

al., 2011; Brown et al., 2012). At a large scale such as in the North Atlantic, grey seal 

diets differ between the Canadian coast, the UK and the Baltic Sea (Bowen and 

Harrison, 1994; Hammond et al., 2006; Harris, 2007; Lundström, 2012). This is mainly 

due to the availability of fish stocks. Indeed, grey seals are believed to be opportunistic 

predators which prey on what is available in their foraging ground (Brown et al., 2012; 

Gosch et al., 2014). They may be also able to switch from low abundant prey to most 

abundant ones (Smout et al., 2013). However in the West of Scotland, despite the 

decrease in cod stock from 1985 to 2002, the consumption of cod by grey seals has not 

changed (Hammond et al., 2006; Harris, 2007) and this contrasts with the idea of 

switching. Some researchers have demonstrated that grey seals movements follow fish 

distribution or aggregations (Harvey et al., 2012; Hammill et al., 2014); this could be an 

evidence of a certain diet preference. Grey seal diet varies spatially also at a small 

spatial scale (Lundström et al., 2007; Lundström et al., 2010; Brown et al., 2012; 

Lundström, 2012). 
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Table 2.1: Summary of method, advantages, disadvantages and possible bias for the three methods to assess seal diet. 

 Scat sampling Stomach and intestines contents QFASA 

Method Collection of faecal samples on seal haul-out sites and 
extraction of fish remains (otoliths, beaks, etc.) 

Extraction of fish remains from seal’s 
stomach or intestines 

Analysis of the acid signature of prey 
accumulated in the seal blubber 

Advantages Simple and inexpensive 
Large number of available samples  
Non-intrusive 

Remains may be found less digested than 
for the scat method 
Differentiation by sex possible if genital 
parts collected also 

Long-term diet (weeks to months) 
May be used to assess offshore diet 
Possible to test changes in seal diet 

Disadvantages Only recent feeding 
Only foraging close to shore 
The partial and complete digestion factors must be 
available for all fish species 

Only recent feeding 
Only foraging close to shore 
The partial and complete digestion factors 
must be available for all fish species 
Number of samples limited by the 
acquisition of dead animals 

Lipid composition can be modified during 
seal’s metabolism 
Lipid composition may vary with prey age 
and with seasons 
Lipid composition often known for 
taxonomic groups rather than species 
Location of feeding area less defined 

Possible bias Need to assume that the inshore and the offshore 
diets are the same 
Otoliths limitations: 

- Need to assume that seals eat the head of all 
preys, possible underestimation if head 
rejection or belly-biting behaviours 

- Underestimation for partially digested otoliths 
which are discarded 

- Underestimation of fish without otoliths 
- Need to assume that all otoliths found in the 

sample come from fish eaten by seals and not 
from fish eaten by piscivirous fish 

Need to assume that the inshore and the 
offshore diets are the same 
Otoliths limitations 
Diet may reflect the fishery target if seal 
found at a netting stations 

Underestimation if the acid signature of a 
prey is unknown 
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Grey seal diet shows also temporal variations. On a yearly basis (Brown et al., 2012), 

this could be due to a change in fish stocks or fish and grey seal movements; but 

variation in seal diet also occurs seasonally (Bowen and Harrison, 1994; Ministry of 

Agriculture and Forestry, 2007; Cronin et al., 2013). This latter variation is mainly due 

to the change in energetic requirements for grey seals during the year as they favour 

high quality prey to increase their metabolism (Beck et al., 2007). Indeed, grey seals 

need to prepare their energetic reserves before they fast. This happens during the 

moulting season, as more time is spent on land and less time is allocated to hunting and 

eating compared to the rest of the year. Also during the breeding season, grey seals fast 

when mating and during the lactation for female seals. 

2.1.2.2. Sexual variations 

Sexual variation in grey seal diet can be associated with diving behaviour and with 

body size dimorphism (Beck et al., 2007). Cronin et al. (2013) have demonstrated that 

body size and mass have an impact on female grey seals trip distance and duration. It is 

fair to believe that the difference in body size and mass between males and females 

could also influence diet composition. Moreover, female seal diet composition is more 

selective than male diet during breeding season to prepare for pregnancy and milking 

(Beck et al., 2007; Kauhala et al., 2011). This can be related to seasonal change in grey 

seal diet. 

2.1.2.3. Age variations 

Variation in grey seal diet according to age arises from a difference in fish selectivity 

between young and older seals (Bowen et al., 1993). Juvenile grey seals are believed to 

be less selective than adult grey seals (Kauhala et al., 2011; Lundström, 2012). This 

could be explained by a lack of diet preference but also by a broader niche breadth 

which provides them with more diverse fish species (Beck et al., 2007). 
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2.1.3. Grey seal diet composition 

As previously mentioned grey seals are considered as generalist predators (Hammond 

and Grellier, 2006; Brown et al., 2012; Gosch et al., 2014). They consume prey present 

in their environment and are able to switch to more abundant prey when a particular 

food type becomes rare (Smout et al., 2013). However it is still not clear why the 

consumption rate of cod by grey seals in the UK has not decreased since 1985 

(Hammond et al., 2006; Harris, 2007) while the cod stocks have declined substantially 

(ICES, 2015c; 2016b). The same observation occurred in Canada, where cod is an 

important component in grey seal diet even when its abundance is low (O’Boyle and 

Sinclair, 2012; Hammill et al., 2014). This could be evidence for a preference for cod in 

grey seal diet but can also be explained by different hypotheses. First, it could be 

interpreted as an indication that cod has not reached levels low enough to induce 

switching in the grey seal diet, which seems surprising giving the severe decline of the 

stocks in the past decades (ICES, 2014c). Modelling work by Matthiopoulos et al. (2003) 

concluded there was an absence of switching behaviour for the UK grey seals using seal 

diet in the 1980s. However a more recent study, considering also the most recent 2002 

seal diet data, found evidence for switching behaviour in the North Sea grey seals 

(Smout et al., 2013). This may be due to the spatial scale considered but these 

conflicting results demonstrate the necessity of acquiring more seal diet data in the 

future to investigate grey seal foraging behaviour. The importance of cod in grey seal 

diet may also be due to the fact that grey seals predate on fish not directly available to 

fishers. This is a valid assumption since the VIa breeding haul-out site is notably close 

to a rocky untrawlable shelf (Marine Environmental Mapping Programme, 2015). 

However, the absence of overlap between fishing and foraging zones does not mean the 

absence of competition since the fish stocks in VIa are considered as a single well-

mixed population over the entire area. The entire system is dynamic, seals and fish 

move and some studies have demonstrated that the cod stock in VIa may even not be 

differentiable from the stocks in the North Sea (Wright et al., 2006; Holmes et al., 2008; 

Heath et al., 2014b). Also this could depend on cod migrations and aggregations. Grey 

seals in Canada have been responsible for predation on cod aggregations during the 

winter (Harvey et al., 2012; Hammill et al., 2014). The proportion of cod in their diet 

increases therefore during the winter and decreases during the spring and summer 



Chapter 2 

 
 

 
20 

(Bowen et al., 1993), maybe also in relation to the choice of fatty fish to prepare for the 

moult and breeding months (Beck et al., 2007). Cod may also be locally abundant 

around subsurface features such as man-made structures that seals may target (Russell 

et al., 2014). 

2.1.3.1. Around the UK 

In the North Sea and the West of Scotland, seal diet composition has been studied 

following scat sample collections in 1985, 2002 by the SMRU (University of St 

Andrews). The new seal diet data (2010-2011) being not published yet, it is not 

presented here. In terms of seal selectivity at age, this data is similar to what was 

observed in 1985 for cod and haddock and the proportion of whiting eaten at age 1 has 

decreased compared to 1985 and 2002. While the consumption of cod per grey seal 

increased since 2002, it has decreased for haddock and whiting. 

In the West of Scotland, some changes in grey seal diet occurred between 1985 and 

2002 mostly in the importance of sandeel (Ammodytes sp.) and Atlantic herring (Clupea 

harengus) in the diet (Figure 2.1). The most abundant prey for both samples is sandeel, 

gadoids and herring (Hammond et al., 2006; Harris, 2007). Cod and haddock are 

important in grey seal diet representing each 10% of the diet in 2002. Whiting 

represents only 3% of grey seal diet in weight but is one of the most numerous fish in 

the faecal samples (Harris, 2007). 

In the North Sea, grey seal diet is different, notably in terms of the importance of 

herring and sandeel (Hammond and Grellier, 2006; Hammond et al., 2006). Indeed, 

herring is barely consumed (378 tonnes in 2002 while 9,789 tonnes of herring are 

consumed in the West of Scotland). This is surprising because the herring stock is 

larger in the North Sea than in the West of Scotland (ICES, 2015b). However there is no 

assessment for sandeel in VIa so the relative abundance of both species cannot be 

compared between both regions. Grey seals prey mainly on sandeel which represents 

75% and 59% of the diet in 1985 and 2002 respectively and makes it a key species for 

the predator. After sandeel, cod and haddock are the most important fish in the grey 

seal diet (7% and 6% of the diet respectively in 2002). 
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Figure 2.1: Grey seal diet composition (in weight) in the West of Scotland (Harris, 2007) and North Sea 
(Hammond and Grellier, 2006). In the West of Scotland, the 1985 “Other gadoids” group comprises ling, 
saithe, pollock (Pollachius pollachius) and Norway pout (Trisopterus esmarkii) and the “Flatfish” group 
comprises megrim and plaice (Pleuronectes platessa). The 2002 “Other gadoids” group includes also 
rockling (Gaidropsarus sp.), dragonet (Callionnymus lyra), poor cod (Trisopterus minutus) and blue whiting 
(Micromesistius poutassou) and the “Flatfish” group includes also lemon sole (Microstomus kitt). In the 
North Sea, the 1985 “Other gadoids” group includes ling, saithe and Norway pout and the 2002 group only 
include saithe and Norway pout. The 1985 and 2002 “Flatfish” groups comprise plaice and sole (Solea 
solea). 

In conclusion, around the UK, sandeel, herring and gadoids are the most important 

species in grey seal diet. While sandeel is not a commercial species for human 

consumption but a major target for the industrial fisheries making fish meal (ICES, 
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2015b), the other preys are commercially important. Herring is an important forage 

fish which is abundant around the UK (ICES, 2015b) and which produces large fishing 

revenues despite its low commercial value (Marine Management Organisation, 2012). 

Cod, haddock and whiting are species of higher trophic levels whose density has 

substantially decreased since the 1980s. They are caught together in demersal mixed 

fisheries in both regions (ICES, 2014c; 2015c). Despite their decrease, their importance 

in grey seal diet has not decreased between 1985 and 2002 which seems at first glance 

in contradiction with the assumption of opportunistic diet for this predator. The 

importance of the three demersal species in grey seal diet may be evidence of possible 

competition between seals and the demersal fisheries in the area. Sandeel abundance 

has decreased since the early 2000s in the northwest North Sea (Heath et al., 2012b; 

ICES, 2015b), where grey seals are found (Jones et al., 2013). This may be why there is 

a decline in the proportion of sandeel in grey seal diet between 1985 and 2002. 

Sandeels have also declined in length (Wanless et al., 2004; van Deurs et al., 2013) and 

may therefore be less valuable. A decrease in the size of maximum selectivity also 

appears in grey seal diet between 1985 and 2002 (Hammond and Grellier, 2006). This 

decline in sandeel abundance and length has strongly affected seabirds (Furness, 2002; 

Wanless et al., 2005) and we may wonder what is the impact on grey seals. A 

hypothesis would be that because sandeels have declined in abundance and energetic 

value, it may be more valuable for seals to catch larger fish such as cod despite their 

low abundance. 

2.1.3.2. In the Baltic Sea 

In the Baltic Sea, grey seal diet varies in space in accordance with fish availability 

(Lundström et al., 2010). As a result, the grey seal diet in the northern Baltic Sea (Gulf 

of Bothnia, ICES Sub-divisions 30-31) differs with the grey seal diet in the Baltic Proper 

(Figure 2.2). Atlantic herring is the main prey for all age groups and for both geographic 

zones (Lundström et al., 2007; Ministry of Agriculture and Forestry, 2007; Lundström 

et al., 2010; Kauhala et al., 2011; Lundström, 2012) due to its presence in both areas 

(ICES, 2014a). When the European sprat (Sprattus sprattus) is significant in the Baltic 

Proper diet, it almost does not appear in the Bothnian diet. Inversely, the common 

whitefish (Coregonus lavaretus) plays an important role in the Gulf of Bothnia since 

undertaking anadromous migrations and does not appear in the Baltic Proper diet. Cod 



Chapter 2 

 
 

 
23 

and cyprinids (Cyprinidae) represent an important part of grey seal diet in the Proper 

while salmonids and common whitefish are important in the Gulf of Bothnia. This can 

be related to the presence of cod mainly in the Baltic Proper (ICES, 2014a) and the 

numerous salmon (Salmo salar) aquaculture stations in the Gulf of Bothnia but also to 

their aggregations during the period of return to the rivers (Suuronen and Lehtonen, 

2012). 

 

Figure 2.2: Baltic grey seal diet in the Baltic Proper and the Gulf of Bothnia (ICES Sub-divisions 30-31) as 
fractions of total biomass consumed between 2001 and 2005 reconstructed from stomach and intestine 
contents (Lundström et al., 2010). 

In conclusion, Baltic grey seals eat commercially important fish species such as cod, 

herring, sprat, salmon and common whitefish (ICES, 2014a). The diet in the Baltic Sea is 

a good illustration of the opportunist diet of grey seals which eat what is available in 

the area. 
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2.1.3.3. Along the Canadian coast 

Different inshore grey seal haul-out sites are present on the eastern coast of Canada. 

Grey seal diet in Cape Breton and Cabot Strait was obtained from the analysis of 

stomach contents (Hammill et al., 2014) (Figure 2.3). Despite both areas being 

geographically close, grey seal diet differs. Sandeel and white hake (Urophysis tenuis) 

are important prey in Cape Breton while cod is the most important prey in Cabot Strait. 

White hake and cod are species that collapsed in 1990s (Myers et al., 1997) and have 

not yet recovered despite the closure of the fisheries (Fu et al., 2001; Bundy and 

Fanning, 2005; Hutchings and Rangeley, 2011; Swain and Mohn, 2012; Sinclair et al., 

2015) but which are still present in grey seal diet. This can be related to the fact that 

grey seals follow fish movements and feed on cod overwintering aggregations in the 

area (Harvey et al., 2012) so consume these species when there are present.  

 

Figure 2.3: Canadian inshore grey seal diet as a fraction of total biomass between 1999 and 2011 
reconstructed from stomach contents (Hammill et al., 2014). 

A limitation to the methods used to assess grey seal diet is that they often only describe 

diet close to shore (Bowen and Iverson, 2013). Offshore grey seal diet has been 
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investigated in the 1990s considering faecal samples (Bowen and Harrison, 1994) and 

fatty samples (Beck et al., 2007) from a remote haul-out site, Sable Island (Figure 2.4). 

Grey seal diet varies over time with a decrease in the importance of sandeel more 

recently. It is also clear that the proportion of cod in the diet has declined after 1993 in 

accordance with the collapse of the stocks (Myers et al., 1997; Rose, 2004). The most 

recent diet shows a contribution of redfish (Sebastes sp.) in the diet which represents 

the most important prey after sandeel. 

 

Figure 2.4: Canadian offshore (Sable Island) grey seal diet as a fraction of weight of fish consumed 
reconstructed from faecal samples (Bowen and Harrison, 1994) and fatty acid analysis (Beck et al., 2007). 

2.1.3.4. Summary 

Whether it is in Canada, around the UK or in the Baltic Sea, grey seals consume mainly 

fish of low trophic levels (sandeel, herring, benthic species, etc.) but some commercial 

demersal species still represent an important proportion of the diet. Despite the decline 

in cod stocks around the UK, this high trophic level fish still accounts for 10% of the 

West of Scotland grey seal diet (Harris, 2007) and 6% of the North Sea grey seal diet in 

2002 (Hammond and Grellier, 2006; Hammond et al., 2006). There is evidence of a 
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decrease of cod in grey seal diet in the Baltic Sea and off the eastern Canada where a 

number of the cod stocks have collapsed (Bowen and Harrison, 1994; Beck et al., 2007; 

Lundström et al., 2007; Swain and Chouinard, 2008; Lundström et al., 2010; Isomaa et 

al., 2013). However, recent studies seem to conclude cod is still present in the Canadian 

grey seal diet (Hammill et al., 2014). Sandeel is a key species in Canadian and British 

grey seal diet and its variation may affect the consumption of other species. However, 

the absence of sandeel assessment in Canada, where no fishery exists for this species, 

does not permit verification of this assumption. 

2.1.4. Size composition 

The otoliths provide information about the size of prey consumed. Grey seals predate 

mainly on fish smaller than 50 cm. For example, Harris (2007) has concluded that in 

2002 grey seals in the West of Scotland eat mainly cod between 35 and 40 cm, haddock 

between 24 and 36 cm, whiting between 20 and 28 cm, sandeel between 16 and 24 cm 

and herring between 24 and 45 cm. Other studies convert the prey size into age and 

conclude that grey seals eat mainly 2 to 3 years old cod (Holmes, 2008; Holmes and 

Fryer, 2011; Cook et al., 2015; Cook and Trijoulet, 2016). 

In the Baltic Sea, 70% of prey in the grey seal diet have a size comprised between 15 

and 25 cm (Lundström et al., 2007) and it seems that the proportion of larger species in 

the diet increases with seal age (Ministry of Agriculture and Forestry, 2007).  

Bowen and Harrison (1994) have shown that Canadian grey seals on Sable Island eat 

fish with a mean size comprised between 10 and 25 cm. Whereas Beck et al. (2007) 

showed grey seals prey principally on large cod (>35 cm), herring (>20 cm) and 

sandeel but any size of redfish. More recently, Hammill et al. (2014) concluded that 

inshore grey seal consumed cod of an average size between 28 and 39 cm and white 

hake between 29 and 35 cm. 

This size-selectivity may reflect the more abundant sizes of fish available in the ocean 

instead of a real size-selectivity for fish. However, this selection in prey length, 

expressed as size, age or maturity, is often used in the literature and has to be taken 
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into account when modelling trophic interactions. It is important when the concern is 

to compare seal predation to another type of fish removal (other predators, fishing 

activities, etc.). Indeed, two predators can consume the same size of prey. In this case, 

there exists a “scramble” competition where the predators compete for the same fish. If 

one predator eats younger fish than the second the competition is sequential and the 

first predator may remove fish before they can be eaten by the second predator. The 

change in predation with fish length or age is consequently an important feature to 

consider in competition studies, such as where a fishery and seals exploit the same 

resource. 

2.2. Fish consumption by grey seals 

2.2.1. Methods used to estimate fish consumption by 

grey seals 

Papers publishing data on seal diet using the different methods mentioned in part 2.1.1 

often give an estimate of total weight of fish consumed by grey seals. To estimate 

consumption, studies convert the weight of fish consumed by grey seals to energy 

(Harris, 2007). They then assumed that grey seals fulfil their energy requirements and 

estimate a gross energy intake per seal. This intake depends on different parameters 

and some are assumed to be known constant from the literature (Mohn and Bowen, 

1996; Benoît et al., 2011a; O’Boyle and Sinclair, 2012). This means that the 

consumption estimates are uncertain. The consumption is converted back to fish 

weight to obtain per capita consumption rates (weight of fish consumed per seal per 

year) and multiplied by the number of seals in the area to obtain total consumption 

estimates. Since grey seal population estimates change over time with model 

improvements, it is therefore important to understand that the fish consumption 

estimated in each study depends on the seal population estimates used. The estimates 

are therefore also sensitive to the seal numbers estimates. This uncertainty has to be 

kept in mind in modelling studies using these estimates. 
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Because of the limited amount of data on seal diet, many studies assess seal predation 

using prey-predator models. This has been applied using single species models 

(Holmes, 2008; Holmes and Fryer, 2011), multispecies models (Matthiopoulos et al., 

2003; Bundy, 2005; Bundy and Fanning, 2005; Bundy et al., 2009) and using different 

techniques such as Bayesian methods (Cook et al., 2015; Cook and Trijoulet, 2016), 

mass-balanced models in Ecopath with Ecosim (Christensen et al., 2005), or the ADAPT 

framework (Gavaris, 1988). 

2.2.2. Fish consumption estimates 

2.2.2.1. Around the UK 

In the West of Scotland, estimates of fish consumption by grey seals were 53,000 t and 

77,000 t in 1985 and 2002 respectively, consisting mainly of sandeel, herring and cod 

for an estimated seal population of 29,242 individuals in 1985 and 42,252 in 2002 

(Hammond et al., 2006; Harris, 2007). The per capita consumption rates in the West of 

Scotland for cod, haddock and whiting are given in Table 2.2 and taken from Harris 

(2007).  

The increase in consumption can be related to the increase in grey seal population. 

However, looking at the consumption rates per seal, it is obvious that the per capita 

consumption of cod decreases slightly while the stock has decreased substantially (SSB 

of 24,827 t in 1985, 7,174 t in 2002 and 2,220 t in 2010-2011 (ICES, 2013b)). The big 

increase in haddock consumption in 2002 is also surprising but may be due to high SSB 

and recruitment observed during this period (ICES, 2013b). 

In the North Sea, fish consumption by grey seals shows also an increase. Indeed, 39,000 

t and 116,000 t of fish were consumed in 1985 and 2002 respectively. Cod consumption 

changes substantially from 4,100 t in 1985 to 8,300 t in 2002 (Hammond et al., 2006). 

For comparison purposes with the West of Scotland estimates, the consumption rates 

in the North Sea are given in Table 2.3 (Hammond and Grellier, 2006). 
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Table 2.2: Average per capita consumption rates in West of Scotland given in kg of fish consumed per grey 
seal per year, taken from (Harris, 2007). 

It can be seen that the trend in consumption is similar to the West of Scotland. However 

the decrease in cod consumption is greater in the North Sea. 

Table 2.3: Average per capita consumption rates in the North Sea given in kg of fish consumed per grey seal 
per year, taken from Hammond and Grellier (2006). 

According to Boyd and Hammond (2010), the recent total annual consumption of fish 

by grey seals in the Scottish waters (West of Scotland, north of the North Sea) is 

190,000 t. Even if seal predation does not seem significant with less than 5% of the 

total stock biomass consumed in the West of Scotland (Hammond et al., 2006), it seems 

that grey seal predation may be substantial on the depleted cod stock.  

2.2.2.2. In the Baltic Sea 

Papers assessing the annual fish consumption by Baltic grey seals are rare. On average, 

one adult grey seal is considered to eat 5 to 8 kg of fish a day (Ministry of Agriculture 

and Forestry, 2007; ICES, 2014a). More recently, Lundström (2012) argues that grey 

seal predation is not significant at the Baltic Sea scale but can be greater than fishing 

catches regionally. 

 1985 2002 

Cod 184 179 

Haddock 52 188 

Whiting 47 51 

 1985 2002 

Cod 175 125 

Haddock 26 98 

Whiting 33 37 
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2.2.2.3. Along the Canadian coast 

In Canada, most of the studies concentrate in seal predation on cod because of the 

collapse of the stocks in 1990s. Benoît et al. (2011a) estimate cod consumption by grey 

seals in the southern part of the Gulf of St Lawrence to be between 15,800 t and 18,700 

t. O’Boyle and Sinclair (2012) have estimated cod consumption by grey seals at 346,000 

t per year in Sable Island and the eastern Scotian Shelf and 17,000 t per year in the Gulf 

of St Lawrence. They also concluded that after 1993 (year of the moratorium for 

fisheries closure), most of cod mortality may be due to seal predation. Trzcinski et al. 

(2006) have assessed that a male grey seal has to eat 1.61 t of cod per year and a female 

has to consume 1.35 t of cod per year to fulfil their energetics requirements for seal 

growth and maintenance, in the eastern Scotian Shelf. Furthermore, they estimated the 

mortality due to seal predation to be 0.21 out of a total natural mortality of 0.62. So seal 

predation represents a significant fraction of cod natural mortality (Benoît et al., 

2011b). 

2.3. Some initial findings on the impacts of seals 

on fish stocks 

Opinions are mixed as regards to the impacts of seal predation on fish stocks. Since the 

situations differ regionally it has been chosen to present the conclusions for the UK and 

the Baltic Sea first and then for Canada. 

2.3.1. In the Northeast Atlantic 

Different hypotheses have been proposed to explain the decrease in fish stocks around 

the UK and the Baltic Sea. Among these, high levels of fishing (Myers et al., 1996; 

Christensen et al., 2003; Boyd and Hammond, 2010; Alexander et al., 2014) and climate 

change (Brander, 2005; Drinkwater, 2005; Heath et al., 2012a) are commonly accepted 
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and seal predation is not believed to be responsible for the stock decline in the 

Northeast Atlantic (MacKenzie et al., 2011; Alexander et al., 2014).  

In the Baltic Sea, despite the fact that grey seal predation may be significant at a 

regional scale because seal consumption can be larger than fishing catches (Lundström, 

2012), most studies agree that grey seals do not affect the fish stocks given than the 

stocks are currently recovering (Cardinale and Svedäng, 2011; Eero et al., 2012). Also, 

since the cod decline (Hutniczak, 2012; Isomaa et al., 2013), cod is not significant in the 

grey seal diet (Ministry of Agriculture and Forestry, 2007) and grey seal predation does 

not affect the herring assessment in the Bothnian Sea (Gårdmark et al., 2012; ICES, 

2014a). 

Around the UK, however, the demersal stocks have not yet recovered and grey seals 

may play a role in their non-recovery in certain regions. Cook et al. (2015) 

demonstrates that seal predation mortality on cod in the West of Scotland represents 

half the natural mortality on the stock and that this may be responsible for its non-

recovery. A more recent study has however shown that the probability of cod recovery 

may be high at the current (2014) level of fishing but is still sensitive to an increase in 

seal predation or fishing mortality (Cook and Trijoulet, 2016). Nevertheless, grey seal 

predation was determined as being too low or uncertain to be considered in cod 

assessment in the West of Scotland (Holmes, 2008; Holmes and Fryer, 2011). In the 

North Sea, while seal predation on haddock and whiting is insignificant, grey seals are 

one of the most important predators of cod (Harwood and Walton, 2002). In Ireland, 

grey seals seem to have little or no impact on fish stocks (Houle et al., 2015). 

These diverse opinions highlight the difficulty to conclude about the impact of grey 

seals on fish stocks in the Northeast Atlantic. It seems evident that not enough 

information is available yet to support any possible return to seal culls in the area 

(Harwood and Walton, 2002). 



Chapter 2 

 
 

 
32 

2.3.2. In the Northwest Atlantic 

In the Northwest Atlantic, many groundfish stocks collapsed in the early 1990s and a 

fishing moratorium was established in 1993 to help the stocks to recover. The collapse 

has been marked by a change between a large cod-dominated ecosystem to a forage 

fish-dominated ecosystem (Frank et al., 2005; Bundy et al., 2009; Frank et al., 2011). 

This shift has induced a change in fishing regime where crabs and shrimps become the 

target species (Bundy, 2005), highlighting the process called by Pauly et al. (1998) 

“fishing down the food web”. Most studies agree that the collapse of the groundfish 

stocks is mainly due to a high fishing mortality rather than seal predation (Mohn and 

Bowen, 1996; Myers et al., 1997; Chouinard et al., 2005; Trzcinski et al., 2006; 

Morissette et al., 2012; O’Boyle and Sinclair, 2012; Buren et al., 2014). However some 

suggest grey seals are responsible for the non-recovery of the cod stock since the 

moratorium was established (Chouinard et al., 2005; DFO, 2011; O’Boyle and Sinclair, 

2012; Sinclair et al., 2015; Ouellet et al., 2016). The non-recovery of the cod stock 

seems to be due to an increase in natural mortality and grey seal predation may be the 

main source of mortality in the area. Moreover, a recent study shows that cod and 

white hake are still an important portion of the grey seal diet since the collapse 

(Hammill et al., 2014). Grey seals may also be responsible for a change in fish 

distributions (Swain et al., 2015). 

The role that grey seals may play in the non-recovery is contradicted by other studies 

which suggest no significant impact of grey seals on the fish stocks (Swain and 

Chouinard, 2008; Benoît et al., 2011b; Swain and Mohn, 2012). Some researchers 

highlight the importance of fish predation rather than seal predation on the stocks 

(Overholtz and Link, 2007) and affirm that the non-recovery is mainly due to the poor 

condition of the stocks which are unable to compete with other fish species (Bundy and 

Fanning, 2005). Others concluded the non-recovery is due to bottom-up controls and is 

driven by forage fish dynamics such as capelin (Buren et al., 2014). However, any 

removal on a poor stock will have a negative impact. So any predation on cod, white 

hake or herring, whether by seals or other predators, will have a negative impact on the 

stocks (Trzcinski et al., 2006). 
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As in the Northeast Atlantic, along the Canadian coast, it is also difficult to conclude on 

the impact of grey seals on the fish stocks (Benoît et al., 2011b) but most papers agree 

on the role grey seals currently play in the non-recovery of the demersal stocks. Despite 

the uncertainty of the studies, some stakeholders still ask for large seal culls (of more 

than 30,000 individuals) in the Gulf of St Lawrence to improve the groundfish recovery 

(Fisheries Resource Conservation Council, 2011; Standing Senate Committee on 

Fisheries and Oceans, 2012). This highlights the need of further studies quantifying the 

impact of grey seals on fish stocks but also on fisheries. 

2.4. Grey seal impacts on fisheries 

2.4.1. The different types of impacts 

It has been established that grey seals are responsible for two kinds of impacts on 

fisheries, direct impacts and indirect impacts. The indirect impact corresponds to the 

fishing catch loss due to seal presence in the fishing area, by predation or by scaring 

fish away from nets and catch loss due to seal-induced fish infections. The direct impact 

relates to fishery income loss due to seal induced damage, such as damage to gear, 

damage to fish inside the net or also predation of fish inside the nets (Harwood, 1984; 

Lavigne, 2003; Moore, 2003; Cronin et al., 2014). This is called depredation. This latter 

aspect, being the most visible, is often the most commonly claimed by fishers. It is also 

the simplest to assess so often the most frequently considered in scientific papers.  

2.4.2. Methods used to assess grey seal impacts on 

fisheries 

Assessing the impacts of seals on the North Atlantic fisheries is not trivial. Many papers 

study the impact of seals on a specific fish stock in a specific region (see part 2.3). 

However, most do not link this impact with the possible impacts on fisheries in the 
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area. Nevertheless, some studies have tried to evaluate this effect, but the methods 

used are often incomplete.  

Some studies consider the impact of grey seal predation on fisheries by comparing seal 

catch with fishing catch (Bjørge et al., 2002; Lundström, 2012). It is clear that this 

method is not adequate to assess the impact of grey seals on fisheries since no 

economic aspect is considered. Also, it is not possible to prove that seals are taking fish 

that would be available to fishers otherwise. To consider this aspect some researchers 

studied the possible overlap of seal distribution and fishing grounds (Cronin et al., 

2012; Oksanen et al., 2014). While this represents a good attempt to determine 

competition zones, an overlap does not necessary mean competition and grey seals 

may not be foraging in these areas. Even if the improvement of telemetry data enables 

scientists to determine when seals show feeding behaviour, it is still unclear what fish 

species they are targeting and if this coincides with what fishers are fishing. 

A few publications estimate economic costs to fishers due to grey seal damage using 

questionnaires (Bjørge et al., 1981; Moore, 2003; Butler et al., 2011). Fishers are asked 

to give an estimate of the costs, usually of seal depredation impacts, on their business. 

These studies present limitations. Indeed some can argue that the number of 

respondents can be limited and only fishers who are concerned by grey seal impacts 

will respond. Also, these papers only look at one side of the problem since they don’t 

compare economic loss due to seals with fishing profits. Others used observers on-

board to estimate the depredation impacts of grey seals on fisheries (Kauppinen et al., 

2005; Königson et al., 2005), but the economic impact is usually not quantified.  

When considering grey seal impacts on fisheries it is also reasonable to compare the 

economic loss due to seals with the economic gain from their presence through tourism 

or conservation (Bosetti and Pearce, 2003). 
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2.4.3. The economic impacts of grey seals on fisheries in 

the North Atlantic 

Following fishers perception of grey seals as a significant threat to their livelihood, 

much research looks at the impact of grey seals on fisheries (Lambert, 2001; Read, 

2008). Such as before with the impact of grey seals on fish stocks (part 2.3), the 

opinions among scientists are divided.  

Most of the studies looking at seal impacts on fisheries only describe the impact 

without relating it to any economic value. As previously mentioned, grey seals are 

mostly studied for their depredation impacts on fisheries by damaging the fish or gear 

or stealing fish from nets (Holma et al., 2014). These problems are something 

commonly recorded in the literature. Moore (2003) investigated the impact of seals on 

the Clyde Sea trawl and creel fisheries. It was reported that 95% of trawlers and 88% of 

creelers have or have had personal experience with seals interfering with fishing 

activities by damaging gear (60% of trawlers, 76% of creelers), damaging fish (91% of 

trawlers, 89% of creelers) or stealing fish inside the nets (82% of trawlers). 

Depredation impacts of grey seals on fisheries is also present along the Irish coast 

(Cronin et al., 2014). In the Baltic Sea, Kauppinen et al. (2005) also observed seal 

damage to catch and gear in the Finnish coastal trap-net fishery and Jounela et al. 

(2006) determined that seal-induced catch losses represented 3 to 29% of the total 

catch of the salmon fisheries. Also, much of the effects of seals go unnoticed because 

seals not only damage fish but also scare the fish away from the nets or consume the 

whole fish within them (Königson et al., 2005; Königson et al., 2007). So this hidden 

damage is a process that can have a large impact on fishing catch. In terms of fishery 

losses due to seal predation, in the North Sea grey seals may have a negative impact on 

gillnet and seine fisheries but may have a positive effect on the shrimp fishery by 

foraging on its predators (Bjørge et al., 2002). Oksanen et al. (2014) concluded on a 

possible impact of grey seals on fisheries due to the overlap between grey seal foraging 

grounds and trap-net fisheries in the Baltic Sea. However these studies do not consider 

the economic loss due to seal damage or predation so it is not possible to conclude on a 

significant grey seal impact on fisheries. 
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Some papers tried to estimate the loss due to seal damage on fisheries (Houle et al., 

2015). Bjørge et al. (1981) estimated that grey seal damage to gear was between £13 

and £3,337 per vessel and per year in the Norwegian fisheries. However this 

corresponds to estimates from only 18% of fishers. Also, Butler et al. (2011) have 

estimated the economic costs due to seal-damage on Atlantic salmon fisheries in the 

Moray Firth. Total seal-induced losses were estimated to be £14,960 per year for all rod 

fisheries and £16,500 per year for all netting stations, the fisheries the most impacted 

being the ones close to the river mouth. Finally, Cornish fleets have estimated the 

annual costs due to fish damage by seals to be of around £100,000 per year (Bosetti 

and Pearce, 2003). It is clear that those numbers are not particularly informative unless 

compared with the total value of the fishery. 

Some researchers considered grey seal impacts on fisheries are insignificant. Bosetti 

and Pearce (2003) compared the estimated costs of seal induced damage with the gain 

obtained from their presence (tourism and conservation). They concluded that the 

benefits from seals are higher than the costs. However, their study is based on surveys 

of fishers and tourists. The respondents may then be mostly fishers impacted by seals 

and tourists already willing to pay to see seals or help for their conservation. In Ireland, 

there seems to be little evidence of competition for the resource between trawl 

fisheries and grey seals (Cronin et al., 2014) and of overlap between grey seal and 

fishing effort distributions (Cronin et al., 2012). 

In summary, only few studies dealing with the economic aspect of the impacts are 

available, most of them acquiring their results by interviewing fishers. Even if some 

studies have tried to estimate the economic impacts of seals on fisheries, it remains 

difficult to draw reliable conclusions without comparing the economic loss with the 

total incomes of fisheries. Indeed the real impacts of grey seals will depend of the value 

of the fishery. A few thousand pounds of income loss due to seal depredation could be 

significant for a small scale fishery but not that important for a fishery with million 

pounds of benefits (Perring, 2001). Also, it almost only concerns depredation impacts 

and it seems that there are few studies considering the indirect economic impacts of 

grey seal predation on fisheries in the North Atlantic. This lack of data currently does 

not help to mitigate the seal-fishery controversy and fishers persist in asking for large 
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seal culls (Butler et al., 2011; Gruber, 2014). Some papers propose nevertheless some 

options to reduce these conflicts and these are discussed in the next part. 

2.4.4. Proposals to mitigate the seal-fishery controversy 

Most studies agree that improvements have to be made to determine the impacts of 

seals on fisheries. There is a consensus that the effort should concentrate on gathering 

long-term seal diet data, spatial data on seal, fish and fishing movements and use them 

to model the impacts of grey seals on fisheries (Yodzis, 2001). Meanwhile, local 

fisheries, seal management (Harwood, 1984; Bruckmeier et al., 2013) and seal-induced 

damage compensation can be considered (Bosetti and Pearce, 2003; Varjopuro, 2011; 

Werner et al., 2015). 

There is an increase of studies looking at the development and effectiveness of seal safe 

equipment and deterrent devices to mitigate the direct impacts of seals on fisheries. 

These studies are mostly completed in the Baltic Sea where the seal-fishery conflict is 

severe notably for the salmon fisheries (Lunneryd et al., 2003; Lehtonen and Suuronen, 

2004; Fjälling et al., 2006; Suuronen et al., 2006; Lehtonen and Suuronen, 2010; 

Varjopuro, 2011; Oksanen et al., 2014) while in the UK, salmonids do not represent a 

large part of grey seal diet even in estuaries (Matejusova et al., 2008). These devices 

seem to be relatively effective even if some improvements are still needed. A significant 

amount of work has been done in the Baltic Sea to propose modified nets and traps 

which reduce grey seal access to enter the net and/or steal fish from it (Lunneryd et al., 

2003; Suuronen et al., 2006). This seems to be more effective for the salmon than the 

common whitefish fisheries (Lehtonen and Suuronen, 2004). Depredation impacts at 

netting stations are often believed to be due to few “problem” or “rogue” seals 

(Lehtonen and Suuronen, 2010; Graham et al., 2011), often big males (Konigson et al., 

2013). Consequently Lehtonen and Suuronen (2010) proposed a modified salmon trap 

which captures the seal alive to improve selective removal, help researchers who need 

live individuals or help reduced lethal bycatch. Papers also look at the effectiveness of 

Acoustic Deterrent or Harassment Devices (ADDs or AHDs) to scare seals away from 

the netting areas. In the Baltic Sea this method has been proven effective (Fjälling et al., 

2006). In the North Sea, the opinions are more divided. The use of ADDs at the salmon 
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trap nets has been ineffective in deterring grey seals at the vicinity of the nets but 

reduced seal upstream movements to river by around 50% (Graham et al., 2009). More 

recently, Harris et al. (2014) demonstrated the efficiency of ADDs to increase salmon 

landings and reduce seal damage to the bagnet fishery. However it is still not clear what 

the impact is of these devices on other marine mammals such as cetaceans which are 

more sensitive to noise and on seabirds which may also induce important impacts 

notably for fisheries using buoying or nets close to the surface (Gotz and Janik, 2013). 

This equipment can also scare the fish away from the nets and do not take into account 

the ability of seals to learn with time and to adapt their behaviour to new situations 

(Fjälling et al., 2006). 

2.5. Summary and discussion 

The controversy between fishers and conservationists regarding the role grey seals 

have played in the decline of the groundfish stocks in the North Atlantic has been 

amplified by the increase of seal depredation impacts at the netting stations. This 

highlights the necessity to study grey seal impacts on fisheries to help mitigate the 

conflicts.  

Despite the fact that grey seal diet is mainly composed of fish species of low 

commercial value (Hammond et al., 2006; Harris, 2007; Lundström, 2012; Hammill et 

al., 2014), the proportion of commercial fish in the diet is sufficient for fishers to see 

grey seals as a threat to their livelihood.  

The opinions regarding the relative impact of grey seals on fish stocks or on fisheries 

are still mixed and the studies are rare or incomplete. First, the studies mainly quantify 

grey seal consumption but do not convert it into economic terms. Also, when the 

economic impact is considered, the studies mainly focused on quantifying grey seal 

depredation impacts, principally via interviews to fishers, and the impact of grey seal 

predation is hardly evaluated. There is to our knowledge no study looking at the 

economic impact of grey seal predation in the North Atlantic. 
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Furthermore, grey seal predation is primarily studied on cod. However, seal diet data 

indicates that other commercial species are present in grey seal diet, and sometimes in 

the same proportion than cod (Harris, 2007). This highlights the necessity of studying 

grey seal predation on the other fish species to fully determine grey seal impacts on 

fisheries. 

Despite divided opinions regarding grey seal impacts, fishers still seek a return to seal 

culls (Moore, 2003; Butler et al., 2011). However, there currently exists little evidence 

that grey seal culls are really effective (Yodzis, 2001; Morissette et al., 2012; Bowen and 

Lidgard, 2013). Also, even if the reduction of grey seal predation induces an increase in 

commercial fish stocks, this does not mean it increases the stocks available to fishers 

(Harwood, 1984).  

Nowadays, the lack and uncertainty on grey seal diet and their foraging behaviour, on 

the ecosystem interactions and the fish stock dynamics, or on fishing income losses due 

to seals, do not enable scientists to draw sound management conclusions about the seal 

and fishery controversy (Harwood and Walton, 2002; Heymans et al., 2011). However, 

bioeconomic modelling is likely to be the best way to assess objectively the direct or 

the indirect impacts of grey seals on fisheries and to provide managers with 

information to deal with the problem.  

The next chapter concentrates on the status of seals and fisheries in the West of 

Scotland. 
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Chapter 3 

 

Fishing and grey seals in the West of 

Scotland 

This chapter describes the West of Scotland ICES Division VIa, its topography and 

physical characteristics. The fishing activities in VIa are described and the choice of 

considering the demersal fishery for cod, haddock and whiting as case study is 

explained. The fleets and species caught in the mixed fishery are then detailed. Finally, 

grey seal population is considered in the area. 

