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Abstract 

Little is known about the impact of marine renewable energy installations upon the marine 

environment and those who use it. Harnessing marine energy will involve the offshore siting 

of energy extraction devices and their associated infrastructure.  This will alter the local 

environment and substantially modify use and access for a variety of marine stakeholders, 

potentially leading to conflict.  Using the Ecosystem Approach (EA) as a conceptual 

framework, this thesis aimed to answer the question: What is the potential for conflict 

between the marine renewable energy industry and marine stakeholders, and how can this be 

mitigated? 

The research consisted of three components which used a variety of methods: i) stakeholder 

identification through a review of the literature and use of a novel interactive mapping 

method; ii) an investigation of the potential consequences for the priority stakeholder which 

used a mail survey and in-depth interviews; and iii) an exploration of potential mitigation 

which used ecosystem modelling. 

The stakeholder most likely to be affected by marine renewable energy device (MRED) 

deployment was the fishing industry.  Potential consequences included: navigation and safety 

hazards, loss of access and alternative employment.  Further exploration revealed that a loss 

of livelihood was the all-encompassing concern for fishers, and that skills shortages 

(transferable skills) may mean that should a loss of livelihood occur there may not be 

acceptable alternative employment.   The modelling exercise indicated that it is not currently 

possible to definitively predict whether any opportunities which may be created by MRED 

installation will mitigate any negative effects, and that exclusion zones may actually decrease 

catches for most fleets.  

The findings of this study have implications for ‘conflict-free’ development of the marine 

renewable energy industry.  To address this, several policy recommendations were offered as 

regards to operationalising the EA in terms of marine renewable energy. 



ii 

 

Acknowledgements 

This work was carried out at the Scottish Association for Marine Science and I am very 

grateful to the staff for provision of resources and helpful advice.  I would also like to thank 

SuperGen, the European Regional Development Fund and Highlands and Islands Enterprise 

for funding this work.    

Completing my PhD has been the most challenging activity I have ever undertaken and the 

best and worst moments of my doctoral journey have been shared with many people.  My first 

debt of gratitude must go to my Director of Studies, Dr Tom Wilding.  He patiently provided 

the advice, encouragement (and masterful editing) necessary for me to conduct the work and 

write the thesis.  I am also extremely grateful to Dr Sheila Heymans for her unlimited help 

during the trials and tribulations of ecosystem modelling, and to Dr Tavis Potts for his 

constant enthusiasm and support.  Special thanks also go to my thesis panel, Dr Tim 

O’Higgins and Dr Dave Hughes for their support and guidance. 

I would not have been able to carry out this research without the help of a number of people.  

Thanks to Gustavo Arciniegas and Dr Ron Janssen for their technical knowledge and 

assistance in the interactive mapping study, and also to Dr Tim O’Higgins for his help with 

logistics and planning.  I am grateful to Marine Scotland Compliance and the Fisheries 

Officers of the west coast of Scotland for their assistance in ensuring my survey 

questionnaires reached their intended respondents.  Thanks also to those who took part in 

workshops, the survey and in the in-depth interviews.  I am grateful to Dr Graham Tyldesley 

and Dr Steven Holmes from Marine Scotland Science, and Gail Burns from Marine Scotland 

Statistics for providing fisheries data.  Thanks to Jeroen Steenbeek and Dr Marta Coll for their 

guidance in negotiating the vagaries of Ecopath with Ecosim, and special thanks are due to 

Maciej Tomczak for helpful discussions while battling my way through the minefield of 

‘model fitting’.  Thanks also to Colin Evans and John Bainbridge for ploughing their way 

through the entire thesis in order to provide helpful suggestions. 

I would like to thank my cohort of PhD students: Raeanne, Kyla, Bea, Lisa, Adrian, Caroline, 

Carol and Gavin for keeping me reasonably sane.  I was very lucky to be part of such a 

friendly and compatible group!  Most of all I would like to thank my parents for 

encouragement, unconditional support and for believing that I could do it! 



iii 

 

Contents 

Abstract ....................................................................................................................................... i 

Acknowledgements .................................................................................................................... ii 

List of Tables .......................................................................................................................... viii 

List of Figures ............................................................................................................................. x 

List of Equations ...................................................................................................................... xii 

List of Abbreviations .............................................................................................................. xiii 

Chapter 1 - Introduction .............................................................................................................. 1 

1.1 Background and research rationale ................................................................................... 1 

1.1.1 Marine Renewable Energy ......................................................................................... 1 

1.1.2 The Ecosystem Approach to marine management ..................................................... 6 

1.1.3 The Ecosystem Approach to Marine Renewable Energy ......................................... 10 

1.2 Aims and objectives ........................................................................................................ 11 

1.3 Thesis layout ................................................................................................................... 13 

Chapter 2 - The potential consequences of MRED installations on users of the sea: a ‘Rapid 
Review’. .................................................................................................................................... 16 

2.1 Introduction ..................................................................................................................... 16 

2.2 Methods and materials .................................................................................................... 17 

2.2.1 Search strategy .......................................................................................................... 17 

2.2.2 Data extraction and analysis ..................................................................................... 18 

2.3 Results ............................................................................................................................. 18 

2.3.1 Studies included in review ........................................................................................ 18 

2.3.2 MREDs and coastal communities ............................................................................ 21 

2.3.3 MREDs and tourism and recreation ......................................................................... 22 

2.3.4 MREDs and the fishing industry .............................................................................. 23 

2.3.5 MREDs and shipping ............................................................................................... 24 

2.4 Discussion ....................................................................................................................... 25 

2.5 Summary ......................................................................................................................... 27 



iv 

 

Chapter 3 - The potential consequences of MRED installations on users of the sea: a tidal 
energy case study ...................................................................................................................... 28 

3.1 Introduction ..................................................................................................................... 28 

3.2 Materials & Methods ....................................................................................................... 29 

3.2.1 Study Area ................................................................................................................ 29 

3.2.2 Tools and equipment ................................................................................................ 31 

3.2.3 Initial Data Processing .............................................................................................. 31 

3.2.4 Stakeholder Workshops ............................................................................................ 32 

3.3 Results ............................................................................................................................. 34 

3.3.1 Identification of potential conflicts between users ................................................... 34 

3.3.2 Collection of spatial data at local scales ................................................................... 35 

3.3.3 Support negotiation in stakeholder workshop setting .............................................. 37 

3.4 Discussion ....................................................................................................................... 39 

3.5 Summary ......................................................................................................................... 42 

Chapter 4 - Marine Renewable Energy and Scottish west coast fishers: Investigating attitudes 
and influential demographic factors ......................................................................................... 43 

4.1 Introduction ..................................................................................................................... 43 

4.2 Materials and Methods .................................................................................................... 46 

4.2.1 The case study .......................................................................................................... 46 

4.2.2 Survey questionnaire ................................................................................................ 47 

4.2.3 Analysis using logistic regression ............................................................................ 48 

4.2.4 Analysis using log-linear modelling ......................................................................... 49 

4.3 Results ............................................................................................................................. 50 

4.3.1 Attitudes of west coast fishers to marine renewable energy .................................... 51 

4.3.2 Investigating explanatory factors using logistic regression ...................................... 51 

4.3.3 Investigating explanatory factors using log-linear modelling .................................. 51 

4.3.4 Potential impacts, opportunities and mitigation ....................................................... 52 

4.4 Discussion ....................................................................................................................... 53 

4.4.1 Fishers’ attitudes ....................................................................................................... 53 

4.4.2 Factors influencing attitudes, and potential impacts, opportunities and mitigation . 54 



v 

 

4.5 Summary ......................................................................................................................... 56 

Chapter 5 - Marine Renewable Energy and Scottish west coast fishers: Exploring the impacts, 
opportunities and potential mitigation ...................................................................................... 57 

5.1 Introduction ..................................................................................................................... 57 

5.2 Materials and Methods .................................................................................................... 58 

5.2.1 Data collection: In-depth interviews ........................................................................ 58 

5.2.2 Data analysis ............................................................................................................. 61 

5.3. Results ............................................................................................................................ 62 

5.3.1 Impacts ..................................................................................................................... 63 

5.3.2 Opportunities ............................................................................................................ 68 

5.3.3 Mitigation ................................................................................................................. 72 

5.4 Discussion ....................................................................................................................... 77 

5.4.1 A potential loss of livelihood ................................................................................... 77 

5.4.2 Skills shortages ......................................................................................................... 79 

5.4.3 The benefits of offshore energy extraction to fishers ............................................... 79 

5.5 Summary ......................................................................................................................... 80 

Chapter 6 – Using ecosystem modelling to investigate the impact of MREDs upon Scottish 
west coast fishers’: the west coast of Scotland marine ecosystem ........................................... 81 

6.1 Introduction ..................................................................................................................... 81 

6.2 Materials and Methods .................................................................................................... 83 

6.2.1 Area of study ............................................................................................................ 83 

6.2.2 Ecopath ..................................................................................................................... 85 

6.2.3 Ecopath input parameters ......................................................................................... 86 

6.2.4 Ecosim ...................................................................................................................... 92 

6.2.5 Ecosim input parameters .......................................................................................... 93 

6.2.6 Ecosim fitting procedure .......................................................................................... 93 

6.2.7 Model outputs for analysis ....................................................................................... 94 

6.3 Results ............................................................................................................................. 95 

6.3.1 Simulating observed dynamics ............................................................................... 100 

6.3.2 System status .......................................................................................................... 110 



vi 

 

6.4 Discussion ..................................................................................................................... 112 

6.4.1 Model assumptions and limitations ........................................................................ 112 

6.4.2 Drivers & Trophic Interactions .............................................................................. 114 

6.4.3 Ecosystem state ...................................................................................................... 115 

6.5 Summary ....................................................................................................................... 116 

Chapter 7 - Modelling the potential benefits of marine renewable energy installations: the 
artificial reef and exclusion zone effects ................................................................................ 117 

7.1 Introduction ................................................................................................................... 117 

7.2 Materials and Methods .................................................................................................. 120 

7.2.1 The study area ......................................................................................................... 120 

7.2.2 Ecospace ................................................................................................................. 122 

7.2.3 Ecospace input parameters ..................................................................................... 122 

7.3 Results ........................................................................................................................... 132 

7.3.1 Impacts upon species biomass ................................................................................ 133 

7.3.2 Differences between inside and outside of the MRED installation areas .............. 137 

7.3.3 Impacts upon the fishing industry .......................................................................... 140 

7.4 Discussion ..................................................................................................................... 141 

7.4.1 Model assumptions and limitations ........................................................................ 141 

7.4.2 The artificial reef and combined effects ................................................................. 142 

7.4.3 The exclusion zone effect ....................................................................................... 143 

7.4.4 Differences between inside and outside of MRED installation sites ..................... 144 

7.5 Summary and conclusions............................................................................................. 144 

Chapter 8 – General discussion and conclusions .................................................................... 146 

8.1 Limitations of research .................................................................................................. 146 

8.2 What is the potential for conflict between the marine renewable energy industry and 
marine stakeholders, and how can this be mitigated? ......................................................... 147 

8.2.1 Which marine users are most likely to be affected by the deployment of MREDs?
 ......................................................................................................................................... 147 

8.2.2 How are the key marine users likely to be affected? .............................................. 148 

8.2.3 Can negative effects be mitigated? ......................................................................... 148 

8.3 Recommendations for future research .......................................................................... 149 



vii 

 

8.4 Policy recommendations ............................................................................................... 150 

8.5 Concluding remarks ...................................................................................................... 152 

References ............................................................................................................................... 153 

Appendix A ............................................................................................................................. 178 

A.i GIS data sets aggregated by stakeholder group ............................................................ 179 

Appendix B ............................................................................................................................. 182 

B. i Survey Instrument ........................................................................................................ 183 

B.ii Binomial Regression Method ....................................................................................... 186 

B.iii Loglinear Modelling Method ...................................................................................... 192 

Appendix C ............................................................................................................................. 198 

C.i Interview Topic Guide ................................................................................................... 199 

Appendix D ............................................................................................................................. 202 

D.i Functional groups and species ...................................................................................... 203 

D.ii Diet matrix for all functional groups in balanced model ............................................. 204 

D.iii Biomass time series..................................................................................................... 212 

D.iv Catch time series ......................................................................................................... 215 

 



viii 

 

List of Tables 

Table 1.1 Wave and tidal stream energy extraction projects currently in the planning stage ...6 

Table 2.1 Summary of the literature included in the ‘Rapid Review’………………………..20 

Table 3.1 Dates, Topics and Participants of Workshop ……………………………………...32 

Table 4.1 Logistic regression of factors associated with fishers’ negative attitudes towards 
marine renewable energy …………………………………………………………………….51 

Table 4.2 Loglinear model of relationships between variables (attitude, port and known 
development) …………………………………………………………………………………52 

Table 4.3 Suggested impacts, opportunities and mitigation strategies ordered in importance 
(number of times raised) ……………………………………………………………………..52 

Table 5.1 Business characteristics of interview participants ………………………………...63 

Table 5.2 Conceptually clustered matrix: fundamental codes concerning the impacts of marine 
renewable energy upon the fishing industry …………………………………………………64 

Table 5.3 Conceptually clustered matrix: fundamental codes as regards the opportunities of 
marine renewable energy for the fishing industry …………………………………………...69 

Table 5.4 Conceptually clustered matrix: fundamental codes pertaining to the mitigation of 
marine renewable energy impacts upon the fishing industry ………………………………...73 

Table 6.1 Ecopath parameters ………………………………………………………………..86 

Table 6.2 P/B and Q/B ratios, and data sources, for additional model functional groups …...87 

Table 6.3 Diet and data sources for additional model functional groups ……………………87 

Table 6.4 Fishing fleet composition ………………………………………………………….88 

Table 6.5 Breakdown of fishing related costs………………………………………………...88 

Table 6.6 Catch values used in Ecopth split by fleet.  All values in t.km-2 year-1. …………..90 

Table 6.7 Discards values used in Ecopth split by fleet.  All values t.km-2 year-1. …………..91 

Table 6.8 Landings values used in Ecopth split by fleet.  All values £.t.km-2 year-1 ……………...91 

Table 6.9 Balanced parameter estimates for all functional groups in the balanced model.......97 

Table 6.10 Data pedigree of ecosystem model ………………………………………………99 

Table 6.11 Comparison of model fits. ………………………………………………………100 

Table 6.12 Most sensitive predator/prey interactions ………………………………………109 



ix 

 

Table 6.13 Correlation of environmental drivers with PP anomaly ………………………..109 

Table 6.14 Key summary statistics and network analysis outputs for previous and updated 
wcoS models……………………………………………………………………………….. 110 

Table 7.1 Offshore wind, tidal and wave energy development sites included in this study...122 

Table 7.2 List of functional groups and references for ‘preferred 
habitats’……………………………………………………………………………………...125 

Table 7.3 Habitat assignations for all species.  ……………………………………………..126 

Table 7.4 Dispersal rates for all species. ……………………………………………………130 

Table 7.5 Habitat assignations for all fleets ………………………………………………...131 

Table 8.1 Policy recommendations, linked to the CBD EA principles ……………………..151 



x 

 

List of Figures 

Figure 1.1 Types of tidal energy converter ……………………………………………………3 

Figure 1.2 Types of wave energy converter …………………………………………………...4 

Figure 1.3 Venn diagram of Ecosystem Approach ……………………………………………9 

Figure 1.4. Structure of thesis ………………………………………………………………..14 

Figure 2.1 Flowchart showing the stages of identification of studies included in the review .19 

Figure 3.1. Location of study site ……………………………………………………………30 

Figure 3.2. Steps taken during ‘local knowledge’ workshop ………………………………...33 

Figure 3.3. Steps taken during ‘negotiation’ workshop ……………………………………...34 

Figure 3.4. The results of the ‘local knowledge’ workshop ………………………………….36 

Figure 3.5. The results of the ‘negotiation’ workshop ……………………………………….38 

Figure 4.1 Map of Scottish offshore energy developments and west coast Fisheries Offices 
locations. ……………………………………………………………………………………..44 

Figure 4.2 Characteristics of survey participants (n = 107) ………………………………….50 

Figure 5.1. Locations of interviewees on the west coast of Scotland.  More than one interview 
was conducted at several locations. ………………………………………………………….60 

Figure 5.2 Diagram representing the steps taken during the coding procedure ……………...62 

Figure 6.1. Map of Scotland showing the model extent ……………………………………..84 

Figure 6.2 Energy flow and biomass diagram for the wcoS ecosystem. …………………....96 

Figure 6.3 Time series biomass fitting for functional groups in each Ecosim model. ……...102 

Figure 6.4 Time series catch fitting for functional groups in each Ecosim model. ………...105 

Figure 6.5 Plots of PP anomaly against environmental time series data…………………. ..110 

Figure 6.6 Trends of Ecosim cycles and pathways indicators for the period 1985-2008…...111 

Figure 6.7 Trends of Ecosim catch-based indicators for the period 1985 to 2008 …………110 

Figure 7.1 Locations of MRED sites and key fishing ports on the west coast of Scotland ...121 

Figure 7.2 Ecospace basemap showing allocation of habitat types. ………………………..123 

Figure 7.3 Artificial reef area for each of three scenarios ………………………………….124 

Figure 7.4 Biomass over time relative to biomass in Ecopath base run. …………………...133 



xi 

 

Figure 7.5 Percentage biomass change from baseline for key commercial fish species for 
artificial reef effect, exclusion zone effect and combined effect; under three installation area 
sizes: (a) 1.7% (b) 5% and (c) 10%. ………………………………………………………..135 

Figure 7.6 Percentage biomass change from baseline for key commercial shellfish species for 
artificial reef effect, exclusion zone effect and combined effect; under three installation area 
sizes: (a) 1.7% (b) 5% and (c) 10%. ………………………………………………………..136 

Figure 7.7 Percentage biomass change from baseline, inside and outside of MRED installation 
sites for key commercial fish species……………………………………………………….138 

Figure 7.8 Percentage biomass change from baseline, inside and outside of MRED installation 
sites for key commercial shellfish species…………………………………………………..139 

Figure 7.9 Percentage catch value change from baseline for all fishing fleets for artificial reef 
effect, exclusion zone effect and combined effect; under three installation area sizes: (a) 1.7% 
(b) 5% and (c) 10%. ………………………………………………………………………..140 

Figure 7.5 Percentage biomass change from baseline for key commercial fish species for 
artificial reef effect, exclusion zone effect and combined effect; under three installation area 
sizes: (a) 1.7% (b) 5% and (c) 10%. ………………………………………………………..134 

Figure 7.6 Percentage biomass change from baseline for key commercial shellfish species for 
artificial reef effect, exclusion zone effect and combined effect; under three installation area 
sizes: (a) 1.7% (b) 5% and (c) 10%. ………………………………………………………..135 

Figure 7.7 Percentage catch value change from baseline for all fishing fleets for artificial reef 
effect, exclusion zone effect and combined effect; under three installation area sizes: (a) 1.7% 
(b) 5% and (c) 10%. ………………………………………………………………………..137 

Figure 7.8 Percentage catch change from baseline for ‘other trawls’ fleet for artificial reef 
effect, exclusion zone effect and combined effect; under three installation area sizes: (a) 1.7% 
(b) 5% and (c) 10%. ………………………………………………………………………..139 

Figure 7.9 Percentage catch change from baseline for ‘potting/diving’ fleet for artificial reef 
effect, exclusion zone effect and combined effect; under three installation area sizes: (a) 1.7% 
(b) 5% and (c) 10%. ………………………………………………………………………..140 



xii 

 

List of Equations 

Equation 6.1 Ecopath master equation I……………………………………………………...85 

Equation 6.2 Ecopath master equation I (2) ………………………………………………….85 

Equation 6.3 Ecopath master equation II …………………………………………………….85 

Equation 6.4 Ecosim master equation ………………………………………………………..92 

Equation 6.5 Akaike’s Information Criterion (AIC) calculation …………………………….94 

Equation 7.1 Dispersal rate calculation ……………………………………………………..129 

 



xiii 

 

List of Abbreviations 

AIC  Akaike Information Criterion 
AR  Artificial Reef  
CBD  Convention on Biological Diversity 
CI  Confidence Interval 
CPUE  Catch Per Unit Effort 
EA  Ecosystem Approach  
EMEC  European Marine Energy Centre 
EU  European Union 
EWE  Ecopath with Ecosim 
GBRMP Great Barrier Reef Marine Park 
GIS  Geographical Information System 
GW  Gigawatt 
ICES  International Council for the Exploration of the Seas 
MCA  Multi-criteria Analysis 
MPA  Marine Protected Area 
MRED  Marine Renewable Energy Device 
MSP  Marine Spatial Planning 
NAO  North Atlantic Oscillation 
NIMBY Not-in-my-backyard 
P/B  Production/Biomass 
PP  Primary Production 
PPR  Primary Production Required 
Q/B  Consumption/Biomass 
SDSS  Spatial Decision Support System 
SS  Sum of Squares 
SOI  System Omnivory Index 
TAC  Total Allowable Catch 
TLC  Trophic Level of Catch 
WCOS  West coast of Scotland 



1 

 

Chapter 1 - Introduction 
 

1.1 Background and research rationale 
 

1.1.1 Marine Renewable Energy  
Power is an essential commodity which powered the industrial revolution and has continued 

to fuel industrial growth.  Power is used at home, at work and for leisure.  However, concerns 

over economic competitiveness and regional development [1], energy security [2] and, as 

importantly, the need for a low carbon economy [3-6] have led to rising support for renewable 

energy. 

The need for substantial decarbonisation of the energy sector now plays a central role in 

economic policy around the world.  China has made low-carbon economic development a 

national strategy and has developed measures to adjust the country’s energy mix [7]. In 2011, 

the Australian Parliament passed legislation to deliver a comprehensive plan for Australia to 

meet a ‘clean energy future’ by cutting carbon pollution and driving investment in new clean 

energy sources [8].  The European Union (EU) low carbon policy aims to cut greenhouse gas 

emissions to 80% of 1990 levels by 2050, and recognises the key role that low carbon energy 

sources will play in achieving this target [9].  This policy has been progressed in EU countries 

such as Scotland where ‘The Low Carbon Scotland’ initiative aims to decarbonise Scotland’s 

electricity generation sector by 2030 [10], and Germany where ‘The German Integrated 

Energy and Climate Package’ was adopted in 2008 [11].  

Policy has been translated to renewable energy targets.  China aims to provide 15 per cent of 

energy from wind and solar energy by 2020 [12]. The Australian government has increased its 

national target from two per cent to 20  per cent by 2020 [13] as has the European Union (EU) 

[14].  Within the EU, some countries have set higher national targets:  the Scottish 

Government initially set a target of 40 per cent, which has risen to 100 per cent, of electricity 

to come from renewable sources by 2020 [15], and the German Government aims to provide 

80 per cent of electricity from renewable sources by 2050 [16].  In the long term the Danish 

Government aims to achieve 100 per cent independence from fossil and nuclear fuel [17]. 
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The focus has been upon ‘new’ renewable energies including solar photo-voltaic and biomass 

technologies, ocean thermal energy conversion, and wind, wave and tidal technologies [18].  

Energy extraction from the marine environment is likely to be an area of future growth owing 

to a vast potential source of energy resources, constantly developing technology [19] and 

suggestions that moving renewable energy generation offshore reduces some of the issues 

involved with siting onshore such as visual impact [20, 21], planning control and regulation, 

and limited available onshore sites [22].  It is predicted that 7% of the world’s electricity 

production will come from ocean areas by 2050 [23].  In the UK this has been reflected in 

government funding provisions for wave and tidal energy test sites such as the European 

Marine Energy Centre (EMEC) in Orkney [24] and the Wave Hub in Cornwall [25] and for 

marine energy research consortia including SuperGen Marine [26], the programme through 

which this PhD was funded.  Therefore, the focus of this thesis is marine renewable energies, 

defined as wave and tidal energy, although similarities in associated infrastructure means 

there will be some overlap with offshore wind. 

 

Tides are generated by a combination of the gravitational pull of the sun and the moon on the 

seas and the movement of water mass around continents.  This leads to a height differential 

between low and high tides which creates a flow, often accelerated in certain locations such as 

between islands and around headlands.  The kinetic energy created by this movement can be 

harnessed. Tidal power can be harnessed using mills and barrages [27], however concerns 

regarding environmental impact and the large investment necessary for these types of 

technology [27] has meant that the focus is now upon ‘tidal stream’ devices which are placed 

in areas of fast, free flowing tidal currents [19].  A tidal current turbine, in its most simple 

form, consists of blades mounted on a hub which rotate when water flows past them which in 

turn power a generator [28] however there are a variety of technology designs [29] (Figure 

1.1).  

 

Wind passing over the surface of the ocean exerts friction upon the water surface which 

creates ripples.  Dependent on the wind speed, duration of wind and the fetch (the distance 

over which the wind blows), ripples can turn into waves.  These factors determine wave 

height, as do water depth and the topography of the sea floor.  Energy extraction uses the rise 

and fall motion of waves and can occur at, or just below, the surface of the water. There are 

also numerous (>1,000) extraction devices designed to harness this energy [30] (Figure 1.2). 
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Figure 1.1 Types of tidal energy converter: a) horizontal axis turbine – tidal stream causes rotors to rotate around the horizontal axis to 
generate power; b) vertical axis turbine – tidal stream causes rotors to rotate around the vertical axis to generate power; c) oscillating hydrofoil 
– a hydrofoil is attached to an oscillating arm, tidal current flowing either side of the hydrofoil results in lift which drives fluid in a hydraulic 
system to be converted to electricity.  Black arrows represent the movement of device and white arrows the current flow. 
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Figure 1.2 Types of wave energy 
converter: a) attenuator – energy is 
captured from the relative motion of the 
two arms as the wave passes them; b) 
point absorber – converts the motion of 
the buoyant top relative to the base; c) 
oscillating wave surge converter – the 
arm oscillates as a pendulum mounted 
on a pivoted joint moves in response to 
waves; d) oscillating water column - 
waves cause water column to rise and 
fall in submerged chamber which 
compresses/decompresses the air 
column, the air flows to atmosphere via 
a turbine; e) overtopping device – 
captures water as waves break over top 
of device, water returns to sea via a 
turbine.  Black arrows represent the 
movement of device and white arrows 
the current flow. 
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Marine energy extraction is an emerging technology and there are strong interests in seeking 

to accelerate the pace of development [31].  This is evident in the increasing number of 

incentives for progress.  In the US a Marine Renewable Energy Promotion Act has been 

proposed with a potential $250 million set aside for marine renewable Research, 

Development, Demonstration & Deployment (RDD&D) [32].  In Portugal, feed-in tariffs (a 

policy mechanism designed to accelerate investment in technologies through cost-based 

compensation to renewable energy producers) have been offered for wave energy [32].  In 

Scotland, the ‘Saltire Prize’ was announced in 2008 - a £10m innovation prize for the marine 

renewables team that provides the greatest volume of electrical output of more than 100 GWh 

over a continuous two year period [33].  Furthermore, technology is developing quickly. For 

example, the range of depths in which MREDs can be used increased from a max of 45 

meters to 80 meters between 2006 and 2010 [34, 35]. 

Technological development combined with government incentives has meant that the number 

of devices in the water is increasing. The world’s first full-scale wave energy converter, the 

Islay Limpet, was installed in 2000 and now 87 tidal device developers and more than 150 

wave developers are known to the European Marine Energy Centre (EMEC) [29, 30].  In 

2008, Marine Current Turbines installed its SeaGen marine turbine into Strangford Narrows, 

Northern Ireland [36].  In the same year, Pelamis Wave Power installed and operated the 

world’s first wave farm [37], which ran for approximately one year. Furthermore, 

Aquamarine Power’s Oyster device, Open Hydro’s Open Turbine device and Tidal 

Generation Ltd’s tidal stream turbine have been tested at EMEC [38].  Commercial marine 

renewable energy installations are currently in the planning stages in Puget Sound, 

Washington State, US [39] and the Sound of Islay, Scotland, UK [40] amongst others (Table 

1.1) and over 35 wave and tidal sites have been leased to date around the UK alone [41]. 
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Table 1.1 Wave and tidal stream energy extraction projects currently in the planning stage. 
Developer Location Number of 

turbines 
[reference] 

Open Hydro Puget Sound, Washington State, United 

States 

3 [39] 

Verdant Power Roosevelt Island, East River, New 

York, United States 

30 [42] 

Open Hydro & EDF Paimpol-Brehat, Brittany, France 4 [43] 

Scottish Power Renewables 

& Hammerfest Strom 

Sound of Islay, UK 10 [40] 

Marine Current Turbines Kylerhea, UK 4 [44] 

 

A key issue for the marine renewable energy industry is scale.  A single device may not be a 

problem, however, 1,000 – 10,000 installed devices will cover large areas of the marine 

environment and at this scale may become a problem for the environment in which the 

devices are placed and for those who use the sea.  For example, with 12 GW of energy to be 

provided from wave, tidal and offshore wind resources (say 9 GW by wind and 3 GW by 

wave and tidal) by 2020 in Scotland [45]; and with average wave and tidal energy device 

ratings currently at 1 MW [46] and average offshore wind turbine ratings at 3.54 MW [47]; 

2542 wind turbines and 3,000 wave and tidal energy devices would need to be deployed.   

 

1.1.2 The Ecosystem Approach to marine management 
The rapid expansion of marine activities such as renewable energy extraction will have 

consequences for the environment, for the economy and for society.  This has led to 

rethinking our strategies for coastal and ocean management and increasingly this is carried 

out in the context of the Ecosystem Approach to marine management.  While there is no 

consensus on the definition of the EA, certain characteristics are identifiable: a multi-sectoral 

focus, inclusion of ecosystem services within the decision making process, a broadening of 

stakeholder involvement and a recognition that human and ecological systems are tightly 

coupled [48].  The EA provides a framework for looking at whole ecosystems when making 

decisions regarding their management, and for valuing ecosystem services (the resources and 

processes that ecosystems provide humankind e.g. food, energy and recreation).  The key 
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purpose of this approach is to ensure that society can maintain a healthy and resilient natural 

environment, now and for future generations. 

Agenda 21, developed at the Earth Summit in Rio de Janeiro in 1992, stated that integrated 

management of natural resources, including the marine environment, was key to sustainable 

development [49].  Building upon this, the concept of EA was endorsed at the fifth 

Conference of the Parties to the Convention on Biological Diversity (CBD) in May 2000, and 

comprised of twelve principles (Box 1.1) [50].  A key objective of the EA is to ensure 

governance mechanisms balance the use and conservation of natural resources, by integrating 

the three spheres of environment, economy and society (Figure 1.3).  This approach 

represents a paradigm shift from a short-term, sector-by-sector approach to a longer term, 

broader and more holistic approach [51].   
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Box 1.1  CBD Principles of the Ecosystem Approach [50]. 
 

 

1. The objectives of management of land, water and living resources are a matter of 

societal choices. 

2. Management should be decentralised to the lowest appropriate level. 

3. Ecosystem managers should consider the effects (actual or potential) of their activities 

on adjacent and other ecosystems. 

4. Recognising potential gains from management, there is usually a need to understand 

and manage the ecosystem in an economic context.  Any such ecosystem programme 

should: reduce those market distortions that adversely affect biological diversity; align 

incentives to promote biodiversity conservation and sustainable use; and internalise 

costs and benefits in the given ecosystem to the extent feasible. 

5. Conservation of ecosystem structure and functioning, in order to maintain ecosystem 

services, should be a priority target of the ecosystem approach. 

6. Ecosystems must be managed within the limits of their functioning. 

7. The ecosystem approach should be undertaken at the appropriate spatial and temporal 

scales. 

8. Recognising the varying temporal scales and lag-effects that characterise ecosystem 

processes, objectives for ecosystem management should be set for the long term. 

9. Management must recognise that change is inevitable. 

10. The ecosystem approach should seek the appropriate balance between, and integration 

of, conservation and use of biological diversity. 

11. The ecosystem approach should consider all forms of relevant information, including 

scientific and indigenous and local knowledge, innovations and practices. 

12. The ecosystem approach should involve all relevant sectors of society and scientific 

disciplines. 

 

 



9 

 

 

Figure 1.3 Venn diagram of Ecosystem Approach comprising the three intersecting spheres of 
the environment, the economy and society.  Adapted from the SuRCaSE Project [52]. 

 

The EA approach to marine management should be adaptive in its development as new 

information becomes available or as circumstances change, and take into account ecosystem 

knowledge and uncertainties.  The EA process also allows for research priorities to be 

identified [53] - increasingly through the use of ecosystem models [54].  One way in which to 

apply the EA may be through the concept of goods and services, defined as the direct and 

indirect benefits people obtain from ecosystems [55].  Translating the complexity of the 

environment into a series of functions which can be more easily understood may allow the 

identification of what is gained and lost when exploitation takes place [55]. 

The initial move to a more holistic approach to marine management was driven by marine 

wildlife conservation [56], the best known example of which is the Great Barrier Reef Marine 
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Park (GBRMP) in Australia [57].  Management of the GBRMP used ‘zoning’ to separate 

conflicting uses and to keep sensitive ecosystems or recovering areas free from use [57].  

Other examples include the Florida Keys National Marine Sanctuary, and the marine 

functional zoning system in China [58].  Management approaches which influence where and 

when an activity is allowed to occur are known as marine spatial planning (MSP) and can be 

defined as: analysing and allocating parts of three-dimensional marine space to specific uses 

or non-use, to achieve ecological, economic and social objectives that are usually specified 

through a political process [59].  In Europe the MSP focus has moved towards the efficient 

use of the seas and towards identifying and resolving conflicts both between sea users and 

between users and the environment [58].  It should be noted that MSP is only one tool in the 

EA management toolkit [60] and other input, process and output measures (e.g. limitations on 

pollutants or catches) can be used to influence the performance of human activities [See 58].  

However, these are not relevant to this thesis and will not be discussed further. 

 

1.1.3 The Ecosystem Approach to Marine Renewable Energy 
It is important that environmental, social and economic impacts of MRED installations, both 

short and long-term are identified and measured to ensure that environmental decisions are 

sustainable and equitable [61], and this is implicit within the Ecosystem Approach.  The main 

focus of research into offshore energy extraction has been the environmental impact.  There is 

a risk that birds, mammals and fish will collide with MREDs [62-64]; the vibrations and 

pressure changes associated with human-induced noise will affect some marine species [65-

67] as will electro-magnetic fields associated with cables [68]; and MREDs may also 

constitute suitable habitats for non-indigenous species, thus facilitating their spread [69].  

Furthermore, the placement of devices and their associated infrastructure upon the sea floor 

may lead to the eradication of organisms in the local area [70] as well as modifying habitat 

potentially resulting in significant changes in local food-web dynamics [21].  

Social and economic impacts have been less of a focus.  Increased employment may result 

from the construction, maintenance and deconstruction phases [71-73] of MRED installations, 

but there may also be implications for navigation [74] and specific sea users such as fishing 

[75-78].  The European move to MSP has occurred in tandem with the development of 

offshore wind power and has been used to prevent social and economic impacts caused by 

user-conflict [79].  Conflict is common in the sea, both between and within sectors [80].  
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There are two types of conflict.  Firstly, conflict may be justified where two users cannot 

occupy the same space.  In this case site negotiation is important and compensation may 

apply.  Secondly, conflict may be non-justified, resulting from a fear of change, inappropriate 

timing or a lack of communication. During the development of a wind farm in the Languedoc-

Roussillon region of France, a lack of publicly available information led to resentment and a 

judicial appeal against the building permit. When turbines were raised unannounced in the 

Rheinland-Pfalz region of Germany lawsuits led to the delay of planning and increased costs 

to the planners [81]. Furthermore, in South Africa, the absence of engagement or consultation 

with fishers led to illegal activity and aggressive incidents between fishers and law 

enforcement officials [82].  An inevitable increase in conflict between those competing for 

sea space, given the imminent inclusion of offshore energy, means that tools and approaches 

which can alleviate such conflicts are necessary. 

 

1.2 Aims and objectives 

Capture of wave and tidal energy is still in the developmental stage and research is needed to 

understand the consequences that installations will have upon users of the sea space.  This is 

i) timely due to the fast paced development of the industry and ii) imperative for conflict 

prevention. 

Using the Ecosystem Approach as a conceptual framework (based upon the 12 CBD 

principles), this thesis aims to answer the question:  

What is the potential for conflict between the marine renewable energy industry and 

marine stakeholders, and how can this be mitigated?   

This is split into three further questions: 

i. Which marine users are most likely to be affected by the deployment of MREDs? 

ii. How are the key marine users likely to be affected? 

iii. How can any negative effects be mitigated? 
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To answer these questions, several studies were conducted on the west coast of Scotland.  As 

intimated earlier in this chapter, Scotland is at the forefront of marine renewable energy 

(particularly wave and tidal energy extraction) in Europe and the west coast of Scotland is a 

key development area with a large number of wave and tidal energy installation lease sites.  

The west coast study area was chosen over the Pentland Firth and Orkney waters development 

area for reasons of proximity and the existence of a published ecosystem model for the west 

coast of Scotland. 

It can be argued that the social and economic development of Scotland, particularly the west 

coast of Scotland, has been shaped by its proximity to the sea.  Traditionally, the main 

economic benefits came from ports and shipping and industries such as fishing.  The total 

landings of fish by Scottish vessels in 2011 were 359,000 tonnes of fish with a value of £501 

million [83].  Commercial fisheries operating in the west coast of Scotland include demersal 

trawls, pelagic trawls, dredges, gillnets, longlines, creels and shell fishing by hand with 2,177 

fishers operating 975 vessels on the west coast as of 2010 [84].  The majority of fishers on the 

wcoS occupy the ‘10m and under’ section of the Scottish fleet, and focus upon demersal 

(mainly cod and haddock) and shellfish (mainly nephrops and scallops) fishing [84].  

