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Glossary 

Term Definition  

Array Area The area in which the generation infrastructure (including Wind Turbine 
Generators and associated foundations and inter-array cables), Offshore 
Electrical Platform(s), and an interconnector cable will be located. 

Baseline  The status of the environment at the time of assessment without the 
development in place. 

Benthic Subtidal and 
Intertidal Ecology 
study areas 

The benthic subtidal ecology study area is defined by the Array Area and 
the offshore Export Cable Corridot (ECC). 

The secondary Zone of influence (Zol) encompasses a buffer of 
approximately 15 km around both the Array Area and offshore ECC. This 
buffer represents the area where secondary or indirect impact on the 
benthic environment might occur and is defined by the distance that 
suspended sediment plumes may be advected following disturbance and 
subsequently interact with benthic receptors. 

The benthic intertidal ecology study area is defined by the intertidal 
habitats up to the Mean High Water Springs (MHWS) mark within the 
Proposed Development boundary. 

Biotope A region of habitat associated with a particular ecological community. 

Chl-a Chlorophyll-a is a photosynthetic pigment which serves as a proxy for 
biological productivity. 

Cumulative effects The combined Impact of the Proposed Development acting cumulatively 
with the impacts of several different projects, on the same single receptor/ 
resource. 

Cumulative impact Impacts that result from changes caused by other past, present, or 
reasonably foreseeable actions together with the Proposed Development. 

Demersal Relating to the seabed and area close to it. Demersal spawning species 
are those which deposit eggs onto the seabed. 

Developer Muir Mhòr Offshore Wind Farm Limited 

E2 The ScotWind Plan Option Area where the Proposed Development is 
located. 

Elasmobranch Cartilaginous fishes such as sharks, rays, and skates. 

Environmental Impact 
Assessment (EIA) 

A statutory process by which certain planned projects must be assessed 
before a formal decision to proceed can be made. It involves the collection 
and consideration of environmental information, which fulfils the 
assessment requirements of the EIA Directive and EIA Regulations, 
including the publication of an Environmental Impact Assessment Report 
(EIAR). 

EIA Regulations Collectively the term used to refer to The Electricity Works (Environmental 
Impact Assessment) (Scotland) Regulations 2017, The Marine Works 
(Environmental Impact Assessment) Regulations 2007, and The Marine 
Works (Environmental Impact Assessment) (Scotland) Regulations 2017. 

Fish and Shellfish 
Ecology 

Fish and shellfish ecology encompasses the study of the fish and shellfish 
species in the marine environment, the interactions between them and 
impacts on the surrounding environment. 

Fish larvae The developmental stage of fish which have hatched from the egg and 
receive nutrients from the yolk sac until the yolk is completely absorbed. 



 

 

Term Definition  

Floating Foundations The floating structures on which the Wind Turbine Generators are 
installed.  

Foundation anchors The structures which anchor the Floating Foundations to the seabed, 
connected to the foundation mooring. 

Impact An impact to the receiving environment is defined as any change to its 

baseline condition, either adverse or beneficial.  

Inter-array cables Cables which link the wind turbines generators to each other and the 
Offshore Electrical Platform(s). 

Interconnector cable Cable which links the Offshore Electrical Platform(s) to one another, 
allowing for power to be transferred between the platforms. 

Mitigation Mitigation measures, or commitments, are commitments made by the 
Proposed Development to reduce and/or eliminate the Likely Significant 
Effects (LSE) to arise as a result of the Proposed Development. Mitigation 
measures can be embedded (part of the Proposed Development design) 
or secondarily added to reduce impacts in the case of LSE. 

Offshore Electrical 
Platform (OEP) 

Offshore platform consisting of High Voltage Alternating Current (HVAC) 
equipment, details depending on the final electrical set up of the Project.  

Offshore Export Cable 
Corridor (ECC) 

The area within which the offshore export cables will be installed. 

Offshore export cables The subsea electricity cable circuits running from the Offshore Electrical 
Platform to the landfall which will transmit the electricity generated by the 
offshore wind farm to the onshore export cables for transmission onwards 
to the onshore substation and the national electrical transmission system 
along with auxiliary cables such as fibre optic cables. 

Offshore transmission 
infrastructure 

The proposed transmission infrastructure comprising: Offshore Electrical 
Platform(s) and associated foundations and substructures; the offshore 
export cables; and the landfall area up to Mean High Water Springs 
(MHWS). 

Pelagic Any part of the water column (i.e., the sea from surface to bottom 
sediments) that is not close to the seabed. Pelagic spawning species 
release their eggs into the upper layers of the sea. 

Project Muir Mhòr Offshore Wind Farm – comprises the wind farm and all 
associated offshore and onshore components. 

Proposed 
Development 

The offshore Muir Mhòr Offshore Wind Farm project elements to which 
this Offshore EIA Report relates. 

Receptor A distinct part of the environment on which impacts could occur and can 
be the subject of specific assessments. Examples of receptors include 
species (or groups) of animals or plants, people (often categorised further 
such as ‘residential’ or those using areas for amenity or recreation), 
watercourses etc.  

Spawning The release or deposition of eggs and sperm, usually into water, by 
aquatic animals 

Subtidal The region of shallow waters which are below the level of low tide (MLWS). 

Wind Turbine 
Generator (WTG) 

The wind turbines that generate electricity consisting of tubular towers and 
blades attached to a nacelle housing mechanical and electrical generating 
equipment. 

Worst case design 
scenario  

A ‘worst case’ design scenario from then design envelope that would lead 
to the greatest impact for receptors or receptor groups. 



 

 

Acronyms 

Term Definition  

Chl-a Chlorophyll-a 

CTD Conductivity, Temperature, and Depth 

CFP Common Fisheries Policy 

DAS Digital Aerial Surveys 

DDT Dichlorodiphenyltrichloroethane 

DECC Department of Energy and Climate Change 

ECC Export Cable Corridor 

EIAR Environmental Impact Assessment Report 

EU European Union 

GEBCO General Bathymetric Chart of the Oceans 

IBTS International Bottom Trawl Surveys 

ICES International Council for the Exploration of the Sea 

INNS Invasive Non-Native Species 

IAMMWG Inter-Agency Marine Mammal Working Group 

HPAI Highly Pathogenic Avian Influenza 

MD-LOT Marine Directorate - Licensing Operations Team 

MHWS Mean High Water Springs 

MMOb Marine Mammal Observer  

MU Management Unit 

NC MPA Nature Conservation Marine Protected Area 

NMPi National Marine Plan Interactive 

NSBC North Sea Biogeochemical Climatology 

OEP Offshore Electrical Platform 

OWF Offshore Wind Farm 

PCB Polychlorinated biphenyl 

PMF Priority Marine Feature 

PO Plan Option 

POPs Persistent organic pollutants 

PrePARED Predators and Prey Around Renewable Energy Developments 

RIAA Report to Inform Appropriate Assessment 

RSPB Royal Society for the Protection of Birds 

SAMS Scottish Association of Marine Science 

SCANS Small Cetaceans in European Atlantic waters and the North Sea 

SCM Sub-surface Chlorophyll Maximum 

SCOC Special Committee on Seals 

SMU Seal Management Unit 

SNCB Statutory Nature Conservation Body 



 

 

Term Definition  

SPA Special Protection Area 

SSC Suspended Sediment Concentration 

TAC Total Allowable Catch 

TKE Turbulence Kinetic Energy 

TTS Temporary Threshold Shift  

UWN Underwater Noise 

WTG Wind Turbine Generator 
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1. INTRODUCTION 

1.1. BACKGROUND 

1.1.1. Muir Mhòr Offshore Wind Farm Limited (hereafter referred to as ‘the Developer') is proposing 

to develop the Muir Mhòr Offshore Wind Farm (hereafter ‘the Project’). The Project is made 

up of both offshore and onshore components. The subject of this offshore Environmental 

Impact Assessment Report (EIAR) is the offshore infrastructure of the Project seaward of 

Mean High-Water Springs (MHWS) which is hereafter referred to as ‘the Proposed 

Development’.  

1.1.2. The Muir Mhòr Array Area covers an area of approximately 200 km2 and is located 

approximately 63 km east of Peterhead on the east coast of Scotland. The offshore 

infrastructure of the Proposed Development includes Wind Turbine Generators (WTGs) and 

associated floating foundations, the Offshore Electrical Platforms (OEP(s)) and associated 

foundations, the inter-array cables, an interconnector cable, offshore export cables and 

landfall. 

1.1.3. Marine ecosystems are home to a wide range of biodiversity, from microscopic plankton to 

large marine mammals and megafauna. Marine developments (including offshore wind farms 

(OWFs)) can have complex impacts on marine ecosystems. These ecosystems provide 

critical services, such as food, carbon sequestration, biodiversity support and coastal 

protection, which are vital for ecological health and human wellbeing. Understanding the 

ecosystem-level effects of such developments will help ensure negative impacts on marine 

ecosystems are minimised which will help to ensure the long-term sustainability of marine 

environments and the services they provide. 

1.1.4. This report has been prepared by GoBe Consultants Limited. 

1.2. PURPOSE OF THE REPORT 

1.2.1. The impacts of the Proposed Development on key receptors (including inter-related effects) 

are detailed within the relevant EIAR Chapters (Volume 2, Chapters 7 - 12). This report takes 

a deeper look and more holistic approach to assessing the impacts of the Proposed 

Development on the wider marine ecosystem. 

1.2.2. The primary purpose of the report is to provide an approach to assessing the impacts arising 

from the Proposed Development, to demonstrate the Likely Significant Effects (LSE) 

holistically, across key trophic levels, particularly in relation to the availability of prey species 

following feedback from consultation with Statutory Nature Conservation Bodies (SNCBs) and 

other stakeholders (as detailed in Table 1-1). 

1.2.3. This report reviews current literature to establish a baseline of the physical environment 

(stratification), primary producers, prey species and predators (marine mammals and 

megafauna). The review provides a baseline to inform an ecosystem level assessment of the 

potential implications, both positive and negative, that the Proposed Development may have.  