3.1. The West of Scotland area, ICES Division VIa 

3.1.1. Physical characteristics 

The West of Scotland area corresponds to the ICES Division VIa which is delimited in 

blue on the Figure 3.1. Half of the area comprised the continental shelf (less than 200 m 

depth). The continental slope is steep and descends quickly to 3,000 m which is the 

maximum depth. The slope acts as a barrier between continental shelf and deep regions 

(Baxter et al., 2008). 

The seabed is mainly composed of gravelly sand and mud but there is a large 

untrawlable rocky area on the west coast of the Outer Hebrides (Marine Environmental 

Mapping Programme, 2015). 
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The Division VIa is marked by numerous protected areas (Marine Protected Areas and 

Special Areas of Conservation) associated with lochs and isles (Baxter et al., 2008) 

which highlight the importance of the natural ecosystems. 

 

Figure 3.1: Map of the ICES Division VIa (blue box) indicating the bathymetry. 

The West of Scotland received along the continental slope surface warm and saline 

waters coming from the North Atlantic current (Baxter et al., 2008). This current brings 

important nutrients and food to the area. The Scottish Coastal Current going north 

flows along the coast. Tidal currents can be strong with a tidal range between 0 and 6 

meters. A deep cold current coming from the Artic also exists. 
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The particular characteristics of the bathymetry and the oceanographic currents in VIa 

permit the development of complex natural ecosystems, notably on the continental 

shelf.  

3.1.2. Connectivity to the other areas 

The ICES Division VIa is a management zone. This means the boundaries of the area are 

not closed and the fish stocks can move between management zones. Connectivity with 

neighbouring fish stocks in the Irish Sea and the North Sea notably occurs. The VIa cod 

stock is believed to be connected to the North Sea stock (Wright et al., 2006; Holmes et 

al., 2008) and the haddock stock is considered as a single stock distributed between the 

West of Scotland, the North Sea (Division IV) and Skagerrak (Division IIIa) since 2014 

(ICES, 2015c). However, the ICES areas represent fisheries management units and the 

large consumption of cod by grey seals in 2002 in VIa (Harris, 2007) motivates the 

study of grey seal predation in this area. 

3.2. Fishing in VIa 

3.2.1. The different fisheries in operation in VIa 

In the West of Scotland, there are both inshore and deep-water fisheries (Scottish 

Government, 2015a).  

The deep-water fishery occurs at 400 m depth or more (continental slope) and fishes 

around 12 fish species such as blue ling (Molva dypterygia) (ICES, 2013c). The 

continental slope is less productive than the continental shelf where the inshore 

fisheries take place.  

There exist three main types of shelf fisheries in VIa: the pelagic fishery, the demersal 

fishery for whitefish and the demersal fishery for shellfish (Scottish Government, 
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2015a). The pelagic fishery targets herring, mackerel (Scomber scombrus) and blue 

whiting (Micromesistius poutassou). This fishery uses mainly pelagic trawlers. The 

demersal whitefish fishery is the fishery for cod, haddock and whiting and it uses 

mainly trawl gears (ICES, 2014c). The shellfish fishery catches molluscs and 

crustaceans of which the most important is Nephrops due to its high commercial value 

(ICES, 2014c). The shellfish are caught mainly by demersal trawlers, creelers and 

dredges. The demersal trawlers targeting Nephrops also land small amounts of 

whitefish as bycatch. The two demersal fisheries are often connected because the 

vessels have the possibility of switching gears to change the targeted species. This will 

be explained in part 3.3.2. 

3.2.2. Current regulations in VIa 

There exist currently different fisheries regulations in place in VIa (Scottish 

Government, 2015b). The West of Scotland fisheries are managed since the 1970s 

under the Common Fisheries Policy (CFP) giving registered European fleets equal 

access to European waters (European Commission, 2015). The CPF gives a framework 

to the fishing fleets with the aim to conserve the commercial stocks.  

There exist total allowable catches (TACs) on fish species in the Scottish waters 

(Scottish Government, 2015b). This limits the catch to the level of harvest defined by 

managers (Anderson and Seijo, 2011). For TAC allocation, fleets are divided into three 

groups: 10 m and under, over 10 m under Producer Organizations (PO) and over 10 m 

non-PO. For vessels over 10 m the quotas are given to the vessels, and for vessels under 

10 m, the quotas are a pool handed by the Fisheries Administration. 

TAC values have changed over the years in relation to changes in fisheries management 

(Figure 3.2). While in the late 1980s the fishing mortality on whitefish was towards the 

fishing mortality at maximum yield per recruit (𝐹𝑚𝑎𝑥), managers decided on reducing 

substantially the TACs in early 1990s in response to the decline in the demersal stocks 

in the Northeast Atlantic (ICES, 2013a). While the TACs for haddock stay reasonably 

high over the years, for cod and whiting the non-recovery of the stocks induced a 

constant decrease in the TACs. Under the CFP, between 2015 and 2020, the fisheries in 
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Europe must be fishing at maximum sustainable yield (MSY). For whiting the advice is 

currently to fish at the lowest possible level and the TACs are reduced to less than 300 

tonnes per year. The cod stock showing a constant decline and being outside biological 

limits, the TACs are set to 0 since 2012 and bycatch and discards should be minimised 

(ICES, 2016b). The TACs of haddock follow the MSY framework since 2012 and are 

around 5,000 t per year. 

 

Figure 3.2: Total allowable catches (TACs) in VIa from 1987 to 2013 for the main stocks in the demersal 
fishery (ICES, 1990; 2013a). 

TACs of cod, haddock and whiting have declined since the late 1980s because of the 

decrease in the fish stocks (ICES, 2013b). This shows how management evolves with 

changes in the resource abundance. In comparison, for non-depleted stocks such as 

Nephrops, the TACs are relatively constant, if not increased since the late 1980s (ICES, 

1990; 2013a).  

There is also a limitation in the fishing effort by limiting the number of days-at-sea 

(Scottish Government, 2015b). This attempts to reduce overfishing by reducing fishing 

activity directly (Anderson and Seijo, 2011). The Conservation Credits Scheme deals 
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with this limitation. There is a limited fishing time for vessels and some can be 

rewarded with additional time in return for the adoption of conservation minded 

fishing practices. These numbers of days are transferable and vessels can also receive a 

penalty if this limitation is not followed.  

Under the CFP, from 2015 for the pelagic and 2016 for the demersal fisheries, 

discarding is controlled in Europe and all vessels need to land all their catches. The 

motivation around this is to improve fishing selectivity to reduce unwanted fish in the 

long-term. However, this regulation has created considerable controversy about its 

efficiency and many studies have shown that its consequences may be detrimental to 

the fish stocks and predators scavenging on discard (Votier et al., 2013; Heath et al., 

2014a; Borges, 2015; Sardà et al., 2015). 

Since 2005, UK fisheries are subject to the Registration of Buyers and Sellers Scheme 

which obliges all active vessels to be registered and to land their catch in registered 

ports to prevent illegal landings (Scottish Government, 2015b). Small quotas on the cod 

stock in VIa and the difficulty of landing the stocks illegally has notably been 

responsible for an unusual increase in discard of old cod from 2005 (ICES, 2014c). 

Gear restrictions exist in Scotland. This concerns mesh size, shape and length of the 

gear. For instance, the mesh size restriction for the Nephrops trawlers is between 70 

and 99 mm while the mesh size should be larger than 120 mm for the whitefish 

trawlers. This is to control fish selectivity and escapement from the net if the fish is 

under the minimum landing size (Table 3.1). 

Furthermore, every vessel has to get a licence to fish, renewable every two years 

(Scottish Government, 2015b). There are no new licences. The only way to get a new 

entitlement is to have a vessel exiting the fishery, which means that the West of 

Scotland fishery is now closed to new vessels. This regulation is implemented to 

prevent overfishing in the long-run (Anderson and Seijo, 2011). The entitlement is 

transferable but only between vessels of the same fleet. In the case of aggregated 

licence, there is a penalty of 5% on tonnage and power (kW). There exist also parked 

licences which allow a vessel to possess several licences or to access additional effort 

by buying out those who want to exit the fishery.  
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Table 3.1: Current minimum landing size in VIa for the species considered in this study. 

3.3. The VIa mixed demersal fishery for cod, 

haddock and whiting 

The VIa pelagic fishery is the most productive but concerns fish which are widely 

distributed through the North Atlantic (ICES, 2014b). Herring is one of the prey of grey 

seals in VIa (Figure 2.1) but cod, haddock and whiting represent a larger proportion of 

grey seal diet (Harris, 2007) and the large spatial distribution of herring makes the 

study of grey seal predation on herring in VIa difficult. Also, cod, haddock and whiting 

are species that declined substantially in VIa (ICES, 2013b) and for which grey seal 

predation was proposed as one of the causes of the decline and non-recovery (Lavigne, 

1996; Lavigne, 2003; Read, 2008; Cook et al., 2015; Cook and Trijoulet, 2016). Landings 

of herring in VIa have significantly declined in 1980 after the stock collapsed due to 

overfishing (ICES, 2015b) but grey seal predation has not been mentioned as a possible 

reason for its decline. For all these reasons, this study concentrates on grey seal 

predation on cod, haddock and whiting in VIa. Consequently, only the shelf demersal 

fisheries that land the three species are considered.  

Species Minimum landing size (cm) Reference 

Cod 35 ICES (2016b) 

Haddock 30 ICES (2015c) 

Whiting 27 ICES (2016b) 

Saithe 35 ICES (2015c) 

Anglerfish None ICES (2016b) 

Hake 27 ICES (2014d) 

Megrim 20 ICES (2016b) 

Nephrops 2 (carapace length) ICES (2016b) 

Ling 63 ICES (2013c) 
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3.3.1. The gears used 

There exist different types of gears that catch cod, haddock and whiting in VIa (Table 

3.2). These are mainly trawlers, seines, lines and gillnets (STECF, 2015a).  

Table 3.2: List of gear types catching cod, haddock and whiting in VIa (STECF, 2015a). 

Recently, 88% of the catch for these species were made by demersal trawlers (Figure 

3.3). Consequently, it seems reasonable to concentrate on these vessels when studying 

the demersal fishery in VIa. However, this means that the study does not take into 

account the impact of grey seals on local fisheries that may be disproportionately 

affected (Perring, 2001). 

Gear code Gear 

DRB Boat dredges 

FPO Pots and traps 

GNS Set gillnets (anchored) 

HMD Mechanised dredges including suction dredges 

LHP Handlines and pole-lines (hand operated) 

LLS Set longlines 

NK Unknown gear 

OTB Bottom otter trawls 

OTM Midwater otter trawls 

OTT Otter twin trawls 

PTB Bottom pair trawls 

PTM Midwater pair trawls 

SDN Danish seines 

SSC Scottish seines 

TBB Beam trawls 
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Figure 3.3: Gear usage in landings of cod, haddock and whiting between 2012 and 2014 in VIa (STECF, 
2015a). 

3.3.2. The trawlers that operate in the fishery 

As mentioned earlier, the mixed demersal fishery in the West of Scotland is composed 

of UK and foreign vessels presenting two types of demersal trawlers: the whitefish 

trawlers targeting demersal fish and the Nephrops trawlers targeting Norway lobster 

and landing whitefish as bycatch. The difference between these trawlers is the mesh 

size of the net used. Following ICES conventions, the whitefish trawlers use a mesh size 

of more than 120 mm (ICES, 2014c). These trawlers are called TR1. The Nephrops 

trawlers use a mesh size between 70 and 99 mm and are called TR2. The trawlers can 

consequently change the fish species they target by switching their gears. 

Ninety nine percent of the landings from Nephrops trawlers come from the UK vessels 

so the TR2 vessels are mainly British (ICES, 2013b). However, whitefish are caught by 

UK and foreign vessels in the area (Figure 3.4). Most of the catch of cod, haddock and 

whiting is made by the UK vessels of which 98-99% are Scottish (ICES, 2015a). Irish 



Chapter 3 

 
 

 
49 

and French landings contribute to most of the catches by foreign vessels. Grey seal 

predation being only considered on the three demersal species, the UK trawlers are 

therefore the ones of interest for this study. In the UK trawler groups (TR1 and TR2) a 

distinction is possible by vessel length. These lengths are partitioned in ICES as follows: 

<10 m, 10-24 m, 24-40 m, ≥40 m.  

 

Figure 3.4: Sum of landings for cod, haddock and whiting in VIa by country for the period 2006-2013 (ICES, 
2015a). 

In the West of Scotland, the landings for the TR1 fleet is really low for small vessel (<10 

m) and most of the landings are made by the Nephrops trawlers (Table 3.3). For the 

TR2 fleet, Marine Scotland data (available at the DOI 10.15129/ba3baf8c-17f6-471a-

a84b-b15346642388) shows landings for the vessels larger than 24 m. However, 

economics data given by Seafish (available at the DOI 10.15129/ba3baf8c-17f6-471a-

a84b-b15346642388) do not record TR2 vessels in VIa larger than 24 m between 2007 

and 2012. There is consequently an inconsistency between biological and economic 

data in the area. Nevertheless, landings by large TR2 trawlers (>24 m) correspond to 

only 3% of the landings and most of these landings are Nephrops and not the demersal 

fish of interest for which grey seal predation is considered.  
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Table 3.3: Sum of UK landings in tonnes (all species including Nephrops) in VIa by demersal trawlers from 
2007 to 2011 per mesh size and vessel length (Marine Scotland). 

The costs recorded by Seafish of the UK vessels fishing in VIa are given in Figure 3.5. 

The vessels over 24 m are aggregated under the same fleet. All economic data is given 

in pounds and corrected for inflation using the GDP deflator with 2012 as the reference 

year. The variable costs correspond to costs associated with fishing that vary with 

fishing effort and landings: costs induced by the fuel, crew share and the other fishing 

costs (Anderson et al., 2013). Total vessel costs, depreciation, interest and other finance 

costs are mainly fixed costs.  

 

Figure 3.5: Variable (solid line) and fixed (dashed line) costs per vessel and per fleet recorded by Seafish. 

 <10 m 10-24 m 24-40 m ≥40 m 

TR1 56 11,127 30,166 4,776 

TR2 4,550 64,286 448 1,873 
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For all the fleets the fixed costs are smaller than the variable costs. The large whitefish 

trawlers (TR1>24) presents the largest costs. The Nephrops trawlers and the small 

vessels have the smallest costs per vessel.  

Data provided by Seafish also records the number of vessels in each fleet (Table 3.4). 

The largest fleet is the large Nephrops trawlers with more than 100 vessels. This fleet 

has expanded since the decrease in whitefish stocks due to whitefish trawlers 

switching to a Nephrops orientated fishery. The whitefish trawlers only represent 

between 14 and 22 vessels along the time series and are the smallest fleets. The 

number of foreign vessels is an approximation since the economic data is not recorded 

for these vessels in the UK. 

Table 3.4: Number of vessels per fleet in VIa (Seafish). The “Others” fleet represents the foreign trawlers. 
For this fleet vessel number in 2012 is not available. 

For the UK trawlers, fishing and non-fishing incomes (of which 50% corresponds to oil 

industry incomes (Anderson et al., 2013)) are also recorded. Comparing revenues and 

costs per vessel for the four UK fleets highlight the small net profits that currently exist 

in the fishery (Figure 3.6). The net profits are positive but sometimes the benefit is due 

to non-fishing incomes. Nevertheless, it is obvious that the UK fleets in VIa are close to 

the break-even point where revenues equal costs, notably when other sources of 

revenue are ignored. This corresponds to the bioeconomic equilibrium that is usually 

observed in open-access fisheries (Bjørndal and Conrad, 1987; Kronbak, 2005) despite 

the fact that the VIa fishery is currently closed to new entrants. 

Year <10 TR1_10-24 TR1>24 TR2_10_24 Others 

2007 38 5 9 174 19 

2008 36 10 10 174 19 

2009 31 9 11 152 17 

2010 24 11 11 133 24 

2011 28 9 9 124 15 

2012 29 6 9 132 NA 

Average 2007-2011 31 9 10 151 19 
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Figure 3.6: Revenues and total costs per vessel for the UK trawlers (Seafish). 

The large whitefish trawlers fleet presents the largest revenues and costs per vessel 

with values larger than 1 million pounds. The TR1 fleets are the ones presenting the 

largest non-fishing incomes which help providing positive net profits. 



Chapter 3 

 
 

 
53 

3.3.3. The species caught 

The mixed demersal fishery targets demersal fish such as cod, haddock, whiting (TR1 

fleets) and Nephrops (TR2). In the 1980s, these species represented most of the 

landings (UK and foreign vessels) in VIa (Figure 3.7). However, the decline of cod and 

whiting has been responsible for a change in main landed species where the European 

hake, saithe and haddock are the most abundant. Catches of Nephrops have stayed 

more or less constant if not increased over time in relation with the switch of gears 

from TR1 to TR2 to counter the decrease in demersal whitefish. 

 

Figure 3.7: International landings (thousand tonnes) by demersal trawlers (and creelers for Nephrops) in 
VIa (ICES, 2011; 2015a). 

Concerning the fishing catches by the British vessels, which are the vessels of interest, 

the recent distribution of the landings and revenues in VIa is given in Figure 3.8. 

Nephrops is the most important species landed in weight followed by haddock and 

saithe. The group “Others” represents species for which landings are not large enough 

to be recorded at individual levels or species of low commercial value. This is 
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confirmed by the distribution of the incomes which shows the small revenues obtained 

from these species. 

Nephrops is the species bringing the biggest incomes to the UK vessels (80%). This is 

explained by the large weight of Nephrops landed in VIa (Figure 3.8) but also the large 

value of the species (Figure 3.9). 

 

Figure 3.8: Distribution of 2012 landings and revenues by species for demersal UK trawlers in VIa (STECF, 
2013).  

Megrim and anglerfish are also fish of large current commercial value. Saithe is the fish 

with the lowest price per tonne. Haddock and whiting are not of high commercial value 

compared to the other species despite the decline in their landings in the West of 

Scotland. 
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Figure 3.9: Real price (i.e. price corrected for inflation) for the main species landed by trawlers in VIa 
(Marine Management Organisation, 2012). 

3.4. Grey seals in VIa 

The West of Scotland possesses a breeding zone for grey seal colonies in the Outer 

Hebrides. Pup counts in the area enables the estimation of the total grey seal 

population in VIa (Thomas, 2014). The estimation is done using a Bayesian state-space 

model. The population estimates are updated every year using the new year counts and 

investigating new priors. These are available in the Special Committee on Seals (SCOS) 

yearly reports (Thomas, 2012; 2013; 2014). These represent estimates from 1984 to 

2013. The estimates obtained since the beginning of this study (2012) are presented in 

Figure 3.10.  

The estimates from the three reports (2012, 2013 and 2014) change in scale but the 

trends in seal population are relatively similar. Since the 1980s grey seal population in 

VIa has increased but has stabilized in the recent years if not decreased. 
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Figure 3.10: Estimated seal number in VIa (Inner and Outer Hebrides) from three consecutive SCOS reports 
(Thomas, 2012; 2013; 2014). 

These estimates are uncertain since the pup counts are scaled up to account for the 

entire grey seal population using Bayesian estimation. It is therefore difficult to know 

with certainty the size of the grey seal population in VIa. The estimates present 

consequently large confidence intervals. Currently, the West of Scotland grey seal 

population represents 33% of the total UK grey seal population (Thomas, 2014). 

3.5. Comparison of grey seal distribution and 

fishing effort in VIa 

The Sea Mammal Research Unit provides at-sea and on-land usage maps of grey seal 

population around the UK (Jones et al., 2013). These maps are obtained by studying 

telemetry (2001-2012) and count data (1988-2012). They give an idea of seal 

distribution around the UK but do not account for seasonal variation in grey seal 

spread. They represent an average picture of grey seal distribution over the years 1988 
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and 2012 but may not be representative of recent dispersal and are limited by grey seal 

temporal movements. 

Maps of fishing effort for the VIa trawlers are also available from STECF (2015b). They 

represent an average picture of yearly fishing effort. Figure 3.11 compares at-sea usage 

map for grey seals with 2012 effort maps for whitefish (TR1) and Nephrops (TR2) 

trawlers in VIa. The grey seal usage map being an average distribution over 20 years 

and the fishing effort maps giving the 2012 distribution of trawling effort, the maps are 

not directly comparable. However, this can give a certain idea the possible competition 

between fishers and seals if we assumed that the grey seal usage map is representative 

of the current distribution of grey seals in VIa.  

 

Figure 3.11: Grey seal at-sea usage map over the 20 last years (number of seals per 5x5 km cell, left map) 
taken from Jones et al. (2013) and whitefish (TR1, top right map) and Nephrops (TR2, bottom right map) 
trawlers’ effort (trawled hours) in 2012 taken from STECF (2015b). 

The maps show an overlap between fishing effort and grey seal distribution for both 

trawler types. It is interesting to see that both distribution of seals and fishers stay on 

the continental shelf (cf. Figure 3.1). The TR2 trawlers will not be highly impacted by 
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grey seal predation since they target Nephrops but may be subject to depredation 

impacts. However, the Nephrops trawlers fish mainly in the Clyde area where seal 

density is low and this should reduce competition. If these maps are close the real 

distribution of trawlers and seals in VIa, it seems that the whitefish trawlers are the 

ones having the most chance to be impacted by grey seal predation and depredation. 

However, it has to be kept in mind that overlap does not mean seal foraging behaviour 

or competition. Also, usage areas are average pictures of the distribution while the 

entire ecosystem is dynamic: fish, seals and fishers move. Seals are notably large scale 

travellers that can do foraging trips of hundreds of kilometres (Cronin et al., 2013; 

Klimova et al., 2014) and follow seasonal fish migrations (Harvey et al., 2012; Hammill 

et al., 2014). Concluding on competition between grey seals and trawlers in VIa is 

consequently more complicated than comparing spatial distributions.  

3.6. Summary and link with the study 

The West of Scotland is an interesting management zone for its physical characteristics 

but also for its resource diversity. Different fisheries exist in the area but given the 

interest of this study in grey seal predation, the demersal fishery for cod, haddock and 

whiting is the one considered in this study and more importantly, the demersal 

trawlers which bring most of the catch in the area. These are the whitefish and 

Nephrops trawlers. 

There exist complex fisheries regulations in the West of Scotland. Some of them are 

difficult to consider within a bioeconomic model such as the quota restrictions. Indeed, 

fishers may change gears or change of fishing areas or stop fishing while the quotas are 

reached. These fishing behaviours may be difficult to implement mathematically. Also, 

the flexibility in season length in the area makes its consideration in bioeconomic 

modelling difficult. This is why bioeconomic models often are a simplification of the 

current state of the fisheries. 
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All data on fishing catches, abundance indices from research survey vessels and 

estimates of mortalities for the different fish species considered in this study are 

available in the ICES reports. The last VIa assessment for haddock comes from ICES 

(2013b) since the species is integrated to the North Sea assessment from 2014 

onwards.  

Spatial modelling is a difficult task which demands the availability of consistent spatial 

data and the choice of numerous assumptions. Therefore this study does not consider 

spatial distribution of fishing effort, fish and grey seal populations and assumes a 

homogenous distribution of fish, seals and fishers in the entire Division VIa. 

The next chapter presents the simulation model created to study grey seal predation 

impacts on the West of Scotland fishery. The chapter also presents its parameterisation 

using the Bayesian state-space stock assessment model and data from the literature. 

The chapter also checks the consistency of the outputs of the simulation model. 
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Chapter 4 

 

Presentation, parameterisation and 

validation of the simulation model 

It has been seen in Chapter 2 that among the species studied here, only cod, haddock, 

whiting, saithe, megrim and ling are present in the diet of the West of Scotland grey 

seals. Recent grey seal consumption on megrim is very small (25 tonnes in 2002) 

(Harris, 2007) so grey seal predation on this species is ignored. Saithe is assessed as a 

northern stock (ICES Divisions III, IV and VI) of which only 6% occurs in VIa (ICES, 

2013d). So it is assumed that seal predation in the West of Scotland will have an 

insignificant impact on the overall saithe stock. The limitation in empirical data for ling 

prevents the consideration of seal predation on this species. For these reasons, the 

study only considers grey seal predation on cod, haddock and whiting. 

This chapter describes the modelling used in the study. It comprises two main 

components: the parameter estimation necessary to estimate grey seal predation 

mortality on cod, haddock and whiting and the simulation study which uses these 

estimates and some from the literature to assess the bioeconomic impacts of grey seal 

predation projection the fish stocks to equilibria (Figure 4.1).  

The parameter estimation is done using the state-space model previously used for cod 

in Cook et al. (2015) and Cook and Trijoulet (2016). This model is a stock assessment 

model which differs from ICES model by explicitly considering grey seal predation as 

one component of the total mortality on fish. To prevent confusion between the 

different models used or mentioned in the study, the stock assessment model will be 

called the state-space model and the bioeconomic model the simulation model. In the 
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current study, the state-space model is developed for haddock and whiting so provides 

updated estimates for cod and new estimates for haddock and whiting. It will be seen in 

part 4.2.1.1 that this model estimates large grey seal mortality on cod but minor seal 

predation mortality on the two other species. 

 

Figure 4.1: Schematic diagram highlighting the two main studies and how they are linked to each other in 
this chapter. 

The main component of this study is the simulation study. This consists on the 

development of a simulation model which is a forecast model accounting for nine 

species and five fishing fleets. The model is age-structured for species age-structured 

data is available for. For the other species a Schaefer surplus production function is 

assumed. The simulation model explicitly considers grey seal predation but also the 

economic component of the fishery by estimating fleet revenues and costs. The stocks 

are projected forward using the estimates of the state-space model for the three species 

of interest but also biological and economic data from the literature. 
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The chapter is partitioned into three main parts. The part 4.1 presents the simulation 

model. A summary of this model is given in Appendix A and of all the symbols used in 

the study in Appendix B. The values of all the parameters used in the model are also 

available at the DOI 10.15129/ba3baf8c-17f6-471a-a84b-b15346642388. The 

parameterisation of the simulation model is discussed in part 4.2. This part therefore 

comprises the description of the state-space model and its outputs but also the 

parameterisation done with the data from the literature. Finally, investigating runs of 

the simulation model are done in part 4.3 to check the consistency of its outputs before 

the scenario results are analysed in Chapter 5. 

4.1. The simulation model 

In this study, to assess the bioeconomic impacts of grey seal predation on fisheries, a 

stock assessment model is considered where grey seals are one of the predators with 

fishers and where an economic component is added to evaluate seal impacts on 

fisheries revenues and profitability.  

In the literature most of the fisheries bioeconomic models are single species models 

and do not consider predatory interactions between fish stocks. Likewise, the current 

fish stock assessments are often done on a single species basis. This is currently the 

case in the West of Scotland for cod and whiting and it was the case for haddock until 

2013 (ICES, 2013b), while a multispecies stock assessment model is currently used in 

the North Sea including these three species of interest (ICES, 2015c). A single species 

model has the advantage of being simple and less data demanding than a multispecies 

model and is considered reliable for short-term predictions because the modelling 

assumptions are less critical in making forward projections. For instance, the 

differences in modelling assumptions about natural mortality tend to accumulate over 

time and they are going to be bigger over a long period of time. However, single species 

models are not realistic for mixed fisheries which land several species which all 

contribute to an important part of the fishing revenues. This is the case for the current 

case study fishery, the VIa mixed demersal fishery for whitefish. All landed species 
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contribute to fishing benefits so it is important to consider a mixed species model in 

this study. 

It may seem important to consider biological interactions, when they occur, to 

construct a fisheries bioeconomic model (Anderson and Seijo, 2011). Indeed, 

interdependency can impact the fish stock or the fishery profits (Flaaten, 1998; 

Boncoeur et al., 2002; Chakraborty and Kar, 2012). It can therefore be unrealistic to 

consider a mixed species fishery model with no interaction between fish species. In 

fisheries bioeconomics, studies often considered two interacting species models 

(Chaudhuri, 1986; Flaaten, 1991; Boncoeur et al., 2002; Kar and Chakraborty, 2010; 

Chakraborty and Kar, 2012; Pal et al., 2012) or a greater numbers of species (Flaaten, 

1998; Kar and Chaudhuri, 2004). Large scale multispecies models or even 

programming software able to include all these types of biological interactions have 

been developed. Some use Ecopath with Ecosim (Beattie et al., 2002; Harvey et al., 

2003; Christensen et al., 2005; Alexander et al., 2014), the FISHRENT model (Salz et al., 

2011) which includes management options, or others use multispecies models which 

may account for more than 50 stocks (Ulrich et al., 2002a; Speirs et al., 2010). The 

software TEMAS (technical management measures), for instance, is also able to account 

for fishers behaviour and management solutions in a framework permitting 

multispecies studies (Marchal, 2005; Vermard et al., 2005; Ulrich et al., 2007; Kronbak 

et al., 2009; Andersen et al., 2010). The software package FLR also enables complete 

multispecies analysis including risk analysis (Kell et al., 2007; Hoff and Frost, 2008). 

However, it would be demanding to include interdependency since the interactions 

need to be defined and modelled. Entire ecosystems cannot be completely and exactly 

described within a bioeconomic model. Adding complexity also makes models less 

stable and the results may often be more uncertain. Large numbers of parameters to 

estimate can also lead to greater imprecision and result in overfitting (Babyak, 2004; 

Hawkins, 2004). This can be the case when the model possesses too many parameters 

or equations that are actually needed to fit the model or describe the biological 

processes. In this case using the model for prediction would results in unreliable 

outputs. It is therefore necessary to check the statistical fit of the model and validate 

the results. 
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In this study, a mixed species model is considered to describe fish dynamics in the West 

of Scotland in accordance with the different fish species landed by the fishery (cf. 

Chapter 3). However, no interaction is considered between the fish species as there is 

little or no data available to parameterise such models. Nevertheless the simulation 

model accounts for the economic part each landed fish species represents in the total 

fishing revenues. Not considering the trophic interactions between the fish species 

means than the model gives information about the likely direction the results would 

take given the initial parameters but the model outputs are not predictive of a true 

biological equilibrium. 

4.1.1. The biological model 

The biological model considers nine fish species which have been chosen because they 

represent 95.4% of the revenues of the UK vessels fishing in VIa (STECF, 2013). The 

model calculates fish populations and catch by fishers for cod, haddock, whiting and 

saithe, the only species for which age-structured data was available. The model also 

estimates the landings for the other species of interest (anglerfish, megrims, hake and 

Nephrops) following a Schaefer surplus production function and a landing index for 

ling. Seal predation is only considered for cod, haddock and whiting because they are 

the species most represented in the grey seal diet of the species in the fishery. 

4.1.1.1. Dynamics of cod, haddock, whiting and saithe 

For cod, haddock, whiting and saithe, fishing and seal selectivity varies with fish size 

(or age). The 2013 ICES stock assessments provide age-structured empirical data for 

the four species (ICES, 2013b; d) which motivates the use of an age-structured 

biological model in this study.  

The model follows therefore conventional fish stock assessment models. The fish 

population is assumed to follow a cohort (Hilborn and Walters, 1992) where the 

number of fish 𝑁𝑎,𝑦,𝑗 at age 𝑎 and year 𝑦 for species 𝑗 is given by the following equation 

where 𝑍 is the total mortality at age:  
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 𝑁𝑎,𝑦,𝑗 = 𝑁𝑎−1,𝑦−1,𝑗𝑒−𝑍𝑎−1,𝑦−1,𝑗  
(4.1) 

In order to model the entry of new fish to the population it is necessary to describe how 

young fish are produced. It is commonly assumed in fisheries modelling that the 

number of new recruits produced each year (𝑁1) is a function of spawning stock 

biomass (SSB) which is calculated as follows: 

 𝑆𝑆𝐵𝑦,𝑗 = ∑(𝑁𝑎,𝑦,𝑗𝑚𝑎,𝑗𝑤𝑎,𝑗)

𝑎

 
(4.2) 

The spawning stock corresponds to the proportion of sexually mature fish (𝑚) present 

within the total population of fish (𝑁). Since it is expressed in biomass, this is 

multiplied by the stock weight at age (𝑤). The values of 𝑚 and 𝑤 are considered 

constant within the simulation model.  

Different stock-recruitment models exist to describe the relationship between 

recruitment and SSB and it seems that choosing the right model to use in population 

modelling is a difficult task, mostly because the chosen assumption can have significant 

consequences on the stock dynamics. 

Three different types of stock-recruitment relationships are often used in the literature: 

Ricker (1954), Beverton and Holt (1957) and the hockey-stick. One version of the latter 

is the smooth hockey-stick (Froese, 2008). These relationships are all used in VIa cod 

assessments to estimate management reference points (ICES, 2014c). The equations for 

these relationships are given in Table 4.1.  

The Ricker curve presents a maximal recruitment at 
𝛼

𝛽
𝑒−1 and a slope at the origin 𝛼. 

This curve presents an overcompensation effect where the number of recruits 

decreases at high level of SSB (Myers, 2001). The assumption behind this shape is that 

the population of new recruits is affected by mature fish (as through cannibalism) so 

the mortality on fish is driven by SSB (Quinn II and Deriso, 1999; El-Shaarawi and 

Piegorsch, 2001). 
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The Beverton-Holt curve presents a density-dependent asymptote when recruitment 

equals 
1

𝛼
 and a slope at the origin 

1

𝛽
. The assumption here is that the recruits compete 

also with immature fish for reasons such as food or space and therefore the mortality 

on fish is dependent on the total number of fish in the population (Quinn II and Deriso, 

1999; El-Shaarawi and Piegorsch, 2001). Bjørndal et al. (2004) suggest that this 

function can be used for long-lived species with variable year class strength. Also, 

Anderson and Seijo (2011) added that this function is applicable to fish stock where 

recruitment is limited by food availability or habitat or where a predator continually 

modifies its own attack rate to changes in prey abundance.  

Table 4.1: Equations for the three most commonly used stock-recruitment relationships. 𝛼, 𝛽 and 𝐾 are 
constants. 

The shape of the smooth hockey-stick curve is close to the Beverton-Holt function. The 

slope at the origin (𝛼) and the carrying capacity (𝐾) are direct parameters of the 

equation. According to some studies, by fitting a straight line through the origin for 

density-dependent recruitment and a second line parallel to the x-axis for density-

independent recruitment, the hockey-stick may provide more robust parameter 

estimates than Ricker or Beverton-Holt (Froese, 2008; Mesnil and Rochet, 2010). The 

continuous smooth hockey-stick presents the same advantages than the original 

piecewise relationship but is as easy to fit as Ricker and Beverton-Holt with only two 

parameters to estimate (Froese, 2008).  

According to Myers and Barrowman (1996), if the fish population is aggregated to the 

North Atlantic level, it seems that cod and haddock describe a stock-recruitment 

relationship following Beverton and Holt (1957) and whiting and saithe present some 

Stock-recruitment function Equation 

Ricker 𝑁1,𝑦,𝑗 = 𝛼𝑗𝑆𝑆𝐵𝑦−1,𝑗𝑒−𝛽𝑗𝑆𝑆𝐵𝑦−1,𝑗  (4.3) 
 

Beverton-Holt 
 

𝑁1,𝑦,𝑗 =
1

𝛼𝑗 +
1

𝛽𝑗𝑆𝑆𝐵𝑦−1,𝑗

 
(4.4) 

 

Smooth hockey-stick  
𝑁1,𝑦,𝑗 = 𝐾𝑗(1 − 𝑒

−
𝛼𝑗

𝐾𝑗
𝑆𝑆𝐵𝑦−1,𝑗

) (4.5) 
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evidence of overcompensation (Ricker, 1954) which could be explained by a high 

cannibalism at early life stages. However results taken on the West of Scotland level 

show different trends with cod and saithe showing some evidence of overcompensation 

(Myers and Barrowman, 1996). 

The choice between the three relationships is important, notably for population with 

high SSB. Indeed, according to the Beverton-Holt and smooth hockey-stick curves when 

SSB tends to infinity the recruitment is maximal. However taking the assumption of a 

Ricker stock-recruitment relationship will lead to a completely different result where 

the recruitment tends to 0 when SSB is very large. Consequently, the choice of stock-

recruitment relationship has to be considered with great care. Unfortunately, 

recruitment is inherently highly variable and data points are often not observed at high 

SSB values which makes the form of the stock-recruitment relationship difficult to 

identify. 

In the VIa ICES stock assessments, a Ricker curve is considered for cod and haddock 

and a hockey-stick curve is considered for whiting (ICES, 2013b) and saithe (ICES, 

2013d). As a result in this study, for consistency reasons, a Ricker relationship is 

assumed for all species (Equation (4.3)) and the sensitivity of the model to the other 

types of relationships is discussed in Chapter 6. 

Recruitment and SSB are subject to different type of errors which increase the 

difficulties to fit the stock-recruitment curves and makes the choice of a specific 

relationship more challenging (Hilborn and Walters, 1992; El-Shaarawi and Piegorsch, 

2001). Indeed, recruitment and SSB are limited by measurement errors following their 

estimation in stock assessments and this could bias the parameter estimates that give 

the shape of the stock-recruitment curve (Walters and Ludwig, 1981; Fulton et al., 

2011). Recruitment and SSB estimation is also subject to process errors due to the 

variability in environmental factors such as temperature, currents or weather which 

affect fish growth and larvae survival and in biological processes such as mortality and 

growth (Myers and Pepin, 1994; Myers, 2001). Therefore, the stock-recruitment curves 

represent average relationships and the observed stock-recruitment data do not lie 

exactly on the average curve due to the process errors. To account for this variability, 

log normal noise (휀) is added around the curve.  
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 𝑁1,𝑦,𝑗 = (𝛼𝑗𝑆𝑆𝐵𝑦−1,𝑗𝑒−𝛽𝑗𝑆𝑆𝐵𝑦−1,𝑗)𝑒 𝑗  
(4.6) 

Where: 휀𝑗~𝑁𝑜𝑟𝑚𝑎𝑙(0, 𝜎2) 
(4.7) 

The parameter 𝜎2 is the variance of the distribution. 

In order to account for seal predation and fishing, the total mortality on fish (𝑍) is given 

by sum of natural mortality (𝑀), fishing mortality (𝐹) and seal predation mortality (𝑃): 

 𝑍𝑎,𝑦,𝑗 = 𝑀𝑎,𝑦,𝑗 + 𝐹𝑎,𝑦,𝑗 + 𝑃𝑎,𝑦,𝑗 
(4.8) 

Natural mortality comprises all sources of mortality other than fishing and seal 

predation such as disease, aging and other predators. Natural mortality is difficult to 

quantify and different methods exist to estimate it. In this study the relationship due to 

Lorenzen (1996) is used for the four species to estimate natural mortality at age from 

mean weight at age where 𝛾 and 𝛿 are constants. 

This method has been chosen because it is widely used and enables simple estimation 

of mortality at age using fish weight at age recorded in ICES reports. In the ICES VIa 

haddock and saithe assessments, the natural mortality is considered as a known 

constant (0.2) and implicitly takes into consideration the mortality by seal predation 

(ICES, 2013b; d). The Lorenzen (1996) method is used for cod and whiting in VIa 

assessments (ICES, 2014c). The Lorenzen method is used for all species in this study 

since the conventional fixed value of 0.2 is not consistent with size related mortality.  

The main difference between the current model and conventional ICES assessments is 

that the seal predation mortality has been extracted and considered as an independent 

component of the total mortality that can be estimated using grey seal diet data. Seal 

predation is only considered explicitly for cod, haddock and whiting as they are the 

main demersal species that appear in the grey seal diet. The mortality due to seals is 

assumed to be the product of three components as follows: 

 𝑀𝑎,𝑦,𝑗 = 𝛾𝑗𝑤𝑎,𝑦,𝑗
−𝛿𝑗 

(4.9) 
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 𝑃𝑎,𝑦,𝑗 = 𝑠𝑒𝑙𝑎,𝑗𝑞𝑗𝐺𝑦 
(4.10) 

The term 𝐺 is the number of seals, 𝑠𝑒𝑙 represents seal selectivity for a fish species of a 

certain age (or size) class and 𝑞 is the seal predation rate. The latter describes the 

ability of seals to catch fish and, with 𝑠𝑒𝑙, is kept constant in the simulation model. 

Estimating seal selectivity can be a challenge. Grey seals present evidence of a size 

selectivity for the different fish species (Harris, 2007) that may be due to a size 

preference or to an ability to eat and process certain fish size. This selectivity may also 

reflect the sizes of fish present in the foraging areas. It is therefore fair to assume that 

similarly to fishing, grey seals select their prey according to their size. Consequently, 

the selectivity is modelled as a gamma curve assuming the selectivity changes with 

mean fish length at age (𝑙𝑎) (Millar and Fryer, 1999). 

 

𝑠𝑒𝑙𝑎,𝑗 = (
𝑙𝑎,𝑗

(휁𝑗 − 1) (
휂𝑗

휁𝑗 − 1
)

)

( 𝑗−1)

𝑒
( 𝑗−1)−

𝑙
𝑎,𝑗(𝜁𝑗−1)

𝑗  (4.11) 

The parameter 휁 is the shape parameter and 휂 is the mode of the distribution.  

Fisheries bioeconomic studies, often consider only single fleet models. The fishery is 

considered as a whole and no distinction is made between vessels within the fishery. 

This reduces the uncertainty around the fleet partition that is often present when 

considering multifleet models. 

Single fleet models may be suitable in certain cases. For instance, single fleet models 

can be satisfactory when the interest is in the variation in revenues or profit for one 

single fleet, in the change in stock size for a certain fishing mortality or when 

estimating the optimal level of fishing mortality or stock biomass to obtain a 

sustainable stock population. However, a fishery is rarely comprised of only one type of 

vessel and these models do not consider the impact of other fleets on the fish stocks. 

They represent therefore a high degree of simplification compared to the reality. 
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Multifleet models have the advantage of being closer to reality than single fleet models. 

They are increasingly used in fisheries bioeconomics because a fishery is often, if not 

always, a mixture of different vessel types using different gears and having different 

fishing selectivity. 