However, the fishing industry is in decline in the area, with continuing reductions in the 

number of fishermen, fishing vessels and the amount of fish landed [85].  This is likely to be 

for two key reasons.  Firstly, the European Common Fisheries Policy (CFP) which aimed to 

conserve and manage fish resources led to decommissioning and the introduction of licenses 

and track records, which can cost more than a boat and fishing gear.  Secondly, and perhaps 

the greatest threat, has been the excessive pressure on fishing stocks, and damage to fishing 

grounds [85].   

Whilst fisheries have declined however, marine transport, aquaculture, marine leisure and 

tourism have all increased.  Aquaculture provides around 1,500 full and part time jobs, most 

of which are in the north and west of the country, and produced 158,018 tonnes in 2011 with 

an estimated value of £584.7 million [86].  Tourism is also particularly important to the west 

coast of Scotland.  The estimated value of sailing tourism in 2009 was over £101 million, with 

£39 million generated in the west, recreational sea angling contributed ~£60 million Scotland-

wide, and marine wildlife tourism which is focussed in the Highlands and Islands accounted 

for £124 million of expenditure by wildlife visitors [83].  Dive tourism, canoeing/kayaking 

and surfing also take place on the west coast of Scotland.  Furthermore, the British Marine 
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Federation calculated that in 2010 the Scottish marine leisure industry directly supported 

around 1,600 full time jobs, through the provision of such specialist services as marinas and 

associated chandlery.  Figures for 2009/2010 calculated that the revenue was worth £92.7 

million [83]. 

Managing these many and varied uses of sea space are various national and international 

policies and legislations of which the CBD (particularly in terms of the EA) has been 

introduced as a key principle.  The EU Integrated Maritime Policy (IMP) and the EU Marine 

Strategy Framework Directive (MSFD) are key policies within marine areas, and aim for 

economic development of marine resources and a good status of marine ecosystems 

(potentially conflicting).  These have been translated to the Marine (Scotland) Act 2010, 

which provides a framework for boosting economic growth in marine areas, but also 

introduces a duty to protect and enhance the marine environment. 

The objectives of this research were threefold.  Firstly to contribute to the body of knowledge 

regarding the consequences of MRED installations upon users of the sea, secondly to 

investigate the potential for addressing marine management issues using an integrated natural 

and social science approach, and thirdly to offer policy recommendations which, by following 

the CBD principles of the EA, will contribute toward the Scottish Government goal of a low 

carbon economy as well as wider goals for blue growth combined with protection of marine 

ecosystems. 

 

1.3 Thesis layout 

This research is inter-disciplinary, drawing together the fields of geography, ecology, social 

science and policy.  The thesis is split into three sections reflecting the three questions above 

(Figure 1.4). 
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Figure 1.4. Structure of thesis: chapter content is displayed on the left, the question section 
indicated on the right. 

 

Chapters 2 and 3 address the marine users most likely to be affected by MRED deployment.  

Chapter 2 presents a ‘Rapid Review’ of the literature regarding the potential consequences of 

MRED installation for users of the sea. Chapter 3 reports the use of stakeholder workshops 

and a novel interactive mapping method to discern the stakeholder group most likely to be 

impacted in a tidal energy case study.  Chapters 4 and 5 focus upon the potential impacts, 

opportunities, benefits and disadvantages for the fishing industry.  Chapter 4 relates a study of 

the attitudes of fishers towards marine renewable energy and the factors which influence these 

opinions.  Chapter 5 details fishers’ concerns regarding potential impacts and opportunities.  

Chapters 6 and 7 use ecosystem modelling to examine the consequences of two suggested 

opportunities of MRED deployment, the artificial reef and exclusion zone effects, and 

whether these can mitigate the potential negative impacts for the fishing industry.  Chapter 6 
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outlines building the ecosystem model, and provides an analysis of the current state of the 

west coast of Scotland ecosystem.  Chapter 7 describes spatial simulations conducted to 

investigate the artificial reef and exclusion zone effects.  Chapter 8 draws together the results 

from chapters 2-7, links them to some of the issues discussed in this chapter and details the 

contribution this research has made to our understanding of the consequences of MRED 

deployment for users of the marine environment. 
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Chapter 2 - The potential consequences of MRED installations on users 
of the sea: a ‘Rapid Review’. 

This chapter describes the first of two studies to identify the stakeholder group most likely to 

be affected by MRED deployment: a review of the research into the potential impacts and 

opportunities of marine renewable energy for those who use the sea.  The research problem is 

introduced and then the review method explained.  The literature is then synthesised and 

recommendations are made for further research.   

 

2.1 Introduction 

Moving renewable energy extraction offshore might reduce some of the issues of siting 

renewable energy developments onshore e.g. a lack of suitable sites, visual impact and public 

opposition  [22], yet the increasing demand from new activities such as marine renewable 

energy extraction for use of ocean space will lead to additional pressure upon existing users.  

Military zones, oil and gas extraction, sand and gravel extraction, submarine cables and 

pipelines will likely limit the space available for marine renewable energy installations [87]. 

However, transient operations such as shipping, fishing, tourism and recreation may be 

affected by MRED installations, as may indirect users of sea space such as coastal 

communities [75, 78, 88-92].  As noted in Chapter 1, negative perceptions might lead to 

public opposition. Therefore, if current energy targets are to be met, it is important to 

recognise, and if necessary mitigate, the consequences of MRED installations for users. 

One method by which to identify research studies which have investigated the effects of 

MRED deployment upon marine users is a systematic literature review.  Prevalent in the 

medical sciences, systematic reviews attempt to identify, appraise and synthesise all relevant 

studies in order to answer a particular question with the overall aim of producing a scientific 

summary of the evidence [93].  Where traditional literature reviews typically take at least 

twelve months to conduct, a ‘rapid review’ can streamline traditional methods in order to 

synthesise evidence within a shortened timeframe [94].  Furthermore as rapid reviews are 

more systematic, follow-up reviews are more likely to reflect knowledge development.   
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The aim of this review was to summarise the research into the potential consequences of 

MRED installations for key stakeholders by addressing the question: ‘what are the potential 

impacts, opportunities, benefits and disadvantages of offshore energy extraction upon users of 

the marine environment?’  The scope of the review was global and included, where relevant, 

research from the oil & gas industry.  The stakeholder groups subject to the most research 

were identified, the main findings synthesised, and suggestions for further research made.  

 

2.2 Methods and materials 

2.2.1 Search strategy 
Literature was searched for relevant empirical studies published both in peer-reviewed 

journals and online, up to June 2012.  The search was conducted in the following databases:  

• ISI Web of Knowledge (http://wok.mimas.ac.uk/)  

• Scopus (http://www.scopus.com/home.url) 

• ScienceDirect (http://www.sciencedirect.com/)  

• Wiley Online Library (www.onlinelibrary.wiley.com/)  

• IngentaConnect (http://www.ingentaconnect.com/ )  

• JSTOR (http://www.jstor.org/)   

Google Scholar was also searched to identify relevant ‘grey literature’ (i.e. 

commercial/consultancy reports).  A systematic search strategy was employed which 

combined the terms: ‘offshore oil and gas’, ‘marine renewable’, ‘tidal stream’, ‘wave power’ 

and ‘offshore wind’ with ‘local community’, ‘stakeholder’, ‘shipping’, ‘tourism’ ‘fisher’ and 

synonyms, ‘recreation’, ‘sail’, ‘scuba’ and ‘surf’.  The final search term was based on an 

iterative process to eliminate as many non-relevant studies as possible: 

• ("offshore oil and gas" OR "marine renewable" OR "tidal stream" OR "wave power" 

OR "offshore wind") AND ("local community" OR "stakeholder" OR "shipping" OR 

"tourism" OR "fisher*" OR "fish* industr*" OR recreation OR "sail" OR "scuba" OR 

"surf") AND NOT (drilling OR "carbon capture" OR engineering OR geothermal OR 

hydrodynamic  OR investor OR aerosol)  
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Titles and abstracts were scanned to identify studies which were potentially eligible for 

inclusion.  The full texts of the selected studies were then retrieved and the following criteria 

for inclusion in the review were applied: i. the study was written in English (for logistical 

reasons); ii. the study presented new data; iii. the study reported on the impacts, opportunities, 

benefits, or disadvantages to sea users of offshore energy installations.  The literature cited by 

each included study was also scanned and the same process applied until no additional studies 

were identified. 

 

2.2.2 Data extraction and analysis 
Data extraction followed guidelines developed by Petticrew and Roberts [93] and used by Pita 

[95].  In each search the following data were extracted: title of database, date search 

conducted, years covered, search terms, language restrictions, number of hits.  The key focus 

of this review was upon research outcomes and therefore the following data were extracted: 

reference, aim of research, stakeholders addressed, location and methodology, main results 

and conclusion.  For each excluded study the reference and reason for exclusion were logged.  

The articles included in the review were analysed descriptively. Statistical analysis or meta-

analysis was not conducted due to variability among the studies in terms of methods, data 

collected and analysis conducted. 

 

2.3 Results 

2.3.1 Studies included in review 
The initial search identified 45 potentially relevant articles.  Of these articles, 25 were 

excluded due to not meeting the inclusion criteria, one was excluded because of difficulties in 

separating the consequences afforded to onshore/offshore wind and one was excluded because 

of duplicate data.  Screening the accepted studies’ reference lists identified a further 18 

potentially relevant articles, 13 of which did not meet the inclusion criteria, and two which 

were based upon duplicate data.  In total, 21 articles were selected to be used in the review 

(Figure 2.1). 
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Figure 2.1 Flowchart showing the stages of identification of studies included in the review.  

The majority of studies (15/21) were conducted in Europe (Table 2.1) with all but one of the 

remaining studies conducted in the United States of America.  Studies largely focused upon 

offshore wind energy and used a wide range of data collection methods including survey 

questionnaires, in-depth interviews and focus groups.  The literature focused upon four main 

stakeholder groups: i. coastal communities, ii. tourism and recreation, iii the fishing industry, 

and iv. the shipping industry. 
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Table 2.1  Summary of the literature included in the ‘Rapid Review’. 
Study Location Energy Type Stakeholder Method 
Berkenhagen et al, 
2010 [96] 

Germany Offshore wind Fishing  Authorisation 
document review & 
spatial analysis 

Bishop & Miller, 
2007 [97] 

Wales, UK Offshore wind Coastal 
community 

Web-based survey 

Chateau et al, 2012 
[98] 

Taiwan Offshore wind Various Group model building 

Devine –Wright, 
2011 [99] 

Northern 
Ireland, UK 

Tidal  Coastal 
communities 

In-depth interviews, 
focus groups and 
questionnaires 

Devine-Wright & 
Howes, 2010 [100] 

Wales, UK Offshore wind Coastal 
communities 

In-depth interviews, 
focus groups and 
questionnaires 

Firestone & 
Kempton, 2007 [101] 

United 
States of 
America 
(USA) 

Offshore wind Coastal 
communities 

Mail survey 
questionnaire 

Gee, 2010 [102] Germany Offshore wind Coastal 
communities 

Mail survey 
questionnaire 

Hagos, 2007 [103] USA Offshore wind Fishing  Web-based survey 
Jay, 2012 [104] The 

Netherlands 
Offshore wind Shipping  Semi-structured 

interviews 
Kempton et al., 2005 
[105] 

USA Offshore wind Coastal 
communities 

Semi-structured 
interviews 

Ladenburg, 2009 
[106] 

Denmark Offshore wind Coastal 
communities 

Mail survey 
questionnaire 

Ladenburg & 
Dubgaard, 2007 
[107] 

Denmark Offshore wind Coastal 
communities 

Mail survey 
questionnaire 

Landry et al, 2012 
[108] 

USA Offshore wind Tourism & 
Recreation 

Telephone and web-
based survey 
questionnaires 

Lilley et al, 2010 
[109] 

USA Offshore wind Tourism Face-to-face survey 

Mackay & Pearce, 
1978 [110] 

North Sea Oil and gas Fishing  Catch data 
comparisons 

Mackinson et al, 
2006 [111] 

England, 
UK 

Offshore wind Fishing  Mail survey 
questionnaire & face-
to-face meetings 

McLachlan, 2009 
[112] 

England, 
UK 

Wave  Various Telephone & face-to-
face interviews 

Todt et al, 2011 [113] Spain Offshore wind Various Semi-structured 
interviews 

Waldo, 2012 [114] Sweden Offshore wind Coastal 
communities 

In-depth interviews 

West & Bailey, 2009 
[115] 

England, 
UK 

Wave Various Scoping meetings 

Westerberg, 2012 
[116] 

France Offshore wind Tourism Face-to-face survey 
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2.3.2 MREDs and coastal communities 
The majority of studies (11/21) focused upon the effects of offshore renewable energy 

extraction upon coastal communities and the general public. Local benefits were presented 

such as employment [115] and lower electricity prices [101].  However, two key themes were 

identified: visual impact, and place attachment (based upon the idea that place determines 

identity).  Visual impact arose in six of the studies [97, 101, 105-107, 115], and was most 

often presented as a negative consequence.  Three of those six studies focused upon 

assessment of visual impact [97, 106, 107].  The effect of offshore energy extraction upon 

place attachment emerged in five of the studies, and was viewed as a benefit or a disadvantage 

[100, 102, 112, 114, 117]. 

Changes to aesthetics are a perceived negative impact of offshore energy extraction and it is 

often claimed that visual impact is the primary cause of opposition [105].  Residents 

surrounding Nantucket Sound, Massachusetts, USA, where an offshore wind power project 

(Cape Wind) had been proposed, overwhelmingly believed that the project would have a 

negative visual impact [101].  It was suggested that the development would make the area 

‘industrial’ and that it would ‘spoil the view’[105].  Similarly, in Cornwall, one stakeholder in 

close proximity to the proposed Wave Hub (a wave energy extraction test site) suggested that 

if the area was overexploited it would lose its natural beauty [115].  This infers that visual 

impact may also be an issue with wave and tidal energy extraction.  However, this is 

presented in the literature as a polarised debate.  In Cape Cod (located in close proximity to 

the Cape Wind project) it was suggested that wind turbines were ‘beautiful’ because they 

were ‘symbolic of doing the right thing’ [105] and in Cornwall one stakeholder felt that there 

would be no visual impacts associated with the Wave Hub [115]. 

Prior experience with offshore wind farms influenced individual assessment of visual 

impacts; people with experience of offshore wind farms located far from the coast had a 

significantly more positive perception than those with experience of wind farms located closer 

to the coast [106].  Visual impact also declined with distance [97, 106, 107] and increased 

with increasing contrast of the turbines against a background [97].  Coastal communities in 

Denmark were willing to pay to have offshore wind farms placed further offshore, with values 

estimated as 46, 96, 122 Euros/household/year for having the wind farms located at 12, 18, 50 

km respectively from the coast as opposed to 8 km [107].  This highlights the importance of 

visual amenity to coastal communities. 
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Offshore renewable energy development may impact ‘place attachment’; people who derive a 

positive sense of identity from an area are more likely to resist these projects.  The sea held a 

symbolic significance for many coastal communities; many treasured the intangible and 

spiritual qualities of the sea.  This was linked to local identity, and ideas of the ocean as a 

special place conflicted with the image of the sea as an industrial place [100, 102, 105].  In 

North Wales opposition occurred because the contradiction between place and project was 

experienced as a threat to identity [100].  As with visual impact, there were differing attitudes 

and opinions regarding the effects of MRED deployment upon place attachment.  In 

Strangford Lough, Northern Ireland, a tidal energy project was perceived to ‘fit’ into the 

landscape, and enhance place-related distinctiveness and esteem for local residents [117].  

Distinctiveness and esteem was also found in the Wave Hub case, where respondents felt that 

the development would put Cornwall and the UK ‘on the map’ [112].  Visual impact or loss 

of identity caused by renewable energy installations differed according to individual 

perceptions of place and technology [112] as well as belief systems and lifestyle [102]. 

 

2.3.3 MREDs and tourism and recreation 
Impacts upon tourism and recreation were mentioned in eleven of the reviewed articles [100-

102, 105, 112, 113, 115, 116, 118, 119] and five studies focused upon this group.  The 

consequences for tourism and recreation were mostly dependent on the reason for visiting the 

area: whether it was landscape-based or activity-based, and the focus was upon beachgoers 

and surfers. 

Again, the main focus was visual impact, particularly for those who visited beaches for 

landscape purposes.  A dichotomy of opinions was presented.  Some respondents in North 

Carolina, US found the wind farm scenarios appealing while others found them loathsome 

[118].  In Delaware, US, visible wind turbines would deter some visitors, but not as many as 

those who would visit a beach with visible turbines, and 44 per cent of out-of-state 

beachgoers would be likely to pay to take a boat tour to an offshore wind facility [119]. 

Alternatively, in the Sea of Trafalgar, Andalucia, Spain, the potential impact upon tourism 

was a reason for offshore wind farm opposition [113].  In the Laguedoc Rousillon region of 

France it was suggested that a loss for the tourist industry might occur should there be a view 

of a wind farm placed 8 km or less from the shore [116].  As with coastal communities, 
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avoidance of beaches diminished as wind turbines were placed further offshore, and the 

impact upon the landscape was reduced [119].  

MRED installations, particularly wave energy, may impact activity-based tourism and 

recreation such as surfing [112, 115], boat tours [119] scuba and skin diving [116] and other 

water sports.  A high profile lobby group ‘Surfers against Sewage’ in Cornwall, UK were 

largely in support of the Wave Hub project, but advised that many others surfers who were 

not from the locality were opposed to the development [115].  The key concerns of a local 

surf school related to the potential for the project to be scaled up to a ‘flotilla of arrays’ which 

could have a much larger overall effect than just the Wave Hub, and that even a minimal 

impact on wave height and size could render some days as non-surf-able [115].  Despite these 

concerns, it was suggested that activity based tourism could benefit from MRED installations. 

Wave energy projects could benefit surfers specifically in terms of providing more accurate 

swell reports [115] and MRED installations could benefit tourism and recreation users in 

general by creating new tourist activities such as visitor centres and boat tours [116, 119]. 

 

2.3.4 MREDs and the fishing industry 
Potential consequences for the fishing industry were recognised in ten of the included articles, 

often relating to underlying reasons for coastal community support (or lack of) for MREDs 

[96, 98, 103, 110-113, 115]. Five studies concentrated on fishing in depth, mainly focusing 

upon negative impacts, and raised two main areas of concern: impacts on fishing operations 

and on navigation. 

Displacement from established fishing grounds leading to increased competition, conflict and 

increased fuel consumption was a key concern of fishers, as was loss of income and the 

reduced viability of the fishing industry [111, 113, 115].  An example of how fishing viability 

could be affected was investigated in the North Sea, where it was found that the estimated 

area lost to commercial fishermen from oil extraction was 190-830 square nautical miles 

(depending on assumptions made about pipelines) equating to the loss of demersal catches of 

between 235-2000 tonnes (£50-460K in 1976) [110].  This is a different industry, often 

located in a different sea space, yet it is relevant as it shows how one major marine industry 

can impact another.  More recently, research modelling the impact of wind farms has 

suggested that decreased fishing profits for the commercial fishing industry caused by 
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exclusion zones around installations are inevitable [96, 98], but proposed that mariculture 

integrated within wind farm arrays and recreational fishing may in fact increase the annual 

profits of the local community as a whole [98]. 

Offshore renewable energy devices were also considered to be a hazard to navigation and to 

fishing activities [111].  Radar disruption caused by turbines and blades was a concern raised 

by fishers, as were restricted manoeuvring and collision risk.  Damage to fishing gear caused 

by collisions or entanglement with devices was also a concern.  Fishing vessels may have to 

change their routes to avoid MRED installations [113].   

There was little focus upon benefits of MRED projects for the fishing industry.  However the 

creation of protected nursery or exclusion zones, by helping to replenish harvestable stock, 

was regarded as a potential positive outcome [98, 111], as was job creation [115] or 

diversification [111]. 

 

2.3.5 MREDs and shipping 
Three sources acknowledged that there would be potential consequences of marine renewable 

energy extraction for shipping [104, 113, 115], however, only one study focused upon this 

stakeholder group [104].   

Shipping representatives were concerned that equipment installed in the project could break 

free and damage boats in the area [115] or that there was the potential for ships to break 

anchor in storms and drift into wind farm arrays [104].  The key concern however was that 

vessels would have to change their routes to avoid offshore renewable energy extraction 

installations [104, 113].  Placing wind farms in critical spots in near-port shipping lanes was a 

proposed problem as was the closure of shipping routes leading to others becoming busier.  A 

larger concern was revealed here: the compression of existing activity into a more confined 

space, similar to that expressed by the fishing industry stakeholder group.  Wind arrays were 

also felt to be a danger to navigation because smaller vessels would be obscured by wind 

turbine arrays [104].  If, from this position, they then navigated into shipping lanes there may 

be less reaction time for other traffic, with a potential for collision as a consequence of  large 

boats being slow to manoeuvre [104]. 
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2.4 Discussion 

The literature originating from empirical studies (including those relating to the oil and gas 

industry) is currently small.  The studies were largely conducted in Europe, focussed upon 

wind energy, and were conducted either pre-installation or have been hypothetical studies.  

The majority of research focused upon indirect users of the marine environment (coastal 

communities and beach-based tourism) rather than direct users (shipping and fishing).  The 

literature also presented widely varying opinions which were largely negative and included 

little discussion of benefits/opportunities or ways in which to mitigate negative impacts. 

The more rigorous approach used in a systematic review, rather than the ‘ad-hoc’ approach 

used in a traditional literature review is aimed at reducing systematic errors of bias [120]. A 

rapid review is not a comprehensive systematic review, and therefore bias (in terms of missed 

articles, particularly those not published) may have been introduced through the 

methodological streamlining of the review process.  However, in a comparison of the results 

and conclusions of rapid and systematic reviews, few differences were found [121].  The 

degree of overlapping results found between the articles reviewed here would suggest that the 

key impacts, opportunities, benefits and disadvantages of MRED installations for users of the 

sea space have been captured. 

Why have so few empirical studies investigated the potential consequences of offshore energy 

extraction for sea users?  The world’s first offshore wind farm was the Vindeby project built 

in the Baltic Sea in 1991 but it was only in 2002 that the industry moved in to the 

commercialisation phase [122].  The first full scale grid-connected wave energy converter, the 

Islay Limpet, was installed in 2000 [122] yet there are currently no other commercial scale 

wave or tidal energy devices operating offshore.  This may explain the focus upon offshore 

wind energy installations, which are becoming increasingly common, at least in Europe and 

North America (where the literature in this review is focused).  The offshore renewable 

energy industry is still in the relatively early stages of development and this, combined with 

cost, may explain the lack of studies into the consequences of the industry for other marine 

users.  The government regulator does not currently require Social Impact Assessments as 

part of the consenting process, and although a socio-economic assessment must be undertaken 

as part of the Environmental Impact Assessment there is currently no standard guidance on 
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requirements for this assessment.  Until the regulator changes the consenting requirements, 

the literature may remain limited. 

Why do the majority of studies focus on indirect users?  It might be because the number of 

coastal users is far larger than the number who physically uses the sea.  As noted by several of 

the authors [112, 113, 119], there is a general consensus that public opposition has been a 

barrier to the development of renewable energy, with the most widely used theory of 

opposition being the Not in My Back Yard (NIMBY) argument with a focus upon physical 

and visual characteristics.  This focus seems to have transferred along with the movement of 

onshore to offshore development.  However, as this review has revealed, the consequences of 

offshore renewable energy extraction for direct users of the sea are likely to be in terms of 

economic viability or safety. 

Public perceptions of MREDs may be influenced by a variety of factors including physical 

(e.g. device characteristics), contextual, political and institutional, socio-economic, social 

(e.g. social networks and influence), symbolic, local (e.g. place and identity) and personal 

(e.g. previous experience and knowledge) [123].  This would suggest that consequences are 

likely to be case specific, yet why is general opinion largely negative?  This might be a 

defensive reaction due to a ‘resistance to change’: resisting loss of status, loss of income, or 

loss of comfort [124], and highlights the importance of devising mitigation strategies if 

conflict is to be prevented or resolved [125]. 

A recurring theme through the literature, although addressed in a variety of ways, was ‘sea 

space’.  Coastal communities held views of the sea as an intangible ‘special space’ from 

which a positive sense of identity could be obtained, which was a ‘natural space’ which 

conflicted with ‘industrial space’ which would be created by the visual impact of MRED 

installations.  Tourism and recreational stakeholders held similar views, but additionally saw 

the sea as being a ‘space for activity’ where MREDs may remove or provide opportunities for 

use of this space.  Fishing and shipping stakeholders perceived their existing physical ‘work-

space’ as being constricted into smaller and smaller spaces be it through no-take zones (safety 

zones) or the restriction of shipping lanes.  This supports the concept of a ‘relational’ view of 

space, where spaces can be overlapping, harmonising and conflicting with varying physical, 

social and cultural configurations [104, 126], and it is important that these relational 

perspectives are accounted for when undertaking any form of marine management. 
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Further research is needed, particularly in terms of fishing and shipping to assess, in-depth, 

the potential for and effects of displacement on these industries, as well as the actual potential 

for collision risk, navigation hazards and the impacts of debris/potential for entanglement.  

Future research should also focus on the potential positive consequences for users of the sea, 

currently lacking in the existing literature.  Consequences for marine tourism and recreation in 

terms of SCUBA diving, recreational angling and yachting have been noted in the literature 

but not discussed in any depth and should also be investigated further.  Furthermore, future 

inquiry should focus upon the consequences of wave and tidal energy which although similar 

to offshore wind may also be considerably different. 

 

2.5 Summary 

This study set out to summarise and synthesise the research into the potential consequences of 

offshore renewable energy extraction on users of the marine environment. A range of 

consequences were revealed, mostly negative, including: visual dis-amenity, navigation and 

safety hazards, and impacts upon the economy.  The (limited) empirical literature focused 

upon four key stakeholder groups: coastal communities, tourism and recreation, shipping and 

fishing, with the majority of research examining the former two groups.  Widely varying 

opinions were exposed, inter and intra-stakeholder group, which were largely negative and 

included very little discussion of ways in which to mitigate these impacts.  Furthermore, 

consequences of MRED installations for users of sea space are likely to be case specific and 

this highlights a necessity for well-defined Social Impact Assessment guidelines.   

The case for marine renewable energy is compelling from several points of view: climate 

change reduction, political obligations and energy security.  However, there are significant 

gaps in the knowledge of the impacts of marine renewable energy upon the users of the 

marine environment, particularly the fishing and shipping industries who may be the most 

affected.  This information is necessary if policy makers and marine planners are to base 

MRED project consents, and wider EA- based decisions, on sound science.   
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Chapter 3 - The potential consequences of MRED installations on users 
of the sea: a tidal energy case study1 
 

This chapter describes the second of two studies to identify the stakeholder group most likely 

to be affected by MRED deployment: a stakeholder workshop study based upon a tidal energy 

case.  The research problem is introduced and the methods used are detailed.  Discussions 

conducted during the stakeholder workshops, along with the maps created are reported and 

the key issues considered.   

 

 

3.1 Introduction 
 

Offshore activities have traditionally been controlled by central government departments 

[127].  Space is allocated, but mostly within individual economic sectors (i.e. oil and gas OR 

fishing) rather than integrated between sectors (i.e. oil and gas AND fishing) and this has 

often led to an unforeseen spatial and temporal overlap of human activities which can result in 

conflict [58].  As discussed in Chapter 1, marine spatial planning (MSP) has been the most 

commonly used tool for the EA approach to managing MRED deployment.  MSP is an 

approach which can make conflicts and compatibilities visible, enabling a visual presentation 

of where contention is or will be located. 

 

In Chapter 2 it was shown that users of the sea will be affected by MRED deployment and 

that the focus of research has been the visual impact of offshore wind turbines upon coastal 

communities.  However, further investigation is necessary to assess which stakeholder group 

is most likely to be affected by MRED installations.  MSP, by visually presenting spatial 

information on existing and potential future uses of the sea space, can be used to identify the 

key sea users likely to be affected by the spatial aspect of MREDs. 

 

Spatial decision support systems (SDSS), using environmental and social data and models, are 

an effective means of enabling scenario analysis [128] and potentially resolving user conflict.  
                                                           
1 Published in PLOSOne: Alexander KA, Janssen R, Arciniegas G, O'Higgins TG, Eikelboom T, et al. 
(2012) Interactive Marine Spatial Planning: Siting Tidal Energy Arrays around the Mull of Kintyre. 
PLoS ONE 7(1): e30031. doi:10.1371/journal.pone.0030031 (Appendix E.i) 
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SDSS is an established method for resource management, where spatial data is presented to 

stakeholders as part of a negotiation process [129, 130] and can be used to identify ‘user 

trade-offs’ (what each user stands to lose or gain by a change in area use).  The marine 

environment, however, poses unique problems; it is data-poor and viewed as a common 

resource.  Spatial data for marine management has been collected using hard copy maps in 

workshop settings [131] and more recently using web-based systems [132-134].  However, 

there are few examples of natural resource-based SDSS which digitally collect and present 

spatial information, and facilitate stakeholder negotiation in a workshop setting based upon 

these data, allowing resource users to make themselves visible within the environment and 

play an active role in the emerging EA to natural resource management.  Those which do are 

predominantly terrestrial focusing on disaster management [135] and rural land planning 

[136-138]. 

 

Using a proposed tidal energy installation site as a case study, the objectives of this research 

were: (i) to identify potential conflicts between users of sea space, (ii) to develop an approach 

to gather spatial information concerning user values at the small spatial scales relevant to 

local marine planning, and (iii) to test if this approach could effectively use spatial 

information to support negotiation (and reduce conflict) and identify stakeholder trade-offs. 

 

 

3.2 Materials & Methods 
 

3.2.1 Study Area 
Kintyre is a peninsula in south-west Argyll on the west coast of Scotland. The principal town 

is Campbeltown.  The study site, off of the south-western tip of the Kintyre peninsula (Figure 

3.1) is an area of proposed seabed lease offered by Marine Scotland and the Crown Estate 

(owners of the UK seabed) for the purpose of tidal energy development [33].  Diverse 

industries and activities that may be affected by tidal energy development operate within the 

site. In 2010 the announcement of the potential development of an offshore wind farm array at 

Machrihanish, in Kintyre, led to conflict within the community and between the community 

and the developers and to eventual abandonment of the project [139].  For this reason the 

Kintyre tidal energy lease site was chosen as the case study site for this research. 
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Figure 3.1. Location of study site (shaded area). 
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3.2.2 Tools and equipment 
This study used an SDSS based on the method of (and was conducted in collaboration with) 

Arciniegas et al. [140] which combined Geographic Information Systems (GIS), spatial Multi 

Criteria Analysis (MCA) and a touch-table to facilitate stakeholder dialogue in a workshop 

setting. GIS was used to present data, and spatial MCA provided a method with which to 

evaluate, compare, rank and present the performance of decision alternatives leading to a 

map-based ‘output’ from each of two workshops.  The touch-table was the interface between 

the data and the workshop participants. 

 

The touch-table (DiamondTouch Table™), an interactive touch screen which allows 

simultaneous input from up to four users, was run concurrently with ArcGIS with the 

CommunityViz (http://www.communityviz.com/) extensions for interactive planning.  Two 

tools were used in the workshops: (i) a ‘map valuation tool’ which allowed users to ‘draw’ 

onto the GIS display inputting features of importance or value which may not be on the 

original maps, and to change the value of these identified areas according to relative 

importance; (ii) a ‘MCA trade-off’ tool which used spatial MCA for comparison and ranking, 

making it possible to structure and aggregate the information to support negotiation.  The tool 

displays the ‘best’ and ‘worst’ areas (i.e. those with the highest and lowest values) for each 

stakeholder, allowing sea-uses to be compared and thus facilitating spatial trade-offs.  A 

detailed description of the spatial MCA can be found in Arciniegas et al [140]. 

 

3.2.3 Initial Data Processing 
Stakeholder value maps to be used as a starting point for the stakeholder workshops were 

generated using GIS data sets from organisations including: Marine Scotland, British 

Ordnance Survey (EDINA), the Joint Nature Conservation Council (JNCC), the Royal 

Yachting Association (RYA), the Department for Energy and Climate Change (DECC) and 

Historic Scotland (for a full list of the original GIS data and their sources see Appendix A.i).  

Using weighted summation, the data were aggregated by stakeholder group to generate 

stakeholder value maps.  Weighted summation is a commonly-used method for spatial MCA 

[e.g. 136, 141, 142].  First a score was standardized and multiplied by its weight. The weights 

represented the relative values of the criteria or objectives [143].  Weights were used at two 

levels: first to obtain a value score for each stakeholder; and second, to obtain aggregated 

values that could be used for negotiation.  For example, the value for tidal devices was 
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calculated as the weighted sum of: tidal flow, depth in meters, type of seabed, and distance to 

port.  Weights at this level were set and specified using expert judgment.  To calculate an 

overall stakeholder value it is normally necessary to assign weights to each stakeholder 

however this study focused on the trade-offs between stakeholders and so the total value of a 

cell had little relevance for negotiation.  Therefore no weights were assigned to the objectives 

of the stakeholders.  Stakeholder specific values from 1-10 were assigned to a grid of 500m x 

500m cells based on the size of the study area and the likely size of tidal devices to be 

installed.  

 

Six stakeholder maps were generated (i) tidal energy, (ii) commercial shipping, (iii) 

commercial fishing, (iv) recreational shipping, (v) tourism and (vi) environment. The 

aggregated maps were used as a basis for the first ‘local-knowledge’ workshop.  Additional 

data collected at this workshop were added to the aggregated value maps for the second 

‘negotiation’ workshop.  

 

 

3.2.4 Stakeholder Workshops 
Two workshops were held in Campbeltown: (i) a ‘local-knowledge’ workshop and (ii) a 

‘negotiation’ workshop.  A list of the dates, locations and stakeholder representatives is given 

for each workshop in Table 3.1.  Both workshops followed the same sequence of sessions; the 

first session described the research problem (planning for tidal energy deployment), how it 

would be addressed and the stakeholders involved; the second allowed participants to 

familiarise themselves with the tools, and the third involved participant use of the tools to 

fulfil the objectives of the research. 

 

Table 3.1. Dates, Topics and Participants of Workshop. 
Dates Location Topic Representatives 
03 May 
2011 

Campbeltown, 
Argyll & Bute 

‘Local 
Knowledge’ 
Workshop 

Campbeltown Sub-Aqua Club; 
Campbeltown Sailing Club, local 
wildlife tour operator, local 
fisherman 

05 May 
2011 

‘Negotiation’ 
Workshop 

Campbeltown Sailing Club; wildlife 
tour operator; local fisherman; 
Clyde Fisherman’s Association; 
Scottish Renewables; Argyll & Bute 
Council, Scottish Natural Heritage 
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The aim of the ‘local-knowledge’ workshop was to gather spatially explicit data from local 

sea-users at relevant spatial scales.  This was achieved by showing the participants the GIS 

layers used to produce the aggregated value maps (Figure 3.2a).  Each participant then used 

the ‘map valuation tool’ to draw locations of particular significance to their stakeholder group 

(Figure 3.2b), and then to re-value the map based on these drawings (Figure 3.2c).  The aim 

of the ‘negotiation’ workshop was to build a consensus on the best locations for situating 

potential tidal devices.  This workshop made use of the original individual GIS layers; the 

original stakeholder value maps and the revised stakeholder value maps. In this workshop the 

participants made use of the ‘MCA trade-off tool’.  Based on the spatial MCA values, best 

and worst areas were indicated on the touch-table using blue and red capital letters 

respectively for each of three sectors: Tidal (T), Commercial (C), and Social (S). These 

identified negotiable cells optimal for one stakeholder but not for the other and vice versa. 

Stakeholders were asked to trade negotiable cell alternatives as follows: two cells (0.25km2: 

~40MW), five cells (0.25km2: ~100MW) and ten cells (0.25km2: ~200MW) (Figure 3.3).  

Participants in the ‘negotiation’ workshop were further asked to evaluate the data sources 

upon which the negotiations were based. 

 

 
 
Figure 3.2. Steps taken during ‘local knowledge’ workshop: a) the base value map, b) 
stakeholder drawings of areas of importance including a creel route, and an area of 
semi-pelagic fishing, c) the re-valued map.  Figure provided by Gustavo Arciniegas. 
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Figure 3.3. Steps taken during ‘negotiation’ workshop: a) the underlying nautical 
chart, b) the best and worst areas for each of three stakeholder groups, c) the 
negotiated device allocation area.  Figure provided by Gustavo Arciniegas. 
 

 

3.3 Results 
 

Results are presented in the context of the identification of potential conflicts, spatial data 

collection and negotiation support in workshop settings. 

  

3.3.1 Identification of potential conflicts between users 
Conflict between marine users emerged throughout the workshop process.  During the ‘local-

knowledge’ workshop, the tourism representative suggested that although the area may not be 

used on a regular basis, when placed in a situation of potential loss of access it is likely that 

all stakeholders would exaggerate the importance of the area and  

 

“Suddenly find that half of their income comes from that area”.   

Tourism Representative 
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During the ‘negotiation’ workshop, it was pointed out by the fishing association 

representative that  

 

“the negotiations are based upon an assumption that tidal energy would take 
precedence over other stakeholders”. 

