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ABSTRACT 

Offshore wind (OSW) is beginning to emerge as a major player within the Nova Scotia 

renewables sector as the province moves to fulfil its commitment of net-zero emissions by 2050. 

The addition of OSW as a new use in the ocean introduces a risk of spatial conflict with the 

various pre-existing uses including commercial fishing, shipping, and aquaculture. Ocean 

planning tools such as Marine Spatial Planning (MSP) seek to consider the needs and 

requirements of the various users so that potential spatial conflicts can be identified and 

proactively avoided. Using a two-staged approach this study sought to effectively integrate tools 

within the greater MSP process to address the potential spatial conflict between future fixed-base 

OSW development in Nova Scotia’s offshore and the commercial fishing industry. The first 

stage of this project used a case study analysis to glean insights related to the OSW planning and 

siting process of other national jurisdictions. The second stage of this study was a spatial analysis 

that used the software Marxan to identify areas with high or low potential for spatial conflict 

between future OSW development and the commercial fishing industry. This study provides a 

framework for how the decision support tool Marxan can be used to highlight potential spatial 

overlap and conflict between future fixed-base OSW development and existing ocean uses in the 

Scotian Shelf-Bay of Fundy planning area. The results of this study were used to develop a series 

of recommendations that can inform future research examining potential conflicts between 

offshore wind and other ocean uses.   

Keywords: offshore wind energy; marine spatial planning (MSP); commercial fishing industry; 

Marxan; spatial conflict; Nova Scotia; Canada 
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1. CHAPTER ONE: INTRODUCTION 

1.1. Offshore Wind – A brief history   

The increasing threat of global climate change has resulted in a trend of moving away 

from traditional energy sources such as fossil fuels to more renewable and environmentally 

friendly energy sources (Bhattacharya, 2019). As a result, in the late 20th century modern wind 

turbines were developed as a renewable energy source to generate electricity from the kinetic 

energy of wind (Bhattacharya, 2019). Advancements in turbine technology have led to the 

expansion from onshore areas to offshore areas for wind energy generation. Offshore wind 

(OSW) energy generation refers to the generation of electricity by wind turbines located in any 

body of water (Ng & Li, 2016). The generation of OSW energy has grown in popularity since the 

early 2000s as offshore areas have been found to have higher and more consistent wind speeds 

leading to increased energy generation when compared to onshore areas (The Crown Estate, 

2021a).  

One of the major advancements required to transition from onshore areas to offshore 

areas was the development of a foundation system that allowed for turbines to be anchored to the 

seabed. Two different types of turbine technologies have been developed and are currently used 

for generating OSW energy (Figure 1).  
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Figure 1. Types of OSW foundation technologies with water and embedment depths in metres. 

a) Gravity base b) monopile c) suction caisson d) multi-pile (jacket) e) floating – semi-

submersible f) floating – spar buoy (Eamer et al., 2021).   

The first is commonly referred to as a fixed-base or fixed-foundation turbine, which uses 

a support structure that is physically anchored to the seabed (Figure 1a-d). Fixed-base OSW 

turbines are the most common type of turbine accounting for 99.8% of the installed global 

capacity (Musial et al., 2022). Fixed-base OSW turbines can be classified into four main 

categories: gravity-based, monopiles, suction caissons, or multi-piles. Gravity-based foundations 

consist of a large heavy structure that rests on the seabed providing support for the turbine to 

prevent uplifting or overturning. Gravity-based foundations are typically installed in water 

between 5-20 m in depth and require a marine soil with high bearing capacity (Eamer et al., 

2022; Ng & Li, 2016). Monopile foundations consist of a single large steel pile that is driven 30-

50 metres (m) into the seabed to support the turbine. Monopile foundations are typically installed 

in water depths of less than 30 m and require thick deposits (>25 m) of silt or sand (Eamer et al., 

2022; Ng & Li, 2016). Suction caisson foundations consist of a large open bottom cylinder that is 
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attached to monopile or multi-pile turbines to act as an additional anchor through negative 

pressure. Suction caissons are typically installed in water between 30-60 m in depth in areas with 

low wave action due to the risk of uplifting (Eamer et al., 2022). Multi-piles (also referred to as 

jacket foundations) consist of multiple large steel piles that are driven 30-70 m into the seabed to 

support the turbine (Ng & Li, 2016). Multi-piles are typically installed in water depths of 30-60 

m and require thick deposits of sand or silt (Eamer et al., 2022). 

The second type of turbine foundation is commonly referred to as a floating foundation 

turbine where the turbine floats on the surface of the water column while anchored to the seabed 

through a mooring system (Figure 1e-f) (Ng & Li, 2016). Floating foundation OSW turbines are 

generally considered a pilot or demonstration technology with limited use globally (Eamer et al., 

2022). As floating foundation OSW turbines are still a pilot technology the suitability constraints 

are not yet as defined as fixed-based OSW turbines. However, floating foundation OSW turbines 

can be installed within an estimated depth range of 35 – 1000 m depending on the technology 

(Carbon Trust, 2015). 

OSW has become one of the fastest-growing sources of renewable energy around the 

globe with an estimated total energy generation capacity of 48.2 gigawatts (GW) as of 2021 (The 

Crown Estate, 2021a). The rapid growth seen within the OSW industry can be associated with 

various technological advancements that have increased the feasibility and capability of OSW 

turbines (Musial et al., 2022; O’Sullivan et al., 2021). Over the last 20 years, there has been a 

trend of increasing both the rotor diameter and hub height of OSW turbines leading to increased 

generation capacity defined as maximum electrical output per turbine (Musial et al., 2022). As of 

2021, the average generation capacity per turbine was 7.4 MW with an average rotor diameter of 

156.1 m and a hub height of 99.6 m (Musial et al., 2022). Additionally, over the last 20 years, 

various technological advancements have led to increasing both the distance from shore and the 

depth of OSW turbine development sites (Musial et al., 2022). OSW turbines around the globe 

were located on average 60 km from shore at a depth of 40 m in 2021 (Musial et al., 2022).  

1.2. The Canadian Context   

In Canada, various federal and provincial commitments have been made to reduce 

greenhouse gas emissions to help combat global climate change. The Government of Canada has 



4 
 

committed to reducing the country’s greenhouse gas emissions to 40% below the 2004 emission 

levels by 2030 (Government of Canada, 2022). On a provincial level, Nova Scotia has 

committed to having 80% of the province’s electrical needs supplied by renewable sources by 

2030 and attaining net zero emissions by 2050 (Environment and Climate Change, 2021). As of 

2019, only 25% of energy generation within Nova Scotia is from renewable sources with coal 

accounting for 51% of the total energy generation (Canada Energy Regulator, 2022). To meet 

provincial and federal commitments the renewable energy sector needs to see substantial growth 

in the near future. Due to Nova Scotia’s large coastline and ideal wind conditions (defined as 

average wind speeds greater than 7 m/s at 100 m above sea level), OSW offers an opportunity for 

Nova Scotia to generate significant amounts of renewable energy to help meet its renewable 

energy commitments and targets (Tang & Kilpatrick, 2021).  

To achieve net zero emission goals and stimulate economic growth the Government of 

Canada developed the Hydrogen Strategy for Canada as a framework to prioritize the production 

and international export of green hydrogen as an alternative fuel source (NRCan, 2020). 

Hydrogen as a compressed gas or liquid contains a high amount of energy per mass making it an 

ideal fuel source to be generated for export (NRCan, 2020). Green hydrogen differs from 

conventional hydrogen generation as it is produced using electricity generated by renewable 

sources such as OSW energy instead of traditional greenhouse gas-emitting energy sources 

(NRCan, 2020). Globally the market for green hydrogen is rapidly expanding and is expected to 

be worth an estimated 2.5 trillion dollars by 2030 (NRCan, 2020). As a result, in addition to 

contributing to net-zero emission goals, OSW provides economic opportunities through its role 

in contributing to the international export of green hydrogen (Canada Energy Regulator, 2022).  

Currently, there are no active OSW operations in Nova Scotia or Canada. However, 

recent federal and provincial announcements signal that OSW development in Atlantic Canada is 

being explored. Among these is the planned expansion of the Canada-Nova Scotia Offshore 

Petroleum Board’s (C-NSOPB) mandate to include OSW by becoming the Canada-Nova Scotia 

Offshore Energy Board (C-NSOEB), an announcement made by the federal and provincial 

governments in April 2022 (NRCan, 2022). The announcement to transition the C-NSOPB to the 

C-NSOEB would expand the board’s authority into the role of renewable energy regulator within 

the Nova Scotia offshore Accord Area (NRCan, 2022). The second key announcement, made in 
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April 2022, by the Impact Assessment Agency of Canada (IAAC), was the intent to conduct a 

Regional Assessment (RA) to evaluate OSW development in Newfoundland and Labrador and 

Nova Scotia (IAAC, 2022a). The goal of the RA is “to provide information, knowledge and 

analysis regarding future offshore wind development activities … to inform and improve future 

planning, licencing, and impact assessment processes (IAAC, 2022b).” Finally, in September 

2022, the province of Nova Scotia announced a target to offer leases for 5 GW of OSW energy 

generation capacity by 2030 (Province of Nova Scotia, 2022).  

As mentioned previously, OSW development in Nova Scotia will be regulated by the C-

NSOPB once the board’s mandate is expanded to include the regulation of offshore renewable 

energy development. The C-NSOPB is an independent joint agency of the Government of 

Canada and the Government of Nova Scotia established through the Canada – Nova Scotia 

Offshore Petroleum Resources Accord Implementation Act (1988) and the Canada-Nova Scotia 

Offshore Petroleum Resources Accord Implementation (Nova Scotia) Act (1987). Natural 

Resources Canada (NRCan), through the arm of the Canada Energy Regulator, regulates offshore 

renewable energy projects within federal jurisdiction (Canadian Energy Regulator Act, 2019). 

The Government of Nova Scotia through the Department of Natural Resources and Renewables, 

regulates energy resource projects within provincial jurisdiction (Marine Renewable Energy Act, 

2015). Under the Accord Implementation Acts, the governments of Canada and Nova Scotia 

publish mirrored regulations to further define requirements specific to oil and gas activity in the 

Canada-Nova Scotia offshore area.    

1.3. Marine Activities in Nova Scotia 

Nova Scotia is one of five provinces located on the Atlantic coast of Canada. As of 2021, 

approximately 80% of Nova Scotia’s population lived within 10 km of the coast (Ganter et al., 

2021). As a result, the offshore and coastal areas of Nova Scotia have become spatially busy with 

a variety of user groups (Maclean et al., 2013). Nova Scotia has a substantial marine sector that 

employs over 60,000 people across various industries contributing upward of six billion dollars 

to the Nova Scotian gross domestic product (Ganter et al., 2021). The marine sector of Nova 

Scotia is diverse with various contributors including commercial fishing, aquaculture, offshore 

oil and gas, ports and shipping, ocean and coastal tourism, maritime defence, ship and boat 

building, and submarine cables (Ganter et al., 2021; Maclean et al., 2013). In addition to the 
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marine sector, there are various other uses of the coastal and offshore marine space including 

recreational fishing, sailing, boating, surfing, snorkelling, scuba diving, research and monitoring, 

and areas designated for conservation (Breeze et al., 2005; Maclean et al., 2013).  

The introduction of new ocean uses or users can result in spatial conflict with these pre-

existing activities. The introduction of offshore energy industries such as OSW due to their 

relatively large spatial footprints presents a challenge when considering issues such as spatial 

conflict (De Groot et al., 2018). For example, the largest OSW farm (Hornsea 2) located in the 

North Sea off the United Kingdom, became operational in 2022 with 163 turbines, a generation 

capacity of 1.2 GW, and a spatial footprint of approximately 460 km2 (Orsted, 2022). 

Additionally, due to the high costs associated with operating in the marine space, energy projects 

such as OSW tend to develop in the nearshore areas close to city centres to reduce transmission 

and operation costs (De Groot et al., 2018). These areas, although perceived as ideal for 

development, tend to be areas with the highest density of existing ocean users increasing the 

likelihood of issues such as spatial conflict (De Groot et al., 2018).  

The commercial fishing industry is a key group of existing ocean users in Nova Scotia 

with livelihoods that are directly dependent on access to large ocean areas. As a result, it has 

been suggested that commercial fishing is the user group that is most likely to be negatively 

impacted by OSW development (De Groot et al., 2018; Gray & Haggett, 2005; Yates & 

Schoeman, 2013). Impacts may be felt through loss of access to important fishing grounds, 

reduced catch during construction and operation phases, negative impacts on fish and fish 

habitat, and loss or damage of fishing gear (De Groot et al., 2018). In some cases, a lack of 

acceptance and social licence among the commercial fishing industry can negatively impact 

development through organized protests and legal action (De Groot et al., 2018). For example, 

new ocean industries (such as tidal energy) have faced legal opposition from some fishing groups 

due to potential spatial conflict (De Groot et al., 2018). Therefore, the commercial fishing 

industry is of particular interest when evaluating how the introduction of OSW could impact 

existing ocean users in Nova Scotia.  
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1.4. Commercial Fishing Industry  

The establishment of a commercial fishing industry is thought to have occurred in the 

mid-1500s after European settlers became aware of Atlantic fish stocks. By the early 1700s, a 

substantial commercial fishery primarily exporting cod, mackerel, and herring was established 

with participation from various international fleets such as Spain, France, Portugal, and England 

(Lear, 1998; Maclean et al., 2013). The value of this resource eventually led to various European 

settlements in Atlantic Canada (Lear, 1998). Total commercial fishing landings from the area 

peaked in 1973 exceeding over 750,000 tonnes from the Scotian Shelf alone (Maclean et al., 

2013). However, in September 1993 region-wide fisheries closures were implemented for many 

of the commercially important groundfish species including cod and haddock due to major stock 

collapses (Maclean et al., 2013). Despite the closures, the commercial fishing industry has since 

diversified and now targets over 30 species and continues to play an important economic and 

cultural role within the region (Maclean et al., 2013). Nationally, Nova Scotia has the single 

highest value of commercial landings of all provinces accounting for approximately 38% of 

Canada’s total value landed in 2019 (DFO, 2022a).  

Within Nova Scotia, the commercial fishing industry is a major source of both direct and 

indirect employment and income which is of particular importance to the province due to the 

rural nature of the industry (Gardner et al., 2005). As of 2019, the province had nearly 6000 

licence holders with the total value of commercial landings being upwards of 1.5 billion dollars 

(DFO, 2021a, 2022a). Shellfish accounted for nearly 88% of the total value of commercial 

landings for the province primarily from lobster (67%), snow crab (13%), and scallop (11%) 

(DFO, 2022a). Groundfish and pelagic species accounted for approximately 12% of the total 

value of commercial landings including species such as halibut, haddock, herring and swordfish 

(DFO, 2022a).  