Multifleet models are not necessary if the interest is only given to the fish stocks since 

an overall fishing mortality is sufficient in this case. However, if the change in revenues 

and profitability at a fleet basis and the impact of change in fish stock on fleet revenues 

and costs rather than on the whole fishery are of interest, a multifleet model is 

necessary. The profit of a fishery depends on the interactions between fleets and the 

fleets may react differently to a change in stocks or fisheries management. When 

looking at fisheries management, it is important to consider the different fleets inside 

the fishery, notably in the case of imperfect competition with a competitive fringe. In 

this case, some fleets are “price makers” and the quantity they land determines the 

price of fish, and others are “price takers” and their landings do not impact fish prices 

(Ulrich et al., 2002a). Fleets will therefore be differently impacted by fisheries 

management and have different profitability (Hilborn, 1985). It is important to 

consider the difference in impacts to avoid reducing the overall fishery profitability and 

propose the best management strategies (Laukkanen, 2001; Beattie et al., 2002; Ulrich 

et al., 2002b; Lleonart et al., 2003; Simons et al., 2014). Multifleet models are also 

certainly important to study the interactions between fleets and fishing behaviour 

within a specific fishery (Ulrich et al., 2007; Hoff and Frost, 2008; Andersen et al., 2010; 

Nøstbakken et al., 2011; van Putten et al., 2012).  

In this study, the West of Scotland demersal fishery is marked by different trawlers 

targeting different species and using different nets which are responsible for different 

fish selectivity (cf. Chapter 3). The study is notably interested in the investigation of the 

impacts of grey seal predation on the different fleets. Biological (Marine Scotland) and 

economic (Seafish) data for most of the fleets are available. For these reasons, it has 

been chosen to consider a multifleet component for the simulation model. 

Therefore, the fishing mortality (𝐹) is assumed to be the product of two components, 

an age component which describes the selectivity of the fleet for a certain fish age class 

(𝑠) and a year component, fishing effort index (𝐸), which describes the annual change 
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in fishing mortality (Pope and Shepherd, 1982). If there are 𝑘 fleets, the fleet fishing 

mortality can be described as: 

 𝐹𝑎,𝑦,𝑗,𝑘 = 𝑠𝑎,𝑗,𝑘𝐸𝑦,𝑘 
(4.12) 

The total fishing mortality is therefore given by: 

 𝐹𝑎,𝑦,𝑗 = ∑ 𝐹𝑎,𝑦,𝑗,𝑘

𝑘

 
(4.13) 

Since the fishery is a mixed fishery, the effort index for a fleet is the same on all species 

caught by this fleet and this explains why there is no species subscript for 𝐸.  

The estimates of the fishing mortality enable the estimation of the number of fish 

caught at age each year (𝐶𝑎,𝑦,𝑗) following the commonly used Baranov equation 

(Baranov, 1945): 

 
𝐶𝑎,𝑦,𝑗 =

𝐹𝑎,𝑦,𝑗

𝑍𝑎,𝑦,𝑗
𝑁𝑎,𝑦,𝑗(1 − 𝑒−𝑍𝑎,𝑦,𝑗) 

(4.14) 

The catch per fleet is estimated following the proportion of each fleet in the total fishing 

mortality: 

 
𝐶𝑎,𝑦,𝑗,𝑘 =

𝐹𝑎,𝑦,𝑗,𝑘

𝐹𝑎,𝑦,𝑗
𝐶𝑎,𝑦,𝑗 

(4.15) 

Landings (𝐿) are also estimated each year using the proportion of the catch at age 

landed (𝜆) by each fleet. 

 𝐿𝑎,𝑦,𝑗,𝑘 = 𝜆𝑎,𝑗,𝑘𝐶𝑎,𝑦,𝑗,𝑘 
(4.16) 

Discards are then calculating using the difference between catches and landings 

(Stratoudakis et al., 1999; Millar and Fryer, 2005; Fernandes et al., 2011). These values 

can be converted into weight by multiplying by the average fish weight at age in 

landings and discards. 
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4.1.1.2. Dynamics of the other species 

As noted earlier, only cod, haddock, whiting and saithe dynamics are considered in the 

age-structured part of the model for data availability reasons. However, five other 

species have been considered since they make an important contribution to the fishing 

revenues: anglerfish, megrims, hake, Nephrops and ling.  

The Schaefer surplus production function (Schaefer, 1954; Quinn II and Deriso, 1999) is 

one way to estimate fish population dynamics when few empirical data are available 

(Yoshimoto and Clarke, 1993; Thorson et al., 2013). It assumes a fish logistic growth 

but the fish stocks are subject to catches. The model is not age-structured. It means that 

all fish inside a population have the same growth and natural mortality rate. Here the 

fish biomass (𝐵) is projected annually as follows (Fletcher, 1978): 

 
𝐵𝑦+1,𝑗 = 𝐵𝑦,𝑗 +

4𝑚𝑠𝑦𝑗

𝐾𝑗
𝐵𝑦 (1 −

𝐵𝑦,𝑗

𝐾𝑗
) − 𝐿𝑦,𝑗 

(4.17) 

The second term represents natural growth and death due to natural mortality and 

density dependence as a function of maximum sustainable yield (𝑚𝑠𝑦) and carrying 

capacity (𝐾). The final term expresses the deaths due to fishing assuming zero (or 

negligible) discards. This assumption is broadly consistent since these stocks present 

small proportions of fish discarded (Heath and Cook, 2015). The landings can be 

approximated given an estimate of fishing mortality as follows: 

 𝐿𝑦,𝑗 = (1 − 𝑒−𝐹𝑦,𝑗)𝐵𝑦,𝑗 
(4.18) 

This equation corresponds to the Baranov catch Equation (4.14) for biomass assuming 

𝐹 = 𝑍. This is biased since the natural mortality 𝑀 is considered small enough to be 

ignored for these species but it gives a good approximation of the total mortality for 

small value of 𝑀 and 𝐹. All species present relatively small values of 𝑀 and 𝐹 so this 

assumption is valid. For instance Nephrops have a natural mortality between 0.2 and 

0.3 (ICES, 2016b) so the landings approximation is good even for large values of 𝐹. The 

landings are thereafter partitioned into fleets.  
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For ling, only landing data is available and the landings were almost constant in the 

past 10 years (ICES, 2013c). Consequently, for this species a Schaefer model is not 

considered and the landings are directly estimated using an index of landings. When a 

simulation starts, this index equals the current observed landings per fleet. The 

landings for ling vary thereafter linearly with the fleet effort index. 

4.1.2. The economic model 

The economic part of the simulation model estimates fishing revenues and costs. 

Fishing revenues are obtained by multiplying price with landings and the fleet costs are 

estimated following a cost function. 

There are two principal ways of modelling fish price in bioeconomic models. Either the 

fish price is exogenous and therefore considered constant, it is the most common 

assumption used in fisheries bioeconomics, or the price is endogenous and varies with 

supply (landings) and consumer’s demand (Barten and Bettendorf, 1989; Delgado et al., 

2003).  

When the price is exogenous, the fishers face perfect competition and the implicit 

assumption is “price taking”. It means the price is independent of the other variables in 

the model and its value is usually given by the market price. If the fishery is a small 

scale fishery, it is unlikely that the landings are responsible for a change in the market 

price. Similarly, if the fishery is a large scale fishery but the fish price depends on the 

international demand or supply, the price should be considered as exogenous despite 

the size of the fishery. 

When the price is endogenous, the fishers are “price makers” and the price is a function 

of the supply and demand on fish (Ulrich et al., 2002a). This case is rarely considered in 

the literature often because it may be difficult to find a clear relationship between price 

and supply or demand (Herrmann, 1996). 

In this study, it will be seen in a latter chapter, the simulation model is examined at the 

equilibrium so supply equals demand (Barten and Bettendorf, 1989; Herrmann, 1996; 
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Delgado et al., 2003). It makes sense then to express the price as a function of landings. 

However, the whitefish price in VIa is dictated by larger producers such as Norway and 

Iceland and Norwegian imports notably make the price of cod in the European market 

(Scottish Fishermen’s Organisation, 2013). Regarding Nephrops, its real price (i.e. 

corrected for inflation) in the past 30 years is relatively constant (Figure 3.9) in relation 

with the relatively constant landings in VIa (Figure 3.7). Keeping its price constant may 

be a good representation of the current situation in the West of Scotland. Consequently, 

the input price in the simulation model is assumed to be exogenous, so constant.  

The annual revenues for each fleet (𝑅𝑦,𝑘) are simply estimated by taking the sum over 

all species of the average price of a fish species per tonne (𝑝) multiplied by the fleet 

landings as below: 

 𝑅𝑦,𝑘 = ∑(𝑝𝑗

𝑗

𝐿𝑦,𝑗,𝑘) 
(4.19) 

Since this study considers equilibrium states, the revenues do not need to be 

discounted. Indeed the number of years to get to the equilibrium is not directly 

representative of the actual years needed for the current stock to reach the equilibrium. 

This reduces the problem of having exact current stock values needed for short-term 

projections. 

Each fleet is assumed to incur two types of costs: variable and fixed costs. The variable 

costs per vessel (𝑐𝑣) are the fishing costs. In this study, these are proportional to the 

fishing effort index assuming the proportional constant 𝜌 such as: 

 𝑐𝑣𝑘 = 𝜌𝑘𝐸𝑘 
(4.20) 

This presents limitation since the costs induced by the crew shares depends on the 

volume of catch landed. However, the lack of long data series on fleet costs do not 

permit the consideration of a robust second variable costs function varying with 

landings. Therefore, the crew shares are assumed to vary only with effort in this model 

and are comprised in variable costs with other fishing costs such as fuel costs. 

Assuming Equation (4.20) means that the marginal cost of effort is assumed constant. 



Chapter 4 

 
 

 
75 

In other words, the cost produced by one unit of effort is constant no matter the 

quantity landed and the amount of fish in the sea.  

The total fishing costs (𝑐𝑡) are estimated within the simulation model using the 

Equation (4.21), where 𝑐𝑓 are the fixed costs per vessel and 𝑣 is the number of vessels. 

 𝑐𝑡𝑘 = 𝑣(𝑐𝑣𝑘 + 𝑐𝑓𝑘) 
(4.21) 

The fixed costs and the number of vessels are constant. Any change to the fleet fishing 

mortality is done through modifying activity. 

4.2. Parameterisation 

This part estimates and presents the parameters used in the simulation model. This 

comprises the Bayesian estimation of the biological parameters for cod, haddock and 

whiting using the state-space model (Cook et al., 2015; Cook and Trijoulet, 2016) but 

also the estimation of the other parameters necessary to the simulation model using 

data from the literature (Figure 4.2). The data used to parameterise the state-space and 

simulation models is given in Appendix C. 

First the estimation of the fish stock parameters is described in part 4.2.1. The state-

space model is used to estimate the parameters for cod, haddock and whiting via a 

Bayesian analysis (part 4.2.1.1). This model explicitly estimates grey seal predation and 

its outputs are the ones which mainly inform the simulation model for the three 

species. The parameters of the Schaefer production function and landing index are 

estimated using data from the literature for the other species and the estimation is 

explained in part 4.2.1.2.  

Finally, part 4.2.2 presents all the final inputs used in the simulation model. Some come 

from the estimation studies in part 4.2.1 and others are directly taken from the 

literature.  
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Figure 4.2: Schematic diagram of the parameterisation of the simulation model. 

4.2.1. Estimation of the fish stock parameters 

This corresponds to the estimation of the data necessary to parameterise the biological 

part of the simulation model. The age-structured parameters are estimated through a 

Bayesian analysis for cod, haddock and whiting. This enables the estimation of grey seal 

predation mortality for the first time in VIa on haddock and whiting and to provide 

updated estimates for cod. Data from the literature is used to estimate the parameters 

for the other species. 
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4.2.1.1. Estimation for cod, haddock and whiting 

4.2.1.1.1. The state-space model 

The state-space model used comes from Cook et al. (2015). It consists of an age-

structured fish stock assessment model, similar to the biological part of the simulation 

model, which includes fish removals by seals as well as fishers. It notably enables the 

explicit estimation of grey seal predation in contrast to the conventional ICES 

assessments that assume grey seal predation is subsumed into the estimates of natural 

mortality. A full description of the model is available in Appendix D. 

The model differs from the simulation model for several reasons. First, no stock-

recruitment relationship is explicitly estimated. Recruitment and SSB are derived from 

the fish number estimates. Also, the Lorenzen estimates are directly estimated within 

the model and natural mortality varies with time following the change in fish weights. 

Fishing and grey seal predation mortalities are modelled as a time series with Normally 

distributed random effects.  

Except for this, the state-space model shares similar assumptions to the simulation 

model where the fish stock is modelled as a series of cohorts subject to the sum of 

natural, fishing and grey seal predation mortalities.  

The state-space model for cod has been extended from the version available in Cook et 

al. (2015) who run the model to 2005. The current model is run to 2012. However 

there is an change in the pattern of cod discards data since 2006 which is due to the 

implementation of the Registration of Fish Sellers and Buyers in the UK in 2005 which 

specifies that fish can be sold or bought only by registered sellers and buyers. This 

means that before 2006, fish were often sold illegally rather than discarded when tight 

quota restrictions existed. As a result most fish discarded were due to size restrictions 

rather than quota limits. Since 2006, with tighter regulation, very low catch quotas on 

cod induced high numbers of larger fish to be discarded (ICES, 2013b) as it was difficult 

to sell them illegally. To accommodate this change in fish retention after 2006 only total 

catch of cod is considered in the model from 2006 onwards so no partition is made 
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between landings and discards after this year. This circumvents the model assumption 

prior to 2006 of a fixed discard ogive dependent on size. 

4.2.1.1.2. Empirical data used for the state-space model 

The state-space model uses biological data on fish stocks, fishing mortality and grey 

seals (Table C.1). All fish and fishing data are taken from ICES (2013b). This consists on 

fish biological data: proportion of mature fish at age, fish weight at age (the weight at 

age in the total catch is used here) but also on fishing data (discards and landings at age 

in numbers).  

Every year, bottom trawl survey vessels sample the VIa zone as part of the North-

eastern Atlantic International Bottom Trawl Survey (IBTS) (ICES, 2016a). These 

surveys have the goal to provide indices of abundance for the demersal stocks present 

at different quarter of the year. Four different research vessel surveys provide 

abundance indices in the West of Scotland for the three species of interest over the time 

series 1985-2012 (Table 4.2). The abundance indices were used in this study as input 

parameters for the state-space model. 

Table 4.2: North-eastern Atlantic IBTS surveys used to parameterise the state-space model (ICES, 2013b). 

In 1999, the Scottish survey vessel has been replaced as well as the length of the tow 

being reduced from 60 to 30 minutes (ICES, 2013b). Preliminary simulations have 

shown this change is responsible for a variation in vessel’s catchability. Since vessel’s 

catchability is constant within the model, this could cause a problem for the estimation. 

To counter this problem the Scottish quarter 1 survey (ScoGFSWIBTS-Q1) has been 

split into two different surveys (1985-1999 and 2000-2010). This has not been applied 

Survey Survey code Running years 

Quarter 1 Scottish West coast groundfish survey  ScoGFSWIBTS-Q1 1985-2010 

Quarter 4 Scottish West coast groundfish survey  ScoGFSWIBTS-Q4 1996-2009 

Quarter 4 Irish West coast groundfish survey IRGFSWIBTS-Q4 2003-2012 

Irish groundfish survey IreGFS 1993-2002 
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for the ScoGFSWIBTS-Q4 survey since it would result in a survey of only four years 

from 1996 to 1999. When the abundance index was 0, it was treated as missing value to 

avoid calculation error when taking logs. This only accounts for a small number of 

observations. 

Fish length at age is also used as input into the state-space model to estimate seal 

selectivity. The lengths are estimated, similarly to Cook et al. (2015) and Cook and 

Trijoulet (2016), using the inverse weight to length relationship given in Coull et al. 

(1989). The gutted weight at age (𝐺𝑊𝑎,𝑦,𝑗) is estimated each year using the total weight 

at age 𝑤𝑎,𝑦,𝑗 from ICES (2013b) as follows:  

 𝐺𝑊𝑎,𝑦,𝑗 =
𝑤𝑎,𝑦,𝑗

𝑅𝐹𝑗
 

(4.22) 

The term 𝑅𝐹𝑗 corresponds to a raising factor responsible for the conversion from total 

weight to gutted weight and is given for each species in Coull et al. (1989). The gutted 

weight obtained, it is possible to estimate the length at age of the fish following the 

equation (4.23) below: 

 

𝑙𝑎,𝑦,𝑗 = (
𝐺𝑊𝑎,𝑦,𝑗

휃1,𝑗
)

1

2,𝑗

 (4.23) 

The parameters 휃1 and 휃2 are taken from Coull et al. (1989) for the three species. In 

Coull et al. (1989), it is the length of fish which gives the gutted weight. In this study, a 

back transformation is done and this is biased and may not give the exact length of the 

fish. However, this estimation gives size indices which are assumed satisfactory to 

estimate seal selectivity as a function of fish length. 

Seal diet data in terms of numbers at length and average per capita consumption rates 

(in kg per seal per year) are taken from Harris (2007). Length-structured data has been 

kindly converted into age-structured data to be directly used within the model by the 

Marine Laboratory (Marine Scotland) using a combined age-length key obtained from 

the Scottish quarter 1 and 4 research surveys.  
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Seal numbers over time comes from Thomas (2012). Grey seal population varies from 

26,100 individuals in 1985 to 32,000 in 2011. The per capita consumption rates are 

multiplied by the numbers of seals in 1985 and 2002 to obtain the total annual 

consumption (in tonnes) scaled to the seal population used in the model. The seal 

number estimates from 2012 were used since using more recent estimates (Thomas, 

2013; 2014) does not impact the parameters estimated by the state-space model. 

Indeed, the different estimates having similar trends (Figure 3.10) investigating runs 

updating the estimates to more recent ones gave similar outputs and validated the use 

of the 2012 estimates. 

4.2.1.1.3. The choice of priors 

In Bayesian analyses, it is necessary to define prior distributions on all the estimated 

parameters which correspond to the belief we have on the value the parameters can 

take.  

The priors are mainly taken from Cook et al. (2015). Non-informative priors are used 

on precision parameters for the abundance indices and the catch and seal consumption 

estimates. Some of the priors have been modified to be also applicable to the three 

species of interest. The initial population size and minimum landing size are different 

for the three species. The priors on seal selectivity have been modified to be less 

informative. Trial runs showed that the original priors had undue influence on the 

estimates and tended to force similar selectivity across species. An updated table of 

prior distributions is given in Appendix E. 

Most of the priors are non-informative notably for process and measurements errors 

and the priors on seal parameters were informed by real data. Also, the robustness of 

the state-space model to the choice of priors has been already demonstrated by Cook et 

al. (2015). For this study a lot of different model configurations were run and 

confirmed the insensitivity of the model to the priors used. The seal estimates can 

therefore be seen as reliable, at least for the two years where seal diet data is available. 
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4.2.1.1.4. Model fitting 

The simulation model aims to be a good approximation of the current state of the West 

of Scotland demersal fisheries, particularly for cod, haddock and whiting, the three 

species of interest for which grey seal predation is considered. There exist currently 

two years of data (1985, 2002) on grey seal diet which have been published by the 

SMRU (University of St Andrews). This limited data makes it challenging to estimate the 

value of mortality due to seals on fish stocks for a specific fish or seal population over 

the time series (1985-2012). A Bayesian approach is one way to estimate parameters 

when only limited empirical data is available. This approach uses prior belief about the 

parameters of interest to constrain parameter estimates. It facilitates the inclusion of 

random effects into the models compared to other fitting techniques such as maximum 

likelihood estimation. This approach has been employed to estimate biological 

parameters that have been used as inputs into the simulation model such as fishing 

mortality, stock numbers and seal predation parameters.  

Similarly to Cook et al. (2015), three different scenarios were tested for the state-space 

model:  

1. Seal predation is considered as subsumed within the natural mortality 𝑀 and is 

not explicitly estimated in the model (i.e. 𝑍 = 𝐹 + 𝑀). This most closely 

resembles the standard VIa ICES assessments and was used to compare 

estimated stock trends and fishing mortality with the current ICES stock 

assessments.  

2. Seal predation rate is allowed to vary annually according to a simple time series 

model following a random walk with a multiplicative random effect 

휀~𝑁𝑜𝑟𝑚𝑎𝑙(0, 𝜎2) as in Equation (4.24). This parameter determines the 

efficiency of seals to find and consume fish. Therefore it incorporates rate of 

search (or attack rate) and handling time from the Holling functional response 

equations (Holling, 1959) and is expected to vary over time. 

 𝑞𝑦+1 = 𝑞𝑦𝑒 𝑦 
(4.24) 
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3. The seal predation rate (𝑞) is fixed over time (i.e. the process error standard 

deviation (𝜎) equals 0 in the Equation (4.24)). Given the paucity of seal diet 

data, estimating annual values of 𝑞 may over-fit the data. 

The fact that the haddock per capita rate increases a lot between the 1985 and 2002 

(Harris, 2007) while the haddock population has not changed much (ICES, 2013b) or 

the fact that cod SSB has significantly declined between 1985 and 2002 (ICES, 2013b) 

while the per capita rates are of the same order of magnitude (Harris, 2007) seems to 

give evidence for variable seal predation rate (Cook and Trijoulet, 2016). Comparing 

these two models should help investigating this uncertainty.  

In Cook et al. (2015), the state-space model is run from 1985 to 2005. In this study, the 

model is run from 1985 to 2012 because some investigating runs with the new 

unpublished seal diet data (2010-2011) made available by the SMRU shown that the 

model gives estimates very close to the ones with the new seal diet data even if the only 

seal diet data considered are 1985 and 2002. Consequently the model appears robust 

in the recent years even when seal diet data is not present.  

The simulations were run in the WinBUGS 1.4.3 (2007) software (Lunn et al., 2000) 

directly from the software R using the R2WinBUGS package (Sturtz et al., 2005). A three 

chains simulation was preliminary run for 10,000 iterations for each species. The 

chains converged after 5,000 to 8,000 iterations so the analysis was run with one chain, 

40,000 iterations and a burn-in period of 10,000 iterations for all species. It has to be 

noted that the convergence is slow for the seal parameters in the years for which no 

observations are available. This is expected since only two years of empirical data are 

available for seal diet data. However the convergence was quick for these two years 

and, as these are the years used to derive inputs to the simulation model, this 

supported the choice of number of iterations.  

Standard statistics were run after each simulation to record mean, median, and 95% 

credible interval for all variables recorded. These outputs were compared to empirical 

data to determine the goodness of the fit. The Deviance Information Criterion (DIC) was 

also recorded to determine to best fit between the variable and fixed predation rate 

models, the two simulations using the same empirical data.  
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4.2.1.1.5. Model fit to empirical data 

The outputs were compared to observed and estimated data on fish stocks and catches 

from ICES (2013b) and to grey seal diet data from Harris (2007). The respectable fit 

between the estimated and the observed variables confirmed the consistency of the 

data and validated their use as inputs in the biological part of the simulation model.  

The simulations when seal predation is subsumed within natural mortality most closely 

resemble the method currently used in VIa stock assessments. The obtained results 

should therefore be close to what is predicted in ICES reports.  

Figure 4.3 compares the values for SSB, recruitment and average fishing mortality 

estimated by the state-space model with the values reported in ICES (2013b) for the 

three species. For whiting the results presented here come from simulations where 

some of the survey data (2001-2005) have been omitted due to an inconsistency which 

will be discussed in part 4.2.1.1.6. For cod the estimates are really close to those 

estimated in routine ICES assessments. For haddock and whiting, the stock-recruitment 

estimates of the model are slightly larger than the ones estimated by ICES (2013b) but 

follow the same trends. This can be explained by the estimates of natural mortality. For 

cod, the estimates are similar to what is used in ICES but for haddock and whiting, the 

assessments estimate a larger natural mortality than the one in ICES and this is 

responsible for larger values of SSB and recruitment.  

Overall, the state-space model estimates smaller values of fishing mortality than ICES 

but the trends are similar except for cod in the last ten years. This is also due to the 

difference in estimated natural mortality between the state-space model and ICES 

assessments. The state-space model gives similar stock trends than ICES assessments 

so forms the basis of further analysis where seal predation is explicitly accounted for.  

Bayesian statistics have the advantage of being able to use priors on the parameters to 

aid estimation. In common stock assessments, the natural mortality already implicitly 

incorporates grey seal predation. In this model, grey seal predation is extracted from 

the natural mortality and the use of priors enables the model to shift the Lorenzen’s 

estimates of natural mortality (Lorenzen, 1996) to give a part of the mortality to grey 
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seal predation. This and the priors on the other parameters should improve the fit of 

the seal predation simulations. 

 

Figure 4.3: Comparison of model estimated values when seal predation is subsumed within natural 
mortality with values reported by ICES (2013b) for SSB, recruitment and average fishing mortality over the 
age ranges used in ICES (2013b). The black line is the median and the grey area is the 95% credible 
interval. The estimates for whiting come from simulations where survey data from 2001 to 2005 were 
omitted. 

The fit to empirical and ICES data for both state-space models considering seal 

predation and the three species is given in Appendix F. Both assessments give similar 

fits. For the three species, the fit for the estimated log landings is very good (Figures 
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E.1-E.2, E.23-E.24, E.43-E.44) but the discards are less well fitted (Figures E.3-E.4, E.25-

E.26, E.45-E.46). The catches from 2006 to 2012 are well fitted for cod (Figures E.5-

E.6). The survey abundance indices for the three species are reasonably fitted but some 

points lie outside the credible intervals (Figures E.7-E.16, E.27-E.36, E.47-E.56). 

Similarly to what was visible for the model that does not explicitly consider seal 

predation, the trends in recruitment and SSB are respected for the three fish species 

(Figures E.17-E.20, E.37-E.40, E.57-E.60) but the estimated values are slightly larger 

than what is estimated by ICES due to larger estimated non-fishing mortality (𝑀 + 𝑃). 

The observed proportion of fish caught by seals in a specific age class is well fitted for 

the two years of data and for both state-space models although for haddock some 

points of the data lie outside the 95% credible intervals (Figures E.21-E.22, E.41-E.42, 

E.61-E.62).  

Overall, the model fits the data well and seems to give reliable outputs when 

considering seal predation as part of the total mortality on fish stocks. It provides an 

adequate basis to use these outputs as input parameters for the simulation model. 

However, a choice has to be made as regards to the use of the fixed or variable 

predation rate simulation outputs.  

4.2.1.1.6. Outputs of the state-space model 

This part compares the model outputs for the fixed and variable predation rate 

simulations. The latter simulation assumes grey seal predation rate can change 

annually, while the other sets the rate as a constant.  

Figure 4.4 gives the estimates of grey seal predation mortality for the three species of 

interest and both state-space models. The mortality is averaged over ages 2-5 for cod, 

2-6 for haddock and 2-4 for whiting. These age intervals are used in ICES (2013b) and 

enable a direct comparison with the average fishing mortality in the report.  
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Figure 4.4: Comparison of average grey seal predation estimates along the time series for the three species 
in the case of fixed and variable seal predation rate. The averages are taken over ages 2-5 for cod, 2-6 for 
haddock and 2-4 for whiting following ICES (2013b). 

The plots highlight the fact that the estimated grey seal predation is greater from 1995 

when a variable seal predation rate is considered. In the case of a fixed seal predation 

rate, the mortality due to seals on the three species is almost constant over the 28 years 

of simulation. This is explained by only small changes in seal population and fish weight 

at age (which influences seal selectivity). When the rate is allowed to vary, the 

variations are important. For cod, the predation rate seems to increase and stays 

practically constant and high in the last 10 years. For haddock and whiting, the seal 
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predation rate is more or less constant in the first 10 years, then increases and 

decreases in the last years of the time series. A substantial increase in grey seal 

predation rate is observed for whiting in the variable predation rate simulation for the 

years 2004 and 2005, with a seal predation of 1.5. This increase seems improbable and 

is investigated later on in this chapter. 

No grey seal predation estimates currently exist so it is difficult to set one of the 

mortality estimates as more realistic than the others. To help choosing the best values, 

the fit of the different state-space simulations were compared. 

Figure 4.5 shows the difference in seal consumption fit for the two seal predation 

simulations. Since only two years of data exist on seal consumption it is difficult to 

predict how the consumption varies between these years.  

Not surprisingly, it is clear that for cod and haddock, the variable predation rate 

simulations seem to give a better fit than the fixed rate simulations because there is 

more flexibility for this model. It is particularly evident for the haddock estimates in 

2002. The lack in fit for the haddock fixed rate simulation is due to the fact that the 

predation rate is constant over time and this reduces the range of values the estimated 

consumption can take. However, for the variable rate simulations, the consumption 

varies a lot over time and, because of the lack of empirical data on grey seal predation 

diet, it is difficult to know about the reliability of these estimated changes. 

The spike previously observed in grey seal predation for whiting appears in the seal 

consumption when the seal predation rate is variable where the model estimates a 

consumption of more than 45,000 t in 2004. With an observed whiting consumption of 

1,647 t in 2002, it seems implausible to have a figure so high for this year. 

Differences in fit exist also for the estimated fishing mortality (Figure 4.6). Overall, the 

fishing mortality is lower than the one estimated in ICES (2013b) partly because seal 

predation is considered but also because, as mentioned earlier, contrary to the common 

stock assessments, Lorenzen’s estimates are estimated within the state-space model 

and the non-fishing mortality (𝑀 + 𝑃) is larger than the natural mortality estimated by 

ICES. In ICES assessments, the natural mortality on haddock is constant for all ages and 
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is set to 0.2 (ICES, 2013b). This means the partition of the total fish mortality into 

fishing and natural mortality may differ with the partition obtained with the state-

space model. The estimates of non-fishing mortality for haddock in this study are 

substantially larger than the ones observed in ICES (2013b). 

 

Figure 4.5: Estimated fish weight consumed (in tonnes) by grey seals along the time series for the fixed 
(left-hand panel) and variable (right-hand panel) seal predation rate simulations. The black line is the 
median consumption and the grey area is the 95% credible intervals. 

The model predicts a fishing mortality which declines in the last 10 years for haddock 

and whiting. Fishing mortality on cod decreases from 2000 but increases from 2005 
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while ICES (2013b) predicts a fishing mortality fairly constant and high. This can be 

explained by the fact that in ICES assessment more of the total mortality is attributed to 

fishing because the non-fishing mortality is smaller. The Lorenzen estimates from the 

state-space model and the consideration of seal predation induce larger estimates of 

non-fishing mortality. This will be discussed in more detail in part 4.2.2.1.3. 

 

Figure 4.6: Comparison of estimated mean fishing mortality with the fishing mortality in ICES (2013b) for 
the fixed (left-hand panel) and variable (right-hand panel) simulations. The averages are taken over ages 
2-5 for cod, 2-6 for haddock and 2-4 for whiting. The black line is the median fishing mortality and the grey 
area is the 95% credible intervals. 
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The main difference in fit between the two state-space models is for whiting. Indeed in 

the fixed seal predation rate simulation, the fishing mortality shows the spike for the 

years 2004 and 2005 which is not present in ICES estimates. Also, this spike is allocated 

to misreported catch (Figure 4.7 top left panel). The spike does not appear for the 

variable predation rate simulation but it appears in the mortality due to seal for the 

same years (Figure 4.7 bottom left panel). A similar spike is observed in average fishing 

mortality for some runs in ICES (2013b; 2014c) but these runs are not kept as final 

outputs in the reports. As the ICES assessment uses a different model but also shows 

this effect, it suggests the anomaly is related to the input data rather than the modelling 

assumptions alone. This means there is something in the empirical data which induces 

a high total mortality on whiting for these two years and this explains the high seal 

predation mortality and consumption previously observed. Because the empirical data 

does not show high levels of landings for these years, when the predation rate is fixed, 

the state-space model allocates the mortality to misreported catch and when it is 

variable, the model allocates the increase in mortality to an increase in grey seal 

predation.  

Extensive work on different test simulations for whiting seems to show that large 

mortality in the survey data from 2001 to 2005 may be responsible for this spike. 

Indeed, the same simulation when treating the survey data as missing values from 2001 

to 2005 gives results for which the spike is absent or considerably reduced (Figure 4.7 

right-hand panels). Other investigating runs considering certain surveys only showed 

that the two Scottish surveys (ScoGFSWIBTS-Q1, ScoGFSWIBTS-Q4) and the Irish 

quarter 4 survey (IRGFSWIBTS-Q4) are responsible for this spike, with the quarter 4 

surveys having the largest impact. 
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Figure 4.7: Whiting mean estimated total mortality partitioned into reported and misreported fishing 
mortality, natural mortality and grey seal predation mortality for the initial run and when survey data is 
treated as missing values from 2001 to 2005. The averages are taken for ages 2 to 4. 

Runs without the catch data for these years still present a spike while it does not 

appear when ignoring surveys and catch data. This means that the surveys only are 

responsible for this spike. Clearly the spike is unrealistic because leading to seal 

catches or misreported fishing mortality with inconsistent high values. It is evident that 

the simulations for which the survey data is removed between 2001 and 2005 are more 

likely to provide the appropriate state-space outputs for whiting. 
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Concerning the rest of the variables, the visual fit for both seal predation simulations is 

similar with sometimes the fit being slightly better for the fixed rate simulations and 

other times the fit being better for the variable rate simulations (Appendix F). It is 

therefore difficult to choose the outputs to use looking at the visual fit. However, the 

DIC estimates for the variable predation rate simulations for the three species are 

slightly lower than the fixed rate simulation DIC estimates (Table 4.3). The DIC values 

and the better seal consumption fit (Figure 4.5) demonstrate that the overall fit is 

better for the variable rate simulations. 

Table 4.3: DIC estimates for the different seal predation simulations. A lower DIC illustrates a better fit 
(Spiegelhalter et al., 2002). For whiting the DICs correspond to the simulations when the survey data 2001-
2005 is removed. 

However, when the fits are compared between the fixed and variable predation rate 

simulations for whiting when the survey data 2001-2005 are omitted, the most realistic 

fit is given by the fixed 𝑞 simulation (Figure 4.8). Indeed, even if the spike in 2004-2005 

is reduced in the variable 𝑞 simulation, a large seal consumption is estimated in 1998-

2000 (almost 30,000 t of whiting consumed). This increase seems to be due to a large 

mortality for these years. However, in the case of the variable 𝑞 simulation, the model 

attributes the mortality to seal predation while it is attributed to the fishing mortality 

when the seal predation rate is fixed. The fit for 𝐹 is better for the fixed 𝑞 simulation 

than the variable 𝑞 simulation. Also, the most recent estimates of seal consumption for 

the fixed 𝑞 simulation are more consistent with the recent seal diet data. For all these 

reasons, for whiting, the outputs from the fixed 𝑞 simulation removing the survey data 

from 2001 to 2005 seem the most satisfactory. 

 Fixed 𝒒 simulations Variable 𝒒 simulations 

Cod 3,496 3,480 

Haddock 8,702 8,640 

Whiting 7,031 6,917 
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Figure 4.8: Mean fishing mortality, seal consumption and seal predation rate estimates obtained for 
whiting when the survey data 2001-2005 are omitted. The black line is the median fishing mortality and 
the grey area is the 95% credible intervals. 

For the two other species, the fit being better for the variable seal predation rate 

simulations, these simulations provide the preferred outputs. It is important to note 

that for haddock, a large seal consumption is estimated in 2003 with around 15,000 t of 

haddock consumed (Figure 4.5). The observed consumption in 2002 being around 

6,000 t, this estimate seems also surprisingly large. However, for the simulation model, 

it has been chosen to take an average seal predation mortality of the two years of 

observed data (1985 and 2002). The variable 𝑞 simulation fits the seal consumption in 
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2002 better than the fixed 𝑞 simulation. The estimates for these years being informed 

by real data this reduces some of the uncertainty around grey seal predation mortality 

estimates. Consequently, for cod and haddock the variable 𝑞 estimates and for whiting 

the fixed 𝑞 outputs when the survey data is omitted provide the preferred estimates for 

the simulation model. 

4.2.1.2. The Schaefer surplus production model for the other 

species 

As previously mentioned, besides cod, haddock, whiting and saithe, five other species 

are considered within the simulation model for which no age-structured data is 

available (anglerfish, megrims, hake, Nephrops and ling). A Schaefer surplus production 

function is used to estimate fish biomass and determine fleet landings for the first four 

species. It is therefore necessary to estimate the initial fleet fishing mortality and 

biomass on the different species and the constants in the Schaefer equation: 𝑚𝑠𝑦 and 𝐾. 

A summary of the empirical data used to estimate these parameters is given in Table 

C.2. The landings in VIa, when not available in the reports, were found in the ICES 

online databases (ICES, 2011; 2015a). 

The initial biomass was estimated taking the average biomass in VIa for the years 

2007-2011 from ICES reports. When not available (for megrim and hake), the biomass 

for the entire stock was scaled to the biomass in VIa by applying the proportion of the 

landings in VIa to the total landings for the stock. 

The mean fishing mortality is not available in the ICES reports. Consequently the fishing 

mortality has been estimated using the average biomass and landings between 2007 

and 2011 in VIa assuming the Equation (4.18). This gives an average fishing mortality 

on the stock in VIa. This fishing mortality is then partitioned by fleet according to the 

proportion of each fleet in the total landings for this species (Appendix G). 

To estimate the constants 𝑚𝑠𝑦 and 𝐾 of the Schaefer surplus production function 

(Equation (4.17)), a least square regression was done in the software R. The landings 

were considered as known values and the biomass was estimated by fitting to the 
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observed biomass. The fits are given in Figure 4.9 and the fitted values are discussed in 

part 4.2.2.1.6. 

 

Figure 4.9: Fit of the Schaefer surplus production function (line) to the biomass data (dots) estimated by 
ICES and given coefficient of determination. 

The fit is good but less so for the European hake for which the coefficient of 

determination is lower but still acceptable. The trend in fitted hake biomass is similar 

to the data but the biomass is overestimated over much of the time series. More data 

points were available for hake but the trends in biomass vary a lot along the time series 
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and increase the difficulty to fit the model. Selecting a recent period gives parameter 

values closer to the current environment so explains the choice of considering the last 

years of data to estimate Schaefer parameters. Consequently for hake, the lack of fit is 

not due to a lack of data but to a difficulty of fitting the Schaefer function. This may 

come from the fact that the biomass for the entire Northern stock is scaled to the 

proportion of landings in VIa. In ICES, the Northern hake stock is assessed in the length-

based Stock Synthesis 3 (SS3) assessment model (ICES, 2014d). Because grey seal 

predation is not studied on hake, a simpler Schaefer surplus model was preferable in 

this study. This overestimation in hake biomass needs to be kept in mind when 

analysing the results of the simulation model. However, this fish is one of the least 

valuable among the other species and preliminary runs show that hake biomass does 

not substantially vary over time compared to the initial biomass. Consequently, we can 

think that the lack of fit for hake will not substantially impact the whitefish fleets 

revenues. 

4.2.1.3. The landing index for ling 

It has been seen in part 4.1.1.2, that the landings for ling are directly estimated using an 

initial landing index. To create this index, average landings in VIa were taken between 

2007 and 2011 and then partitioned by fleet (Table C.2). This partition is assumed to be 

the one at the current level of effort and landings change linearly with the change in the 

effort index. The details about the partition of the landings into fleets can be found in 

Appendix G.  

4.2.2. Inputs for the simulation model 

4.2.2.1. Biological parameters 

Biological parameters were taken from the results of the preferred state-space model 

for the three species of interest (Table C.3) and from the literature for the other species. 

For cod and haddock it corresponds to the variable seal predation rate model and for 

whiting to the fixed rate model removing the survey data from 2001 to 2005. 
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Since the goal of the simulation model is to be a good approximation of the current 

state of the West of Scotland fishery, and because economic data is only available for 

the years 2007-2011 (cf. part 3.3.2), the preferred model outputs from the Bayesian 

analysis averaged from 2007 to 2011 were used to parameterise the biological part of 

the simulation model. This period differs from the period used for seal predation 

parameters (two years average 1985 and 2002) but this is unavoidable since these 

years are the only ones informed by grey seal diet. Runs with the recent year (2011) of 

unpublished seal diet data give estimates really close to the ones with only two years of 

seal diet and show the robustness of the state-space model even with limited empirical 

data available.  

For saithe, the data used to parameterise the simulation model were averages over 

2007-2011 taken from ICES (2013d).  

A summary of the data used from the literature is also given in Table C.4. 

4.2.2.1.1. Initial number of fish at age 

The simulations were started with an average population estimated following the 

Equation (4.25) where �̅�1 and �̅� represent respectively the average recruitment and 

total mortality at age from the state-space outputs between 2007 and 2011. 

 𝑁1,𝑗 = �̅�1,𝑗 

𝑁𝑎+1,𝑗 = 𝑁𝑎,𝑗𝑒−�̅�𝑎,𝑗  
(4.25) 

To be consistent with the literature (ICES, 2013b), age plus groups of “7+” for cod and 

whiting and “8+” for haddock were assumed.  

For saithe, the data is taken from ICES (2013d) and the maximum age already 

represents an age plus group. The first age class for saithe corresponds to age 3 so the 

last age class is the “10+” age group. The average fish number at age between 2007 and 

2011 is simply used for this species. 



Chapter 4 

 
 

 
98 

4.2.2.1.2. Stock-recruitment parameters 

The 28 years recruitment and SSB estimates from the state-space model were used to 

estimate the stock-recruitment parameters (Table 4.1). For saithe, ICES data over 

1967-2012 is used (ICES, 2013d).  

 

Figure 4.10: Fit of the stock-recruitment data for the three assumptions on stock-recruitment relationship 
and corresponding coefficient of determination. 
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The parameters were estimated using a least squares fitting method in R assuming a 

lognormal distribution for recruitment after testing the normality with a Shapiro-Wilk 

test. 