Fishing Association Representative    

 

It was further suggested that areas further offshore may be preferable for tidal devices, to 

avoid conflict with other stakeholders, yet concerns were raised that these areas may be too 

deep for cost effective development. 

 

Suggestions of inter-industry conflict were also noted.  During the ‘negotiation’ workshop the 

fisheries association representative stressed that fishers do not want to share information on 

fishing practices with each other  

 

“if all fishermen were brought together around the touch table, it would be impossible 
to establish important fishing areas within the study site due to potential competition 
for resources.” . 

Fishing Association Representative 

 

3.3.2 Collection of spatial data at local scales 
Three new stakeholder value maps were generated (Figure 3.4) during the ‘local-knowledge’ 

workshop based on the knowledge of the local fisheries, recreational shipping and tourism 

stakeholders.  It was not possible to access local-knowledge relating to tidal energy, shipping 

or the environment.  
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Figure 3.4. The results of the ‘local knowledge’ workshop: a) fisheries stakeholder 
output, b) recreational sailing stakeholder output, c) tourism stakeholder output.  
Figure provided by Gustavo Arciniegas. 
 

Creel fishing for crab and lobster, scallop dredging and scallop diving occurred within the 

area, and these were noted on the map (Figure 3.4a).  There were some areas indicated within 

the study site where the tides are too strong for fishing including a tidal race and over-falls to 

the west of the Mull of Kintyre.  Two routes for fishing vessel transit around the Mull of 

Kintyre were identified.  These were weather dependent: with boats staying close in to the 

western shore of the Mull in settled weather and steam further out from the shore in rougher 

weather.  All identified fishing areas were allocated the highest value possible by the local 

fisheries stakeholder. 

 

Participants added a considerable amount of data to the recreational and yachting value map 

(Figure 3.4b).  Discussions revealed that the area around the Mull of Kintyre was mainly a 

passage route for recreational vessels.  A route hugging the coast of the peninsula was marked 

as the most important although also weather-dependent.  Recreational boats were said to be 

limited to the west by the shipping lane with the area just to the east of the shipping lane less 

used except during bad weather.  Recreational and yachting participants found it difficult to 

give values to cells within the study site.  Reasons for this included the fact that sailing around 
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the Mull involved a lot of tacking; poor weather means that routes can change; and depending 

on the experience of the yachtsman, routes are not always followed closely. 

 

Discussion of the tourism map (Figure 3.4c) indicated no regular marine tourism around the 

Mull of Kintyre, leaving much of the study site marked as ‘low value’.  The local wildlife tour 

operator takes tourists mainly to Sanda Island, and has not travelled around the Mull in three 

years.  Other operators in the area include a fast ferry service operating between 

Campbeltown and Ballycastle through the summer months which passes through the study 

site. The paddle steamer Waverley travels around the Mull twice a year.  All local 

stakeholders agreed that no kayaking occurs within the area due to the currents, and that the 

dive sites are unpopular.  

 

Discussion in the ‘negotiation’ workshop regarding the quality of the data used led to 

suggestions that the published tidal data were inaccurate.  The fisheries stakeholder also 

advised that all areas of the proposed site were used either by creel or pelagic fisheries thus 

contradicting the ‘local-knowledge’ map from the previous workshop.  It was suggested that 

dealing with commercial fishing as a single sector was simplistic and that different types of 

fishing should be considered.  Furthermore, results of the feedback questionnaire indicated 

that while 40% of participants felt there was sufficient information available to help with 

negotiation, 60% of participants felt there was insufficient information, although no 

suggestions were made as to how this could be improved. 

 

3.3.3 Support negotiation in stakeholder workshop setting 
Negotiations were successful with maps created for all device allocation alternatives (Figure 

3.5). For the ~40MW alternative, two cells close to the shipping lane were selected by the 

participants on the basis of compromise between depth for the device and stakeholder use 

(Figure 3.5a). 
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Figure 3.5. The results of the ‘negotiation’ workshop: a) device allocation for 
~40MW alternative, b) device allocation for ~100MW alternative, c) device allocation 
for ~200MW alternative.  Figure provided by Gustavo Arciniegas. 
 

The ~100MW negotiation decision was similar to the results of the ~40MW scenario although 

the selected cells were shifted to the west to allow for tacking of recreational vessels between 

land and the tidal devices so as to avoid sailing around the devices when in transit.  All 

participants with the exception of the fishing association representative concurred with this 

allocation of devices (Figure 3.5b).  The preference of the fishing association representative 

was for no devices at all, but he agree that the chosen allocation was the best option. 

 

As the number of cells for the negotiation scenario was increased to 10 (~200MW), the issue 

of exclusion zones was raised particularly as it related to its impact upon the fishing industry 

in terms of access loss and safety implications for vessels (i.e. turbines acting as winches and 

pulling fishing boats under).  Fisheries stakeholders suggested a realistic safe exclusion zone 

for fishing might be 500m, similar to those around oil and gas platforms.  It was suggested 

that one large block of cells would lose less space for fisheries than several smaller ones (due 

to the resulting exclusion zone, which in terms of this study would have a device/exclusion 

zone ratio of 1:8 cells, reducing to 1:5 then 1:4 etc as the number of cells in a block increase).  

Nevertheless concerns remained over the possible size of an exclusion zone given the 

narrowness of some transit areas.  The recreational shipping representative suggested that ten 
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cells would interfere with yachting around the Mull of Kintyre if the cells were kept in the 

same area as previous alternatives.  A site further to the south was suggested as a more 

appropriate location.  All stakeholders agreed that the ~200MW alternative should be 

allocated in this part of the study site (Figure 3.5c). 

 

 

3.4 Discussion 
 

This is the first successful demonstration, within the marine environment, of an SDSS 

approach combining GIS, spatial MCA, a touch-table and stakeholder workshops,  reflecting 

the success of previous demonstrations in the terrestrial arena [140]. The technology 

combined with the workshop format successfully involved multi-sectoral stakeholders, 

identified potential conflict and contributed to a broader understanding of the complexity of 

problems facing different stakeholders when presented with a potential MRED installation. It 

gathered spatial information on user values for particular areas (with a change in user values 

between the initial data and final maps used for negotiation) and enabled potentially 

conflicting parties to negotiate optimal site locations. 

 

Although SDSS is a standard method used in resource management, this particular approach 

offers more than those previously used.  The approach enabled participants to view the “larger 

picture”.  During the ‘local-knowledge’ workshop all contributors participated, enhancing 

interactivity and communication across sectors.  Participants shared ideas, asked each other 

questions, and brought up pertinent points which were then developed by others.  This 

interactivity, which could also be seen during negotiations, is central to this approach and 

would not occur when using online data gathering methods.  Furthermore, the use of spatial 

MCA allowed individual values for parts of the ecosystem to be traded-off in the absence of 

measured or estimated ecosystem service values (e.g. amenity values such as yachting) 

overcoming what is often seen as a barrier to implementation of the EA [144]. 

 

In concurrence with existing literature [144, 145], the workshops identified problems with 

existing baseline data, suggesting a need for improved data generation at relevant spatial 

scales.  This can be supported by use of the ‘map valuation tool’ which facilitated integration 

of local-knowledge within negotiations.  The question of scale is highly significant in 
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stakeholder negotiation.  Data collection at a relevant scale for development is imperative and 

tools such as the ‘map valuation tool’ are a method of cost-effective data collection.  Whilst 

some data can only be collected commercially e.g. bathymetry and tidal flows, other data is 

better provided by local people particularly on a fine-scale e.g. seabed-type and stakeholder 

use, ideally across all relevant stakeholder groups.  Local knowledge cross-referenced with 

commercially gathered data could enhance robustness and reliability.  Including local-

knowledge in resource management is becoming increasingly important, and it has been 

suggested that even if there is the desire to use non-scientific knowledge, it is often not known 

how [146].  The approach used in this study allows for the collection, collation and 

integration of local-knowledge with scientific data; and furthermore is a form of ‘joint fact-

finding’ [147] central to consensus building and dispute resolution. 

 

The workshops revealed areas of conflict and the aim to develop a consensus raised several 

points for consideration.  Offshore development may effectively place particular areas of the 

common sea space under private control and place spatial restrictions on many on-going 

activities.  This may result from exclusion zones as suggested within the workshops or from 

regulatory guidance [e.g. 148].  Avoidance of installation areas may mean that commercial 

practices such as fishing can no longer take place within installation sites, and may lead to 

increased steaming time for all vessels using the area, increased costs for all concerned 

(except energy installation developers), and may fundamentally change social dynamics.  

Fishers, in particular, are perceived to be in a weak position due to the impetus of 

international policy driving offshore renewable energy [90] and the trend toward more 

sustainable fisheries particularly in European Marine policies [149].  The fishing industry is 

likely to suffer the largest impact from offshore energy. Substantial regulation such as Total 

Allowable Catch (TACs), gear regulations, closed seasons, closed areas, minimum allowable 

sizes and limits to time spent at sea [150] has meant that access to commercial fishing is 

already being reduced.  This may be exacerbated with the inclusion of marine energy 

installations.  These effects will clearly be site specific and thus should be addressed on a 

case-by-case basis. 

 

The remark that fishers’ would be unlikely to reveal information on fishing site locations in a 

public arena indicates the personal value of spatial information to fishers in a quickly 

reducing marine area.  Fisher knowledge is a professional asset which is used not only for 



41 

 

catching fish, but also for regulating relationships within the industry [151], and reluctance on 

the part of the fishers to provide the information necessary for successful negotiation could 

result in inequitable representation and consequently further declines in fishing activity.  

Furthermore, the suggestion that even in areas of low use, when placed in a situation of 

possible loss of access it is likely that all stakeholders would exaggerate the importance of 

that area leads to the question: is sea-use conflict based upon the need to protect income and 

therefore personal security?  In a study of the implications of offshore wind farm 

developments on fishermen, a major concern was the loss of traditional fishing grounds and 

consequently the loss of future livelihoods [111]. The workshops supported this position.  

 

The suggestion that the tidal energy industry takes precedence over any other stakeholder may 

be a reason for potential conflict between developers and existing users.  Scottish government 

renewable energy targets and the proactive approach taken to achieve them (e.g. the Saltire 

prize [152]) suggest that renewable energy development is high on their agenda and UK 

policy has previously given precedence to allocating offshore wind farm leasing areas ahead 

of other considerations such as Natura 2000 sites [153].  Priorities for use of the marine 

environment will be set by governments in the context of their obligations under national and 

international law, as well as their economic and social targets and, ultimately, it is they who 

will decide whether renewable energy takes precedence over existing marine activities.  

Previous consequences of the privatisation of coastal areas have included the worsening of 

economic conditions in coastal communities, the increased exploitation and degradation of 

remaining accessible resources, the displacement of communities, and conflicts between 

stakeholders [154].  

 

The proposed need for exclusion zones for safety reasons raises the question of liability.  The 

potential for export from restricted areas [155, 156] may lead fishermen to ‘push’ the 

boundaries of exclusion zones, particularly under economic stress.  There are currently no 

known guidelines concerning the identification of liability and insurance costs in the case of 

accidents involving renewable devices and this should be resolved prior to device installation. 
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3.5 Summary 
 

This study aimed to (i) identify potential conflicts between users of sea space, (ii) develop an 

approach to gather spatial information concerning user values at the small spatial scales 

relevant to local marine planning, and (iii) test if this approach could effectively use spatial 

information to support negotiation (and reduce conflict) thus identifying stakeholder trade-

offs within the process. 

 

Several points for further consideration were revealed whilst identifying trade-offs, 

particularly in terms of which user takes precedence within the marine environment, issues of 

liability, and the reasons for conflict in the first place.  However the key finding of this study 

was that in this particular location the fishing industry was the sea user most likely to be 

affected by MRED deployment.  This, combined with the knowledge gap identified in 

Chapter 2, means that the fishing industry will be the focus of the remainder of this project.   



43 

 

Chapter 4 - Marine Renewable Energy and Scottish west coast fishers: 
Investigating attitudes and influential demographic factors2  
 

This chapter is the first of two studies conducted to assess the consequences for the 

stakeholder most likely to be affected by MRED installations: the fishing industry.  

Information is provided regarding the outcome of a fishers’ attitudes survey.  Reasons for 

assessing stakeholder attitudes are introduced and then the survey method described.  The 

results of the survey are presented and the principal points discussed. 

 

 

4.1 Introduction 
 

Despite fishing being a long established, and socio-economically and culturally important 

activity in many coastal waters [157, 158] the potential conflict between offshore renewable 

energy and the fishing industry has not been a focus of wave and tidal energy impact research.  

 

With an offshore renewable energy resource of over 200 Gigawatts [159], including 10 per 

cent of Europe’s wave energy resource and 25 per cent of Europe’s tidal energy resource 

[160], Scotland’s marine resource potential is substantial.  As part of a £10 million challenge 

to accelerate the development of wave and tidal energy (the Saltire Prize), the Scottish 

government announced the lease of potential energy development sites firstly in the Pentland 

Firth and Orkney Waters, and more recently on the west coast of Scotland (Figure 4.1).  

Whereas the north east UK and Shetland are characterised by large-scale offshore fishing, the 

west coast fishing industry is primarily composed of small-scale inshore fishers.  Most of the 

offshore energy lease sites are within 12 nautical miles of the coast meaning that inshore 

fishers are most likely to be affected (although large-scale wind energy developments such as 

Dogger Bank in the North Sea will impinge upon offshore fleets). 

 

                                                           
2 Published in Marine Policy: Alexander, KA, Wilding, TA,  Heymans, JJ (2012) Attitudes of Scottish fishers 
towards marine renewable energy. Marine Policy. http://dx.doi.org/10.1016/j.marpol.2012.05.005 (Appendix 
F.i) 
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Figure 4.1 Map of Scottish offshore energy developments and west coast Fisheries Offices 
locations.  
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Fishers are historically a powerful lobby group and their attitudes and behaviour have 

influenced the success of fishery management measures [161], compliance with regulations 

relating to e.g. gear restrictions and by-catch [162], and the success of Marine Protected Areas 

(MPAs) [163, 164].  This suggests that they may also influence the success of offshore 

developments such as marine renewable energy extraction.  Poor relationships between 

potential developers and stakeholders can result in litigation which usually has a poor 

outcome for both parties and is costly and time-consuming [165].  This has been portrayed 

within the fishing media which regularly publishes articles on perceived impacts, 

compensation, and potential injunctions against offshore energy developers [166-169]. 

 

Theories of fisher behaviour vary widely. Some theories have derived from standard 

economic and common property concepts, based upon the idea that all fishers will catch as 

many fish as possible, motivated purely by a desire for short-term financial gain, and 

therefore their motivations and decision-making will be uniform [170, 171].  However, other 

studies have suggested that fishers’ attitudes are much more complex and varied and have 

been influenced by demographics such as experience and place of residence [172] and fishing 

practice [95, 161], and it has been suggested that they may be a product of the characteristics 

and resource-base of a specific sector [161] e.g. with differing attitudes between static and 

mobile gear sectors.   

 

Fishers’ opinions of offshore energy may be influenced by many factors.  Experience (time 

fishing) affected the attitudes of anglers towards marine protected areas; those who spent less 

time fishing in open oceans had a more favourable attitude  [173].  This may be the same for 

fishermen who are displaced from long-term traditional fishing grounds.  Some fishing 

associations hold strong views regarding offshore energy [174, 175], and membership of local 

fishing institutions such as prud’homies (French Mediterranean) and cofradias (Spain) was 

found to result in shared values and norms and similar attitudes [176].  This suggests that 

fishing association membership may be an influencing factor.  Location may be a 

consideration, particularly in terms of ‘fishing dependency’.  Small, remote and sparsely 

populated fishing communities may depend on fishing for employment, community gross 

domestic product, and identity [177], either through a ‘real’ dependency where fishing is 

important for direct employment, or an image-based ‘virtual’ dependency important for 

tourism [157].  A divide may exist between sectors [161] with mobile gear fishing (trawls, 
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drag-nets, lines etc.) likely to be more affected by the deployment of energy extraction 

devices [88, 178] compared with fixed-gear fishing (static nets, pots) [179].  One of the main 

factors thought to influence attitudes towards land based energy development, however, is the 

‘not in my backyard’ (NIMBY) argument: that people only oppose change/innovation 

because it is in close proximity, whereas the same people would be in favour (or not care) 

were the development sited elsewhere [180, 181].  Being relatively remote, offshore sites may 

be less likely to suffer the NIMBY effect [182, 183], but this is due to the land-based public 

being unable to see these sites, and does not take into account users of marine space. 

 

Understanding fishers’ attitudes towards offshore renewable energy development, and any 

factors which drive these attitudes, may help to resolve potential conflicts before they arise.  

The objectives of this study were to (i) gather information on the attitudes of fishers towards 

marine renewable energy development (whether they are positive, negative or neutral); (ii) 

assess whether negative attitudes were influenced by: the number of years fishing experience, 

membership of a fishing organisation, gear type, operation from a mainland or island port, 

and knowledge of nearby offshore developments; and (iii) identify the perceived impacts 

upon and opportunities of marine renewable energy for the fishing industry as well as 

potential impact mitigation.   

 

 

4.2 Materials and Methods 
 

4.2.1 The case study  
The participants of this study operated in the commercial fisheries of the Scottish west coast. 

The total number of boats registered on the west coast of Scotland is 915 [184], the majority 

of which are under 10m in length, supporting 2,111 jobs directly [185] and over 5,000 

indirectly [186]. The Scottish west coast fleet is almost entirely dependent on shellfish, with 

the key species being nephrops (Nephrops norvegicus L.), scallops (Pecten maximus L.) and 

brown crab (Cancer pagurus L.), although lobsters (Homarus gammarus L.) and various 

shrimp species are also caught [187]. 
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The sampling frame (population of fishers) was taken from the United Kingdom Fishing 

Vessel List as at 01 August 2010 [184].  As a consequence of the Data Protection Act, 

mailing survey questionnaires was not possible without the assistance of Marine Scotland 

Compliance. Local Fisheries Offices at the main ports on the west coast of Scotland (Figure 

1): Ayr, Campbeltown, Mallaig, Oban, Portree, Stornoway and Ullapool sent a total of 481 

survey questionnaires, at the end of October/beginning of November 2010, to both inshore 

(<10m) and offshore (>10m) boat owners. 

 

 

4.2.2 Survey questionnaire 
The use of surveys to measure attitudes and behaviour, as well as causal relationships 

between variables, has become dominant practice in social science [188], and four main 

methods exist.  In face-to-face surveys data are collected directly from respondents in a 

specific location.  Response rates are high and response bias can be limited due to interviewer 

control.  This method is best for open ended questions, and can be longer and more complex.  

This is also the most expensive and labour intensive of all survey methods.  Furthermore, 

there may be hesitancy by respondents to discuss personal types of behaviour and more 

likelihood of providing socially desirable responses.  In a telephone survey, phone numbers 

are randomly selected from a phonebook or membership directory.  Advantages include high 

response rates (particularly with repeated call-backs), wide geographic distribution of the 

sample, and the potential to establish rapport with the respondent.  However, technologies 

such as caller ID and answering machines make it more difficult and time consuming to 

contact respondents.  Telephone surveys are also labour-intensive and costly.  Mail surveys 

involve sending a questionnaire to a specific person or address.  Key advantages include 

reduced cost, greater population coverage and success in collecting personal data.  

Disadvantages include response bias (where those who are not interested in the subject, do not 

like to read/write, or those with a low education level do not respond) and the need for the 

questionnaire to be completely self-explanatory.  Web-based surveys are completed online.  

The main advantages of this method are low cost and speed of data collection.  Internet 

surveys share similar advantages to mail surveys, however a key disadvantage of this method 

is the need for access to the internet leading to low response rates (often lower than mail 

surveys).  Due to fishers’ working practices (boats may not land at a port for several days and 
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thus be missed in face-to-face or telephone surveys) the method chosen in this instance was a 

mail-based survey. 

A survey questionnaire was developed to characterise fishing operation and corresponding 

boat skippers/owners attitudes to offshore renewable energy.  The questionnaire design was 

based on other fishers’ attitude studies [95, 111] and split into four sections: i. fishing 

operation characteristics, ii. knowledge of offshore renewable energy (including fishers’ 

attitudes towards offshore renewable energy and knowledge of developments occurring near 

their home port), iii. perceived effects of offshore renewable energy upon the fishing industry, 

and iv. suggestions of ways in which to mitigate any negative impacts (and any previous 

experience with mitigation programmes).  The questionnaire was designed to balance 

simplicity (to ensure ease of completion for respondents) and complexity (to ensure depth of 

analysis), and refined through pre-testing using colleagues [188] (See Appendix B.i for the 

survey instrument). 

 

 

4.2.3 Analysis using logistic regression  
Analysis focused upon investigating which factors influenced negative attitudes.  A logistic 

regression model was used to test the relationship between attitude (response variable: 

negative, other – combined positive and neutral) and fisher characteristics: gear type 

(fixed/mobile), membership of an association (yes/no), years spent fishing (continuous), the 

port operated from (mainland/island), and whether there is a nearby known offshore 

development (yes/no).  Analysis was conducted using the ‘R’ statistical package [189]. 

 

Where the response outcome is binary, e.g. ‘success’ or ‘failure’ and the two possible 

outcomes are coded 0 or 1; and explanatory variables are continuous, discrete, dichotomous 

or a mixture of these; logistic regression is used [190].  The methodology identifies (all other 

variables being constant) the independent effect of each predictor variable on the binary 

response variable.  This is then converted to an odds ratio (the ratio of the odds of an event 

occurring in one group to the odds of it occurring in another group). 

 

The null hypothesis, that none of the five characteristics (gear type, years fishing, membership 

association, operating port and knowledge of a nearby offshore development) were associated 
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with negative attitudes, was tested.  The logistic regression model was  initially fitted with all 

predictors which were then sequentially eliminated in an iterative process based on p-values 

and model AIC (Akaike information criterion: describes the trade-off between the fit of the 

model and the model’s complexity) comparisons to find the most parsimonious model [191]. 

The final model fit was assessed by residual examination. Model evaluation was tested using 

the Wald test (used to test whether the parameters associated with a group of explanatory 

variables are zero – i.e. can be omitted from model) [191] (A full description of the logistic 

regression statistical methodology can be found in Appendix B.ii).   

 

 

4.2.4 Analysis using log-linear modelling  
Log-linear modelling was used to determine if associations and/or interactions were taking 

place between variables. This additional (and complementary) method was used because 

logistic regression models a binary response meaning that the attitude response was split into 

‘negative’ (chosen because the key interest was the predictors of a negative attitude) and 

‘other’ (which combined positive and neutral responses), whereas log-linear modelling 

allowed for all three attitude categories (negative, positive and neutral) to be analysed, thus 

adding to interpretation of the survey data as well as increasing the robustness of the analysis. 

 

Where logistic regression models focus upon the prediction of a response factor, log-linear 

analyses model the frequencies of cell counts in a contingency table by describing the 

association patterns among a set of categorical variables.  They are often used in cases with a 

multivariate response, as all factors are treated as a response - no distinction is made between 

independent and dependent variables [190]. 

 

Log-linear modelling required that the contingency table had no empty cells which 

necessitated the reduction of the number of cells in the table [191]. Correlation plots were 

used to identify co-linearity between factors, allowing highly correlated cells to be combined.  

A backward step method was then employed starting with the saturated model and removing 

insignificant higher order interaction terms (based on deviance comparison) until the most 

parsimonious model was identified.  Goodness of fit was tested using the G2 deviance 

statistic (which compares the current model to the saturated model) and a comparison of the 
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observed and expected frequencies [192] (A full description of the log-linear statistical 

methodology can be found in Appendix B.iii). 

 

 

4.3 Results 
 

A total of 107 complete survey questionnaires were returned (a response rate of 22 per cent).  

The majority (68 per cent) of fishers operated a static gear vessel - mainly for potting (57 

respondents) but also netting (11 respondents) (Figure 4.2). Scallop divers were also included 

in the static gear category (5 respondents). Types of mobile gear fishing included dredging, 

benthic, demersal and pelagic trawls.  The average fisher had been fishing for 27 years, with 

experience ranging from 4 to 57 years.  Slightly fewer fishers were a member of a fishing 

association (49 per cent), operated from island ports (45 per cent), and knew about any nearby 

offshore developments (44 per cent). 

 

 

 

Figure 4.2 Characteristics of survey participants (n = 107) 
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4.3.1 Attitudes of west coast fishers to marine renewable energy 
The majority of fishers expressed positive (48 per cent) or neutral attitudes (33 per cent) 

towards marine renewable energy developments, whilst a smaller number of fishers (19 per 

cent) held a negative attitude. Six participants felt renewable energy was not important, whilst 

the remainder believed it was either relatively or very important.  This suggests that many of 

the fishers with a negative attitude towards marine renewable energy still perceived a need for 

renewable energies overall. 

 

 

4.3.2 Investigating explanatory factors using logistic regression  
Using logistic regression, Fishers’ attitudes were modelled against five predictor variables: 

gear type, association membership, experience, port and known development.  The optimal 

model contained two predictors (Table 4.1).  Conversion to an odds ratio showed that fishers 

operating from mainland ports were 3.2 times (95% confidence interval (CI): 1.0, 10.0) more 

likely to have a negative attitude than an ‘other’ (combined positive and neutral) attitude 

towards renewable energy developments, and those who knew of nearby offshore 

developments were 5.0 times (95% CI: 1.0, 9.8) more likely to have a negative attitude. 

 

Table 4.1 Logistic regression of factors associated with fishers’ negative attitudes towards 
marine renewable energy. 
Parameter Co-efficient SE Wald Statistic p 
Intercept -3.1381 0.6393 -4.908 9.19e-07 
Port (mainland) 1.1683 0.5806 2.012 0.0442 
Known nearby 
development (yes) 

1.6265 0.5725 2.841 0.0045 

 

 

4.3.3 Investigating explanatory factors using log-linear modelling 
Relationships among variables (attitude, port and known development) were further explored 

using log-linear modelling (Table 4.2).  The best model fit was confirmed by a comparison of 

observed versus expected frequencies.  The knowledge of a nearby offshore development had 

a significant negative impact (p<0.05) upon both neutral and positive attitudes, and living on 

the mainland had a significant impact upon neutral attitudes particularly.  The log-linear 

analysis, after conversion to an odds ratio, suggested that fishers on the mainland were 3.4 

times (95% CI: 1, 11) less likely to have a neutral attitude than those on an island.  Fishers 
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who knew of a nearby offshore development were 3.4 times (95% CI: 1, 11) less likely to 

have a neutral attitude than those who did not, and were 7.1 times (95% CI: 2.2, 23) less 

likely to have a positive attitude. 

 

Table 4.2 Log-linear model of relationships between variables (attitude, port and known 
development). 
Parameter Co-efficient SE Wald Statistic p 
Intercept 0.2231 0.5916 0.377 0.70604 
Attitude: neutral/Port: mainland -1.2098 0.6149 -1.967 0.04913 
Attitude: positive/Port: mainland -0.9808 0.5877 -1.669 0.09512 
Attitude: neutral/Known nearby 
development: Yes 

-1.2098 0.6149 -1.967 0.04913 

Attitude: positive/Known nearby 
development: Yes 

-1.9741 0.6009 -3.285 0.00102 

 

 

4.3.4 Potential impacts, opportunities and mitigation 
Data regarding the potential impacts, opportunities and mitigation were not analysed using 

statistical models.  Loss of access was the most communicated impact, and was raised twice 

as much as the most suggested opportunity, alternative/additional employment (Table 4.3).   

 

Table 4.3 Suggested impacts, opportunities and mitigation strategies ordered in importance 
(number of times raised). 
Impacts Opportunities Mitigation 
Loss of access (71) Alternative employment (31) Consultation (25) 
Displacement (8) Exclusion zone sanctuaries (22) Compensation (12) 

Habitat destruction (8) Artificial reef effect (6) 
Site on non-fished grounds 
(9) 

Disrupting fish (5) Improved infrastructure (4) Communication (8) 

Navigation hazards (4)  
Allow fishing close to 
developments (7) 

Gear conflict (1)   
 

Other potential impacts included displacement, habitat disruption, changes to fish behaviour, 

and safety implications such as conflict between fishing gear and energy extraction devices. 

Alternative employment for fishers which included duties guarding the devices and/or 

exclusion zones and survey assistance during construction was the most noted opportunity, 

with the potential regeneration of fish stocks (through sanctuaries within exclusion zones and 

the artificial reef effect) the second most raised opportunity.  Consultation was the most 
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proposed mitigation strategy with compensation and communication also mentioned.  The 

spatial aspect of energy extraction devices was noted; some fishers suggested fishing should 

be allowed close to development and others suggested that siting on non-fished grounds was 

the best mitigation strategy.  Twelve per cent of respondents believed that marine renewable 

energy would not impact the fishing industry; thirty per cent of fishers felt there were no, or 

very few, opportunities offered by marine renewable energy; and six per cent of fishers were 

of the opinion that the impacts could not be mitigated. 

 

 

4.4 Discussion 
 

This study has shown that despite some concerns regarding potential impacts and mitigation, 

81 per cent of fishers held positive or neutral attitudes towards marine renewable energy 

development.  Furthermore, the key characteristics influencing negative attitudes were 

knowledge of nearby offshore developments and operation from a mainland port. 

 

There are limitations to using a mail survey method.  Potential non-response, which can be 

strongly related to the interest in a topic [188], was countered by offering a small prize draw 

incentive (which may, however, have introduced a different bias).  Response bias, occurring 

in those who do not like to write or cannot read easily [188], was countered by making the 

questionnaire as short and easy to complete as possible, but the effect of this was unknown.  

Bias which may have occurred because fishers can spend long periods at sea was countered 

by using the mail survey approach. 

 

 

4.4.1 Fishers’ attitudes  
Despite the perception that fishers are opposed to marine renewable energy development, as 

conveyed within the fishing industry press, the large majority of respondents had either a 

positive or neutral attitude towards wave and tidal energy extraction.  This may represent a 

simplification of “fishers” to include all fishers, without taking cognisance of the fact that 

small scale fishers (such as those on the west coast of Scotland) may have very different 

attitudes from those of larger scale fishers. 
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Fishers’ attitudes towards offshore energy extraction may be linked to acceptance.  This may 

follow a series of steps such as the Kubler-Ross [193] change model: passing through denial, 

anger, bargaining and depression before reaching acceptance; or Bardi’s [194] ‘four stages of 

acceptance’: (i) never heard of it, (ii) it is wrong, (iii) it is right but irrelevant, (iv) it is what 

I’ve been saying all along.  Given the early stage of offshore energy development, the 

majority of fishers have not yet been exposed to offshore energy installations within their 

locality: Bardi’s first stage.  This may then turn to belief that it is irrelevant because they will 

not be affected personally: Bardi’s third stage.  Information regarding proximate development 

may mean outrage is expressed at perceived potential negative impacts upon the industry: 

Kubler-Ross’s second step.  Acceptance, the final step, is the end point of both theories.  This 

reflects Wolsink’s suggestion that acceptance of renewable energy projects follows a U 

shaped curve [195].  Four stages of acceptance: (i) unknown, (ii) irrelevant, (iii) anger, (iv) 

acceptance, may explain the larger percentages of neutral and positive attitudes towards 

marine renewable energy; the majority of fishers may lie within the first two stages. 

 

 

4.4.2 Factors influencing attitudes, and potential impacts, opportunities and 
mitigation 
Three factors did not significantly influence fishers’ attitudes during this study: (i) gear type, 

(ii) fishing association membership and (iii) length of time fishing.  It might be that fishers, 

such as trawler men or those using nets, do not expect to be able to fish near marine energy 

installations for safety reasons, as found in a study of the impacts of wind farms upon the 

fishing industry [111].  The majority of Scottish west coast fishers use static gear, and it was 

suggested that fishing close to developments may be a potential mitigation strategy.  It might 

not be considered that marine renewable energy developments will impact on the static gear 

method of fishing. 

 

That association membership results in shared values and norms as well as similar attitudes 

[176] is not supported by the results in this case. Concerns have been registered by fishing 

associations regarding potential wind and wave energy installations [174, 175], including one 

which has a catchment area from Ayr to Oban,  and yet membership does not appear to affect 

fishers attitudes. Fundamental regulatory and management changes in recent years, such as 

the reform of the Common Fisheries Policy [196], may have led to further competition 
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between fishers thus eroding the potential for individuals to favour group interests.  

Regulatory changes may also have led to better adaptation to change, thus explaining why the 

length of time fishing does not influence Scottish fishers’ attitudes.  However, these factors, 

along with gear type, may become influential when fishers reach later acceptance stages.  This 

should be tested at a later point. 

 

Two hypothesised factors did significantly influence fishers’ attitudes: (i) their location 

(whether they operated from the mainland or from an island), and (ii) whether they knew of a 

nearby offshore development.  Remote Scottish communities, such as those on the Outer 

Hebrides, can be classed as fisheries dependent communities i.e. a population in a specific 

territorial location which relies upon the fishing industry for its continued economic, social 

and cultural survival [157], suggesting that island fishers may act negatively towards 

developments which could disrupt fishing practices.  Despite this, those living on the 

mainland were more likely to have a negative attitude than those operating from island ports. 

This may be due to increased exposure to renewable energy developments on the mainland, 

where at a general level there is strong public support, but at the local level there is frequent 

controversy and public opposition [123].  In contrast, marine renewable energy projects may 

allow for diversification of the rural island economies as a source of employment and wealth 

growth [197], as well as creating further economic and social benefits.  This was reflected in 

the suggested opportunities of ‘alternative/additional employment’ and ‘improved 

infrastructure’. 

 

Although it has been suggested that offshore sites are less likely to suffer from the NIMBY 

effect than onshore sites [182], known nearby offshore developments were found to have a 

negative influence upon the attitudes of fishers. NIMBY-ism is based on supposedly selfish 

motives where people only oppose plans that will directly affect them, however it may also be 

due to feelings about equity and fairness [180].  In this case, west coast fishers are primarily 

small businesses who fish locally, and impacts such as ‘loss of access’ to local areas and 

‘displacement’ to more distant fishing grounds may be deleterious.  The NIMBY argument is 

contentious, often popular with some proponents and disliked by others.  On aggregate, 

proximity does have strong influence on public attitudes to proposed projects, but nature, 

strength and spatial scale may vary depending on local context and ‘value’ of land [181].  

Those who derive a more positive sense of identity from particular rural landscapes may be 
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the most likely to resist.  This may be due to an alternative to the NIMBY effect, known as 

‘place attachment’ (discussed in Chapter 2) which refers to cognitive ties between 

individuals/groups and the socio-physical environment [99].  Conducting this study again 

when energy extraction devices have been installed on the west coast of Scotland could test 

this theory. 

 

 

4.5 Summary  

The aims of this study were to (i) gather information on the attitudes of fishers towards 

marine renewable energy development; (ii) to investigate which factors influenced negative 

attitudes; and (iii) to identify the perceived impacts upon and opportunities of marine 

renewable energy for the fishing industry as well as potential impact mitigation.   

 

Despite concerns regarding potential impacts and mitigation, 81 per cent of fishers held 

positive or neutral attitudes towards marine renewable energy development.  Furthermore, the 

key characteristics influencing negative attitudes were knowledge of nearby offshore 

developments and operation from a mainland port.  Understanding the key factors which 

influence fishers’ attitudes towards marine renewable energy will assist in devising mitigation 

strategies. For example, stakeholder engagement could be focussed upon fostering a positive 

place attachment encompassing offshore energy, encouraging local ownership of 

developments. Likewise, instead of compensating individual fishing businesses operating 

from island ports, compensation could be used to create a common fund allowing fishers to 

diversify, or even fund island community initiatives – thus assisting and promoting the 

continuation of rural economies. 

 

A variety of potential impacts and opportunities were raised including: loss of access, 

displacement, habitat disruption, changes to fish behaviour, safety alternative employment, 

and the potential regeneration of fish stocks (through sanctuaries within exclusion zones and 

the artificial reef effect).  Mitigation strategies mainly focused upon consultation and 

communication.  Further research is needed to fully understand these concerns and how they 

can be addressed. 
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Chapter 5 - Marine Renewable Energy and Scottish west coast fishers: 
Exploring the impacts, opportunities and potential mitigation 
 

This chapter details the second of two studies assessing the consequences of MRED 

installations for the fishing industry based upon in-depth interviews with fishers.  Human 

needs theory (the conceptual framework for this study) is introduced and the interview 

method described.  The results of the interviews are presented and the underlying needs of 

fishers discussed. 

 

 

5.1 Introduction 
 

Conflict, caused by fear of negative impacts can hinder offshore development as witnessed in 

Grand Manan, the Bay of Fundy, where fishermen mobilised against the development of 

salmon farming with the local fishermen’s association organising a blockade of two wharves 

in May 2001 to prevent the deployment of new farm sites in Grand Manan waters [198].  

Elsewhere the Martha’s Vineyard/Dukes County Fishermen’s Association fought the 

proposed Cape Wind project, pursuing legal action to have the wind farm moved or to have 

the effects on livelihoods mitigated [169].  This potential for conflict between offshore 

renewable energy and the fishing industry is also evident in the UK fishing media with 

headlines like: “Wind farm will finish N Devon industry” [199], “W Isles fishers wary of 

wind turbine plan” [166], and “Wind farms threaten NW England boats”  [200]. 

 

One theory of conflict resolution suggests that conflict can be either settled or resolved [201].  

Those which are settled tend to be arranged or imposed (in some cases by powerful outsiders) 

leading to underlying issues remaining in contention and arising again at a later date.  