1.2.4. This report also considers the wider impacts that the ecosystem is facing, highlighting a 

changing baseline, and considers the future trends across key trophic levels.  

1.2.5. This document serves as an appendix to the EIAR and should be read in conjunction with the 

relevant EIAR Chapters:  
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• Volume 1, Chapter 3: Project Description; 

• Volume 2, Chapter 7: Marine and Coastal Processes; 

• Volume 2, Chapter 8: Marine Water and Sediment Quality; 

• Volume 2, Chapter 9: Benthic, Subtidal and Intertidal Ecology; 

• Volume 2, Chapter 10: Fish and Shellfish Ecology; 

• Volume 2, Chapter 11: Offshore and Intertidal Ornithology; and 

• Volume 2, Chapter 12: Marine Mammals. 

1.3. DOCUMENT STRUCTURE 

• Section 1: Introduction, including a brief outline of the Proposed Development, the 

rationale for this document and the relevant consultation to date; 

• Section 2: Ecosystem Baseline, outlining the baseline data and conclusions of the 

relevant EIAR Chapters and current status of the relevant physical and ecological 

receptor groups; 

• Section 3: Ecosystem Level Impacts from the Proposed Development, detailing the 

impacts (positive and negative) that may arise from the Proposed Development on the 

physical and ecological receptor groups: stratification of the water column and primary 

producers, prey species, seabirds, and marine mammals and megafauna; 

• Section 4: Changing Baseline and Future Trends, outlining the current and future 

anthropogenic driven ecosystem level impacts; and 

• Section 5 Conclusions. 

1.4. CONSULTATION 

1.4.1. The Offshore Scoping Report (Volume 3, Appendix 5.1 (Offshore Scoping Report)) for the 

Proposed Development was submitted to the Marine Directorate - Licensing Operations Team 

(MD-LOT) in June 2023. A detailed response to the Scoping Report’s content and questions 

was provided by MD-LOT, and multiple additional consultees in the September 2023 Scoping 

Opinion (Volume 3, Appendix 5.2 (Offshore Scoping Opinion)).  

1.4.2. A summary of the stakeholder consultation activities specific to this Ecosystem Effects 

Assessment is provided in Table 1-1. Within this table the issues raised and how these 

concerns have been addressed within the EIAR are outlined. 

1.4.3. Further details on the Proposed Development’s overall EIA stakeholder consultation process 

are presented in Volume 1, Chapter 5 (Consultation) of the EIAR. Topic specific consultation 

details and feedback can be found in the relevant EIAR Chapters (see paragraph 1.2.5). 
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Table 1-1 Consultation Relevant to an Ecosystem Assessment 

Date Consultee and 
Type of 
Consultation 

Description/ Issues Raised How this has been considered in the EIAR and Ecosystem Effects Assessment 

September 
2023 

Scottish 
Ministers – 
Scoping Opinion 
(via MD-LOT) 

Clear links between the marine 
mammal and offshore ornithology 
assessments in relation to prey 
availability should be made to the fish 
and shellfish assessment within the EIA 
Report. 

A holistic assessment has been undertaken, with links made to key aspects such 
as ornithology and marine mammals in terms of prey availability. Impacts to key 
prey species (such as herring and sandeel) have been assessed in Volume 2, 
Chapter 10 (Fish and Shellfish Ecology). The potential for subsequent impacts to 
marine mammals and offshore ornithology from impacts to fish prey species has 
been assessed in Volume 2, Chapter 12 (Marine Mammals) and Volume 2, 
Chapter 11 (Offshore Ornithology), respectively.  

Furthermore, this report assesses the ecosystem level impacts from the Proposed 
Development across the key trophic levels (see Section 3). 

September, 
2023 

Scottish 
Ministers – 
Scoping Opinion 
(via MD-LOT) 

Consider including modifications to 
stratification and frontal features in the 
scope. A wind farm has the potential to 
alter water column mixing through the 
generation of turbulent wakes by its 
structures and/or by changing near sea 
surface wind speeds (Christiansen et al. 
2022; Dorrell et al. 2022). Such 
alterations could significantly impact 
regions of stratification, like the 
proposed wind farm area, potentially 
affecting the extent and timing of 
seasonal stratification. 

Stratification and frontal feature modifications have been included in the scope of 
the EIAR, as presented within Volume 2, Chapter 7 (Marine and Coastal 
Processes), as well as Volume 3, Appendix 7.1 (Marine and Coastal Processes 
Technical Report). A detailed technical assessment of the stratification is also 
provided in Annex A of this report.  

Furthermore, this report assesses the ecosystem level impacts from the Proposed 
Development that may arise as a result of stratification (see Section 3.2). 

September 
2023 

NatureScot - 
Scoping Opinion 
(via. MD-LOT 

NatureScot advise assessing impact 
holistically at a wider ecosystem scale 
in addition to the standard set of 
discrete individual receptor 
assessments to enable a better 
understanding of the consequences 
(positive or negative) of any potential 
changes in prey distribution and 
abundance from the development of the 
wind farm on seabird and marine 
mammal (and other top predator) 
interests and what influence this may 
have on population level impacts. 

A holistic assessment has been undertaken, with links made to key aspects, such 
as ornithology and marine mammals in terms of prey availability. Impacts to key 
prey species (such as herring and sandeel) have been assessed in Volume 2, 
Chapter 10 (Fish and Shellfish Ecology). The potential for subsequent impacts to 
marine mammals and offshore ornithology from impacts to fish prey species has 
been assessed in Volume 2, Chapter 12 (Marine Mammals) and Volume 2, 
Chapter 11 (Offshore Ornithology), respectively.  

In addition, this report assesses the ecosystem level impacts (both positive and 
negative) from the Proposed Development across the key trophic levels (see 
Sections 3.3, 3.4 and 3.5). 
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Date Consultee and 
Type of 
Consultation 

Description/ Issues Raised How this has been considered in the EIAR and Ecosystem Effects Assessment 

September 
2023 

NatureScot - 
Scoping Opinion 
(via. MD-LOT) 

NatureScot advise consideration is 
required in the EIA Report to ensure 
that impacts to key prey species and 
their habitats are considered for this 
development alone and cumulatively 
with other wind farms. The PrePARED 
(Predators and Prey Around 
Renewable Energy Developments) 
project 1  may be helpful in the 
understanding of predator-prey 
relationships in and around offshore 
wind farms. 

NatureScot advise that potential 
impacts on the minke whale protected 
feature of the Southern Trench Nature 
Conservation Marine Protected Area 
(NC MPA) via impacts on prey fish 
species is scoped into the assessment.  

Impacts to key prey species (such as sandeel, herring, sprat and mackerel) and 
their supporting habitats have been assessed in Volume 2, Chapter 10 (Fish and 
Shellfish Ecology). Results from the PrePARED project have been used to inform 
the assessments in Volume 2, Chapter 10 (Fish and Shellfish Ecology) and this 
Ecosystem Effects Assessment. 

The potential for subsequent impacts to marine mammals from impacts to prey 
species has been assessed in Volume 2, Chapter 12 (Marine Mammals) and for 
ornithological features in Volume 2, Chapter 11 (Offshore and Intertidal 
Ornithology).  

Potential impacts on the Southern Trench NC MPA (of which minke whale are a 
qualifying feature) have been assessed in Volume 3, Appendix 9.2 (Marine 
Protected Area Assessment Report). This assessment includes consideration of 
potential impacts on minke whale through potential impacts on prey species.  

Furthermore, this report assesses the ecosystem level impacts from the Proposed 
Development across the key trophic levels (see Sections 3.3, 3.4 and 3.5). 

September 
2023 

 

RSPB Scotland 
(Ornithology - 
Prey Species) 

The RSPB highlights that sandeel are a 
Priority Marine Features (PMF) in 
Scotland due to their ecosystem 
importance and are vulnerable to 
impacts from development. The 
placement of a windfarm or cabling on 
top of a key sandeel spawning and 
nursery ground could have wider 
implications for recruitment into the 
sandeel population with secondary 
impacts to seabirds and other sandeel 
dependent species. 

The RSPB further notes that the 
proposed offshore export cable corridor 
overlaps with the Turbot Bank NC MPA. 
This is an important sandeel site, 

Consideration of impacts to sandeel populations as a PMF from the Proposed 
Development alone and cumulatively with other projects have been assessed 
assessment in Volume 2, Chapter 10 (Fish and Shellfish Ecology). 

Additionally, sandeel have been assessed as a feature of the Turbot Bank NC 
MPA (see Volume 3, Appendix 9.2 (Marine Protected Area Assessment Report)).  

Furthermore, the potential effects of impacts to sandeel on local ornithology have 
also been considered in Volume 2, Chapter 11 (Offshore and Intertidal 
Ornithology). 

Lastly, this report assesses the ecosystem level impacts from the Proposed 
Development across the key trophic levels including seabirds (see Section 3.4). 

 

1 https://owecprepared.org/  

https://owecprepared.org/
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Date Consultee and 
Type of 
Consultation 

Description/ Issues Raised How this has been considered in the EIAR and Ecosystem Effects Assessment 

including for Raitt's sandeel (a UK BAP 
species) and has been identified as 
having potential to act as a source of 
young sandeel for maintaining and 
restocking surrounding areas.  
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2. ECOSYSTEM BASELINE 

2.1.1. This section provides an overview of the status of key trophic levels of the marine ecosystem, 

drawing on the information presented in the relevant EIAR Chapters (as outlined below). The 

section is structured by trophic level, starting with stratification of the water column and its role 

in primary production before moving onto prey species and higher trophic levels (seabirds and 

marine mammals and megafauna).   

2.2. STRATIFICATION AND PRIMARY PRODUCERS 

2.2.1. This section provides a summary of the baseline provided in Volume 2, Chapter 7 (Marine 

and Coastal Processes) and the bespoke stratification report produced by the Scottish 

Association of Marine Science (SAMS) (Annex A of this report). 