While Ricker is used by default in the bioeconomic simulations, the sensitivity of the 

model to a change in the stock-recruitment relationship is considered in Chapter 6. As a 

result, the Beverton-Holt and hockey-stick stock-recruitment parameters were also 

estimated. The fits of the three stock-recruitment curves are given in Figure 4.10 and 

the corresponding parameter values in Table 4.4. Overall, the coefficient of 

determination is low. Only whiting shows a coefficient of at least 50%. For haddock and 

saithe the coefficient is negative. This means that the mean recruitment provides a 

better fit than the modelled values. The mean recruitment is very close to the 

asymptote value for both stock-recruitment functions and species so this should not be 

a problem when simulating populations away from low values of SSB.  

Table 4.4: Estimated stock-recruitment parameters used in the simulation model. The values in 
parenthesis indicate the standard errors. These are not given for haddock in the Beverton-Holt and 
hockey-stick cases because the estimates being not unique, given that a horizontal line is fitted in both 
cases, the standard errors cannot be estimated. 

For cod and whiting the three curves give a similar fit over the range of observed data. 

For haddock, due to the lack of data at low SSB values, the Beverton-Holt and hockey-

stick curves go almost directly to the maximum recruitment and a straight line is fitted 

to the data. This explains the coefficient of determination really close to 0. This could be 

Species Ricker Beverton-Holt Hockey-stick 

α β α β K α 

Cod 1249.503 

(±0.248) 

0.011 

(±1.064) 

1.128E-05 

(±1.016) 

1290.561 

(±0.283) 

53227.786 

(±0.917) 

1262.617 

(±0.259) 

Haddock 8796.285 

(±0.659) 

0.021 

(±0.527) 

7.125E-06 2.682E+18 1.403E+05 1.916E+05 

Whiting 8879.860 

(±0.198) 

0.002 

(±1.824) 

3.057E-07 

(±1.856) 

8897.394 

(±0.208) 

1.731E+06 

(±1.730) 

8884.988 

(±0.202) 

Saithe 1263.153 

(±0.203) 

0.054 

(±0.240) 

1.235E-04 

(±0.216) 

10258.365 

(±3.065) 

7626.679 

(±0.092) 

4556.625 

(±2.869) 
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a problem at low SSB values because the recruitment could be greatly overestimated. 

This also motivated the use of the Ricker curve as default in this study. 

 

Figure 4.11: Normalised residuals from the stock-recruitment fits. 

For whiting, no density-dependence is observed over the range of SSB values. This may 

be a problem in the simulation model because at low total mortality the stock may 

increase to high biomass at the equilibrium. However this is not a problem in this study 

because it will be seen in Chapter 5 that the average stock stays inside the range of 

observed SSB values. 
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This lack of fit highlights the uncertainty around the stock-recruitment curves which 

are fitted using estimated data points and subject to measurement and process errors. 

Adding stochasticity to the stock-recruitment curves can account for process errors. 

Measurement errors will be investigated in part 6.1.1 where the sensitivity around the 

parameters will be tested. 

 

Figure 4.12: Estimated stock-recruitment relationship curves for the four species using parameter 
estimates from the Table 4.4. 
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Figure 4.11 shows the residuals from the stock-recruitment fits. The residuals are 

similar for the three assumptions and present no trends except a slightly decreasing 

one for saithe. This justified the assumption of independent random noise when adding 

stochasticity to the stock-recruitment within the simulation model. 

The different stock-recruitment curves obtained with the estimated parameters for a 

large SSB range are given in Figure 4.12. It can be argued that the choice of the Ricker 

stock-recruitment relationship is mostly important at high SSB since it predicts 

overcompensation (mainly for cod, haddock and saithe). The three stock-recruitment 

curves give almost identical fits inside the data bounds (Figure 4.10) but the curves 

vary at high SSB (Figure 4.12). A problem may be encountered if the stocks go beyond 

the bounds of estimated SSB during the simulations. Sensitivity of the bioeconomic 

results to the assumption of stock-recruitment will be therefore investigated in part 

6.1.  

4.2.2.1.3. Mortality estimates 

The average estimated mortalities at age from the state-space models are given in 

Figure 4.13. As regards to the natural mortality estimates, the general Lorenzen (1996) 

parameters (𝛾 and 𝛿) were used for saithe while the model estimates were used for 

cod, haddock and whiting (Table 4.5).  

The average grey seal predation mortalities across ages are given in Table 4.6. Cod may 

be the fish the most impacted by seal predation because of the high seal predation 

mortality for this species. Grey seal predation mortality on haddock and whiting is 

comparable or slightly lower than the estimated fishing mortality making seal 

predation mortality the smallest component of the total mortality. Both mortalities are 

lower than the natural mortality for these species with an exceptionally high natural 

mortality at age 1 for whiting (above 1.2). For haddock, natural mortality from 

Lorenzen gives values larger than 0.3 for all age classes. Clearly the conventional VIa 

value of 0.2 assumed by ICES appears too low compared to our results and this may 

affect the perception of the stock. The recent amalgamation of the West of Scotland and 

the North Sea stock assessments by ICES should overcome this problem (ICES, 2015c). 
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Figure 4.13: Average (1985, 2002) estimated fishing mortality, natural mortality and mortality at age due 
to seals for cod, haddock and whiting used to parameterise the simulation model. 

The estimates of fishing mortality are the average fishing mortalities at age between 

2007 and 2011, from the state-space model outputs for cod, haddock and whiting and 

from ICES (2013d) for saithe. Overall, for the three species, the estimated fishing 

mortality at age is much lower than the one estimated by ICES (2013b). This is 

especially noticeable for cod which shows a mean fishing mortality of 0.34 with this 

model compared to an estimated fishing mortality of 0.97 in ICES (2013b) for the same 

time period. If the estimates obtained with this Bayesian analysis are correct, this 
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means the estimated fishing mortality in current ICES assessments is overestimated 

due to an underestimation of the natural mortality and this could have a significant 

impact on the current and future fisheries management. This is investigated further in 

Appendix H. 

Table 4.5: Parameter values used to estimate the natural mortality in the simulation model. For saithe the 
values are taken from Lorenzen (1996). The values in the parenthesis are the 95% confidence intervals 
estimated in the Bayesian analysis for cod, haddock and whiting and the 90% confidence interval given by 
Lorenzen (1996) for saithe. 

Table 4.6: Average seal predation mortality (for 1985 and 2002) used in the simulation model. The 
averages are taken over the age ranges for fishing mortality in ICES (2013b). 

4.2.2.1.4. Partition of the fishing mortality by fleet and 

estimation of fleet selectivity 

The West of Scotland fishery is a mixed demersal fishery composed of vessels targeting 

whitefish and vessels targeting Nephrops and catching whitefish as bycatch (cf. Chapter 

3). The main focus of this study is on the UK trawlers targeting cod, haddock and 

whiting since grey seal predation is only considered on these species. However, it is 

necessary to take into account the entire fishery configuration to be able to compare 

Species 𝜸 𝜹 

Cod 3.319 (2.449, 4.272) -0.3214 (-0.3678, -0.2773) 

Haddock 2.981 (2.315, 3.568) -0.36 (-0.4008, -0.3202) 

Whiting 3.852 (2.972, 4.606) -0.305 (-0.3477, -0.2704) 

Saithe 3 (2.70, 3.30) -0.29 (-0.315, -0.261) 

Species Average seal predation mortality 

Cod 0.37 

Haddock 0.12 

Whiting 0.10 
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revenues and costs for the whole fishery. Consequently, the simulation model considers 

all types of vessel catching the three species of interest in VIa.  

Following the availability of fishing and economic data, the biological part of the model 

is disaggregated into five fleets which are believed to correspond to the entire demersal 

fishery in the West of Scotland. The fleets are partitioned first by mesh size and then by 

vessel length (Table 4.7). This partition has been chosen because it is the partition used 

by ICES (ICES, 2014c). Since most of the landings by vessels smaller than 10 m are 

caught by Nephrops trawlers, it is assumed that the small vessel fleet is only composed 

by TR2 vessels. Because no economic data is available for TR2 trawlers larger than 24 

m and their proportion of landings in total TR2 landings is small, it is assumed that the 

maximum length for the Nephrops vessels is 24 m. Landings of TR1>40 m vessels are 

small so they are aggregated into the TR1>24 fleet. The “Others” fleet corresponds to 

the other gears used in VIa and the foreign vessels.  

Table 4.7: Fleets considered in the simulation model and their particularities. 

To partition the fishing mortality by fleet, catch at age data from Marine Scotland for 

cod, haddock and whiting were used in conjunction with catch at age data from the 

ICES reports (ICES, 2013b). Marine Scotland data were available for the years 2012-

2014 (Table C.4), however, from 2014 onward, ICES merged the haddock stock in VIa 

with the North Sea as a single northern stock and no VIa assessment is available after 

2013 for this species. Consequently, for spatial consistency with seal diet data, earlier 

ICES reports for 2013 were used to partition the fishing mortality into fleets for the 

three species and only the 2012-2013 data from Marine Scotland were used. For saithe, 

Fleet code Definition Vessel length Net mesh size Target species 

TR1_10-24 
UK whitefish trawlers 

10-24 m 
≥120 mm Whitefish 

TR1>24 ≥24 m 

TR2<10 
UK Nephrops trawlers 

<10 m 
70-99 mm Nephrops 

TR2_10-24 10-24 m 

Others 
Other gear types and 

foreign vessels 
Any Any 

Whitefish and 

Nephrops 
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no catch at age data by mesh size is available but the 2012 total landings by mesh size 

were recorded. These are therefore used to partition the fishing mortality into fleets.  

Because no catch at age data exist for the foreign vessels, it is necessary to estimate it. 

To do so, the number of fish caught at age (𝐶𝑎) by the fleet called “Others” was 

estimated following Equation (4.26).  

 𝐶𝑎,𝑗,𝑂𝑡ℎ𝑒𝑟𝑠 = 𝐶𝑎,𝑗,𝐼𝐶𝐸𝑆 − (𝐶𝑎,𝑗,𝑇𝑅1 + 𝐶𝑎,𝑗,𝑇𝑅2) 
(4.26) 

The “Others” fleet representing the foreign vessels and the other gears than the 

whitefish (TR1) and Nephrops (TR2) trawls, its catch at age can be estimated by 

deducting the catches at age from the UK fleets (TR1+TR2) from the total catch at age 

recorded by ICES (𝐶𝑎,𝑗,𝐼𝐶𝐸𝑆). For saithe the catch at age by mesh size is obtained by 

scaling the total ICES catches at age in VIa by the proportion of each fleet in the total 

landings in 2012. 

Having now the catch at age values for the three fleet groups (subscript “𝑔𝑟”) (i.e. TR1, 

TR2 and “Others”), it is possible to estimate the proportion (𝜑𝑎,𝑗,𝑔𝑟) that each group 

represents in the total catch at age for the four species.  

The average (2007-2011) total fishing mortality at age (�̅�𝑎,𝑗) obtained from the state-

space model for cod, haddock and whiting and the average 2007-2011 in ICES (2013d) 

for saithe were used to calculate the fishing mortality at age for the three fleet groups 

(𝐹𝑎,𝑗,𝑔𝑟) by multiplying �̅� by the proportion of each fleet in the total catch at age. 

 𝐹𝑎,𝑗,𝑔𝑟 = 𝜑𝑎,𝑗,𝑔𝑟�̅�𝑎,𝑗 
(4.27) 

Finally, it is necessary to partition the resulting fishing mortality for the TR1 and TR2 

mesh size groups into the fleets TR1_10-24, TR1>24, TR2<10 and TR2_10-24. To do so, 

the Marine Scotland data on landings per fleet were used to estimate the proportion of 

the respective fleets (𝜓𝑘) into the TR1 and TR2 total landings (Table 4.8).  



Chapter 4 

 
 

 
107 

Table 4.8: Estimated proportion of each fleet in the total catch of the respective mesh size group. 

This enables the calculation of the partial fishing mortality at age for the four fleets 

(Rijnsdorp et al., 2006). 

 𝐹𝑎,𝑗,𝑘 = 𝜓𝑘𝐹𝑎,𝑗,𝑔𝑟 
(4.28) 

This partial fishing mortality was used to determine the values of the selectivity at age 

(𝑠𝑎,𝑗,𝑘) used in Equation (4.12) of the simulation model. Here, it is assumed that the 

initial effort index for each fleet (𝐸1,𝑘) is 1. Consequently, the selectivity at age for each 

fleet is given by the partial average fishing mortality at age (𝐹𝑎,𝑗,𝑘) and is kept constant 

within the model. 

4.2.2.1.5. Partition between landings and discards 

Within the age-structured biological model, the catches at age in numbers for cod, 

haddock, whiting and saithe estimated with the Baranov Equation (4.14) are then 

partitioned into landings and discards at age. 

To partition the catches, the catch at age data (2012-2014) made available by Marine 

Scotland was used to estimate a proportion of fish retained in the total catch. The data 

give the partition only by mesh size not by vessel length, so it is assumed that the 

proportion of fish retained only depends on the mesh size. Also, no data exists for the 

foreign vessels but because most of the foreign vessels are whitefish trawlers (only 1% 

of total catch of Nephrops in VIa comes from foreign vessels (ICES, 2015a)), it is 

assumed that the proportion of fish retained at age for the “Others” fleet is the same 

than the TR1 fleets. 

 TR1_10-24 TR1>24 TR2<10 TR2_10-24 

Cod 0.176 0.824 0.037 0.963 

Haddock 0.184 0.816 0.010 0.990 

Whiting 0.290 0.710 0.010 0.990 

Saithe 0.044 0.956 0.000 1.000 
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Some age classes are not represented in the data making it difficult to know if it is 

because these classes are not landed or discarded or if it is due to errors in the sample 

process. As a result, a regression model has been fitted to the three years data to 

estimate the missing data. Within the simulation model, the mean proportion of fish 

retained in 2012-2014 is used to partition catches into landings following Equation 

(4.15) and is assumed to correspond closely to the actual proportion observed in 

2007-2011. Following ICES (2013d), the simulation model assumes there is no discard 

of saithe. 

For the other species, only the landings are modelled because the discards rates are low 

(Heath and Cook, 2015). The landings are partitioned by fleet following landing data 

(ICES, 2011; 2015a). The partition is given in Appendix G. 

4.2.2.1.6. The Schaefer estimates for the other species 

The fit of the Schaefer surplus production function to the empirical data on biomass 

and landings (part 4.2.1.2) provided the estimates of 𝑚𝑠𝑦 and 𝐾 given in Table 4.9. 

Table 4.9: Estimated Schaefer surplus production function parameters. The values in the parenthesis are 
the standard errors. 

These parameters with the initial biomass and fishing mortality enable the estimation 

of fleet landings for these species within the simulation model following Equations 

(4.17) and (4.18). 

 Anglerfish Megrim Hake Nephrops 

msy 2,677.918 

(±0.287) 

1,464.048 

(±0.017) 

16,909.580 

(±0.208) 

21,383.440 

(±0.072) 

K 18,250.775 

(±2.114) 

21,345.112 

(±0.289) 

32,997.690 

(±0.446) 

13,2275.990 

(±0.307) 



Chapter 4 

 
 

 
109 

4.2.2.1.7. The landing index for ling 

It has been seen in part 4.1.1.2, that the landings for ling are directly estimated using an 

initial landing index. To create this index, average landings in VIa were taken between 

2007 and 2011 and then partitioned by fleet. This partition is assumed to be the one at 

the current level of effort and landings change linearly with the change in effort index. 

The details about the partition of the landings into fleets can be found in Appendix G.  

4.2.2.2. Economic parameters 

Some preliminary estimation is also necessary to parameterise the economic part of the 

simulation model. Costs data from 2007 to 2012 for the four UK fleets was made 

available by Seafish. Table C.5 summarises the empirical data used. 

4.2.2.2.1. Fish prices 

As mentioned earlier, the whitefish price in the West of Scotland is dictated by the 

European market and most notably by the Norwegian and Icelandic imports (Scottish 

Fishermen’s Organisation, 2013). It means that the change in landings in the West of 

Scotland has little effect on fish prices. While it may not be the case for Nephrops, its 

landings were relatively constant in the last 30 years as well as its price. As a result, the 

fish prices are assumed to be exogenous in the simulation model. They correspond to 

average real prices between 2007 and 2011 taken from Marine Management 

Organisation (2012) and corrected for inflation using the GDP deflator with 2012 as the 

reference year.  

4.2.2.2.2. Costs parameters 

The parameters used within the economic part of the simulation model which are 

necessary to estimate fleet costs are the number of vessels per fleet and the variable 

and fixed costs per vessel (Equation (4.21)). All economic data is corrected for inflation 

taking 2012 as the reference year. The estimation of the costs differs between the 

British fleets and the “Others” fleet because the latter corresponds mainly to foreign 

vessels for which economic data is not available. 
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For the four UK fleets, the economic data from 2007 to 2011 made available by Seafish 

(part 3.3.2) enabled the estimation of variable and fixed costs. Averages are taken 

between these years. The average costs per UK vessel (2007-2011) are given in Table 

4.10. Since 𝐸𝑘 is initially set to 1 (part 4.2.2.1.3) in the model, the proportionality 

constant 𝜌𝑘 in Equation (4.20) equals 𝑐𝑣𝑘. 

Table 4.10: Average fixed and variable costs (£) per vessel between 2007 and 2011. 

The number of vessels (𝑣) used within the simulation model is the average number of 

vessels between 2007 and 2011 for each fleet (Table 3.4) assuming that all the vessels 

less than 10 m are TR2 vessels (TR2<10).  

Preliminary runs of the simulation model highlighted the fact that most of the fleets 

presented initial revenues and costs close to the break-even point. This was expected 

since the West of Scotland fishery was previously an open-access fishery and the 

Seafish data show relatively small net profits for the four fleets (cf. Figure 3.6). 

However, the simulation runs show that the fleet TR2_10-24 presents revenues much 

larger than the costs. The revenues calculated from Marine Scotland landings data for 

this fleet were compared with the fishing income recorded by Seafish. They appeared 

to be different with larger revenues for Marine Scotland than for Seafish. This could be 

due to different reasons such as a lack of update for one of the database or a different 

partition for this fleet (S. Lawrence, Seafish, pers. comm.). Since Marine Scotland data 

was used to partition species landings into fleets, the costs observed by Seafish for 

TR2_10-24 have been scaled up to correspond to what was recorded by Marine 

Scotland. This decreases the difference between revenues and costs at the current level 

of fishing mortality and seems more realistic. 

For the “Others” fleet it is more challenging because no empirical data is available. 

Some assumptions are therefore needed to consider a cost function for this fleet. The 

mean number of foreign trawlers (2007-2011) catching cod, haddock and whiting is 19 

Type of costs TR1_10-24 TR1>24 TR2<10 TR2_10-24 

Variable costs 430,480 1,250,760 47,633 137,717 

Fixed costs 212,965 467,311 27,007 73,016 
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(Seafish). Because no cost data is available, it seems that the safest assumption is to 

consider that the “Others” fleet starts the simulations at the break-even point where 

total revenues equal total costs preliminary estimated from simulation runs (Table 

4.11). 

Table 4.11: Estimated variable and fixed costs (£) per vessel for the “Others” fleet. 

It has been noticed that the UK fleets have fixed costs per vessel which present a value 

which is around the half of the variable costs. Consequently, a ratio of 2 is assumed 

between variable and fixed costs for this fleet and the total aggregated costs scaled to 

the number of vessels (19) are partitioned using this ratio. It will be seen in a later 

chapter that the cost function for this fleet matters only when dynamic scenarios are 

considered. 

4.2.2.2.3. Precision on revenues 

It has been previously seen that the nine species considered in the simulation model 

represent the largest part of the current demersal trawlers fishing revenues (95.4%) in 

the West of Scotland (part 3.3.3). The 4.6% left are ignored in the model because the 

contribution to revenues is very small and not enough data is available to partition the 

remaining revenues into the different fleets.  

4.3. Consistency check of the simulation model 

This part demonstrates the consistency of the simulation results with the literature and 

validates the number of stochastic iterations. 

Variable costs Fixed costs 

1,236,293 618,146 
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4.3.1. Comparison of the outputs with the literature 

An easy way to check the consistency of the results of the simulation model is to 

compare the results obtained with observed data. This data was used to parameterise 

the model so if the model is correct the results should be closed to the observed data.  

Simulations were run with the initial stock numbers at age taken from ICES (2013b; 

2013d), the current number of seals in the West of Scotland and the current fishing 

mortality taken from the Bayesian parameter estimation for the years 2007-2011. This 

enables checking that the landings are correctly estimated in the simulation model. 

However the fishing mortality from the state-space model differs from ICES reports due 

to the partitioning of the total mortality into three types of mortality (natural, fishing 

and grey seal predation) so the results are expected to be slightly different. The 

important point is that the order of magnitude of the results is close to ICES (2013b; 

2013d). Also the proportion between landings and discards should be respected as well 

as the partition of the landings per fleet. Finally for the other species the estimated UK 

and non-UK landings in VIa should be similar to the observed landings since observed 

data was used to partition fishing mortality into fleets for these species.  

The outputs of the simulation model are compared in the first year of simulation, which 

should be the closest to the data observed in ICES reports, but also at the steady state 

or biological equilibrium to see how the catch varies in the long-run keeping everything 

constant.  

For cod, haddock, whiting and saithe, the estimates of landings and discards can be 

compared to the observed data in recent ICES reports (ICES, 2013b; d). Overall, the 

results obtained with the simulation model are of the same order of magnitude than the 

observed data (Figure 4.14). The ICES figures correspond to averages over 2007-2011 

for the four species. The estimated landings and discards in the first year of simulation 

are closer to the ICES results than at the equilibrium. This makes sense since the 

equilibrium is the long-run solution. Haddock is the species for which the estimated 

catch in the first year is the furthest to the ICES estimates. Even if not perfect, the 

proportion of landings in the total catch seems respected in the simulation model. 



Chapter 4 

 
 

 
113 

 

Figure 4.14: Comparison of the landings and discards (thousand tonnes) estimated with the model in the 
1st year and at the steady state with the observed values from the literature (ICES, 2013b; d). 

Figure 4.15 shows the comparison of the landings of other species obtained from the 

simulation model with the quantities observed in the literature (ICES, 2011; 2013b; 

2014d; 2015a). For these species discards are not considered within the model. The 

results are very close to the observed landings with good estimation in the first year for 

the five species. The landings vary only slightly at the equilibrium. The proportion of 

the UK landings in the total landings in VIa is well estimated. It should be noted that the 

landings of Nephrops by the UK creelers have been attributed to the “Others” fleet since 
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they do not represent landings from trawlers. The observed landings from ICES have 

been allocated the same way for comparison purposes. The availability in observed 

data on landings per fleet (Marine Scotland) enables the analysis of the estimated 

landings by fleet. However, not all the species are recorded and therefore these are 

aggregated under the term “Others”. These correspond to hake, megrim, ling and 

anglerfish in the simulation model and to all other species in the observed data. 

 

Figure 4.15: Comparison of the landings (tonnes) estimated with the simulation model in the first year and 
at the steady state with the observed values from the literature (ICES, 2011; 2013b; 2014d; 2015a). 
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Figure 4.16: Landings (tonnes) per fleet and species in the first year of simulation (a), as observed by 
Marine Scotland (b) and at the steady state (c). 

Figure 4.16 gives the landings for the UK fleets in the first year of simulation, at the 

steady state and as recorded by Marine Scotland. It can be seen that the estimates are 

not far from the observed ones, notably in the first year of simulation. The landings 

from other species seem to be slightly overestimated for the whitefish trawlers (TR1) 

and the TR2_10-24 fleet. An underestimation was expected since the term “Others” 

corresponds to more species in Marine Scotland data. The overestimation is however 

more surprising. Nevertheless, since the others species are not of large economic value, 
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this should not significantly impact the revenues. This is confirmed by the fleet 

revenues (Table 4.12) which differ from the observed revenues by a maximum factor of 

1.16 in the first year of simulation.  

Table 4.12: Revenues per fleet (£) estimated by the model in the first year and at the steady state, 
compared to the revenues recorded by Seafish or Marine Scotland (for TR2_10-24 only). The ratios 
highlight the difference between the estimated results and the observed revenues. 

In conclusion, the figures obtained from the initial run appear sufficiently close to 

support the simulation model. 

4.3.2. Validation of the stochastic outputs 

In order to obtain reliable results for the variables of interest it is necessary to check if 

the number of iterations (stochasticity around the stock-recruitment curve) of the 

simulation model is sufficient. In this part, the interest is given to the fleet revenues 

since grey seal impacts on the fishery can be estimated as the change in fleet revenues 

for a change in grey seal predation. 

Two simulations were run for 1,000 and 2,000 iterations. The distribution of the values 

that the equilibrium revenues per fleet can take over the number of iterations was 

examined (Figure 4.17). It is clear that the distributions of the revenues per fleet are 

similar no matter the number of iterations. Most importantly, a non-parametric Mann-

Whitney U test was performed on both revenue distributions (1,000 and 2,000 

 TR1_10-24 TR1>24 TR2<10 TR2_10-24 

a. First year 6,038,268 12,970,986 2,902,778 33,379,292 

b. Seafish/Marine 

Scotland 

5,396,528 15,967,732 2,503,728 31,333,552 

c. At steady state 7,892,340 18,821,100 2,974,274 34,883,597 

Ratio a/b 1.12 0.81 1.16 1.07 

Ratio c/b 1.46 1.18 1.19 1.11 
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iterations) and the average fleet revenues are significantly not different. This means 

that 1,000 iterations are enough to obtain consistent average revenues.  

 

Figure 4.17: Histogram of the fleet revenues at the steady state for 2,000 iterations and density curve for 
1,000 iterations. The y-axis represents probability densities so that the histogram has an area of 1. The 
vertical lines represent the average fleet revenues for simulation with 2,000 iterations (black dashed line) 
and 1,000 iterations (red solid line). It is clear that for both number of iterations, the distributions of 
revenues and the average fleet revenues are similar. 



Chapter 4 

 
 

 
118 

4.4. Summary 

The simulation model was presented in part 4.1, parameterised in part 4.2 and its 

consistency was checked in part 4.3. It enables the estimation of fleet revenues and 

costs giving initial value of fish abundance, fishing mortality and seal predation and it 

can be run for a certain number of years or to equilibrium. Some examination can be 

done by varying initial parameters by small amounts, such as seal numbers, with the 

aim to investigate the impacts of grey seal predation on the VIa demersal fishery for 

cod, haddock and whiting. Since no trophic interaction exists between the fish species, 

the simulations indicate the direction seal impacts would take if the current conditions 

remain but are not quantitatively predictive. The following chapter presents the 

different bioeconomic scenarios considered in this study and their results. 
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Chapter 5 

 

Scenario analyses 

This chapter presents the three equilibrium scenarios considered for the simulation 

model and their assumptions in part 5.1. The scenarios of change in seal predation are 

also described (part 5.1.3). The part 5.2 presents the results of the simulation model. 

First, the results at status quo seal predation are presented to see how the simulation 

model progresses to the different equilibria (part 5.2.1). Then, the biological impacts of 

grey seal predation are studied, i.e. the impacts on the stock sizes (part 5.2.2). The 

impacts of grey seals on fishing revenues are presented in part 5.2.3. Because one 

equilibrium scenario assumes the maximisation of the fishery net profit, the 

sustainability of the current VIa demersal fishery is discussed compared to this 

scenario in part 5.2.4. Finally the final part (5.2.5) highlights the importance of cod in 

grey seal impacts. 

5.1. Scenarios 

The simulation model is run in three different scenarios which represent three 

different fisheries and equilibrium assumptions (Table 5.1). All the scenarios share the 

common characteristic to be at the biological equilibrium or steady state but two 

scenarios consider also an economic equilibrium. The steady state is reached for a 

constant fishing mortality when the change in SSB (in thousand tonnes) from a year to 

another does not exceed 0.01% (i.e. for 1 t of fish this corresponds to a change of 100 

kg or less). The nine species should be at the equilibrium to consider the model at the 

steady state. The economic equilibria are reached dynamically by allowing the fishing 
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mortality to change according to the net profits after the steady state is reached, or 

maximising the steady state fishery net profit. 

The “status quo F” model studies the impacts of grey seal predation on fishing revenues 

and profitability at the steady state keeping the initial average fishing mortality 2007-

2011 constant. It represents therefore a biological equilibrium and the equilibrium 

ignores the economic aspect of the fleets. This model can serve as baseline for 

comparison with the other scenarios where the fishery economics is considered. This 

model indicates the direction grey seal impacts would take if fishing mortality and 

behaviour does not change in the West of Scotland. 

Table 5.1: The different scenarios considered in the study. 

The Bioeconomic Equilibrium (BE) model assesses the impacts of grey seal predation in 

the extreme open-access case where no regulation exists and vessels can enter or exit 

the fishery freely. Classical economic theory shows that, when the fishery is open-

access, fishers act independently and try to maximise their individual profit so that 

entry and exit will continue until the net profit is competed away. Consequently, in the 

long-term the fishery tends to the bioeconomic equilibrium where total revenues equal 

total costs (Knowler, 2002). Since the fishery is unregulated, it is assumed that, the 

fishery reaches the BE when each fleet sees its net profit dissipated. 

Open-access fisheries can be therefore economically unsustainable since vessels exiting 

the fleet because they are non-profitable are balanced by those entering the fleet to 

Scenario Fishery Equilibrium Details 

Status 

quo F 

Current 2007-

2011 state 

Biological 

equilibrium 

Long-run equilibrium scenario where the 

current fishing mortality is kept constant 

BE Open-access Bioeconomic 

equilibrium (BE) 

Steady state + economic equilibrium 

assuming the net profits are dissipated in 

the long-run 

MEY Closed to 

vessel entry 

and exit 

Maximum 

Economic Yield 

(MEY) 

Steady state + economic equilibrium 

assuming the total fishery net profit is 

maximised in the long-run 
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seek to make a profit. This is an example of “the tragedy of the commons” (Hardin, 

1968; Ostrom, 2008) where people seek private profit without considering the 

consequences on others. This often leads to overcapacity and overfishing (Clark, 2006). 

This can be detrimental to the fish stocks and fishing revenues in the long-run 

(Mackinson et al., 1997; Puga et al., 2005; Armstrong and Skonhoft, 2006). Open-access 

fisheries generally result in lower stock size and catches at the equilibrium than 

managed fisheries such as private property or regulated open-access fisheries due to 

the high level of fishing mortality and negative impacts on the stock growth 

(Laukkanen, 2001; Armstrong, 2007). 

The BE is often used as baseline for the comparison of the impacts of management 

policies (McConnell and Strand, 1989; Mackinson et al., 1997; Hannesson, 1998; Pezzey 

et al., 2000). It is also often used to determine the maximal level of effort the fishery 

should operate at since efforts larger than the bioeconomic equilibrium effort lead to 

negative net profits (Clark, 2006). The fact that the current fleets in the West of 

Scotland present small net profits (Seafish) motivates the choice of considering this 

scenario in this study despite the fact that the fishery is currently closed to new vessels. 

The Maximum Economic Yield (MEY) scenario represents the economic equilibrium 

assuming the fishery is closed to vessel entry and exit and the total net profit is 

maximised in the long-run. Many management studies suggest MEY as a target 

equilibrium for a sustainable system. Only few of them consider multifleet models 

(Brasao et al., 2000; Hutniczak, 2012; Guillen et al., 2013). In this case, the fleets are 

assumed to collaborate to obtain a sustainable fishery where the aggregated fishery net 

profit is maximised at the equilibrium (Armstrong, 2007; Guillen et al., 2013). The goal 

is to determine the optimal level of effort per fleet which maximises the fishery net 

profit. Contrarily to biological equilibria such as the steady state and the maximum 

sustainable yield, the MEY considers the economic component of the fishery. It can 

sometimes induce overcapacity (Clark, 2006) but closing the fishery to new vessels 

prevents this problem. This scenario is less practical because it assumes that the fleets 

collaborate to maximise the total fishing net profit which may be difficult to implement 

in reality as it necessitates the managers to tell the fishers how to fish and the fishers to 

accept the propositions. It is however interesting to consider this scenario as opposed 
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to the extreme unregulated open-access equilibrium and to see how grey seal impacts 

may differ depending on the fisheries regulations. 

These three scenarios can be compared and used to investigate the sensitivity around 

grey seal impacts on fishing revenues. 

5.1.1. Modelling assumptions for the dynamic scenarios 

The BE and MEY scenarios permit to account for fleet behaviour (change in fishing 

mortality with the net profit) and to see if considering fleet behaviour affects the 

impact of grey seal predation on the fishery. 

Because the cost function for the “Others” fleet is uncertain due to the lack of economic 

data for this fleet, it has been chosen to consider this fleet as an externality when 

working with the two dynamic scenarios. This means the effort index for this fleet is 

kept constant in the BE and MEY models and this fleet does not modify its fishing 

behaviour with its net profit.  

As with the “status quo F” scenario, the dynamic models are run to the steady state. At 

the steady state, the fleet net profits are estimated and it is assumed that the fleets will 

change their effort according to the value of their net profit until they reach the specific 

economic equilibrium. The net profit by fleet (𝜋𝑘) is defined as follows: 

 𝜋𝑘 = 𝑅𝑘 − 𝑐𝑡𝑘 
(5.1) 

Where 𝑅𝑘 are the fleet revenues and 𝑐𝑡𝑘 the fleet total costs. 

In the BE scenario, each UK fleet can invest or disinvest in effort or vessel capacity 

following the value of its net profit. If the net profit is positive the fleets are assumed to 

increase their effort and the model is re-run for a larger effort index; inversely if the net 

profit is negative. Here, it is assumed that the fleet investment or disinvestment 

impacts the fleet total costs. The difference with the simulation model is that the costs 

by fleet are not partitioned into variable and fixed costs but are aggregated such as: 
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 𝑐𝑡𝑘 = 𝐸𝑘𝑐𝑘 
(5.2) 

The term 𝑐𝑘 is the initial costs per fleet when 𝐸𝑘 = 1. The vessels within a fleet are 

assumed identical and the marginal cost constant so a change in fishing mortality 

induces a linear change in costs and can be interpreted as a change in effort and/or 

vessel capacity. For instance, a decrease in fishing mortality of 10% induces a reduction 

in total costs of 10% (both the variable and the fixed costs change). This assumption 

may seem simplistic but it seems difficult in the model to choose how the fishers will 

react to a change in net profit. Indeed they could change their effort and this will only 

affect the variable costs and/or they can change their number of boats and this will 

impact also the fixed costs. This assumption on costs in the BE scenario seems 

therefore reasonable in this study. Except for this difference in fleet costs, the BE model 

shares the same properties and assumptions than the simulation model. 

The model is considered to be at the BE when the difference between revenues and 

costs is less than 1%. This limit was chosen because it seems small enough to represent 

a difference between revenues and costs. Some investigative work shows similar 

equilibrium results for smaller differences. The entire fishery is assumed to be at the 

BE when all the fleets are at the BE. 

In the MEY scenario the fleet effort indices are estimated such as the total fishery net 

profit is maximised at the steady state. This scenario shares the same cost assumptions 

than the simulation model (Equations (4.20) and (4.21)). The fishery is closed to new 

vessel entry and exit so fishers can only modify their effort and cannot invest in vessel 

capacity so the number of vessels remains constant. As a result, a change in effort only 

impacts the variable costs and the fixed costs stay constant. The fishery reaches the 

MEY when the total fishery net profit (𝜋) is maximised as follows: 

 
𝜋 = 𝑚𝑎𝑥 (∑ 𝜋𝑘

𝑘

) 
(5.3) 

The model is therefore solved for an optimal level of effort per fleet, 𝐸𝑀𝐸𝑌,𝑘, which 

satisfies this economically optimal fishery at the steady state.  
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5.1.2. Methods to get to the economic equilibria and 

validation 

5.1.2.1. Getting to the BE 

In the BE scenario, after calculation of the fleet net profit, fishing effort is adjusted until 

the BE is reached. It is assumed that higher net profit will lead to larger investment in 

fleet capacity and effort. Therefore, the change in effort index for each iteration follows 

a sigmoid curve which is bounded by a maximum (∆𝑚𝑎𝑥) and minimum (∆𝑚𝑖𝑛) change 

in effort (Figure 5.1).  

 

Figure 5.1: Representation of the sigmoid curve defining the change in effort index at each iteration with 
the change in net profit. 

The effort index per fleet is scaled by a factor ∆𝑘 at each iteration (𝑖𝑡) following 

Equation (5.4).  
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∆𝑘,𝑖𝑡+1=

∆𝑚𝑎𝑥𝜋𝑘,𝑖𝑡

𝜏𝑐∗,𝑘,𝑖𝑡 + |𝜋𝑘,𝑖𝑡|
+ 1 

(5.4) 

The parameter 𝜏 is the steepness of the curve. When there is no change in effort, ∆ is 

equal to 1. If the net profit is negative, ∆ is less than 1 and the effort at the next iteration 

will be reduced, inversely if the net profit is positive. 

The BE is reached for a fleet when its net profit is dissipated at the steady state or when 

the fleet exits the fishery. To enable the model to stop when a fleet exits the fishery and 

to reduce the number of iterations, it has been assumed that if the revenues are lower 

than the average aggregated total costs per vessel the fleet will disappear since the 

revenues cannot cover the function of the last vessel left. 

In this study, it is assumed that ∆𝑚𝑎𝑥= 1.5 and 𝜏 = 0.2. This means that, at each 

iteration, the effort index per fleet can only change by ± 50%. The choice of these 

parameters comes from preliminary investigations. For these, different assumptions on 

change in the effort index with the net profit have been considered. As well as the 

sigmoid function described in Equation (5.4), two methods of change in effort with the 

ratio of revenues against costs per fleet were tested. First, the effort is changed by the 

ratio between revenues and costs in the current iteration as follows:  

 
𝐸𝑘,𝑖𝑡+1 = 𝐸𝑘,𝑖𝑡

𝑅𝑘,𝑖𝑡

𝑐𝑡𝑘,𝑖𝑡
 

(5.5) 

Consequently, if the revenues are larger than the costs, the effort index increases and 

vice-versa. Since this method can induce big jumps in effort, another method 

considering the square root of the same ratio is also tested to reduce the step of change 

in effort.  

 
𝐸𝑘,𝑖𝑡+1 = 𝐸𝑘,𝑖𝑡√

𝑅𝑘,𝑖𝑡

𝑐𝑡𝑘,𝑖𝑡
 

(5.6) 

These two methods are compared with the method assuming a sigmoid curve for 

different arbitrary values of ∆𝑚𝑎𝑥 and 𝜏. 
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Table 5.2: Details of the different simulations tested to evaluate the method to get to the BE. These 
represent seven cases using a sigmoid change in the effort index (A to G), one case where the effort 
changes with the ratio of revenues against costs (H) and one case where the effort index changes with the 
square root of this ratio (I). 

The different simulations compared are given in Table 5.2. It was noted in earlier trial 

runs that the number of iterations to get to the BE can differ depending on the number 

of seals initially considered. To identify the fastest method, two models were run: the 

BE simulation for the status quo grey seal predation mortality (𝑃) (current number of 

seals in VIa) and the BE simulation changing grey seal predation by -10%. Taking the 

average number of iterations between both simulations provide a good estimate of the 

mean number of iterations necessary to reach the BE for a particular case scenario (A 

Cases Equation Details 

A 

𝐸𝑘,𝑖𝑡+1 = 𝐸𝑘,𝑖𝑡∆𝑘,𝑖𝑡+1 

∆𝑘,𝑖𝑡+1=
∆𝑚𝑎𝑥𝜋𝑘,𝑖𝑡

𝜏𝑐∗,𝑘,𝑖𝑡 + |𝜋𝑘,𝑖𝑡|
+ 1 

Where: 

∆𝑚𝑎𝑥= 1.5 and 𝜏 = 0.2: at each iteration each fleet can 

only invest or disinvest 50% of its previous 

effort/capacity (configuration used in the thesis) 

B 
∆𝑚𝑎𝑥= 1.5 and 𝜏 = 0.3: the steepness of the sigmoid is 

reduced compared to A 

C 
∆𝑚𝑎𝑥= 1.5 and 𝜏 = 0.4: the steepness of the sigmoid is 

reduced compared to B 

D 
∆𝑚𝑎𝑥= 1.5 and 𝜏 = 0.5: the steepness of the sigmoid is 

reduced compared to C 

E 
∆𝑚𝑎𝑥= 1.2 and 𝜏 = 0.2: each fleet can only invest or 

disinvest 20% of its previous effort/capacity 

F 
∆𝑚𝑎𝑥= 1.4 and 𝜏 = 0.2: the maximum investment or 

disinvestment is reduced compared to A 

G 
∆𝑚𝑎𝑥= 1.3 and 𝜏 = 0.2: the maximum investment or 

disinvestment is reduced compared to F 

H 𝐸𝑘,𝑖𝑡+1 = 𝐸𝑘,𝑖𝑡

𝑅𝐸,𝑖𝑡

𝑐𝑡𝑘,𝑖𝑡

 
The change in effort index follows the ratio of the 

revenues against the costs 

I 𝐸𝑘,𝑖𝑡+1 = 𝐸𝑘,𝑖𝑡√
𝑅𝐸,𝑖𝑡

𝑐𝑡𝑘,𝑖𝑡

 
The change in effort index follows the square root of 

the ratio of the revenues against the costs 
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to I). Comparing the average number of iterations for all cases enables the 

identification of the least time consuming method. If the model is not sensitive to the 

method used then the fleet effort indices at the BE for all cases should be similar. 

Table 5.3: Estimated effort index per fleet at the bioeconomic equilibrium and number of iterations to get 
to the equilibrium for the different methods of change in the effort index (see above) for the simulations 
where the current seal population in VIa is considered. The number of iterations represents the average 
number between two simulations (scenario for the current number of seals in VIa and scenario reducing 
seal population by 10%). 

It is clear that, no matter the method used to get to the BE, the estimated effort indices 

and therefore the estimated revenues and costs for each fleet are similar for large 

differences in number of iterations (Table 5.3). This demonstrates the robustness of the 

model to the method used to get to the BE. The small differences observed come from 

the fact that the model is stochastic and assumed to be at the equilibrium when the 

difference between average revenues and costs is less than 1%. Consequently, 

depending on the method the model may stop at different levels of effort which satisfy 

that assumption. 