There are two main categories of fishing gear currently used by the Nova Scotia 

commercial fishing industry. The first category referred to as mobile gear includes fishing gear 

that is towed to catch the targeted species. The mobile gear classification encompasses trawls 

(side, otter, bottom, or beam) certain types of seines (Danish, Scottish, or purse), or dredges 

(DFO, 2018a, 2021b; Rozalska & Coffen-Smout, 2020). In Nova Scotia, the mobile gear 

commercial fishing fleet primarily targets various species of groundfish (halibut, haddock, 
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pollock, cod, flatfish, redfish, silver hake, and others), shrimp, scallop, mackerel, and herring 

(DFO, 2018a, 2021b; Rozalska & Coffen-Smout, 2020). The second category often referred to as 

fixed gear includes fishing gear that is set in a stationary position to catch the targeted species 

(DFO, 2018a). The fixed gear classification encompasses certain types of seine (beach, bar, or 

tuck), gillnet, traps (all varieties), pots, rod and reel, harpoon, spear, and handline (DFO, 2018a, 

2021b; Rozalska & Coffen-Smout, 2020). In Nova Scotia, the commercial fixed-gear fishing 

fleet primarily targets groundfish (halibut, haddock, cod, pollock, hake), crab, lobster, tuna, and 

swordfish (DFO, 2018a, 2021b; Rozalska & Coffen-Smout, 2020).    

1.5. Marine Spatial Planning 

Marine space in Canada is regionally diverse with varying ecological, social, and political 

considerations resulting in a complex ocean management process (Chircop & O’Leary, 2012). 

Additionally, within Canada jurisdiction is highly fragmented with various federal agencies, 

provincial governments, and indigenous groups asserting claims related to ocean management 

(Chircop & O’Leary, 2012). As a result, in the absence of a defined spatial planning process, the 

addition of new ocean activities can result in conflicting spatial overlap. For example, in 2017 

the Northeastern Newfoundland Slope Closure was established as a marine refuge with the 

conservation objective of “protecting corals and sponges and contributing to the long term 

conservation of biodiversity (DFO, 2019b).” However, in September 2019, the Canada-

Newfoundland and Labrador Offshore Petroleum Board (C-NLOPB) published a call for 

nominations for oil and gas exploration within the geographical boundaries of the marine refuge 

(WWF, 2019). The decision to release a call for nominations within the boundaries of a marine 

refuge was met with various voices of opposition with many claiming incompatibility between 

these ocean uses (WWF, 2019).  

Effective planning of the marine space is a strategy to address potential spatial overlaps 

and conflicts associated with the addition of new ocean uses and users. For example, multi-

objective planning is being used by DFO Maritimes region as a strategy to plan and implement a 

marine protected area (MPA) network plan for the Scotian Shelf-Bay of Fundy bioregion (King 

et al., 2021). The multi-objective planning process has included various stages of inter-

departmental coordination, spatial planning, and stakeholder and public engagement (King et al., 

2021). The process has also included an intensive spatial analysis component that was designed 
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to select areas that meet conservation objectives while considering various human use activities 

to design a network plan that reflects a balance between conservation targets and socioeconomic 

objectives (Serdynska et al., 2021). Human use activities included in the spatial analysis 

component were commercial fishing, shipping, and oil and gas exploration and development 

(King et al., 2021; Serdynska et al., 2021).   

Marine spatial planning (MSP) is another ocean management strategy with international 

recognition that can be used to accomplish transparent, inclusive, and sustainable ocean planning 

(DFO, 2021c). The Government of Canada has committed to advancing MSP across the country 

(DFO, 2019a). MSP is being co-developed by various federal and provincial agencies, with 

Fisheries and Oceans Canada (DFO) occupying the lead role (DFO, 2019a). MSP is an approach 

to ocean management that seeks to consider Canada’s vast ocean space, jurisdictional 

complexity, and the rights and interests of rightsholders, stakeholders and partners (DFO, 2023). 

MSP can be used to guide the sustainable use of the ocean to achieve shared ecological, 

economic, cultural and social objectives (DFO, 2023). With the rapid growth of the OSW 

industry MSP has been applied in many jurisdictions around the world to address some of the 

complications and potential issues associated with new ocean uses (European Commission, 

2022). As the likelihood of OSW development increases in Nova Scotia, an MSP approach can 

be used to address some of the potential concerns by reducing spatial conflict between activities, 

increasing transparency for the private sector, and continuing to advance conservation objectives 

(DFO, 2018b). 

1.6. Management Problem 

As the world transitions away from non-renewable energy sources to help combat global 

climate change the renewable energy sector is expected to see substantial growth. OSW energy 

generation appears to be a likely candidate for significant expansion within the coastal and 

offshore areas of Nova Scotia over the foreseeable future. In the absence of a defined planning 

process, the addition of OSW as a new use of marine space is likely to result in spatial overlap 

and conflict with the various pre-existing ocean activities including the commercial fishing 

industry. Therefore, the potential spatial conflict between the existing commercial fishing 

industry and future OSW development in Nova Scotia presents a key management problem. To 

address this management problem, this project sought to answer the following research question:  
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What areas of the Scotian Shelf-Bay of Fundy planning area have a low versus a high likelihood 

of spatial conflict between future OSW development and the existing commercial fishing 

industry? 

Ocean planning tools such as MSP or multi-objective planning have been demonstrated 

to be effective to help address complex marine management issues such as spatial conflict 

associated with new ocean uses. Therefore, this project sought to answer the proposed research 

question using a two-staged approach that effectively integrated tools within the greater MSP 

and multi-objective process. The first stage of this project consisted of a case study analysis to 

review the planning and siting processes of multiple national OSW projects. The cases 

considered were Scotland’s ScotWind Project, the United Kingdom’s Round 4 OSW Leasing 

Project, and the Massachusetts OSW leasing process for Bay State Wind and Vineyard Wind. 

The purpose of this analysis was to gain insights related to the OSW planning and siting 

processes that have been used in other jurisdictions. The focus of this case study analysis was 

guided by four main questions.   

1) What process was used during the planning and siting stages of OSW development?  

2) What spatial analysis tools were used, if any?  

3) What commercial fishing data were used to inform the decision-making process? 

4) How were commercial fishing data incorporated into the decision-making process? 

The second stage of this approach was the design and execution of a novel spatial 

analysis using the decision support tool Marxan. The Marxan spatial analysis was designed to 

highlight areas with low or high potential for spatial conflict between future fixed-base OSW 

development and the commercial fishing industry in the Scotian Shelf-Bay of Fundy planning 

area. Additionally, the spatial analysis process sought to provide a methodological framework for 

how the decision support tool Marxan could be used to integrate principles of MSP and multi-

objective planning into a complex marine management problem such as OSW planning and 

siting.  
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2. CHAPTER TWO: CASE STUDY ANALYSIS 

2.1. United Kingdom 

The United Kingdom (UK) is a global leader in the offshore wind sector with the second-

largest global operating capacity behind only China (The Crown Estate, 2021a). In 2021, the UK 

had 42 fully operational OSW farms with a total of 2,387 installed turbines and a generation 

capacity of 11.3 GW (The Crown Estate, 2021a). The UK has committed to increasing its OSW 

generation capacity by 65-140 GW by 2050 (The Crown Estate, 2021a).  

Through the Crown Estate Act (1961), the Crown Estate was established as an 

independent commercial business by parliament with ownership rights to the seabed within the 

territorial waters around England, Wales, and Northern Ireland. It is the Crown Estate’s 

responsibility to award seabed rights for the development of offshore renewable energy, marine 

mining, carbon capture, cables, and pipelines (The Crown Estate, 2021b). The Scottish Crown 

Estate Act (2019), established the Crown Estate Scotland as a separate public corporation and the 

permanent manager of Scotland’s assets (Scottish Government, 2020a). Assets held by the 

Crown Estate Scotland include the role of awarding seabed leasing rights for Scottish territorial 

waters and the Scottish zone extending to the 200-nautical mile (M) limit (Scottish Government, 

2020b).  

2.1.1. Scotland – ScotWind Project  

In 2017, the Crown Estate Scotland announced the ScotWind Project as a new round of 

seabed leasing for the development of OSW projects in Scottish waters (Scottish Government, 

2020c). Using a MSP approach the ScotWind Project identified twenty development projects that 

that have been offered option agreements with an expected generation capacity of nearly 28 GW 

(The Crown Estate Scotland, 2022). The ScotWind Project process included a spatial analysis, 

various stages of refinement, and consultation with a target of leasing up to 10 GW of OSW 

generation capacity (Scottish Government, 2020c).  

2.1.1.1. Spatial Analysis  

The first step of the ScotWind Project was the identification of Areas of Search (AoS) 

through a spatial analysis process named the opportunity and constraint analysis (Marine 



12 
 

Scotland, 2018). The opportunity and constraint analysis combined an exclusion model and a 

constraint model to spatially visualize the cumulative obstacles related to new OSW 

development. The exclusion model was a single data layer containing the spatial footprint of 

activities that were identified to be incompatible with OSW development. Activities that were 

identified as incompatible included existing OSW lease areas, hydrocarbon activity and 

infrastructure, aquaculture sites, International Maritime Organization (IMO) ship routing and 

offshore shipping traffic control zones, offshore dumping zones, and mapped ship anchorages 

(Marine Scotland, 2018).  

The constraint model was a single data layer that combined environmental, industrial, 

socio-cultural, and technical constraints to produce an output that displayed cumulative 

constraints (Marine Scotland, 2018). The environmental constraints included data layers such as 

marine protected areas, species density, and seabird vulnerability (Marine Scotland, 2018). The 

industrial constraints included data layers related to commercial fishing, shipping, aviation, and 

military (Marine Scotland, 2018). The socio-cultural constraints included recreational and leisure 

data layers. Finally, technical constraints included depth, slope, wind resource, distance from 

shore, and sediment layers (Marine Scotland, 2018). All data layers were reclassified into three 

levels of constraint, assigned a weighting score, and combined using a weighted overlay that 

produced an overall constraint score for each spatial unit (Marine Scotland, 2018). The constraint 

model output was combined with the exclusion model output so that any areas included in the 

exclusion model were removed. Polygons were manually drawn around areas with similarly low 

levels of constraint and were used as the AoS.  

2.1.1.2 Refinement 

The second step of the ScotWind Project was the refinement of the AoS through a 

consultation process and a sustainability appraisal. The initial round of consultation was held for 

the purpose of identifying single-issue interactions that were more likely to create barriers if 

OSW development were to take place (Marine Scotland, 2018). To identify single-issue 

interactions, sectoral engagement workshops were held with key stakeholders that included the 

OSW industry, non-government organizations (NGOs), the Royal Yachting Associating, and the 

fishing industry (Marine Scotland, 2018). Additionally, this stage included an open comment 

session with Scottish Ministers, the Sectoral Marine Plan Project Board, and the two Project 
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Steering Groups (Scottish Government, 2019a). Single-issue interactions representing a 

significant barrier to OSW development were identified as specific fishing activities, shipping 

traffic, nature-protected sites, and oil and gas installations. The AoS were refined so that areas of 

overlap with single-issue interactions were removed (Marine Scotland, 2018). 

The revised AoS were finalized as Draft Plan Options (DPOs) to be used in the public 

consultation stage. The public consultation process included seventeen public events (Scottish 

Government, 2020d). The process was open to the public with various stakeholders and sub-

groups participating including government officials, members of the general public, NGOs, and 

various sectors including energy, commercial fisheries, ports and harbors, tourism and 

recreation, military, oil and gas, and shipping (Scottish Government, 2020d).  

A Sustainability Appraisal (SA) was conducted to evaluate the decision-making process 

used throughout the ScotWind Project to ensure that all relevant environmental and socio-

economic information was included and informed the identification of DPOs (Scottish 

Government, 2019b). The final step in the ScotWind Project was the revision of the DPOs to 

mitigate various potential negative impacts highlighted by the public consultation process and 

the SA (Scottish Government, 2020c). As a result, the Sectoral Marine Plan for Offshore Wind 

Energy identified 15 final plan options for OSW development in Scottish waters (Scottish 

Government, 2020c).  

2.1.1.3. Commercial Fishing Industry Considerations  

A singular fisheries data layer mapping the monetary value of catch within the study area 

was used in the constraint model. The data layer was developed from information gathered 

through an in-depth interview process that included 1,090 interviews with harvesters (Kafas et 

al., 2014). Additional spatial considerations were provided to the commercial fishing industry 

through the identification and exclusion of single-issue interaction fishing activities. Fishing 

activities identified as single-issue interactions were scallop dredging, nephrops trawling and 

creeling, demersal trawling, pelagic trawling, and crab and lobster creeling (Marine Scotland, 

2018).  

The commercial fishing industry was actively involved in the engagement process with 

various issues, concerns, and opinions related to commercial fishing being highlighted (Scottish 



14 
 

Government, 2020d). Representatives from the commercial fishing industry on many occasions 

raised concerns related to the impact that OSW development would have on the commercial 

fishing industry (Scottish Government, 2020d). Concerns were raised related to the loss of access 

to fishing grounds, lack of clarity surrounding co-location, impact on fish and fish habitat, and 

the potential for the emotional attachment associated with fishing to outweigh the economic 

benefit of OSW development (Scottish Government, 2020d). Additional concerns were 

highlighted specific to the spatial analysis process that was conducted. One common concern 

among commercial fishing representatives was that the commercial fishing datasets that were 

used in the spatial analysis only considered 5 years of catch data which was not an accurate 

representation of the dynamic and fluctuating nature of the commercial fishing industry (Scottish 

Government, 2020d).  

2.1.1.4. Analysis 

There are various limitations associated with the use of a weighted overlay as a spatial 

analysis method to identify OSW site locations for the ScotWind Project. The first and major 

limitation of a weighted overlay is that individual data layers have a relatively small amount of 

influence on the overall results. The analysis considered 20 data layers and assigned each data 

layer a weighting score (Marine Scotland, 2018). Based on the assignment of weighting scores a 

single data layer could only be provided with a maximum impact of eight percent on the total 

constraint score (Marine Scotland, 2018). Additionally, another issue that can be associated with 

a weighted overlay is that the weighting scores and overall influence of each data layer are 

determined by user-defined weights. The process of defining weighting scores for each data layer 

can introduce a certain amount of user bias and make it difficult to demonstrate the logic that 

was applied when assigning the weightings for each data layer. Therefore, an important lesson 

learned from the ScotWind Project is that the use of a weighted overlay as a spatial analysis 

process for OSW planning and siting has various limitations which may lower the overall 

effectiveness of the outcome.  