Alternatively, resolution of conflicts (although difficult to achieve) can provide long lasting 

solutions to disputes by removing the underlying causes [201, 202].  At the centre of this 

perspective are human needs, and this is ‘human needs theory’[125].  Needs are constant and 

common to all humankind; however a need will only become apparent when the environment 

is perceived to pose a threat to that need. For needs theorists the satisfaction of needs is 

necessary for a society to function harmoniously [203].  Therefore, conflict resolution based 
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on assessing basic needs will increase the chance of reaching a resolved agreement [204].  

Basic needs may include: freedom, identity, order, security, self-actualisation and equity [201, 

204, 205].  Whilst taking socio-biologically-based human needs as a starting point for human 

needs theory may ignore the more socially constructed nature of society [206] and be based 

upon the assumption that differing needs are compatible [207]; even if understanding the 

needs of each party leads to just that - a better understanding - conflicts may still be 

minimised or solutions more easily found. 

 

The aim of this study was to contribute to the body of knowledge regarding the potential 

conflict between offshore renewable energy development and commercial fishers, particularly 

in terms of discerning the underlying needs of fishers.  This study focused on three main 

areas:  i) how current fishing practices may be impacted by marine renewable energy 

deployments; ii) benefits to fishers individually, or the fishing industry as a whole, of offshore 

renewable energy extraction; and iii) the key issues relating to potential mitigation.  

  

 

5.2 Materials and Methods  
 

5.2.1 Data collection: In-depth interviews 
Interviews are an excellent method of gaining access to information about opinions and 

experiences.  Despite disadvantages such as time, costs, the interviewee response being 

affected by the presence of the interviewer, and interviewer bias (in this case countered by 

using only one interviewer), there are many advantages to using this method.  Research 

interviews are used for four main reasons: i) to fill a gap in knowledge that other methods are 

unable to bridge, ii) to investigate complex behaviours and motivations, iii) to collect a 

diversity of meaning, opinion and experience, and iv) to use a method which shows respect 

for, and empowers, those people who provide the data [208].  A key feature of the in-depth 

interview is that it combines structure with flexibility by following an initial pro-form 

structure yet allowing responses to be fully explored [209].  Requests from fishermen to be 

worked with in a face-to-face setting [111] and offers resulting from the survey described in 

the previous chapter, led to the in-depth face-to-face interview method being used in  this 

study. 
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Seventeen interviews were conducted with fishermen based on the west coast of Scotland in 

areas including Argyll, Wester Ross, the Outer Hebrides and the Inner Hebrides (Figure 5.1).  

Interviews were held between January and March 2011.  Interviewees were chosen firstly 

according to whether they had indicated in a prior study [210] that they were willing to be 

interviewed and had given contact details.  An attempt was made to obtain a wide 

geographical coverage of the west coast of Scotland and to include a variety of fishing 

practices and the sample size was increased until data saturation (where no new themes are 

identified) was achieved. The concept of data saturation followed the guidelines suggested by 

Francis et al., [211] with a minimum of 10 interviews, plus three further interviews once no 

new information or themes arise. 

 
In depth interviews were conducted using a topic guide (Appendix C.i) split into five sections: 

i) identified the background of the fisher including family, current fishing practices and 

fishing history; ii) examined fishers’ awareness of marine renewable energy and when 

information regarding this comes from; iii) explored issues regarding impacts of marine 

renewables including gear conflict, navigation and loss of access; iv) focused upon attitudes 

towards opportunities of marine renewables including no-take areas, artificial-reef effect, 

alternative employment and compensation; and v) explored issues of potential mitigation, 

with a focus upon communication, local knowledge and marine spatial planning. 

 

Informed consent was obtained; interviews were recorded using an audio recorder; and field 

notes regarding time, location and general impressions were written after the interview.  

Transcripts were verified by respondents via email, and any misunderstandings clarified. 
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Figure 5.1. Locations of interviewees on the west coast of Scotland.  More than one interview 
was conducted at several locations. 
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5.2.2 Data analysis  
The analysis of qualitative data consists of three concurrent activities: data reduction, data 

display and conclusion drawing [212].   The first step in the data reduction process was to 

fully transcribe, prepare and import interview data into QSR International’s NVivo9 software 

[213]: a computer-assisted qualitative data analysis software which facilitates coding and 

retrieval, making the analysis process more efficient.  This software was used to code and 

compare interview transcripts.   

 

Coding allowed the reduction of large amounts of qualitative data into smaller ‘packages’ 

[214]; a key step in the data reduction/analysis process and a form of analysis which sorts, 

focuses and organises data.  A grounded theory approach to coding was taken as described in 

Charmaz [215].  Grounded theory is a systematic research method used to build theory 

through the analysis of data.  However the grounded theory method was used only for coding 

as this study was exploratory, aiming to delve into the key issues in some depth, rather than to 

create theory.  Grounded theory was chosen because it was an inductive research method 

rather than deductive, and using this approach for coding ensured that the codes related 

closely to, and remained grounded in, the data.  Three steps were taken during the coding 

procedure: i) initial line by line coding (for the first five transcribed documents) where text 

relating to behaviours, events, meanings, strategies, relationships, constraints and 

consequences was given a short code term (e.g. loss of access); ii) focused coding (for the 

remaining transcripts) where the most frequent themes were given one of the short codes 

arising in step i) (although if new themes were found in these documents, the process returned 

to the first step); iii) axial coding which allowed categories to be related to subcategories and 

the building of relationships around the axis of a category (Figure 5.2). 
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Figure 5.2 Diagram representing the steps taken during the coding procedure: an initial line 
by line code (1) is converted to a focused code (2) which is then linked to an axial code (3), 
which is then linked to a higher level axial code, thus identifying common patterns and 
themes. 
 

The second analysis activity was to display data in an organised and compressed format.  

Focused codes and axial codes were entered into conceptually clustered matrices as described 

in Miles and Huberman [212].  This format of data display allowed data to be clustered by 

informant group and by concept, allowing themes and patterns to be identified, as well as 

comparisons and contrasts to be made, and thus conclusions drawn. 

 

 

5.3. Results 
 

Interviews were conducted with fishers from a range of fishing practices, although all were 

inshore, local (< 30 nautical miles from fishing grounds) fishermen (Table 5.1).  The larger 

number of static gear fishers was representative of the west coast inshore population.  
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Operating port and association membership were well mixed, and experience ranged from 15 

years to 40 years.  

 

Table 5.1. Business characteristics of interview participants. 

Participant Type of fishing Operating 
port 

Experience Association 
Membership 

Participant 1 Potting – crab and 
lobster 

Mainland  40 years No 

Participant 5 Potting – crab and 
lobster 

Mainland  30 years Yes 

Participant 9 Potting – crab and 
lobster 

Island 26 years No 

Participant 16 Potting – crab and 
lobster 

Island  25 years Yes 

Participant 13 Potting - lobsters Island 24 years Yes 
Participant 3 Potting - nephrops Mainland  26 years Yes 
Participant 7 Potting – nephrops Mainland  30 years Yes 
Participant 2  Potting - nephrops Mainland  22 years No 
Participant 8 Potting - nephrops Island  35 years No 
Participant 15 Potting - nephrops Island  25 years Yes 
Participant 10 Potting – crab, 

lobster & nephrops 
Island  32 years Yes 

Participant 17 Potting – crab, 
lobster & nephrops 

Island  18 years Yes 

Participant 4 Trawling - nephrops Mainland  35+ years Yes 
Participant 11 Diver – scallops Mainland  15 years No 
Participant 14 Dredging - scallops Island  37 years Yes 
Participant 6 Dredging - scallops Mainland  24 years Yes 
Participant 12 Fishing Association 

rep 
Island   -  Yes 

 

 

 

5.3.1 Impacts 
The three key ‘impacts’ themes identified from the interviews were gear conflict, safety 

implications and loss of access (Table 5.2). 
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Table 5.2 Conceptually clustered matrix: fundamental codes concerning the impacts of marine renewable energy upon the fishing industry. 
Participant 
Group 

Topics (based on survey responses) 
Gear Conflict Safety Implications Loss of Access 

Potting – crab & 
lobster 
 

• No fishing in tidal areas 
• Most lucrative fishing in tidal areas 
• Gear moving close to devices 
• Loss of gear may lead to ghost fishing 
• Problem for mobile gears, but not static 

(i.e. creels) 
• Potential for entanglement  

• Shouldn’t be a danger to 
navigation  

• Anticipating loss of earnings  
• Displacement & increased 

competition 
• Facing increased spend 
• Stopping ability to work 
• Localised west coast fishing 
• Island clearances  

Potting - nephrops • Yes – but could design ‘snag-proof’ 
devices 

• Prevention - Understanding placement 
of ropes & moorings of MREDs 

• Potential to snag and lose gear - 
financial impact 

• Potential for entanglement 

• No impact – similar to fish farms 
–lit well & buoyed 

• Debris from decommissioning 
• Potentially blocking narrow 

channels 

• Stopping ability to work 
• Little fishing in tidal areas 
• Displacement & increased 

competition 
• Localised west coast fishing 
• Impacts location-specific 
• Anticipating loss of earnings 
• Island clearances  
• Knock-on effect on local 

community 
Potting - all • Trapped gear may lead to boat 

capsizing 
• Concerned re damage gear could do to 

MREDs  

• Affects manoeuvrability 
• Can narrow channels still be 

passed safely?  

• Anticipating loss of earnings 
• Anticipating loss of time  
• Facing increased spend 
• Knock-on effect  
• Localised west coast fishing 
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Table 5.2 (continued). 
Participant 
Group 

Topics (based on survey responses)  •  
Gear Conflict Safety Implications Loss of Access 

Trawling - 
nephrops 

  • Anticipating loss of time  
• Displacement & increased 

competition  
• Facing increased spend 

Diving - scallops • Sucked into MREDs 
• Entanglement with buoys 

 • Displacement and increased 
competition  

Fishing 
Association 
Representative 

• Tidal turbines a fishing gear magnet • Issue of safe navigation in 
restricted channels 

• Anticipating loss of earnings 
• Displacement & increased 

competition  
• Facing increased spend 
• Knock-on impact on local 

economy 
• Localised west coast fishing 
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5.3.1.1 Gear Conflict 
It was largely agreed that there was a potential for conflict between fishing gears and MREDs 

and that entanglement could affect safety.  One respondent explained that because keeping 

static gear (such as creels) in one location was difficult, creels may move close to devices and 

‘snag’, as had often happened with the ropes and anchors of fish farms. 

 
“There’s a couple of wee [small] boats that come out of Dunstaffnage every day and 
put their gear in amongst these cages there, and it’s a kinda [kind of] unwritten rule 
that, if you get caught in their moorings then it’s your own silly fault, that’s where if 
you do it twice you are an idiot ‘cause you should have marked where you got caught, 
you know...” Creel fisherman 

 

Concerns were wide-ranging and included fishing gear becoming trapped in devices which 

may lead to the capsizing of fishing vessels and the loss of gear leading to ‘ghost fishing’.  

However some respondents suggested that MREDs were unlikely to be any different from 

other ‘fasteners’ on the seabed such as rocks.  One participant showed more concern for the 

damage that fishing gear could cause MREDs. 

 
“It’s just like if you’ve got a nice Aston Martin parked in your driveway, would you 
want anyone going near it, kids with a bicycle or whatever?” Creel fisherman 

 

Ensuring that fishers understood the placement of ropes and moorings, and ‘snag-proofing’ 

devices were suggested as ways in which these dangers could be avoided. 

 

 

5.3.1.2 Safety Implications 
Conflict between fishing gear and energy extraction devices was the largest safety concern, 

with other safety implications rarely raised.  The potential for MREDs to block narrow 

channels (should they be unable to sail over the devices), and manoeuvrability through narrow 

channels were raised, as was the possibility of debris from installation and decommissioning.  

However, it was also felt that MREDs were likely to be similar to fish farms, well lit and 

buoyed, and so there should be no impact.  One participant explained 

 

“I don’t think they’re any more of a danger to navigation as a rock is”  

Creel fisherman 
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5.3.1.3 Loss of Access 
Loss of access to fishing grounds was the subject of most discussion in all interviews.  Firstly, 

the respondents anticipated a loss of earnings and a loss of time if it is not possible to fish in 

MRED deployment locations.  If unable to fish in areas traditionally fished (generally the 

most productive grounds, and often close to where they live), many fishers would have to 

travel further to alternative sites which in turn would have an impact upon their social life.  In 

addition to this, increased steaming would lead to increasing spend, which meant fishers then 

would have to spend longer fishing to break-even and there were concerns that this would 

lead to a downward spiral of losing time and money. 

 

“That means I’ve got to put more effort into my fishing which means maybe too much 
effort on the ground and the stocks might not last, they will not last as long because 
I’ve gotta [got to] find another hundred pounds worth of prawns.  And the way things 
are going just now that means I’ve gotta stay out there for another hour and a half of 
fishing to make that money.” Creel fisherman 

 

 

Displacement and increased competition arising from the loss of access to grounds was 

another concern for fishers.  This partly related again to a loss of money because the new 

grounds may not be as productive or lucrative as the original fishing site.  The increased 

pressure that this would place upon stocks was also frequently raised.  It was further 

suggested that a potential ‘knock-on’ effect may also affect the local economy.  Many 

onshore jobs from processors and gear manufacturers to salesmen and accountants are 

dependent on the success of the fishing industry. 

 

It was suggested that west coast fishers are likely to be the most impacted group.  The 

logistically limited nature of inshore fishing on the west coast of Scotland means that it is 

often the same localised areas that are the most heavily fished, and it is not possible for these 

operators to travel further away to fish. 

 

“I mean most of the boats that would be affected by this would be small inshore boats 
that work day work from a little mooring underneath the house more or less, you 
know.  And to say to them, ‘well you can’t fish your own traditional grounds, you can 
go fifty miles down the coast there’s plenty of water down there’, that’s just 
unreasonable you know, they can’t be expected to do that” Creel fisherman 
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The communities most thought to be affected by MRED installations, due to this locality of 

fishing practice, were on the islands.  It was felt that if fishing was no longer viable, then 

leaving the islands may be the only option.  It was suggested by some respondents that this 

may lead to the ‘island clearances’. 

 

“it would be a final nail in the coffin...if there isn’t employment, they need to move 
somewhere where there is” Creel fisherman 

 

Impacts were viewed by the interviewees as interacting, and were placed within a larger 

regulatory, financial or sustainability context.  Regulatory constraints such as quota and days 

at sea, financial constraints such as increasing fuel and gear costs, and the drive for 

sustainability were viewed as existing concerns at the root of the larger loss of livelihoods 

issue.  A clear sense of progression was revealed from the perceived current state of affairs to 

the potential consequences of business failure, unemployment and the island clearances, 

should the deployment of marine renewable energy be added to the mix. 

 

 

5.3.2 Opportunities 
The three key ‘opportunities’ themes identified were exclusion zones, the artificial reef effect 

and alternative employment (Table 5.3).
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Table 5.3 Conceptually clustered matrix: fundamental codes as regards the opportunities of marine renewable energy for the fishing industry. 
Participant Group Topics (based on survey responses) 

Exclusion zones Artificial Reef effect Alternative employment 
Potting – crab and 
lobster 

• Increased catches  
• Overcrowding = spill-over 
• Static fishing near devices 
• No reason why can’t fish 

near devices 
• Need for proof of effects 
• Against exclusion zones  
• Enforcing exclusion zones 
• Small closures acceptable 
• Stock management more 

beneficial  
• Rotate exclusion zones  

• Benefits things that crawl 
• Breeding grounds 
• MREDs similar to a wreck, species will 

populate it 
• Questioning temporal aspect of artificial 

reef effect  
• MREDs offer fish protection- although 

lack of fish... 
• Lobsters may be given chance to breed 

around devices 
• Man-made reefs increase fishing stocks 

• Fishers won’t turn work down 
• Questioning potential for 

employment  
• Fishing boats not suitable  
• Maintenance and inspections 

Potting - nephrops • Good fishing at boundaries 
• Freedom to mature & spawn 
• Questioning effects 
• Difficulties with policing 
• Effect is species-dependent 
• Small closures acceptable 
• Enforcing exclusion zones – 

byelaws  
• Fish out perimeter quickly 
• Rotating no-take zones  
• Effect is location-specific 

• Artificial reef effect obvious 
• Reefs species selective – best for crabs 

and lobsters 
• Quick colonisation 
• Obstructions attract fish 
• Safe haven for species 
• If new habitat provided – how to catch 

them in terms of quota 

• Fishing boats not suitable  
• Employment short-term 
• Fishing boats not suitable  
• Questioning employment 
• Lacking qualifications for other 

employment 
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Table 5.3 (continued) 
Participant Group Topics (based on survey responses) 

Exclusion zones Artificial Reef effect Alternative employment 
Potting - all  • Marine growth on devices will impact up 

the food web 
• Questioning employment  

Trawling - nephrops • Need proof regarding impacts 
of devices upon species 

• Similar to a wreck – try to get as gear as 
close as possible 

• Marine growth on devices will impact up 
the food web 

• Lacking qualifications for other 
employment 

• Questioning employment  

Diving - scallops • Enforcing exclusion zones  
• Conserve stocks 

• MREDs good for scallops  

Dredging - scallops • Enforcing exclusion zones  
• Need for research into effects 

of exclusion zones 

• Artificial reefs benefit fishers  
• Species leave on MRED deployment, not 

move into area 
• MREDs destroy seabed 

• Employment beneficial to 
younger fishers 

• Fishing boats not suitable  
• Lacking qualifications 
• Questioning employment 

Fishing Association 
Representative 

• Exclusion zones may become 
breeding grounds 

• No need for additional habitat 
• MREDs destroy seabed 

• Lacking qualifications for other 
employment 
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5.3.2.1 Exclusion zones 
The enforcement of exclusion zones was questioned, and suggestions made that exclusion 

zones should be rotated (Table 5.3).  Discussions centred, however, upon one key topic: the 

potential stock benefits and the need for proof of those benefits.  There was some consensus 

that exclusion zones can benefit the ecosystem by becoming breeding and/or nursery grounds, 

allowing species the freedom to spawn and mature.  The potential for a ‘spill-over’ effect, 

based upon the idea that when an offshore development area is no longer fished species 

density increases as does competition for space and so species need to migrate out-with the 

area, was a commonly held view.  However, there was much uncertainty regarding the reality 

of this effect.  For several interviewees, any protected effect of exclusion zones was likely to 

be location and species specific. 

 
“We have an area here called Broad Bay and it was closed in the early eighties as a 
plaice nursery area.  It was good for scallops... Now there’s nothing living in there, 
it’s like a desert.  It’s the opposite of what you would think would happen... There’s no 
crabs there, and there’s no fish there either.” Scallop dredge fisherman 

 

Several participants expressed the need for further research regarding the effects of devices 

upon species, and the effects of exclusion zones upon the fishing industry. 

 

 

5.3.2.2 Artificial reef effect 
Artificial reefs were believed to have similar effects to exclusion zones.  Several participants 

suggested that MREDs would be colonised quickly, promulgating through the food web.  

Fishers believed that structures placed on the seabed would become a ‘safe haven’ for species, 

offering protection for fish and other species and focussed particularly upon the benefits to 

crab and lobster populations.  There was some dissent, however, with some participants 

suggesting that species leave in response to MRED deployment rather than move into the 

area. 
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5.3.2.3 Alternative employment 
When fishers were questioned regarding potential alternative employment arising from the 

development of the marine renewables industry, there was varied opinion and much 

uncertainty.  Some interviewees suggested that fishers could be used to maintain and inspect 

devices, and the fishing association representative reported that developers promoting this 

possibility.  However, many fishers disagreed with this idea. 

 

“Developers talk about being able to employ the fishermen that are displaced from 
their sites.  Fishermen have a skill, and that’s fishing…it’s really not possible to take a 
skilled fisherman and turn him into a wind farm engineer or a tidal turbine engineer, 
it’s not going to happen” Fishing Association Representative 
 

One reason for suggesting that there would not be alternative employment related to the belief 

that fishing boats are not suitable for MRED work: many boats are under 10m and there is an 

issue of space, adaptation would be needed, and possibly vessel compliance certificates would 

be needed for safety reasons.  It was also believed that a lack of qualifications or transferable 

skills held by fishers would prevent them from undertaking alternative employment. 

 

“I don’t have a qualification to my name.  I’m a ‘jack of all trades, master of none’... I 
can strip an engine, I can build up a pump, I can mend a net, make a net, navigate the 
boat, read computers...  I can export, I can organise lorries ...I can do all that without 
qualifications.  I tried for seventeen jobs when I retired.  Seventeen applications, I got 
three interviews and I flunked the whole lot of them.” Nephrops Trawl fisherman 

 

Many respondents had entered the industry through family, having left school at an early age, 

and the only suitable jobs were viewed as those which were connected to fishing such as fish 

farm crew, or connected to boats such as a crew man. 

 

 

5.3.3 Mitigation 
The three key ‘mitigation’ themes identified were compensation, consultation and fisher 

knowledge (Table 5.4).
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Table 5.4. Conceptually clustered matrix: fundamental codes pertaining to the mitigation of marine renewable energy impacts upon the fishing 
industry. 
Participant Group Topics (based on survey responses) 

Compensation Consultation Using Fisher Knowledge 
Potting – crab and 
lobster 

• Need for financial assistance 
• Difficulty proving claims  
• Compensation unlikely 
• Alternative compensation 
• Short-term thinking 
• Questioning process 
• Needing longer-term thinking 
• Is it needed? 
• Seeing compensation as a ‘target’ 

• Fishers should be first contact 
• Working together 
• Distrusting others 
• Fishers can be more obliging 
• Feeling ‘nobody listens’ 
• Fishers having to give way 
• Suggesting not telling 
• Consult in small groups 
• Need for compromise 

• Fishers know the sea 
• Fishers an asset to developers 
• Fishers hold relevant data 
• Fishers can assist locating 

deployment areas 
• Fishers hold relevant data 
• Likelihood of fishers sharing 

information 
• Developers don’t understand the 

areas 
Potting - nephrops • Distrusting others 

• Difficulty proving claims 
• Compensation as ‘target’ 
• Alternative compensation  
• Questioning process  
• Is it needed? 
• Links between compensation and 

business operation 
• Large numbers to compensate 

• Knowing what’s expected 
• Needing communication 
• Potential lack of negotiation 
• Distrusting others  
• Need for diplomacy 
• Working together 
• Consultation is lip-service 
• Feeling ‘nobody listens’ 
• Fishers having to give way 
 
 
 
 
 

• Fishers can assist locating 
deployment areas 

• Learning from each other 
• Fishers know the sea 
• Suggesting fishers as catalysts 
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Table 5.4 (continued). 
Participant Group • Topics (based on survey responses) 

Compensation Consultation Using Fisher Knowledge 
Potting - all • Is it needed? 

• Alternative compensation  
• Needing longer-term thinking 
 

• Need for compromise 
• Needing communication 
• Suggesting not telling 
• Consultation through associations 
• Feeling ‘nobody listens’  
• Working together 

• Fishers know the sea  
• Fishers can assist locating 

deployment areas  

Trawling - nephrops • Compensation as short-term 
thinking  

• Consultation at fishers persistence • Developers don’t understand the 
areas 

• Fishers know the sea 
Diving - scallops  • Non-adaptability of fishers • How to use local knowledge? 

• Reluctance to share info 
Dredging - scallops • Compensation as incentive 

• Compensation should be on-going  
• Voluntary decisions - agreement 

from everyone 
• Distrusting others 
• Feeling nobody listens 

• Fishers an asset to developers 
• Developers don’t understand the 

areas  

Fishing Association 
Representative 

• Developers skirting issue of 
compensation 

• Business compensation? 
• Questioning process 

• Decision-makers don’t understand 
fishing 

• Correct consultation likely to 
happen ‘too late’ 

• Suggesting not telling 

• Developers don’t understand the 
areas  

• Fishers can assist locating 
deployment areas 

• Difficulty of collecting info from 
fishers 
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5.3.3.1 Compensation 
Views were varied regarding compensation for loss of fishing grounds.  Some respondents 

felt that compensation was necessary if a loss of access to traditional fishing grounds and, in 

turn, losses of earnings were to occur.  Others questioned whether compensation was actually 

needed.  It was suggested that compensation was only necessary if closures put fishers 

entirely out of business. 

 

“if you’re a small operator and you just fish where you live and suddenly somebody 
says that you know there’s ten square miles there you can’t use, you don’t have an 
option to go somewhere else” Creel fisherman 

 

For several fishers the process of compensation was a key focus.  The likelihood of receiving 

compensation was questioned due to difficulties in quantifying compensation, deciding 

whether it is a large one-off payment or smaller payments over a period of time and, most 

importantly, proving or disproving claims. 

 

“‘Cause first of all you are going to have to determine who’s… how can you prove 
who’s been fishing it?  Somebody can turn round from any area and say ‘oh, I fish 
that’, but when?  Once you start compensation, everybody jumps on the bandwagon 
because it’s money for nothing”. Creel fisherman 

 

Compensation to individual fishers was viewed as ‘short-term thinking’, and alternative types 

of compensation were suggested, often of benefit to either the fishing industry as a whole 

through funds for diversification into other fisheries, or to local communities through funds 

for building new schools or hospitals, rather than purely benefiting the individual. 

 

“But if there was a funding package which there used to be for diversification on 
fishing and especially now where eh you’re gonna get hit by pot limitation now so 
we’re not going to be able to fish with the same amount of gear we have, we’ve got, 
we’re gonna have to put some of it ashore or discard it.  Eh, so you know, if we were 
able to diversify into something else then that would help us maybe” Creel fisherman 

 

 

5.3.3.2 Consultation 
Discussions regarding consultation between those involved in the process of marine 

renewable energy extraction deployment and fishers largely involved personal 



76 

 

‘characteristics’ such as trust, and the feeling that ‘nobody listens’.  The issue of trust is one 

which arose frequently, and ranged from a lack of trust within the industry and of other 

fishers, through to a lack of trust in the government and other authorities. 

 

“you hear a lot of folk who feel very hard done by.  You know, you have guys, you 
know people eighteen months ago, building boats, kinda a million quid upwards based 
on their projections for the following five years only to have the rug pulled out from 
under their feet the following year.  You know, and Europe decided that they were 
slashing this and that and the other and you can understand why the mistrust is 
there.” Creel fisherman 
 

“You know, fishermen are historically very suspicious about academic information 
you know because they get all this BS [bullshit] from Brussels about declining cod 
stocks in the North Sea and they can’t catch anything but cod because they’re 
everywhere you know, and they just say ‘Damn scientists – don’t believe a word they 
say’.” Creel fisherman 

 

The concept of trust pervades perceptions of the consultation process, and a suggestion was 

made that consultation is only ‘lip-service’.  The suggestion that ‘nobody listens’ is closely 

linked, and there was further sentiment that the renewables industry would not really be 

interested in discussions with fishers.  There was a general feeling that the fishing industry 

and the renewables industry should be able to work together, but that this should include two-

way communication, the need for compromise, and a method of ‘suggesting, not telling’ 

fishers about potential developments. 

 

 

5.3.3.3 Using Fisher Knowledge 
There was some consensus that those developing the marine renewable energy industry do not 

understand the areas within which they plan to deploy devices. 

 

“Now half the thing that’s all wrong with this these wee lassies sitting in offices 
drawing up plans when they dunno [don’t know] what they are speaking about…What 
about the hundred foot waves that are regular there?”  Scallop dredge fisherman 
 

The majority of respondents felt that this could be addressed if developers involved fishermen 

in the siting process and used local knowledge.  Fishers know the sea, and hold relevant data 

regarding seabed types, water movement, weather conditions, and their own fishing practices.  
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Through this knowledge, fishers could be an asset to developers, and assist in locating MRED 

deployment areas. 

 

“... fishermen could, they could definitely point out where the best places to put them 
would be for, eh for the best tide if it’s tidal power they’re after or where there are 
bits that are renowned for being eh, generating more waves you know”   
Creel fisherman 

 

However, queries were raised regarding a reluctance to share this knowledge, and the 

difficulty of collecting and using this sort of information.  

 

 

5.4 Discussion  
 

Three key issues have been identified:  i) A potential loss of livelihood was the largest 

concern of fishers; ii) Skills shortages may be a potential problem should a loss of livelihood 

occur; iii) Fishers were undecided in respect of potential benefits arising from offshore 

renewable energy induced changes to the ecosystem. 

 

There were limitations to using a face-to-face interview method.  There was the potential for 

an interviewer to unintentionally influence results through verbal and non-verbal cues.  To 

reduce this only one interviewer was used and body language and the questions asked were 

kept as neutral as possible. Also, participants may feel awkward or uncomfortable leading to a 

reluctance to provide truthful answers, but rather to provide socially acceptable answers.  This 

was managed by conducting as many interviews as possible in respondents’ homes, providing 

a safe and comfortable environment in which to talk.  It must be acknowledged that this 

chapter discusses a single case study and as such there is little transferability of the results; 

however the key findings are in agreement with the wider literature. 

 

 

5.4.1 A potential loss of livelihood 
Changes to fishing practice were drawn together by an encompassing concern: a potential loss 

of livelihood.  This perception has been identified in several types of offshore development 

including: oil and gas development [216], wind farms [111], dredging operations [217] and 
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aquaculture [218].  For an industry already under substantial regulation including total 

allowable catches (TACs), minimum mesh sizes and limits to time spent at sea, fishers believe 

that their potential to secure the necessities of life is diminishing as development in the 

marine space expands. 

 

The key need being addressed by the loss of livelihood issue is security, particularly of 

employment and income.  Offshore renewable energy developments add to a feeling of a lack 

of control. Volatile fuel prices are a threat to the fishing industry [219, 220] and the effects of 

displacement are likely to exacerbate this.  Many fishers on the west coast of Scotland own 

small businesses, with two thirds of the Scottish fleet owning <10m vessels [84].  Owning a 

fishing business can lead to large outstanding borrowings (buying boats, leasing quota etc) 

[221] and in some cases can lead to financial hardship [222].  Should a business become 

untenable, this will lead to unemployment, in many cases severe financial difficulty and a loss 

of security for the individual business owner. Although this is not new, MREDs are an 

additional ‘unknown’. 

 

Is the potential loss of livelihood more perception than reality?  Few studies have assessed 

whether offshore development has led to the loss of livelihoods, or even how much ground 

has been lost and what the impacts have been.  The Lyme Bay marine protected area (MPA) 

had minimal impacts on the average incomes and financial profits of fishermen.  This was 

based upon a towed gear closure – static fishers could still fish.  There was, however, 

increased conflict in adjacent areas between gears due to displacement [223].  Alternatively, a 

modelled economic analysis of Californian MPA proposals suggested that there would be 

from 1.7% to 14.2% loss of net commercial fishing revenue for the eight fisheries considered 

[224].  It is imperative that this gap in knowledge be addressed given the advanced 

developmental stage of MREDs.  Perhaps the key question that should be addressed (by 

policymakers? by society?) is: in the interests of a low carbon economy, are we willing to 

sacrifice a number of inshore fishing businesses? 
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5.4.2 Skills shortages 
It is often proposed, particularly by developers, that alternative employment arising from 

MRED deployment will be available for fishers.  However the fishers interviewed did not 

believe that this would be the case, particularly because they do not hold skills which are 

transferable to the offshore energy industry.  In Bangladesh transferring to other professions 

by fishers was found to be difficult due to fishing skills not being easily converted into other 

professions, and living in rural communities meant little opportunity for developing skills 

[225].  In Lebanon, fishermen were restricted by a lack of education, lack of alternative skills, 

and a dependency upon traditional fishing techniques passed down generations [226].  

Similarly although Scotland has a high level of employees with degree level or professional 

qualifications there is also a high proportion of non-qualified school leavers, which many 

fishers are [227]. This mismatch between employment opportunities and skills shortages may 

link to the suggested island clearances as those who live in remote communities have to move 

elsewhere to work or to develop skills. Alternatively, this lack of transferable skills may lead 

to a dependency upon the resource and increased pressure upon the marine ecosystem, again 

leading to a collapse of the industry.  Fishers might see this as a lack of control over their own 

life.  The option to choose an alternative just does not exist. 

 

 

5.4.3 The benefits of offshore energy extraction to fishers  
Fishers recognise the potential benefits of offshore energy extraction devices, yet uncertainty 

remains.  How, or if, artificial reefs increase abundance and diversity in the local area is still 

subject to debate.  In situations where productivity is limited by habitat [228, 229], providing 

new habitat will produce increased fisheries.  High densities of catch rates around artificial 

reefs have been cited as evidence for this [230].  Research suggests that artificial reefs can 

increase local biodiversity, species abundance and biomass, especially of mobile species 

[231-233].  However, diversity and abundance can be lower on the reef [234, 235], or some 

species may be reduced while others are not [236, 237]. 

 

Similarly there is much disagreement regarding the effects of exclusion zones. The spill-over 

effect has been found largely in tropical [238, 239] and sub-tropical habitats [240], although 

even here there is some disagreement [241].  The evidence in temperate climates is sparse and 

further research is needed.  In North Atlantic MPAs including the south west Isle of Man 
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scallop research closure and the Lundy Island Marine Nature Reserve, little support was 

found for the suggestion that the spill-over effect compensated for loss of grounds [242]. The 

spill-over effect is of no benefit to fishers if it is not producing an equal or increased catch. 

There appears to have been attempts to ‘sell’ MPAs to fishermen on basis of spill-over effect 

for which the science is not yet there.  In this instance two needs which have already been 

discussed are again being addressed: the need for security and the need for control over one’s 

life.  The uncertainty in the artificial reef and exclusion zone effects is reflected in the 

uncertainty of the fishermen.  Fishers recognise the potential benefits, however they would 

like evidence that the artificial reef/spill-over effects will ‘balance out’ any loss of productive 

fishing grounds.   

 

 

5.5 Summary  

The aim of this study was to discern the underlying needs of fishers as they relate to the 

consequences of MRED installations.  This study focused on three main areas:  i) how current 

fishing practices may be impacted by marine renewable energy deployments; ii) benefits to 

fishers individually, or the fishing industry as a whole; and iii) potential mitigation of 

negative impacts from MREDs.  

 

Three key issues were identified: i) A potential loss of livelihood was the largest concern of 

fishers; ii) Skills shortages may be a potential problem should a loss of livelihood occur; iii) 

Fishers were undecided in respect of potential benefits arising from offshore renewable 

energy induced changes to the ecosystem.  Understanding that the key needs of fishers are to 

continue to provide the security of employment and income, and to be able to control one’s 

own life through making decisions based on fact, will allow mitigation strategies to be 

devised based on fulfilling rather than frustrating those needs and assist in conflict prevention.  

The question remains however: how can these basic needs be satisfied?  To answer this 

question, further research is needed regarding the potential for the loss of livelihoods and the 

possible benefits which fishers may derive from the deployment of offshore energy extraction 

devices, and this will be addressed in the following chapters.   
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Chapter 6 – Using ecosystem modelling to investigate the impact of 
MREDs upon Scottish west coast fishers’: the west coast of Scotland 
marine ecosystem 
 

This chapter relates the first of two studies which investigate the potential for a loss of 

livelihoods, and whether two benefits of MREDs (the artificial reef and exclusion zone 

effects) can mitigate negative impacts upon the fishing industry.  This chapter describes the 

development of an ecosystem model, used in the following chapter to test mitigation 

scenarios.  The reasons for using ecosystem models are introduced followed by a description 

of the model and its parameterisation. Finally, model outputs which characterise the 

ecosystem are discussed. 

 

 

6.1 Introduction 

Humans depend on ocean ecosystems for important and valuable goods and services such as 

food. However, anthropogenic impacts have altered the seas directly and indirectly, for 

example by removing or altering natural habitat, adding pollutants or changing species 

composition [243].  Chapter 5 identified fishers’ concerns about, and revealed the need for 

further investigation of, the impacts, opportunities and potential mitigation of MRED 

installations. 

 

Currently, however, few MREDs are installed and operating on the west coast of Scotland 

(wcoS).  Accordingly, it is not possible at this time to undertake observations or conduct 

experiments to assess the actual impacts and opportunities of MREDs for the fishing industry.  

Instead, we can use a model (a representation of a system) of the wcoS marine environment to 

provide indications of how the ecosystem is likely to change in response to changing human 

activities and how this will subsequently affect the fishing industry.  Most ecosystems are 

complex making them relatively difficult to manage comprehensively and this means that 

creating a suitable model is also challenging.  If a credible model can be developed, model 

parameters can then be changed to explore scenarios (a range of possible futures) and this can 

be very useful. 
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Ecosystem models have been used for a variety of purposes, for example: to understand 

ecosystem functioning and the impacts of fishing in the North Sea [244, 245] South Catalan 

Sea [246], the Northern and Central Adriatic Sea [247], and the Eastern Scotian Shelf [248] 

(for a review of 75 models see [249]); and to investigate the impacts of ocean productivity 

[250, 251] and climate change [252, 253] upon food webs.  There are several ecosystem 

models currently in use. 

• OSMOSE (object-oriented simulator of marine ecosystems exploitation) is a 

multispecies and ‘individual-based’ model.  OSMOSE uses individual predation rules 

(based on relative abundance and fish size characteristics) to model trophic 

interactions [254].  However, a key limit of this model lies in its inability to model 

non-fish species [254]. 

• ERSEM (European regional seas ecosystem model) is a plankton model developed to 

dynamically simulate the biogeochemical seasonal cycling of carbon, nitrogen, 

phosphorus and silicon in the pelagic and benthic food webs of the North Sea [255], 

which has since been adapted for several other European regional seas.  ERSEM can 

be linked to models of fish dynamics, but does not take into account fishing activities. 