It is also evident that the sigmoid curve using ∆𝑚𝑎𝑥= 1.5 and 𝜏 = 0.2 (case A) is the 

method demanding the least number of iterations and was chosen as the preferred 

method. 

Cases TR1_10-24 TR1>24 TR2<10 TR2_10-24 Others Number of 

iterations 

A 5.654089 0.950879 15.91567 0.279272 0.421886 36 

B 5.666497 0.970414 15.92275 0.278239 0.414378 46 

C 5.684233 0.952359 15.85537 0.283638 0.416301 59 

D 5.712435 0.949921 15.96412 0.276193 0.421167 73 

E 5.650612 0.961457 15.91190 0.279877 0.421784 82.5 

F 5.688022 0.961655 16.00514 0.273965 0.415187 42.5 

G 5.687647 0.974262 16.11927 0.266249 0.410936 57 

H 5.624107 0.946894 15.92835 0.278612 0.425844 66.5 

I 5.635216 0.930864 15.83039 0.285251 0.432913 132 



Chapter 5 

 
 

 
128 

5.1.2.2. Getting to the MEY 

In the MEY scenario, the model is solved at the steady state to obtain the optimal level 

of effort per fleet which maximises the total fishery net profit. It is therefore necessary 

to validate the optimizer used in R to maximise the sum of the fleet net profit (Equation 

(5.3)). 

Three different global optimizers were tested deterministically to determine the best 

method to use in the study:  

- psoptim (in pso package) which corresponds to the global optimization version 

of optim (local optimization) using particle swarm optimization. 

- GenSA (in GenSA package) which is an optimizer able to estimate global 

optimum using generalised simulated annealing. 

- DEoptim (in DEoptim package) which carries out global optimization using 

differential evolution algorithm. 

The particle swarm optimizer (psoptim) was quickly eliminated because it did not 

reach the global maximum reliably.  

The optimizations using the functions GenSA (maximal number of iterations set to 

1,000) and DEoptim (default settings so the maximal number of iterations or 

population generations is 200) estimated the same optimal effort per fleet and net 

profit at the MEY (Table 5.4). DEoptim stores the different iterations so it is possible to 

check if the MEY is reached with the default number of iterations or if more runs are 

necessary. The DEoptim optimizer also enables running the simulation in parallel 

which explains the large difference in time between the different simulations. Also, no 

initial values are necessary to perform the optimization. The simulated annealing 

method necessitates initial values of fleet effort indices. Even if the current 

optimization results are not sensitive to the initial values used, not having to specify 

them is an advantage. For these reasons, it has been chosen to use Differential 

Evolution algorithm optimization to perform the maximisation in the MEY scenario. An 

important point about testing different optimizers is that it shows that the model is 
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robust to the choice of optimizer. This means that the global maximum net profit must 

be correctly identified when performing the optimization. 

Table 5.4: Estimated effort index per fleet at the MEY for the current number of seals in the West of 
Scotland. The estimated total net profit (£) and time (s) for the simulation to run are also given. 

The optimization is done for a specific range in effort index. It is assumed that all 

vessels are currently fishing at maximum effort and no new vessels can enter the 

fishery. Therefore the effort index can vary from 0 (fleet stops fishing) to the current 

level of fishing (𝐸1,𝑘=1). This is also motivated by the fact that the number of days at sea 

are fixed for each fleet in VIa so it seems difficult for a fleet to increase its effort when 

the fishery is closed except if being rewarded with more days at sea following good 

performance (cf. part 3.2.2). It has to be noted that if the optimal level of effort for a 

fleet is 0, its net profit will be negative and will reduce the total sum of net profits (Cissé 

et al., 2013). 

The optimization provides estimated equilibrium fleet effort indices 𝐸𝑀𝐸𝑌,𝑘 and fleet 

revenues and costs. This allows the comparison of the fishery revenues and 

profitability with the values obtained with the “status quo F” and BE models. The goal is 

therefore to see if considering fleet behaviour via the maximisation of the fishery net 

profit causes a different effect of grey seal predation on fleet revenues than the effect 

when the net profits are dissipated. 

5.1.3. Changes in seal predation 

The role of the study is to evaluate the bioeconomic impacts of grey seal predation on 

the West of Scotland fisheries. Consequently, fleet revenues can be compared for 

differences in seal predation (𝑃). To illustrate this, a scaling factor is applied to the 

Optimizer TR1_10-

24 

TR1>24 TR2<10 TR2_10-

24 

Others Net profit Time 

DEoptim 1 0.401057 1 1 0.889892 11,535,190 7,372 

GenSA 1 1 0.401084 1 1 0.889876 11,535,190 40,519 
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equation of seal predation mortality (4.10) in the three scenarios tested. This constant 

can take values of 0.7, 0.8, 0.9, 1, 1.1, 1.2 and 1.3. The change is limited to ±30% 

because the uncertainty around the model outputs increases with large departures 

from the initial parameters. The parameters have been estimated at the current 

situation and going too far from this state increases uncertainty in the simulations.  

Since 𝑃 is a product of three components and it is fair to consider seal selectivity for a 

certain age class constant, applying a scaling factor to 𝑃 can correspond to a change in 

predation rate, 𝑞, but also to a change in seal population. In this study, the predation 

rate is assumed constant by default for all scenarios. Since seal dynamics is not 

modelled within the bioeconomic models, a change in 𝑃 will be referred as a change in 

seal population and enables testing scenarios of increase or decrease in seal numbers. 

An increase can correspond to a population growth and a decline in grey seal numbers 

can be due to human interventions, disease or removal by natural predators (not likely 

to be high since killer whales, only natural predators of seals, are only migrating 

through the area).  

5.1.4. Summary 

Currently, the West of Scotland mixed demersal fishery is a regulated fishery with 

restrictions not only on fishing effort and vessel power but also on landings through 

quotas (Scottish Government, 2015b). Vessels can only enter the fishery if previous 

vessels leave. So there is also a regulation in terms of fleet capacity. Furthermore, 

fishing behaviour is difficult to model since it can vary for different reasons. Fishers can 

change their effort depending on the profit of the previous year but can also change 

their behaviour on a day to day basis. Therefore it has been chosen to look at simpler 

cases of fishery equilibrium scenarios which could already give an indication of the 

direction the fishery would move towards given where it is today. Trophic interactions 

are less critical in indicating the direction of change resulting from seal impacts on the 

fisheries. Consequently these models cannot be seen as directly predictive of what 

would happen in the next hundred years but rather as a way of comparing current seal 

impacts in different fishery scenarios. 
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The “status quo F” model is the biological equilibrium model where the economic 

aspect of the fleets is not taken into account. Fishing mortality is kept constant in this 

scenario so profit orientated behaviour is not considered. This model estimates the 

impact of grey seals on the West of Scotland fleet revenues when fishers fish 

continuously at the same rate. 

The dynamic scenarios study grey seal predation impacts for two economic equilibrium 

scenarios where fishing mortality per fleet is allowed to vary: the bioeconomic 

equilibrium (BE) and the maximum economic yield (MEY). This enables the evaluation 

of grey seal impacts when profit orientated fleet behaviour is considered given 

different fisheries management assumptions. The BE model assumes the fishery is an 

open-access and that fleet effort and vessel numbers can vary. At the BE, the fleet net 

profits are dissipated. The MEY scenario assumes the fishery is closed to entry and exit 

and the fleets can only vary their effort. The total fishery net profit is maximised in this 

scenario. The BE and MEY models present therefore two economic extremes: the 

dissipation and the maximisation of the fishery net profit. 

The goal of this study is to compare the change in fleet revenues in the three scenarios 

for different simulations of change in seal numbers. Considering different scenario 

models enables the comparison of grey seal predation impacts on the fishery for 

different equilibrium assumptions. This can be seen as sensitivity analysis around the 

results of grey seal predation impacts on the demersal fishery in VIa. 

5.2. Bioeconomic results 

5.2.1. Results at status quo seal predation mortality 

Figure 5.2 shows the equilibrium stock biomass in the three scenarios, at the current 

level of seal population. The credible intervals are large for all species which highlights 

the great variability around the stock-recruitment estimates. This produces large 

credible intervals around the associated fleet revenues. 
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Figure 5.2: Average equilibrium spawning stock biomass (thousand tonnes) at status quo 𝑃 in the three 
scenarios. The segment represents the 95% credible interval and the dashed line represents the estimated 
current SSB. 

Except for the saithe stock in the “status quo F” and BE scenarios, the species show an 

increase in biomass at the equilibrium compared to the current state which seems to 

show a stock recovery in the long-run. Cod and haddock notably reach levels close to 

the maximum observed SSB (cf. Figure 4.3) in the “status quo F” scenario and cod goes 

above it in the MEY scenario.  
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In all the scenarios the average equilibrium biomass of haddock is similar. The BE 

model is the one that shows the smallest cod stock but the largest whiting biomass. The 

fishing mortality being largest for cod, the increase in effort or the entry of vessels to 

reach the BE induces a smaller cod stock at the equilibrium. 

The MEY scenario presents larger stock biomasses than the “status quo F” scenario. A 

large increase in the cod stock is notably evident. This demonstrates the importance of 

cod in the maximisation of the fishing net profit. 

Comparing the effort index to get to the BE and MEY with the “status quo F” effort index 

at the current level of seal population gives an idea of the change required by each fleet 

to currently satisfy the long-run equilibria. The scenario for which the effort changes 

the most compared to the “status quo F” effort is the BE scenario (Table 5.5). 

Table 5.5: Estimated effort indices at the BE and MEY for status quo 𝑃. The numbers in parenthesis relate 
to the corresponding change in vessel numbers in the BE scenario assuming that the change in fishing 
mortality is entirely due to a change in vessel numbers. Since the fishery is assumed closed to entry and 
exit of vessels in the MEY scenario, the change corresponds only to a change in effort. For comparison, the 
“status quo F” the effort index for all fleet is 1. 

When the fishery is assumed to be an open-access, the small trawlers increase their 

effort while the large trawlers decrease their fishing mortality. The large Nephrops 

trawlers reduce their fishing mortality by more than 80%. The gain on Nephrops 

landings seems to be taken by the small TR2 trawlers instead. It seems that the large 

trawlers, which are most costly to operate (cf. Figure 3.5), reduce their effort or their 

capacity which benefits less costly small vessels. The overall fishery gains in small 

trawlers effort and vessel capacity and loses larger vessels. If considering that the 

change in fishing mortality is only due to a change in vessel capacity in the BE scenario 

(only scenario where the number of vessels can vary), overall the fishery increases its 

vessel capacity, notably of small Nephrops trawlers. 

Equilibrium TR1_10-24 TR1>24 TR2<10 TR2_10-24 Others 

BE 4.941 (+35) 0.654 (-4) 16.294 (+474) 0.187 (-123) 1 (=) 

MEY 1 0.243 1 0.992 1 



Chapter 5 

 
 

 
134 

To get to the MEY, only the large trawlers decrease their effort, by only few percent for 

TR2_10-24 but by more than 75% for the large whitefish trawlers. Once again, this 

seems to be due to the large costs to operate each vessel. The large whitefish trawlers 

have a cost per vessel 22 times larger than the cost on TR1<10 and 2.8 times greater 

than the small whitefish trawlers (cf. Table 4.10). Reducing their effort can therefore 

produce large decreases in fishing costs and increase the fishery net profit. These 

results highlight the fact that the current total fishing mortality is not economically 

optimal. This will be presented in more detail in part 5.2.4. 

Figure 5.3 shows the fleet revenues and costs for the corresponding effort indices in the 

“status quo F”, BE and MEY scenarios. The structure of the fishery is completely 

different between the dynamic equilibria. In the BE scenario, the small trawlers account 

for most of the revenues whereas the large Nephrops trawlers and the foreign vessels 

are the most profitable in the “status quo F” and MEY scenarios. As shown in Table 5.5, 

the main difference between the “status quo F” and the MEY is for TR1>24. If the fishing 

mortality stays the same, the “status quo F” scenario is profitable because it shows 

positive net profit for all fleets. The maximisation of the total fishery net profit induces 

however negative net profits for the large whitefish trawlers. This is an anomaly since a 

fleet making loss is supposed to stop fishing at the equilibrium. The fact that TR1>24 

keeps running at loss is due to the assumption of the MEY scenario which says that a 

fleet can stop fishing but cannot exit the fishery so the net profit is negative if the effort 

index is 0 due to the fixed costs of the vessels. At the MEY, the total fishery net profit is 

maximised if TR1>24 keeps fishing with small negative net profit rather than if it stops 

fishing. It makes sense to have this assumption and to keep this fleet because it is the 

whitefish fleet presenting the largest revenues currently (Seafish). It is fair to assume 

that if this would happen in reality, the fleet would exit the fishery, or receive subsidies 

until a positive net profit is reached. 
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Figure 5.3: Average fleet revenues and costs at status quo 𝑃 in the three scenarios. 

 

Table 5.6: Total fishing revenues and costs (£) at status quo 𝑃 in the different scenarios. 

 Status quo F BE MEY 

Total fishing revenues (£) 99,450,026 113,735,779 93,138,024 

Total fishing costs (£) 91,946,590 117,800,100 82,706,030 
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As regards to the entire fishery, the BE scenario is the one bringing the largest revenues 

and the MEY scenario the smallest (Table 5.6). The “status quo F” scenario is situated in 

between both. However, at the BE the net profit is dissipated (except for the “Others” 

fleet because its effort is kept constant hence the larger costs at the BE) but they are 

maximised at the MEY. Larger revenues at the BE could for instance reflect a fishery 

with more fishers but it also implies a major change in the current fishery 

configuration. However, the MEY seems easier to reach and the net profits are maximal 

and induce an optimal fishery in the long-run. 

5.2.2. Grey seal impacts on fish stocks 

Before looking at the economic impact of grey seal predation, it is useful to consider the 

biological impacts of seals on the three stocks of interest (Figure 5.4). As expected, the 

credible intervals are large for all species due to the high variability around the stock-

recruitment relationship. 

It is clear that despite a difference in SSB values, the trend in the change in SSB with 

seal numbers is similar in the three scenarios. Cod is the fish the most sensitive to an 

increase in grey seal numbers with a steeper decrease in SSB for an increase in seal 

numbers compared to the other species. Surprisingly, despite a weight of haddock 

consumed by seals in 1985 and 2002 of the same order of magnitude as the weight of 

cod consumed (Harris, 2007), the haddock SSB is largely stable for this species even for 

large changes in the seal population. A decreasing trend in whiting SSB is clearly visible 

when grey seal predation is increased but the slope is less steep than for cod.  

The cod stock seems more sensitive to a decrease in seal numbers than to an increase. 

Indeed, a decrease in seal numbers induces a bigger change in SSB than an increase in 

seal numbers of the same amount does (Table 5.7). This is also seen in Figure 5.4 where 

the slope is slightly steeper between -30 and 0% than between 0 and +30%. The large 

size of the credible intervals may however mean that these differences are not 

significant. 
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Figure 5.4: Average SSB (dots) and 95% credible interval (segment) for the three species of interest and in 
the three different equilibrium scenarios for a change in seal population between -30% and +30%. 

For whiting, the change in SSB is more or less similar no matter the direction of the 

change in seal numbers (Table 5.7) and an almost perfect straight line can be drawn 

between -30% SSB and +30% SSB in Figure 5.4. 

In the “status quo F” simulation, an increase in seal population of 30% pushes the cod 

and whiting stocks at risk of extinction with a lower limit of the credible interval 

around 2,000 tonnes. 
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Table 5.7: Change in cod and whiting SSB (%) for an increase or a decrease in seal numbers of 30% 
compared to the SSB at the current level of seal population. 

In the dynamic scenarios (BE and MEY) fleet effort can change so the impact of seal 

predation on SSB may not only be due to seal predation directly but also to the change 

in fleet behaviour with fish abundance. The BE scenario estimates smaller SSB for cod 

and larger for whiting for all changes in seal population, similar to that observed at the 

current seal population level (Figure 5.2). In the MEY scenario, the levels of SSB for 

whiting are slightly larger than for the “status quo F” scenario. However there is larger 

cod stock at MEY compared to the other scenarios which highlights again the 

importance of the cod stock in the maximisation of fishing net profit.  

The equilibrium whiting biomass goes beyond the maximum observed values at the BE 

only for two cases of seal population change (-30% and -20%). However, for cod at the 

MEY, all the average SSB, except for a change in seal population of +30%, are larger 

than the observed one. In the “status quo F” scenario, cod SSB is also larger for any 

decrease in seal numbers. Knowing the possible overcompensation effect of the Ricker 

stock-recruitment assumption when SSB goes beyond the observed values, these 

results may be uncertain. This will be discussed in more detail in the next chapter. 

5.2.3. Grey seal impacts on fishing revenues 

After considering the biological impacts of grey seal predation on fish stocks and 

showing that the impact is most important for cod, less so for whiting and is minor for 

haddock, it is necessary to translate these changes into economic terms by looking at 

the impact of grey seal predation on fleet revenues and net profits. 

 Cod Whiting 

Scenario -30% +30% -30% +30% 

Status quo F +68 -59 +33 -37 

BE +51 -46 +21 -17 

MEY +44 -36 +32 -32 
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The change in fleet revenues is not completely symmetrical depending on the direction 

of the change in seal population (Figure 5.5). Similarly to what was visible for cod SSB 

in the previous part, a decrease in seal population has overall a larger impact than an 

increase in seal numbers.  

 

Figure 5.5: Change in fleet revenues (%) in the three different equilibrium scenarios for a small (10%) and 
large (30%) change in seal population. 

The large whitefish trawl fleet (TR1>24) is the most impacted by a change in grey seal 

population in the three scenarios. The “status quo F” scenario is the one showing the 

smallest impact for this fleet with a maximum change in the revenues of around 14% 

when the seal population is reduced by 30%. The MEY scenario is the one having 

largest impacts with an important increase in TR1>24 revenues of 60% when the seal 

population is reduced by 30%. The increase at the BE is of 40%. 

If this decrease in predation mortality is related to a change in seal numbers this would 

correspond to a change of more than 9,600 individuals which could seem large in the 

short-term even if considering human interventions, predator removal or disease. A 

change of ±10% may be more realistic and corresponds to a change of around 3,200 
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individuals. In this case, the impact is reduced to 4% for TR1>24 in the “status quo F” 

scenario, 12% at the BE and 18% at the MEY. Consequently, if the fishery is at the BE or 

MEY, a 10% decrease in seal population can produce a larger increase in the revenues 

of TR1>24. However, the impacts for the rest of the fleets are minimal. 

After the large whitefish trawlers, the small whitefish fleet (TR1_10-24) and the 

“Others” fleet are the most impacted by grey seal predation. As expected, the Nephrops 

trawlers are the least impacted since cod, haddock and whiting are caught as bycatch 

and not directly targeted. 

It has been mentioned in part 4.3.2 that it is possible to obtain revenue distributions 

resulting from the stochastic nature of recruitment. The average fleet revenues differ 

significantly for changes in levels of seal population. However, the comparison of the 

95% intervals at the steady state in the different scenarios highlights the large range of 

values the revenues can take for the different seal population scenarios (Figure 5.6). 

Indeed all the credible intervals for the different seal population changes are 

overlapping indicating that even if the average revenues are different, the changes in 

revenues due to the change in grey seal predation at the steady state is small compared 

to the size of the credible intervals. The large credible intervals demonstrate again the 

great uncertainty around the stock-recruitment relationship which was already 

highlighted in Figure 5.4. 

The TR1 fleets present a clear decreasing trend in average revenues with an increase in 

seal predation. The inverse trend at the BE for the “Others” fleet that targets whitefish 

is an artefact due to its effort being kept constant. This fleet’s landings depends mainly 

on what the other fleets are catching and do not respond to the change in seal 

predation. The change in revenues for the Nephrops fleets presents no clear trends in 

line with the small change in bycaught landings of the three species for which grey seal 

predation is modelled. 

While the “status quo F” scenario is the one presenting the smallest impacts of seal 

predation for the TR1>24 fleet, it is also the one presenting the largest revenues for this 

fleet. The MEY scenario which had the largest impacts on the revenues is the one 

estimating the smallest revenues for this fleet. This could be the reason why the change 
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is larger when the revenues are small. The proportion of each fleet in the total revenues 

changes with the scenarios. Indeed the “Others” fleet presents the largest revenues in 

the “status quo F” and at the MEY, followed by TR2_10-24, TR1>24, TR1_10-24 and 

TR2<10. At the BE, the fleet bringing the most revenues to the fishery is TR2<10 

followed by TR1_10-24, “Others”, TR1>24 and TR2_10-24. 

 

Figure 5.6: Average fleet revenues (dots) and 95% credible interval (segment) for the three species of 
interest and in the three different scenarios for a change in seal population between -30% and +30%. The 
credible intervals for the TR2 fleets do not appear on the figure because they are too small compared to the 
scale of the y-axis which is common to the three equilibrium scenarios. 
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The MEY is the scenario where the total fishing net profit is maximised. It is therefore 

also interesting to see the impacts of grey seal predation on the fleet net profits. The 

impacts on the net profits are smaller than the impacts on the fleet revenues for the five 

fleets with a maximum impact of 37.2% for TR1>24 (Table 5.8). As observed for the 

revenues, the large whitefish trawlers are the most impacted and the Nephrops 

trawlers the least. These results seem to show that when the total fishery net profit is 

maximised the impacts of grey seal predation may be large on fleet revenues but they 

are reduced on fleet net profits. 

Table 5.8: Change in the fleet net profits (%) in the MEY scenario following a change in seal population 
between -30% and +30%. 

When looking at the scale of the entire fishery, the change in seal predation results in a 

change in the total fishery revenues and net profit between -4.3% and +5.7% (Table 

5.9). In the “status quo F” the changes in revenues and net profit are identical because, 

the effort being constant, the costs are the same for all simulations. The change in net 

profit at the BE are not presented here because by definition the net profits are 

dissipated at the equilibrium. 

For the three scenarios, the direction of the change in the total fishery revenues is 

consistent, with an increase in revenues and net profit with a decrease in grey seal 

population. When the fishery is assumed to maximise its net profit, a change in grey 

seal population has a slightly larger impacts on the revenues than on the net profit. 

While large changes in fleet revenues were observed in the three scenarios, notably for 

TR1>24, at the fishery scale, even large changes in seal population have relatively small 

effects on the total fishery revenues and net profits. The impacts are also less variable 

Fleet -30% -20% -10% 10% 20% 30% 

TR1_10-24 8.1 4.9 2.4 -2.1 -4.6 -6.1 

TR1>24 37.2 23.0 12.2 -12.3 -23.7 -28.1 

TR2<10 0.9 0.5 0.3 -0.2 -0.2 -0.2 

TR2_10-24 -0.1 0.0 -0.1 0.0 -0.1 -0.2 

Others 4.7 2.8 1.4 -0.9 -2.3 -3.2 
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between the scenarios. This is due to the fact that, in the three scenarios, the TR1<24 

fleet only accounts for a small part of the total revenues (Figure 5.6). 

Table 5.9: Change in the total fishery revenues and net profit (%) in the three different equilibrium 
scenarios following a change in seal population between -30% and +30%. 

Consequently these results shows that, no matter the equilibrium considered, the 

impacts of grey seal predation on fishing revenues differ depending on the fleet and are 

minimal at the level of the entire fishery.  

Table 5.10 shows the change in revenues for a small change in seal population of ±10% 

at the level of the entire fishery, at the level of one vessel but also what this 10% change 

in revenues represents per seal. At the BE, it is assumed that the change in fishing 

mortality is entirely due to a change in the number of boats and not to a change in 

effort, assuming all the vessels are identical. As a result, the change at the fishery level 

is divided by the total number of vessels to get the revenues per vessel. The number of 

boats at the BE is larger than in the other scenarios where the fishery has limited 

access. This is an over-simplification but it gives an idea of the costs scaled to the 

number of vessels in the fishery. To get the change in revenues per seal the change in 

the total fishery is divided by the number of seals that represents 10% of the 

population hence 3,204 individuals. 

The results are of the same order of magnitude for all scenarios at the fishery and seal 

levels. As expected, the MEY presents the highest change in revenues at the fishery level 

because the impacts were the largest in this scenario (Table 5.9). Assuming an open-

access fishery produces a large number of boats and reduces the change in fishing 

Scenario Type of change -30% -20% -10% 10% 20% 30% 

Status quo F Change in revenues and 

net profit 

5.0 3.2 1.5 -1.4 -2.6 -3.8 

BE Change in revenues 4.3 2.8 1.1 -1.4 -2.7 -4.3 

MEY Change in revenues 5.7 3.5 1.7 -1.5 -3.3 -4.3 

Change in net profit 5.2 3.1 1.5 -1.2 -2.6 -3.4 
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revenues per vessel compared to the other two scenarios. The change in fishing 

revenues per vessel following a change in seal numbers are the largest at the MEY. 

Table 5.10: Change in annual fishing revenues (£) following an increase or decrease in seal population of 
10% (3,204 individuals) at the level of the entire fishery, one vessel and one seal in the three different 
equilibrium scenarios. 

Converting the change in fishing revenue to what it would mean per seal gives an 

overall cost of seal predation between £434 and £495 per seal depending on the 

scenario considered. 

5.2.4. Sustainability of the VIa fishery 

5.2.4.1. Fishing mortality and revenues per species 

Conventionally, the effort (or fishing mortality in this study since selectivity and 

predation rate are constant) at the BE is always larger than the effort at the MEY. When 

the fishing mortality goes beyond the one at the BE (𝐹𝐵𝐸), the fishery net profit 

becomes negative and, on average, fishing is not economically sustainable. 

Consequently, from a management point of view, the fishing mortality on a fish species 

should be at or below 𝐹𝐵𝐸  for the catch to be economically viable. 

It is interesting to compare the average fishing mortality for the three species of 

interest at the different equilibria and compare it with the status quo fishing mortality 

in the West of Scotland to determine the economic sustainability of the fishery. Also, it 

is interesting to study how this sustainability window varies with seal population 

changes. Figure 5.7 shows the values the total fishing revenues can take with changes in 

 +10% seals -10% seals 

Scenario Fishery Vessel Seal Fishery Vessel Seal 

Status quo F -1,391,139 -6,323 -434 1,570,350 7,138 490 

BE -1,408,721 -2,348 -440 1,430,484 2,372 446 

MEY -1,441,673 -6,553 -450 1,586,755 7,213 495 
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seal population as a function of average fishing mortality. First, as expected, for all 

species, the fishing mortality and revenues at the BE are the largest compared to the 

MEY results. Also, at the BE, a large decrease in the total fishing revenues necessitates a 

large decrease in 𝐹. However, for MEY where 𝐹 is generally low, a large decrease in 

revenues occurs for a small decrease in 𝐹. Similarly, changing the grey seal population 

has a larger impact on fishing mortality at the BE than at the MEY. 

 

Figure 5.7: Average total fishery revenues and fishing mortality at the BE (dots) and MEY (triangles). The 
segments represent the range of change in fishing revenues as a function of mean fishing mortality for seal 
population changes between -30% and +30%. The dashed vertical grey line corresponds to the average 
status quo fishing mortality and the dashed horizontal grey lines give the range of fishing revenues in the 
“status quo F” scenario. The age range used to take the mean fishing mortality follows ICES (2013b). 

For cod and haddock, the current fishing mortality is economically sustainable because 

it is lower than 𝐹𝐵𝐸  within the range of grey seal population considered. However, for 

whiting the current fishing mortality is larger than 𝐹𝐵𝐸  and a reduction in fishing or 

grey seal mortality is necessary to fish at economically sustainable levels despite the 

really small fishing mortality values.  

Despite the economic viability of the fishery in the “status quo F” scenario with only 

positive profits for all fleets (Figure 5.3), fishing is not economically sustainable on the 

whiting stock. This could be resolved by reducing the current fishing mortality by 4% if 
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the seal population stays stable. Nevertheless, the fishery being mixed the profitability 

of individual stocks is not critical. 

5.2.4.2. Change in total fishing mortality required to obtain an 

economically optimal fishery 

In the MEY scenario, each fleet can change its effort independently from the others 

following the conventional method used in multifleet models. However it is interesting 

to know where the current fishery is compared to the economically optimal case where 

the fishery net profit is maximised, given the current configuration of the fishery. 

Therefore a new MEY scenario is tested but this time it is assumed that the proportion 

of each fleet in the total fishing mortality cannot change. In other words, the change in 

fleet effort index is the same for all fleets and the optimal level of effort is a single 

constant 𝐸𝑀𝐸𝑌. This enables the comparison of the current effort index with the optimal 

level of effort which maximised the fishery net profit keeping the proportion of each 

fleet in the total fishing mortality constant. By default, as for the MEY scenario, the 

upper bound on effort index is set to be the current fishing effort index, i.e. assuming 

that the fleets fish already at the maximum effort or fishing mortality level. 

Figure 5.8 shows the proportion by which the current fishing effort or mortality in the 

West of Scotland should be reduced to maximise the total fishery net profit without 

changing the composition of the fleets. At the current level of seal population, the 

current fishing mortality should be reduced by about 19.6%. Increasing seal numbers 

induces a decrease in the current fishing effort but overall the effort reduction is about 

the same regardless of the level of seals. 

The results when fleet effort indices can vary between 0 and twice the current effort 

give the same results. This may be evidence of the necessity to reduce the current 

fishing mortality to maximise the fishing net profit in VIa. 
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Figure 5.8: Change in fishing effort index (or mortality) necessary to maximise the fishery net profit 
compared to the current fishing effort index and keeping the current fishery configuration. 

5.2.5. The importance of cod in grey seal impacts 

It has been seen in part 4.2.1.1.6 that the grey seal predation mortality on cod 

estimated by the state-space model is larger than that on haddock and whiting making 

cod the fish that is likely to be the most impacted by grey seal predation. The 

simulation study of seal impacts on fish stocks seems also to validate this assumption 

(Figure 5.4). Also, TR1>24, which is most impacted in all scenarios, is also the fleet that 

lands the greatest weight of cod given the status quo fishing mortality (Figure 5.9). This 

motivates the investigation of the role of cod in grey seal impacts on fishery. 

To investigate the importance of cod in grey seal impacts, a fixed 𝐹 simulation was run 

forcing the collapse of cod by setting the recruitment to be 0 every year. The 

corresponding grey seal impact on fleet revenues is compared to the “status quo F” 

simulation which uses the initial stock-recruitment relationship (Figure 5.10). It is clear 

that grey seal impacts on all fleet revenues are substantially reduced when the cod 

stock collapses. Even reducing the seal population by 30% only increase the revenues 

of TR1>24, the most impacted fleet, by less than 3%. 
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Figure 5.9: Landings per species and fleet in the “status quo F” scenario and for the current seal population 
level. 

This emphasizes two points: 

- From part 4.2.2.1.3 we know that grey seal predation is larger on cod than 

haddock and whiting and seal predation mortality on haddock and whiting is 

the smallest mortality. This makes cod the fish the most impacted by grey seal 

predation and the economic impacts on fishing revenues from the predation on 

the other species are minimal. 
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- There is little economic impact of grey seal predation on the West of Scotland 

fishery when the cod stock collapses. Avoiding the collapse of cod should be the 

main goal of fisheries regulations. A reduction in seal population, even drastic, 

will be ineffective if cod disappears. 

 

Figure 5.10: Change in fleet revenues (%) for a small (10%) and large (30%) change in seal population in 
the “status quo F” scenario and when the recruitment for cod is set to 0. 

The next chapter studies the sensitivity around grey seal impacts on fishing revenues. 
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Chapter 6 

 

Sensitivity analysis 

It is important to study the sensitivity of the bioeconomic simulation models to the 

different assumptions taken in this study. This evaluates the robustness of the results 

or highlights the limitations of the models that need to be kept in mind for the 

discussion of the results (Figure 6.1).  

 

Figure 6.1: Schematic diagram of the different sensitivity analyses done in this chapter. 

The robustness of the bioeconomic results to the stock-recruitment relationship is 

investigated in the first part. Sensitivity around the Schaefer parameters is also tested 

in part 6.2. The different scenarios assumed a constant seal predation rate; the 

sensitivity around this assumption is discussed in part 6.3. Finally, the effort of the 

“Others” fleet is assumed constant in the dynamic scenarios, it is also necessary to see if 

the models are sensitive to this assumption.  



Chapter 6 

 
 

 
151 

6.1. Sensitivity around the stock-recruitment 

assumptions 

The different bioeconomic models assumed a Ricker stock-recruitment relationship 

(Ricker, 1954). Two different aspects need therefore to be tested. The sensitivity of the 

model to the parameter estimates of the Ricker curve related to the measurement 

errors which affect the shape of the curve. But also the sensitivity around the choice of 

the curve by comparing the results with the two other commonly used curves: 

Beverton-Holt (Beverton and Holt, 1957) and the smooth hockey-stick (Froese, 2008).  

6.1.1. Sensitivity around the stock-recruitment 

parameter estimates 

A stock-recruitment curve could be mainly sensitive to two aspects: the slope at the 

origin and the maximum recruitment. The larger the slope at the origin, the faster the 

fish stock will reach the maximum recruitment value and vice-versa. Also a shallow 

slope may make the stock more vulnerable to collapse (e.g. when the replacement line 

lies above the stock-recruitment curve). The maximum recruitment is also important 

since for the Beverton-Holt and smooth hockey-stick curves it is constant at high SSB. 

For the Ricker curve, the maximum is the value at which the recruitment starts to 

decrease for larger values of SSB. 

It is important for the bioeconomic models to have stock-recruitment parameters that 

are reliable and lead to robust bioeconomic results. However, the reliability of the 

estimates is limited by the short time series of stock-recruitment data and the fact that 

the parameters are themselves estimated from estimates of recruitment and SSB 

resulting from stock assessment models. Testing the robustness of the simulation 

model to the stock-recruitment parameters is therefore necessary.  

To analyse the overall sensitivity of the models to the Ricker parameters, the 

experimental scenarios are run for different simulations changing each stock-
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recruitment parameter, 𝛼 and 𝛽 (Equation (4.3)) by +10% for all fish species. This 

value is used to simulate the local sensitivity at the initial parameter values which were 

estimated at the current state of the fishery. The models being non-linear changing the 

parameters by more than 10% may not be representative of the global sensitivity to 

these parameters. 

 

Figure 6.2: Stock-recruitment curves changing one parameter at a time by +10% used to analyse sensitivity 
of the equilibrium models to the Ricker stock-recruitment parameters. 
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With the Ricker assumption, increasing 𝛽 decreases the maximum recruitment and 

changing 𝛼 increases both the slope at the origin and the maximum recruitment (Figure 

6.2). The parameterisation does not allow variation of the slope and the maximum 

recruitment independently.  

The fish species most affected by the change in the stock-recruitment parameters is 

whiting which shows large changes in average SSB in all equilibrium scenarios (Table 

6.1). Overall, an increase in 𝛼 induces an increase in SSB while an increase in 𝛽 induces 

a decrease in SSB. This is expected since increasing 𝛼 by 10% increase the slope at the 

origin and the maximum recruitment while increasing 𝛽 decrease the maximum 

recruitment. Therefore, the impact is overall larger when 𝛼 is increased than when 𝛽 is. 

Table 6.1: Change in average equilibrium SSB (%) at status quo 𝑃 when the Ricker parameters are changed 
by +10% compared to the results obtained with the initial stock-recruitment parameters in the three 
equilibrium scenarios. 

Table 6.2 shows the change in fleet revenues for a +10% change in 𝛼 or 𝛽 compared to 

the initial run with the original stock-recruitment parameters at status quo 𝑃. The 

revenues for the Nephrops fleets (TR2) are not sensitive except in the BE model for 

TR2_10-24. This was expected since cod, haddock, whiting and saithe are caught as 

bycatch by these fleets. The importance of the impact is due to the large change in effort 

index for the large Nephrops trawlers at the BE as shown in Table 5.5 in the previous 

chapter. Unsurprisingly, the most impacted fleet is again TR1>24 and, in the dynamic 

scenarios, changing the stock-recruitment parameters can induce a large change in 

revenues for this fleet at status quo 𝑃. The impact of changing 𝛼 and 𝛽 for the other 

fleets is minimal. 

Scenario Case Cod Haddock Whiting Saithe 

Status quo F α+10% +26 +8 +81 +17 

β+10% -10 -7 -11 -9 

BE α+10% +13 +4 +50 -5 

β+10% +8 -9 -7 7 

MEY α+10% +8 +6 +69 +2 

β+10% -5 -9 -11 -7 
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The increase in the change in revenues when 𝛼 is modified seems to show that the 

model is sensitive to both a change in the slope at the origin and in the maximum 

recruitment when a Ricker relationship is assumed. Overall, an increase in 𝛼 causes an 

increase in fish stocks so an increase in the fleet revenues and an increase in 𝛽, a 

decrease in stocks and the fleet revenues.  

Table 6.2: Change in fleet revenues (%) at status quo 𝑃 when the Ricker parameters are changed by +10% 
compared to the results obtained with the initial stock-recruitment parameters in the three equilibrium 
scenarios. 

Rather than the actual value of the revenues for each fleet, the study is mainly 

concerned with the impact of seal predation on fleet revenues. As the TR1>24 is the 

fleet most affected, the sensitivity around the stock-recruitment parameters for 

different changes in seal population is studied just for this fleet. 

Figure 6.3 shows the difference in seal impacts on TR1>24 when the stock-recruitment 

parameters are changed by +10% compared to the initial results obtained with the 

initial parameters. In the “status quo F” scenario changing the stock-recruitment 

parameters only induces a change in grey seal impacts of less than 1%; this model is 

therefore not sensitive to the stock-recruitment parameters. However, the change is 

more important in the dynamic scenarios and can reach 20% for large changes in seal 

population (30%). Also, the direction of the change differs with the scenario 

considered. Increasing 𝛼 almost always produces a decrease in grey seal impacts on 

TR1>24 revenues. This is similar to the increase in the fleet revenues previously 

observed (Table 6.2). Indeed, the increase in recruitment produces larger revenues. A 

given predation mortality therefore has a smaller impact on larger revenues than 

Scenario Case TR1_10-24 TR1>24 TR2<10 TR2_10-24 Others 

Status quo F α+10% +5 +9 0 0 +3 

β+10% -2 -4 0 0 -1 

BE α+10% +3 +31 -1 +4 -1 

β+10% +1 -26 0 -6 +1 

MEY α+10% +3 +53 0 -1 +1 

β+10% -2 -17 0 0 -1 
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smaller revenues. An increase in 𝛽 generally produces an increase in grey seal impacts 

(except in the “status quo F” scenario when the change is almost 0) because the 

maximum recruitment is reduced and the revenues decrease also compared to the 

initial simulation. Since the simulations are run for identical grey seal predation 

mortality, increasing 𝛽 increases grey seal impacts on TR1>24. 

 

Figure 6.3: Change in grey seal impacts on TR1>24 revenues (%) for a +10% change in 𝛼 and 𝛽 compared 
to the impacts with the initial stock-recruitment parameters. 

The larger the seal population change, the larger the change in grey seal impacts 

becomes. When seal numbers are changed by a small amount (10%), the change in the 

impacts is less than 9%. Consequently, the sensitivity around the stock-recruitment 

parameters increases with the magnitude of the change in seal population. The stock-

recruitment being highly variable, the bioeconomic results for the largest changes in 

seal population may be more uncertain since they are more sensitive to the stock-

recruitment parameters. 

For extreme cases of change in seal population (±30%), the dynamic scenarios show 

opposite sensitivity. At the BE, the -30% case is more sensitive to 𝛽 and the +30% case 
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to 𝛼. The contrary is observed at the MEY. This can be related to the effect of the change 

in seal population on the replacement line, the stock-recruitment curve and on the size 

of the fish stocks. Decreasing grey seal mortality induces a decrease in the slope of the 

replacement line and the inverse occurs by increasing grey seal population. Since only 

the maximum recruitment is modified by changing 𝛽, this parameter is not important at 

low SSB. The parameter 𝛼 is on the contrary, since increasing it induces an increase in 

recruitment even when the SSB is low. The results at the BE confirm this. The SSB is 

low when seal population is increased by 30% so the model is mainly sensitive to 𝛼 and 

the inverse is shown for the +30% case. However, this is not seen in the MEY scenario. 

This can be explained by the value of cod SSB in the different cases. Indeed, the cod 

biomass is larger than the observed SSB no matter the number of seals in this scenario. 

This means that the stock-recruitment curve for the 𝛽 + 10% case already differs from 

the original stock-recruitment curve. At high SSB both 𝛼 and 𝛽 are important and the 

difference depends on where the replacement line crosses the stock-recruitment curve. 

6.1.2. Sensitivity around the choice of stock-

recruitment curve 

The results presented in Chapter 5 assumed a Ricker stock-recruitment relationship. 

Even if commonly used for cod and haddock in ICES assessments (ICES, 2013b), it is 

necessary to see if the models are sensitive to this assumption by running the 

simulations with two other common stock-recruitment curves: Beverton-Holt and the 

smooth hockey-stick. 

Figure 6.4 shows the difference in seal impacts on TR1>24 when a Beverton-Holt or 

hockey-stick stock-recruitment is assumed compared to the initial results obtained 

with the Ricker assumption. In the “status quo F” simulation, the change in grey seal 

impacts on TR1>24 for the different changes in seal population is small when the 

Beverton-Holt and hockey-stick curves are assumed, the maximal change being of 3% 

for a large decrease in seal numbers of 30%. 
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Similarly to what was observed in the previous part for the sensitivity to the stock-

recruitment parameters, the dynamic models are more sensitive to the stock-

recruitment assumption. The largest changes in grey seal impacts are observed for a 

large decrease in seal population and the sensitivity is smaller for smaller changes in 

seal numbers. This is expected since the differences between the three curves occur at 

high SSB (cf. Figure 4.12). At large SSB, Ricker assumes an overcompensation effect and 

the two other curves assume a high constant recruitment. Therefore, the difference in 

the estimated stocks happens when the SSB goes outside the range of observed data. 