Information gathered during the various stages of consultation in the ScotWind Project 

had a direct and defined impact on the final OSW leasing areas. The Post Adoption Statement 

that accompanied the published sectoral marine plan provided an in-depth description of the 

consultation feedback that was incorporated into the revision process (Scottish Government, 
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2020e). For example, the Post Adoption Statement described how multiple DPOs were revised to 

avoid important commercial fishing grounds identified during the consultation process (Scottish 

Government, 2020e). The inclusion of a document like the Post Adoption Statement provides 

transparency and accountability related to the decision-making process. Transparency has been 

identified by multiple guidelines as a key principle for achieving effective MSP (Gopnik et al., 

2012; Iglesias-Campos et al., 2021; Yates, 2018). Transparency is central to the development of 

trust between stakeholders which can encourage and provide a foundation for meaningful 

engagement (Kerr et al., 2014; Yates, 2018). Additionally, transparency through its connection 

with accountability plays an integral role in garnishing support and legitimacy related to the 

eventual outcome of MSP (Gilliland et al., 2008; Gopnik et al., 2012). Therefore, the 

development of a document that clearly describes what information was gathered from the 

consultation process and how that information impacted the final outcome can be used as a 

strategy to increase the effectiveness of the MSP process.  

2.1.2. England, Wales and Northern Ireland – Round 4 OSW Leasing Project 

In 2017, the Crown Estate announced its intention to award seabed rights for Round 4 of 

OSW development in the waters of England, Wales, and Northern Ireland (The Crown Estate, 

2021b). The Round 4 OSW Leasing Project identified six development projects that are currently 

in the final lease agreement stage representing nearly 8 GW of generation capacity (The Crown 

Estate, 2021b). The process of identifying sites for the Round 4 OSW Leasing Project included 

spatial analysis, stakeholder engagement, and refinement (The Crown Estate, 2021b).  

2.1.2.1. Spatial Analysis 

The first step of the Round 4 OSW Leasing Project was the identification of 

characterisation areas (CA) through a resource and constraint analysis (The Crown Estate, 

2019a). Similar to the ScotWind Project, the constraint analysis combined a technical resource 

model with a constraint analysis to identify areas for potential OSW development. The technical 

resource model was a single data layer used to identify areas of the seabed that had the 

appropriate technical conditions to support OSW development. Within the technical resource 

model areas were classified as either favorable, limited, or marginal based on water depth, 

quaternary sediment thickness, bedrock lithology, accessibility due to wave climate, and other 

considerations (The Crown Estate, 2019a). Only areas that received a classification of favorable 
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were investigated for potential OSW leasing sites. Areas were considered favorable if water 

depth was between 5 and 50 m and if access to the site was possible (e.g., wave height less than 

2.5 m) for more than 80% of the year (The Crown Estate, 2019a).  

The second portion of the resource and constraint analysis was the completion of a 

constraint analysis for areas that received a technical resource classification of favorable. The 

constraint analysis combined an exclusion model and a restriction model. The exclusion model 

was a single data layer that includes the spatial footprint of features that could prevent OSW 

development from taking place. The exclusion model included safety and navigation zones, 

shipping routes, existing infrastructure, and existing seabed leases (The Crown Estate, 2019a).  

The restriction model was a single data layer that used a weighted overlay process to combine 

various economic, environmental, and social activities that may provide some level of constraint 

on the development of fixed-base OSW (The Crown Estate, 2019a). Economic activities 

included navigation and shipping, subsurface activity, and fishing activity (The Crown Estate, 

2019a). Environmental activities included designated areas and nursery and spawning grounds 

(The Crown Estate, 2019a). Social activities included recreational vessel traffic and visibility 

from designated areas (e.g., National Parks) (The Crown Estate, 2019a). An analytical 

hierarchical process was used to assign weighted values across the various activities to provide 

additional transparency in the decision-making process (The Crown Estate, 2019a). 

The constraint model was combined with the exclusion model so that any areas included 

in the exclusion model were removed. The output of combining the models displayed relative 

constraint values for areas that are favorable for OSW development. The top 50% least 

constrained areas of the combined model were taken and split into 18 CA by existing MSP 

boundaries (The Crown Estate, 2019a). A separate document was developed for each of the 18 

identified CA. These documents described the various constraining activities and mitigation 

measures that would need to be considered for OSW development.  

2.1.2.2 Refinement  

The second step of the Round 4 OSW Leasing Project was the refinement of the CA 

using information gathered through the consultation process (The Crown Estate, 2019b). The 

first stage of the consultation process involved 30 statutory stakeholders from 15 organizations 
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including the Marine Management Organisation (MMO), the Welsh Government, National 

Resources Wales, and the Northern Ireland Department of Environment, Agriculture and Rural 

Affairs (The Crown Estate, 2019b). The second stage of the consultation process included a 

series of engagement events between statutory, non-statutory, and industry stakeholders (The 

Crown Estate, 2019b). The purpose of this stage of engagement was to collect feedback on the 

18 CA that were identified by the spatial analysis. During the stakeholder engagement stage, 

written responses were received from various national departments, commercial fishing agencies, 

county councils, and conservation agencies (The Crown Estate, 2019b).  

Information from the consultation process was compiled and used for regional refinement 

of the CA (The Crown Estate, 2019c). The first stage of the regional refinement process was the 

removal of areas that contained activities that were highlighted as incompatible or highly 

constraining with OSW development during the consultation process. Incompatible or highly 

constraining activities were identified as Ministry of Defence Practice and Exercise Areas, 

visually sensitive areas (i.e., areas within 13 km of the coast), and major shipping routes (areas 

with over 1000 ships per year) (The Crown Estate, 2019c). The second stage of the regional 

refinement included the modification of the CA to reflect specific stakeholder feedback. The first 

major modification to the remaining eight CA was extending the regions to include 60 m water 

depth (The Crown Estate, 2019c). Upon engagement with relevant market stakeholders, it was 

stressed that due to technological and operational advancements fixed-base OSW turbines are 

likely to be economically feasible at depths up to 60 m. The second component of site-specific 

refinement was based on feedback received from other stakeholders during the consultation 

process. As a result, eight CA were selected from the refinement process to move forward as 

bidding areas for the Round 4 OSW Leasing Project (The Crown Estate, 2019c).  

2.1.2.3. Commercial Fishing Industry Considerations  

A singular fisheries data layer mapping fishing intensity in total kilowatt hours was used 

in the restriction model (The Crown Estate, 2019a). This layer was developed using Vessel 

Monitoring System (VMS) data from the MMO (The Crown Estate, 2019a). Additional 

commentary was provided by the Chair of the Fisheries Liaison with Offshore Wind and Wet 

Renewables. Within the weighted overlay process, the commercial fishing data layer was 

assigned a lower weighting score when compared to the other economic activities (The Crown 
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Estate, 2019a). As a result, commercial fishing had a lower overall influence on the output 

compared to other activities. The lower influence score was deliberate, resulting from the fishing 

dataset having contained only information on vessels greater than 12 m (The Crown Estate, 

2019a).  

Commercial fishing including the representation of fishing activity in the spatial analysis 

was one of the most commonly raised topics across engagement sessions (The Crown Estate, 

2019b). The use of historic and long-term fishing data sets rather than a single-year data set was 

suggested as a more accurate representation of spatial importance for the fishing industry. 

Additionally, the impact of OSW development on the commercial fishing industry, specifically 

cumulative impacts on fish and shellfish species, was raised as an issue of concern (The Crown 

Estate, 2019b). As a result, the fishing industry requested an additional engagement session 

dedicated to discussing spatially important fishing areas (The Crown Estate, 2019b). 

Feedback related to the fishing industry appeared to have little to no impact during the 

regional refinement process. For example, of the four CA that were modified during the regional 

refinement only “The Wash” mentions the commercial fishing industry as a constraint (The 

Crown Estate, 2019c). However, modifications to the boundaries of The Wash were a result of 

other constraints including oil and gas, navigation, and environmental sensitivities (The Crown 

Estate, 2019c). The well-established inshore fishing industry did not appear to have any 

influence on the refinement of the area. 

2.1.2.4. Analysis  

The temporal scale of the commercial fishing data was a point of contention throughout 

the consultation process of the Round 4 OSW Leasing Project (The Crown Estate, 2019b). Many 

commercial fishing representatives highlighted that the temporal scale of the fishing layer used 

was not long enough to accurately reflect long-term distribution changes seen in commercial fish 

stocks (The Crown Estate, 2019b). Similar concerns were raised by commercial fishing 

representatives during the ScotWind Project (Scottish Government, 2020d). Various published 

studies support this claim providing evidence of long-term changes in the spatial distribution of 

various commercial fish stocks (Nye et al., 2009; Rose et al, 2000; Walsh et al., 2015). During 

the consultation process, it was recommended that long-term or historic data sets be used to help 
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account for natural population distribution dynamics in commercial fish stocks. Therefore, an 

important lesson learned from this case study would be looking into the inclusion of long-term or 

historic fishing data sets for future OSW planning and siting projects to increase accuracy and 

reduce potential conflict.  

The spatial analysis used during the Round 4 OSW Leasing Project was designed to 

identify large areas to consider for OSW development rather than small discrete areas (The 

Crown Estate, 2019a). The resource and constraint analysis selected a total of 50% of the area 

that met the OSW technical requirements as CA. As a result, much larger areas were used 

throughout the various stages of stakeholder engagement when compared to other OSW planning 

processes. The use of larger areas for the various stages of consultation could have benefits 

related to improving stakeholder engagement. Active and impactful engagement is a key 

principle associated with achieving effective MSP which can help address issues such as 

perceived conflict (Iglesias-Campos et al., 2021; Yates, 2018). The identification of small 

discrete areas for OSW development may be considered a top-down approach where information 

delivery is one-directional. A top-down approach to engagement may eliminate some 

opportunities for refinement and reduce the likelihood of impactful engagement (Reilly et al., 

2016; Yates, 2018). In contrast, larger areas may be better suited to a bottom-up approach that 

encourages stakeholder participation resulting in impactful engagement which may play a role in 

reducing conflict (Yates, 2018). Moving forward, the identification of large broad areas for OSW 

development may allow for a consultation process that fosters and encourages more meaningful 

stakeholder engagement.  

2.2. United States 

The United States (US) is in the process of developing its wind portfolio having set a 

national target of 30 GW of OSW generation capacity by 2030 (Musial et al., 2022). Across the 

US, the total current generation capacity for OSW is only 42 MW. However, the regulatory and 

development process is well underway with the OSW pipeline having an estimated capacity of 

40 GW which is representative of leased and unleased wind energy areas and all projects that 

have been installed, approved, or are in the permitting process (Musial et al., 2022).  
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The Department of the Interior’s Bureau of Ocean Energy Management (BOEM) is 

responsible for sustainably managing the development of offshore energy and mineral resources 

within the US Outer Continental Shelf (OCS) (BOEM, 2022a). The OCS often referred to as 

federal waters are defined as all submerged lands lying seaward of state coastal waters (3 miles) 

which are under U.S. jurisdiction (BOEM, 2017a). Waters within 3 miles of shore are referred to 

as state coastal waters and are governed by the respective state governments (BOEM, 2017a). 

2.2.1. Massachusetts OSW Leases– Bay State Wind and Vineyard Wind  

2.2.1.2. Site Identification 

The process of identifying the Massachusetts OSW leases of OCS-A 0500 (Bay State 

Wind) and OCS-A 0501 (Vineyard Wind) began in 2010 and was part of the initial round of 

OSW leasing conducted by BOEM. The Massachusetts OSW leases of Bay State Wind and 

Vineyard Wind included a series of engagement and refinement sessions to identify the final 

lease areas. BOEM’s first step in identifying areas for potential offshore wind development was 

the publication of a Request for Interest (RFI) in the Federal Register to gauge commercial 

interest in OSW development (BOEM, 2010). The publication of the RFI to the Federal Register 

invited all interested and affected parties including the general public to provide comments on 

the area (BOEM, 2010). The initial RFI area was identified through consultation with the 

Massachusetts Renewable Energy Task Force which is composed of federal, state, tribal, and 

industry representatives (BOEM, 2018).   

Comments and nominations from the comment period were reviewed and the RFI area 

was refined to a call area (BOEM 2012a). The size reduction was based on comments received 

from the commercial fishing industry, the Massachusetts Executive Office of Energy and 

Environmental Affairs, and the Massachusetts congressional delegation (BOEM, 2012a). A Call 

for Information and Nominations (Call) was published for the call area in the Federal Register. 

The Call provides an opportunity for interested parties to confirm, revise, or withdraw their 

nominations from the RFI and provides another opportunity for public comment (BOEM, 

2012a). Comments received from the Call were revised and a Wind Energy Area (WEA) was 

selected from the CA (BOEM, 2012b). Major changes from the call area to the WEA were the 

exclusion of an area with high sea duck occurrence and the exclusion of an area with high value 
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to the commercial fishing industry (BOEM, 2012b). The WEA was divided into four separate 

Lease Areas with a sale notice being published in the Federal Register (BOEM, 2014a).   

An Environmental Assessment (EA) was conducted by BOEM to evaluate the potential 

impacts OSW development would have on the WEA (BOEM, 2014b). The EA reviewed both 

environmental and socioeconomic consequences of routine and non-routine events related to 

OSW installation and operation within the WEA (BOEM, 2014b). Routine events included the 

installation of meteorological towers and buoys within the WEA and displacement related to 

survey activities. Non-routine activities included water quality events such as oil spills that could 

be associated with installation and operation. Overall, it was concluded that these activities 

would have a non-measurable impact on commercial fishing within the WEA (BOEM, 2014b).  

2.2.1.3. Spatial Analysis 

BOEM commissioned a socio-economic impact analysis of OSW development on 

fisheries for the first eight WEAs that were identified for the Atlantic coast of the US 

(Kirkpatrick et al., 2017a). This report combined the results of two spatial analysis models 

(exposure and impact analysis) to quantify the potential impacts of OSW development within 

WEAs would have on the fishery industry. The exposure analysis quantified the total amount of 

fishing that occurred near or within each WEA to represent the total fishing activity that may be 

impacted should OSW development occur (Kirkpatrick et al., 2017a). Exposure included total 

revenue for the WEA, commercial revenue by ports, commercial revenue by fisheries 

management plans, commercial revenue by permit and gear type, total recreation expenditures, 

and recreation expenditures by port. Minimum exposure thresholds were set for each category so 

that subgroups that were highly impacted could be identified and included in the impact analysis. 