• Atlantis is a deterministic whole-of-ecosystem model [256] which is comprised of 

several ‘sub-models’ including biophysical (e.g. bathymetry and flora and fauna), 

industry (exploitation and development) and implementation (e.g. economics and 

social pressures) [54].  However, the complexity of this model means that it is data 

intensive and therefore not suitable for data-poor areas. 

• The most used and tested ecosystem modelling tool for investigating how ecosystems 

respond to changes in fishing (and for investigating how fisheries respond to changes 

in the ecosystem) is Ecopath with Ecosim (EwE) [257]. EwE is a dynamic food-web 

modelling suite which describes ecosystem resources and their interactions. 

Considering the focus of this study upon fishing (including shellfish species) and the 

fact that the study area is a data-poor, this model will be used to characterise the wcoS 

ecosystem. 

 

This chapter describes the modification of an existing EwE model of the wcoS [see 258] 

which was used to conduct simulations of the potential impacts and opportunities of MRED 

installations for the fishing industry (see Chapter 7).  The aims of the exercise described in 

this chapter were threefold: firstly, to appropriately adapt the existing EwE model of the wcoS 
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ecosystem for simulation analysis relevant to the wcoS inshore fishing fleet; secondly, to 

explore the trophic interactions and external drivers needed to reasonably simulate the 

observed dynamics of the west coast ecosystem between 1985 and 2008 (time series data was 

only available until 2008); and thirdly, to get a feel for the ‘state’ of the ecosystem.  The key 

focus was on investigating the role of fisheries within the ecosystem during this period. 

 

 

6.2 Materials and Methods 
 

6.2.1 Area of study 
As with the model described in Bailey et al [258], the study area sits within the ICES Division 

VIa management area and includes only the shelf area (appropriate for this study because of 

the focus upon inshore fisheries), defined as all sea area above the 200m contour (Figure 6.1).  

For this reason, those species found exclusively off the shelf were excluded.  The study area 

covers approximately 110,000 km2 of sea surface, and includes the waters around the Outer 

Hebrides, Skye, the Small Isles, Mull, Islay, and the Firth of Lorn and Firth of Clyde island 

groups. 

 

The area has a complex geomorphology, influenced by its volcanic and glacial history and 

this has led to a complex coastline with many islands and fjords. Seabed features include 

pinnacles, reefs and shelves [258]. A wide range of water depths are also found within the 

study site and in some areas there are rapid depth changes which generate oceanographic 

features such as the Corryvreckan whirlpool [258].  Temperature and salinity studies have 

shown that the area is influenced by water masses from the Irish Sea and the Atlantic Ocean 

as well as freshwater runoff from the Scottish mainland [259].  The high freshwater input, 

particularly into sea lochs, greatly influences phytoplankton production and nutrient cycling 

on the west coast of Scotland [260].  Climate variability which drives temperature and salinity 

in the area (and indirectly primary production) is thought to be influenced by the North 

Atlantic Oscillation (NAO) [261]. 
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Figure 6.1. Map of Scotland showing the model extent (cross-hatched area).  The 
dashed outline represents the ICES VIa fishing area. 
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6.2.2 Ecopath 
Ecopath was created by Polovina [262] and subsequently improved by Christensen and Pauly 

[263] and Walters et al. [264].  In Ecopath, a static mass-balance model of an ecosystem is 

created.  The energy and/or mass input and output of all living groups must be balanced.  This 

mass balance constraint is implemented through two master equations.  The first equation 

describes how production (the rate of biomass generation) for each functional group can be 

split in components:  

     

Production =  catches +  predation mortality +  biomass accumulation +

 net migration +  other mortality       (1)  

     

Or, more formally: 

 

(𝑃 𝐵⁄ )𝑖   •  𝐵𝑖   =  𝑌𝑖   +  𝐵𝑗   •  (𝑄 𝐵⁄ )𝑗   •  (𝐷𝐶)𝑗𝑖   +  𝐸𝑖   +  (𝐵 𝐴⁄ )𝑖   + (𝑃 𝐵⁄ )𝑖   •

 (𝐵𝑖)𝑖  (1 −  𝐸𝐸𝑖  )         (2) 

 

where (P/B)i is the production to biomass ratio for a certain functional group (i), Bi is the 

biomass of group (i), Yi the total fishery catch rate of group (i), (Q/B) j is the consumption to 

biomass ratio for the predator j, DCji is the proportion of group (i) in the diet of predator (j), Ei 

is the net migration rate (emigration – immigration), BAi is the biomass accumulation rate for 

group (i), EEi is the ecotrophic efficiency (the proportion of the production that is utilized in 

the system), and (1 - EEi) represents mortality other than predation and fishing. 

 

The second master equation describes consumption (the intake of food over a period of time) 

for each functional group: 

  

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 +  𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 +  𝑢𝑛𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑒𝑑 𝑓𝑜𝑜𝑑 

          (3) 

 

There are six key data requirements for parameterising an Ecopath model, and several 

supplementary parameters which can be included (Table 6.1). 
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Table 6.1. Ecopath parameters  
Abbreviation Description Measurement Key parameter 
B Biomass t.km-2 + 
P/B Production/Biomass Year-1 + 
Q/B Consumption/Biomass Year-1 + 
EE Other mortality Proportion + 
Diets  Proportion + 
Catches  t.km-2. Year-1 + 
Discards  t.km-2. Year-1  
Discard mortality 
rate 

 %  

Off-vessel prices Landings values Currency (e.g. £)  
Non-market prices  Currency  
Fleet fixed costs  %  
Effort related costs  %  
Sailing related costs  %  
 

Not all parameters in the two master equations must be entered; one parameter may be 

estimated by the model. The Ecopath model links the production of each group with the 

consumption of all groups and uses the linkages to estimate missing parameters based on 

mass-balance. 

 

 

6.2.3 Ecopath input parameters 
The focus upon inshore fishing required that shellfish species of commercial importance, 

including European lobster (Homarus gammarus), edible crab (Cancer pagurus), velvet 

swimming crab (Necora puber) and scallops (Pecten maximus and Aequipecten opercularis) 

were added to the existing wcoS model [258].  Overall, a total of 41 functional groups were 

considered in the model including marine mammals (3), seabirds (1), fish (23, six of which 

were composed of adult and juvenile stages for cod, haddock and whiting), invertebrates (5), 

cephalopods (1), zooplankton (2), benthos (3), primary producers (2) and detritus (1).  For a 

detailed explanation of the functional groups and the species included within them, see 

Appendix D.i. 

For each species added to the model, three input parameters were determined: annual 

production per unit of biomass (P/B), annual consumption per unit of biomass (Q/B) and diet 

composition.  The P/B and Q/B ratios were calculated using empirical equations [265, 266] or 

were taken from the literature and expressed as annual rates (Table 6.2).  Biomass was 

estimated by the model. 
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Table 6.2 P/B and Q/B ratios, and data sources, for additional model functional 
groups. 
Species P/B 

value 
Data source(s) Q/B value Data source(s) 

H. gammarus 0.338 [267] [265] 3.65  [268] 
C. pagurus 0.354 [265] [269] -  Estimated by 

model 
N. puber 0.646 [270] [265] 12.775 [271] 
P.maximus and A. 
opercularis 

0.445 [265] [272]  14.334 [272] [266] 

 

A diet matrix was constructed for the additional species, and the diet of existing model 

species updated (accounting for new species), using data obtained from the literature (Table 

6.3.  For details of the diet matrix for all functional groups see Appendix Dii). 

 

Table 6.3 Diet and data sources for additional model functional groups. 
Species Prey item Data source(s) 
H. gammarus 0.31% small zooplankton, 5.72% algae, 

54.73% epifauna, 5.97% infauna, 0.1% 
edible crab, 0.2% velvet crab, 32.31% 
other crustaceans, 0.76% cannabalism 

(H. americanus as 
proxy) [273, 274] 

C. pagurus  13.56% detritus, 1.03% algae, 57.74% 
epifauna, 10% scallops, 19.58% other 
crustaceans, 5% cannibalism 

(C. magister as proxy) 
[275] 

N. puber 15.1% detritus, 45.6% algae, 14% 
epifauna, 4% scallops, 25.3% other 
crustaceans 

[271] [276]  
 

P.maximus and 
A. opercularis 

50% detritus, 50% phytoplankton [277]  

 

Ecopath fisheries are defined by fleet structure, costs of fishing, landings, discards and off-

vessel prices (landings values).  Fishing fleet structure was split into five fleets: demersal 

trawl, nephrops trawl, other trawl, potting and diving, and pelagic trawl.  These fleets were 

comprised of a number of gear types (Table 6.4). 
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Table 6.4 Fishing fleet composition. 
EwE Fishing Fleet Gear types included 
Demersal Trawl Single bottom trawl, pair bottom trawl, 

single otter trawl, twin otter trawl, 
Scottish seine 

Nephrops Trawl Twin otter trawl, other trawls (not 
specified) 

Other Trawl Beam trawl, dredge, gillnet, handline and 
poleline, longline, trammel net, other 
trawls (not specified) 

Potting and Diving Covered pots (creels), shell fishing by 
hand 

Pelagic Trawl Purse seine, all mid trawls 
 

Fixed and variable costs of fishing were taken from North Sea model estimates described in 

Heymans et al. [278] and references therein.  Variable costs were split into effort and sailing 

costs based upon ratios from Curtis and Brodie [279] (Table 6.5).  

 

Table 6.5 Breakdown of fishing related costs.  Fixed costs include harbour dues, 
insurance, other vessel costs.  Effort related costs include commission, other fishing 
costs, gear and repairs.  Sailing costs include crew and fuel.  All variable costs for the 
pelagic trawl were included in the ‘effort related cost’ as there was no available data 
for the split of costs between effort and sailing. 
Fleet name Fixed cost 

% 
Effort 
related 
cost % 

Sailing 
related 
cost % 

Profit % Total 
value % 

Demersal Trawl 25 29.82 40.18 5 100 
Nephrops Trawl 30.5 27.73 40.77 1 100 
Other Trawl 22.4 20.70 48.90 8 100 
Potting/Diving 21 21.75 42.25 15 100 
Pelagic Trawl 32 61 0 7 100 
 

Catch data was provided by Marine Scotland Science, procured from a number of sources 

including STATLANT (an international database of landings data from the Northeast 

Atlantic) and the ICES Working Group Reports (Table 6.6).  For cod (Gadus morhua), 

haddock (Melanogrammus aeglefinus), mackerel (Scomber scombrus) and herring (Clupea 

harengus), catch was estimated by stock assessment models (provided by the ICES Working 

Group for the Celtic Seas Ecoregion 2009 report).  These estimates are more accurate than 

reported catch which does not take into account misreporting.  For mackerel, the data was 

scaled to the shelf area using Scottish landings data resolved to ICES statistical rectangle 

level.  Whiting (Merlangius merlangus) catch was calculated based upon SURBA (a model 

which uses catch per unit effort (CPUE) survey data from research vessel surveys) and scaled 
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to absolute abundance estimated by the 2004 stock assessment. For the pollock group which 

also includes saithe (Pollachius pollachius and Pollachius virens), monkfish (Lophius 

piscatorius and Lophius budegassa), flatfish (for details of the species included in larger 

combined functional groups see Appendix D.i), rays, sharks, gurnards (Eutrigla gurnardus 

and Aspitrigla cuculus), other demersals, other small fish, norway pout (Trisopterus 

esmarkii), blue whiting (Micromesistius poutassou), sprat (Sprattus sprattus), sandeels,  horse 

mackerel (Trachurus trachurus) and nephrops (Nephrops norvegicus), data was obtained 

from STATLANT and scaled to the shelf.  Only 50% of the blue whiting catch was assumed 

to be from the shelf.  Data for lobster, brown crab, velvet crab, other crustaceans, scallops and 

other epifauna was obtained from the Eurostat ICES database. 

 

Discard data was also provided by Marine Scotland Science, obtained from the Scottish 

Multi-species Discards database, or provided from the ICES Working Group for the Celtic 

Seas Ecoregion 2009 report, and was available for all species except for pollock, flatfish, 

sharks, gurnards, norway pout, sprat, sandeels, horse mackerel and nephrops (Table 6.7).  

 

Landings values data for 2010 was supplied by Marine Scotland statistics, and converted into 

£/tonne/fleet (Table 6.8), based on the gear splits presented in Table 6.4. Data from 2010 was 

chosen to allow the simulations described in the following chapter to be as realistic as 

possible for changes made to the ecosystem in the near future.  Sandeel landings data was not 

available for 2010, and so a value from 2002 was used (the last year of sandeel landings).  

Landings values for juveniles were not available, and so were given the same value as adults.  

Where values were missing for a particular gear type, an average of other gear type values 

was used.  The inshore fleet (boats <15m) are not required to report catches, so it should be 

noted that this study is hypothetical rather than based on exact data. 

 

Estimates of biomass accumulations for cod, haddock and whiting were included in the 

previous wcoS model for fitting purposes, however these estimates were removed. 
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Table 6.6. Catch values used in Ecopth split by fleet.  All values in t.km-2 year-1. (Group 
names: DTR = Demersal Trawl, NTR = Nephrops Trawl, OTR = Other Trawl, POT = 
Potting and Diving, PTR = Pelagic Trawl) 
Group name DTR NTR OTR POT PTR 
Cod mature 0.0925 0.0097 5.52E-05 0 0 
Cod immature 0.0039 0.0009 3.70E-06 0 0 
Haddock mature 0.1914 0.0055 1.39E-05 0 0 
Haddock immature 0.0021 2.92E-05 1.10E-06 0 0 
Whiting mature 0.0911 0.0114 2.40E-07 0 0 
Whiting immature 0.0055 0.0025 3.00E-08 0 0 
Pollock 0.1969 0.0228 0.0001 0 0 
Gurnards 0.0023 0.0001 0 0 0 
Monkfish 0.0282 0.0078 1.56E-05 0 0 
Flatfish 0.0458 0.0126 9.35E-05 0 0 
Rays 0.0279 0.0055 0.0002 0 0 
Sharks 0.0954 0.0222 0.0008 0 0.0029 
Large demersals 0.1679 0.0407 0.0002 0 0 
Other small fish 0.0055 0.0006 6.78E-05 0.0002 0.0043 
Mackerel 0.0002 0.0051 0 0 0.7728 
Horse Mackerel 0.0006 0.0007 0.3935 0 0.2885 
Blue Whiting 0.0022 0.0106 0.0015 0 0.8615 
Other pelagics 5.79E-05 3.10E-06 1.06E-06 3.63E-06 0.0001 
Herring 0.0003 0.0009 8.83E-05 0 0.5243 
Norway pout 0 0 0.0105 0 0 
Sandeel 0 1.04E-06 0.1690 0 0 
Sprat 0 0 0 0 0.0323 
Nephrops 0.0092 0.1162 3.14E-05 0.0151 0 
Lobster 3.73E-06 0 2.54E-05 0.0034 0 
Edible crab 3.20E-05 0 0.0002 0.0291 0 
Velvet crab 1.00E-09 0 1.00E-07 1.00E-07 0 
Crustaceans 4.26E-06 0 2.90E-05 0.0039 0 
Cephalopod 0.0034 0.0004 2.67E-06 0 0 
Scallops 1.08E-05 1.14E-05 0.0203 0.0119 0 
Epifauna 5.48E-06 5.80E-06 0.0103 0.0060 0 
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Table 6.7 Discards values used in Ecopth split by fleet.  All values t.km-2 year-1. 
Group name DTR NTR OTR POT PTR 
Cod mature 0.0056 0.0005 3.36E-06 0 0 
Cod immature 0.0363 0.0082 3.37E-05 0 0 
Haddock mature 0.1155 0.0033 8.39E-06 0 0 
Haddock immature 0.0233 0.0200 1.24E-06 0 0 
Whiting mature 0.0374 0.0041 9.00E-08 0 0 
Whiting immature 0.0436 0.0200 2.60E-07 0 0 
Monkfish 0.0018 0.0005 9.80E-07 0 0 
Flatfish 0.0130 0.0036 2.66E-05 0 0 
Rays 0.0062 0.0012 4.85E-05 0 0 
Large demersals 0.0455 0.0110 4.71E-05 0 0 
Other small fish 0.0003 3.43E-05 4.00E-06 1.40E-05 0.0003 
 
 
Table 6.8 Landings values used in Ecopth split by fleet.  All values £.t.km-2 year-1 
Group name DTR NTR OTR POT PTR 
Cod mature 1741.41 1717.50 1332.49   
Cod immature 1741.41 1717.50 1332.49   
Haddock mature 1145.53 890.61 1266.84   
Haddock immature 1145.53 890.61 1266.84   
Whiting mature 1019.40 943.81 1444.05   
Whiting immature 1019.40 943.81 1444.05   
Pollock 1867.13 836 2549.81   
Gurnards 662.16 575.02    
Monkfish 3427.08 3126.17 3340.21   
Flatfish 723.60 559.84 924.08   
Rays 735.28 1374.46 1643.37   
Sharks 1383.63 2009.84 1345.46  1750 
Large demersals 1471.10 659.05 1974.34   
Other small fish 413.74 405 405 405 396.25 
Mackerel 798.21 807.51   826.28 
Horse Mackerel 145.62 200 307.18  468.75 
Blue Whiting 233.85 233.85 233.85  233.85 
Other pelagics 226.07 226.07 226.07 226.07 226.07 
Herring 322.26 307.98 307.98  293.71 
Norway pout   96.29   
Sandeel  49.94 238.10   
Sprat     199.36 
Nephrops 2367.15 2349.27 7064.61 8268.55  
Lobster 8537.93  9284.30 10317.52  
Edible crab 1027.41  1125.98 1191.03  
Velvet crab 1  1 2546.88  
Crustaceans 554.55  518.18 605.87  
Cephalopod 2701.54 1640.33 2696.03   
Scallops 1880.44 1805.95 1850.22 2635.76  
Epifauna 46.15 46.15 579.80 533.30  
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6.2.4 Ecosim 
A critical step in the development of a credible ecosystem model is calibration, which is done 

by showing that the model can reproduce observed historical trends.  Ecosim can incorporate 

time-series information, allowing the model to be ‘fitted’ to the data (by tuning parameter 

estimates so as to show which values could explain the observed historical patterns).  A 

goodness of fit is calculated by Ecosim as the weighted sum of squared differences (SS) 

between the log ‘observed’ and log ‘predicted’ data [280]. 

 

Ecosim expresses biomass dynamics based upon the initial parameters of the Ecopath master 

equation using a series of coupled differential equations which take the form: 

𝑑𝐵𝑖/ 𝑑𝑡 =  𝑔𝑖  ∑ 𝑄𝑗𝑖𝐽  − ∑ 𝑄𝑖𝑗𝐽  +  𝐼𝑖 – (𝑀𝑖  + 𝐹𝑖  +  𝑒𝑖) 𝐵𝑖    

         (4) 

 

where dBi/dt is the biomass growth rate of group (i) during the interval dt, gi is the net growth 

efficiency (production/consumption ratio), Ii is the immigration rate, Mi and Fi are natural and 

fishing mortality rates of group (i), ei is emigration rate. The consumption rates Qji are 

calculated based on the ‘foraging arena’ concept (animals optimise the way they spend their 

time, balancing predation risk with foraging) where Bi’s are divided into vulnerable and 

invulnerable components [280].  

 

An important aspect of Ecosim is its ability to describe the interactions between predators and 

prey by attributing a vulnerability term for each of these interactions, indicating how the 

biomass of different groups in the ecosystem is controlled. Low vulnerability (close to 1) 

means that an increase in predator biomass will not cause any noticeable increase in the 

predation mortality the predator may cause on the given prey.  A high vulnerability (e.g. 100) 

indicates that the predator biomass is low compared to its carrying capacity [281] and so the 

predator will be capable of inflicting higher mortality, increasing its consumption and 

recovering more quickly [257].  The default value is 2. 
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6.2.5 Ecosim input parameters 
Biomass time series data from the previous wcoS model was used, with relative biomass time 

series based upon absolute biomass data when available and catch per unit effort (CPUE) data 

when not available (Appendix D.iii).  Catch data was calculated in the same way as described 

in 6.2.3 (Appendix D.iv).  Fishing mortality was calculated as catch/biomass [280].  No 

changes were made to ‘group info’ (which includes parameters such as feeding time 

adjustment rates and maximum relative feeding time). 

 

 

6.2.6 Ecosim fitting procedure 
Similar to the methodology suggested by Mackinson [282] and used by Tomczak [283], the 

following procedure was used to ‘fit’ the wcoS model to the observed time series.  Eight 

alternative hypotheses (or models) were parameterised and compared:  

 

(i) Baseline model: No environmental or fishery data was used to drive the model.  

All vulnerabilities were set to 2. 

(ii) Baseline and estimated vulnerabilities: No environmental or fishery data was used 

to drive the model.  The optimal numbers of vulnerabilities were identified using 

the ‘sensitivity to vulnerabilities’ subroutine of the ‘fit to time series’ algorithm.  

This algorithm incremented changes one vulnerability value slightly in each run, 

so as to calculate the 'Jacobian matrix' of sensitivities of each of the predicted time 

series observations to each of the parameters.  After N+1 checks (N is the number 

of parameters with nonzero variances), the Jacobian matrix is used to estimate an 

initial best step change for each parameter [280]. 

(iii) Baseline and environmentally driven changes in primary production (PP): No 

environmental or fishery data was used to drive the model.  All vulnerabilities 

were set to 2.  The ‘PP anomaly’ procedure was used to search for time series 

values of annual relative primary productivity that may represent historical 

productivity trends impacting biomasses, to best fit the model to the time series 

data given.  The same procedure as that for identifying the optimal number of 

vulnerabilities is used, but in this instance the primary production annual value is 

increased slightly in each run.  These time series values can then be compared to 

known environmental variables such as the North Atlantic Oscillation (NAO). 
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(iv) Baseline and estimated vulnerabilities and environmentally driven changes in PP.  

No environmental or fishery data was used to drive the model.  Vulnerabilities and 

a PP anomaly were estimated using the ‘fit to time series’ algorithm. 

(v) Fishing: Fishing was included as a model driver (fishing mortality).  All 

vulnerabilities were set to 2. 

(vi) Fishing and estimated vulnerabilities: Catch, biomass and fishing mortality were 

included in the model.  The optimal numbers of vulnerabilities were identified.   

(vii) Fishing and environmentally driven changes in PP: Catch, biomass and fishing 

mortality were included in the model.  All vulnerabilities were set to 2.  A PP 

anomaly was estimated using the ‘fit to time series’ algorithm. 

(viii) Fishing, estimated vulnerabilities and environmentally drive changes in PP: Catch, 

biomass and fishing mortality were included in the model.  Vulnerabilities and a 

PP anomaly were estimated using the ‘fit to time series’ algorithm.  

 

There is less data available for the wcoS than for other well-studied systems such as the North 

Sea.  In addition, little is understood about environmental drivers on the system.  Therefore 

time series forcing on egg production and predator/prey interactions was not taken into 

consideration. 

 

At each step the goodness-of-fit (SS) of the model was assessed, and Akaike’s Information 

Criterion (AIC), a tool for model selection which takes into account the predictive accuracy 

(SS) and complexity (number of parameters), was applied as proposed by Mackinson et al. 

[282].  AIC is calculated by:  

 

𝑛𝑙𝑜𝑔 �
𝑚𝑖𝑛𝑆𝑆
𝑛

� + 2𝐾 

          (5) 

Where n is the number of observations being fitted to (i.e. the number of time series values), 

SS is the sum of squared residuals from Ecosim, and K is the number of parameters estimated.  

This fitting process allows the drivers of the ecosystem to be identified. 

 

6.2.7 Model outputs for analysis 
EwE provides several outputs which can be useful for analysis of the ecosystem, and some of 

these descriptors are related to Odum’s [284] theory of ecosystem development [285].  The 



 95 

connectance index (CI) and system omnivory index (SOI) can be used as a proxy of food 

chain complexity.  Connectance is quantified as the ratio of the number of actual links to the 

number of possible links, and the system omnivory index is defined as the average omnivory 

index (the variance of the trophic level of a consumer’s prey groups) of all consumers, 

weighted by the logarithm of the food intake [285].  One of Odum’s ecosystem maturity 

attributes relates to the recycling of energy and nutrients within the system and EwE provides 

indicators including: a Finn cycling index value [286], calculated as the proportion of the total 

system throughput (the sum of all flows in the system) which is recycled within the system 

[285], and mean path lengths (the average number of groups that an inflow or outflow passes 

through). 

EwE also provides fishing-based indicators.  The mean trophic level of the catch is calculated 

as the weighted average trophic level of all species included in the catch data, reflecting the 

fishing strategy in terms of its species selection [287].  The Fishing-in-Balance (FIB) index is 

used to investigate the effect of fishing down the food-web.  If ‘fishing down’ eliminates 

predators, catch levels may be increased by fishing for prey instead and the FIB index will 

remain constant [288].  A positive FIB index may indicate that a fishery has expanded or that 

there is more catch than expected, and a negative FIB index may indicate that fishing impact 

is so high that the ecosystem is less productive owing to excessive fishery removals [289]. 

 

 

6.3 Results 

The amended version of the model balanced on the first attempt and so no further 

modifications were required.  The resulting mass balance food-web model for the west coast 

of Scotland ecosystem is presented in Figure 6.2, and the model parameters in Table 6.9. 

 



 96 

 
Figure 6.2 Energy flow and biomass diagram for the wcoS ecosystem.   Nodes represent 
organisms within the ecosystem, the size of the node is proportional to the biomass it 
represents.  Flows enter a node from the bottom and exit a node from the top and are scaled 
to flow proportion. 
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Table 6.9. Balanced parameter estimates for all functional groups in the balanced model (parameters estimated by model in bold) 

Group name 
Trophic 
level 

Habitat 
area 
(fraction) 

Biomass in 
habitat area 
(t/kmÂ²) 

Biomass 
(t/kmÂ²) 

Z 
(/year) 

Production 
/ biomass 
(/year) 

Consumption 
/ biomass 
(/year) 

Ecotrophic 
efficiency 

Production / 
consumption 

Grey seals 4.471 1 0.056 0.056 
 

0.114 11.388 0 0.01 
Harbour seals 4.592 1 0.012 0.012 

 
0.101 10.124 0 0.01 

Cetaceans 4.296 1 0.014 0.014 
 

0.02 14 0.1 0.001 
Seabirds 4.164 1 0.025 0.025 

 
0.4 83.051 0.294 0.005 

Cod 
         Cod mature 3.922 1 0.254 0.254 1.17 

 
3.500 0.499 0.334 

Cod immature 3.138 1 0.229 0.229 2.21 
 

9.078 0.973 0.243 
Haddock 

         Haddock mature 3.615 1 0.836 0.836 0.72 
 

4.96 0.681 0.145 
Haddock immature 2.939 1 0.163 0.163 1.67 

 
15.115 0.444 0.110 

Whiting 
         Whiting mature 4.148 1 0.265 0.265 1.3 

 
4.500 0.540 0.289 

Whiting immature 3.039 1 0.287 0.287 1.73 
 

9.242 0.754 0.187 
Pollock 3.922 1 0.44 0.44 

 
0.937 4.686 0.897 0.2 

Gurnards 3.623 1 0.153 0.153 
 

0.824 4.122 0.95 0.2 
Monkfish 4.358 1 0.306 0.306 

 
0.480 1.714 0.95 0.28 

Flatfish 3.440 1 2.536 2.536 
 

0.754 3.768 0.95 0.2 
Rays 3.843 1 0.228 0.228 

 
0.449 2.243 0.95 0.2 

Sharks 4.036 1 0.792 0.792 
 

0.682 3.410 0.433 0.2 
Large demersals 4.288 1 1.087 1.087 

 
0.488 2.442 0.95 0.2 

Other small fish 3.245 1 0.850 0.850 
 

1.581 5.27 0.95 
0.3 

 
Mackerel 3.335 1 4.19 4.19  0.767 4.4 0.640 0.174 
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Table 6.9 (continued) 

Group name 
Trophic 
level 

Habitat 
area 
(fraction) 

Biomass in 
habitat area 
(t/kmÂ²) 

Biomass 
(t/kmÂ²) 

Z 
(/year) 

Production 
/ biomass 
(/year) 

Consumption 
/ biomass 
(/year) 

Ecotrophic 
efficiency 

Production / 
consumption 

Horse Mackerel 3.170 1 4.73 4.73  0.74 3.7 0.645 0.2 
Blue Whiting 3.654 1 1.783 1.783  1.5 6 0.637 0.25 
Other pelagics 3.609 1 2.096 2.096  1.8 6 0.95 0.3 
Herring 3.156 1 5.952 5.952  1.5 10.1 0.824 0.149 
Norway pout 3.276 1 0.875 0.875  1.68 5.6 0.95 0.3 
Poor cod 3.530 1 0.071 0.071  1.17 3.9 0.95 0.3 
Sandeel 3.184 1 1.368 1.368  1.826 6.085 0.95 0.3 
Sprat 3.159 1 1.799 1.799  1.584 5.28 0.95 0.3 
Nephrops 3.415 1 0.803 0.803  0.73 4.876 0.95 0.150 
Lobster 3.395 1 0.020 0.020  0.338 3.65 0.95 0.093 
Edible crab 3.329 1 2.029 2.029  0.354 2.36 0.95 0.15 
Velvet crab 2.622 1 0.647 0.648  0.646 12.775 0.95 0.051 
Crustaceans 2.691 1 14.313 14.313  0.871 5.807 0.95 0.150 
Cephalopod 3.248 1 1.146 1.146  1.981 15 0.95 0.132 
Large zooplankton 2.158 1 15.116 15.116  10 35 0.95 0.286 
Small zooplankton 2.031 1 8.156 8.156  18 72 0.95 0.25 
Infauna 2.037 1 3.285 3.285  20 80 0.95 0.25 
Scallops 2 1 9.746 9.746  0.445 14.333 0.95 0.031 
Epifauna 2.391 1 2.994 2.994  20 80 0.95 0.25 
Algae 1 1 1.684 1.684  15  0.95  
Phytoplankton 1 1 17.302 17.302  70  0.95  
Detritus 1 1 100 100    0.867  
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The uncertainty related to each input value into the Ecopath model was quantified through the 

model ‘pedigree’ (Table 6.10). 

 

Table 6.10 Data pedigree of ecosystem model (6= high quality data, 1 = 
low quality). 
Group name Biomass P/B Q/B Diet Catch 
Grey seals 5 1 4 6  
Harbour seals 5 1 4 6  
Cetaceans 1 3 3 2  
Seabirds 4 3 2 2  
Cod mature 6  4 6 5 
Cod immature 6  4 2 5 
Haddock mature 6  4 2 5 
Haddock immature 4   2 5 
Whiting mature 6  4 6 5 
Whiting immature 4   1 5 
Pollock 4 1 4 2 5 
Gurnards 1 1 4 5 5 
Monkfish 1 1 4 5 5 
Flatfish 1 1 4 5 5 
Rays 1 1 4 4 5 
Sharks 4 1 4 4 5 
Large demersals 1 1 4 2 5 
Other small fish 1 1 4  5 
Mackerel 4 4 4 2 5 
Horse Mackerel 4 1 4 2 5 
Blue Whiting 4 4 1 2 5 
Other pelagics 1 1 4 2 5 
Herring 6 4 4 2 5 
Norway pout 1 1 4 2 5 
Poor cod 1 1 4 5  
Sandeel 1 1 4 5 5 
Sprat 1 1 4 2 5 
Nephrops 1 3 3 6 5 
Lobster 1 4 4 5 5 
Edible crab 1 4 1 5 5 
Velvet crab 1 4 4 5 5 
Crustaceans 1 3 3 4 5 
Cephalopod 1 3 3 2 5 
Large zooplankton 1 3 3 2  
Small zooplankton 1 3 3 2  
Infauna 1 3 3 2  
Scallops 1 4 4 2 5 
Epifauna 1 3 3 2 5 
  



 100 

The routine uses ranges of uncertainty based on a set of qualitative choices relative to the 

origin of biomass, P/B, Q/B and diet input.  The index values for input data scale from 1 for 

data which is not based upon local data, to 6 which is fully based upon local data [287]. From 

these choices, an overall pedigree was calculated. The resultant data pedigree of this 

ecosystem model was 0.355. 

 

 

6.3.1 Simulating observed dynamics 
The most statistically significant results from fitting the model were obtained when forced 

fishing, estimated vulnerabilities and a PP anomaly search were included together in the 

model (last row in Table 6.11).  

 

Table 6.11 Comparison of model fits.  AICc is AIC with a second order correction for small 
sample sizes (As AICc converges to AIC as n gets large, AICc should be employed regardless 
of sample size [290]).  AICc = AIC + 2K(K-1)/n-K-1). 

Model Description n 

minSS 
(from 

Ecosim) K AICc 

% 
improved 

fit 
0 Baseline model 1248 590.1 0 -406.0  

1 
Baseline & estimated 
v’s (5v) 1248 590.1 5 -395.9 -2.4 

2 
Baseline & PP 
anomaly (5PP) 1248 558.5 5 -425.8 4.9 

3 

Baseline & estimated 
v’s & PP anomaly (5v, 
5PP) 1248 556.5 10 -417.6 2.9 

4 Forced fishing 1248 426.6 0 -581.8 43.3 

5 
Forced fishing & 
estimated v’s (30v) 1248 341.3 30 -641.3 57.9 

6 
Forced fishing & PP 
anomaly (5PP) 1248 408.1 5 -595.8 46.7 

7 

Forced fishing & 
estimated v’s & PP 
anomaly (25v, 5PP) 1248 327 30 -664.5 63.6 

 

The final model improved the fit by 63.6% over the baseline model. The largest improvement 

to model fit (AIC reduction) was obtained by adding forced fishing (AICc reduced by 175.8). 

The addition of customised trophic interactions provided the second largest advance in the fit 

of the model (AICc reduced by 59.5), with the additional inclusion of a PP anomaly providing 

the smallest reduction in the AIC value (AICc reduced by 23.2).  Using the ‘best-fit’ model 
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(the model with the lowest AICc) the observed biomass time series data was reproduced well 

by the Ecosim simulations (Figure 6.3) as was the catch time series data (Figure 6.4).  

 

When compared with observed data, the Ecosim estimations emulated the biomass trends well 

(Figure 6.3) for grey seals, harbour seals, juvenile cod, monkfish, flatfish, rays, large 

demersals, mackerel, blue whiting, Norway pout and nephrops. Biomasses were slightly 

overestimated for adult cod, adult haddock, pollock, gurnard, sharks, horse mackerel, herring 

and sprat and even more so for other small fish and poor cod. 

 

A good reproduction of the yield time series data was shown for juvenile cod, juvenile 

haddock, juvenile whiting, adult whiting, gurnards, large demersals, mackerel, horse 

mackerel, blue whiting (although the increase from 2004 onwards was not fully replicated), 

Norway pout, sandeel and nephrops.  Adult cod, adult haddock, pollock, monkfish, shark, 

other small fish and herring catches were overestimated and poor cod and sprat were 

underestimated.  
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Figure 6.3 Time series biomass fitting for functional 
groups in each Ecosim model.  The black line 
represents the ‘best-fit’ model. 
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Figure 6.4 Time series catch fitting for functional groups in 
each Ecosim model.  The black line represents the ‘best-fit’ 
model. 
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Fishing, trophic effects and an environmental PP anomaly contributed notably to fitting the 

time series variability of biomass data for individual species.  The inclusion of fishing 

mortality improved the biomass fits for juvenile and adult cod, adult haddock, adult whiting, 

pollock, gurnards, flatfish, sharks, large demersals, mackerel, horse mackerel, Norway pout 

and sandeel.  It also improved the fits of grey and harbour seals. 

 

Trophic effects (changes to vulnerabilities) contributed to improving the model fit to biomass 

data for juvenile cod, adult cod, juvenile whiting, gurnards, monkfish, rays, large demersals, 

other small fish, blue whiting, herring and Norway pout.  The most sensitive predator/prey 

interactions are displayed in Table 6.12.  The vulnerability search indicated a top down 

control (high vulnerability, 100) by juvenile whiting, blue whiting and Norway pout upon 

large zooplankton, pollock upon juvenile cod and herring, monkfish upon other small fish and 

sandeel, rays upon crustaceans and epifauna, and large demersals upon herring.  The model 

identified bottom-up controls (low vulnerability, 1) by pollock on horse mackerel, sprat, 

crustaceans and large zooplankton, monkfish upon juvenile cod, juvenile whiting, flatfish, 

herring, Norway pout and cephalopods, and large demersals upon rays and other small fish.   

Two main species held the majority of low and high vulnerabilities: pollock and monkfish.  

Large zooplankton (such as jellyfish, amphipods, mysids and euphausiids) was identified as a 

prey species most likely to be affected by increases in the biomass of its predators. 