This can happen when the total mortality on fish is reduced such as in the extreme case 

where seal predation mortality is decreased by 30%. That is why the difference in grey 

seal impacts is the largest in the -30% case. 

 

Figure 6.4: Change in grey seal impacts on TR1>24 revenues (%) assuming a Beverton-Holt (BH) and a 
smooth hockey-stick (HS) compared to the impacts assuming a Ricker stock-assessment relationship. 

It seems that, overall, the simulation assuming a smooth hockey-stick curve presents 

smaller differences in impacts on TR1>24 revenues than the Beverton-Holt 

assumption. This certainly comes from the fact that for cod, the most impacted fish, the 

hockey-stick curve is closer to the Ricker than the Beverton-Holt curve. Also, the BE 
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model is slightly less sensitive than the MEY model. This is expected since the cod 

biomass at the MEY is the largest and more difference exists between the curves at high 

SSB. 

6.1.3. Summary of the sensitivity analysis around the 

stock-recruitment assumptions 

The sensitivity analysis on the stock-recruitment relationship enables to draw some 

conclusions about the bioeconomic models: 

- The “status quo F” scenario is not sensitive to a small change in the stock 

recruitment parameters or to the choice of the stock-recruitment curve. 

- The BE and the MEY models are more sensitive to both aspects. The fact that 

the fleet fishing mortality can change in the dynamic scenarios seems to be 

responsible for larger changes in the stocks which add sensitivity to the 

bioeconomic results.  

The estimation of the stock-recruitment cannot be improved with the few years of data 

available and it is believed that the original estimates are the best estimates within the 

bounds of observed data. This means that, when the estimated SSB goes outside these 

bounds, the uncertainty around the fish dynamics increases, notably for high SSB. This 

happens for cod in the “status quo F” scenario when seal population is decreased by 

more than 10% and in the MEY scenario when seal population changes between -30 to 

+20% (Figure 5.4). It also happens for whiting at the BE when the number of seals is 

decreased by more than 20%. Cod is therefore the fish the most affected by the 

sensitivity around the stock-recruitment. The MEY results, for which the cod stock is 

the largest, need therefore to be considered with great care.  
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6.2. Sensitivity analysis around the Schaefer 

surplus production function 

For the species where there is no age-structured data, a Schaefer surplus production 

function was used in the models. The function depends on preliminary estimation for 

the parameters 𝑚𝑠𝑦 and 𝐾 (Equation (4.17)). A sensitivity analysis is performed on 

these parameters to see if the model outputs differ with a change of +10% in each 

parameter for all species.  

Overall, increasing 𝑚𝑠𝑦 by 10% induces an increase in the estimated equilibrium 

biomass and landings (Figure 6.5). Increasing 𝐾 induces an increase in biomass and 

landings at low fishing mortality but a decrease at high fishing mortality. The impacts of 

changing the Schaefer parameters are larger at high fishing mortality. Hake is the 

species for which changing the Schaefer parameters have different consequences. 

Increasing 𝑚𝑠𝑦 decreases the hake biomass at low fishing mortality, increasing 𝐾 

produces higher biomass for all values of fishing mortality and, the landings are always 

increased compared to the original case with the initial parameters. These differences 

for hake are due to the fact that the stock biomass is large so the maximum sustainable 

yield is not reached and the surplus production curve for a change in 𝑚𝑠𝑦 is always 

below the original curve. The surplus production function for the other species goes 

beyond MSY. When 𝐾 is reduced, the biomass is therefore below the original biomass 

for high fishing mortality.  

The fleet revenues at status quo 𝑃 are compared in the different scenarios (Table 6.3). 

The estimated revenues are sensitive to the change in the Schaefer parameters with a 

change going from 1 to 45%.  

Depending on the change, the most impacted fleet differs but overall, the Nephrops 

trawlers, and more importantly the large trawlers (TR2_10-24), are the most impacted 

by the change in the Schaefer parameters. Also, the TR2 fleets are more sensitive to a 

change in 𝐾 than in 𝑚𝑠𝑦. This is expected because in all the scenarios the fishing 
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mortality on Nephrops is less than the fishing mortality at maximum sustainable yield 

(𝐹𝑀𝑆𝑌). 

 

Figure 6.5: Change in the equilibrium biomass and landings as a function of fishing mortality for a +10% 
change in the Schaefer parameters: 𝑚𝑠𝑦 and 𝐾. 

The most impacted whitefish fleet is TR1>24 and it is overall more sensitive to a 

change in 𝑚𝑠𝑦 than 𝐾. This is also expected because in the simulations, anglerfish and 

megrim are fished at a level of fishing mortality close to 𝐹𝑀𝑆𝑌. The 𝑚𝑠𝑦 parameter is 

therefore the most important for the whitefish trawls.  
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Table 6.3: Change in fleet revenues (%) at status quo 𝑃 when the Schaefer parameters are changed by 
+10% for all other species compared to the results obtained with the initial Schaefer parameters in the 
three equilibrium scenarios. 

Since the principal interest is on the impact of grey seal predation on cod, haddock and 

whiting, the change in impacts with changes in seal population is studied for TR1>24 

(Figure 6.6). As observed before with the stock-recruitment, the “status quo F” 

simulation is not sensitive to a small change in the Schaefer parameters since the 

change in grey seal impacts on TR1>24 revenues is less than 1%.  

The dynamic scenarios are slightly more sensitive with a maximum change of around 

10% at the BE and MEY for a 30% change in grey seal numbers. When a smaller change 

in grey seal population is simulated, the change in impacts is reduced to less than 5%. 

The change in sensitivity between 𝑚𝑠𝑦 and 𝐾 for the different seal population changes 

is related to the fishing mortality and its position regarding 𝐹𝑀𝑆𝑌 on the surplus 

production curve. 

Scenario Case TR1_10-24 TR1>24 TR2<10 TR2_10-24 Others 

Status quo F msy+10% +3 +2 +3 +3 +4 

K+10% +4 +3 +7 +7 +4 

BE msy+10% +15 -14 +5 +43 +2 

K+10% -7 +4 +5 +45 +2 

MEY msy+10% +1 +21 +2 +3 +2 

K+10% +4 -5 +7 +7 +4 
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Figure 6.6: Change in grey seal impacts on TR1>24 revenues (%) for a +10% change in 𝑚𝑠𝑦 and 𝐾 for all 
other species compared to the impacts with the initial Schaefer parameters. 

6.3. Sensitivity around the assumption of 

constant seal predation rate 

Although the variable seal predation rate (𝑞) outputs from the state-space model were 

chosen to parameterise the simulation model for cod and haddock, a constant rate is 

considered by default within the models. Classical foraging theory considers that the 

ability of seals to catch fish would vary with fish biomass. This underlies the concept of 

functional response of a predator to the prey biomass where the weight of prey 

consumed varies with the prey abundance. This variation has different shapes 

according to Holling (1959). The type I assumes that the functional response is linear 

and proportional to the stock of prey. The type II functional response reflects the 

situation where the predation increases with the abundance of prey but is limited by 

predator satiation/saturation and its capacity to process food so the shape is 
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asymptotic. Finally, the type III functional response is close to the type II response 

except that the predator only consumes a small proportion of prey when they are 

present at low density and switch to another species which is more abundant. The 

curve has therefore an “S” shape. 

 

Figure 6.7: Comparison of the estimated functional response for a fixed and variable predation rate 
assumption for the three fish species of interest. The partial biomass corresponds to the biomass available 
to seals. 

The functional response for the three species of interest was studied using the state-

space outputs for the fixed and variable 𝑞 simulations (Figure 6.7). As expected, in the 
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case of a fixed predation rate, the functional response is linear and would correspond to 

a Holling type I functional response. Indeed the seal predation rate is constant so there 

is a proportional relationship between the biomass of fish available and the weight of 

fish consumed. This assumption can be problematic at larger partial biomass (biomass 

available to seal predation) because the model predicts a constant increase in seal 

catches as long as the biomass increases. The functional response for a variable rate is 

unclear. Indeed a possible type II or III functional response seems to appear in the case 

of cod which would correspond to a seal predation rate which is a function of the cod 

partial biomass. However, for haddock and whiting, the dots are more spread and the 

relationship is less obvious.  

The type II and III functional responses mean that 𝑞 can varies with fish partial 

biomass. The Bayesian analysis was considering only two years of seal diet data and, as 

mentioned in Chapter 4, the outputs outside these years are highly uncertain. It is 

therefore extremely speculative to fit a type III response to the data which necessitates 

estimating three parameters.  

A type II functional response was fitted to the variable seal predation rate and partial 

biomass data obtained from the state-space model using the Equation (6.1). This 

estimates the seal predation rate (𝑞) as a function of fish partial biomass (𝑃𝐵) (Figure 

6.8). 

 𝑞𝑦 =
𝜒

1 + 𝜒𝜔𝑃𝐵𝑦
 

(6.1) 

Where 𝜒 and 𝜔 are constants to be estimated and represent in foraging theory the rate 

of search (or attack rate) and the handling time respectively. The partial biomass is 

calculated as follows: 

 𝑃𝐵𝑦 = ∑(𝑁𝑎,𝑦𝑤𝑎,𝑦𝑠𝑒𝑙𝑎)

𝑎

 
(6.2) 

Here the partial biomass is an estimate of the fish biomass available to the seals. It 

represents the total biomass discounted by size selectivity by seals.  
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Following Equation (6.1), the seal predation rate decreases with an increase in fish 

biomass. At low partial biomass seals spend more time searching for prey and less time 

is allocated to prey consumption. 

 

Figure 6.8: Fit of the type II functional response for cod, haddock and whiting where the seal predation rate 
varies with the partial biomass and corresponding coefficient of determination. 

The coefficient of determination is calculated for each fit and the values of the 

parameters are given in Table 6.4. For cod, the R-squared is relatively high with 33% of 

the variability in 𝑞 being explained by the type II functional response model. However 

this is not the case for haddock and whiting where the proportion of variance explained 

is very low. This means it is difficult to fit a useful seal functional response model to the 

haddock and whiting data and a fixed predation rate seems more reliable in the 

absence of information to support a more complicated model. This motivated the 

assumption of constant seal predation in the bioeconomic models. However, since 

earlier analysis shows that cod is a key stock in evaluating seal impacts and there is 

some evidence for a type II response, sensitivity to an alternative predation model is 

considered for this species. 
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To investigate this sensitivity, the results in Chapter 5 can be compared with what is 

obtained when a functional response of seals to cod biomass is assumed. To do so, 

simulations were run where 𝑞 varies deterministically with cod partial biomass using 

Equations (6.1) and (6.2) and the estimates in Table 6.4. The fit being poor for 

haddock and whiting, the original seal predation rate is used and kept constant for 

these species. 

Table 6.4: Estimated parameters for the functional response of seals to fish biomass. The corresponding 
standard errors are given in parenthesis. 

It is clear that considering a type II functional response of seals to cod biomass changes 

the estimates of cod SSB in the different equilibrium scenarios and for different 

changes in seal population (Figure 6.9). The biomass for haddock and whiting is 

unchanged compared to what was presented in Figure 5.4 with a constant predation 

rate scenario. This was expected for the “status quo F” simulation since the fishing 

mortality is constant; however it is surprising for the two dynamic scenarios. Indeed 

since the fleet can change their effort with a change in stock biomass to get to the 

dynamic equilibria, a change in haddock and whiting SSB can be expected. The absence 

of impact on the two stocks comes from the fact that the equilibrium fishing effort 

index per fleet between the functional response and the constant predation rate 

simulations are really close. This means that assuming a variable predation rate does 

not impact the estimates of fishing mortality at the BE and MEY and only impacts seal 

mortality on cod so the trend in cod SSB. The cod stock is therefore the stock the most 

impacted by considering a type II seal functional response.  

In the “status quo F” scenario, considering a functional response increases the impacts 

on the cod stock compared to the constant 𝑞 assumption. An increase in seal population 

induces a larger decrease in cod SSB and vice-versa. Considering a functional response 

in the BE scenario is mainly responsible for a decrease in cod biomass compared to the 

Species 𝝌 𝝎 

Cod 0.03008906 (±0.00386) 0.8485748 (±0.28609) 

Haddock 0.0219914 (±0.02755) 2.3811486 (±3.94261) 

Whiting 0.0122622 (±0.00339) 0.5453473 (±0.58314) 
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estimates with a constant 𝑞 assumption. A large increase in seal population (+30%) is 

responsible for the collapse of the cod stock in both scenarios. At the MEY, however, the 

estimated cod biomass is increased compared to the results assuming a constant 

predation rate, no matter the change in grey seal numbers. This is further evidence that 

cod is important in the maximisation of the net profit in VIa.  

 

Figure 6.9: Change in average cod SSB (%) when a type II functional response of seals to cod biomass is 
assumed compared to the SSB estimated with the constant predation rate in the three equilibrium 
scenarios. 

Consequently, the cod stock is highly sensitive to the seal predation rate assumption in 

all the scenarios. The cod SSB estimated with the constant 𝑞 assumption is really close 

to the maximum observed SSB in the “status quo F” and BE scenarios and above 

maximum SSB at MEY. Considering a type II seal functional response induces an 

estimated stock that goes largely beyond the observed cod biomass when the seal 

population is decreased and no matter the change in seal numbers at the MEY. This also 

means that this model is more sensitive to the stock-recruitment assumptions. 

The large increase in cod SSB can be explained by the value of the seal predation rate in 

the three scenarios since seal selectivity is constant (Figure 6.10). Indeed in the three 
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scenarios, 𝑞 increases with the increase in seal population. This makes sense since an 

increase in seal numbers induces a decrease in the cod partial biomass and therefore an 

increase in 𝑞 according to the Equation (6.1). When the seal predation rate value is 

below the constant 𝑞 value (dashed line), the estimated equilibrium cod SSB is larger 

than what was estimated with the constant 𝑞 assumption and vice-versa. The value of 𝑞 

at the MEY is much smaller than the constant 𝑞 value and explains the large increase in 

the cod stock when a type II response is assumed. 

 

Figure 6.10: Change in seal predation rate (𝑞) on cod with change in seal population when a type II 
functional response of seals to cod biomass is assumed in the three experimental scenarios. The horizontal 
dashed line corresponds to the value of 𝑞 when it is assumed constant. 

Consequently, considering a type II seal functional response to cod implies more severe 

changes in SSB than considering a constant predation rate. Also, the cod stock is more 

sensitive to an increase in grey seal population and can rapidly go to collapse in two of 

the scenarios. 

The large differences in cod biomass when a functional response is considered 

compared to the results for a constant seal predation rate are expected to make large 

changes in the whitefish revenues compared to what was visible in Figure 5.5. That is 



Chapter 6 

 
 

 
169 

indeed the case in Figure 6.11 which shows changes in revenues of more than 60% for 

TR1>24 in the dynamic scenarios when seal population is changed by 30%. 

 

Figure 6.11: Change in fleet revenues (%) in the three different equilibrium scenarios for a small (10%) 
and large (30%) change in seal population when a type II functional response of seals to cod biomass is 
assumed. 

Similarly to that observed for a constant seal predation rate scenario, the large 

whitefish trawlers, which land the largest quantity of cod, are the most impacted by 

grey seal predation but this time the magnitude of the change in revenues is larger. An 

increase in seal numbers of 30% leads to the elimination of TR1>24 at the MEY. 

If the impacts on TR1>24 revenues when a functional response is assumed are 

compared to the impacts when a constant 𝑞 is assumed, as expected, the impacts on the 

revenues are larger than what was observed before, and this is the case for all scenarios 

(Table 6.5). This means that the results are sensitive to the seal foraging model. Given 

the absence of a robust foraging model, the estimates of seal impacts on TR1>24 are 

subject to substantial uncertainty. 
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At the level of the entire fishery, grey seal predation impacts on revenues are slightly 

larger in the three scenarios when a functional response is considered (Table 6.6) but 

the magnitude of the change is small. This can be related to the small contribution of 

TR1>24 in the total fishing revenues. At the MEY, the change in impacts on the fishery 

net profit is minor indicating that the grey seal predation may alter the fishery 

performance but does not impact the net profit. This is certainly due to a parallel 

increase in fishing costs which balances the increase in revenues. 

Table 6.5: Change in grey seal impacts on TR1>24 revenues (%) when a type II functional response of seals 
to cod biomass is assumed compared to the results obtained with the constant predation rate in the three 
equilibrium scenarios. 

Table 6.6: Change in the grey seal impacts on total fishery revenues and net profit (%) in the three different 
equilibrium scenarios when a type II functional response of seals to cod biomass is assumed. 

In conclusion, the models are sensitive to the assumption of constant seal predation 

rate and the impacts of grey seal predation on the whitefish trawlers may be 

underestimated if the constant 𝑞 assumption is unrealistic. This seems to concern 

mainly TR1>24 since this is the fleet that lands the largest quantity of cod in VIa. 

However, even if more realistic, assuming a functional response of seals to cod biomass 

leads to uncertain results due to high levels of estimated cod SSB. 

Scenario -30% -10% +10% +30% 

Status quo F +7 +5 +10 +9 

BE +55 +32 +15 +16 

MEY -2 0 +6 +63 

Scenario Type of change -30% -20% -10% 10% 20% 30% 

Status quo F Change in revenues and 

net profit 

+2.8 +2.5 +1.8 +3.7 +4 +3.2 

BE Change in revenues +3.4 +3.2 +2.4 +1 +1.4 +0.7 

MEY Change in revenues +0.7 +1.1 +0.4 +1 +2.2 +7.3 

Change in net profit -0.5 +0.4 0 +0.1 -0.1 +1.2 
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6.4. Sensitivity analysis around the cost 

assumptions for the “Others” fleet 

Because no cost data is available for the “Others” fleet, it has been chosen to consider 

this fleet has an externality in the dynamic scenarios; BE and MEY. This means the 

effort index for this fleet is constant and does not vary with its net profit. The fleet is 

considered at the BE at the beginning of the simulations so that the costs equal the 

average revenues at the status quo 𝐹 and 𝑃. This assumption is made because the UK 

fleets are currently close to the break-even point (Seafish, Figure 3.6) and it is likely 

other fleets are in a similar state. However, this may not be the case in reality. 

Consequently, it is necessary to see if the dynamic models are sensitive to this 

assumption. 

The BE and MEY scenarios are run allowing the fleet “Others” to vary its effort index at 

each iteration such as the other fleets. It means that the effort for this fleet is no longer 

constant and can vary with changes in fish stocks. This change is responsible for a 

modification of the equilibrium effort index per fleet at the status quo seal population, 

notably for TR1>24 and “Others” (Table 6.7). However, the total fishing revenues and 

net profit do not change much by allowing “Others” to vary its effort. Since TR1>24 is 

the most impacted fleet in both scenarios and is one of the fleet of interest, the change 

in grey seal predation impacts is considered for this fleet only (Table 6.8). 

Table 6.7: Change in the equilibrium status quo 𝑃 fleet effort index (%) when the “Others” fleet is allow to 
vary its effort compared to the estimated effort index when its effort is kept constant. The change in total 
fishing revenues and net profit is also given. 

Grey seal impacts on TR1>24 revenues is sensitive to a small change in seal population 

but the difference is more important when the change in seal numbers is larger. 

Scenario TR1_10-24 TR1>24 TR2<10 TR2_10-24 Others Revenues Net profit 

BE +14 +45 -2 +50 -58 -4 0 

MEY 0 +35 0 +1 -10 -1 +2 
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Overall, allowing the “Others” fleet to vary its effort despite the uncertainty around the 

cost function for this fleet induces a decrease in grey seal impacts on TR1>24. 

Table 6.8: Change in grey seal impacts on TR1>24 revenues (%) when the “Others” fleet is allow to vary its 
effort compared to the results obtained when its effort is kept constant in the two dynamic scenarios. 

Consequently, the assumption of constant effort for “Others” may overestimate grey 

seal impacts on TR1>24. Because this fleet accounts for a small part of the total fishing 

revenues at the equilibrium in the dynamic scenarios, the impact on the fishery 

revenues and net profit is minor. 

6.5. Summary 

This chapter investigated the sensitivity around the different assumptions taken in this 

study and how this impacts the bioeconomic results presented in Chapter 5. A 

summary of the sensitivity for the most impacted fleet, TR1>24, is presented in Table 

6.9. Different conclusions can be drawn from this analysis: 

- The “status quo F” model is robust to all the assumptions except the assumption 

of constant seal predation rate for which the impact on TR1>24 revenues can 

be underestimated due to a decrease in 𝑞 and an increase in the cod biomass 

when a functional response of seals to cod is considered. 

- The dynamic models, BE and MEY, are sensitive to all the assumptions tested in 

the analysis. The largest sensitivity is for the foraging model assumption for 

which considering a constant seal predation rate may underestimate seal 

impacts, but also for the assumption of constant effort for “Others” where the 

impacts could be overestimated by considering this fleet as an externality.  

Scenario -30% -10% +10% +30% 

BE -5 3 -8 -19 

MEY -24 -9 -10 -15 
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Table 6.9: Sensitivity of the three bioeconomic scenarios expressed as the change in seal impacts on 
TR1>24 revenues (%) for a +10% change in seal population compared to the initial simulation results. 

The dynamic models for which fleet efforts can change are the most sensitive. It seems 

that this sensitivity occurs when the fleets can change their effort index independently 

from one another since some investigative work showed that changing the effort index 

of all the fleets by the same amount does not make the MEY model sensitive.  

The results assuming a type II functional response are highly uncertain. Indeed the 

decrease in 𝑞 in the models induces a large cod biomass which goes beyond the bounds 

of observed data. Yet, the models are sensitive to the choice of stock-recruitment 

relationship for high SSB values. Also, the functional response is fitted using the results 

from the state-space model. However, only two years of grey seal diet data exist and 

this increases the uncertainty around the fitted curve. The assumption of fixed seal 

predation rate may therefore be more robust than the type II simulations. 

The scenarios are sensitive to the assumption of constant effort for “Others”. However, 

the sensitivity run was done assuming the fleet starts the simulation at the break-even 

point. The fleet is currently operating so positive net profits, even small, are expected. 

The results of the sensitivity analysis may be not only due to the assumption of 

constant effort but also on the assumption of dissipated net profit at the start of the 

Sensitivity to the Change considered Status quo F BE MEY 

Stock-recruitment 

parameters 

𝛼 + 10% -0.5 -8.9 -4.1 

𝛽 + 10% -0.6 +5.5 +3.0 

Ricker assumption on 

stock-recruitment 

Beverton-Holt +0.2 -5.2 -3.6 

Hockey-stick +0.1 -3.6 -0.1 

Schaefer parameters 
𝑚𝑠𝑦 + 10% -0.7 -2.5 -4.2 

𝐾 + 10% +0.5 -6.0 -5.0 

Constant seal 

predation rate 

Type II seal functional 

response to cod biomass 
+10.4 +15.0 +5.6 

Constant effort for 

“Others” 
Variable effort None -7.8 -9.6 
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runs. Nevertheless, since assuming a constant effort index may overestimate grey seal 

impacts, the bioeconomic results may be seen as worst case scenario. 

Even if the models are sensitive to certain assumptions, this affects mainly the most 

impacted fleet, TR1>24, and the impact for the total fishery is minimal. Also, the 

sensitivity of the models increases with the increase in the change in seal numbers. 

This comes from the fact that this corresponds to large changes in initial parameters 

which were estimated at the current state of the VIa fishery. Important changes in grey 

seal population are also responsible for larger changes in fish stocks and larger 

sensitivity around the stock-recruitment curves. The sensitivity is relatively minor for 

changes in seal population of ±10%. These results can be considered as more robust 

than the results for ±30% change in seal numbers. 
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Chapter 7 

 

Discussion and conclusions 

7.1. Grey seal impacts on fisheries 

The increase in grey seal population in the North Atlantic (Bowen et al., 2003; Thomas 

et al., 2011; Thomas, 2014) and the decrease in groundfish landings since the mid-

1900s (Christensen et al., 2003) are responsible for a rising controversy between 

fishers and conservationists. Around the UK, grey seals are protected under the 

Conservation of Seals Act since 1970 (HM Government, 1970) and more recently under 

the Marine Act (Scottish Parliament, 2010) and the public is very reluctant to cull seals 

(Minister of Supply and Services Canada, 1986; Lambert, 2002). Among the scientific 

community the opinions are also divided. While it is broadly accepted that seals are 

responsible for the non-recovery of the demersal stocks on the east coast of Canada 

(Mohn and Bowen, 1996; Chouinard et al., 2005; Trzcinski et al., 2006), the situation 

around the UK is less clear. Some papers suggest a similar effect on cod (Cook et al., 

2015; Cook and Trijoulet, 2016) but others take the conservationists’ view (Boyd and 

Hammond, 2010). It is currently difficult to determine the importance of grey seal 

predation in the decline of the fish stocks. Despite this, the fishers still seek the return 

to seal regulation (Lavigne, 2003; Read, 2008) and this emphasizes the need for further 

investigation. 

Studying the impact of seal predation on the fish stocks and comparing the weight of 

fish consumed with fishing landings, which is often considered in the literature (Bjørge 

et al., 2002; Lundström, 2012), is not sufficient to conclude on seal impacts on fisheries. 

Because fishing is a commercial activity, it is necessary to consider the economic 
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impact of seal predation. However, despite a large literature on the economic impacts 

of depredation (Bjørge et al., 1981; Moore, 2003; Kauppinen et al., 2005; Königson et 

al., 2005; Jounela et al., 2006; Butler et al., 2011), i.e. seal damage to the fishing gears 

and fish, the impact of seal predation is hardly examined and there is to our knowledge 

no paper looking at the bioeconomic impacts of grey seal predation on fisheries. This 

study modelling the bioeconomic of seal predation on the West of Scotland demersal 

fisheries within multifleet fishery models is consequently an important contribution to 

the literature in the field. These models are applicable to any fishery as long as age-

structured data is available for the fish species of interest. 

The study considered grey seal predation mortality on the three main traditional 

demersal species in the West of Scotland mixed fishery, cod, haddock and whiting, 

whose landings have decreased since the mid-1900s (ICES, 2011) while the seal 

population has increased (Thomas, 2014). While grey seal predation on cod had 

already been estimated in the West of Scotland (Holmes, 2008; Holmes and Fryer, 

2011; Cook et al., 2015; Cook and Trijoulet, 2016), the Baltic Sea (Gårdmark et al., 

2012) and the eastern Canada (Mohn and Bowen, 1996; Trzcinski et al., 2006; O’Boyle 

and Sinclair, 2012), this study presented the first estimates for haddock and whiting, 

species which represent also an essential part of grey seal diet in the Division VIa 

(Hammond et al., 2006; Harris, 2007).  

Grey seal predation mortality was estimated through Bayesian parameter estimation 

using a common single species state-space stock assessment model which, unlike ICES 

stock assessments, explicitly accounts for grey seal predation. The impacts of grey seal 

predation on fish stocks and fleet revenues were then studied using these predation 

mortality estimates within a bioeconomic simulation model. Different bioeconomic 

scenarios were tested and this enabled a comparison of the impacts for different 

fisheries configurations. Applying a scaling factor on seal predation enabled simulating 

an increase or decrease in seal population which could correspond to population 

growth or decline due to diseases, human interventions or predator removal. It means 

that seal dynamics (Flaaten and Stollery, 1996; Thompson et al., 2005) is not modelled 

as a function of prey biomass. Grey seals are considered as generalist predators 

(Hammond and Grellier, 2006; Brown et al., 2012; Gosch et al., 2014) that can switch 

from one species to another if the prey abundance is low (Smout et al., 2013). 
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Consequently, the number of seals should not be impacted by fish biomass. The grey 

seal population has increased between 1985 and 2002 (Thomas, 2014) and seal 

consumption levels of cod in 1985 and 2002 are similar (Hammond et al., 2006; Harris, 

2007) despite a significant decline in the cod stock (ICES, 2013b). This is evidence that 

grey seal population does not vary directly with cod biomass. Also, even if the three 

species of interest represent 23% of grey seal diet in 2002 (Harris, 2007), the main 

prey is sandeel, a species of low commercial value which is not modelled in the study. 

Applying a scaling factor to the grey seal mortality to simulate a change in grey seal 

population independent of the whitefish biomass was consequently considered as a 

reasonable option. 

The results at the current rate of fishing and for the current seal population level 

estimate an increase in the three stocks of interest at the different equilibria showing a 

possible recovery of the stocks. For cod, this is in contradiction with Cook et al. (2015) 

who argue the unlikely recovery of cod in the near future. This may come from the fact 

that in Cook et al. (2015) the analysis is done until 2005 while this study estimates a 

small increase in cod SSB from 2005 onwards. This is supported by Cook and Trijoulet 

(2016) who used recent values of fishing mortality and concluded on a possible 

recovery of the stock which remains, however, fragile to small increases in total 

mortality. 

Seal predation mortality is large on cod but smaller than the other mortalities (fishing 

and natural mortality) for haddock and whiting. This is surprising because haddock 

represents the same proportion as cod in grey seal diet (10% in 2002) and whiting is 

one of the fish the most numerous in the diet even if in terms of weight it represents a 

proportion of only 3% (Harris, 2007). The sum of cod natural mortality and seal 

predation mortality is larger than the current natural mortality in the ICES VIa cod 

assessment for which seal predation is subsumed within the natural mortality (ICES, 

2014c), no matter the assumption on grey seal predation rate. This means that cod 

natural mortality may be currently underestimated and this would affect fisheries 

management and notably the estimation of management reference points. This is 

confirmed by a parallel study (Appendix H) which shows that considering seal 

predation in single species stock assessments can affect the perception of the stocks 

and impacts the values of management reference points such as fishing mortality at 
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maximum sustainable yield. The results present large confidence intervals but the 

median measurement is clearly affected by the consideration of grey seals in the 

assessments even for haddock and whiting for which the seal predation mortality is 

low. While the importance of grey seal predation on the recovery of the cod stock was 

already studied in Cook and Trijoulet (2016), this new study highlights how the state-

space model can support fisheries management in the West of Scotland.  

Previous average grey seal predation estimates in the West of Scotland (Holmes and 

Fryer, 2011) and in Canada (Trzcinski et al., 2006) are of a similar order of magnitude 

to this study (Table 7.1). The estimates of this study are slightly larger than the 

Canadian ones but the assumption in the models were different. Trzcinski et al. (2006) 

calculated grey seal predation mortality based on seal energetic requirements. Cod 

represented less than 5% of the Canadian grey seal diet in 2002 while it represents 

10% in the West of Scotland (Harris, 2007). The growth rate of cod in Canada is slower 

so comparing the average mortality over ages 1 to 5 will refer to a different size range. 

Unlike recent studies in the North Atlantic where seal predation was considered as 

insignificant compared to the total mortality on fish stocks (Boyd and Hammond, 2010; 

MacKenzie et al., 2011; Alexander et al., 2014) these values seem of sufficient 

magnitude to matter in evaluating stock status for fishery management. 

Table 7.1: Average grey seal predation mortality estimates on cod (between ages 1 and 5) compared with 
the literature. The estimates correspond to the results obtained for both seal predation rate scenarios. 

Grey seal predation mortality at the age of highest selectivity in the eastern Canada was 

recently estimated to be around 0.25 in 2002 (O’Boyle and Sinclair, 2012). In this study, 

the estimate at age 2 is 0.82 and was 0.71-0.83 in Holmes and Fryer (2011). However, 

O’Boyle and Sinclair (2012) assumed an asymptotic seal selectivity with the maximum 

reached from age 2 while here selectivity has a domed shape and decreases after age 2. 

Year State-space model Holmes and Fryer (2011) Trzcinski et al. (2006) 

1985 0.12-0.2 0.22-0.23 0.09 

2002 0.28-0.47 0.27-0.32 0.32 
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Mohn and Bowen (1996) estimated a seal predation mortality of 0.08 at maximum 

selectivity (age 1) in 1985. The 1985 estimate is 0.24 at age 2 in this study. 

The estimates of seal predation mortality for haddock and whiting are much lower than 

those for cod. While it may be indicative of a species preference, it may in part be an 

effect of size. Haddock and whiting have much lower size at age and the highest 

predation mortality is on the oldest fish (ages 6-7) while for cod it reaches a maximum 

at ages 2-3. These ages correspond to a similar mean length where a two year old cod 

has a mean length of 45.8 cm while six year old haddock and whiting have mean 

lengths of 43.4 cm and 38.5 cm respectively. It is suggestive of a size preference by 

seals since fish below and above this size have lower mortality rates, although for large 

fish this is only discernible in cod. The consequence of the apparent size preference is 

that, for cod, seals remove smaller fish before the size of maximum selection by the 

fishery hence removing them before the fishery leading to sequential competition. For 

haddock and whiting size selection increases along with the fishery and is closer to 

“scramble” competition.  

An increase in grey seal predation induced a clear decrease in the cod and whiting 

stocks, the decline being more important for cod certainly due to the larger grey seal 

predation mortality for this species. However, changes in grey seal predation, even 

severe, have no clear impact on the haddock biomass and this, despite the fact that the 

weight of haddock consumed is the largest compared to the other species (Harris, 

2007) and the estimates of seal predation are similar than those for whiting. This 

seems to emphasize the small impact of grey seal predation on the haddock stock in the 

West of Scotland and is confirmed by the stock assessment analysis (Appendix H) 

which shows that a change in grey seal predation does not affect the values of 

management reference points. This could be due to the better condition of the haddock 

stock with an estimated SSB of 33,663 tonnes in 2012 while cod and whiting biomasses 

are estimated to be 1,835 and 8,028 tonnes respectively (ICES, 2013b). This could make 

cod and whiting more sensitive to grey seal predation or large values of fishing 

mortality. This can also come from a difference in the stock-recruitment. However, 

recruitment for whiting is more variable than for haddock. A difference in natural 

mortality values for the three species seems to be a more realistic reason. Indeed, the 

values of natural mortality on haddock are the smallest and it is the species presenting 
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therefore the smallest total mortality. Consequently it is also the largest fish stock at 

the equilibrium. Despite presenting similar values of average fishing and seal predation 

mortalities, whiting is subject to a larger natural mortality than haddock and this may 

explain the difference of impacts between the two species. These results for haddock 

demonstrate the limits of comparing seal consumption with fishing landings to assess 

the impact of grey seal predation. Indeed, while the weight of haddock consumed by 

seals was 7,952 tonnes in 2002; 7,115 tonnes of haddock were landed by the fishery. 

These figures alone may lead to the conclusion of a large impact of grey seal predation 

on haddock catches. However, this study demonstrates the absence of significant 

impacts on this species. 

A recent study considering a multispecies Ecopath with Ecosim model concluded that 

grey seals are not responsible for the recent decline (1985-2014) in cod, haddock and 

whiting in the West of Scotland (Alexander et al., 2014). However, this does not suggest 

grey seal predation has no impact on the stocks currently. Indeed, the study showed 

that reducing the grey seal population to zero in VIa induces a slight increase in the 

three stocks and mainly in cod. This seems consistent with the results of this present 

study for which the impacts are the largest on cod. However, the impacts are more 

important in the current study since decreasing seal population by 30% is enough to 

induce large impacts on the cod stock. This difference may be explained by the fact that 

the number of seals in Alexander et al. (2014) is limited to the 1987 level while the 

population has increased by 23% since then (Thomas, 2013). Even if the study 

considered two classes of fish (mature and immature) it does not take into account seal 

selectivity at age from the seal diet data. This study may be therefore more reliable 

regarding the consideration of grey seal diet. However, the study of Alexander et al. 

(2014) considers trophic interactions which are not considered in our study and these 

may change the directions of the grey seal impacts if seals consume also the predators 

of the species of interest (Yodzis, 2001). 

Cod is the key stock in evaluating the impacts of seal predation on the demersal fishery. 

The large grey seal predation mortality on the stock and its poor condition make it the 

fish the most impacted by grey seal predation. This seems to confirm the conclusions of 

Cook et al. (2015) and Cook and Trijoulet (2016) about the high estimated seal 

predation on cod. This similarity is expected since the studies used very similar state-
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space models but this study shows also that cod recovery is possible at the current seal 

and fishing mortalities and that the impacts are small on the two other species of 

interest, comparison that was not possible before. However this result is in 

contradiction with a previous study suggesting that grey seal predation on cod is not 

substantial enough to be included in VIa cod assessment (Holmes, 2008). However, the 

argument of this latter study is that considering seal predation on cod makes little 

difference to the estimated SSB in the final years (2005-2007) and the model is too 

uncertain to conclude on the incorporation of seals in stock assessments. Also, the 

natural mortality on cod in this paper is assumed to be 0.1 or 0.2. Our models assumed 

a mortality that varies by age following Lorenzen (1996) and this results in different 

partition of the total mortality into the three types of mortality. The paper points out 

however that it makes a difference in estimated fishing mortality, as demonstrated in 

this study, and that may impact management reference points (Appendix H). Similarly 

to Holmes (2008), our study also highlights the uncertainty around the results. Even if 

considering grey seals in cod stock assessment changes the perception of the stock and 

the values of management reference points, the large confidence intervals estimated 

around the reference points impede the conclusion on the importance of considering 

grey seal predation in cod stock assessment. 

There seems to be evidence that preserving the cod stock would help maximising the 

fishery net profit in the long-run since the cod biomass is the largest in the MEY 

scenario. It is therefore important to focus on cod management in VIa to achieve larger 

profits. Even if grey seal predation impacts on fleet revenues are moderate when the 

cod stock recovers, they are close to zero when the stock collapses. This does not mean 

grey seal impact on cod is substantial but rather that its bioeconomic impact on 

haddock and whiting is minor. This is unexpected given the proportion of both species 

in grey seal diet (Harris, 2007). This seems likely to be due to the small predation 

mortality on these species. This could also be due to the vulnerability of cod to seal 

predation given the state of the stock. However, the status quo fishing mortality results 

show a recovery of the cod stock even for large increases in grey seal population and 

this may contradict the poor condition assumption. Cod presents however low values 

of recruitment compared to haddock and whiting. Cook et al. (2015) demonstrated that 

grey seal predation on cod in VIa may threaten the recovery of the stock in the long-

run. Cook and Trijoulet (2016) concluded that cod recovery in VIa is fragile and 
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sensitive to an increase in both fishing and seal predation mortality. Likewise, on the 

Canadian east coast, grey seals are believed to contribute to the non-recovery of the 

stocks despite the closure of the fishery in 1993 (Chouinard et al., 2005; Trzcinski et al., 

2006; O’Boyle and Sinclair, 2012). The importance of cod in grey seal impacts can also 

be due to a difference in selectivity pattern for seals and fishing vessels. Indeed, grey 

seals predate on younger cod and may reduce the portion of older cod available for 

fishing vessels the following years. Preventing cod collapse may be the most important 

management goal to focus on in the West of Scotland since a change in grey seal 

numbers would not bring any benefit to the fishery if the cod stock collapses. 

Grey seal impacts are unequal between the fleets with some being almost not impacted 

such as the Nephrops trawlers, which land whitefish as bycatch, and others showing 

large changes in revenues such as the vessels targeting cod, haddock and whiting 

(TR1). A substantial change in grey seal predation could induce a drastic change in the 

whitefish trawlers’ revenues but these changes are relatively small when aggregated at 

the fishery level. The biological impacts of seals on the fish stocks are therefore 

potentially more important than the economic ones. For all scenarios, the fleet of large 

whitefish trawlers (TR1>24), which currently lands the largest quantity of cod in VIa, is 

the fleet the most affected by a change in grey seal population. This fleet is 

consequently the key to understand seal effects on the fishery. 

Grey seal impacts differ depending on the scenario with larger impacts in the dynamic 

scenarios (BE and MEY) but the sensitivity of the models to the input parameters 

increases for these models, and this brings greater uncertainty to the results. The 

decrease in effort index at the BE and MEY may also seem very large for the bigger 

trawlers. The estimated large values of cod SSB in the MEY scenario increases the 

uncertainty around seal impacts due to the high uncertainty around the recruitment 

estimates beyond the bounds of observed data. The stock-recruitment relationship 

could therefore be important in evaluating seal impacts in the dynamic scenarios. 

The MEY scenario presents more regulations than the extreme unregulated open-

access and overall, grey seal impacts are larger at the MEY. It can be therefore argued 

that if seal reduction can slightly increase the fishery revenues, its success may be 

improved by fisheries regulations. This demonstrates the importance of fisheries 
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management and its effect on the fish stocks (Clark, 2006; Anderson and Seijo, 2011; 

Chakraborty and Kar, 2012; Hutniczak, 2012; Cissé et al., 2013). 

In the case of multifleet fisheries models, the MEY scenario corresponds to the 

conventional MEY equilibrium where all fleets can vary their effort independently 

under a specific constraint in effort. However, the maximisation can advantage certain 

fleets at the expense of the others as it is observed in the literature (Brasao et al., 2000; 

Cissé et al., 2013; Guillen et al., 2013). Indeed since it is the sum of the fleet net profits 

which is maximised, theoretically, it may be more beneficial to decrease the effort of 

the least profitable fleets and to allocate the maximum level of fishing to the most 

profitable ones. Even if theoretically correct, this scenario may seem unrealistic from a 

management point of view since there must be clear policy reasons to ask some vessels 

to reduce their effort or stop fishing for fisheries management purposes. This 

illustrates the difficulty to choose the best management option in fisheries regulations. 

This mainly depends on the goal that managers want to reach. If the fishery is open-

access the effort and the revenues are maximised (Armstrong and Skonhoft, 2006; 

Clark, 2006). If the fishery is at the MEY, the net profit is maximised but this may 

disadvantage fleets with the highest costs (TR1>24 in this study) (Cissé et al., 2013; 

Guillen et al., 2013). While the net profits are not maximised, the “status quo F” 

simulation shows only positive profits but a larger effort than MEY which may be 

detrimental for the stocks in the long-run (Brasao et al., 2000; Hutniczak, 2012). The 

MEY scenario with a reduction in the fishing mortality of the large whitefish trawlers 

may be more favourable to the cod stock than the current fishing mortality in the West 

of Scotland but will decrease TR1>24 revenues. It may be therefore difficult to 

implement in the reality. 