The threshold for the commercial fishing categories were an annual revenue of more than US$1 

million sourced from the WEA and/or more than 2 percent of the annual revenue sourced from a 

WEA with a total exposure revenue of greater than US$1,000 (Kirkpatrick et al., 2017a). 

The impact analysis was designed to examine the cumulative impacts of OSW 

development across all WEAs on commercial fisheries and their shoreside dependents 

(Kirkpatrick et al., 2017a). The impact analysis involved the development and combination of 

clusters, scenarios, and a location choice model (Kirkpatrick et al., 2017a). Four clusters were 
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identified representing fishing permit groups that are most likely to experience the greatest 

impact from the development of the WEAs (Kirkpatrick et al., 2017a). Cluster 1 was identified 

as pot and gillnet permits in Rhode Island and Massachusetts South Coast. Cluster 2 was 

identified as scallop vessels across the study area. Cluster 3 was identified as surf clam and 

ocean quahog permits in New Jersey, Massachusetts, and Rhode Island. Cluster 4 was identified 

as permits landing on Roanoke Island. The four clusters represent 82.5% of total exposed 

revenue across all of the WEAs. Four scenarios were developed to represent likely exclusion 

situations that could arise within WEAs if they were to be developed (Kirkpatrick et al., 2017a). 

Scenarios considered the impacts of increasing or decreasing catch, gear type closures, and 

weather-based closures. A location choice model was developed to produce an estimate for the 

probability of fishing trip location for each of the four clusters (Kirkpatrick et al., 2017a). Using 

trip probability, the expected change in revenue was calculated for each cluster and scenario.  

2.2.1.4. Commercial Fishing Industry Considerations  

The primary avenue for input from the commercial fishing industry was through the 

various public comment sessions held during the development of the Massachusetts WEA. 

During the first comment session, a large number of comments were received from various 

stakeholders including fisheries organizations, local government, environmental advocates, and 

individuals related to the commercial fishing industry (BOEM, 2012a). Some of the major 

themes of these comments included the concern that commercial harvesters were not provided 

with a sufficient opportunity to provide comments about the potential impact that OSW 

development within the WEA would have on the industry (BOEM, 2012a). Additional research 

was requested surrounding the potential impact of OSW development on various fish stocks 

(BOEM, 2012a). It was recommended that areas of high value to the fishery industry be 

excluded from the WEA (BOEM, 2012a). Concerns related to the potential interference with 

vessel radar systems and issues surrounding vessel insurance if operating within a wind farm 

were highlighted (BOEM, 2012a). As a result, commercial fishing was recognized as one of two 

competing uses within the proposed WEA and the area was reduced in size to reflect this 

(BOEM, 2012a; BOEM, 2012b).  

The spatial analysis that was conducted by BOEM focused on the potential socio-

economic impacts of OSW development on the fishing industry (Kirkpatrick et al., 2017a). A 
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fishing activity model was developed to be used as the spatial data for this analysis (Kirkpatrick 

et al., 2017a).  The fishing activity model used VMS and fishery observer data to supplement 

point data from vessel trip reports to develop a predictive spatial footprint of fishing around 

actual fishing locations (Kirkpatrick et al., 2017a). Using dealer reports this model was 

transformed to represent revenue generated for gear type, species, or port of landings 

(Kirkpatrick et al., 2017a). 

2.2.1.5. Analysis  

The socio-economic impact analysis had little to no influence on the selection of 

Massachusetts OSW lease areas. The spatial analysis completed by BOEM evaluated the socio-

economic impacts of OSW development and highlighted potential issues associated with OSW 

development. The conclusion from the analysis was that the impact of the development of the 

various WEAs on the commercial fishing industry would be minimal in all of the WEAs except 

for the pot and gillnet fisheries within the Massachusetts and Rhode Island WEAs (Kirkpatrick et 

al., 2017a). The maximum estimated impact of OSW development on pot and gillnet fisheries 

was US$517,000 (Kirkpatrick et al., 2017a). However, the recognition that the development of 

the Massachusetts WEA could negatively impact the commercial pot and gillnet fisheries did not 

appear to influence the leasing process in any capacity. The two leases for the Massachusetts 

WEA were signed prior to the publication of this report in 2015 (BOEM, 2015a; BOEM, 2015b). 

The site assessment plans for each of the leased areas make little to no mention of the results of 

the socio-economic analysis and do not provide any method of mitigation related to the impacts 

on the identified trap and gillnet fisheries (Daniels & Lavellee, 2017; Vinyard Wind, 2017). An 

integral principle of effective ocean planning is the inclusion of the best available information 

(Iglesias-Campos et al., 2021). The Massachusetts WEA process does not appear to have been 

inclusive of all of the available information and as a result, OSW development in these areas 

could harm pre-existing pot and gillnet fisheries. An important lesson learned from the 

Massachusetts OSW leasing process is that available information needs to be provided with a 

clear and well-communicated pathway for inclusion in the decision-making process. The final 

outcomes of the process should be reflective of the analyses and information gathering that has 

been conducted.  
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The BOEM OSW leasing process considered the co-location of specific commercial 

fishing gear types within OSW farms. The complete exclusion of commercial fishing activities 

from OSW sites has been found to have various negative economic, social, and environmental 

effects on harvesters, the commercial fishing industry, coastal communities, and the wider 

society (Kafas et al., 2018). Multi-use or co-location of various ocean uses and users has been 

identified as a potential mitigation strategy to reduce the potential impacts of spatial conflict 

associated with an increasingly busy ocean space (Schupp et al., 2021). One of the exclusion 

scenarios that was developed for the socio-economic analysis conducted by BOEM included 

considerations related to the co-location of commercial fishing and OSW development through 

gear-based closures (Kirkpatrick et al., 2017a). This scenario considered potential OSW sites as 

closed to mobile gear fishing activity, but fixed gear fisheries were assumed to operate at full 

capacity and with no impact on catch within OSW lease areas (Kirkpatrick et al., 2017a). The 

development of this scenario was based on the cumulative results of different consultation and 

engagement sessions with commercial fishing industry representatives around the world 

(Kirkpatrick et al., 2017b). For example, fixed gear commercial fishing fleets from the UK have 

been found to operate within operational OSW farms with little impact on operating patterns 

(Kirkpatrick et al., 2017b). Therefore, an effective strategy to identify potential spatial conflict 

mitigation strategies for OSW development could be the exploration of co-location and multi-use 

with the commercial fishing industry.  
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3. CHAPTER THREE: SPATIAL ANALYSIS 

3.1. Context 

Marxan (Ball et al., 2009) is a software designed to act as a decision support tool to aid in 

conservation and other spatial planning issues. Marxan uses a suite of algorithms to find a 

solution that selects areas to be included in a reserve system that meets user-defined targets for 

each input feature and minimizes the cost or impact of the system on other users (Serra et al., 

2020). The Canadian Science Advisory Secretariat (CSAS) conducted an in-depth review of 

various decision-support tools and identified Marxan as the optimal tool to be used by DFO for 

achieving its MPA percentage coverage targets (DFO, 2004). As a result, Marxan has 

contributed to DFO Maritimes Region’s ongoing process of developing a conservation network 

design for the Scotian Shelf-Bay of Fundy Bioregion (King et al., 2021; Serdynska et al., 2021). 

Although originally developed for the purpose of conservation network design, Marxan has been 

used internationally to assist in various other spatial planning issues including both onshore and 

offshore wind planning (Elgi et al.,2017; Goke et al., 2018). As a result of the CSAS 

recommendations, DFO’s past experience, and cited use within the published literature Marxan 

was selected to be used as a decision-support tool for this study.  

Two different types of Marxan analyses have been identified and described in past work 

by DFO (DFO, 2017).  

1. Marxan Analysis: The standard or basic Marxan analysis was originally developed for 

conservation in which the user defines protection targets for various conservation features 

with the software producing a series of solutions to meet these targets while minimizing 

the total cost (DFO, 2017). The standard Marxan analysis allows for the addition of 

multiple conservation features but only allows for a singular socio-economic cost layer to 

be considered. 

2. Reverse Marxan: The reverse Marxan analysis is an adaptation to the basic Marxan 

analysis to allow for the consideration of more than one socio-economic feature using 

either one or two phases (DFO, 2017). Socio-economic layers are used instead of 

conservation features with the solution of the first phase identifying planning units that 
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meet the objective of preserving economic features instead of areas for conservation 

(DFO, 2017). The output from the first phase can be used as a cost layer for the optional 

second phase which is a standard or basic Marxan analysis where the solution is selecting 

areas to conserve ecological features (DFO, 2017).  

The objective of the Marxan analysis used in this study was to highlight areas that had a 

high likelihood versus a low likelihood of spatial conflict with the commercial fishing industry if 

fixed-base OSW development were to take place. To accomplish this objective a variation of a 

reverse Marxan analysis was designed with commercial fishing spatial data being used as the 

socio-economic features to be preserved in the final solution of the Marxan analysis.  

Three different exercises were designed with the goal of demonstrating how the Marxan 

cost layer can be used to include multiple sector considerations and objectives within a complex 

MSP issue such as OSW siting and planning in the Scotian Shelf-Bay of Fundy planning area.  

3.2. Methodology 

Marxan read five specific input files to produce a user-defined number of solutions. Each 

solution selected a number of planning units that contained enough of the features to meet the 

user-defined targets. The five input files that were required were the planning unit file, feature 

file, planning unit vs. feature file, boundary file, and the input parameter file. The five files were 

read by Marxan and a variety of different outputs including the Marxan summed solution and the 

summary information file were produced (Figure 2).  
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Figure 2. Marxan analysis process diagram. 

The spatial analyses required to create these files were carried out using ArcGIS Pro 

version 2.8.3 and ArcMap version 10.8.2 (ESRI, 2021a; ESRI, 2021b). All spatial analysis was 

completed using the projection NAD 1983 UTM Zone 20. Conversion of the shapefiles into the 

correct file format for Marxan was completed using ArcMarxan Toolbox version 2.0.2 (Apropos 

Information Systems Inc, 2020). The Marxan analyses were completed using Marxan version 

4.0.6 (Ball, 2009).   

3.2.1. Marxan Input Files  

3.2.1.1. Planning Unit File  

The planning unit file described the planning units within the study area including the 

location, size, unique identification code, cost, and status. The focus of this study was to evaluate 

potential spatial conflicts between the commercial fishing industry and OSW development. As a 

result, the 10 km2 transverse hexagonal grid for Northwest Atlantic Canada and Central & Arctic 

Region developed by DFO for commercial fishing catch atlases was selected to be used as the 

planning units for this study (DFO, 2019c). This study contributed to the efforts of the DFO 

Maritimes Region Marine Spatial Planning program to better understand the potential impacts of 

future OSW development. As a result, the spatial extent of the 10 km2 transverse hexagonal grid 

was restricted to the Scotian Shelf-Bay of Fundy planning area to create the planning unit 

shapefile and study area (DFO, 2022b) (Figure 3).  

Planning Unit 

File 

Feature File 

Planning Unit vs 

Feature File 

Boundary File 

Input Parameter 

File 

Summary 

Information File 
Marxan 

Summed 

Solution 
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Figure 3. Scotian Shelf-Bay of Fundy planning area. 

The geographical extent of Oceans Act MPAs (DFO, 2021d) and Marine Refuges (other 

effective area-based conservation measures or OECMs) (DFO, 2022c) found within the study 

area were deemed to be important areas to exclude from consideration for OSW development 

due to their legal status and purpose for conservation (Figure 4).  
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Figure 4. Oceans Act Marine Protected Areas (MPAs) and Marine Refuges within the study 

area.  

New fields named “PUID”, “Status”, and “Cost” were added to the planning unit file.  A 

unique identification code was assigned to the PUID field for each planning unit ranging from 1 

to 42,340. 

Marxan uses status as a field to define if a planning unit is available to be selected as part 

of the final solution. For this analysis, the status field was used to limit the planning units that 

were available to be selected by Marxan to areas that contained the potential for spatial conflict 

between the commercial fishing industry and fixed-base OSW development. There were three 

options for planning unit status. A status value of 0 indicated the planning unit was available to 

be selected in the solution. Areas that were considered suitable for fixed-base OSW and that 

contained potential for spatial conflict between the commercial fishing industry and fixed-base 

OSW development were assigned a status of available. A status value of 2 indicated a planning 
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unit could not be selected but was “locked in” and would always be included in the final 

solution. Areas that were considered unsuitable for fixed-base OSW and that contained no 

potential for spatial conflict between the commercial fishing industry and fixed-base OSW 

development were assigned a status value of locked in. A status value of 3 signified that a 

planning unit could not be selected but was “locked out” and would never be included in the 

final solution.  

Depth has been recognized as a technical constraint associated with fixed-base OSW 

development and was used to define suitability for this analysis (The Crown Estate, 2019c; 

Eamer et al., 2022).  Areas with a mean depth of less than 60 m were considered suitable for 

fixed-base OSW and areas with a mean depth greater than 60 m were considered unsuitable (The 

Crown Estate, 2019c; Eamer et al., 2022).  A raster file containing depth (m) for the study area 

was downloaded from the General Bathymetric Chart of the Oceans (GEBCO Compilation 

Group, 2022) and the mean depth for each planning unit in the study area was calculated. The 

status field of planning units with a depth greater than 60 m was set to equal 2 representing that 

these planning units would be “locked in.” The status field of all planning units with a depth of 

less than 60 m was set to equal 0 representing these planning units were “available” (Figure 5).  
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Figure 5. Marxan status per 10 km2 hexagonal planning unit. 

Marxan uses cost as a numerical field to represent how much it would cost to include 

each planning unit in the final solution. Three different exercises were designed for this study 

that used a different cost layer to represent different considerations that may be relevant when 

addressing complex issues such as future OSW development. The first exercise was named the 

baseline exercise did not use the cost layer to represent any additional consideration for OSW 

development and was designed to be used as a control point for comparison with the other two 

exercises. The second exercise was named the multi-objective exercise and was designed to 

represent a potential compromise between the commercial fishing industry and fixed-base OSW 

development. The multi-objective exercise analysis highlighted areas of high fisheries catch 

weight while favoring areas that were less suitable for fixed-base OSW development. The third 

exercise was named the conflict identification exercise and was designed to select areas with the 

highest likelihood of spatial conflict between fixed-base OSW development and commercial 
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fishing catch weight. The conflict identification exercise analysis highlighted areas with high 

contributions to commercial catch weight targets while favoring areas that were more suitable for 

fixed-based OSW development. 