2.2.2. Stratified seas play a key role in primary photosynthetic production. Primary production is the 

process that powers ocean ecosystems and contributes significantly to global oxygen and 

carbon cycles. Phytoplankton are the main producers, responsible for about half of the Earth's 

oxygen and carbon fixation (Longhurtst, 2007). The placement of anthropogenic structures 

into seasonally stratified waters can artificially increase the mixing of these waters (Bailey et 

al., 2014). This may lead to an enhanced nutrient supply which, in turn, could impact the 

marine ecosystem. 

2.2.3. Regional differences in stratification in the North Sea are largely driven by water depth, the 

strength of tidal currents, the proximity to the shelf edge where exchange with oceanic waters 

modifies water properties, and the influence of fresher water which is typically found 

nearshore (Huthnance, 1991). The North Sea is generally deeper in the north, with the 

deepest areas (exceeding 150 m) north of 57.5°N and between 2°W and 1°E. The Proposed 

Development has typical bottom depths in the range 60 m to 95 m, with deeper water generally 

in the north and shallower in the south, although there is local complexity (Figure 2-1).   

 

Figure 2-1 Bathymetry: General Bathymetric Chart of the Oceans (GEBCO) (depth in m) of the northern North Sea in 
relation to the Proposed Development East-west and north-south transects (green dashed) are discussed elsewhere. 
The magenta box shows the region searched for archived Conductivity, Temperature, and Depth (CTD) profiles. 
Green squares show comparative locations to the north and south (Annex A of this report).  
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Figure 2-2 Figure from Hill et al. (2008) showing the regions where summer stratification is driven by bottom cool, 
salty pools (orange) as opposed to cool only (grey). Red shows flows associated with the boundaries of these bottom 
dense pools (Annex A of this report). 

2.2.4. In the winter, the North Sea is only stratified where coastal freshwater influence is significant 

(Huthnance, 1991), so stratification is driven by salinity. Elsewhere, water properties are 

uniform from the top to the bottom of the water column. The onset of stratification in spring 

occurs when the surface can warm through solar heating without being assimilated by stirring 

into underlying waters. Areas that are shallow or have strong tidal flows remain well-mixed 

throughout the year because there is enough tidal stirring to overcome the stratifying influence 

of solar heating. In the deepest areas of the northern North Sea, bottom waters retain their 

winter temperature and salinity throughout the year (orange in Figure 2-3; Hill et al. 2008), 

whilst the overlying surface waters warm and often freshen. More coastal areas show 

significant warming of bottom waters in summer, and the resulting gradient in density between 

these coastal waters and more offshore water leads to a surface current along the boundary 

between the two. This flows south to the east of Orkney and the outer Moray Firth, and then 

east into the central North Sea as the Dooley current. An additional influence is the fresher 

coastal water of the Scottish Coastal Current, which enters the North Sea via the Pentland 

Firth and to the north of Orkney, then also flows south, augmenting the flow and gradients 

described above.  

2.2.5. During winter the water column in the North Sea is well-mixed, leading to a relatively uniform 

vertical distribution of chemical tracers such as nutrients and oxygen from the surface to the 

deep waters. Under these well-mixed conditions, any increase in turbulence kinetic energy 

(TKE) has little effect on the vertical distribution of nutrients. With the onset of thermal 

stratification and greater light availability in spring, phytoplankton begin to grow and 

reproduce, depleting nitrate and other essential nutrients from the surface layer (Annex A of 

this report). As warming progresses into summer, the surface waters become increasingly 

stratified from the nutrient-rich deeper waters, preventing the replenishment of nutrients at the 
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surface. By July, nitrate reaches limiting concentrations at the surface. In autumn, the 

breakdown of stratification allows nutrients to be resupplied to the surface and the water 

column becomes well-mixed again by October (Annex A of this report). 

2.2.6. Chlorophyll-a (Chl-a), a photosynthetic pigment, serves as a proxy for biological productivity. 

In the context of this report, it is used to represent primary production, the lowest trophic level. 

During winter, Chl-a concentrations are low due to limited light and cooler temperatures, which 

restrict biological activity. In spring, phytoplankton blooms drive high levels of productivity in 

the North Sea, as nutrient concentrations are still abundant in sunlit surface waters. By 

summer, productivity declines as nutrient availability becomes limiting, and surface Chl-a 

concentrations decrease. These patterns of summer stratification and nitrate limitation are 

typical across the wider North Sea. Under these conditions the establishment of a sub-surface 

chlorophyll maximum (SCM) is often seen. In more stratified conditions, the SCM is more 

pronounced and there is a stronger nitricline (difference between surface and deep-water 

nitrate). An increase in Chl-a is observed in autumn as nutrient replenishment occurs with the 

breakdown of stratification but further declines with decreasing temperature and light 

availability in October (Figure 2-3).  

 

Figure 2-3 Maps of Chl-a (mg m -3) concentration in winter, summer, spring and autumn, taken from the North Sea 
Biogeochemical Climatology (NSBC) climatology (Annex A of this Report).  

 

2.2.7. Nitrate is considered the primary limiting nutrient in the North Sea and shows the sharpest 

decline, becoming limiting to phytoplankton by May/June Phosphate and silicate 

concentrations decrease but do not decrease to concentrations considered limiting to 

phytoplankton (Figure 2-4). Chl-a concentrations are highest from April to September, with 
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productivity decreasing slightly in summer when surface waters are most stratified from the 

nutrient replete waters below. 

2.2.8. Further details on stratification and primary producers relating to the Proposed Development 

can be found in Volume 2, Chapter 7 (Marine and Coastal Processes) and the bespoke SAMS 

Stratification Report (Annex A of this report). 

 

Figure 2-4 Maps of the difference between nitrate at 50 m and nitrate at the surface, an indicator of the degree of 
stratification and nutrient limitation to surface phytoplankton (Annex A of this report).  

2.3. PREY SPECIES 

2.3.1. This section provides a summary of the baseline provided in Volume 2, Chapter 9 (Benthic, 

Subtidal and Intertidal Ecology) and Volume 2, Chapter 10 (Fish and Shellfish Ecology) and 

wider evidence that is relevant to this ecosystem effects assessment. 

2.3.2. Prey species, such as forage fish (such as sandeel, sprat and herring) and invertebrates (such 

as copepods and krill) are crucial to the marine ecosystem as they form the foundation of the 

diet for many higher trophic level predators, including larger fish and crustaceans, seabirds 

and marine mammals. In recent years, the populations of these prey species have shown 

variability due to a number of anthropogenic factors, including climate change, habitat 

degradation and fishing pressure. 

2.3.3. Copepods and krill (both of which are crustaceans) are key components of the zooplankton 

community in the North Sea and serve as a critical food source for forage fish such as herring 

and sandeels. The abundance and distribution of zooplankton has been heavily influenced by 

warming sea temperatures, which have led to shifts in the composition of zooplankton 

communities. For example, cold-water species of copepods, such as Calanus finmarchicus, 
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have been declining, while warmer-water species, such as Calanus helgolandicus, have been 

increasing in abundance (Beaugrand et al., 2003). These shifts can affect the availability of 

nutritious prey for fish larvae, leading to potential bottlenecks in fish population dynamics. 

2.3.4. Benthic species are foundational to the structure and function of marine ecosystems, 

influencing everything from nutrient cycling to habitat formation and food web dynamics 

(Snelgrove, 1999). During site specific surveys for the Proposed Development, a total of 

10,135 individuals, representing 332 taxa were recorded in the grab samples collected at 43 

stations across the Array Area. Annelida represented the most diverse and abundant group 

of animals with 157 taxa identified, representing 39.9% of individuals recorded. Crustacea 

were represented by 90 taxa and 10.9% of the total individuals, molluscs by 55 taxa and 4.4% 

of individuals and echinoderms by ten taxa and 10.4% of the total individuals. All other groups 

(Chaetognatha, Nematoda, Nemertea and Hemichordata) were represented by nine taxa 

(accounting for 24.6% of the total number of individuals). Hydrozoa/bryozoa, hermit crabs 

(Pagurus sp.) and flatfish (Pleuronectiformes) were observed frequently across the Array 

Area. Other fauna such as queen scallop (Aequipecten opercularis) were also observed 

across the three habitats but less frequently overall. The ‘Muddy Sand’ area in the northern 

part of the Array Area (Figure 2-5) featured some fauna unique to this habitat such as 

phosphorescent sea pen (Pennatula phosphorea). Other sessile fauna was found across the 

Array Area such as anemones (Actinaria) and these were found to often associate with hard 

substrates in the region such as cobbles and boulders. Echinoderms such as the common 

sea star (Asterius rubens) and cushion star (Porania pulvillus) were observed frequently 

throughout the site whereas sea urchins (Echinoidea) were rarer.  
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Figure 2-5 Predicted European Nature Information System (EUNIS) Habitats and Faunal Point Data for the Proposed Development and Surround ing Area 

 



 

Page | 12 

2.3.5. The following shellfish species are present within the vicinity of the Proposed Development 

(as informed by the baseline characterisation (Volume 2, Chapter 10)); veined squid (Loligo 

forbesi), brown crab (Pagurus cancer), velvet crab (Necora puber), scallop (Pecten maximus), 

Norway lobster (Nephrops norvegicus) (hearafter referred to as ‘Nephrops’) and European 

lobster (Homarus gammarus) (MMT, 2013). Shellfish stocks in the Northern North Sea, 

particularly species like brown crab, European lobster, scallops and Nephrops are 

economically and ecologically important (ICES, 2022). These species are heavily harvested 

by commercial fisheries, but like many marine stocks, they are affected by a range of 

pressures, including fishing intensity, environmental changes, and habitat degradation. The 

status of shellfish stocks in the Northern North Sea varies by species, but overall, stocks are 

being actively managed to prevent overexploitation. While some stocks, like Nephrops and 

brown crab, are considered stable, ongoing monitoring and management are necessary to 

ensure long-term sustainability (ICES 2022). 