 

The PP anomaly also improved the model fit to biomass data.  However, on checking for a 

correlation with available environmental time series (including sea surface temperature [291], 

salinity [291], phosphate [292], nitrate [292], ammonia [292], chlorophyll [292], the North 

Atlantic Oscillation [293], the Arctic Oscillation [294], the Atlantic Multi-decadal Oscillation 

[295] and the Multivariate ENSO Index [296]), no meaningful correlation was found (Table 

6.13 and Figure 6.5).  Despite this, the PP anomaly was still included, based on the 

assumption that primary production does influence the ecosystem. 
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Table 6.12 Most sensitive predator/prey interactions (estimated vulnerability values for 
pollock/Norway pout and other small fish/large zooplankton were not included as they were 
very close to the default value of 2). (i) means immature’. 
Prey/ 
predator 

Whiting 
(i) 

Pollock Monkfish Rays Large 
demersal 

Other 
small 
fish 

Blue 
Whiting 

Norway 
Pout 

Cod (i)  100 1      
Whiting (i)   1      
Flatfish   1      
Rays     1    
Other small 
fish 

  100  1    

Horse 
mackerel 

 1       

Herring  100 1  100    
Norway Pout   1      
Sandeel   100      
Sprat  1       
Crustaceans  1  100     
Cephalopod   1      
Large 
zooplankton 

100 1     100 100 

Epifauna    100     
 

 

Table 6.13 Correlation of environmental drivers with PP anomaly 
Environmental driver Correlation co-efficient  
Temperature -0.27 
Salinity -0.18 
Phosphate -0.13 
Nitrate -0.22 
Ammonia -0.22 
North Atlantic Oscillation -0.11 
Arctic Oscillation -0.24 
Atlantic Multi-decadal Oscillation 0.13 
Multivariate ENSO Index 0.09 
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Figure 6.5 Plots of PP anomaly against 
environmental time series data. 

 

6.3.2 System status 
EwE provided a number of statistics to assess the status of the system in 1985 (Table 6.14) in 

Ecopath, and after the period of the simulation in Ecosim. 

 

Table 6.14 Key summary statistics and network analysis outputs for previous and updated 
wcoS models. 
Parameter Prior wcoS model New wcoS model 
Total primary production/total 
respiration 

1.030 1.061 

Total primary production/total biomass 17.26 10.97 
Connectance Index 0.30 0.26 
System Omnivory Index 0.16 0.16 
Finn's cycling index (% of total 
throughput) 

12.56 7.38 

Finn's mean path length 3.2 3.07 
Mean trophic level of catch 3.5 3.49 
 

The indices derived from Odum’s attributes of ecosystem maturity indicate that a system in 

which the primary production/total respiration ratio is approaching 1 is a system which is 

approaching maturity [280], and this can be seen in both models.  The primary 

production/biomass ratio was high (highest in the previous wcoS model) indicating a low 

level of biomass accumulation within the system compared with primary production, again 

representing a more mature system.  The new wcoS system exhibited slightly lower values for 
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connectance, Finn’s cycling, path lengths and mean trophic level of the catch than the 

previous wcoS model.  SOI was the same for the two models.  It is likely that the increased 

number of functional groups included in the updated model caused the reduction in values 

between models. 

 

It may be more useful, where possible, to review indicator changes over time.  The Finn’s 

cycling index and mean path lengths showed an increase over time (Figure 6.5) which may 

correspond with an increase in ecosystem maturity [280].  The trophic level of the catch 

showed a downward trend (Figure 6.6 a) over time which may signify a ‘fishing down the 

food web’ effect (a shift from catching long-lived high trophic level fish to short-lived, low 

trophic level invertebrates/fish [297]) but which may also be indicative of changes to fishing 

regulations (leading to fewer catches of high trophic level species).  The FIB index (Figure 

6.6 b) remains balanced for the first six years of the series before increasing quite sharply 

from 1991 to 1995 and then decreasing steadily for the remaining thirteen years.  This may be 

representative of a ‘boom and bust’ situation in the fishery [288]. 

. 

 

 
(a) 

 
(b) 

Figure 6.6 Trends of Ecosim cycles and pathways indicators for the period 1985 to 2008: (a) 
Finn’s Cycling Index and (b) mean path length.  The Ecosim values start from the first 
simulation time step, and not from the original Ecopath value. 
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(a) 

 
(b) 

 

Figure 6.7 Trends of Ecosim catch-based indicators for the period 1985 to 2008: (a) mean 
trophic level of catch and (b) Fishing-in-Balance index. 
 

 

6.4 Discussion 

Fishing was the most important driver of modelled ecosystem dynamics on the west coast of 

Scotland during the 24 years from 1985 to 2008 (inclusive). The addition of trophic 

interactions was the second most important and environmental drivers on primary production 

the least important driving force on the ecosystem model.  What is driving primary production 

in the wcoS ecosystem model is unknown.   

 

6.4.1 Model assumptions and limitations 
Several assumptions and limitations of EwE and ecosystem models in general must be 

considered when interpreting modelled outputs.  Firstly, this Ecopath model is a ‘snapshot’ 

representation of the state of the ecosystem in equilibrium in 1985, which might be incorrect 

because the ecosystem might not have been in equilibrium in 1985. This could have been 

addressed if there was a known rate of biomass accumulation or depletion for each species in 

1985 [287] however there was no such information available. 

 

Further pitfalls of Ecopath, and other food web modelling approaches, include: that the 

omission of prey that is rarely found in the diet of a predator may lead to inaccuracies in the 

modelled effects of the predator on these prey and vice-versa; that trophic mediation effects, 

where the behaviour or presence of a third group affects predator/prey interaction, may be 

overlooked; and that the sharing of foraging arenas by predators is not taken into account 

[287].  Also, temporal variations in species-specific habitat factors, e.g a loss of spawning 
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sites, cannot be addressed in Ecosim when attempting to fit the model to time-series data 

[287]. 

 

There are also several limitations with this particular EwE model.  Firstly, several functional 

groups have been aggregated, e.g. flatfish and sharks, which may mask important species 

interactions.  Many species have large ontogenetic shifts in diet, and although some species 

have been divided into adults and juveniles (cod, haddock and whiting), other species have 

not.  This might mean that important predator/prey interactions were omitted.  Temporal 

changes in diet were also not addressed in the current wcoS model.  Ecopath is based on an 

average annual diet, yet the data used to parameterise the diet matrix was largely based upon 

single diet studies; a diet snapshot in time.  The microbial loop (the role played by bacteria in 

carbon & nutrient cycles) is also not accounted for in this model, a limitation which is 

common in EwE models and food web models in general. 

 

The major limitation of this model was the poor quality of data used for parameterisation.  

The data pedigree of the west coast of Scotland model (0.355) is lower than the range (0.416-

0.509) found by Morissette [298] when comparing 50 balanced Ecopath models.  The main 

reasons for this are a lack of biomass and diet data from the study site, particularly for 

invertebrates; the large number of parameter values taken from the North Sea [299] and Irish 

Sea models [300]; and the large number of parameters that have been estimated by the model 

(all of which have 0 values in the data pedigree). Yet, it is important to remember that the data 

pedigree is subjective, and even those values which have a high pedigree may still have a 

large degree of uncertainty associated [298]. 

 

Despite these limitations, Ecopath with Ecosim remains the most suitable ecosystem 

modelling routine for investigating the wcoS ecosystem as it can characterise a data poor 

system and include all necessary functional groups and fishing activities.  This amended 

version of the wcoS model has been validated with time series data and has reproduced the 

time series data trends well; as such it should be viewed as the best available approximation 

of the wcoS ecosystem.  
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6.4.2 Drivers & Trophic Interactions 
Fishing pressure (top-down) as well as climatic drivers of primary production (bottom-up) 

may independently affect the functioning of marine ecosystems.  However, ecosystems are 

often not driven entirely by only one control or the other, but by a combination of the two 

[301].  In this instance, fishing pressure had the largest impact on the fit of the model, 

suggesting that it is the strongest driver upon the wcoS ecosystem.  Fisheries affect fish stocks 

and through food-web interactions may also affect other trophic levels.  This was most clearly 

indicated for grey and harbour seals.  Reduction in fishing for certain species may mean that 

fishing pressure was replaced (although perhaps not to the same extent) by a top predator.  

For example a decrease in fishing for large demersals occurred concurrently with an increase 

of large demersals as a prey item for grey and harbour seals.  That top predators, such as 

seals, occupy the niche vacated by a fishery was also found in the Gulf of St Lawrence [302]. 

 

Each species exists in numerous interactions with other species, thus natural ecosystems 

exhibit a mixture of low and high vulnerabilities [303], and this appears to be the case in the 

wcoS ecosystem.  Of the 25 interactions most sensitive to changes in vulnerabilities, two main 

species held the majority of low and high vulnerabilities: pollock and monkfish, suggesting 

that they are sensitive to changes in predator/prey interactions.  Therefore, in any future 

modelling of the wcoS ecosystem, a focus must be on collecting biological data to ensure that 

the model parameters, particularly diet, are correct for these two species. 

 

Bottom-up forcing of the wcoS ecosystem from predicted changes in primary production 

(phytoplankton biomass) resulted in a small improvement in the fit of the model, indicating 

that the ecosystem was not largely driven by environmental drivers over the modelled period 

1985-2008. There is some variability in studies which found a primary production anomaly 

improved the fit of the model.  Primary production forcing improved the overall fit for several 

models including the Irish Sea, East China Sea and Catalan Sea, although it worsened the fit 

of the North Sea model [282].  In the Southern Benguela model, however, a similar small 

improvement was made by including a PP anomaly [304]. 

 

Environmental factors are recognised as a determinant of recruitment success; it is suggested 

that inter-annual variability in physical processes can, by influencing primary productivity, 

affect the recruitment level of fish [305].  The primary production driver explained the 

variability of data best for juvenile and adult haddock, juvenile and adult whiting, flatfish and 
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Norway pout, and may have been affecting recruitment of these species.  The simulated 

primary production trajectory was compared to several environmental driver datasets 

(physical, chemical and climatic) yet no significant correlation was found.  The PP anomaly 

identified by the model may in fact be due to interactions between different types of primary 

producers, or through the microbial loop, which are not accounted for in this model. 

 

 

6.4.3 Ecosystem state 
According to Odum [284] ecosystem development can be viewed as an evolving process 

which moves towards maturity, culminating in a stable system with optimised energy 

utilisation.  The concepts of ecosystem maturity and stability are debated [e.g. 306], however 

Odum’s description may still be useful as a generalisation.  Odum’s attributes describing 

ecosystem development can be related to Ecopath outputs [285]. 

 

Linking Odum’s attributes to Ecopath outputs, the model predicted that the inshore west coast 

of Scotland ecosystem was a system approaching maturity (although it is important to 

remember that maturity cannot be defined conclusively): the primary production/total 

respiration ratio was approaching 1; the primary production/biomass ratio was high; and 

recycling of flows and path lengths increased over time.  Immature or developing systems, 

however, may be more stable (defined as the capability of a community to suffer small 

changes when it is impacted and to return to its original state once the impact ends), with 

stability decreasing as systems mature [307].  This may mean that the wcoS ecosystem would 

be less resilient to anthropogenic induced change e.g. the installation of marine renewable 

energy devices. 

 

The mean trophic level of the catch in the updated wcoS model (3.49) was high compared to a 

study of 75 ecosystem models, although this value was found to increase as the modelled 

ecosystems increased in size [249].  However, the mean trophic level of the catch was 

predicted to decrease over time, and this raises the concern that fishing patterns on the wcoS 

have ‘fished down the food web’.  This was found in a study of global fisheries statistics 

between 1950 and 1994 [297] and is supported by the catch data used in this study which 

shows declines in catches of cod, haddock, pollock and monkfish (amongst others).  This is 

also, to an extent, supported by ICES advice for Division VIa (West of Scotland) for several 
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commercial species where stock recovery plans are in place [308].  The negative and 

continuing downward trend in the FIB index may provide a warning that the functioning of 

this ecosystem has been impaired by the impacts of fishing.   

 

 

6.5 Summary  
 

This work attempted to gain insight into the direct and indirect processes that govern the 

inshore west of Scotland ecosystem.  This is important if we are to understand the effects of 

human-induced change, such as MRED deployment, upon this ecosystem and those who rely 

on it. The model outputs suggest that the wcoS ecosystem was a system approaching maturity 

in 1985, but which may have been ‘fished down’.  The importance of fishing as a driver of an 

exploited marine ecosystem is not surprising, but the results of this study suggest that it is the 

most important driver, ahead of trophic and environmental effects.  This may mean that 

changes to either the ecosystem or fishing practice caused by further anthropogenic 

development in the area is likely to have an impact on both. 

 

Any model is only as good as the data that is used to parameterise it and several areas where 

the model structure could be refined have been identified: 

 

• Where possible, and where data exists, split functional groups to species level 

• Where possible, and where data exists, split species into life stages 

• Collect biological data to ensure model parameters are correct for pollock and 

monkfish 

• Focus upon primary production drivers upon haddock and whiting egg production 

• Conduct basic biological studies to obtain data for biomass, P/B and Q/B 

• Collect species-specific and region-specific diet data 

• Collect longer term time series data to validate the model over a longer period. 
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Chapter 7 - Modelling the potential benefits of marine renewable 
energy installations: the artificial reef and exclusion zone effects 
 

This chapter presents the second of two studies which contribute towards investigating the 

potential for a loss of livelihoods for the fishing industry and the potential for mitigation. This 

chapter describes the use of a spatial ecosystem model of the west coast of Scotland to test 

mitigation scenarios.  Firstly some background to the mitigation scenarios is given, followed 

by a description of further development to the ecosystem model (described in Chapter 6) to 

enable simulations to be run.  Simulation results are presented and the key points discussed. 

 

7.1 Introduction 

As noted in Chapters 2 and 3, the deployment of offshore structures for renewable energy 

generation (wind/wave/tidal) will lead to the alteration of access to the area of installation 

[127, 309, 310] for several users of the sea including: shipping, tourism and recreational users 

[72, 75, 88, 89, 111, 311-313].  However, potentially the largest impact will be upon the 

fishing industry where access loss may lead to displacement and reduced catch per unit effort, 

which may in turn cause conflict.  To prevent conflict, it is important to investigate mitigating 

factors.  Mitigation means: ‘reducing the severity, seriousness or painfulness of something’ 

[314].  From a fisheries perspective, ‘mitigation’ can mean ‘compensation’ - a highly 

contested and problematic issue [see 77, 90].  Alternatively, marine renewable energy devices 

(MREDs) and associated infrastructure will be placed on the seabed, affecting benthic infauna 

and epifauna (important sources of food for many species including many of commercial 

importance) [315], potentially offering benefits to the fishing industry which may mitigate the 

causes of conflict.  The effects are likely to differ between fishing sectors, but the two key 

plausible benefits of MREDs identified in Chapter 5 were the ‘artificial reef effect’ and the 

‘exclusion zone effect’. 

 

The European Artificial Reef Research Network defines an artificial reef (AR) as: “a 

submerged structure placed on the seabed deliberately to mimic some characteristics of a 

natural reef” [316].  Offshore structures placed for reasons other than to mimic the 

characteristics of a natural reef can also act as ‘secondary’ [317] artificial reefs.  Such de-
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facto ARs include: offshore oil platforms [318, 319], coastal defence structures [320, 321] or 

urban structures such as harbours and pontoons [322-324].  The possible ‘reef-effect’ of 

MREDs has received some attention with the focus upon offshore wind farms [70, 76, 325, 

326] and wave power devices [327-329].  Although there has been no research into tidal 

power devices and their potential to act as ARs, the similarities in seabed fixings and 

associated infra-structure means that this can be assumed. 

 

How, or if, ARs increase abundance and diversity in the local area is still subject to debate.  

The ‘production’ hypothesis relies on the assumption that fish production is limited by habitat 

availability [228, 229] and providing new habitat, which leads to increased shelter from 

predation and increased feeding efficiency, will produce new biomass.  High densities of 

catch rates around ARs have been cited as evidence for this [230].  An alternative explanation, 

the ‘attraction’ hypothesis [228], suggests that ARs are a form of fish aggregating device 

[330] and fish are attracted to ARs as a result of behavioural preferences.  Behavioural studies 

have shown some species use structure and light in certain ways for orientation and 

navigation, and this may explain the aggregation of fish at AR sites [228]. These hypotheses 

sit at either extreme along a gradient: increased production may occur under certain 

circumstances and increased attraction in others [228].  ARs may actually function as 

“habitats at temporally or spatially variable intermediate states between attraction and 

enhancement” [229].  More likely however, both occur simultaneously [331-333] and differ 

not only between species but between size classes, and between different locations and times.  

Although the ‘attraction versus production’ debate has not yet been settled, it has led to 

increased interest as to whether ARs can meet the specific habitat requirements of certain 

species (particularly those of commercial interest). 

 

Research using methods such as diver observations, fish surveys, photography, habitat plates 

and settlement panels, has led to suggestions that ARs do increase local biodiversity, species 

abundance and biomass, especially of mobile species [320, 333-335].  However, other studies 

found that diversity and abundance were lower on an AR than control sites [234, 235] with 

others yet finding that some species are depressed while others are not [236, 237].  This 

suggests that the effects are location specific.  Increased species abundance would be 

particularly beneficial for the commercial fishing industry, in terms of the potential for larger 

catches. In a study of ARs installed to enhance artisanal fisheries in Portugal, it was found 
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that the ARs act as recruitment areas and are an extension of natural mating/spawning 

grounds [331]. 

 

Exclusion zones (EZs) are likely to be placed around MRED installations thus closing the 

areas to certain gear types or creating no-take zones.  Research has not focused upon the EZ 

effects of offshore development; however, it is possible to draw parallels with marine 

protected areas (MPAs).  MPAs were developed because of the decline of fisheries and 

deterioration of habitat worldwide [156, 336, 337] and are primarily a fishing management 

tool used to control the spatial distribution of fishing pressure.  Some argue that when fishing 

is stopped, species become more abundant and diverse, as well as larger and more fecund, and 

that the protection of spawning stock biomass can increase recruitment and thus re-stock 

fished areas [155].  Added to this, connectivity (where individuals within marine populations 

are exchanged through larval dispersal) can allow fish production to be enhanced outside of 

MPA borders leading to a ‘spill-over effect’ and enhanced catches in adjacent areas [156].   

 

A study by Roberts et al. [240] investigating the effects of marine reserves in St Lucia upon 

neighbouring fisheries found that over five years, the reserves led to an improvement in the 

neighbouring fishery despite a 35% decrease in fishing ground area. Spill-over from EZs was 

a significant although variable factor in the dynamics of the fishery in Mombasa Marine Park, 

Kenya, although this also interacted with fisheries gear, morphology and tidal patterns [238].  

Furthermore, approximately 7% of spiny lobster emigrated annually into the adjacent fishery 

from the Mediterranean Columbretes Islands Marine Reserve.  Although this did not make up 

for the loss of fishing grounds in numbers, it did in weight, as those emigrating were larger 

than those outside of the protected area [338]. 

 

This present study asked i) can MREDs benefit the fishing industry and help mitigate conflict 

by providing a) habitat through the ‘reef-effect’ and b) protection through the ‘exclusion zone 

effect’; and ii) How does this change as installations are ‘scaled-up’?  This study used the 

Ecopath with Ecosim (EwE) model developed in the previous chapter (Chapter 6), in 

combination with Ecospace, a dynamic spatial version of Ecopath, to run simulations of the 

‘reef effect’ and the ‘exclusion zone effect’ singly and combined.  These scenarios were run 

under a range of installation size scenarios (1.7% wcoS area to represent current lease sites, 
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5% area and 10% area) in order to investigate the effects of each upon the fishing industry on 

the west coast of Scotland and the ecosystem upon which the industry relies. 

 

 

7.2 Materials and Methods 

7.2.1 The study area 
The study area encompasses the same area as that described in Chapter 6, covering 

approximately 112,000 km2 of sea surface and including the waters around the Outer 

Hebrides, Skye, the Small Isles, Mull, Islay and the Firth of Lorn and Firth of Clyde island 

groups.  The current MRED installation locations used for the 1.7% simulation in this study 

were based upon the Crown Estate Scottish offshore wind farm sites, and wave and tidal 

agreements for lease (Figure 7.1).  A description of the offshore wind farm, tidal and wave 

energy extraction sites included in this study can be found in Table 7.1.  
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Figure 7.1 Locations of MRED sites and key fishing ports on the west coast of Scotland. 
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Table 7.1 Offshore wind, tidal and wave energy development sites included in 
this study [41]. 

 

Developer Development Type of 
development 

Size Area 

Scottish Power 
Renewables 

Argyll Array Wind 375 turbines with 
1,800 MW 
capacity 

364.02km2 

Scottish and 
Southern Energy 

Islay  Wind 138 turbines with 
680 MW capacity 

94.09km2 

Nautricity Mull of Kintyre Tidal 3 MW potential 
capacity 

16.64km2 

DP Energy West Islay Tidal 30 MW potential 
capacity 

2.30km2 

Lewis Wave 
Power Ltd 

North West Lewis Wave 30 MW potential 
capacity 

56.94km2 

Pelamis Wave 
Power 

Bernera Wave 
Farm 

Wave 10 MW potential 
capacity 

131.76km2 

 

7.2.2 Ecospace  
Spatial simulations were run using the Ecopath with Ecosim (EwE) model developed in 

Chapter 6.  An assumption of the EwE approach was homogenous spatial behaviour, which 

has been addressed through the development of a spatial component in Ecospace [339].  

Walters et al. [280] stated that Ecospace dynamically allocates biomass across a raster grid 

map which is divided into a number of habitats to which functional groups and fishing fleets 

are assigned.  Each cell runs a set of Ecosim calculations and is linked to the other cells by 

symmetrical movements from a cell to its four adjacent cells (up, down, left or right).  The 

distribution of each functional group depends upon its preference for a particular habitat.  

Fishing effort is distributed over the space and is proportional, in each cell, to the overall 

profitability of fishing in that cell.  Ecospace can then explore the role of any number of 

protected cell types (usually in the form of marine protected areas).  For each of these, fishing 

may be banned for one or for all fleets, and for all or any part of the year. 

 

7.2.3 Ecospace input parameters 
The Ecospace habitat grid map (Figure 7.2) was initially created in ArcGIS by combining 

seabed data (from the Mapping European Seabed Habitats project, 

http://www.searchmesh.net/) and depth data (from Seazone/Edina, http://edina.ac.uk/). 

http://www.searchmesh.net/
http://edina.ac.uk/


123 

 

 
Figure 7.2 Ecospace basemap showing allocation of habitat types. 
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The data was combined, converted to a comma-separated values (CSV) format and imported 

directly into Ecospace.  As the grid map is rectangular in shape, and the model developed in 

chapter six did not include the area below the 200m contour line, the cells to the north west of 

Scotland were designated as ‘Off-shelf’ (>200m depth).  The study area was divided into a 

grid of 43 x 70 cells; each cell represented an area of ~8.5km2.  The choice of resolution was 

based on a compromise between showing detail and maintaining a high computing speed. 

 

In each scenario, a number of cells were assigned as marine protected areas/artificial reefs to 

represent the differing scenarios.  A total of 24 cells from 1,418 water cells (not including the 

off-shelf area) represented the 1.7% scenario.  For the 5% scenario, 71 cells were allocated as 

an EZ, an AR or both.  A total of 142 cells were assigned to represent the 10% scenario.  

Developers are likely to build upon existing infrastructure for reasons of reduced cost and so 

additional cells were located adjacent to the original 24 cells.  However the location of the 

cells were chosen randomly as it is unknown how installation expansion would occur (Figure 

7.3). 

 
Figure 7.3 Artificial reef area (highlighted in sand colour) for each of three scenarios: (a) 
1.7% area coverage; (b) 5% area coverage; and (c) 10% area coverage.  The same area 
designations were used for exclusion zones. 
 

Functional groups were assigned to ‘preferred’ habitats (Table 7.3) based on a combination of 

data from the Marine Life Information Network (MARLIN) and the literature (Table 7.2)  
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Detritus and phytoplankton were assumed to be found everywhere, and seabirds were 

assumed not to have a preferred (marine) habitat.  For the purposes of this study, ‘preferred’ 

means that: the functional group in question will have a higher feeding and hence growth rate 

in that habitat over non-preferred habitats; will have a higher survival rate in that habitat; and 

will have a higher movement rate outside of that habitat [280].  The off-shelf area was not 

assigned as a preferred habitat for any functional group for one key reason: the biomass 

values in the model did not take into account the off-shelf area therefore shelf biomass would 

be spread across the entire area potentially confounding the inshore effects of spatial 

simulations. 

 

Table 7.2 List of functional groups and references for ‘preferred habitats’. 

Functional Group References Functional Group References 
Grey Seals  [340, 341] Other pelagics [342] 
Harbour Seals [343] Herring [344] 
Cetaceans [340, 345, 346] Norway Pout [347, 348] 
Cod (mature [347, 349, 350] Poor Cod [351, 352] 
Cod (immature) [347, 353] Sandeel [354] 
Haddock (mature) [347, 355] Sprat [356] 
Haddock (immature) [347] Nephrops [357] 
Whiting (mature) [347, 358] Lobster [349, 359] 
Whiting (immature) [347] Edible Crab [349, 360] 
Pollock [349, 361] Velvet Crab [349, 362] 
Gurnards [363] Other crustaceans [364, 365] 
Monkfish [366, 367] Cephalopods [368] 
Flatfish [369-371] Large Zooplankton [372] 
Rays [373, 374] Small Zooplankton [375, 376] 
Sharks [351, 377] Infauna [351, 378] 
Large Demersals [351, 379] Scallops [380] 
Other small fish [381, 382] Epifauna [349, 383] 
Mackerel [384] Algae [385, 386] 
Horse Mackerel [387]   
Blue Whiting [347, 388]   
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Table 7.3 Habitat assignations for all species.  Assignations portrayed by + symbol 
 
Group \ 
habitat  Bay 

Mud 
50-200 

Rock 
0-50 

Rock 50-
200 

Sand 0-
50 

Sand 50-
200 Sealoch 

Sediment 
0-50 

Sediment 
50-200 

Off-shelf 
Deep 

Artificial 
Reefs 

Grey seals + + + + + + + + +  + 
Harbour seals + + + 

 
+ + + + +  + 

Cetaceans 
 

+ 
 

+ + + 
  

+  
 Seabirds + + + + + + + + +  + 

Cod mature + + + + + + + + +  + 
Cod immature + + + + + + + + +  + 
Haddock 
mature 

   
+ 

 
+ 

  
+  

 Haddock 
immature + 

  
+ 

 
+ 

   
 

 Whiting 
mature 

 
+ 

 
+ 

 
+ + + +  

 Whiting 
immature + 

 
+ 

 
+ 

 
+ + +  + 

Pollock + + + + 
 

+ + + 
 

 + 
Gurnards + 

 
+ + + + 

 
+ +  + 

Monkfish + + + + + + + + +  + 
Flatfish + + + + + + + + +  + 
Rays + + 

  
+ + 

 
+ +  

 Sharks + + 
  

+ + + + +  
 Large 

demersals + + + + + + + + +  + 
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Table 7.3 (continued) 
Group \ 
habitat  Bay 

Mud 
50-200 

Rock 
0-50 

Rock 50-
200 

Sand 0-
50 

Sand 50-
200 Sealoch 

Sediment 
0-50 

Sediment 
50-200 

Off-shelf 
Deep 

Artificial 
Reefs 

Other small 
fish 

 
+ 

 
+ 

 
+ 

  
+  

 Mackerel + + + + + + + + +  + 
            
            
Horse 
Mackerel 

 
+ 

 
+ 

 
+ 

  
+  

 Blue Whiting 
 

+ 
 

+ 
 

+ 
  

+  
 Other pelagics + + + + + + + + +  + 

Herring + + + + + + 
 

+ +  + 
Norway pout  +  +  +   +   
Poor cod + + + + + +     + 
Sandeel + 

   
+ +     

 Sprat + + + + + +  + +  + 
Nephrops + + 

    
+ + +  

 Lobster + 
 

+ + 
  

+ + +  + 
Edible crab + 

 
+ 

 
+ 

 
+ +   + 

Velvet crab + 
 

+ 
 

+ 
 

+ +   + 
Crustaceans + 

 
+ 

 
+ 

 
+ +   + 

Cephalopod + + + + + + + + +  + 
Large 
zooplankton + + + + + + + + +  + 
Small 
zooplankton + + + + + + + + +  + 
Infauna + + + + + + + + +  + 
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Table 7.3 (continued) 
Group \ 
habitat  Bay 

Mud 
50-200 

Rock 
0-50 

Rock 50-
200 

Sand 0-
50 

Sand 50-
200 Sealoch 

Sediment 
0-50 

Sediment 
50-200 

Off-shelf 
Deep 

Artificial 
Reefs 

Scallops + 
   

+ + + + +  
 Epifauna + + + + + + + + +  + 

Algae + 
 

+ 
 

+ 
 

+ +   + 
Phytoplankton + + + + + + + + +  + 
Detritus + + + + + + + + +  + 
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In Ecospace, a fraction of the biomass (Bi) of each cell is always moving.  The amount of 

movement is known as the base dispersal rate: Bi = MBi where M is the dispersal rate in km / 

year.  M is not a rate of directed migration, but the rate the organisms of given ecosystem 

would disperse as a result of random movements.  Dispersal rates (Mi), for the purpose of 

Ecospace, can be estimated in association with data on fish swimming speed [389]:  

 

𝑀𝑖 =  𝑆𝑖/𝜋𝐿       (1)  

 

where Si is the swimming speed of different groups and L is the grid length (8.5 km).  

Dispersal rates were estimated based on published fish movement rates (Table 7.3).  Where 

more than one published reference for fish movement rate was found, an average value was 

used.  Where data was unavailable, a proxy was used.  Within the ‘dispersal’ settings in 

Ecospace it is also possible to set vulnerability to predation in ‘bad habitat’ parameters (non-

preferred habitat), relative feeding rates in bad habitat and relative dispersal in bad habitat.  

Vulnerability to predation in bad habitats was set at 10 (meaning very vulnerable to predation 

in bad habitats, the highest value possible) for lobsters, edible crabs, velvet crabs, other 

crustaceans, epifauna and infauna, who may be unable to escape easily in these habitats.  

Relative feeding rates for these species was also reduced to 0.1 (meaning reduced feeding in 

bad habitats, the lowest value possible) due to the danger associated with foraging. 

 

The distribution of fishing fleet activity is determined by assigning each fleet to a habitat(s) in 

which they may operate.  It was not possible to access spatial data for the distribution of fleets 

on the wcoS therefore allocations were based upon the North Sea model [299] (Table 7.3).  

Costs of fishing can be calculated by Ecospace based upon fishing effort and sailing costs.  

Effort was held constant during the simulations as it is unknown how effort would change 

under the different scenarios.  Sailing costs are calculated based upon the ‘distance from port’.  

Ports based upon the key fishing offices were also entered onto the Ecospace basemap.   
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Table 7.4 Dispersal rates for all species. 
Group name Base dispersal 

rate 
(km/year) 

Dispersal in 
bad habitat 

Vulnerability to 
predation in bad 
habitat 

Feeding rate in 
bad habitat 

Grey seals 1772.63 5 2 0.5 
Harbour seals 2499.4 5 2 0.5 
Cetaceans 3072.55 5 2 0.5 
Seabirds 5761.03 5 2 0.5 
Cod mature 330.89 5 2 0.5 
Cod immature 416.57 5 2 0.5 
Haddock mature 709.05 5 2 0.5 
Haddock immature 416.57 5 2 0.5 
Whiting mature 271.8 5 2 0.5 
Whiting immature 416.57 5 2 0.5 
Pollock 1240.84 5 2 0.5 
Gurnards 555.42 5 2 0.5 
Monkfish 401.8 5 2 0.5 
Flatfish 401.8 5 2 0.5 
Rays 212.72 5 2 0.5 
Sharks 342.98 5 2 0.5 
Large demersals 933.58 5 2 0.5 
Other small fish 649.96 5 2 0.5 
Mackerel 1039.94 5 2 0.5 
Horse Mackerel 685.42 5 2 0.5 
Blue Whiting 271.8 5 2 0.5 
Other pelagics 189.08 5 2 0.5 
Herring 206.81 5 2 0.5 
Norway pout 153.63 5 2 0.5 
Poor cod 271.8 5 2 0.5 
Sandeel 180.81 5 2 0.5 
Sprat 744.5 5 2 0.5 
Nephrops 543.61 1 10 0.1 
Lobster 14.18 1 10 0.1 
Edible crab 49.63 5 10 0.1 
Velvet crab 49.63 5 10 0.1 
Crustaceans 49.63 5 10 0.1 
Cephalopod 189.08 5 2 0.5 
Large zooplankton 300 5 2 0.5 
Small zooplankton 300 5 2 0.5 
Infauna 13.78 1 10 0.1 
Scallops 274.76 1 10 0.1 
Epifauna 274.76 1 10 0.1 
Algae 300 10 2 0.5 
Phytoplankton 300 5 2 0.5 
Detritus 10 5 2 0.5 
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Table 7.5 Habitat assignations for all fleets 

Fleet  Bay 
Mud 

50-200 
Rock 
0-50 

Rock 50-
200 

Sand 0-
50 

Sand 50-
200 Sealoch 

Sediment 
0-50 

Sediment 
50-200 

Off-shelf 
Deep 

Artificial 
Reefs 

Demersal 
trawl 
 + + + + + +  + +   
Nephrops 
trawl 
 + +       +   
Other trawl 
 +  +  +  + +    
Potting/ 
diving 
 + + + + + + + + +  + 
Pelagic trawl 
  +  +  +   +  + 
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Ten simulations were run in Ecospace for a period of 25 years (15 years after equilibrium was 

achieved) to assess the impacts of MRED deployments on the ecosystem and in turn on the 

fishing industry.  Initially, a ‘baseline’ simulation with no changes to the ecosystem was run. 

This was followed by three scenarios representing the potential ‘opportunities’ of MRED 

installations: i) an ‘exclusions’ model in which the installation areas were assigned as MPAs 

with no fishing allowed within the area; ii) an ‘artificial reef’ simulation in which the 

installation areas were assigned as artificial reef habitats and those species assigned to the 

‘rock 0-50m’ habitat were also assigned to the artificial reef areas, also in these simulations 

those fleets which used mobile gears which moved along the seabed were excluded; iii) a 

‘combined’ simulation where installation sites were assigned as artificial reefs and were 

closed to all fishing.  Each of these simulations was run under a different installation size 

scenario: i) a 1.7 per cent scenario to represent the current lease site coverage; ii) a 5 per cent 

scenario; and iii) a 10 per cent scenario to represent an unrealistic maximum installation area. 

 

 

7.3 Results 

The spatial distribution of the biomass of each functional group reached a state of equilibrium 

(where biomass trajectories were stable) within ten years (Figure 7.4).  However, the biomass 

of velvet crab did not reach a state of equilibrium but instead displayed a continuous increase.  

This was because the scale of the spatial model was too coarse to correctly resolve the limited 

habitat within which this species lives.  For this reason, there will be no discussion of the 

impacts of scenarios upon velvet crab. 
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Figure 7.4 Biomass over time relative to biomass in Ecopath base run.  Phase of rapid 
change is followed by convergence towards equilibrium state (flat lines).  * Velvet crab 
biomass. 
 

 

7.3.1 Impacts upon species biomass 
In the smallest total installation scenario (1.7% area coverage) the predicted percentage 

changes of biomass from the baseline were small (<5% for fish species and <8% for shellfish 

species), but this increased as the scale of MRED installation increased which is reflected in 

the y-axis of Figures 7.5 and 7.6.  Overall, the modelled AR effect had the largest potential 

impact on biomass in the wcoS ecosystem for key commercial fish and shellfish species. In 

the 1.7% scenario, modelled ARs increased the biomass of pollock (+4.4%), monkfish 

(+1.2%), lobster (+3.3%), edible crab (+1.9%) and scallops (+0.5%), whilst reducing the 

biomass of whiting (-0.2%), blue whiting (-0.9%), herring (-0.4%) and nephrops (-3.7%).  In 

the 5% scenario, this pattern continued with slight increases in the percentage biomass 

* 
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change.  Again, in the 10% scenario all trends continued but with larger percentage increases 

or decreases. 

 

Across all scales, modelled EZs did not appear to have much impact upon the biomass of 

commercial fish and shellfish species.  Haddock (-0.2%), pollock (-0.3%), monkfish (-0.2%), 

mackerel (-0.2%) and herring (-0.05%) biomass reduced compared to the baseline in the 1.7% 

scenario and this continued across the larger scales.  Blue whiting (+0.4%), lobster (+0.4%) 

and edible crab (+0.1%) biomass increased compared to the baseline scenario in the 1.7% 

scenario and continued across all scale scenarios.   

 

The combined scenarios indicated that the species to be most affected at the 1.7% scale 

(increasing or decreasing biomass by >2%) were pollock (+4.9%), blue whiting (-2.5%), 

nephrops (-3.6%) and lobster (+7.8%).  Again, the percentage changes increased with the 

installation scale sizes. 
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(a) 

 
(b) 

 
(c) 

 
Figure 7.5 Percentage biomass change from baseline for key 
commercial fish species for artificial reef effect, exclusion zone effect 
and combined effect; under three installation area sizes: (a) 1.7% (b) 
5% and (c) 10%. 



136 

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 7.6 Percentage biomass change from baseline for key 
commercial shellfish species for artificial reef effect, exclusion zone 
effect and combined effect; under three installation area sizes: (a) 
1.7% (b) 5% and (c) 10%. 
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7.3.2 Differences between inside and outside of the MRED installation areas 
A clear difference can be identified between the changes to relative biomass within the 

MRED installation sites and out-with these areas.  Across all scales, and for commercial fish 

and shellfish species, the majority of percentage changes in biomass >10% occurred within 

the MRED installation areas. 

At the 1.7% scale (Figure 7.7a) artificial reefs were predicted to largely decrease the biomass 

of adult whiting (-77.85%), while at the same time largely increasing the biomass of pollock 

(+118.57%).  Outside of the artificial reef areas, there was very little change in biomass for 

whiting (+1.35) or pollock (+1.04).  Adult whiting biomass was predicted to increase 

(+34.18%) inside of exclusion zones as was the biomass of blue whiting (+41%) whereas the 

change outside of exclusion zones was negligible (adult whiting = -0.80%, blue whiting = -

0.16%).  For commercial shellfish species at this scale (Figure 7.8a), the biomass of all 

species was predicted to increase inside the artificial reefs, and lobster biomass to increase 

inside exclusion zone areas, while changes outside of the sites were predicted to be small in 

comparison.  