Baseline Cost Layer 

The baseline cost layer assigned an equal cost value (i.e. Cost = 1) to each planning unit 

(Figure 6).   

 

Figure 6. Cost per 10 km2 hexagonal planning unit for the baseline exercise. 

Multi-Objective Cost Layer 

Distance from shore has been found to be a strong indicator of the cost of OSW 

development. As the distance from shore increases the cost of development increases as well due 

to accessibility, cables, infrastructure, and labour (Johnston et al., 2020). The multi-objective 
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cost layer reversed the cost relationship associated with OSW development so that cost 

decreased as distance from shore increased. To accomplish this the distance (km) to the closest 

point of the shoreline was calculated for each planning unit. The distance from shore values were 

reclassified into 109 classes by 5-km intervals in descending order. The new classes were set to 

equal the Cost field resulting in cost decreasing in value by 5-km increments from shore with the 

highest cost value of 109 being assigned to the planning units closest to shore (1-5 km) and the 

lowest cost value of 1 being assigned to planning units furthest from shore (540-545 km) (Figure 

7).  

 

Figure 7. Cost per 10 km2 hexagonal planning unit for the multi-objective exercise. 

Conflict Identification Cost Layer 

The conflict identification cost layer used the traditional relationship of increasing cost of 

OSW development as the distance from shore increased, providing a lower cost to areas more 
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suitable for OSW development. To accomplish this the distance to the closest point of the 

shoreline was calculated for each planning unit. Distance from shore values were reclassified 

into 109 classes by 5-km intervals in ascending order. The new classes were set to equal the Cost 

field resulting in the cost value of planning units increasing by 5-km increments from shore with 

the lowest cost value of 1 being assigned to the planning units closest to shore (1-5 km) and the 

highest cost value of 109 being assigned to planning units furthest from shore (540-545 km) 

(Figure 8).  

 

Figure 8. Cost per 10 km2 hexagonal planning unit for the conflict identification exercise. 

Using the ArcMarxan Toolbox the planning unit shapefile was converted to the format 

required for the Marxan analysis.   
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3.2.1.2. Planning Unit vs Feature File 

Marxan selected planning units to meet user-defined targets based on the amount of a 

feature found within each planning unit. The planning unit vs feature file was a shapefile that 

contained the amount of each feature within each planning unit of the study area. The feature 

classes in this analysis were inshore lobster, mobile gear, and fixed gear commercial fishing 

catch weights. Data from the planning unit file were extracted to a new layer to be used as the 

planning unit vs feature file. The fields “Mobile”, “Fixed” and “Lobster” representing the three 

feature classes were added to this shapefile. 

Mobile Gear Feature Layer:  

The “Gear Type Mobile” data layer from the Eastern Commercial Fishing Database was 

used to represent commercial catch weight for the mobile gear fishing fleet (DFO, 2021b). This 

data layer included catch weight in kilograms (kg) from all Canadian vessels greater than 35 feet 

that used mobile fishing gear within the Maritimes, Gulf, Quebec, Newfoundland and Labrador, 

and Eastern Arctic DFO regions from 2009-2018 on a 10 km2 hexagonal grid. Mobile fishing 

gear included bottom otter trawl (side), bottom otter trawl (stern), bottom pair trawl, Danish 

seine, dredge (boat), purse seine, Scottish seine, shrimp beam trawl, shrimp trawl, and troller 

lines (DFO, 2021b). Catch weight from the “Gear Type Mobile” data layer was joined to the 

mobile field for each of the planning units within the study area (Figure 9).  
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Figure 9. Mobile gear composite landings (catch weight kg) from 2009-2018 per 10 km2 

hexagonal planning unit. 

Fixed Gear Feature Layer:  

The “Gear Type Fixed” data layer from the Eastern Commercial Fishing Database was 

used to represent commercial catch weight for the fixed gear commercial fishing fleet. This data 

layer included catch weight (kg) from all Canadian vessels greater than 35 feet that used fixed 

fishing gear within the Maritimes, Gulf, Quebec, Newfoundland and Labrador, and Eastern 

Arctic DFO regions from 2009-2018 on a 10km2 hexagonal grid (DFO, 2021b). Fixed fishing 

gear included angling, beach and bar seine, conical trap, conical trap – 4 feet, diving with a hand 

tool, electric harpoon, gillnet (drift), gillnet (set or fixed), handline (baited), harpoon and spear, 

Japanese trap, longline, mixed trap – crab, pot, pyramidal trap, rectangular trap, rod and reel 

(chumming), rope, trap net, and tuck seine (DFO, 2021b). Catch weight from the “Gear Type 
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Fixed” data layer was joined to the Fixed field for each of the planning units within the study 

area (Figure 10).   

 

Figure 10. Fixed gear composite landings (catch weight kg) from 2009-2018 per 10 km2 

hexagonal planning unit. 

Inshore Lobster Feature Layer:  

Inshore lobster catch weight standardized by area (kg/km2) on a nonuniform statistical 

grid from 2012 to 2014 for the DFO Maritimes region was used to represent commercial catch 

weight for the inshore lobster fishing fleet (DFO, 2020a) (Figure 11).  
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Figure 11. Inshore lobster catch weight standardized by area (kg/km2) from 2012 - 2014 on a 

nonuniform statistical grid. 

Based on active fishing areas and lobster research surveys the extent of the nonuniform 

statistical grid was modified to accurately reflect the distribution of commercial fishing activity 

(Coffen-Smout et al., 2013). This modification was consistent with the modification of the 

published 2008 - 2011 inshore lobster statistical grid and included the reduction of Lobster 

Fishing Areas (LFAs) east of Halifax (LFAs 32 – 27) to the 100m depth contour (Coffen-Smout 

et al., 2013). LFAs west of Halifax (i.e., LFAs 33 – 38) were left unmodified as the statistical 

grid boundaries better reflected the distribution of lobster fishing activity (Coffen-Smout et al., 

2013).  

Additionally, to avoid data duplication catch weight (kg) was converted to catch weight 

standardized by area (kg/km2) due to the nonuniform statistical grid cells being larger than the 10 

km2 hexagonal planning units. Catch weight and area were used to calculate inshore lobster catch 
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weight standardized by area (kg/km2) for each of the modified nonuniform statistical grid cells. 

The mean inshore lobster catch weight standardized by area (kg/km2) was then calculated for the 

Lobster field of each planning unit (Figure 12).  

 

Figure 12. Inshore lobster catch weight standardized by area (kg/km2) from 2012-2014 per 10 

km2 hexagonal planning unit. 

The ArcMarxan toolbox was used to convert the planning unit vs feature file shapefile to 

the format required for the Marxan analysis.  

3.2.1.3. Feature File 

The “Export Feature Files” tool from the ArcMarxan toolbox was used to create the 

feature file. The feature file contained the user-defined targets for each of the features included in 

the analysis. The user-defined target represented the amount of each feature that Marxan must 

include within the final solution of selected planning units. This analysis utilized the feature 
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target field named “proportion” or “prop” which is a decimal value that represents the percentage 

of the feature class that must be included in the Marxan solution. The prop value for the feature 

classes was set to equal 0.95 meaning 95% of the feature must be included in the Marxan 

solution.  

3.2.1.4. Boundary File 

Using the Export Boundary File tool from the ArcMarxan toolbox the planning unit file 

was converted to the boundary file format required for the Marxan analysis. The method variable 

was set to measured and the boundary treatment variable was set to full. The boundary file is an 

optional file that contains information related to the length of the shared boundaries between 

planning units. 

3.2.1.5. Input Parameter File 

The input parameter file contains the parameters related to the Marxan analysis allowing 

for a degree of user customization. The input parameter file contains fields such as the number of 

repeat runs (NUMREPS) and the boundary length modifier (BLM).  Using the Create Input File 

and Folders tool from the ArcMarxan toolbox the input parameter file was created. The field 

“BLM” was set to zero and the field “NUMREPS” was set to 100 for each scenario.  

3.2.2. Scenarios  

Using the three cost layers and the three feature classes six different scenarios were 

developed to demonstrate how Marxan can be configured to consider various objectives in a 

complex MSP issue. The scenarios were split into three different exercises depending on the cost 

layer that was used.  The parameters of each scenario are described in Table 1. 

Table 1. Marxan parameters for the six scenarios. 

Exercise Scenario Feature Layers Target Cost Layer 

Baseline 

BL-MF Mobile Gear  Prop=0.95 No Cost (Cost = 1 for each 

planning unit Fixed Gear  Prop=0.95 

BL-MFL Mobile Gear  Prop=0.95 No Cost (Cost = 1 for each 

planning unit Fixed Gear  Prop=0.95 

Inshore Lobster Prop=0.95 

Multi-

Objective 

MO-MF Mobile Gear Prop=0.95 Multi-objective (Distance from 

shore – High to Low) Fixed Gear Prop=0.95 

Mobile Gear  Prop=0.95 
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Exercise Scenario Feature Layers Target Cost Layer 

MO-

MFL 

Fixed Gear  Prop=0.95 Multi-objective (Distance from 

shore – High to Low) Inshore Lobster Prop=0.95 

Conflict 

Identification 

CI-MF Mobile Gear  Prop=0.95 Conflict Identification (Distance 

from shore – Low to High) Fixed Gear  Prop=0.95 

CI-MFL Mobile Gear  Prop=0.95 Conflict Identification (Distance 

from shore – Low to High) Fixed Gear  Prop=0.95 

Inshore Lobster Prop=0.95 

 

3.2.3. Marxan Output Files 

3.2.3.1. Summary Information File 

For each scenario, Marxan created an output summary information file containing the 

Marxan score, cost, and the number of planning units included in the solution for each of the 100 

repeat runs completed by Marxan for each scenario. Marxan score is a numerical value that 

represents the efficiency of each run by accounting for the total cost, boundary length, and target 

penalties of the solution. The number of planning units included in the solution of each run is the 

number of planning units with a status of locked in (n = 37,758) plus the number of planning 

units Marxan selected to reach the user-defined targets 

3.2.3.2. Marxan Summed Solution 

For each scenario, Marxan created a Marxan summed solution file that contained a value 

ranging from 1 to 100 that represented the number of times a planning unit was selected as part 

of the solution across all 100 repeat runs. The Marxan summed solution file was joined to the 

planning unit and feature file for each scenario. A new field named SSOLN was created. The 

SSOLN field was set to equal the status value plus the Marxan selection frequency value for each 

planning unit. SSOLN values except for a value of 102 represent how many times a planning 

unit was selected across all Marxan runs in that scenario. A SSOLN value of 102 represented a 

planning unit that had a status value of 2 or “locked in” and was considered unsuitable for OSW 

development due to having a depth greater than 60 m. The mean, SD, maximum, and sum of the 

area (km2), distance from shore (km), mobile gear catch weight (kg), fixed gear catch weight 

(kg), and inshore lobster catch weight standardized by area (kg/km2) for planning units with a 

SSOLN value of 0 and a SSOLN value of 100 were calculated. Adjacent planning units with the 

same SSOLN value were aggregated into clusters .  
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3.3. Results  

The study area had a total size of 405,903.82 km2 and was divided into 42,340 ten square 

kilometer hexagonal planning units. The average planning unit size was 9.6 km2 due to the 

planning units being clipped to align with the boundaries of the Scotian Shelf-Bay of Fundy 

planning area, Oceans Act MPAs, and Marine Refuges. A total of 37,758 planning units had a 

mean depth greater than 60 m and were assigned a status of locked in, meaning that these 

planning units were automatically included as part of the solution for each Marxan run. The 

remaining 4,582 planning units had a mean depth of less than 60 m and were assigned a status of 

available.  

Table 2 includes the total catch weight found in the study area for the mobile, fixed, and 

lobster feature classes and the proportion of landings found within planning units with a status of 

locked in. The fixed gear feature class had the highest proportion at 71.9% of catch contained 

within locked in planning units. The inshore lobster feature class had the lowest proportion at 

43.7% of catch contained within locked in planning units (Table 2).  

Table 2. Amount and percent of the total mobile gear catch weight (kg), fixed gear catch weight 

(kg), and inshore lobster catch weight standardized by area (kg/km2) found within the study area 

and within planning units assigned a status of locked in. 

 Catch weight in 

Study Area 

Catch Weight Locked In 

Feature Class Sum % of Total 

Mobile Gear (kg) 1,755,378,177.0 1,238,325,798.0 70.5% 

Fixed Gear (kg) 286,712,897.0 206,331,667.0 71.9% 

Inshore Lobster (kg/km2) 14,479,167.2 6,330,953.6.0 43.7% 

 

3.3.1. Marxan Analysis 

Table 3 includes the mean Marxan score and the mean number of planning units selected 

in addition to the locked in planning units per solution for each scenario. The MO-MFL scenario 

had the highest mean Marxan score with a score of 2,628,820.00 ± 588.26. The mean number of 

planning units selected within the CI-MFL scenario was 2,081.46 ± 11.68 which was the highest 

when compared to all other scenarios. 
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Table 3. Mean (±SD) Marxan score and the number of planning units selected per solution for 

each scenario in addition to locked in planning units. 

Scenario Mean Marxan Score 

Mean Planning 

Units Selected 

Planning Units 

Locked in 

BL-MF 38,213.6 ± 8.8 455.4  ± 8.8 37,758 

BL-MFL 39,742.3 ± 8.2 1,984.1 ± 8.2 37,758 

MO-MF 2,462,683.0 ± 737.1 442.7 ± 7.3 37,758 

MO-MFL 2,628,820.0 ± 588.3 1,942.9  ± 6.1 37,758 

CI-MF 1,735,954.0 ± 70.4 641.3  ± 15.9 37,758 

CI-MFL 1,737,569.0 ± 100.4 2,081.5 ± 11.7 37,758 

3.3.2. Marxan Summed Solution  

Marxan summed solution results display the number of times a planning unit was 

selected (SSOLN) across all repeat runs for each scenario. Planning units that received a SSOLN 

value of 100 indicate that these planning units had a high contribution to commercial catch 

weight targets as they were selected to meet the class targets in every run (100%) within a 

scenario. These planning units would therefore represent areas with a high potential for spatial 

conflict between the commercial fishing industry and future fixed-base OSW development. 