2.3.6. Bottom trawl and beam trawl surveys were undertaken throughout the northern North Sea, 

from 2019 and 2023 as part of the North Sea International Bottom Trawl Survey (ITBS) and 

the North Sea Beam Trawl Surveys (ICES, 2023a). The trawl surveys identified fish 

assemblages consisting of haddock (Melanogrammus aeglefinus), whiting (Merlangius 

merlangus), herring, Norway pout (Trisopterus esmarkii), cod (Gadus morhua), Atlantic 

mackerel (Scomber scombus), plaice (Pleuronectes platessa), anglerfish (Lophiiformes) and 

Raitt’s sandeel (Ammodytes marinus). An extensive literature review by Ellis et al. (2004) 

found that elasmobranch populations identified within this region include spurdog (Squalus 

acanthias), lesser spotted dogfish (Scyliorhinus canicular), starry ray (Amblyraja radiata), 

cuckoo ray (Leucoraja naevus), thornback ray (Raja clavata) and spotted ray (Raja montagui). 

Otter trawl surveys conducted in March 2021 to identify cod distributions across the Beatrice 

OWF site, revealed haddock was the most abundant species accounting for the majority of 

the total by-catch, followed by whiting and squid, whilst cod abundance was relatively low 

(Beatrice OWF, 2021a). 

2.3.7. Site specific surveys have been carried out for the Proposed Development. In the Array Area, 

eDNA surveys indicated the presence of various fish species, including Atlantic herring, 

whiting, European hake, Atlantic mackerel, and cuckoo skate/ray, and Norway pout. In the 

offshore Export Cable Corridor (ECC), surveys recorded the presence of herring, whiting, 

hake (Merluccius merluccius), brown trout (Salmo trutta), Atlantic mackerel, and three-spined 

stickleback (Gasterosteus aculeatus).  

2.3.8. Several species of fish and shellfish (including key prey species such as herring, plaice, cod 

and whiting) are known to either spawn or have nursery areas in relatively close proximity to, 

or potentially overlapping with the Proposed Development (National Marine Plan interactive 

(NMPi), 2015, as categorised by Coull et al., 1998 and Ellis et al., 2012). The wider spawning 

and nursery sites identified within and in proximity to the Proposed Development, as well as 

spawning timings, are presented in Volume 3, Appendix 10.1 (Fish and Shellfish Technical 

Report) and summarised below. 

2.3.9. The Proposed Development also overlaps with high intensity sandeel spawning grounds as 

categorised by Coull et al., 1998 and Ellis et al., 2012. Sandeels are considered a key prey 

species in the North Sea, but their populations have fluctuated significantly over the past few 

decades (McDonald et al., 2019). Sandeel are highly sensitive to changes in water 

temperature and habitat conditions, and warming sea temperatures have contributed to 

declines in their abundance in some areas. Sandeels play a vital role in the Scottish marine 

ecosystem, acting as a crucial food source for seabirds, marine mammals, and predatory fish. 

Prior to the recent prohibition on commercial sandeel fishing in Scottish waters, sandeels held 

a significant position as a target species for Scottish fishing vessels. Sandeel landings by 
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Scottish vessels experienced notable fluctuations, with quantities often surpassing 100,000 

tonnes annually during the early 2000s, reaching a peak of over 150,000 tonnes in 2002 

(Marine Scotland, 2023). However, in the late 2000s and 2010s, landings dwindled, averaging 

around 50,000-70,000 tonnes per year (Marine Scotland, 2023). The recent decline in sandeel 

populations has had significant repercussions on reliant species, contributing to declines in 

seabird populations and impacting the overall marine ecosystem's health (Marine Scotland, 

2023). 

2.3.10. The Array Area and offshore ECC lie within the Buchan herring stock spawning ground that 

runs along the east coast of Scotland and extends offshore (NMPi, 2015, as categorised by 

Coull et al., 1988). The status of herring in the North Sea is currently stable, with stocks 

remaining above safe biological limits (ICES, 2023b). The Total Allowable Catch (TAC) for 

North Sea herring in 2023 is set at 511,171 tonnes, reflecting a cautious approach to ensure 

the stock remains within safe biological limits (ICES 2023b). This is slightly reduced from 

previous years due to concerns about recruitment and environmental changes. The Proposed 

Development sits within ICES Sea Division 4.b. This area remains above the precautionary 

reference point, indicating that the stock is not at immediate risk of collapse (ICES, 2023b). 

However, fluctuations in recruitment and environmental changes pose ongoing challenges for 

future stock sustainability.  

2.3.11. Forage fish play a pivotal role in the transfer of energy from some of the lowest to the highest 

trophic levels within the ecosystem and serve to recycle nutrients from higher levels through 

the consumption of detritus. Consequently, their populations will be determined by both top-

down factors such as predation, and bottom-up factors such as ocean climate and plankton 

abundance. Forage fish such as sandeel (Ammodytidae spp), herring (Clupea harengus), and 

sprat (Sprattus sprattus) are important prey items for top marine predators including 

elasmobranchs, seabirds and cetaceans, and small planktivorous species act as important 

links between zooplankton and higher trophic levels (Frederiksen et al., 2006). The stocks of 

these forage fish in the Northern North Sea have fluctuated over the past decade (ICES, 

2023c). However, populations are starting to recover after suffering from overfishing during 

the 20th century, thanks to better fisheries management, including stricter quotas under the 

European Union’s (EU) Common Fisheries Policy (Trenkel et al., 2013). However, these 

species are vulnerable to environmental changes and require close monitoring and resilient 

management to ensure the health of their stocks and the associated importance they have on 

the wider ecosystem.  

2.3.12. There have been substantial changes in the prey species communities in the northeast 

Atlantic, specifically the North Sea, over several decades as a result of a number of factors 

including climate change and fishing activities (Blanchard et al 2012; Gordó -Vilesca et al., 

2024). These communities consist of species that have complex interactions with one another 

and the natural environment. Fish and shellfish populations are subject to natural variations 

in population size and distributions, largely as a result of year-to-year variation in recruitment 

success and these population trends will be influenced by broad-scale climatic and 

hydrological variations, as well as anthropogenic impacts such as climate change and 

overfishing (see Section 4).  

 

 



 

Page | 14 

2.4. SEABIRDS 

2.4.1. This section provides a summary of the current status of the baseline provided in Volume 2, 

Chapter 11 (Offshore and Intertidal Ornithology), and wider evidence that is relevant to this 

ecosystem effects assessment. 

2.4.2. Seabirds play an important role in the marine environment and act as indicators of healthy 

ecosystems (Wanless et al., 1998). They can provide early indications of oceanographic 

conditions, pollution, and fish stock fluctuations (Barrett et al, 2007; Romero et al., 2021). For 

example, seabird tissues can be used to assess bioaccumulation of pollutants, while stress 

response to changes in the marine environment can be readily seen through monitoring via 

reduced reproductive effort, breeding success, or survival (Mallory et al., 2010). Changes in 

prey species are reflected in seabird population abundances (Parsons et al., 2008). For 

example, sandeel specialists, which include guillemot, razorbill, kittiwake, and puffin (Wanless 

et al., 1998), constitute one possible indicator of wider ecosystem health, as their decline has 

been linked to low sandeel availability in their usual foraging areas (Parsons et al., 2008). As 

such, the productivity of a sandeel specialist seabird provides insights into sandeel availability 

to other predator groups, such as cetaceans (Parsons et al., 2008). Similarly, chick diet 

composition in species such as gannet and kittiwake which consume herring can reveal 

information on the distribution and abundance of juvenile herring (Overholz and Link, 2007; 

Scopel et al., 2017). 

2.4.3. Where preferred prey become scarce, seabirds have been known to switch to other prey 

species, which can have a negative effect on the growth and survival of chicks due to the 

differences in prey energy density and amount (Barrett et al., 2007; Kowalcyzk et al., 2013; 

Watanuki et al., 2022). A sudden shift in diet for generalist or opportunistic species can thus 

serve as an indicator of the wider pelagic ecosystem health (Romero et al., 2021). For 

example, Romero et al. (2021) analysed regurgitations of Corey’s shearwater (Calonecric 

borealis) on Selvagens islands in the Northeast Atlantic and found that their shifts in diet (from 

Atlantic chub mackerel (Scomber colias) to Longspine snipefish (Macroramphosus scolopax)) 

were linked to changes in the composition of pelagic fish communities, possibly due to 

fisheries management and/or the North Atlantic Oscillation. 

BASELINE ASSESSMENT RESULTS 

2.4.4. The offshore and intertidal ornithological study area is defined as the Proposed Development 

footprint and a 4 km buffer (Figure 2-6), added to consider the impacts that can occur beyond 

the extent of the Proposed Development. The study area also includes protected sites within 

the area, such as Special Protection Areas (SPAs), with designated ornithological features. 

2.4.5. Surveys to inform the site-specific Proposed Development area were carried out between 

April 2021 and March 2023, and to inform the regional survey area between April 2022 and 

August 2023, both by HiDef Aerial Surveying Limited (HiDef). The surveys encompassed the 

offshore Array Area as well as part of the ScotWind E2 Plan Option (PO) area, including a 4 

km survey buffer. Raw video footage was processed for analysis and reviewed by 

ornithologists. Birds were identified to species level where possible. 
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Figure 2-6 The offshore and intertidal ornithology study area: a 4 km buffer around the Array Area and offshore ECC transects  
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2.4.6. From the surveys, a list of avian species was collected that featured both seabirds and 

intertidal species such as waders and wildfowl. The list of seabird species identified (offshore 

area only) can be found in Table 2-1. 

Table 2-1 List of seabird species identified by offshore DAS. 