At the 5% scale, increases and decreases in biomass of >10% could be seen for several more 

species.  The biomass of haddock (+21.56%), monkfish (+14.24%), mackerel (+22.54%), and 

herring (+22.75%) were all also expected to increase within artificial reef areas, whilst the 

biomass of blue whiting (-47.67%) was expected to decrease at this scale (Figure 7.7b).  At 

the same time, the changes outside of the artificial reef sites were predicted to be small 

(>±5%).  The biomasses of a majority of the commercial fish species were predicted to 

increase within the exclusion zone areas, again whilst the changes outside of the area were 

again very small.  Similarly, the majority of commercial shellfish species’ biomasses were 

expected to increase within the artificial reef sites (Figure 7.8b), although scallop biomass 

was predicted to decrease substantially at this scale (-17.48%).  The 10% scale scenario 

showed a similar pattern (Figures 7.7c and 7.8c).   
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(a) 

 
(b) 

 
(c) 

Figure 7.7 Percentage biomass change from baseline, inside and 
outside of MRED installation sites, for key commercial fish species for 
artificial reef effect, exclusion zone effect and combined effect; under 
three installation area sizes: (a) 1.7% (b) 5% and (c) 10%. 
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(a) 

 
(b) 

 
(c) 

Figure 7.8 Percentage biomass change from baseline, inside and 
outside of MRED installation sites, for key commercial shellfish species 
for artificial reef effect, exclusion zone effect and combined effect; 
under three installation area sizes: (a) 1.7% (b) 5% and (c) 10%. 
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7.3.3 Impacts upon the fishing industry 
As previously, differences across the scale scenarios reflect scale effects.  Figure 7.9 shows 

that the modelled effects of artificial reefs upon fishing catch values are negative for all fleets 

except for ‘demersal trawls’.  This outcome is also reflected in the combined effects scenario.  

The model results further suggest that exclusion zones will have a negative impact upon catch 

values for all fleets except for ‘other trawls’.   

 

 (a) 

 (b) 

 (c) 
 

Figure 7.9 Percentage catch value change from baseline for all fishing fleets for artificial reef 
effect, exclusion zone effect and combined effect; under three installation area sizes: (a) 1.7% 
(b) 5% and (c) 10%.  (DTR = Demersal Trawl; NTR = Nephrops Trawl; OTR = Other Trawl; 
POT = Potting & Diving; PTR = Pelagic Trawl 
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7.4 Discussion 

It was predicted that MRED developments would have a small negative impact upon the 

fishing industry at the current development scale with overall catches decreasing for most 

fleets.  However, as the size of installation increased, the potting/diving fleet were predicted 

to see a small increase in catch value.  The modelled AR and combined effects were forecast 

to have larger impacts than the EZ effect. 

 

7.4.1 Model assumptions and limitations 
It is difficult to assess the validity of this study’s findings as the spatial model could not be 

validated with spatial data due to a lack of data.  This means that it is not possible to cross-

check with observations and experimental outcomes.  There are some key weaknesses in 

Ecospace calculations which have been recognised by the software developers.  The dispersal 

parameter means that all species are unlikely to move in random directions and ignores the 

ability of some species to use habitat signatures in deciding where to move [339]  A very 

large number of temporal and spatial parameters require specification for which data were not 

accessible [339].  Species are either assigned or not assigned to habitat types, and preference 

cannot be given to any one habitat over another, although preferences may not be known.  

Ecospace is also unable to account for licensing restrictions such as catch quotas and days at 

sea regulations meaning that the behaviour of fishing fleets cannot be properly represented.  

Additionally, the software does not currently allow for simulations such as these to be run into 

the future meaning that the scenarios run in this study had to be run over the period of the 

Ecosim model (1985-2008).  A simulation cannot currently be stopped and the basemap 

changed, although MPAs can be assigned during a simulation run.  This may introduce bias 

into this study. 

 

There are also several limitations to this particular Ecospace model which must be borne in 

mind.  Firstly, the base map was built from data provided by the Mapping European Seabed 

Habitats project, the only accessible database with the required information for the entire 

model area.  However, a large amount of this data is itself modelled and the seabed may in 

reality be more complex and varied than suggested in the data, or indeed an entirely different 

seabed type.  An ‘edge effect’ which could be seen for some species (where the biomass of 

some species concentrated around the boundary with the off-shelf area) because of the way 



142 

 

the ‘off-shelf’ area was handled.  The coarse spatial scale (each cell = ~8.5km2) is a large 

simplification of reality, to the extent that smaller installations could not be considered (e.g. 

ScottishPower Renewables’ Sound of Islay tidal energy development [40]).  Using North Sea 

model data to assign fleets to habitats is likely to be a poor substitute, and given the 

importance of ensuring this data is correct, will have had consequences for the simulations.  

This could have been improved by e.g. using the method described in Chapter 3 to access data 

regarding fishing grounds from fishermen based on the west coast.  Finally, as mentioned in 

the previous chapter, the majority of species have not been split into different life stages, and 

the fact that ontogenetic change in habitat utilisation occurs is not accounted for. 

 

Other spatial models have been created such as Marxan [390] (a spatial decision support 

system used in conservation planning, most notably the Great Barrier Reef), the Cumulative 

Impacts Model [243] (used to compare least and most impacted regions as a part of ecosystem 

based management) and InVEST [391] (a family of tools, run in ArcGIS, to map and value 

ecosystem goods and services), however none of these models are spatial ecosystem models, 

and therefore changing interactions between species as a result of changes to the ecosystem 

cannot be accounted for. Therefore, despite the limitations discussed above, Ecospace is the 

most useful tool for generating a general indication of commercial species biomass and 

fishing trends in response to changes in the environment (such as the deployment of marine 

renewable energy installations).   

 

7.4.2 The artificial reef and combined effects 
The model predicted that the AR effect had a larger impact than the EZ effect, increasing the 

biomass of some species and reducing the biomass of others.  However, the area occupied by 

device foundations (i.e. artificial reefs) are likely to be very small and given the coarse spatial 

scale of this model the AR effect (and therefore the combined effect which will not be 

discussed any further) are likely to be overestimated and therefore the results unreliable.  

However, from a theoretical standpoint, it is worth discussing which species were forecast to 

be affected by the AR effect. 

 

In the AR simulations the biomass of crustacean species increased.  This is unsurprising given 

that crustaceans demonstrate a significant dependence on habitat availability, and have been 

found to dominate some artificial reef sites [351, 392, 393] including offshore wave power 
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foundations [394].  An increase in crustacean biomass would be of benefit to static gear 

fishers and this is reflected in the increased catches of edible crab and other crustaceans (other 

crabs, prawns, shrimps) by that fleet under the AR scenario.  Nephrops biomass decreased, 

and this was also found in a similar modelling study of the Loch Linnhe artificial reef, UK 

[395].  This is difficult to substantiate, as empirical studies on ARs tend to focus upon those 

species which live on the reef.  Nephrops live in muddy substrate and the ARs modelled in 

this study have reduced habitat area for this species leading to a reduction in nephrops 

biomass.  In the UK AR research has focused upon the potential of ARs to provide long term 

lobster stock enhancement [396].  However, the results of this study suggested a decrease in 

lobster biomass under the AR scenario at all scales. Similarly, an earlier study in the 

Northumberland Strait, eastern Canada found that the lobster biomass on a rocky reef after 

two years was less than that on productive lobster grounds nearby [397].  As with all species, 

it is likely that the impacts of ARs upon lobster populations are site-specific and this needs to 

be studied further. 

 

7.4.3 The exclusion zone effect 
The model forecast that at the 1.7% scale, the EZ effect, and any related spill-over effect were 

small for the ecosystem (<0.5% increase or reduction in biomass for all species) and for 

fisheries (<2% increase or reduction in catch for all fleets).  This may be because at this scale 

the closed areas encompass a very small extent of the model area.  The theory of island 

biogeography [398] predicts that species diversity should increase with area and therefore 

larger reserves should contain more species.  However, few direct efforts have been made to 

evaluate how reserve size itself affects the impact of no-take areas.  Reserves and closed areas 

have been found to work well across a range of sizes.  Reserves of <1 km2 have worked for 

sedentary animals living on coral reefs in the Philippines [399].  Similarly, closures totalling 

17,000 km2 on Georges Bank have turned around a long term decline of several exploited 

groundfish species as well as scallops [400].  Nonetheless, a comparison of 58 datasets from 

19 European marine reserves indicated that size does matter: for every ten-fold increase in the 

size of a no-take zone, a 35% increase in the density of commercial fishes was found [401].  

This study supports the latter study, predicting that at the 5% scale the impact of EZs on 

commercial species biomass would increase slightly and at the 10% scale would increase 

further. This suggests that the scale of MRED development may affect the impact on the 

ecosystem and the fishing industry. 
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As discussed in Chapter 5, few studies have been undertaken to assess the impacts of offshore 

development upon the fishing industry. Those which have, found minimal impacts on the 

average incomes and financial profits of fishermen, although this was found to increase or 

decrease depending on the location of MPAs [224].  This modelling study reinforces this 

finding, and suggests that the EZ effect particularly is unlikely to be viewed as a ‘benefit’ for 

the fishing industry, nor, however, is it likely to be perceived as a particularly negative 

impact. 

 

7.4.4 Differences between inside and outside of MRED installation sites 
At all scales, a clear difference can be identified between the changes in biomass within 

MRED installation sites, under both the artificial reef and exclusion zone effects.  The model 

clearly predicted that these changes, be they positive or negative, occurred within the 

installation areas.   

 

For several species including pollock, monkfish, flatfish, lobster and edible crab, an overall 

increase in biomass was predicted by the model in the artificial reef scenarios.  For these same 

species, an increase could be seen inside (larger increase) and outside (smaller increase) of the 

MRED installation sites.  This may be indicative of a production effect.  However, it should 

be noted that the simulations run in this study cannot address the ‘attraction versus 

production’ debates surrounding artificial reefs, only the changes to species biomass both 

inside and outside of the modelled tidal energy sites.  Furthermore, it is important to clarify 

that the AR effect (in this study) does not only relate to the change of habitat, but also to the 

fact that fishing fleets using mobile gears which run across the seabed, such as trawlers and 

dredgers, are no longer able to fish in an area which has become an artificial reef due to the 

potential of gear damage/loss.  Unfortunately it is not possible to untangle the separate effects 

of habitat change, and changes to fishing practice. 

 

 

7.5 Summary and conclusions 

This study asked:  Can MREDs, by providing a) habitat through the ‘reef-effect’ and b) 

protection through the ‘exclusion zone effect’, benefit the fishing industry, thus helping to 
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mitigate conflict?  The answer is that it is currently not possible to definitively state whether 

the ‘opportunities’ of MREDs would mitigate any negative effects.  In light of the limitations 

discussed in this (and the previous) chapter, this study is an example of the sorts of results that 

can be obtained using ecosystem modelling.  The values generated by the model for the AR 

and combined effects were not reliable although the results for the EZ effect may be realistic.  

Overall, this modelling exercise predicted that with a decrease in catch for most fleets and a 

minimal increase for the demersal trawl, the EZ effect would be unlikely to mitigate any 

potential negative impacts, but also that reductions to catches were likely to be small. 

 

The Ecospace model might be more useful at a higher resolution and more localised scale, 

where the differences in spatial extent between artificial reefs and exclusion zones may give a 

more realistic prediction of the amplitude of these effects.  As with Chapter 6, areas where the 

software and this particular model could be further improved in order to better represent the 

reality of the west coast of Scotland ecosystem are recognised:  

 

• Enable simulation calculations to be stopped at a specific time to make changes to the 

habitat basemap 

• Allow for habitat preference which is not purely a yes or no, but rather a degree of 

preference (this is beginning to be addressed in recent Ecospace developments through 

the ‘habitat capacity model’) 

• Refine the spatial scale of the model 

• Conduct benthic characterisation and bathymetry studies of the shelf area of the wcoS 

to obtain accurate data for the model base map 

• Fleet structure and spatial resolution should be resolved and validated. 

 

Future research could focus upon scenarios which (i) exclude specific fleets from EZs (e.g. 

excluding all mobile gears but allowing potting); (ii) test different scenarios of fishing effort 

and finally; (iii) include conservation areas already closed, or with restricted access, to fishing 

to investigate the scale issue further.  Additionally, it could be interesting to use Ecospace in 

combination with other spatial models, e.g. to use Marxan to identify alternative spatial sites 

and Ecospace to evaluate these sites.  The restricted nature of wave and tidal energy sites may 

mean that this is not possible however this could be explored in future research. 
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Chapter 8 – General discussion and conclusions 
 

The overarching question of this study was: What is the potential for conflict between the 

marine renewable energy industry and marine stakeholders, and how can this be mitigated?  

In this concluding chapter, overall limitations to the research presented in this thesis are 

discussed, a summary of research findings is provided, suggestions for future research 

directions are made, and this is followed by policy implications and recommendations for 

operationalising the EA to marine renewable energy. 

 

 

8.1 Limitations of research 

The limitations of each individual study have been discussed in the relevant chapter. 

However, there is one over-riding limitation of research into this field: very few MREDs, 

singularly or in arrays, are currently in the water and operating on a commercial basis.  This 

makes it very difficult to assess the impacts of MREDs upon users of the marine environment, 

particularly in terms of scale-up.  Marine spatial planning (such as that used in Chapter 3) 

allows us to investigate which users may be affected, according to where MRED installations 

are likely to be placed.  However, assessing the actual impacts is more difficult.  Suggested 

impacts and opportunities arise from stakeholder perceptions which are based on prior 

experience with developments such as oil and gas extraction and aquaculture.  Although there 

are many similarities between MREDs and other offshore developments, there are also likely 

to be many differences.  Unlike oil and gas installations, wave and tidal devices will be placed 

in arrays which may take up several km2 of sea space.  Whilst MREDs may be placed 

sufficiently far enough apart that static gear fishing can continue amongst them, this may not 

be possible for mobile gears and might not be permitted even for static gears due to health and 

safety constraints.  To date there is little known regarding the activities which can take place 

around or within MRED installations and this makes scenario testing difficult. 

 

The Scottish Government has adopted a ‘survey, deploy and monitor’ approach to marine 

renewable energy (wave and tidal) in terms of assessing the environmental implications [402], 

yet it is currently unknown how socio-economic consequences will be assessed and 
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monitored.  The ‘survey, deploy and monitor’ approach would be inappropriate for assessing 

impacts upon marine stakeholders, particularly if conflict is to be avoided.  A lack of 

guidance in terms of marine stakeholder impacts also makes it very difficult to design 

appropriate studies by which to assess the impacts, opportunities, benefits and disadvantages 

of MREDs for users of the sea. 

 

 

8.2 What is the potential for conflict between the marine renewable energy 
industry and marine stakeholders, and how can this be mitigated? 
 

It was suggested in Chapter 1 that the Ecosystem Approach (EA) could be used as a 

framework through which to view complex issues in a system which is inherently natural, 

partly economic and partly social.  Using this approach, particularly the concepts of 

stakeholder participation and integrated natural and social science, the studies in this thesis 

sought to address three fundamental questions: (i) which marine users are most likely to be 

affected by the deployment of MREDs?  (ii) How are they likely to be affected?  And (iii) can 

any negative effects be mitigated?  Despite the limitations conveyed above, the studies 

described in this thesis answered these questions, to an extent, and revealed wider 

implications for the EA to marine management. 

 

8.2.1 Which marine users are most likely to be affected by the deployment of 
MREDs? 
Whilst several marine users will be affected by MRED installations including ‘indirect’ users 

such as coastal communities, and more ‘direct’ users such as boating and shipping, the group 

likely to endure the bulk of the ramifications is the inshore fishing industry. 

 

The majority of empirical studies to date focused upon the visual impact and coastal 

communities.  This does not necessarily mean that coastal communities were most likely to be 

affected by MRED deployment, indeed the focus on visual impact may have transferred in 

line with the movement of wind farms from onshore to offshore.  Chapter 3 described how 

conflict was likely to occur when areas of sea space were placed under private control 

resulting in the cessation of commercial activities, such as fishing, in those areas.  The focus 
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upon fishers in workshop discussions further reinforced that they were the group most likely 

to be affected. 

 

Although fishers are the stakeholder most likely to be affected, the consequences of offshore 

development, such as MRED installations, are likely to be case/location specific.  In the Bay 

of Fundy, Canada, lobster fishermen were found likely to be impacted by the development of 

aquaculture because of an overlap in the space suitable for each activity [403].  In Texas, 

United States of America, commercial fishing occurred further offshore than oil and gas 

exploration and so it was unlikely that the two would interact [198].  There is also the 

potential for two spatially overlapping activities to co-exist, as in Cook Inlet, Alaska where 

the salmon fishery and oil and gas extraction were able to occur in tandem because of the 

social and economic context [404]. 

 

 

8.2.2 How are the key marine users likely to be affected?  
The majority of fishers have either positive or neutral attitudes towards MREDs, yet concerns 

regarding impacts remain.  Negative impacts include: loss of access and displacement, 

navigation and safety hazards, and changes to fish migration patterns or fish habitat 

destruction.  Benefits for fishers include: improved infrastructure, alternative employment and 

the artificial reef and exclusion zone effects which may lead to increased catches of 

commercial species. 

 

Two key issues arose during further investigation: firstly an overwhelming concern that 

MRED deployment will lead to loss of livelihood for fishers.  Although there is no proof that 

this will occur, there also appears to be no proof that it is more a perception than reality.  This 

issue will be the key underlying factor of any conflict and must be addressed.  Secondly, the 

issue of fishers’ limited transferable skills may mean that should a loss of livelihood occur, 

there may not be acceptable alternative employment for fishers.  With the offshore renewable 

energy industry being encouraged by some consultancies that job creation is one of the ‘top 

five must-do’s to secure buy-in’ [e.g. 405], it is imperative that alternative job suggestions 

and re-training take this skills shortage into account. 

8.2.3 Can negative effects be mitigated? 
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Mitigation strategies proposed by fishers included compensation and participation.  However, 

this research focused upon the potential for two benefits of MRED installation to mitigate any 

negative impacts.  The evidence base for decision making in regards to whether two 

ecological ‘opportunities’ (the artificial reef and exclusion zone effects) of MREDs can 

mitigate negative effects, at least on the west coast of Scotland, is very weak.  The predicted 

artificial reef effect remains unknown, but the exclusion zone effect was forecast to lead to a 

small decrease in catch for all fleets at the current level of development (although catches may 

increase for the potting/diving fleet with a scale up of development). Should the results of the 

modelling study be correct, marine renewable energy developers must focus on alternative 

mitigation strategies such as compensation and stakeholder participation (e.g. in device 

location). 

 

However, the model also predicted that a reduction in catch value was likely to be small.  It 

may be that compensation and stakeholder involvement in decision making (as discussed in 

Chapter 5) would be appropriate for mitigating the impacts of MRED installations upon the 

fishing industry, and this should be explored further. 

 

8.3 Recommendations for future research 

An inherent and exciting aspect of scientific research is that attempting to answer one 

question often leads to many more.  The findings of this research study provide the following 

insights for future research.  The ‘Rapid Review’ presented in Chapter 2 highlighted the need 

for further investigation into the consequences of MRED deployment for those who 

physically use the sea space.  This study has focused upon the fishing industry, but further 

work is needed to investigate the effects upon the shipping industry, and tourism/recreation 

uses such as yachting, and diving.   

 

It was identified in Chapter 4 that fishers’ attitudes towards marine renewable energy may 

change based upon a series of steps which range from not having been exposed to MRED 

installations to acceptance.  It may be useful to conduct a comparative study post-installation 

to assess whether negative perceptions continue. Future studies should also focus on 

investigating some of the concerns conveyed in Chapter 5, particularly loss of livelihoods.  

Using established offshore wind farms as a proxy for MRED installations, studies could be 
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undertaken to investigate how fishers have adapted to e.g. loss of access.  Have they 

diversified into other fisheries?  Have they left the industry altogether?  If so, have they 

managed to obtain other employment?  Or have they retired?  Given fisher demographics, 

may we see the demise of inshore fishing in the next fifty years?  Also, as the focus of this 

study is solely the wcoS inshore fishing industry, it may be useful to conduct comparative 

studies with other offshore energy extraction locations to see how these results differ from 

those in another location. 

 

Regarding the use of ecosystem modelling to assess the impacts and opportunities of MREDs 

for the fishing industry, further work should be undertaken to improve the wcoS model 

including the collection of biomass and diet data, particularly for the commercial invertebrate 

species which are of high importance for the Scottish west coast inshore fleet.  Basic 

biological studies are also required to improve the estimates of key model parameters such as 

P/B and Q/B ratios.  Future EwE simulation work could investigate questions such as: What 

are the consequences for fishers should mobile gear types be excluded from MRED 

installations, but static gear fishing be allowed? 

 

 

8.4 Policy recommendations 

The research presented in this thesis raises several issues which have policy implications for 

the success, and ‘conflict-free’ development, of the marine renewable energy industry.  This 

thesis offers several policy recommendations regarding operationalising the EA in terms of 

marine renewable energy (Table 8.1) which are linked to Box 1.1 in Chapter 1 which detailed 

the CBD principles of the Ecosystem Approach to management. 
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Table 8.1 Policy recommendations, linked to the CBD EA principles 

EA Principle Policy recommendation 

 

1. The objectives of management 
of land, water and living 
resources are a matter of societal 
choices. 

 

The concept of ‘who takes precedence’ in the marine 
environment must be addressed by society, as well as the 
implications that this has for ‘equitable sharing’ in the 
context of the EA. 

 A fifth of fishermen do not support marine renewable 
energy, it is imperative that their opinions (and those of 
others who are unsupportive) are included in making 
‘societal choices’. 

4.  Recognising potential gains 
from management, there is 
usually a need to understand and 
manage the ecosystem in an 
economic context.   

The potential mismatch between employment 
opportunities from MREDs and skills shortages must be 
addressed; the marine renewable energy industry must be 
realistic when advising that employment opportunities 
will be available. 

7.  The ecosystem approach 
should be undertaken at the 
appropriate spatial and temporal 
scales. 

For MRED operationalisation, the EA focus should be at 
the scale of development as consequences for both the 
ecosystem and marine users are likely to be localised. 

10.  The ecosystem approach 
should seek the appropriate 
balance between, and integration 
of, conservation and use of 
biological diversity. 

Integrated socio-ecological modelling should be used to 
test scenarios of the effects of MREDs (and other 
offshore developments) on the ecosystem and in turn the 
effects upon resource users caused by these ecosystem 
changes, to predict this balance. 

11.  The ecosystem approach 
should consider all forms of 
relevant information, including 
scientific and indigenous and 
local knowledge, innovations and 
practices. 

The combination of touch table, GIS, MCA and 
stakeholder workshops is ideally suited to collecting 
information on stakeholder knowledge and practices 
relevant to MRED installations. 

 There are inherent difficulties in compiling fisher 
knowledge; data should be gathered on an individual 
basis rather than collectively or through industry 
representatives.  

12.  The ecosystem approach 
should involve all relevant sectors 
of society and scientific 
disciplines. 

Stakeholders should have a role beyond consultee in the 
MRED consenting process; they should be involved in 
participatory decision-making. 
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8.5 Concluding remarks 

This research represents one of few studies undertaken to assess the potential consequences of 

MRED deployment for users of the sea, and the first which uses an integrated multi-

disciplinary method by which to investigate the impacts and opportunities for one particular 

stakeholder: the fishing industry.   

The key implication of this research is that when evaluating the consequences of marine 

renewable energy (and offshore development in general), it is imperative that, in order to 

prevent or reduce conflict; users of the marine environment are fully incorporated into the 

Ecosystem Approach to management.  The consequences of not doing this may be costly and 

time-consuming. 
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Appendix A 
 

A.i GIS data sets aggregated by stakeholder group 
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A.i GIS data sets aggregated by stakeholder group 
Data Type Data Set New or Existing 

Shapefile 
Type Source Date Collection/ Capture 

Commercial Commercial 
Shipping 

Existing Raster National Center 
for Ecological 
Analysis and 
Synthesis 

Feb-
08 

Data collected 2004/5 (collected as part of the 
World Meteorological Organization 
Voluntary Observing Ships Scheme 

Cultural 
Heritage 

Wrecks Existing Vector EDINA Jan-08 Data re-engineered from data captured by 
UKHO from paper charts for the production 
of ENCs (Electronic Navigational Charts)  

Cultural 
Heritage 

Scheduled 
Monuments 

Existing Vector Historic 
Scotland 

May-
08 

 

Environmental Scot SSSIs Existing Vector SNH Jan-10  

Environmental Cetaceans New Raster JNCC 2003 Dataset created from JNCC spottings co-
ordinates.  Data from SCANS, Seabirds at 
Sea Team (SAST) and UK Mammal Society 
Cetacean Group (now Seawatch Foundation).  

       

       
Environmental Seabirds New Raster JNCC - Obis 

Seamap 
 Data created from spottings co-ordinates.  

Data from SAST - surveys of seabirds and 
cetaceans at sea from ships and aircraft using 
standard methods 
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Fishing Fishing 
Satellite Data 

Existing Raster DECC 2007 Fishing Satellite Data for UK waters, which 
covers fishing vessels of overall length 15m 
and over. The data only covers UK-registered 
vessels. 

Fishing Fishing 
Surveillance 
Data 

Existing Raster DECC 2008 The results of analysis of fishing surveillance 
(sightings and patrols) in UK waters between 
2006 – 2008 

Fishing Fishing Value Existing Raster APBMer Mar-
09 

Annual mean fish landings value for years 
2004 to 2007. The data was created from 
processed VMS data from Cefas and FRS and 
financial landing value data from MFA. 
 

Recreational 
Shipping 

RYA Cruising 
Routes 

Existing Vector RYA 2008 Data from RYA’s Geographical Information 
System (MapInfo)  

Tidal Energy Ports New Vector Ports of Scotland Jun-10 Data created from port co-ordinates.  Ports 
chosen according to: capabilities (max length 
and draft – based on barges used by MCT for 
Seagen), and being developed for SE NRIP 

Tidal Energy UK Seabed Existing Raster MESH Mar-
10 

Dataset compiled from studies including 
offshore windfarm, aggregate, oil & gas  
EIA's; British Geographical Survey; and 
other research projects.  

Tidal Energy Tidal resource Existing Raster BERR Mar-
08 

Tidal data supplied by Proudman 
Oceanographic Laboratory (POL) on behalf 
of BERR for the Atlas of UK Marine 
Renewable Energy Resources project.   
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Tidal Energy Depth Data Existing Raster EDINA Jan-08 Data captured by UKHO from paper charts 
for the production of ENCs (Electronic 
Navigational Charts)  
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Appendix B 

B.i Survey Instrument 

B ii Binomial Regression Method 

B iii Loglinear Modelling Method 
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B. i Survey Instrument 
 
OFFSHORE POWER PRODUCTION:  
IMPACTS, OPPORTUNITIES AND MITIGATION  
 
Please note:  All information will be treated in the strictest confidence, and no individuals or 
individual firms will be identified in the research results.   
 
The questionnaire should take no more than 20 minutes to complete. 
 
Fishing Activity 
1.  What is the name of your home port? 
 
 
2.  Do you fish inshore or offshore? 
 
 a) Inshore        
 b) Offshore        
 
3. What type of gear do you use? 
 
 a) Otter trawl        
 b) Beam trawl        
 c) Pelagic trawl         
 d) Dredging        
 e) Potting        
 f) Netting        
 g) Long lining        
 h) Seining        
 i) Other (please explain)       
 
4.  How long have you been a fisher? 
 
 
5. Are you a member of a fishing association? 
 
 a) Yes         
 b) No         
   
 
Knowledge of offshore renewable energy 
5.  How important do you think it is to develop sources of renewable energy?   
 
a) Very important          
b) Reasonably important         
c) Not important          
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d) Don’t know         
 
 
6. Which of these statements best describes your attitude to offshore renewable energy 
developments around the UK coast?   
 
a) I think they are a bad idea       
b) I don’t particularly mind them (neutral)     
c) I think they are a good idea       
d) Don’t know         
 
 
7. Do you know of any offshore renewable energy developments occurring near to your home 
port? 
 
Yes          
No          
8. If ‘Yes’, can you name the site? 
 
Impacts of offshore renewable energy  
 
9. Have you been consulted on the impacts of offshore renewable energy? (e.g. by developers)   
 
a) Yes          
b) No          
 
 
10. If ‘Yes’, was it for offshore wind, wave or tidal energy? 
 
Offshore wind         
Wave energy         
Tidal energy         
Don’t know         
 
 
11. How do you think wave and tidal energy may negatively impact the fishing industry? (Please 
describe) 
 
 
12. What opportunities do you think wave and tidal energy may create for the fishing industry? 
(Please describe) 
 
 
Possible mitigation of impacts and opportunities 
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(For the purposes of this project, fisheries mitigation is defined as:  “Measures taken to limit the 
adverse effects, or enhance the positive effects, of marine industrial developments on commercial 
fisheries”.)   
 
 
13. Have you been involved in marine industry developments where fishing access to an area was 
lost, either temporarily or permanently?   
 
a) Yes          
b) No          
 
 
14. If ‘Yes’, were there occasions when fisheries mitigation was introduced?  
 
a) Yes          
b) No          
 
 
15. Do you have any suggestions for ways that developers could mitigate the loss of fishing 
access? (Please describe) 
 
 
 
Thank you for your time in completing this questionnaire 
 
If you wish to be informed of the results of this survey, please enter your name and email and/or 
address: 
 
 
 
Finally, would you be willing to further assist in this research by consenting to take part in an 
interview (at a time and place suitable to you) to further explore the issues raised in this survey? 
 
 a) Yes (please ensure contact details are above)    
 b) No           
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B.ii Binomial Regression Method  
 
A regression indicates a relationship between a dependent variable (in this case attitude) and 
one or more independent variables.  Binomial regression models are appropriate when the 
response (dependent variable) takes one of only two possible values representing e.g. 
success/failure, presence/absence. 
 

• Step 1. Test a-priori hypothesis. 
• Step 2. Use backward stepwise elimination to identify parsimonious model 
• Step 3. Check diagnostics 
• Step 4. Remove outliers and re-run model 
• Step 5. Interpret model 

 
 

• STEP 1. TEST A-PRIORI HYPOTHESIS 
 
H0 = None of the factors (gear type, association member, years fishing, port fishing from, 
known nearby offshore development) are associated with negative attitudes. 
 
R input (model 1 – a priori hypothesis) 
glm(attitude~gear+assoc+years+port+knowndev, family=binomial, data=data1) 
 
R output (model 1) 
Deviance Residuals:  
    Min       1Q   Median       3Q      Max   
-1.0355  -0.6314  -0.5110  -0.2914   2.5221 
 
 Estimate Standard 

Error 
Wald 
statistic 

Pr(>|z|) 

Intercept -4.039 1.006 -4.014 5.97e-5 *** 

Gear -0.375 0.651 -0.576 0.565 

Association -0.155 0.607 -0.255 0.799 

Years 0.034 0.025 1.376 0.169 

Port 1.260 0.608 2.071 0.038 * 

Known Development 1.746 0.608 2.871 0.004 ** 

 
 



187 

 

• STEP 2. USE BACKWARD STEPWISE ELIMINATION TO IDENTIFY 
PARSIMONIOUS MODEL 

 
Gear type was the most insignificant factor, so was removed and the model re-run.  No 
significant deviation was shown.  Years fishing was next most insignificant factor, was 
removed and model re-run.  No significant deviation from was shown.  Association 
membership was the next most insignificant factor, was removed and the model re-run.  No 
significant deviation shown.  Port was the next most insignificant factor, was removed and the 
model re-run.  A significant deviation was shown, port was kept in model.  Model 4 appeared 
best fit. 
 

Model Description AIC Deviance from  
Saturated 
Model 

P 
(Chi) 

1 X1+ X2+ X3+X4+X5 (Saturated) 99.272   

2 X2+ X3+X4+X5 97.608 0.33649 0.5619 

3 X2+X4+X5 97.337 2.0654 0.3560 

4 X4+X5 95.561 2.2895 0.5145 

5 X5 98.045 6.7728 0.1484 

 
X1=Gear type, X2=Association member, X3=Years fishing, X4=Port fishing from, X5=Known 
nearby offshore development 
 
R input (model 4 – most parsimonious model): 
glm(formula = attitude ~ port + knowndev, family = binomial, data = data2) 
 
R output (model 4): 
Deviance Residuals:  
    Min       1Q   Median       3Q      Max   
-1.0355  -0.6314  -0.5110  -0.2914   2.5221   
 

 Estimate Standard 
Error 

Wald 
statistic 

Pr(>|z|) 

Intercept -3.1381 0.6393 -4.908 9.19e-07 *** 

Port Mainland 1.1683 0.5806 2.012 0.0442 * 

Known Development Yes 1.6265 0.5725 2.841 0.0045 ** 
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Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 
(Dispersion parameter for binomial family taken to be 1) 
 
    Null deviance: 103.500  on 107  degrees of freedom 
Residual deviance:  89.561  on 105  degrees of freedom 
AIC: 95.561 
 
Number of Fisher Scoring iterations: 5 
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• STEP 3. CHECK DIAGNOSTICS (MODEL 4) 

 

 
No obvious indication of a lack of fit of the model to observations.  Residuals plots did not 
show any obvious pattern, although there were some extreme observations.    Cooks distance 
plot also showed some influential outliers.  Outliers were removed from the dataset and the 
model re-run. 
 
 

• STEP 4. REMOVE OUTLIERS AND RE-RUN MODEL 
 
R input:  
glm(formula = attitude ~ port + knowndev, family = binomial, data = data5) 
 
 
R output: 
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Deviance Residuals:  
    Min       1Q   Median       3Q      Max   
-2.3731   0.1232   0.3514   0.4338   1.0968   
 

Model co-efficients 

 Estimate Standard 
Error 

Wald 
statistic 

Pr(>|z|)     

Intercept -4.8775 1.0307 4.732 2.22e-06*** 

Port Mainland 2.1235 0.8180 2.596 0.00943** 

Known Development Yes 2.5614 0.8089 3.166 0.00154** 

 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 
(Dispersion parameter for binomial family taken to be 1) 
 
    Null deviance: 89.30  on 103  degrees of freedom 
Residual deviance: 65.26  on 101  degrees of freedom 
AIC: 71.26 
 
Number of Fisher Scoring iterations: 6 
 
There was no significant difference in the interpretation of the model, therefore the extreme 
observations were not explored further and the data points were included in final model.  
Interpretation: dealing with humans, clearly some fishermen have attitudes which are different 
from the norm. 
 

• STEP 5. INTERPRET MODEL  
 
The results of a logistic regression analysis are often translated into odds ratios (multiplicative 
effects on the odds) to help in interpretation [192].  This is a measure of how the odds of a 
positive or negative attitude occuring change with a change in e.g. the port being fished from 
or knowledge of nearby offshore developments.   
 
Odds ratio = eco-eff   

95% CI = eco-eff±(1.96xSE )  
 
A positive co-efficient value indicates the odds would increase, a negative value indicates the 
odds would decrease. 
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Port (if mainland):  
Odds: e1.1683 = 3.22 

95% CI = e(1.1683±1.96x0.5806) = (1.03, 10.04)  
= 3.22 (1.03, 10.04) times more likely to have a negative attitude 
 
Knowndev (if yes):  
Odds: e1.6265 = 5.09  
95% CI = e(1.16265±1.96x0.5725) = (1.04, 9.82) 
= 5.09 (1.04, 9.82) times more likely to have a negative attitude 
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B.iii Loglinear Modelling Method 
 
Loglinear models treat cell frequencies as counts distributed as a Poisson random variable.  
They do not distinguish response and predictor variables; all the variables are considered 
equally as response variables. 
 

• Step 1.  Create contingency table 
• Step 2.  Use backward stepwise elimination to identify parsimonious model 
• Step 3.  Compare observed and expected frequencies 
• Step 4.  Compare G2 deviance statistic 
• Step 5.  Check diagnostics 
• Step 6.   Interpret model 

 
 

• STEP 1. CREATE CONTINGENCY TABLE 
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Correlation plot displayed a correlation between gear type and association membership.  Year 
was a continuous data type and could not be included.  Empty cells remained, and so 
contingency table was reduced to same factors as binomial regression model. 
 

Resultant contingency table. 
 
attitude port knowndev freq 
Pos Mainland Y 8 
Neutral Mainland Y 8 
Neg Mainland Y 12 
Pos Mainland N 19 
Neutral Mainland N 9 
Neg Mainland N 3 
Pos Island Y 7 
Neutral Island Y 9 
Neg Island Y 3 
Pos Island N 17 
Neutral Island N 10 
Neg Island N 2 
 
 
 

• STEP 2. USE BACKWARD STEPWISE ELIMINATION TO IDENTIFY MOST 
PARSIMONIOUS MODEL 
 

Comparison of all loglinear models 
 
Parameters Model df Resid Dev AIC Dev from Sat 
XYZ (Saturated) 1 0 6.66E-16 70.354   
X,Y,Z (Independent) 2 7 17.81 74.164 -17.81 
X,Y,Z + XY,XZ,YZ 3 2 0.64357 66.998 -0.64357 
X,Y,Z + XY,XZ 4 3 0.75287 65.107 -0.75287 
X,Y,Z + XY,YZ 5 4 12.755 75.109 -12.755 
X,Y,Z + XZ,YZ 6 4 4.4723 66.827 -4.4723 
X,Y,Z + XY 7 5 13.423 73.777 -13.423 
X,Y,Z + XZ  8 5 5.1403 65.495 -5.1403 
X,Y,Z + YZ 9 6 17.142 75.497 -17.142 
 
X= attitude, Y = port, Z = known development.  Only those models which included an 
interaction with attitude, and had the lowest AIC were investigated further. 
 