Planning units that received a SSOLN value of 0 indicate that these planning units had a low 

contribution to commercial catch weight targets as they were not selected to meet the feature 

class targets for any run (0%) within a scenario. These planning units would therefore represent 

areas with a low potential for spatial conflict between the commercial fishing industry and future 

fixed-base OSW development. 

Figure 13 displays the Marxan summed solution result for the BL-MF scenario. Planning 

units selected by Marxan to meet the mobile gear and fixed gear feature class targets were 

located primarily around the offshore bank areas, in the Bay of Fundy, and off the South shore of 

Nova Scotia.  
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Figure 13. Marxan analysis summed solution result for the Baseline - Mobile + Fixed (BL-MF) 

scenario. 

Figure 14 displays the five largest clusters of planning units that received a SSOLN value 

of 100 or 0 for the BL-MF scenario. The five largest clusters of planning units receiving a 

SSOLN value of 100 by area (km2) in descending order were identified as northeast Banquereau, 

outer Minas Basin, Georges Bank, the southern shore of Nova Scotia near Port Mouton, and 

German Bank. The five largest clusters of planning units receiving a SSOLN value of 0 by area 

(km2) in descending order were identified as Sable Island Bank and Western Bank, the eastern 

coast of New Brunswick from St. Andrews to Chignecto Bay, the eastern shore of Nova Scotia 

from Halifax to Guysborough, Sydney Bight, and southwest Nova Scotia from Yarmouth to 

Barrington.  
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Figure 14. Planning units with a SSOLN value of 100 or 0 for the Baseline - Mobile + Fixed 

(BL-MF) scenario. The five largest clusters of planning units with a SSOLN value of 100 or 0 

are labelled as largest clusters. 

Figure 15 displays the Marxan summed solution result for the BL-MFL scenario. 

Planning units selected by Marxan to meet the mobile gear, fixed gear, and inshore lobster 

feature class targets were located primarily near the coast including the southern shore of Nova 

Scotia and New Brunswick, the Bay of Fundy, and Sydney Bight.  
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Figure 15. Marxan analysis summed solution result for the Baseline - Mobile + Fixed + Lobster 

(BL-MFL) scenario. 

Figure 16 displays all planning units and the five largest clusters of planning units that 

received a SSOLN value of 100 or 0 for the BL-MFL scenario. The five largest clusters of 

planning units receiving a SSOLN value of 100 by area (km2) in descending order were 

identified as the southern shore of Nova Scotia from Yarmouth to Barrington, the southern shore 

of Nova Scotia from Digby Neck to Yarmouth, nearshore St. Andrews, nearshore Grand Manan, 

and the western shore of Nova Scotia from Annapolis Royal to Margaretsville. The five largest 

clusters of planning units receiving a SSOLN value of 0 by area (km2) in descending order were 

identified as Sable Island Bank and Western Bank, Banquereau, Middle Bank, Bras d’Or Lake, 

and Cobequid Bay.  
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Figure 16. Planning units with a SSOLN value of 100 or 0 for the Baseline - Mobile + Fixed + 

Lobster (BL-MFL) scenario. The five largest clusters of planning units with a SSOLN value of 

100 or 0 are labelled as largest clusters. 

Figure 17 displays the Marxan summed solution result for the MO-MF scenario. Planning 

units selected by Marxan to meet the mobile gear and fixed gear feature class targets were 

located around the offshore bank areas, in the Bay of Fundy, and off the eastern shore of Nova 

Scotia.  
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Figure 17. Marxan analysis summed solution result for the Multi-Objective - Mobile + Fixed 

(MO-MF) scenario. 

Figure 18 displays all planning units and the five largest clusters of planning units that 

received a SSOLN value of 100 or 0 for the MO-MF scenario. The five largest clusters of 

planning units receiving a SSOLN value of 100 by area (km2) in descending order were 

identified as north east Banquereau, the southern shore Nova Scotia near Port Mouton, outer 

Minas Basin, German Bank, and Georges Bank. The five largest clusters of planning units 

receiving a SSOLN value of 0 by area (km2) in descending order were identified as Sable Island 

Bank and Western Bank, the southern shore of Nova Scotia from Digby Neck to Port Mouton, 

the Fundy shore of New Brunswick from St. Andrews to Chignecto Bay, the eastern shore of 

Nova Scotia from Halifax to Guysborough, and Sydney Bight.  
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Figure 18. Planning units with a SSOLN value of 100 or 0 for the Multi-Objective - Mobile + 

Fixed (MO-MF) scenario. The five largest clusters of planning units with a SSOLN value of 100 

or 0 are labelled as largest clusters. 

Figure 19 displays the Marxan summed solution result for the MO-MFL scenario. 

Planning units selected by Marxan to meet the mobile gear, fixed gear, and inshore lobster 

feature class targets were located primarily near the coast including the southern shore of Nova 

Scotia and New Brunswick, the Bay of Fundy, and Sydney Bight.  
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Figure 19. Marxan analysis summed solution result for the Multi-Objective - Mobile + Fixed + 

Lobster (MO-MFL) scenario. 

Figure 20 displays all planning units and the five largest clusters of planning units that 

received a SSOLN value of 100 or 0 for the MO-MFL scenario. The five largest clusters of 

planning units receiving a SSOLN of 100 by area (km2) in descending order were identified as 

the southern shore of Nova Scotia from Digby Neck to Shelburne, the nearshore of St. Andrews, 

the nearshore of Grand Manan, the west coast of Nova Scotia from Annapolis Royal to Youngs 

Cove, and the nearshore of Port Mouton. The five largest clusters of planning units receiving a 

SSOLN of 0 by area (km2) in descending order were identified as Sable Island Bank and Western 

Bank, Banquereau, Middle Bank, Bras d’Or Lake, and Chignecto Bay.  
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Figure 20. Planning units with a SSOLN value of 100 or 0 for the Multi-Objective - Mobile + 

Fixed + Lobster (MO-MFL) scenario. The five largest clusters of planning units with a SSOLN 

value of 100 or 0 are labelled as largest clusters. 

Figure 21 displays the Marxan summed solution result for the CI-MF scenario. Planning 

units selected by Marxan to meet the mobile gear and fixed gear feature class targets were 

located in the Bay of Fundy area and the southern shore of Nova Scotia and New Brunswick.  
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Figure 21. Marxan analysis summed solution result for the Conflict Identification - Mobile + 

Fixed (CI-MF) scenario. 

Figure 22 displays all planning units and the five largest clusters of planning units that 

received a SSOLN value of 100 or 0 for the CI-MF scenario. The five largest clusters of planning 

units receiving a SSOLN value of 100 by area (km2) in descending order were identified as the 

outer region of Minas Basin, the nearshore of Port Mouton, German Bank, the outer region of 

Chignecto Bay, and Georges Bank. The five largest clusters of planning units receiving a 

SSOLN value of 0 by area (km2) in descending order were identified as Sable Island Bank and 

Western Bank, the eastern shore of Nova Scotia from Owls Head to Guysborough, Banquereau, 

the southern shore of Nova Scotia from Yarmouth to Barrington, and Sydney Bight.  
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Figure 22. Planning units with a SSOLN value of 100 or 0 for the Conflict Identification - 

Mobile + Fixed (CI-MF) scenario. The five largest clusters of planning units with a SSOLN 

value of 100 or 0 are labelled as largest clusters. 

Figure 23 displays the Marxan summed solution result for the CI-MFL scenario. Planning 

units selected by Marxan to meet the mobile gear, fixed gear, and inshore lobster feature class 

targets were located primarily near the coast including the southern shore of Nova Scotia and 

New Brunswick and the Bay of Fundy.  
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Figure 23. Marxan analysis summed solution result for the Conflict Identification - Mobile + 

Fixed + Lobster (CI-MFL) scenario.  

Figure 24 displays all planning units and the five largest clusters of planning units that 

received a SSOLN value of 100 or 0 for the CI-MFL scenario. The five largest clusters of 

planning units receiving a SSOLN value of 100 by area (km2) in descending order were 

identified as the southern shore of Nova Scotia from Yarmouth to Shelbourne, the southern shore 

of Nova Scotia from Digby Neck to Yarmouth, the outer area of Minas Basin, the nearshore of 

St. Andrews, and the nearshore of Grand Manan. The five largest clusters of planning units 

receiving a SSOLN value of 0 by area (km2) in descending order were identified as Sable Island 

Bank and Western Bank, northern Banquereau, Middle Bank, Bras d’Or Lake, and southern 

Banquereau.  
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Figure 24. Planning units with a SSOLN value of 100 or 0 for the Conflict Identification - 

Mobile + Fixed + Lobster (CI-MFL) scenario. The five largest clusters of planning units with a 

SSOLN value of 100 or 0 are labelled as largest clusters. 

3.3.3. Summed Solution Value 100 and 0 

Table 4 includes the number of planning units, the total area (km2), and the distance from 

shore for planning units that received a SSOLN value of 100 and 0 for each scenario. The 

number and area of planning units receiving a SSOLN value of 100 was larger in the three MFL 

scenarios when compared to the MF scenarios. The MO-MFL scenario had the largest (110.3 km 

± 95.5) and the CI-MFL had the smallest (8.2 ± 20.5km) mean distance from shore for planning 

units with a SSOLN value of 100. The CI-MFL scenario had the largest (121.3 ± 72.6 km) and 

the MO-MF scenario had the smallest (48.2 ± 72.4 km) mean distance from shore for planning 

units with a SSOLN value of 0 (Table 4). 
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Table 4. Number of planning units and area of planning units that received a SSOLN value of 

100 and 0 for each scenario. 

 SSOLN = 100 SSOLN = 0 

Scenario 

Planning 

Unit 

Count 

Area 

(km2) 

Mean Distance 

from Shore 

(km) 

Planning 

Unit 

Count 

Area 

(km2) 

Mean Distance 

from Shore 

(km) 

BL-MF 103 1018.2 83.1 ± 91.0 3488 27084.3 50.3 ± 73.6 

BL-MFL 783 6737.5 9.1 ± 19.5 1723 13684.7 103.2 ± 78.7 

MO-MF 129 1275.6 110.3 ± 95.5 3632 28353.5 48.2 ± 72.4 

MO-MFL 934 7998.9 9.0 ± 21.5 1896 14870.6 95.3 ± 80.3 

CI-MF 192 1788.1 22.6 ± 51.8 3123 24324.7 61.4 ± 77.8 

CI-MFL 794 6864.8 8.2 ± 20.5 1537 13069.7 121.3 ± 72.6 

 

Figure 25 shows the mean distance from shore (km) for planning units with a SSOLN of 

100 for each of the six scenarios. The distance from shore for planning units that received a 

SSOLN value of 100 was on average 8 times larger in the MF scenarios compared to the MFL 

scenarios.  

 

Figure 25. Mean distance from shore (km) for planning units with a SSOLN value of 100 for 

each scenario. 
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Figure 26 shows the mean distance from shore for planning units with a SSOLN value of 

0 for each of the six scenarios. The mean distance from shore for planning units with a SSOLN 

value of 0 was on average 2 times larger in the MFL scenarios compared to the MF scenarios.  

 

Figure 26. Mean distance from shore (km) for planning units with a SSOLN value of 0 for each 

scenario. 

Table 5 includes the amount and the percent of the total catch of each feature class that 

was captured by planning units with a SSOLN value of 100. The amount of mobile gear and 

fixed gear catch weight contained within planning units that received a SSOLN value of 100 was 

relatively consistent across the six scenarios ranging from 14.8% to 17.9% and 12.7% to 15.8% 

respectively. 

Table 5. Amount and percent of total mobile gear catch weight (kg), fixed gear catch weight 

(kg), and inshore lobster catch weight standardized by area (kg/km2) within planning units that 

received a SSOLN value of 100 for each scenario. 

 Mobile Gear Fixed Gear Inshore Lobster 

Scenario Sum (kg) 

% of 

Total Sum (kg) 

% of 

Total Sum (kg/km2) 

% of 

Total 

BL-MF 267,237,108 15.2 45,348,533 15.8 203,139.7 1.4 

BL-MFL 259,592,904 14.8 36,424,099 12.7 5,278,196.6 36.5 

MO-MF 292,023,437 16.6 44,917,872 15.7 199,441.9 1.4 
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 Mobile Gear Fixed Gear Inshore Lobster 

Scenario Sum (kg) 

% of 

Total Sum (kg) 

% of 

Total Sum (kg/km2) 

% of 

Total 

MO-MFL 284,329,843 16.2 41,040,731 14.3 5,755,578.9 39.8 

CI-MF 295,235,609 16.8 44,738,029 15.6 684,121.6 4.7 

CI-MFL 315,650,440 17.9 38,202,381 13.3 4,963,837.3 34.3 

 

Figure 27 shows the percentage of each feature class that was captured by planning units 

with a SSOLN value of 100. The amount of the inshore lobster feature class that was captured by 

planning units with a SSOLN value of 100 was lower in the scenarios that did not include a 

target for the inshore lobster feature class (MF scenarios) when compared to the scenarios that 

did (MFL scenarios). The amount of inshore lobster feature class captured by planning units with 

a SSOLN value of 100 for the MF scenarios ranged from 1.4% to 4.7% compared to 34.3% - 

39.6% for the MFL scenarios.  

 

Figure 27. Percent of mobile gear catch weight (kg), fixed gear catch weight (kg), and inshore 

lobster catch weight standardized by area (kg/km2) contained within planning units that received 

SSOLN value of 100 for each scenario. 

Table 6 includes the amount and the percent of the total catch for each feature class that 

was captured by planning units with a SSOLN value of 0. The percent of the total mobile gear 

and fixed gear catch weight contained within planning units that received a SSOLN value of 0 
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was relatively consistent across the six scenarios ranging from 0.4% to 1.2% and 0.6% to 1.5% 

respectively.  

Table 6. Amount and percent of total mobile gear catch weight (kg), fixed gear catch weight 

(kg), and inshore lobster catch weight standardized by area (kg/km2) within planning units that 

received a SSOLN value of 0 for each scenario. 