Species Latin name 

Arctic tern Sterna paradisaea 

Arctic skua Stercorarius parasiticus 

Black-headed gull Chroicocephalus ridibundus 

Common gull Larus canus 

Common tern Sterna hirundo 

European storm petrel Hydrobates pelagicus 

Fulmar Fulmarus glacialis 

Gannet Morus bassanus 

Great black-backed gull Larus marinus 

Great skua Stercorarius skua 

Guillemot Uria aalge 

Herring gull Larus argentatus 

Kittiwake Rissa tridactyla 

Leach’s storm petrel Hydrobates leucorhous 

Little auk Alle alle 

Manx shearwater Puffinus puffinus 

Puffin Fratercula arctica 

Razorbill Alca torda 

2.4.7. Species were scoped in or out for assessment based on the surveys and the number of 

observations of each species. As such, arctic skua, black-headed gull, common tern, and little 

auk were scoped out, while the other species listed in Table 2-1 were scoped into the 

assessments for the offshore areas. The species focused on in this report are guillemot, 

razorbill, puffin, kittiwake, and gannet, as these species have been identified for compensation 

following the conclusions of the Report to Inform Appropriate Assessment (RIAA) (Muir Mhòr 

Offshore Wind Farm Limited, 2024). 

2.4.8. Auks (guillemot, razorbill, and puffin) were all recorded in the surveys, and are thought to be 

present in the offshore study area in both summer and winter (Wakefield et al., 2017; Cleasby 

et al., 2018; Waggit et al., 2019). They are also a breeding season feature for the following 

designated sites within the species foraging range from the Proposed Development: Troup, 

Pennan and Lion's Heads SPA (for guillemot and razorbill), and Buchan Ness to Collieston 

Coast SPA (all auks). According to Burnell et al. (2023), in terms of population trends, between 

the Seabirds 2000 (1998-2002) counts and the recent Seabirds Counts (2015-2021), puffin 

populations have declined by 24% in Britain and Ireland, guillemot populations have 

decreased by 8%, and razorbill populations have increased by 18%. 

2.4.9. Kittiwake were recorded in all calendar months and are present in the offshore study area in 

both summer and winter (Wakefield et al., 2017; Waggit et al., 2019). Tracking studies of 

kittiwakes from Bullers of Buchan, Fair Isle, Isle of May and Whinnyfold show flight tracks that 

traversed the Proposed Development (BirdLife International, 2023). In terms of population 

trends, between the Seabirds 2000 (1998-2002) counts and the recent Seabirds Counts 

(2015-2021), kittiwake populations have declined by 42% in Britain and Ireland (Burnell et al., 

2023). 
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2.4.10. Gannet were recorded in almost all calendar months. Gannets are present in the offshore 

study area in summer and winter (Waggit et al., 2019). Tracking studies have shown that birds 

from the Bass Rock (the largest gannet colony and part of the Forth Islands SPA) will fly 

through this area in the summer (Cleasby et al., 2015). Gannets are a breeding season feature 

for the several designated sites within the species’ foraging range from the Proposed 

Development, including the Outer Firth of Forth and St Andrews Bay Complex SPA. In terms 

of population trends, between the Seabirds 2000 (1998-2002) counts and the recent Seabirds 

Counts (2015-2021), gannet populations have increased by 38% in Britain and Ireland 

(Burnell et al., 2023). However, as discussed in Section 4.7, gannet populations have been 

particularly affected by Highly Pathogenic Avian Influenza (HPAI) in recent years, with 

substantial declines recorded (Tremlett et al., 2024). 

2.4.11. Threats and pressures currently impacting populations of seabirds on the east coast of 

Scotland include climate change, fisheries management (i.e., prey availability and by-catch), 

Invasive Non-Native Species (INNS), recreational activities, human disturbance and 

interspecific competition (NatureScot, 2024a). In recent years, HPAI has had a devastating 

impact on seabird populations in Scotland and across Europe more widely (Tremlett et al., 

2024).  

2.5. MARINE MAMMALS AND MEGAFAUNA 

2.5.1. This section provides a summary of the marine mammal and megafauna baseline outlined in 

Volume 2, Chapter 12 (Marine Mammals) and Volume 2, Chapter 10 (Fish and Shellfish 

Ecology), and wider evidence that is relevant to this ecosystem effects assessment. 

2.5.2. Marine mammals are considered generalist feeders and are not dependent on a single prey 

species (Evans and Hinter, 2013). Most species can likely supplement their diet with other 

suitable species, if required, making them resilient to changes in prey availability. Minke 

whales, however, specifically target sandeels within the Southern Trench NC MPA 

(NatureScot, 2020). 

2.5.3. The marine mammal study area is defined at two spatial scales: 

• The local study area including site-specific survey area (Scotwind E2 PO site) plus a 

4 km buffer (HiDef, 2023a) and the regional survey (Scotwind E1 and E2 PO site) with 

12 km buffer (HiDef, 2023b) (Figure 2-7); and 

• Wider study area using the Management Units (MUs) defined by the Inter Agency 

Marine Mammal Working Group (IAMMWG, 2023) and the Seal Management Units 

(SMUs) defined by the Special Committee on Seals (SCOS, 2023) (Figure 2-8). 
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Figure 2-7 The local marine mammal study area
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Figure 2-8 The wider marine mammal study area including the Marine Mammal MUs  
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2.5.4. Site-specific DAS were carried out over the local study area between April 2021 and March 

2023 (HiDef Aerial Surveying, 2023a), and regional surveys were carried out between April 

2022 and August 2023, both by HiDef (HiDef Aerial Surveying, 2023b). Details of the DAS are 

outlined in paragraph 2.4.5. 

2.5.5. The local study area provides an indication of the local densities of each species whereas the 

wider study area provides a larger geographic context in terms of species presence. The wider 

study area for each species is: 

• Harbour porpoise (Phocoena phocoena): North Sea MU; 

• Bottlenose dolphin (Tursiops truncatus): Coastal East Scotland and Greater North Sea 

MUs; 

• White-beaked dolphin (Lagenorhynchus albirostris): Celtic and Greater North Sea MU; 

• Risso’s dolphin (Grampus griseus): Celtic and Greater North Sea MU; 

• Minke whale (Balaenoptera acutorostrata): Celtic and Greater North Sea MU; 

• Harbour seal (Phoca vitulina): the East Scotland SMU; and 

• Grey seal (Halichoerus grypus): the East Scotland, Moray Firth, and North Coast and 

Orkney SMUs. 

2.5.6. In addition, killer whale (Orcinus orca) is included within the baseline characterisation based 

on sightings from Marine Mammal Observers (MMOb) during the geophysical surveys for the 

Proposed Development. Humpback whales (Megaptera novaengliae) have also been 

included as opportunistic sightings in 2017 and 2018 suggested an increase in the species in 

the Firth of Forth during winter months (O’Neil et al., 2019). Since then, public sightings of 

humpback whales in the Firth of Forth have become more numerous (Hague, 2023). For both 

species there is no defined MU. As both the site-specific data and the wider literature review 

provided no evidence of Atlantic white-sided dolphin (Lagenorhynchus acutus) this species 

was scoped out. 

2.5.7. Throughout the two years of site-specific surveys from April 2021 to March 2023, harbour 

porpoise was the most abundant non-avian species present. There was clear seasonal 

variation in harbour porpoise density across the seasons, with the average density highest 

during the spring (March, April and May) and lowest in winter (December, January and 

February) (HiDef Aerial Surveying, 2023a). Additionally, white-beaked dolphin, Risso’s 

dolphin, minke whale, harbour seal and grey seals were sighted during the site-specific 

surveys (HiDef Aerial Surveying, 2023). Bottlenose dolphin were not sighted in any of the 

project surveys (site-specific, regional or geophysical MMOb surveys) or the Small Cetaceans 

in European Atlantic waters and the North Sea (SCANS) -IV (Gilles et al., 2023) survey block 

NS-D that the Proposed Development is in, however, there were sightings in survey block R 

of SCANS III (Hammond et al., 2021; Lacey et al., 2022). 

2.5.8. Marine megafauna are defined as all large organisms (body mass >45 kg) inhabiting the 

coastal and open oceans including bony fishes and elasmobranchs. Site-specific eDNA 

surveys were conducted in the Array Area and offshore ECC in September 2023. eDNA 

surveys are a non-intrusive technique used to detect species presence by analysing the DNA 

present in water and sediment samples. 

2.5.9. In the Array Area, eDNA surveys (Volume 3, Appendix 9.1 (Offshore Baseline Surveys)) 

indicated the presence of various megafauna species such as long-nosed skate (Beringraja 

rhina) and porbeagle (Lamna nasus). Porbeagles are listed as a PMF. In the offshore ECC, 
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eDNA surveys (Volume 3, Appendix 9.1 (Offshore Baseline Surveys)) also indicated the 

presence of starry smooth-hound (Mustelus asterias).  

2.5.10. Basking sharks (Cetorhinus maximus) were not detected in any surveys, however, were 

included within Volume 2, Chapter 10 (Fish and Shellfish Ecology) based on literature reviews 

and they are listed as PMF. Basking shark have been sighted in and around the Moray Firth 

region (NMPi, n.a). 
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3. ECOSYSTEM LEVEL IMPACTS FROM THE 

PROPOSED DEVELOPMENT 

3.1.1. This section provides a summary of the ecosystem level impacts that may arise from the 

Proposed Development. This section draws on the information provided in the relevant EIAR 

Chapters and is structured through a ‘bottom-up’ approach beginning with physical processes 

and its role in primary production at the base of the marine ecosystem, before moving into the 

higher trophic levels (prey species, seabirds and marine mammals and megafauna).  

3.2. STRATIFICATION AND PRIMARY PRODUCERS 

3.2.1. This section provides a summary of some of the conclusions of Volume 2, Chapter 7 (Marine 

and Coastal Processes), relating to stratification and this ecosystem effects assessment and 

a summary of the effects outlined in the bespoke Stratification Report produced by SAMS 

(Annex A of this report). 

3.2.2. There is evidence that offshore wind turbine foundations can enhance turbulent mixing in the 

thermocline, increasing nutrient availability to the SCM, and therefore increase annual primary 

production (Carpenter et al., 2016; Slavik et al. 2018), although these studies have been 

focused on shallower waters with monopile structures.  