The fact that grey seal population has stabilized in the West of Scotland in the past ten 

years (Thomas, 2014), the low probability of having a large decline in seal population 

(except if due to large scale epidemic events) and the increase in uncertainty for large 

changes in seal numbers highlight the use of small changes in grey seal predation in the 

models as the best representation of possible changes in seal population (i.e. ±10% 

scenarios or ±3,204 individuals). A realistic change in grey seal population of ±10% did 

not show substantial impacts on fleet revenues for all scenarios. The impacts are 

increased by the consideration of a seal functional response to cod biomass but the 
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uncertainty of the results is also amplified. Indeed, the functional response is fitted 

from the state-space model outputs which were estimated with only two years of seal 

diet data (1985 and 2002). It is clear that this may not be enough to fit a realistic 

functional response curve (Matthiopoulos et al., 2003; Middlemas et al., 2006; Smout et 

al., 2014). The assumption of constant seal predation rate presents therefore results 

which may be more reliable but this assumption may underestimate the impact of seal 

predation at low fish biomass. This represents the situation of interest since the stocks 

are currently at their lowest estimated levels. However, both assumptions do not take 

into account the switching behaviour of seals that may occur at low biomass. To model 

this, a type III functional response is necessary (Smout et al., 2014) and this would 

reduce the impact of seals on the stocks when the biomass is low. Nevertheless, this 

relationship necessitates the estimation of a third parameter compared to the type II 

response and the paucity of seal diet data prevents its estimation. 

There is reason to believe the BE scenario is the dynamic scenario closest to reality. 

Indeed even if restricted entry exists in the West of Scotland fishery, it was effectively 

closed after the bioeconomic equilibrium was reached and the current net profit for the 

fleets is relatively small (Seafish). The current fishery configuration is therefore close to 

the BE. The comparison of the dynamic models showed a slightly smaller impact of seal 

predation on the total fishery revenues when the fishery is unregulated (open-access). 

This stresses that, with the current fishery structure in VIa, the bioeconomic impact of 

grey seal predation may be minor.  

The simulation model is not a complete fisheries model so management conclusions 

cannot be drawn with precision from this model. However, comparison of seal impacts 

in the different simulation scenarios enables to have some insights into the 

consequences for management in the area. According to the results of the model, the 

current VIa fisheries are not maximising their current net profit and a reduction in the 

fleet effort is necessary to reach this goal. From the study, it is clear that cod is the key 

species for management in the West of Scotland and needs to be carefully managed to 

prevent its collapse because it is the fish the most impacted by grey seal predation but 

also because it supports high fishing revenues in the area, notably for the whitefish 

trawlers. Also the impact of seal predation increases with the consideration of fisheries 
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regulations within the model (MEY vs. BE) which may be evidence that a regulated 

fisheries may be more vulnerable to seal predation because bringing larger net profits. 

There exist to our knowledge, no paper estimating grey seal predation impacts on 

fishing revenues. It is consequently not possible to compare the results to direct values 

in the literature. Flaaten and Stollery (1996), however, estimated the cost of Minke 

whale predation in the North Atlantic. They concluded that a 10% increase in the 

number of whales would cost $19 million to the Atlantic fisheries so $219 per whale. In 

this study a 10% increase in grey seal population in the West of Scotland would cost 

around 10% of that value to the demersal fishery but the cost per seal is larger. 

However, the difference in fisheries and sea mammal species makes the comparison 

between both studies difficult. 

Depredation impacts have already been quantified and even if they do not represent 

the same measure it could be interesting to compare the costs of depredation with the 

cost of predation. Bjørge et al. (1981) estimated a cost of depredation due to grey seals 

in Norway of maximum £3,300 per vessel and an average cost of £200-300. A 10% 

increase in grey seal population in VIa costs can cost more than the maximum 

depredation cost estimated in the Norwegian fishery. In the Moray Firth, harbour and 

grey seal depredation impacts on the salmon fisheries can cost more than £30,000 per 

year (Butler et al., 2011). With 2,028 seals in the Moray Firth in 2011 (Duck and Morris, 

2013) this would correspond to a cost of £15 per seal. The cost of predation in the West 

of Scotland is estimated between £434 and £495 per seal which is much larger. Of 

course this is an over-simplification because not all the seals present in the Moray Firth 

are responsible for depredation impacts in the salmon fishery and this could be easily 

due to “problem” individuals as it is often observed at the netting stations (Bosetti and 

Pearce, 2003; Lehtonen and Suuronen, 2010; Graham et al., 2011; Konigson et al., 2013; 

Harris et al., 2014). The cost per seal estimated for the salmon fisheries is therefore 

certainly underestimated. The Cornish fishery is estimated to lose £100,000 per year 

due to grey seal depredation impacts (Bosetti and Pearce, 2003). The seal population 

counting around 350-400 individuals in this area, this represented a cost of £250-286 

per seal. This is still smaller than the costs estimated in this study. This may be 

evidence that grey seal predation impacts may be larger than depredation impacts. 

However, the study presents results that are more qualitative than quantitative so this 
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should be considered just as an indication. Also, the results may not be directly 

comparable with other fisheries and areas. 

The study does not take into account the benefit of ecotourism activities. The cost of 

seal predation could be compared to the benefit of grey seal presence in the West of 

Scotland. Grey seals could attract tourists who would come specially to see wildlife on 

the Scottish coast and they would bring income to other tourist attractions such as 

hotels or restaurants. The best way to estimate the benefit of grey seals in VIa is to 

study the benefits of whale-watching activities. Even, if not entirely dedicated to seal-

watching, grey seals are the third most popular wildlife attraction in Scotland after 

cetaceans and seabirds (Woods-Ballard et al., 2003). Whale-watching represents 

currently $1 billion of incomes in the world (Fennell, 2014) whose $133 million are 

spent around the Atlantic islands (Hoyt, 2005). In Scotland, the gains from tourism 

reach £2.5 billion per year and in rural areas whale-watching can represent 12% of 

these incomes (Woods-Ballard et al., 2003). In the West of Scotland, tourism gains from 

whale-watching have been estimated around £1.8 million per year and the indirect 

incomes from other tourism attractions during the touristic trip can reach £7.8 million 

per year (Warburton et al., 2001). It has been around ten years that grey seal 

population has stabilized in VIa (Thomas, 2014). This means that grey seal predation 

pressure may not increase in the short-term. It can be consequently argued that even if 

grey seals represent only one portion of the £1.8 million that were estimated in 2001, 

grey seal presence may be more beneficial than harmful to the Scottish industry. 

It is also important to keep in mind, that if fishers may be impacted by seals the 

contrary is also true. The impact of fisheries on marine mammals is used by 

conservationists to highlight the negative impact that fisheries also have on marine 

mammals. Fishers compete with seals for the same resources (Harwood, 1984; 

DeMaster et al., 2001; Furness, 2002). Also, the legal shooting of seals in many places in 

the North Atlantic may influence the growth rate of grey seal population. The 

population of harbour seals in the UK, for instance, has been severely impacted by 

previous culling and virus infection and seems to have not completely recovered 

(Thompson et al., 2005). Furthermore, grey seals can be victim of incidental catches in 

fishing nets (Read, 2008). By stealing fish from the nets and foraging around trap nets, 

grey seals are vulnerable to accidental captures (Morizur et al., 1999). Also, the 
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restoration of management measures such as human interventions could have a 

negative impact on tourism and conservation economics (Parsons, 2003). There are 

therefore many aspects to consider in planning management strategies and 

governments are often confronted with the situation where people demand the 

removal of a protected population (grey seals) to ensure the recovery of an endangered 

population (fish outside biological limits) (Sinclair et al., 1998; Courchamp et al., 2003). 

Further research needs to be done to inform managers with the importance of the 

impacts in both directions to lead to sustainable fisheries management.  

7.2. Main conclusions 

The state-space model is important for comparison with current single species 

assessment in VIa. It shows that considering seal predation in the assessments changes 

the perception of the three stocks and affects management reference points even for 

whiting where seal predation mortality is low. This may be highly important since 

these assessments are used to inform fisheries management. However, the uncertainty 

around the estimates is large. Grey seal predation costs can be large at individual level 

compared to depredation impacts but represent a small part of the total fishery 

revenues (often less than 2% for a change of ±3,200 seals). Seal predation is therefore 

not important at the fishery level but some fleets are more sensitive than others. Cod 

and the large whitefish trawlers (TR1>24) are crucial in understanding grey seal 

impacts and are likely to be mainly affected by a reduction in seal population. However, 

the efficiency of marine mammal culls has never been proven (Minister of Supply and 

Services Canada, 1986; Yodzis, 2001; Morissette et al., 2012; Bowen and Lidgard, 2013) 

and seal reduction has a cost. Trade of seal products is banned in Europe (European 

Commission, 1983; 1985; 1989) so no benefit is possible from the seal carcasses. Few 

seals are already shot each year by licensed fishers and are also victims of fishing 

bycatch (Morizur et al., 1999). Grey seal presence brings also incomes to the 

ecotourism industry. A simple cost-benefit comparison seems to highlight that seal 

reduction may not be beneficial in the West of Scotland. However, the study does not 

take into account seal impacts on small local fisheries which may be more affected by 
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grey seal predation (Perring, 2001). This needs to be studied in more detail to be fully 

understood.  

7.3. Limitations and future directions 

This study made the assumption that the fish population is homogenous and equally 

available to seals and fishers. This is obviously an over-simplification and is certainly 

not realistic. Indeed, the trawlers may not fish in the same areas as grey seals so seals 

may predate on fish not directly available to fishers. The grey seal breeding colony is 

notably close to a rocky untrawlable shelf (Marine Environmental Mapping 

Programme, 2015) which may mean seals forage in areas away from the fishery. 

However, the absence of overlap between fishing and foraging zones does not mean the 

absence of competition if the fish stocks in VIa are well mixed. Indeed the entire system 

is dynamic, seals and fish move and some studies have suggested that the cod stock in 

VIa is not differentiable from the stocks in the North Sea (Wright et al., 2006; Holmes et 

al., 2008; Heath et al., 2014b). Certain studies investigated the possible overlap 

between fishing and seal grounds (Cronin et al., 2012; Gruber, 2014; Oksanen et al., 

2014). However, overlap does not mean competition. Usage maps (Jones et al., 2013; 

STECF, 2015b) represent an average picture of the situation and may not be illustrative 

of actual grey seals and vessels movements. Seals can notably forage hundreds of 

kilometres away from the haul-out sites (Cronin et al., 2013; Klimova et al., 2014). 

Adding spatiality to the simulation model would need careful study of VMS and 

telemetry data but it would become difficult to predict fleet and seal repartition when 

running to the equilibrium. A possibility would be to create a spatial game theory 

model where fishers and seals are players and choose were to fish following the 

maximisation of their utility (Holland and Sutinen, 1999; Wilen et al., 2002; Hutton et 

al., 2004; Andersen et al., 2010). However, this does not take into account fish 

movements and adds more sources of uncertainty around the model. For considering 

spatiality in the model, the perfect study would be to follow all seals and vessels in the 

West of Scotland, to record where they fish and to see if competition between them 

exists in real time. This is obviously impossible to carry out. Consequently, it is very 

difficult to study grey seal impact spatially and a good understanding of movement and 
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responses to changes in prey distribution would be essential to the consideration of a 

spatial simulation model. Taking the assumption of homogenous fish population 

equally available to fishers and seals may therefore be a respectable assumption. 

Varying seal numbers and fishing mortality may be used to represent the different 

regions in VIa where grey seal predation and fishing mortality are variable. This could 

for instance resolve the problem of heterogeneity in the area. 

The simulation model did not account for trophic interactions between fish and other 

predators than grey seals and fishers. The model assumed that this other predation is 

subsumed within the natural mortality component of the total fish mortality. The 

natural mortality is kept constant in the model. Grey seals are not the only predator of 

commercial fish. Indeed, seabirds and cetaceans are also responsible for removal of 

large quantities of commercial fish (Overholtz and Link, 2007). The largest predation 

on demersal fish comes from predatory fish themselves (Boyd and Hammond, 2010; 

Engelhard et al., 2014). Intraspecific cannibalism and interspecific predation of old fish 

on young fish notably occur in demersal species (Sparholt, 1994). The models also 

considered only grey seal predation on cod, haddock and whiting. This highlights the 

problem of the trophic cascades. Indeed, grey seals can be the predator of a target 

commercial species, but can also feed on their piscivirous predators. In that case, the 

removal of seals may generate in the long-term the decrease of the target species due to 

the increase of their piscivirous predators (DeMaster et al., 2001; Yodzis, 2001; 

Lavigne, 2003). Or inversely, the increase in grey seal population may have a positive 

impact on commercial fish by predating on their piscivirous predators (Trzcinski et al., 

2006). This could result in a situation where a decrease in seal predation may not 

induce an increase in fishing catches and sometimes may have the opposite 

consequence. The way the models are currently written cannot quantify these indirect 

grey seal predation impacts. It is therefore difficult to reliably conclude on grey seal 

impacts on the fishery (Gazit et al., 2013). This means that the results presented in this 

study inform about the direction of grey seal impacts in the short-term and for the 

initial assumptions of the model but cannot predict what would happen in the long-

term. Indeed, the non-linear effects produced by trophic interactions are not 

discernible in the short-term so the absence of trophic interactions is not critical in 

short-term projections. Most importantly the results give the relative impact of grey 

seals on the fleets and demonstrate that the large whitefish trawlers is the fleet the 
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most impacted compared to the others. Considering multispecies modelling can induce 

different conclusions about grey seal impacts (Alexander et al., 2014) but currently, no 

age-structured multispecies models exists to assess grey seal impacts on the demersal 

fish around the UK. Incorporating grey seal predation in an age-structured multispecies 

model for the West of Scotland fisheries would be an interesting direction of 

improvement for this work. 

The main uncertainty about this study comes from the errors associated with the input 

data. Indeed, both the state-space stock assessment model and the simulation model 

are parameterised using empirical data that are already uncertain. For instance, grey 

seal diet estimates are highly uncertain and present large confidence intervals (Harris, 

2007). Data from the literature such as the length to weight conversion parameters 

(Coull et al., 1989) were estimated from experiments and are therefore subject to 

measurement errors. The stock-recruitment relationship is subject to both 

measurement and process errors. This brings high uncertainty around the stock 

estimates and therefore around grey seal impacts. This is highlighted by very large 

credible intervals for the results presented in this study. This uncertainty around the 

stock-recruitment is a very important point because the stock-recruitment curve gives 

the size of the fish stocks and an incorrect relationship may lead to completely different 

results of grey seal impacts. Also, the simulation outputs are sensitive to the estimates 

from the state-space model used to parameterise the biological part of the model where 

grey seal predation is taken into account. Depending on the assumption around the seal 

predation rate, the outputs from the state-space model are different. Fortunately, in 

this study, runs done with the new seal diet data validated the state-space model in the 

recent years and the seal estimates for 1985 and 2002 are similar for both seal 

predation rate assumptions and are the ones used in the simulation model. Despite 

being uncertain, the seal parameters in this study seem therefore well estimated. The 

assumption of constant price may also affect the results of this study. While this 

assumption was justified for the whitefish, it is less definite for Nephrops. Despite the 

fact that the price of Nephrops has been relatively constant in the past 30 years, the 

simulations allow a change in Nephrops landings and this may impacts its price in the 

real market. This assumption affects therefore the economic component of the model 

so TR2 trawlers’ revenues. All these examples show that errors are accumulated within 

the simulation model and add to its uncertainty. This highlights the fact that this study 
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is maybe just a first step in the comprehension of grey seal impacts on the West of 

Scotland fisheries and this may limit its use for management in the area. 

Even if the seal functional response to cod biomass is very uncertain given the paucity 

of seal diet data it represents a concept broadly accepted (Holling, 1959). Grey seal 

impacts are sensitive to the foraging model so the predator response is important. It 

may be interesting to consider the stochasticity around the response curve. The stock-

recruitment uncertainty being considered, it would be possible to study the uncertainty 

around the functional response in a similar way by adding variability around the curve 

using the residual variance. New grey seal diet data for the years 2010-2011 will be 

published soon. The consideration of this data is likely to improve the fit of the 

functional response. The stochastic seal functional response is worth further 

investigation in the future. 

The study of grey seal predation impacts in the West of Scotland is limited by the lack 

of grey seal diet data (Hammond et al., 2006; Harris, 2007). Two years (1985 and 2002) 

are not enough to estimate grey seal predation mortality along the time series of 28 

years (1985-2012) and the state-space model sometimes estimated improbable 

changes in mortality for the years grey seal diet data was not available for. This 

explains the consideration of an average mortality between 1985 and 2002 as the best 

estimate of current seal predation mortality in the study. Even if the mortality was 

scaled to the current seal predation population this can bias the current grey seal 

predation estimates. The use of the new seal diet data would improve the Bayesian 

parameter estimates and enable the use of recent estimates of grey seal predation 

mortality as representative of the current seal mortality in the West of Scotland. This 

may reduce the bias of considering average predation mortality on old diet data. The 

studies on grey seal predation impacts on fisheries in the West of Scotland would 

certainly be improved by the continuous collection of seal diet data; this is 

consequently highly advised in the future.  
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Appendices 

Appendix A: Summary of the simulation model 

The following table summarises the equations used in the simulation model. The input 

parameter values for the model are available at the DOI 10.15129/ba3baf8c-17f6-

471a-a84b-b15346642388. 

Table A.1: Equations used in the simulation model. 

Equation 

number 

Equation Description 

(4.1) 𝑁𝑎,𝑦,𝑗 = 𝑁𝑎−1,𝑦−1,𝑗𝑒−𝑍𝑎−1,𝑦−1,𝑗  The population 𝑁 at age 𝑎 and year 𝑦 for the 

species 𝑗 (cod, haddock, whiting or saithe) 

decays exponentially as a result of the total 

mortality 𝑍 

(4.3) 𝑁1,𝑦,𝑗 = (𝛼𝑗𝑆𝑆𝐵𝑦−1,𝑗𝑒−𝛽𝑗𝑆𝑆𝐵𝑦−1,𝑗)𝑒 𝑗  The stock-recruitment follows a Ricker 

relationship where 𝛼 and 𝛽 are constants. The 

spawning stock biomass SSB corresponds to 

the population of mature fish so that 

𝑆𝑆𝐵𝑦,𝑗 = ∑ (𝑁𝑎,𝑦,𝑗𝑚𝑎,𝑗𝑤𝑎,𝑗)𝑎 . Stochasticity is 

added to the stock recruitment to account for 

process errors with 휀𝑗~𝑁𝑜𝑟𝑚𝑎𝑙(0, 𝜎2) 

(4.8) 𝑍𝑎,𝑦,𝑗 = 𝑀𝑎,𝑦,𝑗 + 𝐹𝑎,𝑦,𝑗 + 𝑃𝑎,𝑦,𝑗 The total mortality 𝑍 is partitioned between 

natural mortality 𝑀, fishing mortality 𝐹 and 

seal predation mortality 𝑃 

(4.9) 𝑀𝑎,𝑦,𝑗 = 𝛾𝑗𝑤𝑎,𝑦,𝑗
−𝛿𝑗  𝑀 is estimated following Lorenzen (1996) and 

depends of the fish weight 𝑤. The parameters 

𝛾 and 𝛿 are constants 

  



 

 
 

 
x 

Table A.1 (continued): Equations used in the simulation model. 

Equation 

number 

Equation Description 

(4.10) 𝑃𝑎,𝑦,𝑗 = 𝑠𝑒𝑙𝑎,𝑗𝑞𝑗𝐺𝑦  𝑃 is function of seal selectivity 

𝑠𝑒𝑙 for a certain age class, the 

ability to catch fish or seal 

predation rate 𝑞 and the 

number of seals 𝐺, the two 

latter being constant 

(4.11) 

𝑠𝑒𝑙𝑎,𝑗 = (
𝑙𝑎,𝑗

(휁𝑗 − 1) (
휂𝑗

휁𝑗 − 1
)

)

( 𝑗−1)

𝑒
( 𝑗−1)−

𝑙
𝑎,𝑗(𝜁𝑗−1)

𝑗  

𝑠𝑒𝑙 follows a gamma curve 

assuming a preference for 

certain fish length 𝑙 and with 휁 

and 휂 being constants 

(4.12) 𝐹𝑎,𝑦,𝑗,𝑘 = 𝑠𝑎,𝑗,𝑘𝐸𝑦,𝑘  𝐹 for the fleet 𝑘 is the product 

of an age component or 

selectivity 𝑠 and a year effect or 

fishing effort index 𝐸. The total 

fishing mortality on a fish 

species 𝑗 is therefore 

𝐹𝑎,𝑦,𝑗 = ∑ 𝐹𝑎,𝑦,𝑗,𝑘𝑘  

(4.14) 
𝐶𝑎,𝑦,𝑗 =

𝐹𝑎,𝑦,𝑗

𝑍𝑎,𝑦,𝑗

𝑁𝑎,𝑦,𝑗(1 − 𝑒−𝑍𝑎,𝑦,𝑗) 
The catch 𝐶 is calculated using 

the Baranov equation 

(4.15) 𝐿𝑎,𝑗,𝑘 = 𝜆𝑎,𝑗,𝑘𝐶𝑎,𝑗  Landings 𝐿 are estimated using 

the proportion (𝜆) of landings 

in the total catch 

(4.17) 
𝐵𝑦+1,𝑗 = 𝐵𝑦,𝑗 +

4𝑚𝑠𝑦𝑗

𝐾𝑗

𝐵𝑦 (1 −
𝐵𝑦,𝑗

𝐾𝑗

) − 𝐿𝑦,𝑗  
The biomass B for the other 

species (anglerfish, megrims, 

hake, Nephrops and ling) is 

calculated using a Schaefer 

surplus production function 

where 𝑚𝑠𝑦 is the maximum 

sustainable yield and 𝐾 the 

carrying capacity 
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Table A.1 (continued): Equations used in the simulation model. 

Equation 

number 

Equation Description 

(4.18) 𝐿𝑦,𝑗 = (1 − 𝑒−𝐹𝑦,𝑗)𝐵𝑦,𝑗  Landings for the other species are assumed to be 

function of 𝐹 and 𝐵 

(4.19) 𝑅𝑦,𝑘 = ∑(𝑝𝑗

𝑗

𝐿𝑦,𝑗,𝑘) The revenues 𝑅 are the product of fish landings with the 

price 𝑝 of this specific fish 

(4.21) 𝑐𝑡𝑘 = 𝑣(𝑐𝑣𝑘 + 𝑐𝑓𝑘) The total cost 𝑐𝑡 of a fleet 𝑘 is the sum of the variable 

costs 𝑐𝑣 and the fixed costs 𝑐𝑓 per vessel multiplied by 

the number of boats 𝑣. The variable costs are given as 

proportional to the fishing effort index following a 

constant 𝜌 such as 𝑐𝑡𝑘 = 𝜌𝑘𝐸𝑘  
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Appendix B: List of symbols used in the study 

Table B.1: Biological parameters used in the study. The parameter values are available at the DOI 
10.15129/ba3baf8c-17f6-471a-a84b-b15346642388. 

Symbol Parameter Equation Unit Comments 

a Subscript for age    

B Fish biomass (4.17) t Schaefer production function 

C Fishing catch (4.14) number of 
fish 

Baranov equation 

E Fishing effort index (4.12), 
(4.20) 

 To estimate fishing mortality 
and variable costs 

ɛ Multiplicative random 
effect 

(4.7)  Lognormal random effect  on 
stock-recruitment and on q in 
Bayesian analysis  

F Fishing mortality (4.12), 
(4.13) 

y-1  

G Seal number (4.10) seal s in 
thousands 

 

gr Subscript for aggregated 
fleet groups 

(4.27)  TR1, TR2 and Others fleets 

GW Gutted weight (4.22) g From Coull et al. (1989) 

it Subscript for iteration 
number 

  Used in the BE scenario 

j Subscript for species    

k Subscript for fleet    

K Fish carrying capacity (4.5), 
(4.17) 

number of 
fish in 
(4.5), t in 
(4.17) 

Schaefer surplus production 
function and smooth hockey-
stick stock-recruitment curve 

l Length of fish (4.11), 

(4.23) 

cm Weight to length conversion 

(Coull et al., 1989) and 

estimation of seal selectivity 

L Landings (4.15), 

(4.18) 

t At age for cod, haddock, 

whiting and saithe and 

aggregated for the other 

species 

m Proportion of mature fish (4.2)   

M Fish natural mortality (4.9) y-1  
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Table B.1 (continued): Biological parameters used in the study. The parameter values are available at the 
DOI 10.15129/ba3baf8c-17f6-471a-a84b-b15346642388. 

Symbol Parameter Equation Unit Comments 

msy Maximum 
sustainable yield 

(4.17) t Schaefer surplus production 
function 

N Fish number (4.1) number 
of fish 

 

N1 Recruitment (4.3)-(4.5) number 
of fish 

Fish number at age 1 

P Seal predation 
mortality 

(4.10) y-1  

PB Fish partial biomass (6.2) t To estimate q when a seal functional 
response to cod biomass is 
considered 

q Seal predation rate (4.10), 
(4.24), 
(6.2) 

seal-1y-1  

RF Raising factor (4.22)  Weight to length conversion  

s Fishing selectivity (4.12) y-1  

sel Seal selectivity (4.11)   

SSB Spawning stock 
biomass 

(4.2) t  

w Weight of fish (4.2), 

(4.9), 

(4.22), 

(6.2) 

kg, g in 

(4.22) 

 

y Subscript for years    

Z Total mortality on 

fish 

(4.8) y-1  

α 1st stock-

recruitment 

parameter 

(4.3)-(4.5) recruits.

t-1 

For Ricker, Beverton-Holt and 

hockey-stick 

β 2nd stock-

recruitment 

parameter 

(4.3), (4.4)  For Ricker and  Beverton-Holt 

γ Allometric scaling 

factor 

(4.9) y-1 To estimate natural mortality 
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Table B.1 (continued): Biological parameters used in the study. The parameter values are available at the 
DOI 10.15129/ba3baf8c-17f6-471a-a84b-b15346642388. 

Symbol Parameter Equation Unit Comments 

δ Rate at unit weight (4.9)  To estimate natural mortality 

Δ Change in effort 

index 

(5.4)  For BE scenario at each iteration 

ζ Shape parameter of 

seal selectivity 

curve 

(4.11)   

η Mode of seal 

selectivity curve 

(4.11) cm  

θ1 1st constant weight 

to length conversion 

(4.23) g.cm-1 Coull et al. (1989) 

θ2 2nd constant weight 

to length conversion 

(4.23)  Coull et al. (1989) 

λ Proportion of 

landings in total 

catch 

(4.15)   

σ Standard deviation 

of stock-recruitment 

estimates 

(4.7)   

τ Steepness of 

sigmoid curve 

(5.4)  For estimation change in effort index 

in BE scenario 

φ Proportion of 

aggregated fleet in 

total catch at age 

(4.27)  TR1, TR2 and Others fleets (gr) 

χ Seal attack rate (6.2) t.seal-1 Type II functional response 

ψ Fleet proportion in 

total landings 

(4.28)  For the five fleets considered 

ω Seal handling time (6.2) y Type II functional response 
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Table B.2: Economic parameters used in the study. The parameter values are available at the DOI 
10.15129/ba3baf8c-17f6-471a-a84b-b15346642388. 

 

  

Symbol Parameter Equation Unit Comments 

c Initial total cost per 

fleet 

(5.2) £ When effort index is 1 in the BE 

scenario 

ct Fleet total costs (4.21), (5.2) £  

cf Fleet fixed costs (4.21) £  

cv Fleet variable costs (4.20) £  

p Price of fish (4.19) £ In real terms, taking 2012 as 

reference 

R Fleet revenues (4.19) £  

v Number of vessels (4.21) numbers  

π Net profit (5.1) £  

ρ Proportionality 

constant 

(4.20)  Estimation of variable costs 
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Appendix C: Input data used to parameterise the 

state-space stock assessment and simulation 

models 

This section assembles the data used for the parameterisation of the state-space and 

simulation models. The values of the inputs of the simulation model and the empirical 

data from Marine Scotland and Seafish are available at the DOI 10.15129/ba3baf8c-

17f6-471a-a84b-b15346642388. Table C.1 presents the empirical data used to 

parameterise the state-space stock assessment model in the Bayesian parameter 

estimation.  

Table C.1: Summary of empirical data used for the state-space model in the Bayesian analysis. 

Type of data Empirical data Years Reference 

Fish data Proportion of mature fish 
at age 

1985-2012 ICES (2013b) 

Mean weight at age in the 
total catch 

1985-2012 ICES (2013b) 

Weight to length 
conversion parameters 

 Coull et al. (1989) 

Fishing data Landings at age 1985-2012 ICES (2013b) 

Discards at age 1985-2012 ICES (2013b) 

Indices of abundance 
from research vessel 
surveys 

1985-2012 ICES (2013b) 

Seal diet data Average per capita 
consumption rates 

1985 and 2002 Harris (2007) 

Numbers of fish 
consumed at age  

1985 and 2002 

 

Length-structured data 
(Harris, 2007) converted 
to age-structured data by 
Marine Scotland 

Seal data Seal numbers 1985-2011 Thomas (2012). Following 
Thomas (2013; 2014) the 
estimate in 2012 was 
assumed equal to the 2011 
value 
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The empirical data used in the estimation of the Schaefer surplus production 

parameters and of the landing index for ling are given in Table C.2. Table C.3 collects 

the outputs from the state-space model that were used as input parameters for the 

biological part of the simulation model. The empirical data from the literature used for 

the biological part of the simulation model is presented in Table C.4 and in Table C.5 for 

the economic part of the model. 

Table C.2: Empirical data available (biomass, landings and years) and used (𝐵 and 𝐹 and 𝑚𝑠𝑦 and 𝐾) to 
estimate Schaefer surplus production function parameters and the landing index for ling. 

 

  

Species Biomass Landings Years B and F msy and K Reference 

Anglerfish VIa VIa 2005-2012 2007-2011 2005-2012 ICES 

(2013b) 

Megrim IVa+VIa VIa 1985-2012 2007-2011 1985-2012 ICES 

(2013b) 

Hake Northern 

stock 

VIa 1978-2012 2007-2011 2003-2012 ICES 

(2014d) 

Nephrops VIa VIa 1995-2012 2007-2011 1995-2012 ICES 

(2013b) 

Ling  VIa 1988-2012 2007-2011  ICES 

(2013c) 
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Table C.3: Summary of outputs of the state-space model used to parameterise the simulation model for cod, 
haddock and whiting. 

 

  

Type of data Symbol Parameter Years Purpose 

Fish data N1 Recruitment 2007-2011 Calculate the initial 

numbers of fish at age 
Za Total mortality at age 2007-2011 

SSB Spawning stock biomass 1985-2012 Calculate the stock-

recruitment 

parameters 
N1 Recruitment 1985-2012 

 γ Allometric scaling factor  Calculate the natural 

mortality as a function 

of fish weight 
 δ  Natural mortality rate at 

unit weight 

 

Fishing data Fa Fishing mortality at age 2007-2011 Used as initial fishing 

mortality 

Seal data η Mode of the seal selectivity 

distribution 

 Calculate seal 

selectivity on fish 

ζ Shape parameter of the seal 

selectivity distribution 

 

 q Seal predation rate 1985, 2002 Average for the 2 years  
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Table C.4: Empirical data used to parameterise the biological part of the simulation model. 

 

  

Symbol Parameter Years Equation Reference Comments 

G Seal number 2007-2011 (4.10) Thomas (2012)  

γ Allometric scaling 

factor 

 (4.9) Lorenzen (1996) For saithe only 

δ Natural mortality 

rate at unit weight 

 (4.9) 

ma Proportion of 

mature fish at age 

 (4.2) ICES (2013b; 

2013d) 

 

l Length of fish 2007-2011 (4.11), 

(4.23) 

Coull et al. (1989)  

wL 

wD 

Fish weight in 

landings and 

discards 

2007-2011 (4.15) ICES (2013b; 

2013d) 

 

w Fish weight in the 

stock 

 (4.2) ICES (2013b; 

2013d) 

 

Ca,gr Catch at age 

(landings and 

discards) 

2012-2014 (4.26) Marine Scotland Given for TR1 

and TR2 for 

cod, haddock 

and whiting 

Ca Catch at age 2012-2013 (4.14), 

(4.15), 

(4.16) 

ICES (2013b; 

2013d; 2014c) 

 

�̅� Fishing mortality 2007-2011 (4.27) ICES (2013d) For saithe only 
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Table C.5: Empirical data used to parameterise the economic part of the simulation model. 

 

 

  

Symbol Parameter Years Equation Reference Comments 

p Fish price 2007-2011  Marine Management 

Organisation (2012) 

Real price using 

2012 as reference 

year 

v Number of 

vessels 

2007-2012  Seafish  

cv Variable 

costs 

2007-2012  Seafish  

cf Fixed costs 2007-2012  Seafish  

Lk Fleet 

landings 

2007-2011  Marine Scotland Used to calculate 

TR2_10-24 costs 
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Appendix D: Description of the state-space stock 

assessment model 

This appendix describes in detail the state-space model used to estimate the biological 

parameters of the bioeconomic models for cod, haddock and whiting. The following 

description is taken from Cook et al. (2015). 

Structural model 

The population of cod, 𝑁, is assumed to decay exponentially due to a total mortality 𝑍: 

𝑁𝑎,𝑦  =  𝑁𝑎−1,𝑦−1 𝑒−𝑍𝑎−1,𝑦−1  

Where 𝑎 and 𝑦 are indices for age and year respectively. The total mortality is 

partitioned between fishing mortality 𝐹, natural mortality 𝑀 and seal predation 

mortality 𝑃 as: 

𝑍𝑎,𝑦  =  𝐹𝑎,𝑦  +  𝑀𝑎,𝑦  +  𝑃𝑎,𝑦 

Fishing mortality, as in many fishery models, is assumed to be the product of an age 

effect or selectivity, 𝑠, and a year effect, 𝐸 (Pope and Shepherd, 1982): 

𝐹𝑎,𝑦  =  𝑠𝑎,𝑦𝐸𝑦 

Selectivity measures the “catchability” of fish, which varies with age due to differences 

in retention by and availability to the fishing gear, whilst the year effect measures 

overall fishing mortality. Both components are modelled as a random walk with a 

multiplicative random term: 

𝐸𝑦  =  𝐸𝑦−1 𝑒 𝐸,𝑦 휀𝐸,𝑦 ~ 𝑁𝑜𝑟𝑚𝑎𝑙(0, 𝜎𝐸
2), 𝑦 ≠ 1 

𝑠𝑎,𝑦  =  𝑠𝑎,𝑦−1 𝑒 𝑠,𝑎,𝑦  휀𝑠,𝑎,𝑦 ~ 𝑁𝑜𝑟𝑚𝑎𝑙(0, 𝜎𝑠
2), 𝑦 ≠ 1 

Where 𝜎𝐸 and 𝜎𝑠 are the standard deviations of the random walks. For identifiability, 

the selectivity at age 3 is set to one, i.e. 𝑠3,𝑦  = 1 for all 𝑦. 

Based on a meta-analysis of worldwide fish stocks (Lorenzen, 1996), natural mortality 

is modelled in terms of mean weight at age, 𝑤̅:  
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𝑀𝑎,𝑦  =  𝑐(𝑤̅𝑎,𝑦)𝑏 

Where 𝑐 and 𝑏 are parameters that determine the change of 𝑀 with weight.  

Seal predation mortality is modelled in a similar way to fishing mortality as the product 

of a size preference (or selectivity), 𝑠𝑠𝑒𝑎𝑙, and an “effort” component, 𝑞𝑠𝑒𝑎𝑙𝐺, where 

𝑞𝑠𝑒𝑎𝑙 represents the annual per capita capacity of seals to prey on cod (the “predation 

rate”), and 𝐺 is the abundance of seals: 

𝑃𝑎,𝑦 =  𝑠𝑠𝑒𝑎𝑙,𝑎,𝑦𝑞𝑠𝑒𝑎𝑙,𝑦𝐺𝑦 

The quantity 𝑞𝑠𝑒𝑎𝑙 will depend on the ability of seals to find and catch cod, the time it 

takes to process prey items and the presence of other prey. Assuming there is a 

preferred size of cod, selectivity is modelled as a gamma function (Millar and Fryer, 

1999) of mean fish length at age, 𝑙:̅ 

𝑠𝑠𝑒𝑎𝑙,𝑎,𝑦 = (
𝑙�̅�,𝑦

(𝛼 − 1)𝛽
)

𝛼−1

𝑒
𝛼−1−

𝑙�̅�,𝑦

𝛽  

Where the parameters 𝛼 and 𝛽 determine the shape of the curve. The parameter 𝑞𝑠𝑒𝑎𝑙 

is modelled as a random walk: 

𝑞𝑠𝑒𝑎𝑙  =  𝑞𝑠𝑒𝑎𝑙,𝑦−1𝑒 𝑞𝑠𝑒𝑎𝑙,𝑦  휀𝑞𝑠𝑒𝑎𝑙,𝑦 ~ 𝑁𝑜𝑟𝑚𝑎𝑙(0, 𝜎𝑞𝑠𝑒𝑎𝑙
2 ), 𝑦 ≠ 1 

Where 𝜎𝑞𝑠𝑒𝑎𝑙 is the standard deviation of the random walk. This allows values of 𝑞𝑠𝑒𝑎𝑙 

to be estimated for years where there are no seal diet data and, without explicitly 

modelling them, assumes that the factors driving 𝑞𝑠𝑒𝑎𝑙 are serially autocorrelated. 
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Observation equations 

The indices of cod abundance at age from the 𝑘th survey, 𝑈𝑘 , are assumed to be 

proportional to population size, where the proportionality constant is the product of an 

age-specific selectivity, 𝑠𝑘, and an overall survey catchability, 𝑞𝑘, both of which are 

constant over time. If 𝜌𝑘 is the proportion of the year elapsed before the survey, then: 

𝑈𝑘,𝑎,𝑦 = 𝑠𝑘,𝑎𝑞𝑘𝑁𝑎,𝑦𝑒−𝜌𝑘𝑍𝑎,𝑦  

Where the term 𝑒−𝜌𝑘𝑍𝑎,𝑦  accounts for mortality during the year up to the time of the 

survey. As the abundance indices are derived from trawl sampling, logistic curves are 

used to describe the selectivity of each survey gear. These are parameterised in terms 

of 50% selection ages, 𝐴50,𝑘, and selection ranges, 𝑆𝑅𝑘 (Millar and Fryer, 1999): 

𝑙𝑛 (
𝑠𝑘,𝑎

1 − 𝑠𝑘,𝑎
) =

𝑙𝑛(9)(𝑎 − 𝐴50,𝑘)

𝑆𝑅𝑘
 

The observed survey indices, �̂�𝑘 , are assumed to be log normally distributed with age-

specific standard deviations 𝜎𝑘,𝑎: 

�̂�𝑘,𝑎,𝑦 ~ 𝑁𝑜𝑟𝑚𝑎𝑙(ln (𝑈𝑘,𝑎,𝑦), 𝜎𝑘,𝑎
2 ) 

The catch in number, 𝐶, of fish taken by the commercial fishery is assumed to follow the 

Baranov catch equation: 

𝐶𝑎,𝑦 =
𝐹𝑎,𝑦

𝑍𝑎,𝑦
𝑁𝑎,𝑦(1 − 𝑒−𝑍𝑎,𝑦) 

The catch is subject to discarding (Stratoudakis et al., 1999) and only the landed 

portion is reported, with the discarded portion estimated from observer data. During 

the study period almost all the discarded cod were aged one or two (Fernandes et al., 

2011) and we therefore assume a common discarding curve over time. The proportion 

of fish retained, 𝑟, is modelled in a similar way to survey selectivity using a logistic 

curve: 

𝑙𝑛 (
𝑟𝑎,𝑦

1 − 𝑟𝑎,𝑦
) =

𝑙𝑛(9)( 𝑙�̅�,𝑦 − 𝐷50)

𝑆𝑅𝐷
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Where 𝐷50 and 𝑆𝑅𝐷 are the 50% retention length and selection range respectively. The 

landings 𝐿 and discards 𝐷 are then: 

𝐿𝑎,𝑦  = 𝑟𝑎,𝑦𝐶𝑎,𝑦 

𝐷𝑎,𝑦  = (1 − 𝑟𝑎,𝑦)𝐶𝑎,𝑦 

However, the reported landings are subject to misreporting (ICES, 2013a) and are 

biased. If 𝑝𝑦 is the proportion of the landings reported in year 𝑦, we take the observed 

landings, �̂� , to be log-normally distributed: 

ln (�̂�𝑎,𝑦) ~ 𝑁𝑜𝑟𝑚𝑎𝑙(ln (𝑝𝑦𝐿𝑎,𝑦), 𝜎𝐿,𝑎
2 ) 

Where 𝜎𝐿,𝑎 are age-specific standard deviations. The discard estimates, �̂�, are also 

biased, since they are scaled by the reported demersal landings (Millar and Fryer, 

2005). Assuming that misreporting affects all demersal species similarly, we have: 

ln (�̂�𝑎,𝑦) ~ 𝑁𝑜𝑟𝑚𝑎𝑙(ln (𝑝𝑦𝐷𝑎,𝑦), 𝜎𝐷,𝑎
2 ) 

Where 𝜎𝐷,𝑎 are age-specific standard deviations. For identifiability and model stability, 

we assume that 𝑝𝑦 = 1 for 1985-1989 inclusive, a period when misreporting was 

believed to be negligible.   