  Mobile Gear Fixed Gear Inshore Lobster 

Scenario Sum (kg) 

% of 

Total Sum (kg) 

% of 

Total Sum (kg /km2) 

% of 

Total 

BL-MF 13,714,333 0.8 3,174,072 1.1 5,168,391.1 35.7 

BL-MFL 7,241,661 0.4 2,403,532 0.8 68,259.6 0.5 

MO-MF 20,793,349 1.2 4,336,066 1.5 5,738,186.4 39.6 

MO-MFL 10,889,981 0.6 2,837,140 1.0 152,612.1 1.1 

CI-MF 17,457,635 1.0 3,221,956 1.1 3,753,066.6 25.9 

CI-MFL 15,824,865 0.9 1,748,083 0.6 13,975.8 0.1 

 

Figure 28 shows the percentage of each feature class that was captured by planning units 

with a SSOLN value of 0. The amount of the inshore lobster feature class that was captured by 

planning units with a SSOLN value of 0 was higher in scenarios that did not include a target for 

the inshore lobster feature class (MF scenarios) compared to the scenarios that did (MFL 

scenarios). The amount of the inshore lobster feature class captured by planning units with a 

SSOLN value of 0 for the MFL scenarios ranged from 0.1% to 1.1% compared to 25.9% - 39.6% 

for the MF scenarios.  
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Figure 28. Percent of mobile gear catch weight (kg), fixed gear catch weight (kg), and inshore 

lobster catch weight standardized by area (kg/km2) contained within planning units that received 

a SSOLN value of 0 for each scenario. 
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4. CHAPTER FOUR: DISCUSSION   

In this study, a reverse Marxan analysis was conducted to highlight potential spatial 

overlap between future fixed-base OSW development and the commercial fishing industry. The 

purpose of this study was to develop a methodology to support future MSP and multi-objective 

planning in the Scotian Shelf-Bay of Fundy planning area. Multiple Marxan scenarios were 

designed to consider various Marxan configurations and objectives such as cost, the existing 

commercial fishing industry, and suitable areas for fixed-base offshore wind development. The 

results of the Marxan analyses selected areas that were considered suitable for fixed-base OSW 

development and that were important to maintaining commercial fishing catch targets. Results 

identified areas of increased potential for spatial conflict between industries should OSW 

development take place. Additionally, areas that were not selected represented areas with less 

contribution to commercial catch targets and that were suitable for fixed-base OSW development 

indicating a lower likelihood of spatial conflict should OSW development take place.  

This analysis was not inclusive of all constraints and objectives that exist within the 

Scotian Shelf-Bay of Fundy planning area and therefore should not be used for fixed-base OSW 

siting and planning. Areas identified by this study should be viewed as an indicator of potential 

spatial conflict and therefore should be evaluated to a greater extent in future OSW planning and 

siting exercises conducted for the Scotian Shelf-Bay of Fundy planning area. However, this 

study achieved its main objective of providing an initial framework for the methodology that can 

be used for future spatial analyses using the decision-support tool Marxan. 

The Marxan analysis used in this study was designed to include three different exercises 

to demonstrate how the selection preferences of Marxan can be modified to solve for different 

outcomes. The baseline exercise was designed so that the Marxan analysis selected areas that 

contributed to commercial catch targets with no additional considerations related to the OSW 

industry. The multi-objective exercise was designed to demonstrate how Marxan can be used to 

select areas that would represent a compromise between the commercial fishing industry and the 

OSW industry. Finally, the conflict identification exercise was designed so that the Marxan 

analysis selected areas with the highest likelihood of spatial conflict between commercial fishing 

and the OSW industry. Each exercise was comprised of two scenarios based on the feature 
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classes that were included in the Marxan analysis. The first scenario of each exercise included 

the mobile gear and fixed gear feature classes and the second scenario of each exercise included 

the mobile gear, fixed gear, and inshore lobster feature classes. The combination of the exercises 

and feature classes resulted in six different scenarios.  

4.1. Exercise Comparison  

4.1.1. Marxan Analysis Results 

Marxan scores differed between the three exercises with the baseline exercise scenarios 

receiving the lowest overall Marxan scores and the multi-objective exercise scenarios receiving 

the largest overall Marxan scores. The baseline exercise receiving the lowest overall Marxan 

score is likely a result of the low cost value assigned to planning units in the baseline exercise 

compared to the other two exercises. The baseline exercise assigned a cost value of 1 to each 

planning unit whereas the cost layers used for the multi-objective and conflict identification 

exercises assigned cost values to planning units that ranged from 1 to 109. The multi-objective 

exercise receiving the highest overall Marxan score is likely the result of two factors within the 

Marxan analysis design. First, the cost layer used in the multi-objective exercise assigned larger 

cost values to planning units closer to shore when compared to the cost layer used in the conflict 

identification exercise. Second, planning units that were available to be included in the Marxan 

analysis tended to be closer to shore due to the 60 m depth restriction that was implemented 

using the status variable. As a result, planning units that were available to be included in the final 

solution tended to have a higher cost value in the multi-objective exercise when compared to the 

conflict identification exercise which resulted in a higher overall Marxan score in the multi-

objective exercise.  

4.1.2. Marxan Summed Solution Results:  

The results of this study identified the same four areas as suitable for fixed-base OSW 

development while contributing highly to commercial catch weight targets within each of the 

mobile gear plus fixed gear (MF) scenarios. These areas included Georges Bank, German Bank, 

the eastern shore of Nova Scotia near Port Mouton, and the nearshore area of Minas Basin. These 

areas should be examined further as they have a high potential for spatial conflict between the 

mobile and fixed gear commercial fishing fleets and future fixed-base OSW development in the 
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Scotian Shelf-Bay of Fundy planning area. The results of this study also identified the same four 

areas that were suitable for fixed-base OSW development and contributed less to commercial 

catch weight targets within each of the three MF scenarios. These areas included Sable Island 

Bank and Western Bank, the eastern shore of Nova Scotia from Halifax to Guysborough, the 

southern shore of Nova Scotia near Yarmouth, and Sydney Bight. These areas may have a lower 

potential for spatial conflict between the mobile and fixed gear commercial fishing fleets and 

future fixed-based OSW development in the Scotian Shelf-Bay of Fundy planning area. It is 

important to note that these scenarios did not consider the inshore lobster fishing fleet in any 

capacity and as a result are not representative of spatial importance to this industry.  

Some differences were observed across the summed solution results of the MF scenarios 

between the three exercises. The main differences between exercises can mainly be seen in the 

location of planning units that received an SSOLN value of 100 or 0 and can likely be associated 

with the different cost layers that were used between exercises. The cost layer used for the 

baseline exercise was designed to act as a reference point by providing each planning unit with 

the same cost value. Therefore, the results from the baseline scenario can be used to compare 

how the cost layers of the other two exercises affected the location of planning units that 

received a SSOLN value of 100 or 0.  

The multi-objective exercise was designed so that the Marxan analysis would consider 

the objectives of both the commercial fishing and OSW industry while selecting planning units 

to meet the commercial fishing targets. Higher cost values were assigned to areas closer to shore 

as these areas were assumed to be more economically feasible for the development of fixed-base 

OSW turbines. Planning units receiving a SSOLN value of 100 had a larger mean distance from 

shore in the multi-objective exercise when compared to the baseline and conflict identification 

exercises. Planning units receiving a SSOLN value of 0 had a lower mean distance from shore in 

the multi-objective exercise when compared to the baseline and conflict identification exercises. 

Therefore, the results from the MO-MF scenario indicate that the objectives of multiple 

industries were integrated into the Marxan analysis so that the areas that were highlighted with 

high contributions to catch weight targets favored locations that were less ideal for OSW 

development. Alternatively, areas that were highlighted by the MO-MF scenarios with low 

contributions to catch weight targets favored locations that were more ideal for OSW 
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development. Therefore, a cost layer representing the objectives of multiple industries could be 

used in future spatial analyses so that the final outputs represent a compromise between 

industries.     

The conflict identification exercise was designed so that the Marxan analysis would 

select areas that were favorable to both the commercial fishing and OSW industry to indicate a 

higher or lower likelihood of spatial conflict related to future fixed-base OSW development. 

Lower cost values were assigned to areas that were closer to shore as these areas were assumed 

to be more economically feasible for the development of fixed-base OSW turbines. Planning 

units receiving a SSOLN value of 100 had a lower mean distance from shore in the conflict 

identification exercise when compared to the baseline and multi-objective exercises. Planning 

units receiving a SSOLN value of 0 had a higher mean distance from shore in the conflict 

identification exercise when compared to the baseline and multi-objective exercises. Therefore, 

the CI-MF scenario tended to select planning units closer to shore as areas with a higher 

likelihood of spatial conflict due to higher contributions to catch weight targets and increased 

economic feasibility for the OSW industry. Alternatively, the CI-MF scenario tended to select 

planning units further from shore as areas with a lower likelihood of spatial conflict due to lower 

contributions to catch weight targets and decreased economic feasibility for the OSW industry.  

The summed solution results of the MFL scenarios were relatively consistent across the 

three exercises. The results of the MFL scenarios identified the same four areas that were 

classified as suitable for fixed-base OSW development and with higher contributions to catch 

weight targets. These areas included southern Nova Scotia from Yarmouth to Barrington, 

southern Nova Scotia from Digby Neck to Yarmouth, the nearshore area of Grand Manan, and 

the nearshore area of St. Andrews. These areas may have a higher potential for spatial conflict 

between the mobile gear, fixed gear, and inshore lobster commercial fishing fleets and future 

fixed base OSW development in the Scotian Shelf-Bay of Fundy planning area. The results of 

the MFL scenarios also identified the same four areas that were classified as suitable for fixed-

base OSW development and with lower contributions to catch weight targets. These areas 

included Sable Island Bank and Western Bank, Banquereau, Middle Bank, and Bras d’Or Lake. 

These areas may have a lower potential for spatial conflict between the mobile gear, fixed gear, 
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and inshore lobster commercial fishing fleets and future fixed-base OSW development in the 

Scotian Shelf-Bay of Fundy planning area.  

The marginal differences between the MFL scenarios would suggest that the different 

cost layers of the three exercises had little influence on the selection of planning units by 

Marxan. The inshore lobster feature class is unique as this fishing fleet has a much smaller 

spatial extent when compared to the fixed gear and mobile gear fishing fleets. The inshore 

lobster fishing fleet can only operate within 50 M of the coast whereas the mobile and fixed gear 

fleets can operate up to 200 M from the coast (DFO, 2020b). Additionally, only planning units 

with a depth of less than 60 m were available to be selected by Marxan restricting available 

planning units to the nearshore and the shallow offshore banks of the study area. However, 

offshore bank areas are typically located further than 50 M from the coast and therefore did not 

contain any inshore lobster fishing fleet activity. As a result, regardless of the cost value, 

planning units close to shore were selected to reach the inshore lobster feature class target, 

reducing the overall influence of the various cost layers. 

4.2. Scenario Comparison 

4.2.1. Marxan Summed Solution Results:  

A larger area of high potential for spatial conflict was identified by the Marxan summed 

solutions in the three MFL scenarios compared to the MF scenarios. Additionally, a smaller area 

of lower likelihood for spatial conflict was identified by the Marxan summed solution in the 

MFL scenarios compared to the MF scenarios. This relationship is likely due to the inshore 

lobster feature class having a larger amount of spatial overlap with potential fixed-base OSW 

development when compared to the mobile and fixed gear feature class. The inshore lobster 

feature class had 56.1% of its catch sourced from areas that were considered suitable for fixed-

base OSW development compared to 29.5% for fixed gear and 28.1% for mobile gear. The 

differences in spatial overlap between the various fishing fleets highlight the importance of 

including the inshore lobster fishing fleet in OSW planning exercises for the Scotian Shelf-Bay 

of Fundy planning area.  

The location of areas that were identified as having a higher likelihood of spatial conflict 

between the commercial fishing industry and fixed-base OSW development differed between the 
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MFL scenarios and the MF scenarios. In the three MF scenarios, the southern shore of Nova 

Scotia, the eastern shore of Nova Scotia, and Sydney Bight were identified as areas containing a 

low likelihood of spatial conflict with future OSW development. However, in the three MFL  

scenarios, these three areas were not consistently identified to be areas of low likelihood of 

spatial conflict. Additionally, the results of the three MFL scenarios were conflicting with the 

MF scenario results as the southern shore of Nova Scotia was identified as the largest area 

containing a high likelihood of spatial conflict between the commercial fishing industry and 

future fixed-based OSW development. This result would indicate that inshore lobster is a key 

consideration for the southern shore of Nova Scotia, the eastern shore of Nova Scotia and 

Sydney Bight.  

The MF scenarios did not include the inshore lobster feature class within the analyses 

resulting in little representation of the fleet across the various solutions. In the MF scenarios, the 

planning units that were identified to have a high contribution to catch weight targets contained a 

small amount of the inshore lobster feature class (1.4% - 4.7% of total catch). Additionally, in 

the MF scenarios, the planning units that were identified to have a low contribution to catch 

weight targets contained a large amount of the inshore lobster feature class (25.9% - 35.7% of 

total catch). These results demonstrate that when the inshore lobster feature class was not 

included in the spatial analysis the areas that were identified to have a high or low likelihood of 

spatial conflict were not representative of potential conflict with the inshore lobster commercial 

fishing fleet. Therefore, if the entire fishing fleet is not adequately considered during the 

planning stages future commercial developments such as OSW could result in significant conflict 

with existing activities.  

4.3. Analysis and Recommendations 

The purpose of this study was to develop methodology for spatial analyses that can be 

used to effectively inform MSP within the Scotian Shelf-Bay of Fundy planning area. From the 

results of the case study analysis and spatial analysis a suite of lessons learned related to the 

commercial fishing industry, the OSW industry, and other ocean uses was developed to inform 

future research. 
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4.3.1. Commercial Fishing Industry  

For the mobile and fixed gear feature classes, catch weight was used to represent spatial 

importance. There are two major issues of representation that can be associated with the use of 

catch weight as an indicator of spatial importance. The first issue is that using catch weight to 

represent all commercial fishing activity provides the landed weight of each species with the 

same value resulting in equal influence across species. However, within the Scotian Shelf-Bay of 

Fundy planning area, there is a large diversity of species caught with a wide range of value per 

unit of catch weight. For example, from the mobile gear fishing fleet, the average price of 

herring was $0.39/kg compared to $24.15/kg for scallops in 2015 (DFO, 2018c, 2021e). 