3.2.3. The water column at the Proposed Development is deeper and becomes stratified in the 

summer months, with stratification developing in April/ May, peaking in August and absent by 

November. The summer nutrient gradient between surface and deep waters appears to be 

weaker than further east in the Northern North Sea (Annex A of this report). Therefore, the 

effects of changes to mixing at the Proposed Development are expected to be smaller 

compared to other regions of the North Sea.   

3.2.4. The conversion of energy to TKE due to interactions between ambient flow and turbine 

structures and moorings have been estimated in two scenarios (Annex A of this report). A 

‘worst case’ scenario consisted of 67 turbines with larger associated structures and fouled 

catenary mooring lines of up to 1600 m in length. The second ‘smaller’ scenario consisted of 

44 turbines with tension leg moorings. The worst case is very significantly different, in 

presenting more than six times the surface area to the ambient flow and resulting in a 

proportional uplift in TKE and associated impacts. In the second smaller scenario, the 

production of TKE due to the structures was estimated to be around 20% of the production by 

natural bed stress (Annex A of this report). During stratified periods of the year, this could be 

inferred to drive a corresponding enhancement of fluxes to surface waters. Simulations 

suggest that water that experiences enhanced turbulence at the Array Area is transported to 

the east in the southern flank of the Dooley Current and in a sector between east and south 

(Annex A of this report). While this does not modify the total excess flux to surface waters, it 

spreads the impact of this flux and dilutes its local magnitude. Given the large difference 

between the two turbine scenarios considered, a factor of more than 6 in the energy converted 

to turbulence, it is important to clarify the exact structure and mooring system to be used. 

Given the magnitude of energy conversion in the worst case the possibility of modification of 

the ambient flow should be considered.  

3.2.5. As presented by SAMS (Annex A of this report), available datasets and the suite of 

measurement data (Volume 2 Chapter 7 (Marine and Coastal Processes)) demonstrate that 

the thermocline depth within the Array Area varies between 10 m and 50 m below the water 

surface. Additionally, the Proposed Development site does not develop strong nutrient 
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limitation until August, therefore any effects of changes to mixing will only be over a short 

duration. The data suggests that the Proposed Development may cause localised alterations 

to TKE and impact localised stratification, with a greater potential to cause mixing during the 

summer months. This in turn may increase nutrient availability, during otherwise limiting 

summer months, which may lead to potential for a positive increase in primary productivity as 

a result. Stronger mixing would drive more nutrients to the SCM and support enhanced 

phytoplankton growth, potentially reducing the stratified period. The increases in mixing may 

shift the onset and breakdown of stratification, having a localised knock-on effect to the marine 

ecosystem. The length of stratification will likely influence seasonally integrated primary 

production. From the available nutrient data, it suggests that temporal changes may be limited 

as the nitrate-limited season is relatively short at the Array Area. 

3.3. PREY SPECIES 

3.3.1. This section provides a summary of the conclusions of Volume 2, Chapter 9 (Benthic Subtidal 

Ecology) and Volume 2, Chapter 10 (Fish and Shellfish Ecology) and ecosystem level impacts 

that may arise from the Proposed Development. 

3.3.2. The impacts to prey species are most linked with increased Suspended Sediment 

Concentrations (SSCs) and associated sediment deposition, Underwater Noise (UWN) and 

habitat loss and disturbance. All of the impacts from the Proposed Development result in 

either a minor or negligible impact, in EIA terms, to the key receptors identified in Volume 2, 

Chapter 9 (Benthic Subtidal Ecology) and Volume 2 Chapter 10 (Fish and Shellfish Ecology).  

3.3.3. Although there are a number of prey fish species that are present in the vicinity of the 

Proposed Development, from an ecosystem perspective it is worth considering the potential 

impacts to sandeel and herring, and their ability to recover, given their importance in the food 

web.  

SANDEEL 

3.3.4. Sandeel are demersal and require specific substrate for spawning which makes them 

vulnerable to impacts from construction activities (as detailed in Volume 2, Chapter 10 (Fish 

and Shellfish Ecology)). However, results from a post-construction monitoring study at the 

Beatrice OWF indicated that sandeel abundance either increased or remained the same when 

comparing data from 2014 to 2020, with the offshore construction of the wind farm beginning 

in April 2017 (Beatrice OWF, 2021b). The report found no evidence suggesting that 

construction had any adverse effects on the local sandeel population. Similarly, both short-

term and long-term monitoring studies at the Horns Rev OWF in the Baltic Sea, Denmark, 

demonstrated that the construction and operation (van Deurs et al., 2012) of the wind farm 

did not result in significant negative impacts on sandeel populations. Additionally, the sandeel 

populations were observed to recover quickly following construction, suggesting that a similar 

recovery can be expected for the Proposed Development after construction activities have 

finished. Specifically, Jensen et al., (2011) found that sandeel populations mix over distances 

of up to 28 km, implying that some recovery of adult populations will occur with adults 

recolonising appropriate sandy substrates from nearby unaffected habitats. Recovery may 

also occur through the larval recolonisation of suitable sandy sediments, as sandeel larvae 

are likely to be dispersed throughout the sea in the vicinity of the Proposed Development 

during the spring months following their winter/spring spawning (Ellis et al., 2012). This 

suggests that it is not likely that there will be long-term ecosystem effects arising from a loss 

or change in population dynamics of sandeel due to the Proposed Development. 
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HERRING 

3.3.5. Herring are demersal spawners and reliant upon the presence of suitable substrates (i.e., 

gravelly sediments). Herring spawning habitats are widely distributed across the northern 

North Sea. In addition, the overlap of the Proposed Development with the Buchan spawning 

grounds (NMPi, 2015, as categorised by Coull et al., 1998) is small compared to the overall 

extent of this spawning ground across the northern North Sea (overlap of the Proposed 

Development of approximately 5%). Due to the abundant potential herring spawning habitat 

in the wider North Sea and the minimal overlap between the Proposed Development and 

Buchan spawning grounds, it is not anticipated that impacts arising from the Proposed 

Development will significantly impact herring populations in the region. Consequently, it is not 

likely that there will be an ecosystem level effect through a change in fish population dynamics 

which would have the potential to disrupt the wider marine ecosystem. 

OTHER FISH PREY SPECIES 

3.3.6. Many prey species that are found in the vicinity of the Proposed Development as detailed in 

Section 2.3, including pelagic spawners such as cod and whiting, are less reliant on substrate 

for their life history and can temporarily flee an area avoiding impacts. Therefore, the impacts 

from the Proposed Development are not likely to have an impact on their stocks and ultimately 

their role in the marine ecosystem compared to fish that require specific habitats. However, 

there are many prey species with spawning/nursery grounds in the vicinity of the Proposed 

Development including migratory species and elasmobranchs (as detailed in Volume 3, 

Appendix 10.1 (Fish and Shellfish Technical Report)), yet the impacts associated with the 

Proposed Development to these receptors are not likely to result in a negative ecosystem 

level effect due to the minor-negligible significance of impacts, with all impacts expected to be 

temporary nature and being able to fully recover. 

CUMULATIVE AND INTER-RELATED EFFECTS 

3.3.7. A cumulative effects assessment for fish and shellfish ecology and benthic subtidal and 

intertidal ecology are detailed in Volume 2, Chapter 9 (Benthic Subtidal Ecology) and Volume 

2, Chapter 10 (Fish and Shellfish Ecology), respectively, which consider the wider potential 

impacts beyond the Proposed Development. The likely cumulative impact in the absence of 

further mitigation (beyond the embedded commitments outlined in Chapters) have been 

assessed as not significant in EIA terms for both fish and shellfish, and benthic subtidal and 

intertidal receptor groups.  

3.3.8. It is recognised that the impacts to receptors alone from the Proposed Development and 

cumulatively do not provide a holistic approach to assessing the impacts to the marine 

ecosystem. With consideration to a holistic approach, an inter-related effects assessment has 

been carried out. This looks at the effects that may occur due to multiple impacts on a receptor 

or a group of receptors from the Proposed Development. This includes the following: 

Project Lifecycle effects - Interactions between impacts across different phases of the 

Proposed Development i.e., interaction of impacts across construction, operation and 

maintenance and decommissioning; and 

Inter-related Receptor effects - Interactions between impacts on a receptor or group of 

receptors within an offshore development stage.  

3.3.9. Project lifecycle and inter-related receptor effects relating to Benthic Subtidal and Intertidal 

Ecology are presented in Table 3-1 and the effects relating to Fish and Shellfish Ecology are 

presented in Table 3-2. 
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Table 3-1 Inter-related effects of Benthic Subtidal and Intertidal Ecology 

Impact Potential for Likely Significant Inter-Related Effects 

Project lifecycle effects 

Temporary habitat loss 
across all three project 
phases 

When habitat loss or disturbance is considered additively across all 
phases, although the total area of habitat affected is larger, the 
habitats affected are typically widespread. Furthermore, all benthic 
habitats are predicted to recover to the baseline condition within two to 
ten years, apart from where there is likely to be a permanent loss of 
habitat, due to the introduction of project infrastructure. Therefore, 
across the Proposed Development lifetime, the effects on benthic 
ecology receptors are not anticipated to act in such a way as to result 
in combined effects of greater significance than the assessments 
presented for each individual phase.  

There will therefore be no inter-related effects of greater significance 
compared to the impacts considered alone. 

Indirect impacts to benthic 
ecology because of the 
temporary increase in 
SSC and sediment 
deposition 

The majority of the seabed disturbance (resulting in the highest SSC 
and sediment deposition) will occur during the construction and 
decommissioning phases, with any effects being temporary and short‐
lived. Due to this and the recoverability of the species and habitats 
affected, the interaction of these impacts across all stages of the 
development is not predicted to result in an effect of any greater 
significance than those assessed in the individual project phases. 

There will therefore be no inter-related effects of greater significance 
compared to the impacts considered alone. 