• STEP 3. COMPARE OBSERVED AND EXPECTED FREQUENCIES 
 

This was conducted for models 3, 4 and 8. 
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Model 3 
attitude port knowndev freq (obs) freq (pred) 
Pos Mainland Y 8 8.309395 
Neutral Mainland Y 8 8.340574 
Neg Mainland Y 12 11.35003 
Pos Mainland N 19 18.69061 
Neutral Mainland N 9 8.659426 
Neg Mainland N 3 3.649969 
Pos Island Y 7 6.690605 
Neutral Island Y 9 8.659426 
Neg Island Y 3 3.649969 
Pos Island N 17 17.3094 
Neutral Island N 10 10.34057 
Neg Island N 2 1.350031 
 

Model 4 
attitude port knowndev freq (obs) freq (pred) 
Pos Mainland Y 8 7.941176 
Neutral Mainland Y 8 8.027778 
Neg Mainland Y 12 11.25 
Pos Mainland N 19 19.05882 
Neutral Mainland N 9 8.972222 
Neg Mainland N 3 3.75 
Pos Island Y 7 7.058824 
Neutral Island Y 9 8.972222 
Neg Island Y 3 3.75 
Pos Island N 17 16.94118 
Neutral Island N 10 10.02778 
Neg Island N 2 1.25 
 

Model 8 
attitude port knowndev freq (obs) freq (pred) 
Pos Mainland Y 8 8.271028 
Neutral Mainland Y 8 9.373832 
Neg Mainland Y 12 8.271028 
Pos Mainland N 19 19.85047 
Neutral Mainland N 9 10.47664 
Neg Mainland N 3 2.757009 
Pos Island Y 7 6.728972 
Neutral Island Y 9 7.626168 
Neg Island Y 3 6.728972 
Pos Island N 17 16.14953 
Neutral Island N 10 8.523364 
Neg Island N 2 2.242991 
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• STEP 4 COMPARE G2 DEVIANCE STATISTICS 
 
Model 4 deviation from Model 3.  Analysis of deviance table 
 
R input: 
Model 1: freq ~ attitude + port + knowndev + attitude:port + attitude:knowndev +  
    port:knowndev 
Model 2: freq ~ attitude + port + knowndev + attitude:port + attitude:knowndev 
 
R output: 
Model Residual Degrees 

of Freedom 
Residual 
Deviance 

Degrees of 
Freedom 

Deviance 

1 2 0.64357   

2 3 0.75287 -1 -0.1093 

 
Model 8 deviation from Model 3.  Analysis of deviance table 
 
R input: 
Model 1: freq ~ attitude + port + knowndev + attitude:port + attitude:knowndev +  
    port:knowndev 
Model 2: freq ~ attitude + port + knowndev + attitude:knowndev 
 
R output: 
Model Residual Degrees 

of Freedom 
Residual 
Deviance 

Degrees of 
Freedom 

Deviance 

1 2 0.6436   

2 5 5.1403 -3 -4.4967 
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• STEP 5. CHECK DIAGNOSTICS (MODEL 4) 
 

  

  

 

No indication of a lack of fit of the model to the observations.  Plots are difficult to interpret 
as there are few data points, although as with binomial regression there are some outliers.    
Residual vs fitted plot does not show any obvious pattern.  The line is straight in the QQ plot 
suggesting the data is normal.  No obvious heteroscedasticity in scale-location plot.  Cook’s 
distance plot suggests some data points are influential, however if modelling is repeated 
without these data points there is no change to the results. 
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• STEP 6. INTEPRET MODEL 

Model 4 Coefficients 
 Estimate Standard Error Z Value Pr (>|z|) 
Intercept 0.2231 0.5916 0.377 0.70604 
Attitude:Neutral 2.0822 0.6538 3.185 0.00145 ** 
Attitude:Postitive 2.6066 0.6323 4.122 3.75e-05 *** 
Port:Mainland 1.0986 0.5164 2.127 0.3338 * 
Known Development: Yes 1.0986 0.5164 2.127 0.3338 * 
Attitude:Neutral, Port:Mainland -1.2098 0.6149 -1.967 0.04913 * 
Attitude:Postive, Port: Mainland 0.9808 0.5877 -1.669 0.09512 . 
Attitude: Neutral, Known 
Development Yes 

-1.2098 0.6149 -1.967 0.04913 * 

Attitude: Positive, Known 
Development: Yes 

-1.9741 0.6009 -3.285 0.00102 ** 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Odds Ratios 

Interaction co-efficients correspond to log odds ratios [406]  

 

Attitude = neutral, port = mainland 

e-1.2098 = 0.29 
CI = e(1.2098±1.96x0.6149) = (1.00, 11.18)  
Odds of having a neutral attitude are lower for those on the mainland by a factor of 0.29 or 
71% or 3.4 (1,11.18) times  

 

Attitude = neutral, known development = yes 

e-1.2098 = 0.29 
CI = e(1.2098±1.96x0.6149) = (1.00, 11.18)  
Odds of having a neutral attitude are lower for those who know of a nearby offshore 
development by a factor of 0.29 or 71% or 3.4 (1, 11.18) times 

 

Attitude = positive, known development = yes 

e-1.9741 = 0.14 
CI = e(1.9741±1.96x0.6009) = (2.15, 22.75)  
Odds of having a positive attitude are lower for those who know of a nearby offshore 
development by a factor of 0.14 or 86% or 7.1 (2.15, 22.75) times 
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C.i Interview Topic Guide 
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C.i Interview Topic Guide 
 
FISHERS’ ATTITUDES TO MARINE RENEWABLE ENERGY 

Research aims to explore: 

 Respondents understanding of marine renewable energy 
 Current fishing practices & how this may be changed by marine renewables 
 Identify fishers’ positions, interests, needs in relation to renewable energy: 

o Position – what is said to get what is wanted 
o Interest – things that enhance quality of life and are desirable (land, money, 

job) 
o Need – loss would mean a large negative change, non-negotiable (identity, 

security, value of culture) 
 

Introduction 

• Introduce self and SAMS 
• Explain  

o reasons for recording interview – concentrate on what being said 
o nature and purpose of research – PhD, impacts, issues from surveys 
o no right or wrong answer 
o length of interview – no more than 1.5 hours 
o voluntary nature of participation and right to withdraw 

• Confidentiality and how findings will be reported 
• Any questions they have 

 

Background 

• Family – partner, children 
o Family that fish 

• Current fishing practices 
o Home port 
o Type of fishing activity      
o Days per year spent fishing/ what months 
o Length of trips 
o Distance to fishing grounds/whereabouts – general not specific 
o Typical day at work 
o Any other income 

• Fishing history 
o How got into fishing 
o Why continue fishing 

 

Awareness & understanding 

• What does ‘marine renewable energy’ mean to them 
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• Need for renewable energy 
• Where heard about marine renewables 

 Fishing org       
 Media – newspapers/television 
 Family & friends 

 

Attitudes towards impacts of marine renewables 

• Gear conflict 
 Creels tangled in moorings     
 Trawls damaging cables 

 Danger to navigation 
• Loss of Access 

 Disruption to fishing patterns    
 Displacement 

o Further pressure on alternative sites     
 Further competition for traditional grounds 
 Reduced inshore opportunities 

o Impact upon earnings       
o Impact upon livelihoods - feelings 

 Loss of heritage 
 

Attitudes towards opportunities of marine renewables 

• No take areas 
 Fish sanctuary       
 Improve breeding stocks 
 Improve quality of catch 
 Spill-over effect 
 Nursery areas 
 Areas exclusive to static gears 

• Artificial reef effect 
o Understanding – what does it do 
o What type of fishing is it best for 

• Improved harbour facilities 
• Alternative employment 

 Guard vessels       
 Maintenance work 
 Employment for fishermen who wish to leave industry 
 Boat hire 

o Feelings re told by outsiders to change type of employment 
• Compensation – monetary, or training for other jobs 

 

Suggestions of possible mitigation 
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• Explain definition of mitigation: ‘to make the impacts of marine renewable energy 
(wave or tidal) less severe’ 

• Mitigation by opportunities of marine renewables 
• Marine spatial planning/policy engagement 
• Communication 

o How to engage fishers       
o When to communicate 

• Fisher knowledge 
o What types of fisher knowledge 

 

 

At the end of the interview: 

 Thank respondent for participation in interview 
 Provide reassurances about confidentiality 
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Appendix D 

D.i. Functional groups and species 

D.ii Diet matrix for all functional groups in balanced model 

D.iii Biomass times series 

D.iv Catch time series 
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D.i Functional groups and species 
Functional group Species comprising functional group 
Grey seals N/A 
Harbour seals N/A 
Cetaceans Balaenoptera acutorostrata, Orcinus orca, Globicephala melaena, 

Phocoena phocoena, Lagenorhynchus albirostris, Grampus griseus, 
Delphinus delphis, Tursiops truncates 

Seabirds Uria aalge, Alca torda, Fratercula arctica, Fulmarus glacialis, 
Hydrobates pelagicus, Puffinus puffinus 

Cod mature N/A 
Cod immature N/A 
Haddock mature N/A 
Haddock immature N/A 
Whiting mature N/A 
Whiting immature N/A 
Pollock N/A 
Gurnards Eutrigla gurnardus, Aspitrigla cuculus 
Monkfish Lophius piscatorius, Lophius budegassa 
Flatfish Microstimus kitt, Pleuronectes platesa, Limanda limanda, 

Lepidorhombus whiffiagonis 
Rays Raja montagui, Leucoraja circularis, Raja clavata, Dipturus batis 
Sharks Scyliorhinus canicula, Squalus acanthias 
Large demersals Merluccius merluccius, Zeus faber, Helicolenus dactylopterus, Molva 

molva 
Other small fish  
Mackerel N/A 
Horse Mackerel N/A 
Blue Whiting N/A 
Other pelagics Alosa aloha, Alosa fallax, Sardina pilchardus, Engraulis encrasicolus,  
Herring N/A 
Norway pout N/A 
Poor cod N/A 
Sandeel N/A 
Sprat Ammodytes marinus, Gymnammodytes semisquamatus, Hyperoplus 

lanceolatus, Hyperoplus immaculatus 
Nephrops N/A 
Lobster N/A 
Edible crab N/A 
Velvet crab N/A 
Crustaceans Carcinus maenas, Munida rugosa, Crangon spp., Pandulus montagui 
Cephalopod Loligo spp. 
Large zooplankton Chaetognaths, hyperiid amphipods, jellyfish, mysids, tunicates 
Small zooplankton Calanus finmarchicus, Oithona similis (and other copepods), tunicates  
Infauna Bivalves, polychaetes 
Scallops Pecten maximus, Aequipecten opercularis 
Epifauna Gastropods, echinoderms 
Algae N/A 
Phytoplankton N/A 
Detritus N/A 
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D.ii Diet matrix for all functional groups in balanced model 
Prey \ 
predator 

Grey 
Seals 

Harbour 
Seals 

Cetaceans Seabirds Cod 
(m) 

Cod (i) Haddock 
(m) 

Haddock 
(i) 

Whiting 
(m) 

Whiting 
(i) 

Seabirds 0 0 0.000981 0 0 0 0 0 0 0 
Cod mature 0.055275 0.038065 0.001851 0 0 0 0 0 0 0 
Cod immature 0.045225 0 0 0.027239 0.00900

7 
0.00900
9 

0 0 0.008294 0.004515 

Haddock 
mature 

0.02975 0.114718 0.0001 0 0.03582
7 

0 0 0 0 0 

Haddock 
immature 

0 0 0 0.00592 0 0 0.000185 0.004325 0.005988 0.002157 

Whiting 
mature 

0.027145 0.229309 0.000981 0 0 0 0 0 0 0 

Whiting 
immature 

0 0 0 0.003038 0 0 0 0 0.033495 0 

Pollock 0.059501 0 0.000981 0.006721 0 0 0 0 0.006799 0 
Gurnards 0 0 0 0 0.00170

1 
0 0.003241 0 0 0 

Monkfish 0 0 0 0 0 0 0 0 0 0 
Flatfish 0.096106 0.005267 0 0.035519 0.03889

9 
0 0 0 0.001024 0 

Sharks 0 0 0.0001 0 0 0 0 0 0 0 
Large 
demersals 

0.118002 0.09651 0.021517 0 0 0 0 0 0 0 

Other small 
fish 

0.009661 0 0.007389 0.030367 0.0004 0 0.03894 0 0 0 

Mackerel 0 0.017792 0.000981 0.030367 0.00597
4 

0 0 0 0.125992 0 
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Horse 
Mackerel 

0 0.345889 0 0.013463 0 0 0 0 0.013618 0 

Blue Whiting 0.009661 0 0 0.03229 0 0 0 0 0 0 
Other pelagics 0 0 0.636744 0.12536 0.10731

1 
0 0.018475 0 0.122869 0 

Herring 0.053958 0.077123 0.000971 0.355837 0.16012 0 0.00059 0 0.348129 0 
Norway pout 0.038133 0.054252 0 0.020245 0.01483

1 
0 0.009302 0 0.020478 0 

Poor cod 0.009661 0 0.050027 0.001012 0.0001 0 0.001 0 0.001024 0 
Sandeel 0.438263 0.011573 0.0773 0.050611 0.04353

3 
0.04004 0.030007 0 0.051195 0.020067 

Sprat 0.009661 0 0.004923 0.135483 0.00100
1 

0 0.08002 0 0.133108 0 

Nephrops 0 0 0 0 0.01404
1 

0 0 0 0 0 

Lobster 0 0 0 0 0.00074 0 0 0 0.001 0 
Edible crab 0 0 0 0 0.0061 0 0 0 0.001 0 
Velvet crab 0 0 0 0 0.001 0 0 0 0.001 0 
Crustaceans 0 0 0.001651 0.035428 0.39916 0.05005 0.369931 0.050287 0.0328 0.050168 
Cephalopod 0 0.0095 0.00392 0 0.01823

4 
0 0 0 0 0 

Lzooplankton 0 0 0.119405 0.020245 0 0.4004 0 0.502866 0.020478 0.451513 
Szooplankton 0 0 0.069678 0 0 0.25025 0 0.15086 0 0.200672 
Infauna 0 0 0 0 0.07441

6 
0.15015 0.116229 0.050287 0 0.100336 

Scallops 0 0 0 0 0.001 0 0.001 0 0.001 0 
Epifauna 0 0 0.00049 0.070856 0.0664 0.05005 0.331 0.040229 0.0707 0.045151 
Algae 0 0 0 0 0 0 0 0 0 0 
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Phytoplankton 0 0 0 0 0 0.05005 0 0.201147 0 0.12542 
Detritus 0 0 0 0 0 0 0 0 0 0 
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D.ii (continued)  
Prey \ 
predator 

Pollock Gurnards Monkfish Flatfish Rays Sharks Large 
demersals 

Other 
small 
fish 

Mackerel Horse 
Mackerel 

Blue 
Whiting 

Cetaceans 0 0 0 0 0 1.02E-05 0 0 0 0 0 
Seabirds 0 0 0 0 0 0.001018 0 0 0 0 0 
Cod mature 0 0 0 0 0 0 0 0 0 0 0 
Cod immature 0.027097 0.011718 0.156397 0.001804 0 0.021502 0 0 0.004808 0 0 
Haddock 
mature 

0 0 0.059 0 0 0 0 0 0 0 0 

Haddock 
immature 

0.000432 0.001541 0 0.000862 0 0.00098 0.000568 0 0.000432 0.00043 0 

Whiting 
immature 

0 0.052318 0.051695 0.001383 0 0.020369 0 0 0.006929 0 0 

Pollock 0 0 0.143252 0.001002 0 0.000509 0.00134 0 0 0 0 
Gurnards 0 0 0.002428 0.004008 0.005 0.001018 0 0 0 0 0 
Monkfish 0 0 0.010406 0.010021 0 0 0 0 0 0 0 
Flatfish 0.029104 0.000986 0.063476 0.004008 0.041 0.000509 0.037108 0 0 0 0 
Rays 0 0 0.000694 0 0 0.001018 0.020014 0 0 0 0 
Sharks 0 0 0 0 0 0.041735 0 0 0 0 0 
Large 
demersals 

0 0 0 0 0 0 0.056011 0 0 0 0 

Other small 
fish 

0 0.030189 0.09816 0.010021 0 0.024135 0.10002 0.049997 0.005624 0 0 

Mackerel 0 0 0.010406 0.00501 0 0.016928 0.080056 0 0 0 0.07 
Horse 
Mackerel 

0.060215 0 0 0 0 0.010179 0.10002 0 0.020084 0 0 

Blue Whiting 0 0 0 0 0 0 0.171375 0 0 0 0.02 
Other pelagics 0.012043 0.015197 0.022893 0.038078 0.01 0 0.081416 0 0.010042 0 0.15 
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Herring 0.208745 0.031216 0.108219 0 0.13 0.321961 0.164033 0 0.100422 0.016492 0.05 
Norway pout 0.200717 0.004118 0.121747 0.015031 0.01 0.00228 0 0 0.010042 0.016492 0 
Poor cod 0 0.001027 0.001041 0 0 0.001018 0.001 0 0.001004 0 0 
Sandeel 0.030107 0.084274 0.104403 0.020041 0.05 0.020776 0.001 0 0.010042 0 0.01 
Sprat 0.090322 0.005904 0 0 0.04 0.098149 0 0 0.010123 0 0.1 
Nephrops 0 0 0 0.020943 0.13 0 0 0 0 0 0 
Lobster 0 0 0 0 0.001 0 0 0 0 0 0 
Edible crab 0 0.001 0 0.001 0.005 0.001 0 0 0 0 0 
Velvet crab 0 0 0 0 0.001 0.001 0 0 0 0 0 
Crustaceans 0.115412 0.381 0.001041 0.106 0.293 0.109 0.038008 0.003946 0.010042 0.010002 0.01 
Cephalopod 0.005018 0 0.0447 0.007014 0 0.153 0.032607 0 0 0 0 
Lzooplankton 0.220788 0.223001 0 0.100206 0 0.040717 0.003601 0.647912 0.704962 0.73211 0.59 
Szooplankton 0 0 0 0.102211 0 0 0 0.000267 0.100422 0.215112 0 
Infauna 0 0.055737 0 0.204421 0.04 0.000102 0.00018 0.109941 0.005021 0.009361 0 
Scallops 0 0.002 0 0.001 0.001 0 0 0 0 0 0 
Epifauna 0 0.099 0 0.346 0.243 0.110547 0.111643 0.187937 0 0 0 
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D.ii (continued)  
Prey \ 
predator 

Other 
pelagics 

Herring Norway 
Pout 

Poor 
cod 

Sandeel Sprat Nephrops Lobster Edible 
crab 

Velvet 
crab 

Other 
Crustaceans 

Haddock 
immature 

0.00043 0 0 0 0 0 0 0 0 0 0 

Gurnards 0.002001 0 0 0 0 0 0 0 0 0 0 
Monkfish 0 0 0 0 0 0 0 0 0 0 0 
Flatfish 0.071928 0 0 0.0005 0 0 0 0 0.0309 0 0 
Other small 
fish 

0 0 0.00178 0.11071
4 

0 0 0 0 0 0 0.001 

Horse 
Mackerel 

0.030012 0 0 0 0 0 0 0 0 0 0 

Other pelagics 0.034083 0 0 0 0 0 0 0 0 0 0 
Herring 0.032012 0 0 0 0 0 0 0 0 0 0 
Norway pout 0.004952 0 0 0 0 0 0 0 0 0 0 
Poor cod 0 0 0.001 0.001 0 0 0 0 0 0 1.00E-04 
Sandeel 0.027281 0.0005 0 0.00178

6 
0 0 0 0 0 0 0 

Sprat 0.006503 0.00026 0 0.00138 0 0 0 0 0 0 0 
Nephrops 0.001 0 0 0.03076

6 
0 0 0 0 0 0 0.001 

Lobster 0 0 0 0 0 0 0 0.0076 0 0 0 
Edible crab 0 0 0 0 0 0 0.1 0.001 0.05 0 0 
Velvet crab 0 0 0 0 0 0 0.1 0.001 0.05 0 0 
Crustaceans 0 0 0 0 0 0 0.1 0.002 0 0 0 
Cephalopod 0.010004 0.009997 0.19322 0.30011 0.05 0.05 0.1 0.3231 0.1958 0.253 0.009997 
Lzooplankton 0.122 0 0 0.00064 0 0 0 0 0 0 0 
Szooplankton 0.119347 0.982725 0.752 0.09693 0.948 0.75 0.199 0 0 0 0.083974 
Infauna 0.034083 0 0 0.0036 0.001 0.2 0.16139 0.0031 0 0 0.104968 
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Scallops 
0.136363 0 0 

0.16145
8 0.001 0 0.05075 0.059 0 0 0.132959 

Epifauna 0 0 0 0.001 0 0 0 0 0.001 0.001 0.02 
Algae 0.368254 0 0.052 0.29 0 0 0.28858 0.5473 0.576 0.139 0.22 
Phytoplankton 0 0 0 0 0 0 0 0.0572 0.0103 0 0 
Detritus 0 0.006518 0 0 0 0 0 0 0 0.456 0.099969 
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D.ii (continued) 
Prey \ 
predator 

Cephalopods Large 
zoo- 
plankton 

Small 
zoo- 
plankton 

Infauna Scallops Epifauna 

Haddock 
immature 

0.000215 0 0 0 0 0 

Gurnards 0.00191 0 0 0 0 0 
Flatfish 0.015277 0 0 0 0 0 
Other small 
fish 

0.004999 0 0 0 0 0 

Horse 
Mackerel 

0.019107 0 0 0 0 0 

Blue Whiting 0.004999 0 0 0 0 0 
Other pelagics 0.00191 0 0 0 0 0 
Herring 0.030995 0 0 0 0 0 
Norway pout 0.003819 0 0 0 0 0 
Poor cod 0.001 0 0 0 0 0 
Sandeel 0.019107 0 0 0 0 0 
Sprat 0.003819 0 0 0 0 0 
Nephrops 0.00191 0 0 0 0 0 
Crustaceans 0.00191 0 0 0 0 0 
Lzooplankton 0.592226 0.011905 0 0 0 0 
Szooplankton 0.273182 0.13976 0.03 0 0 0.098057 
Infauna 0.019797 0 0 0.0356 0 0.14902 
Scallops 0 0 0 0 0 0.01 
Epifauna 0.003819 0 0 0 0 0.09 
Algae 0 0 0 0 0 0.1 
Phytoplankton 0 0.710285 0.8 0.49948 0.5 0.378003 
Detritus 0 0.13805 0.17 0.4649 0.5 0.17496 
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D.iii Biomass time series 
Year Grey Seals Harbour 

Seals 
Cod (m) Cod (i) Haddock 

(m) 
Haddock 
(i) 

Whiting 
(m) 

Whiting (i) Pollock 

1985 0.056 0.010 0.254 0.229 0.808 0.163 0.265 0.287 0.436 
1986 0.060 0.010 0.204 0.700 0.601 0.599 0.220 0.386 0.432 
1987 0.063 0.010 0.240 0.133 0.550 0.121 0.267 0.124 0.378 
1988 0.066 0.010 0.296 0.229 0.568 0.048 0.294 0.122 0.305 
1989 0.069 0.010 0.222 0.093 0.361 0.231 0.155 0.095 0.179 
1990 0.072 0.010 0.212 0.132 0.215 0.332 0.132 0.163 0.160 
1991 0.075 0.010 0.162 0.205 0.266 0.465 0.109 0.426 0.142 
1992 0.078 0.010 0.141 0.098 0.359 0.475 0.230 0.474 0.117 
1993 0.080 0.010 0.185 0.174 0.537 0.207 0.473 0.390 0.133 
1994 0.083 0.010 0.167 0.155 0.528 0.569 0.484 0.662 0.113 
1995 0.086 0.011 0.190 0.068 0.440 0.366 0.433 0.531 0.138 
1996 0.088 0.012 0.197 0.200 0.569 0.405 0.610 0.474 0.162 
1997 0.090 0.012 0.144 0.116 0.537 0.450 0.509 0.581 0.170 
1998 0.093 0.012 0.141 0.064 0.483 0.130 0.304 0.505 0.207 
1999 0.095 0.013 0.131 0.119 0.428 1.215 0.246 0.862 0.179 
2000 0.097 0.013 0.107 0.047 0.245 0.610 0.205 0.377 0.182 
2001 0.099 0.013 0.102 0.102 0.701 0.333 0.355 0.154 0.217 
2002 0.101 0.013 0.081 0.030 0.717 0.382 0.297 0.381 0.224 
2003 0.103 0.013 0.077 0.047 0.730 0.186 0.209 0.387 0.210 
2004 0.104 0.012 0.055 0.065 0.527 0.111 0.242 0.150 0.213 
2005 0.106 0.012 0.042 0.124 0.468 0.295 0.153 0.103 0.231 
2006 0.107 0.012 0.048 0.042 0.310 0.075 0.085 0.054 0.219 
2007 0.108 0.012 0.076 0.040 0.319 0.020 0.100  0.211 
2008   0.070 0.065 0.287 0.072   0.209 
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D.iii (continued) 
Year Gurnards Monkfish Flatfish Rays Sharks Large 

demersals 
Other 
small fish 

Mackerel Horse 
mackerel 

1985 0.133 5.330 18.051 8.962 67.719 4.689 8.441 4.192 4.732 
1986 0.063 2.242 13.186 6.558 45.256 4.959 2.430 3.496 5.029 
1987 0.110 2.204 8.611 6.083 50.559 5.676 1.743 3.833 5.018 
1988 0.064 5.325 16.429 3.598 109.498 5.876 1.844 3.230 4.910 
1989 0.076 2.367 8.081 2.936 31.699 4.249 1.141 3.714 4.725 
1990 0.055 5.486 10.145 13.093 47.538 8.141 0.904 3.482 4.093 
1991 0.055 2.758 8.985 9.180 45.008 5.091 0.563 2.994 3.937 
1992 0.077 3.997 11.272 31.307 25.685 8.796 13.733 3.745 3.251 
1993 0.125 4.114 26.421 24.452 34.141 15.021 6.471 3.444 3.189 
1994 0.092 3.491 17.178 23.839 47.169 16.568 1.621 2.971 2.931 
1995 0.171 3.804 15.399 12.956 58.754 24.452 5.908 2.831 2.691 
1996 0.079 8.083 13.700 18.404 21.662 10.660 8.084 3.128 2.941 
1997 0.081 4.335 14.975 14.018 23.999 12.915 3.512 2.897 2.904 
1998 0.093 3.979 22.725 9.133 35.366 16.090 16.307 2.843 2.558 
1999 0.183 4.576 30.975 21.700 91.810 20.111 5.389 3.312 2.562 
2000 0.207 4.852 29.661 35.722 32.105 24.233 4.961 2.996 2.537 
2001 0.149 4.120 22.773 23.413 59.701 26.859 8.005 3.023 2.068 
2002 0.231 5.234 37.753 64.214 58.373 13.564 66.259 2.881 2.471 
2003 0.288 8.781 36.847 59.072 49.311 23.185 21.459 2.815 3.146 
2004 0.185 9.503 21.968 27.050 27.284 31.472 11.977 2.634 3.610 
2005 0.212 2.572 15.179 55.825 37.789 57.470 4.843 2.541 3.815 
2006 0.270 3.904 17.474 49.006 72.307 77.145 10.335 3.831 3.315 
2007 0.279 5.602 30.019 71.606 80.633 53.705 58.037 3.306 2.899 
2008        2.947 3.118 

 



214 

 

D.iii (continued) 
Year Blue 

whiting 
Herring Norway 

pout 
Poor cod Sandeel Sprat Nephrops 

1985 1.783  5.952 27.982 2.803 1.314 0.000 
1986 1.847  5.604 21.874 1.060 2.174 0.008 
1987 1.670  8.296 40.832 0.934 3.213 0.003 
1988 1.483  5.898 30.906 2.963 1.853 0.030 
1989 1.493  5.379 16.672 0.740 1.309 0.005 
1990 1.682  4.789 54.907 0.978 1.599 0.004 
1991 2.014  3.698 38.569 2.755 1.443 0.009 
1992 2.078  3.432 66.011 6.163 4.137 0.005 
1993 1.951  3.170 65.059 7.893 4.178 0.017 
1994 1.862  3.156 88.333 4.342  0.004 
1995 1.838  2.525 44.380 2.467  0.032 
1996 1.975  3.036 53.075 1.407  0.023 
1997 2.905  3.249 109.216 2.187  0.027 
1998 3.572  2.569 177.535 5.240  0.004 
1999 3.881  1.994 111.912 9.973  0.042 
2000 4.379  2.519 147.653 4.329  0.011 
2001 5.372  2.709 226.406 15.166  0.100 
2002 6.454  3.113 105.771 1.769  0.005 
2003 7.207  2.685 45.133 5.004  0.016 
2004 6.787  2.316 52.508 10.961  0.044 
2005 5.946  2.095 17.613 9.667  0.010 
2006 5.314  2.082 16.617 12.368  0.009 
2007 4.087  1.709 98.178 33.906  0.004 
2008        
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D.iv Catch time series 
Year Cod (m) Cod (i) Haddock 

(m) 
Haddock 
(i) 

Whiting 
(m) 

Whiting (i) Pollock Gurnards Monkfish 

1985 0.108 0.049 0.316 0.026 0.140 0.071 0.220 0.002 0.038 
1986 0.107 0.017 0.200 0.013 0.119 0.056 0.288 0.002 0.029 
1987 0.102 0.088 0.258 0.137 0.148 0.072 0.261 0.002 0.036 
1988 0.162 0.008 0.256 0.021 0.178 0.013 0.254 0.002 0.053 
1989 0.122 0.033 0.175 0.013 0.091 0.027 0.163 0.002 0.049 
1990 0.107 0.005 0.087 0.032 0.068 0.021 0.130 0.001 0.047 
1991 0.090 0.016 0.118 0.069 0.027 0.012 0.131 0.001 0.043 
1992 0.062 0.028 0.113 0.059 0.094 0.071 0.078 0.001 0.047 
1993 0.100 0.004 0.263 0.041 0.223 0.091 0.114 0.001 0.048 
1994 0.092 0.009 0.196 0.030 0.242 0.055 0.096 0.001 0.047 
1995 0.103 0.008 0.216 0.034 0.233 0.094 0.069 0.001 0.051 
1996 0.108 0.003 0.245 0.057 0.353 0.097 0.053 0.000 0.053 
1997 0.090 0.017 0.268 0.065 0.347 0.131 0.052 0.000 0.042 
1998 0.082 0.004 0.296 0.034 0.224 0.157 0.043 0.000 0.031 
1999 0.074 0.003 0.215 0.020 0.181 0.108 0.017 0.000 0.016 
2000 0.048 0.022 0.182 0.143 0.143 0.171 0.029 0.000 0.019 
2001 0.056 0.003 0.229 0.034 0.205 0.059 0.040 0.000 0.016 
2002 0.049 0.009 0.169 0.024 0.163 0.018 0.024 0.001 0.012 
2003 0.042 0.002 0.292 0.034 0.136 0.072 0.020 0.000 0.012 
2004 0.031 0.005 0.148 0.045 0.177 0.086 0.015 0.000 0.012 
2005 0.029 0.003 0.185 0.030 0.108 0.026 0.025 0.000 0.014 
2006 0.021 0.012 0.126 0.038 0.044 0.008 0.035 0.000 0.015 
2007 0.037 0.002 0.102 0.003   0.023 0.000 0.014 
2008 0.040 0.001 0.083 0.007   0.029   
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D.iv (continued) 
Year Flatfish Rays Sharks Large 

demersals 
Other 
small fish 

Mackerel Horse 
mackerel 

Blue 
whiting 

Herring 

1985 0.075 0.041 0.121 0.265 0.011 0.778 0.683 0.876 0.526 
1986 0.063 0.035 0.081 0.228 0.028 0.635 0.381 1.212 0.853 
1987 0.079 0.038 0.088 0.212 0.017 0.789 0.367 0.622 0.757 
1988 0.090 0.042 0.073 0.208 0.080 0.674 0.494 0.481 0.535 
1989 0.081 0.046 0.059 0.242 0.011 0.651 0.372 0.630 0.522 
1990 0.077 0.035 0.050 0.183 0.024 0.696 0.271 0.600 0.726 
1991 0.073 0.033 0.063 0.142 0.020 0.591 0.251 0.334 0.534 
1992 0.066 0.029 0.059 0.117 0.013 0.806 0.292 0.522 0.495 
1993 0.060 0.026 0.062 0.117 0.006 0.819 0.597 0.579 0.556 
1994 0.058 0.023 0.055 0.106 0.057 0.729 0.661 0.645 0.469 
1995 0.058 0.030 0.043 0.103 0.025 0.604 1.140 0.684 0.471 
1996 0.049 0.036 0.036 0.075 0.013 0.523 0.860 0.765 0.474 
1997 0.044 0.027 0.039 0.071 0.041 0.472 0.357 1.079 0.518 
1998 0.038 0.023 0.030 0.077 0.021 0.568 0.320 1.566 0.586 
1999 0.031 0.018 0.022 0.071 0.040 0.628 0.263 1.179 0.460 
2000 0.025 0.018 0.040 0.074 0.028 0.714 0.180 1.021 0.311 
2001 0.026 0.018 0.044 0.042 0.030 0.747 0.232 1.276 0.331 
2002 0.023 0.017 0.030 0.039 0.022 0.836 0.136 0.696 0.429 
2003 0.022 0.018 0.024 0.045 0.004 0.637 0.221 0.602 0.375 
2004 0.018 0.017 0.023 0.036 0.023 0.606 0.200 1.065 0.327 
2005 0.017 0.014 0.014 0.047 0.026 0.424 0.199 1.247 0.246 
2006 0.018 0.012 0.010 0.054 0.008 0.526 0.149 1.347 0.388 
2007 0.020 0.011 0.010 0.045 0.098 0.549 0.223 1.281 0.399 
2008      0.542 0.264 1.295 0.243 
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D.iv (continued) 
Year Norway 

pout 
Sandeel Sprat Nephrops Lobster Edible 

crab 
Velvet crab Other 

crustaceans 
Cephalopods 

1985 0.010 0.169 0.008 0.141 0.003 0.029  0.004 0.004 
1986 0.053 0.222 0.008 0.128 0.003 0.028  0.006 0.006 
1987 0.348 0.132 0.008 0.128 0.003 0.048  0.011 0.003 
1988 0.061 0.222 0.040 0.143 0.004 0.066  0.012 0.007 
1989 0.256 0.168 0.012 0.124 0.005 0.057  0.013 0.011 
1990 0.030 0.150 0.015 0.114 0.005 0.048  0.014 0.007 
1991 0.040 0.078 0.015 0.118 0.004 0.060  0.016 0.006 
1992 0.047 0.045 0.018 0.122 0.005 0.062  0.023 0.006 
1993 0.067 0.056 0.042 0.128 0.003 0.057  0.023 0.004 
1994 0.129 0.097 0.014 0.128 0.003 0.071  0.023 0.004 
1995 0.222 0.065 0.040 0.145 0.004 0.068  0.029 0.007 
1996 0.057 0.120 0.024 0.125 0.002 0.054  0.010 0.005 
1997 0.087 0.112 0.063 0.127 0.004 0.073  0.020 0.004 
1998 0.065 0.048 0.033 0.126 0.004 0.074  0.018 0.004 
1999 0.042 0.024 0.100 0.126 0.003 0.072  0.016 0.003 
2000 0.018 0.052 0.070 0.116 0.002 0.078 0.000 0.011 0.002 
2001 0.029 0.003 0.013 0.125 0.002 0.095 0.000 0.013 0.002 
2002 0.044 0.006 0.036 0.112 0.002 0.094 0.000 0.016 0.002 
2003 0.058 0.000 0.041 0.129 0.002 0.097 0.000 0.015 0.003 
2004 0.021 0.005 0.014 0.130 0.003 0.114 0.000 0.015 0.003 
2005 0.000 0.000 0.013 0.126 0.002 0.066 0.000 0.008 0.001 
2006 0.000 0.000 0.005 0.152 0.005 0.113 0.001 0.012 0.001 
2007 0.000 0.001 0.003 0.174 0.004 0.170 0.000 0.002 0.001 
2008  0.000  0.166 0.004 0.095 0.009 0.002 0.002 
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D.iv (continued) 
Year Scallops Epifauna 

1985 0.032 0.016 
1986 0.028 0.025 
1987 0.034 0.086 
1988 0.024 0.041 
1989 0.031 0.016 
1990 0.021 0.012 
1991 0.020 0.017 
1992 0.024 0.018 
1993 0.036 0.019 
1994 0.038 0.027 
1995 0.034 0.029 
1996 0.034 0.020 
1997 0.042 0.032 
1998 0.049 0.022 
1999 0.031 0.023 
2000 0.059 0.026 
2001 0.067 0.015 
2002 0.105 0.013 
2003 0.065 0.025 
2004 0.060 0.018 
2005 0.037 0.003 
2006 0.046 0.010 
2007 0.028 0.013 
2008 0.044 0.020 
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