Therefore, the catch weight of landed scallops would have a considerably higher monetary value 

than the catch weight of landed herring. However, the results from this study do not consider the 

difference in catch value between species such as scallops and herring within the mobile gear 

feature layer. This issue could be addressed by considering each species individually when 

setting Marxan targets, or through the use of a different data layer to represent spatial importance 

to the commercial fishing industry. As demonstrated through various other existing OSW spatial 

analysis projects such as the three case studies evaluated in this study, other data layers can be 

used to represent spatial importance to the commercial fishing industry (The Crown Estate, 

2019a; Kirkpatrick et al., 2017; Marine Scotland, 2018). For example, Scotland’s ScotWind 

Project used the monetary value of catch to represent spatial importance to the commercial 

fishing industry addressing the issue of representation by providing species with higher 

economic value with increased influence on the spatial analysis (Marine Scotland, 2018).  

The second issue associated with using catch weight to represent spatial importance to 

the commercial fishing industry is the generalization of the spatial footprint of fishing activities. 

The Eastern Commercial Fishing Database reports catch weight on a 10km2 grid using point data 

from commercial fishing logbooks (DFO, 2021b). Due to the dynamic nature of many fishing 

activities, the use of point data may lead to the generalization of the commercial fishing 

industry’s spatial footprint (Lee et al., 2010). For example, Atlantic swordfish and other tuna are 

fished in the Scotian Shelf-Bay of Fundy planning area using pelagic longlines which can range 

from 18 km – 90 km in length and can drift for several hours (DFO, 2016; Domingo et al., 2014). 

As discussed in Chapter Two, the issue of generalization associated with the use of logbook data 
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can be addressed through either supplementation or replacement with more accurate data 

sources. The socio-economic impact analysis commissioned by BOEM for OSW planning in the 

US supplemented catch weight data from vessel logbooks with a fishing activity model and 

dealer reports (Kirkpatrick et al., 2017). As a result, a data layer was developed that mapped the 

predictive spatial footprint around actual fishing locations and the generated revenue of the 

activity (Kirkpatrick et al., 2017). Additionally, the UK’s Round 4 OSW Leasing Project used 

VMS data to develop a data layer that used fishing intensity in kilowatt-hours to represent spatial 

importance to the commercial fishing industry (The Crown Estate, 2019a). The use of VMS data 

to develop a fishing activity layer has been found to provide higher-resolution estimates of 

commercial fishing spatial effort distributions and footprint when compared to standard catch 

weight logbook entries (Lee et al., 2010). Moving forward, future research could look to replace 

or supplement catch weight data with a predictive model, monetary value, or VMS data to 

increase the representation of spatial importance to the commercial fishing industry.  

The potential impact of fixed-based OSW development on commercial fishing activity 

was treated equally across the three commercial fishing fleets evaluated within this study. 

However, there is growing evidence and examples that the development of OSW farms may not 

impact all fishing activities equally. For example, from Scotland’s ScotWind project through 

consultation with industry five commercial fishing activities were highlighted to have higher 

levels of constraint related to OSW development (Marine Scotland, 2018). These fishing 

activities were identified as scallop dredging, nephrops trawling and creeling, demersal trawling, 

pelagic trawling, and crab and lobster creeling (Marine Scotland, 2018). Additionally, with OSW 

development growing around the globe opportunities for joint or shared use of the marine space 

with certain fishing activities are being explored (Schupp et al., 2021). For example, in the UK 

the fixed gear lobster pot fishery has remained operational within the Westermost Rough 

offshore wind farm (Roach et al., 2022). This is a successful example of co-existence between 

OSW development and the commercial fishing industry with both catch per unit effort and 

landings per unit effort being unaffected after the development of the OSW farm (Roach et al., 

2022). Consideration for potential compatibility with specific fishing activities can be seen in the 

socio-economic impact analysis used during OSW planning in the US (Kirkpatrick et al., 2017). 

The gear-based closure scenario of the impact analysis used a model that considered OSW farms 

to be open to fixed gear fishing activities and closed to mobile gear fishing activities (Kirkpatrick 
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et al., 2017). Therefore, future assessments related to OSW planning in the Maritimes region 

should consider specific fishing activities individually to provide a more accurate estimation of 

impacts on the commercial fishing industry.  

4.3.2. Offshore Wind Industry  

In this study, areas that were less than 60 m in depth were considered suitable and areas 

that were deeper than 60 m in depth were considered unsuitable for fixed-base OSW 

development (The Crown Estate, 2019b). The inclusion of only one layer to represent suitability 

is likely an oversimplification with various other considerations being important for fixed-base 

OSW suitability mapping (The Crown Estate, 2019a; Marine Scotland, 2018).  

The spatial analysis used during the Round 4 OSW Leasing project in the UK considered 

three suitability requirements in addition to depth to determine if an area was technically 

favorable for fixed-base OSW development (The Crown Estate, 2019b). The first two additional 

suitability requirements were quaternary sediment thickness and bedrock lithography which are 

both related to the geological condition of the seabed (The Crown Estate, 2019b). Areas with a 

thin quaternary sediment thickness and/or hard bedrock lithology (Igneous, Palaeozoic, or 

Metamorphic) were not considered favorable for fixed-base OSW development (The Crown 

Estate, 2019b). The geological condition of the seabed is likely an important consideration for 

this analysis as the study area has been found to have a highly variable substrate with many areas 

of hard bedrock which would likely impact the suitability of fixed-base OSW development 

(Eamer et al., 2022).  

The third additional suitability requirement considered was accessibility due to wave 

height (The Crown Estate, 2019b). Accessibility for the operation and maintenance of OSW 

turbines was determined to have a working limit of 2.5 m wave height (The Crown Estate, 

2019b). As a result, regions were not considered favorable for OSW development if they had 

wave heights of over 2.5 m for more than 20% of the year (The Crown Estate, 2019b). The 

Scotian Shelf-Bay of Fundy planning area has consistently high wind speeds resulting in 

relatively rough wave conditions. For example, the mean significant wave height for the middle 

Scotian Shelf and Slope was found to range from 1.13 m in the summer months to 2.8 m in the 

winter months (Stantec Consulting Ltd, 2019). Due to the relatively rough conditions mean wave 
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height is a suitability requirement that might influence where OSW development can take place 

within the Scotian Shelf-Bay of Fundy planning area and therefore should be considered during 

future suitability mapping research.   

The status of planning units for this study was determined using mean depth to account 

for the suitability constraints related to fixed-base OSW development. The use of this suitability 

requirement heavily influenced the results of the analyses as a total of 89.2% of the study area 

had a mean depth greater than 60 m and was not available to be selected by Marxan. Depth as a 

major suitability restriction is unique to fixed-base OSW turbines, and recent floating foundation 

OSW turbines have been installed at depths of 200 m (Musial et al., 2022). The decision to 

restrict the scope of this study to only consider fixed-base OSW technology was due to the fact 

that floating foundation OSW turbines are still considered a pilot or demonstration technology 

and are not readily employed across the industry (Eamer et al., 2022; Musial et al., 2022).  

Recent forecasts are predicting that the deployment of floating OSW technologies will 

rapidly grow to an estimated 10 GW of generation capacity by 2030 and 234 GW by 2050 

(Musial et al., 2022). Current market forecasts paired with the province of Nova Scotia targeting 

2030 for a first call for bids for offshore wind leases (Province of Nova Scotia, 2022) may result 

in floating foundation OSW technology being a realistic option for the region. Therefore, moving 

forward limiting the scope of the study area for OSW planning and siting spatial analyses to 

fixed-base OSW technologies may not be an accurate representation of the state of the industry 

when deployment begins in the Scotian Shelf-Bay of Fundy planning area. Countries such as 

Scotland with their ScotWind project have already taken a proactive approach and included 

floating foundation OSW technologies in their latest spatial analysis project (Marine Scotland, 

2018). The inclusion of floating OSW technologies had a large influence on this ScotWind 

spatial analysis as the study area was not restricted by any depth limitations, with depth being 

considered as one of the several constraint layers (Marine Scotland, 2018). 

The relationship between distance from shore and the monetary cost of development was 

used in this study to develop multiple spatial analysis exercises in an effort to support MSP and 

multi-objective planning in the Scotian Shelf-Bay of Fundy planning area. However, the use of 

distance from shore is likely an oversimplification of the various factors that can influence the 
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cost and overall viability of an OSW project (ARUP, 2022; Johnston et al., 2020). To effectively 

conduct multi-objective planning exercises accurate indicators of development costs and overall 

project viability are essential especially when considering large commercial developments such 

as OSW. Across the renewable energy sector levelized cost of energy (LCOE) production has 

been developed as a variable to more accurately represent the spatial considerations relevant to 

project viability. LCOE is a single data layer that is representative of the total lifetime costs of a 

project relative to the amount of energy that is produced (Johnston et al., 2020). For OSW 

projects various factors and parameters such as water depth, number and size of turbines, grid 

connection costs, equipment costs, revenue from the wholesale market price of electricity, and 

operation and maintenance costs can influence LCOE (Johnston et al., 2020). The development 

of an LCOE data layer for the Scotian Shelf-Bay of Fundy planning area to be used in future 

OSW planning and siting projects would increase the representation of relevant considerations 

for the OSW industry and contribute to effective MSP and multi-objective planning.   

4.3.3. Other Ocean Uses  

The spatial analysis conducted in this study only considered the commercial fishing 

industry when highlighting areas with low or high potential for spatial conflict with future OSW 

development, as an initial test for this Marxan analysis methodology. As a result, the various 

other activities and industries that exist within the Scotian Shelf-Bay of Fundy planning area 

were not included in this analysis and did not influence the overall results. Activities other than 

the commercial fishing industry can both influence and be impacted by OSW development to 

varying degrees and therefore an in-depth process that identifies and considers all activities 

within the region would need to be conducted to allow for an effective OSW planning and siting 

exercise.  

Other OSW planning processes such as the UK OSW Round 4 Leasing project and the 

ScotWind project have identified other activities through the consultation process that contain 

some degree of constraint related to OSW development (The Crown Estate, 2019b; Marine 

Scotland, 2018). The identified activities include military practise areas, high traffic (1,000 ships 

per year) shipping lanes, a 13 km buffer from shore due to the visual appearance of offshore 

wind farms, aviation, recreation and leisure activities, oil and gas development, and nature 

protected sites (The Crown Estate, 2019b; Marine Scotland, 2018). Similarly, it could be useful 
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to conduct a consultation process with the purpose of identifying ocean use activities within the 

Scotian Shelf-Bay of Fundy planning area with high levels of constraint towards future OSW 

development. Activities identified through the consultation process could be used in future OSW 

planning and siting projects to allow for a better and more holistic view of potential spatial 

conflict across the Scotian Shelf-Bay of Fundy planning area.  

4.4. Recommendations for Future Research 

Moving forward three recommendations have been developed for future OSW spatial 

analyses for the Scotian Shelf-Bay of Fundy planning area.  

First, it is recommended that future research focus on increasing the representation of 

industries across the region. A recurring theme from the analysis of this study was found to be 

the limitations and issues associated with the representation of the various user groups 

considered or not considered. Limitations that were identified included the representation of 

spatial importance to the commercial fishing industry, suitability for OSW development, 

feasibility of OSW development, and the inclusion of existing other ocean uses. In order for 

future research to effectively contribute to MSP and OSW planning within the region these 

issues of representation should be an area of focus moving forward.  

Second, it is recommended that study areas for future research be expanded to include 

floating foundation OSW turbines. Technology advancements and trends in the OSW industry 

paired with Nova Scotia’s development timeline suggest that floating foundation OSW turbines 

may be a realistic option for OSW development in the Scotian Shelf-Bay of Fundy planning area. 

Exclusion of this technology from consideration within research increases the risk of the analysis 

not being representative of the industry, which may reduce the applicability of results. The scope 

of future research should be expanded to include relevant considerations for floating OSW 

technology to ensure it can effectively contribute to MSP in the Maritimes region.  

Third, it is recommended that future research explore the use of the software Marxan 

with Zones. The basic Marxan software was an effective decision-support tool for the limited 

scope of this initial OSW analysis for the region. Moving forward, spatial analysis related to 

MSP should be expanded to include a more holistic view of the entire Scotian Shelf-Bay of 



73 
 

Fundy planning area. This expansion could include fixed and floating wind considerations, 

additional commercial fishing considerations, commercial shipping, aquaculture, conservation 

targets, and tourism and recreation, which would increase the number of planning objectives.  

Marxan with Zones allows for increased user customization when compared to the basic Marxan 

software, which could allow for more effective inclusion of these additional considerations. For 

example, a Marxan with Zones spatial analysis could be designed with multiple zones each 

selecting planning units to contribute to different user-defined targets. This analysis could 

include a wind energy zone selecting planning units to contribute to energy generation targets, a 

socio-economic activity zone selecting planning units to meet existing ocean use targets, and a 

conservation zone that selects planning units to contribute to existing conservation targets.   

4.5. Data Limitations  

The reporting of inshore lobster fishing effort on a non-uniform statistical grid in the data 

layer that was used to create the inshore lobster feature class creates a series of issues related to 

data resolution, representation, and generalization that have been recognized and discussed in 

previously published reports (Coffen-Smout et al., 2013; Serdynska & Coffen-Smout, 2017). 

Additionally, another issue was introduced by the inclusion of this data as catch weight 

standardized by area (kg/km2) instead of catch weight (kg). Catch weight values were 

standardized to catch by area to account for the differences in grid cell sizes between the non-

uniform grid and the 10 km2 planning units used in the spatial analysis. However, the 

manipulation of the data creates an inconsistency in the spatial analyses as the three feature 

classes that were included used non-uniform units of measurement (kg and kg/km2). To 

adequately address these issues catch reporting requirements would need to be changed across 

the inshore lobster fleet to include precise location data for catch and effort to allow for the 

development of higher-resolution spatial data products.  

4.6. Conclusion  

As a strategy to combat global climate change, the federal and provincial governments 

have made several commitments to expand the offshore renewable energy sector. Due to regional 

conditions, OSW appears to be an ideal candidate to help meet these commitments as well as 

provide an economic opportunity through its potential for the international export of green 
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hydrogen. The prospect of OSW development within the Scotian Shelf and Bay of Fundy raises 

concerns related to potential spatial conflict with existing important industries such as 

commercial fishing. Through various international examples, MSP has been found to be an 

effective tool that can proactively identify areas of potential spatial conflict between future OSW 

development and existing ocean users. Therefore, the main objective of this study was to 

demonstrate how MSP can be effectively used to assist in the planning of a new ocean use while 

including the considerations of multiple sectors in the Scotian Shelf-Bay of Fundy planning area. 

Specifically, this study sought to create a methodological framework outlining how the decision-

support tool Marxan can be used to highlight various spatial interactions between potential OSW 

development and the commercial fishing industry. Results from this study can inform future 

research examining potential conflicts between offshore wind and other ocean uses.  
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