Inter-Related Receptor Effects 

There is the potential for spatial and temporal interactions between the effects arising from habitat 
loss/disturbance and increased SSC and sediment deposition during the Proposed Development 
lifetime. The greatest potential for inter‐related effects is predicted to occur through the interaction 

of both temporary and permanent habitat loss/disturbance from foundation installation/jack‐up 
vessels/anchor placement/scour, indirect habitat disturbance due to sediment deposition and 
indirect effects of changes in physical processes due the presence of infrastructure in the Array 
Area. 

With respect to this interaction, these individual impacts were assigned a significance of negligible 
to minor adverse significance as standalone impacts and although potential combined impacts may 
arise (i.e., spatial and temporal overlap of direct habitat disturbance), it is predicted that this will not 
be any more significant than the individual impacts in isolation. This is because the combined 
amount of habitat potentially affected would be very limited and where temporary disturbance 
occurs, full recovery of the benthos is predicted, apart from where there is likely to be a permanent 
loss of habitat, due to the introduction of project infrastructure (such as the footprint of WTG 
anchors and any required scour protection that may be required). In addition, any effects due to 
changes in the physical processes are likely to be limited, both in extent and in magnitude, with 
receptors having low sensitivity to the scale of changes predicted. As such, these interactions are 
predicted to be no greater in significance than that for the individual effects assessed in isolation. 

There will therefore be no inter-related effects of greater significance compared to the impacts 
considered alone. 
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Table 3-2 Inter-related effects of Fish and Shellfish Ecology 

Impact  Potential for Likely Significant Inter-Related effects 

Project lifecycle effects 

Impact from UWN   The impacts of UWN during the construction and decommissioning 
phases are expected to be short-term and intermittent. Impacts from 
UWN during the operational phase will be long term but to a very 
localised extent and to a much lower noise level when compared to the 
construction (and potential decommissioning) activities. The interaction 
of these impacts across construction, O&M and decommissioning stages 
of the development is not predicted to result in an impact of any greater 
significance than those assessed in the individual project phases.  

There will therefore be no inter-related effects of greater significance 
compared to the impacts considered alone. 

Increase in SSC and 
sediment deposition 

The impacts of increased SSC and sediment deposition during the 
construction and decommissioning phases are expected to be short-
term and intermittent, and of localised extent with any effects being 
reversible. The interaction of these impacts across construction and 
decommissioning stages of the development is not predicted to result in 
an impact of any greater significance than those assessed in the 
individual project phases.  

There will therefore be no inter-related effects of greater significance 
compared to the impacts considered alone. 

Habitat loss and 
disturbance, and 
increased SSC and 
deposition 

The impacts of habitat loss and disturbance and increased SSC and 
deposition during the construction, O&M and decommissioning phases 
are expected to be short-term and intermittent, and of localised extent. 
The interaction of these impacts across construction, O&M and 
decommissioning stages of the development is not predicted to result in 
an impact of any greater significance than those assessed in the 
individual project phases. 

There will therefore be no inter-related effects of greater significance 
compared to the impacts considered alone. 

Inter-Related Receptor effects 

Spatial and temporal 
interactions between 
habitat 
loss/disturbance, 
increased 
SSC/deposition, 
UWN  

No spatial or temporal interaction between the effects assessed above is 
expected during the Proposed Development lifetime. 

 

3.3.10. While there are potential negligible-minor negative impacts on benthic and intertidal habitats 

and species and fish and shellfish and hence on marine ecosystems in general due to the 

Proposed Development as detailed in Section 3.3 (and OWF more broadly for that matter), it 

is worth highlighting that OWF provide several potentially positive effects, particularly by 

providing opportunity for settlement of prey species that form the second trophic layer of the 

marine food web. These benefits are primarily from the creation of new habitats through the 

introduction of hard substrates in the marine environment. 

3.3.11. An additional ecosystem benefit of OWF is the potential to reduce or remove anthropogenic 

pressures such as fishing. There is the potential that OWF areas provide a refuge for fish 

species and can positively benefit the wider fishing areas by providing stocks for both fish 
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prey and for human consumption. However, it is worth noting that a reduction or removal of 

fishing pressure from one area may result in greater impact from fishing at another location. 

3.3.12. As stated in Section 3.2, the effects of changes to mixing and stratification at the Proposed 

Development are not expected to be significant in terms of shelf sea primary production. 

However, the foundations/anchorage, cable protection and other structures associated with 

the Proposed Development could serve as an artificial reef through the provision of structure 

which otherwise would not be there. These structures encourage the growth of biofouling 

organisms, providing a food source which has the potential to enhance biodiversity in the area 

(Degraer et al., 2020). By providing both open water and reef-like environments, OWF can 

create localised biodiversity hotspots (Galparsoro et al., 2022). This diverse environment has 

the potential to benefit small pelagic fish species like herring and sprat, as well as various 

benthic organisms such as crustaceans and mollusks. As a result, predatory species 

(including cod, whiting and elasmobranchs) could benefit from an increased abundance of 

prey species around the Proposed Development. Initial findings of PrePARED Project have 

shown an increased in flatfish and gadoid abundance at Beatrice and Moray East OWFs, 

when compared with sites outside of the OWF reference sites (PrePARED, 2024). 

3.3.13. For all impacts associated with the Proposed Development for benthic ecology and fish and 

shellfish ecology, please refer to Volume 2, Chapter 9 (Benthic Subtidal and Intertidal 

Ecology) and Volume 2, Chapter 10 (Fish and Shellfish Ecology), respectively. 

3.4. SEABIRDS 

3.4.1. This section provides the conclusions of Volume 2, Chapter 11 (Offshore and Intertidal 

Ornithology), relating to this ecosystem effects assessment. 

3.4.2. The magnitude of impact arising from distributional responses and collision for the Proposed 

Development alone is considered negligible for all species surveyed (Table 3-3).  

3.4.3. Indirect distributional responses through impacts on prey species arising from construction 

activities are discussed in Section 3.3, wherein any effect to sandeel or herring could impact 

specialist seabird species (Daunt and Mitchell, 2013). 

Table 3-3 Summary of assessment of effects on seabird species of the Proposed Development alone. 

Effect Receptor Magnitude of 
Impact 

Receptor 
Sensitivity 

Effect 
Significance 

Construction 

Direct distributional 
responses – Array 
Area and offshore 
ECC 

Kittiwake 

Puffin 

Gannet 

Negligible Low Negligible 

Guillemot 

Razorbill 

Negligible Medium Negligible 

Indirect 
distributional 
responses 

All scoped in 
seabirds 

Negligible Low Negligible 

Operation and Maintenance 

Collision 

Kittiwake 

Common gull 

Gannet 

Negligible High Negligible 

Great black- Negligible Very high Negligible 
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Effect Receptor Magnitude of 
Impact 

Receptor 
Sensitivity 

Effect 
Significance 

backed gull 

Herring gull 

Common tern 

Arctic tern 

Great skua 

Negligible Medium Negligible 

Entanglement 
All scoped in 

seabirds 
Negligible Medium Negligible 

Artificial lighting 
All scoped in 

seabirds 
Negligible Medium Negligible 

Direct distributional 
responses – Array 
Area and offshore 
ECC 

Kittiwake 

Puffin 

Gannet 

Negligible Low Negligible 

Razorbill Negligible Medium Negligible 

Guillemot Negligible Medium Negligible 

Indirect 
distributional 
responses 

All scoped in 
seabirds 

Negligible Low Negligible 

Decommissioning 

Direct distributional 
responses – Array 
Area and offshore 
ECC 

Kittiwake 

Puffin 

Gannet 

Negligible Low Negligible 

Guillemot 

Razorbill 

Negligible Medium Negligible 

Direct distributional 
responses - landfall 

Guillemot 

Razorbill 

Negligible Low/medium Negligible 

Arctic tern Negligible Medium Negligible 

Indirect 
distributional 
responses 

All scoped in 
seabirds 

Negligible Low Negligible 

CUMULATIVE AND INTER-RELATED EFFECTS 

3.4.4. A cumulative effects assessment (considering any impacts of the Proposed Development 

combined with the impacts of other developments) for seabirds is detailed in Volume 2, 

Chapter 11 (Offshore and Intertidal Ornithology). Where direct distributional response and/or 

collision are concerned, conclusions for key species were as follows: 

• Kittiwake: high sensitivity, low magnitude of cumulative impact. No significant 

cumulative effects in EIA terms; 

• Gannet: high sensitivity, negligible magnitude of cumulative impact. No significant 

cumulative effects in EIA terms; 

• Herring gull: very high sensitivity, negligible magnitude of cumulative impact. No 

significant cumulative effects in EIA terms; 

• Guillemot: medium sensitivity, negligible magnitude of cumulative impact. No significant 

cumulative effects in EIA terms; 
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• Razorbill: medium sensitivity, low magnitude of cumulative impact Not significant in 

cumulative effects in EIA terms; and 

• Puffin: low sensitivity, negligible magnitude of cumulative impact. Not significant 

cumulative effects in EIA terms. 

3.4.5. Project lifecycle and inter-related effects (as defined in paragraph 3.3.8) considers a holistic 

approach to assessing the impacts to the marine ecosystem. These effects from Offshore and 

Intertidal Ornithology are presented in Table 3-4. 

Table 3-4 Inter-related effects of Offshore and Intertidal Ornithology. 

Impact Potential for Likely Significant Inter-Related Effects 

Project lifecycle effects 

All impacts There is no potential for the effects during one phase of the Proposed 
Development to interact with the effects of another phase in a way that 
would result in combined effects of greater significance than the 
assessments for an individual phase. 

Inter-Related Receptor Effects 

Construction phase 
impacts 

The impacts assessed during the construction phase are direct 
distributional responses and indirect distributional responses. For 
direct distributional responses, across the relevant receptors the 
highest significance predicted is minor, which is not significant in EIA 
terms. For indirect distributional responses, across the relevant 
receptors the highest significance predicted is negligible, which is not 
significant in EIA terms. For each of these impacts, the combination of 
effects would not result in a combined effect of greater significance 
than the assessments already provided. 