The catch, 𝐻, taken by seals is given by an analogue of the Baranov catch equation: 

𝐻𝑎,𝑦 =
𝑃𝑎,𝑦

𝑍𝑎,𝑦
𝑁𝑎,𝑦(1 − 𝑒−𝑍𝑎,𝑦) 

There are observations of both the age composition of the seal catch and the total 

weight of cod consumed. The age composition is from a small sample, size 𝑛, and the 

catch at age in this sample, ℎ, is assumed to have a multinomial distribution: 

ℎ𝑎,𝑦, 𝑎 = 1 … 𝐴 ~ 𝑀𝑢𝑙𝑡𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑛𝑦, 𝑝𝑠𝑒𝑎𝑙,1,𝑦, 𝑝𝑠𝑒𝑎𝑙,2,𝑦, . . . , 𝑝𝑠𝑒𝑎𝑙,𝐴,𝑦) 

Where 𝑝𝑠𝑒𝑎𝑙,𝑎,𝑦 =
𝐻𝑎,𝑦

∑ 𝐻𝑎,𝑦
𝐴
𝑎=1

 is the probability that a fish in the diet has age 𝑎. The total 

weight of fish consumed by seals, 𝑌𝑠𝑒𝑎𝑙 , is: 

𝑌𝑠𝑒𝑎𝑙,𝑦 = ∑ 𝐻𝑎,𝑦𝑤̅𝑎,𝑦

𝑎
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As with the commercial landings and discards, the observed catch, �̂�𝑠𝑒𝑎𝑙 , is assumed to 

have a lognormal distribution: 

ln (�̂�𝑠𝑒𝑎𝑙,𝑦) ~ 𝑁𝑜𝑟𝑚𝑎𝑙(ln (𝑌𝑠𝑒𝑎𝑙,𝑦), 𝜎𝑠𝑒𝑎𝑙
2 ) 
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Appendix E: Priors used in the Bayesian analysis 

The Table E.1 below gives the details of the priors used in the state-space model for the 

Bayesian analysis. Most of them come from Cook et al. (2015) and have been updated to 

be applicable to the two new species, haddock and whiting. 

Table E.1: Prior distributions on the parameters to estimate. 

  

Type of data Parameter Prior Comment 

Survey data Catchability Uniform(-12,3)  

Selection range Uniform(0.01,2)  

Age at which 50% of 
fish are retained by 
the survey 

Uniform(-1,6)  

Standard deviation 
of measurement 
error 

Gamma(0.01,0.01) Non-informative prior on 
precision 

Fish data Proportionality 
constant for natural 
mortality function 

Normal(3.69,4) From Lorenzen (1996) 

Exponent constant 
for natural mortality 
function 

Normal(-0.305,1250) From Lorenzen (1996) 

Initial population at 
age in the 1st year 

Age a: 
Normal(x[a]+1.6,0.3) 

For cod 
x=c(6.98,6.8,6.1,5.0,3.7,2.6) 

For haddock 
x=c(9.6,9.4,8.5,7.5,6.7,6.4,4.9) 

For whiting 
x=c(10.5,9.6,8.6,7.5,6.3,5.4) 

The mean is the average catch 
at age scaled up by 1.6 

Recruitment in each 
year 

Normal(x[1]+1.6,0.3)  



 

 
 

 
xxvii 

Table D.1 (continued): Prior distributions on the parameters to estimate. 

Type of data Parameter Prior Comment 

Fishery data Initial fishing 
mortality 

Uniform(-3,0.5)  

Process error on 
selectivity 

Uniform(1e-5,100)  

Process error on 
effort 

Uniform(0,100)  

Selectivity at age in 
initial year 

Age 1: Uniform(0.1,0.8) 

Age 2: Uniform(0.2,1.5) 

Age 4+: Uniform(0.2,2) 

Age 3 is the reference age so 
selectivity=1. Age 7 only 
concerns haddock 

Standard deviation 
of measurement 
error on landings, 
discards and catch 

Gamma(0.01,0.01) Non-informative prior on 
precision. Catch used just for 
cod after 2005 

Discard retention 
ogive 

Normal(6,0.5) From Cook (2013) 

50% retention 
length for the 
discards 

Normal(mls,0.01667) mls is the minimum landing 
size for each species, 35 cm, 
30 cm and 27 cm for cod, 
haddock and whiting 
respectively 

Misreporting Beta(2,0.5) The mode of the distribution 
is 1 so misreporting is 
considered rare 

Seal data Seal predation rate Uniform(-10,5)  

Process error on 
seal predation rate 

Uniform(1e-6,100)  

Shape parameter for 
selectivity curve 

Uniform(1,30) Large range to reduce 
information on the prior 

Mode of the 
selectivity curve 

Normal(45,0.01) Mean is the midpoint of the 
observed length distributions. 
Precision larger than in Cook 
et al. (2015) to make the prior 
not too informative and 
usable for the 3 species 

Standard deviation 
of measurement 
error on seal 
consumption 

Gamma(4,0.33) Gives mean precision for seal 
catch equal to the reciprocal 
of sample variance with 50% 
coefficient variation 
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Appendix F: Outputs from the state-space model 

Outputs for cod 

 

Figure F.1: Time series log landings (in numbers) for the fixed seal predation rate model given by fish age 
(1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red dots 
are the empirical data. 
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Figure F.2: Time series log landings (in numbers) for the variable seal predation rate model given by fish 
age (1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red 
dots are the empirical data. 
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Figure F.3: Time series log discards (in numbers) for the fixed seal predation rate model given by fish age 
(1 and 2). The black line is the estimated median and the 95% credible interval is given in grey. The red 
dots are the empirical data. 

 

Figure F.4: Time series log discards (in numbers) for the variable seal predation rate model given by fish 
age (1 and 2). The black line is the estimated median and the 95% credible interval is given in grey. The red 
dots are the empirical data. 
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Figure F.5: Time series log catch (in numbers) for the fixed seal predation rate model given by fish age (1 to 
6). The black line is the estimated median and the 95% credible interval is given in grey. The red dots are 
the empirical data. 
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Figure F.6: Time series log catch (in numbers) for the variable seal predation rate model given by fish age 
(1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red dots 
are the empirical data. 
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Figure F.7: Time series log abundance indices for the Scottish quarter 1 research survey for the fixed seal 
predation rate model given by fish age (1 to 6). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.8: Time series log abundance indices for the Scottish quarter 1 research survey for the variable 
seal predation rate model given by fish age (1 to 6). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.9: Time series log abundance indices for the Scottish quarter 1 research survey after change in 
research vessel and length of the tow for the fixed seal predation rate model given by fish age (1 to 6). The 
black line is the estimated median and the 95% credible interval is given in grey. The red dots are the 
empirical data. 
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Figure F.10: Time series log abundance indices for the Scottish quarter 1 research survey after change in 
research vessel and length of the tow for the variable seal predation rate model given by fish age (1 to 6). 
The black line is the estimated median and the 95% credible interval is given in grey. The red dots are the 
empirical data. 
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Figure F.11: Time series log abundance indices for the Scottish quarter 4 research survey for the fixed seal 
predation rate model given by fish age (1 to 4). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 

 

Figure F.12: Time series log abundance indices for the Scottish quarter 4 research survey for the variable 
seal predation rate model given by fish age (1 to 4). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.13: Time series log abundance indices for the Irish groundfish research survey for the fixed seal 
predation rate model given by fish age (1 to 3). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 

 

Figure F.14: Time series log abundance indices for the Irish groundfish research survey for the variable 
seal predation rate model given by fish age (1 to 3). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.15: Time series log abundance indices for the Irish West Coast groundfish research survey for the 
fixed seal predation rate model given by fish age (1 to 3). The black line is the estimated median and the 
95% credible interval is given in grey. The red dots are the empirical data. 

 

Figure F.16: Time series log abundance indices for the Irish West Coast groundfish research survey for the 
variable seal predation rate model given by fish age (1 to 3). The black line is the estimated median and the 
95% credible interval is given in grey. The red dots are the empirical data. 
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Figure F.17: Time series log recruitment (thousands) for the fixed seal predation rate model. The black line 
is the estimated median and the 95% credible interval is given in grey. The estimates from ICES are given 
in red. 

 

Figure F.18: Time series log recruitment (thousands) for the variable seal predation rate model. The black 
line is the estimated median and the 95% credible interval is given in grey. The estimates from ICES are 
given in red. 
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Figure F.19: Time series log SSB (tonnes) for the fixed seal predation rate model. The black line is the 
estimated median and the 95% credible interval is given in grey. The estimates from ICES are given in red. 

 

Figure F.20: Time series log SSB (tonnes) for the variable seal predation rate model. The black line is the 
estimated median and the 95% credible interval is given in grey. The estimates from ICES are given in red. 
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Figure F.21: Proportion at age of cod in grey seal diet for the fixed seal predation rate model. The black line 
is the estimated median and the 95% credible interval is given in grey. The red dots are the empirical data. 

 

Figure F.22: Proportion at age of cod in grey seal diet for the variable seal predation rate model. The black 
line is the estimated median and the 95% credible interval is given in grey. The red dots are the empirical 
data. 



 

 
 

 
xliii 

Outputs for haddock 

 

Figure F.23: Time series log landings (in numbers) for the fixed seal predation rate model given by fish age 
(1 to 7). The black line is the estimated median and the 95% credible interval is given in grey. The red dots 
are the empirical data. 
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Figure F.24: Time series log landings (in numbers) for the variable seal predation rate model given by fish 
age (1 to 7). The black line is the estimated median and the 95% credible interval is given in grey. The red 
dots are the empirical data. 
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Figure F.25: Time series log discards (in numbers) for the fixed seal predation rate model given by fish age 
(1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red dots 
are the empirical data. 
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Figure F.26: Time series log discards (in numbers) for the variable seal predation rate model given by fish 
age (1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red 
dots are the empirical data. 
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Figure F.27: Time series log abundance indices for the Scottish quarter 1 research survey for the fixed seal 
predation rate model given by fish age (1 to 7). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.28: Time series log abundance indices for the Scottish quarter 1 research survey for the variable 
seal predation rate model given by fish age (1 to 7). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.29: Time series log abundance indices for the Scottish quarter 1 research survey after change in 
research vessel and length of the tow for the fixed seal predation rate model given by fish age (1 to 7). The 
black line is the estimated median and the 95% credible interval is given in grey. The red dots are the 
empirical data. 
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Figure F.30: Time series log abundance indices for the Scottish quarter 1 research survey after change in 
research vessel and length of the tow for the variable seal predation rate model given by fish age (1 to 7). 
The black line is the estimated median and the 95% credible interval is given in grey. The red dots are the 
empirical data. 
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Figure F.31: Time series log abundance indices for the Scottish quarter 4 research survey for the fixed seal 
predation rate model given by fish age (1 to 7). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.32: Time series log abundance indices for the Scottish quarter 4 research survey for the variable 
seal predation rate model given by fish age (1 to 7). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.33: Time series log abundance indices for the Irish groundfish research survey for the fixed seal 
predation rate model given by fish age (1 to 7). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.34: Time series log abundance indices for the Irish groundfish research survey for the variable 
seal predation rate model given by fish age (1 to 7). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.35: Time series log abundance indices for the Irish West Coast groundfish research survey for the 
fixed seal predation rate model given by fish age (1 to 7). The black line is the estimated median and the 
95% credible interval is given in grey. The red dots are the empirical data. 
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Figure F.36: Time series log abundance indices for the Irish West Coast groundfish research survey for the 
variable seal predation rate model given by fish age (1 to 7). The black line is the estimated median and the 
95% credible interval is given in grey. The red dots are the empirical data. 
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Figure F.37: Time series log recruitment (thousands) for the fixed seal predation rate model. The black line 
is the estimated median and the 95% credible interval is given in grey. The estimates from ICES are given 
in red. 

 

Figure F.38: Time series log recruitment (thousands) for the variable seal predation rate model. The black 
line is the estimated median and the 95% credible interval is given in grey. The estimates from ICES are 
given in red. 
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Figure F.39: Time series log SSB (tonnes) for the fixed seal predation rate model. The black line is the 
estimated median and the 95% credible interval is given in grey. The estimates from ICES are given in red. 

 

Figure F.40: Time series log SSB (tonnes) for the variable seal predation rate model. The black line is the 
estimated median and the 95% credible interval is given in grey. The estimates from ICES are given in red. 
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Figure F.41: Proportion at age of cod in grey seal diet for the fixed seal predation rate model. The black line 
is the estimated median and the 95% credible interval is given in grey. The red dots are the empirical data. 

 

Figure F.42: Proportion at age of cod in grey seal diet for the variable seal predation rate model. The black 
line is the estimated median and the 95% credible interval is given in grey. The red dots are the empirical 
data. 
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Outputs for whiting (survey data 2001-2005 removed) 

 

Figure F.43: Time series log landings (in numbers) for the fixed seal predation rate model given by fish age 
(1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red dots 
are the empirical data. 
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Figure F.44: Time series log landings (in numbers) for the variable seal predation rate model given by fish 
age (1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red 
dots are the empirical data. 
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Figure F.45: Time series log discards (in numbers) for the fixed seal predation rate model given by fish age 
(1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red dots 
are the empirical data. 
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Figure F.46: Time series log discards (in numbers) for the variable seal predation rate model given by fish 
age (1 to 6). The black line is the estimated median and the 95% credible interval is given in grey. The red 
dots are the empirical data. 
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Figure F.47: Time series log abundance indices for the Scottish quarter 1 research survey for the fixed seal 
predation rate model given by fish age (1 to 6). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.48: Time series log abundance indices for the Scottish quarter 1 research survey for the variable 
seal predation rate model given by fish age (1 to 6). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.49: Time series log abundance indices for the Scottish quarter 1 research survey after change in 
research vessel and length of the tow for the fixed seal predation rate model given by fish age (1 to 6). The 
black line is the estimated median and the 95% credible interval is given in grey. The red dots are the 
empirical data. 
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Figure F.50: Time series log abundance indices for the Scottish quarter 1 research survey after change in 
research vessel and length of the tow for the variable seal predation rate model given by fish age (1 to 6). 
The black line is the estimated median and the 95% credible interval is given in grey. The red dots are the 
empirical data. 
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Figure F.51: Time series log abundance indices for the Scottish quarter 4 research survey for the fixed seal 
predation rate model given by fish age (1 to 6). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.52: Time series log abundance indices for the Scottish quarter 4 research survey for the variable 
seal predation rate model given by fish age (1 to 6). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.53: Time series log abundance indices for the Irish groundfish research survey for the fixed seal 
predation rate model given by fish age (1 to 5). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 



 

 
 

 
lxxi 

 

Figure F.54: Time series log abundance indices for the Irish groundfish research survey for the variable 
seal predation rate model given by fish age (1 to 5). The black line is the estimated median and the 95% 
credible interval is given in grey. The red dots are the empirical data. 
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Figure F.55: Time series log abundance indices for the Irish West Coast groundfish research survey for the 
fixed seal predation rate model given by fish age (1 to 6). The black line is the estimated median and the 
95% credible interval is given in grey. The red dots are the empirical data. 
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Figure F.56: Time series log abundance indices for the Irish West Coast groundfish research survey for the 
variable seal predation rate model given by fish age (1 to 6). The black line is the estimated median and the 
95% credible interval is given in grey. The red dots are the empirical data. 
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Figure F.57: Time series log recruitment (thousands) for the fixed seal predation rate model. The black line 
is the estimated median and the 95% credible interval is given in grey. The estimates from ICES are given 
in red. 

 

Figure F.58: Time series log recruitment (thousands) for the variable seal predation rate model. The black 
line is the estimated median and the 95% credible interval is given in grey. The estimates from ICES are 
given in red. 
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Figure F.59: Time series log SSB (tonnes) for the fixed seal predation rate model. The black line is the 
estimated median and the 95% credible interval is given in grey. The estimates from ICES are given in red. 

 

Figure F.60: Time series log SSB (tonnes) for the variable seal predation rate model. The black line is the 
estimated median and the 95% credible interval is given in grey. The estimates from ICES are given in red. 
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Figure F.61: Proportion at age of cod in grey seal diet for the fixed seal predation rate model. The black line 
is the estimated median and the 95% credible interval is given in grey. The red dots are the empirical data. 

 

Figure F.62: Proportion at age of cod in grey seal diet for the variable seal predation rate model. The black 
line is the estimated median and the 95% credible interval is given in grey. The red dots are the empirical 
data. 
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Appendix G: Partition of the landings into fleets 

for the other species 

ICES databases have been used to partition the landings into UK and foreign fleets for 

each species (ICES, 2011; 2015a) by taking averages between 2007 and 2011. 

The partition inside the UK fleets is more difficult because of the lack of empirical data. 

Different data source are used by species. Marine Scotland database reports the 

landings of other species (except Nephrops) for the TR2<10 fleet as really small and are 

then considered insignificant. Consequently, within the model, the TR2<10 fleet does 

not fish on other species except Nephrops. 

ICES (2013b) mentions that 10% of the UK anglerfish landings come from the Nephrops 

trawlers. Also, the STECF data annex tables for the years 2008-2011 records that 63% 

of the UK landings are caught by vessels larger than 24 meters and 37% between 10 

and 24 meters (STECF, 2013). Consequently it has been concluded that 63% of the UK 

landings should be attributed to TR1>24, 10% to TR2_10-24 and 27% to TR1_10-24 

(Figure G.1). 

According to ICES (2013b), only TR1 fleets fish on megrim in VIa. STECF data enabled 

us to conclude that 70% of the UK megrim are caught by vessels between 10 and 24 

meters (STECF, 2013). 

For Nephrops, ICES (2013b) gives the landings in VIa for the different gear types and 

enables the partition into TR1, TR2 and creel fleets. The creel landings are allocated to 

the “Others” fleet since this fleet corresponds to the foreign vessels but also the other 

vessels than the trawlers. The Marine Scotland database which gives effort and 

landings by vessel length and mesh size for the years 2000-2012 also records the 

landings for Nephrops. This 2007-2011 data has then been used to partition the 

landings into TR2<10 and TR1_10-24 for this species. 
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Figure G.1: Partition of landings into fleets for the other species than cod, haddock, whiting and saithe. 
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The lack of empirical data on ling increases the uncertainty around the partition for this 

species. 87% of the UK landings come from vessels larger than 24 m (STECF, 2013). 

This corresponds to the TR1>24 fleet. The 13% left corresponds to the vessels between 

10 and 24 m and there is no information in ICES (2013c) as regards to a possible 

bycatch by the Nephrops trawlers. Consequently these landings have been allocated to 

the TR1_10-24 fleet. 

Finally, 64% of the UK landings for hake correspond to vessels larger than 24 m while 

36% corresponds to vessels between 10 and 24 m (STECF, 2013). Also, hake is caught 

by mixed gear trawlers (ICES, 2014d). The 20% and 16% caught by TR1_10-24 and 

TR2_10-24 respectively has been allocated to correspond to the total landings from 

other species (except Nephrops) recorded in Marine Scotland database when added to 

the landings of other species estimated above. 

This partition is believed to be a good approximation of the current repartition of 

landings for other species than cod, haddock, whiting and saithe. It is used to calculate 

the initial landings for ling and the initial fishing mortality for anglerfish, megrim, hake 

and Nephrops used in the bioeconomic models. 
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Appendix H: Implications of considering grey seal 

predation in stock assessments 

This appendix is a shortened version of the manuscript “Grey seal predation mortality 

on three depleted stocks in the West of Scotland: What are the implications for stock 

assessments?” which will be submitted in the Canadian Journal of Fisheries and Aquatic 

Sciences. This study presents the estimates of grey seal predation mortality on cod, 

haddock and whiting in VIa and investigates the implication of explicitly considering 

seal mortality within a stock assessment model. 

Introduction 

Seal predation is considered within a multispecies stock assessment in the North Sea 

(ICES, 2015c) which provides estimates of total predation on a range of commercial 

species including cod, haddock and whiting. However, no comparable multispecies 

estimates are made for the West of Scotland stocks. This could have important 

consequences if grey seal predation is high since these assessments are used to inform 

fisheries management.  

Our study presents estimates of grey seal predation mortality on three traditional 

principal commercial demersal species in the West of Scotland, cod, haddock and 

whiting. This extends and updates the study on cod by Cook et al. (2015) and Cook and 

Trijoulet (2016) and provides for the first time, values for predation mortality on 

haddock and whiting. Using these estimates we examined potential competition 

between the fishery and seals and the implications of considering seal predation for 

stock assessments in the area through the estimation of two management reference 

points: fishing mortality corresponding to 10% of the slope of the yield per recruit 

curve at the origin (𝐹0.1) and fishing mortality at maximum sustainable yield (𝐹𝑀𝑆𝑌). 

The study is not an attempt to calculate multispecies reference points but rather to see 

how the single species assessments, as currently used in VIa, may vary with the 

consideration of seal predation. 

Methods 
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Grey seal predation mortality on cod, haddock and whiting was estimated from 

standard fisheries data and seal diet data collected by the Sea Mammal Research Unit 

(SMRU, University of St Andrews). These estimates were then used in equilibrium 

analyses to compare the consequences of considering explicitly seal predation in stock 

assessments to those which use conventional fixed values of natural mortality. 

Estimation of grey seal predation mortality 

This part describes the stock assessment model and the Bayesian analysis (see part 4.2.1.1 

for more detail). The different models are described again here to provide the model codes 

(A, B and C) for this study. 

The models were: 

A. Seal predation rate (𝑞) was allowed to vary annually according to a simple time 

series model (Table H.1, Equation (8)). This parameter determines the ability of 

seals to find and consume fish. It incorporates “attack rate” and “handling time” 

from the Holling type II functional response equation (Holling, 1959) and is 

expected to vary over time in response to fish biomass. 

B. The seal predation rate was fixed over time (i.e. the process error standard 

deviation in the Equation (8) in Table H.1 was set equal to 0). Given the paucity 

of seal diet data, estimating annual values of q in Model A may over-fit the data. 

C. Seal predation was considered as subsumed within natural mortality M and was 

not explicitly estimated in the model (i.e. 𝑍 = 𝐹 + 𝑀). This most closely 

resembles the standard ICES assessments and was used as baseline to 

determine the implication of considering seal predation in stock assessments. 

Equilibrium analyses 

In order to investigate how inclusion of seal predation changes perceptions of stock 

productivity and therefore the estimation of management reference points, two 

equilibrium analyses were performed.  
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A simple per recruit analysis was used to calculate the fishing mortality at which the 

slope of the yield per recruit curve is 10% the slope of the curve at its origin (𝐹0.1) 

following the method of Thompson and Bell (1934). This is a simple way of quantifying 

productivity in response to changes in biological parameters without being affected by 

the uncertainties associated with estimating the stock-recruitment function.  

A second equilibrium yield analysis was also performed where the stock-recruitment 

relationship was modelled. The fish populations were projected to the steady state for 

different scenarios of fishing and seal predation mortality. Maximum sustainable yield 

(MSY), fishing mortality at MSY (𝐹𝑀𝑆𝑌) and SSB at MSY (𝑆𝑆𝐵𝑀𝑆𝑌) were then calculated. 

The projection model was similar to the stock assessment model except that it 

considers a structural stock-recruitment function. Annually, to account for 

measurement errors, the projection model bootstraps 30 000 replicates of the 

following parameters from the stock assessment models: fishing mortality 𝐹, Lorenzen 

parameters for natural mortality, seal selectivity parameters (𝛾 and 𝛿), seal predation 

rate (𝑞), fish partial biomass (𝑃𝐵), SSB and recruitment. The replicates of the SSB and 

recruitment where used to fit a Ricker stock-recruitment relationship. Given the lack of 

data at high SSB, some runs may induce unrealistic large SSB values. The recruitment 

was therefore assumed constant and equal to the fitted recruitment at maximum SSB 

estimated by the stock assessment model when the SSB values were larger than the 

maximum estimated SSB. Stochasticity was added to the stock-recruitment curve by 

bootstrapping the residuals to account for process errors. The model is robust to the 

choice of stock-recruitment curve and using another common relationship such as 

Beverton-Holt gives similar management reference points estimates. By default, for the 

three species the replicates of the seal predation rate (𝑞) and seal selectivity were kept 

constant in the analysis. In addition, for cod, the replicates of q and the partial biomass 

(𝑃𝐵) were also used to fit a type II functional response (Holling, 1959) of seals to cod 

biomass, similarly to Cook and Trijoulet (2016), where 휃 and 𝜌 are constants.  

𝑞𝑦 =
휃

1 + 휃𝜌𝑃𝐵𝑦
 

When the type II functional response is considered, the model bootstraps the 𝑞 and 𝑃𝐵 

replicates and also the residuals from the fitted relationship to account for process 
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errors. The poor fit of the functional response for haddock and whiting prevents its use 

in the present study so the functional response scenario is run only for cod. 

Both equilibrium analyses used the outputs of the three stock assessment models 

described earlier (Models A, B and C). Averages over 2008 to 2012 were used to supply 

age specific fishing mortality, the fish weight and, after use of a length-weight 

relationship (Coull et al., 1989), the length of fish to estimate seal selectivity. Because 

only two years of seal diet data are available and the variations in grey seal diet for the 

recent years are not known, an average seal predation rate (𝑞) of the two years 1985 

and 2002 was used as the estimates in these years are informed by real observations. A 

test on the sensitivity of the results to the omission of survey data for whiting showed 

that this did not affect the estimates for the years 1985 and 2002. The average number 

of seals taken from 2008 to 2012 was used to scale the seal predation rate to seal 

predation mortality representative of recent years. Because grey seal predation is the 

product of three components including seal numbers (Table H.1, Equation (6)), a 

change in seal predation mortality can be interpreted as a linear change in seal 

population. 

Results 

Estimated total natural mortality 

The estimates of non-fishing mortality at age (in effect the total natural mortality) 

obtained from the Model A are larger than those obtained from the Model B for cod but 

slightly smaller for haddock and whiting (Figure H.1). Models B and C give similar 

values for haddock and whiting. However models that consider grey seal predation 

explicitly estimate larger non-fishing mortalities for cod no matter the seal predation 

rate assumption. For the West of Scotland, generally the estimated non-fishing 

mortality was larger across all ages than those from ICES. Mortality estimates at young 

age classes are higher for the North Sea than the West of Scotland. 

Equilibrium analyses 
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The estimated management reference points for the three species assuming the current 

number of grey seals in the West of Scotland are shown in Table H.2. As expected, the 

values of 𝐹0.1 for the three species differ from the values of 𝐹𝑀𝑆𝑌 since no account is 

taken of the effect of SSB on recruitment. 

For cod, considering grey seal predation in the stock assessment model (A, B and type 

II) leads to larger values of 𝐹0.1 but results in a decrease in 𝐹𝑀𝑆𝑌. The current fishing 

mortality is above 𝐹𝑀𝑆𝑌 no matter the model considered.  

For haddock, the current fishing mortality is below 𝐹𝑀𝑆𝑌. The assumption on the seal 

predation rate is important in giving the direction of the change in both 𝐹0.1 and 𝐹𝑀𝑆𝑌 

due to the explicit consideration of the seal predation in the models. The value of 𝐹𝑀𝑆𝑌 

increases in the Model A and decreases in the Model B but the difference in values is 

small and inversely for 𝐹0.1. The estimated values of MSY and 𝑆𝑆𝐵𝑀𝑆𝑌 are relatively 

close for the three models. 

For whiting, the MSY results differ substantially between Models A and B. The Model B 

gives results close to Model C, but Model A estimates much larger values of MSY and 

𝑆𝑆𝐵𝑀𝑆𝑌. In this case, the current fishing mortality is below 𝐹𝑀𝑆𝑌 while it is the contrary 

for Models B and C.  

Despite, a clear change in the median 𝐹𝑀𝑆𝑌 values when grey seal predation is 

considered in the stock assessment for the three species, the large 90% confidence 

intervals show however that this difference may not be significant. 

MSY and 𝐹𝑀𝑆𝑌 are also studied as a function of relative seal predation mortality for the 

three models (Figure H.2). As expected an increase in seal predation mortality results 

in a decrease in MSY and 𝐹𝑀𝑆𝑌 for the three species. However, for haddock, the change 

in 𝐹𝑀𝑆𝑌 is small. The value is almost constant no matter the change in predation 

mortality or the choice of model. For cod, the results are similar to those observed in 

Table H.2 with the Model A showing the smallest values of MSY. The type II Model 

shows a steeper decrease in 𝐹𝑀𝑆𝑌 and the collapse of cod occurs when the current seal 

predation is multiplied by a factor of 2. The results for whiting are similar to those for 

cod with a clear decrease in MSY and 𝐹𝑀𝑆𝑌 when the grey seal population is increased. 
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Discussion 

The West of Scotland stocks are adjacent to those of the same species in the North Sea 

and it might be expected that similar non-fishing mortality rates would prevail in both 

areas. In the North Sea, separate estimates of non-fishing mortality that include seal 

and other predation, have been made from multispecies models and provide a 

comparison to our estimates (ICES, 2015c). They are very similar for whiting but show 

marked differences for cod and haddock mostly in the shape of the mortality rate by 

age rather than the overall scale. This is likely to be due to the fact that the North Sea 

estimates do not make use of age composition data for the seal catch and hence do not 

have the same size resolution as the data used in our analysis. Clearly in the case of 

haddock, however, the conventional VIa value of 0.2 appears too low both in relation to 

our estimates and those derived for the North Sea. The recent amalgamation of the 

West of Scotland and the North Sea stock assessments by ICES should overcome this 

problem (ICES, 2015c). 

A surprising result is that explicitly including seal predation in the model estimates 

larger non-fishing mortality for cod but lower for haddock and whiting. This arises 

partly from the selectivity pattern for seal predation which differs between cod and the 

two other species but is also due to changes in the estimates of the natural mortality. 

For haddock and whiting, the Lorenzen parameters estimated when grey seal predation 

is subsumed into natural mortality (Model C) result in larger values of non-fishing 

mortality to be consistent with empirical data on catch and abundance indices.  

The estimated total non-fishing mortality at young ages in the North Sea is larger than 

that in the West of Scotland for all species. Moreover, it is important to note that in the 

current ICES cod assessment for VIa, the average natural mortality (age 1-6) used is 

0.308 and implicitly includes the mortality due to seal predation. The average non-

fishing mortality on cod estimated from Models A and B in this study is larger than this 

value suggesting that the current cod natural mortality values considered in ICES 

assessments for the Division VIa may be too low. Unlike recent studies in the North 

Atlantic where seal predation was considered as insignificant compared to the total 

mortality on fish stocks (Boyd and Hammond, 2010; MacKenzie et al., 2011; Alexander 
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et al., 2014) these values seem of sufficient magnitude to matter in evaluating stock 

status for fishery management. 

The MSY analysis implies an unlikely recovery of cod and whiting (in the Models B and 

C) at the current level of fishing mortality. Indeed the current 𝐹 is larger than 𝐹𝑀𝑆𝑌 and 

the current SSB is smaller than 𝑆𝑆𝐵𝑀𝑆𝑌. This may be evidence of the necessity of 

reducing the current fishing mortality on both stocks in the area like it is already highly 

recommended by ICES (2016b). However, even if the fishing mortality is reduced to 

𝐹𝑀𝑆𝑌 for both stocks, the catches are expected to be larger than the current yield but 

the fishery will never reach the historical levels of yield that were observed in the 

1980s (Table H.3). Nevertheless, if the Model A for whiting is more realistic, the stock 

may recover given that the current 𝐹 and SSB are smaller than 𝐹𝑀𝑆𝑌 and 𝑆𝑆𝐵𝑀𝑆𝑌. 

However, in this scenario also, the MSY will never reach high historical yield levels. 

For haddock, the current fishing mortality is well below 𝐹𝑀𝑆𝑌 so the stock may recover 

in the future, but the current SSB is larger than 𝑆𝑆𝐵𝑀𝑆𝑌, so reaching the equilibrium 

may necessitate a decrease in the current SSB. Similarly to the two other stocks, despite 

the fact that the yield can be increased compared to the current catch by reaching 𝐹𝑀𝑆𝑌, 

the yield will still be below the large historical level. Even a reduction in seal predation 

in VIa cannot increase the MSY to historical levels, except maybe for cod. However, it 

necessitates a decrease in seal predation of more than 50% which is obviously 

unrealistic. 

The assumption on grey seal predation rate is important for whiting because it can lead 

to different conclusions as regards to the estimation of 𝐹𝑀𝑆𝑌  with larger estimates when 

the seal predation rate is assumed to vary annually. The comparable seal consumption 

fit for both models, the fact that the Model B outputs are closer to that of the Model C, 

and the large increase in seal consumption estimates for the Model A in the late 1990s 

possibly suggest the Model B is a better model choice for this species. 

Despite a weight of haddock consumed in 2002 larger than the weight of cod consumed 

(Harris, 2007) and a seal predation mortality of the same order of magnitude for 

haddock and whiting, the haddock 𝐹𝑀𝑆𝑌 and MSY are little affected by a change in grey 

seal predation mortality suggesting a low impact on the stock. This highlights the limits 
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of assessing the impact of seals on a stock by only comparing seal consumption (Harris, 

2007) with fishing landings (ICES, 2013b). Also, despite some differences in median 

measurements, the 𝐹𝑀𝑆𝑌 values are only slightly impacted by the consideration of grey 

seal predation in the stock assessment for haddock compared to the other species.  

This study demonstrates that considering grey seal predation mortality can change the 

perception of the state of the stocks, even if the seal mortality is low, and this can affect 

the estimates of management reference points such as 𝐹0.1 and 𝐹𝑀𝑆𝑌 (Mohn and Bowen, 

1996). The large estimates of seal predation mortality compared to the other species 

make cod the stock the most affected by a change in seal population and for which the 

impacts on fisheries management may be the largest. However, the large confidence 

intervals observed for 𝐹𝑀𝑆𝑌 may be evidence that despite the apparent impact of 

considering grey seal predation in the stock assessment on the estimated values of 

𝐹𝑀𝑆𝑌, the difference observed may not be significant due to the large uncertainty 

around the stock-recruitment and the variability around the mortality estimates. It is 

therefore difficult to estimate precise values of 𝐹𝑀𝑆𝑌. 

As is usual in per recruit analysis, all the mortality values are assumed to be fixed which 

could be an over-simplification if seals respond dynamically to the abundance of prey 

as suggested by previous studies (Matthiopoulos et al., 2003; Middlemas et al., 2006; 

Smout et al., 2014; Cook et al., 2015; Cook and Trijoulet, 2016). Our results should 

therefore be seen more as an indication of sensitivity to seal predation rather than 

robust estimates of 𝐹0.1. Similar assumptions are taken for Models A and B in the MSY 

analysis. The consideration of a seal functional response to cod biomass increases the 

sensitivity of cod to an increase in fishing and seal predation mortality. However, the 

type II response was fitted on the seal predation and partial biomass estimates for 

which only two years of data over the time series of 28 years were available. The 

paucity of seal diet data brings uncertainty to the seal response. In this study, a type III 

functional response is not considered despite the well-known seal switching behaviour 

(Smout et al., 2014). This comes from the fact that two years of seal diet data do not 

allow a significant estimation of the third parameter necessary to fit the type III 

response. 
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In our equilibrium analysis for whiting we used the stock assessment outputs where 

abundance indices for some years were removed due to an apparent anomaly in the 

estimated values of seal predation. It is debatable whether this is fully justified because 

censoring the data is based purely on a perception of how seal predation should 

change. Large values of total mortality in the survey data over the period 2001-2005 

may explain the increase in seal consumption in the Model A, where seal predation can 

vary annually. When the seal predation rate is fixed (Model B), the increase in total 

mortality is attributed to unreported fishing mortality. A similar spike in fishing 

mortality is observed for some runs in the ICES assessment (ICES, 2014c). As the ICES 

assessment uses a different model it suggests this anomaly is related to the input data 

rather than the modelling assumptions. Omitting the data affected the estimated 

biomass and mortality rates in 2004-2005 but for other years the omission had little 

effect. As we used estimated values for seal predation from 1985 and 2002 in 

subsequent analyses our results are fairly insensitive to this problem, though it does 

mean that estimated stock trends during this period are subject to particularly large 

uncertainty. 

Only two years of seal diet data inevitably means that the estimates of seal predation 

mortalities obtained in our analysis are subject to large uncertainty. Furthermore, the 

estimates are predicated on sampling seal scats from which the size and species of fish 

in the diet is derived from otoliths and these techniques are also subject to bias (Bowen 

and Iverson, 2013). Nevertheless, the estimates of seal predation that we have obtained 

show similarities with values derived from other methods such as the stochastic 

multispecies model SMS (ICES, 2015c) and the energetic model (Trzcinski et al., 2006) 

offering some independent corroboration of the analysis considered here. Given the 

apparent importance of seal predation mortality, at least for cod, there is clearly a need 

to obtain more data on seal diet so that the grey seal predation estimates can be 

improved and lead to more robust assessments. 

This study only considers the direct effect of seal predation on the mortality rates of the 

three species and the potential implications for routine stock assessments. In the case 

of cod the implications appear important, for whiting the impact on stock perception is 

slightly smaller and for haddock even less so. However, there is a more general 

question of the economic impact of seal predation on the fishery. Even if the 
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implications seem less important for haddock and whiting, as mentioned earlier the 

seal catches are relatively large in weight for haddock and in numbers for whiting 

(Harris, 2007), so it is premature to conclude that seal predation on haddock and 

whiting is unimportant simply because predation mortalities are fairly low. An 

economic analysis of the fishery would be needed to address this issue. 
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Tables 

Table H.1: Main equations of the population model. 

Equation 

number 
Equation Description 

(1) 𝑁𝑎+1,𝑦+1 = 𝑁𝑎,𝑦𝑒−𝑍𝑎,𝑦  The population of fish N at age a and year y 

decays exponentially as a result of the total 

mortality Z 

(2) 𝑍𝑎,𝑦 = 𝑀𝑎,𝑦 + 𝑃𝑎,𝑦 + 𝐹𝑎,𝑦 The total mortality Z is partitioned between 

natural mortality M, fishing mortality F and seal 

predation mortality P 

(3) 𝐹𝑎,𝑦 = 𝑠𝑒𝑙𝑎,𝑦𝐸𝑦 F is the product of an age component or 

selectivity sel and a year effect or fishing effort E 

(4) 𝐸𝑦 = 𝐸𝑦−1𝑒 𝑦  E can vary every year following a random effect 

ε~Normal(0,σ2
E), y≠1 

(5) 𝑀𝑎,𝑦 = 𝛼(𝑤𝑎,𝑦)
𝛽

 M is estimated following Lorenzen (1996) and 

depends of the fish weight w. The constants α 

and β are estimated within the model 

(6) 𝑃𝑎,𝑦 = 𝑠𝑎,𝑦𝑞𝑦𝐺𝑦  P is function of seal selectivity s for a certain age 

class, the ability to catch fish or seal predation 

rate q and the number of seals G 

(7) 
𝑠𝑎,𝑦 = (

𝑙𝑎,𝑦

(𝛾 − 1)𝛿
)

𝛾−1

𝑒
(𝛾−1−

𝑙𝑎,𝑦

𝛿
)
 

s follows a gamma curve assuming a preference 

for certain fish length l. The constants γ and δ 

are estimated within the model 

(8) 𝑞𝑦+1 = 𝑞𝑦𝑒 𝑞,𝑦  q is allowed to vary every year following a time 

series with a random effect εq~Normal(0,σ2
q) 

(9) 𝑃𝐵𝑦 = ∑(𝑠𝑎,𝑦𝑤𝑎,𝑦𝑁𝑎,𝑦)

𝑎

 Fish partial biomass (PB) corresponds to the 

biomass available to seal predation 
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Table H.2: Estimated reference management points when the current seal predation mortality is assumed. 𝐹08−12 and SSB08-12 correspond respectively to the average current 
(2008-2012) fishing mortality and spawning stock biomass estimated by the stock assessment models. FMSY, MSY and SSBMSY correspond to median measurements and the 
90% confidence interval is given in parenthesis. 

Species Model 𝐹08−12 𝐹0.1 𝐹𝑀𝑆𝑌 MSY (tonnes) 𝑆𝑆𝐵08−12 (tonnes) 𝑆𝑆𝐵𝑀𝑆𝑌 (tonnes) 

Cod A 0.38 0.33 0.309 (0.219–0.421) 9,553 (5,666–15,504) 8 435 43,930 (27,989–63,861) 

 B 0.50 0.25 0.321 (0.246–0.398) 11,650 (9 529–14,071) 6 362 53,620 (46,634–72,856) 

 C 0.71 0.21 0.365 (0.289–0.430) 15,490 (11 347–20,270) 4 140 59,970 (46,076–86,611) 

 Type II 0.38 NA 0.244 (0.165–0.325) 13,510 (9437–19,052) NA 76,040 (54,119–118,928) 

Haddock A 0.10 0.35 0.435 (0.267–0.663) 16,310 (11 655–20,548) 51 884 41,120 (31,808–58,482) 

 B 0.10 0.45 0.402 (0.228–0.666) 15,800 (8 980–22,502) 58 352 43,460 (32,355–64,675) 

 C 0.14 0.38 0.414 (0.197–0.623) 14,580 (9 707–18,387) 46 790 46,170 (37,820–70,979) 

Whiting A 0.07 0.43 0.161 (0.084–0.250) 8,831 (4754–20,733) 16 056 80,370 (52,671–112,508) 

 B 0.08 0.58 0.072 (0–0.138) 2,709 (825–6,378) 12 926 50,810 (32,443–95,772) 

 C 0.09 0.48 0.065 (0–0.136) 2,496 (548–95,925) 12 336 49,700 (29,379–95,925) 
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Table H.3: Current yield (average 2008-2012) and historical yield (average 1981-1990) recorded by ICES 
(2013b). 

Species Current yield (tonnes) Historical yield (tonnes) 

Cod 1 556 19 514 

Haddock 4 661 33 315 

Whiting 895 17 178 
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Figures 

 

Figure H.1: Comparison of estimated total non-fishing mortality at age (Models A and C) with the ICES 
values in West of Scotland (MWoS) (ICES, 2013) and the natural mortality estimated in the North Sea (ICES, 
2015) which includes seal predation (MNS). When seal predation is considered the outputs come from the 
model with the lowest DIC (variable seal predation rate, Model A). 
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Figure H.2: Estimated median maximum sustainable yield (MSY) in tonnes and fishing mortality at MSY 
(𝐹𝑀𝑆𝑌) as a function of relative seal predation mortality. The x-axis represents the scaling factor on seal 
predation mortality. A scaling factor of 1 corresponds to the current predation mortality (average for the 
two years 1985 and 2002 scaled to the current number of seals in the West of Scotland). The grey 
horizontal line represents 𝐹𝑀𝑆𝑌 when seal predation is not explicitly considered (Model C). 
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