Operation and 
Maintenance phase 
impacts 

The impacts assessed during the operation and maintenance phase 
are collision, entanglement, artificial lighting, direct distributional 
responses and indirect distributional responses. For collision, across 
the relevant receptors the highest significance predicted is negligible, 
which is not significant in EIA terms. For entanglement, across the 
relevant receptors the highest significance predicted is negligible, 
which is not significant in EIA terms. For artificial lighting, across the 
relevant receptors the highest significance predicted is minor, which is 
not significant in EIA terms. For direct distributional responses, across 
the relevant receptors the highest significance predicted is minor, 
which is not significant in EIA terms. For indirect distributional 
responses, across the relevant receptors the highest significance 
predicted is negligible, which is not significant in EIA terms. For 
kittiwake and gannet, combined effects of direct distributional impacts 
and collision are assessed under direct distributional responses. For 
other species, the combination of effects would not result in a 
combined effect of greater significance than the assessments already 
provided. 

Decommissioning phase 
impacts 

The impacts assessed during the decommissioning phase are direct 
distributional responses and indirect distributional responses. For 
direct distributional responses, across the relevant receptors the 
highest significance predicted is minor, which is not significant in EIA 
terms. For indirect distributional responses, across the relevant 
receptors the highest significance predicted is negligible, which is not 
significant in EIA terms. For each of these impacts, the combination of 
effects would not result in a combined effect of greater significance 
than the assessments already provided. 
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3.4.6. While there are potential negative impacts on marine ecosystems arising from the Proposed 

Development and other OWFs, it is worth noting that OWFs provide the opportunity for the 

settlement of prey species that form the base of the marine food web. For instance, the WTGs 

can serve as artificial reefs, which act as nursery areas for juvenile fish species and can 

provide feeding grounds sheltered from predation (Wilson and Elliott, 2009). OWFs can thus 

increase prey availability for seabirds by creating refuge areas for fish away from fishing 

pressures, or where turbine bases and scour protection support a large diversity of substratum 

and associated fish assemblages (Wilson et al., 2010).  

3.4.7. Furthermore, the use of renewable energy reduces the reliance on oil and gas as a source of 

energy, and as such attempts to tackle the climate crisis (Snyder and Kaiser, 2009). Indeed, 

the impacts of climate change threaten all species, including seabirds, and the negative 

ecological impacts of OWFs should be assessed in comparison with those of fossil fuel use 

on birds on a per MW basis (Snyder and Kaiser, 2009). 

3.4.8. For all offshore and intertidal ornithological impacts associated with the Proposed 

Development please refer to Volume 2, Chapter 11 (Offshore and Intertidal Ornithology). 

3.5. MARINE MAMMALS AND MEGAFAUNA 

3.5.1. This section provides the conclusions of Volume 2, Chapter 12 (Marine Mammals) and 

Volume 2, Chapter 10 (Fish and Shellfish) (for megafauna), relating to this ecosystem effects 

assessment. 

3.5.2. The magnitude of impacts of the Proposed Development alone is considered negligible to low 

for all species (Table 3-5). The impacts studied look at the effects of UWN (auditory injury, 

disturbance) from multiple sources across development phases, and the physical effects of 

WTGs and vessels on marine mammals (i.e., collisions, and entanglements). Indirect effects 

through impacts to prey species and effects to the supporting habitats of marine mammals 

are also considered.  

3.5.3. Indirect effects through prey species arising from construction activities are discussed in 

Section 3.3, wherein any effect to sandeel or herring will cause a level of change in the prey 

community that marine mammal species depend on. 

3.5.4. No significant impacts to megafauna have been identified within Volume 2, Chapter 10 (Fish 

and Shellfish). The magnitude of impacts of the Proposed Development alone is considered 

medium to negligible for elasmobranch species (Table 3-5). The impacts studied look at the 

effects of increases in SSC, habitat disturbance and underwater noise (mortality, recoverable 

injury, Temporary Threshold Shift (TTS), behavioral impacts) from multiple sources across 

development phases, and the physical effects of WTGs on elasmobranchs (i.e., 

entanglements). Indirect effects through impacts to the supporting habitats of elasmobranchs, 

are also considered.  
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Table 3-5 Summary of assessment of effects on marine mammal species and other marine megafauna 

Effect Receptor Magnitude of Impact Receptor Sensitivity Effect Significance 

Construction 

Auditory injury Permanent Threshold Shift 
(PTS) from pre-construction and 
construction geophysical surveys 

All marine mammals Negligible – low 

(varies based on 
equipment) 

Negligible – low 

(varies based on 
equipment) 

Negligible 

Disturbance from pre-construction and 
construction geophysical surveys 

All marine mammals Negligible – low 

(varies based on 
equipment) 

Negligible – low 

(varies based on 
equipment) 

Negligible 

Auditory injury (PTS) from Unexploded 
Ordnance (UXO) clearance 

Harbour porpoise, 
bottlenose dolphin, white-
beaked dolphin, Risso’s 

dolphin, killer whale 

Negligible Low Negligible 

Minke whale, humpback 
whale, harbour seal, grey 

seal 

Negligible Medium Negligible 

Disturbance from UXO clearance All marine mammals 
(except minke whale) 

Negligible – low 

(varies based on 
assessment method) 

Low Negligible 

Minke whale Low – medium 

(varies based on 
assessment method) 

Low Negligible - minor 

Auditory injury (PTS) from piling All marine mammals Negligible - low Low Negligible 

Disturbance from piling Harbour porpoise, 
bottlenose dolphin, Risso’s 

dolphin, killer whale, 
harbour seal, grey seal 

Negligible – low Negligible - low Negligible 

White-beaked dolphin  Medium Low Minor 

Minke whale, humpback 
whale 

Low Medium Minor 

Auditory injury (PTS) from other 
construction activities 

All marine mammals Negligible Low - medium Negligible 

Disturbance from other construction All marine mammals Low Negligible - low Negligible 
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Effect Receptor Magnitude of Impact Receptor Sensitivity Effect Significance 

activities (except minke whale) 

Minke whale Low Medium Minor 

Disturbance associated with vessel activity All marine mammals Low Medium Minor 

Indirect impacts on prey availability and 
distribution 

All marine mammals Negligible Low - medium Negligible 

Increases in SSC and deposition of 

disturbed sediments to the seabed 
Elasmobranchs Low Low Negligible 

Temporary habitat disturbance Elasmobranchs Low Negligible Negligible 

Direct and indirect seabed disturbance 
leading to release of sediment 
contaminants 

Elasmobranchs Negligible Low Negligible 

Direct damage (e.g. crushing) and 
disturbance 

Elasmobranchs Low Negligible Low 

Mortality, and mortal injury arising from 
underwater noise 

Group 1 (fleeing) 
(elasmobranchs) 

Low Low Negligible 

Recoverable injury arising from underwater 
noise 

Group 1 (fleeing) 
(elasmobranchs) 

Low Low Negligible 

TTS arising from underwater noise Group 1 (fleeing) 
(elasmobranchs) 

Medium Low Minor 

Behavioural impacts arising from UWN Group 1 (fleeing) 
(elasmobranchs) 

Medium Low Minor 

Noise and vibration arising from UXO 
clearance 

Group 1 (fleeing) 
(elasmobranchs) 

Medium Low Minor 

Noise and vibration arising from other noise 
sources during construction 

Group 1 (fleeing) 
(elasmobranchs) 

Low Low Negligible 

Operation and Maintenance 

Operational noise impacts from floating 
WTGs 

All marine mammals 
(except minke whale) 

Medium Negligible Negligible 

Minke whale Medium Low Minor 

Risk of collision with WTG structures All marine mammals Negligible – low Negligible – low Negligible 

Risk of injury from entanglement – primary All marine mammals  Negligible High Minor 
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Effect Receptor Magnitude of Impact Receptor Sensitivity Effect Significance 

entanglement 

Risk of injury from entanglement – 
secondary and tertiary entanglement 

All marine mammals Low High Minor 

Indirect impacts on prey availability and 
distribution 

All marine mammals Negligible Low - medium Negligible 

Long-term habitat changes, displacement 
and/or barrier effects due to the presence 
of WTGs 

Harbour porpoise, 
bottlenose dolphin, white-
beaked dolphin, Risso’s 

dolphin, killer whale, grey 
seal, harbour seal 

Low Negligible Negligible 

Minke whale, humpback 
whale 

Medium Low Minor 

Permanent and/or long-term habitat 
loss/alteration due to addition of 
infrastructure to the area 

Elasmobranchs Low Negligible Negligible 

Electromagnetic Fields (EMF) impacts 
arising from cables during operational 
phase 

Elasmobranchs Low Medium Minor 

Ghost fishing due to lost fishing gear 
becoming entanglement in installed 
infrastructure 

Elasmobranchs Low Medium Minor 

Introduction of new hard substrates and 
potential for fish aggregation 

Elasmobranchs Low Low Negligible 

Underwater noise and vibration from 
operational WTGs and vessels 

Elasmobranchs Negligible Low Negligible 

Decommissioning  

Auditory injury (PTS) from 
decommissioning activities 

Harbour porpoise, 
bottlenose dolphin, white-
beaked dolphin, Risso’s 

dolphin, killer whale, grey 
seal, harbour seal 

Low Low Negligible 

Minke whale, humpback 
whale 

Low Medium Minor 
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Effect Receptor Magnitude of Impact Receptor Sensitivity Effect Significance 

Disturbance form decommissioning vessels 
and activities 

All marine mammals Low Low Negligible 

Indirect impacts on prey availability and 
distribution 

All marine mammals Negligible Low - medium Negligible 

Long-term habitat changes, displacement 
and/or barrier effects due to the presence 
of WTGs 

Harbour porpoise, 
bottlenose dolphin, white-
beaked dolphin, Risso’s 

dolphin, killer whale, grey 
seal, harbour seal 

Low Negligible Negligible 

Minke whale, humpback 
whale 

Medium Low Minor 

Increases in SSC and deposition of 
disturbed sediments to the seabed 

All valued ecological 
receptors (including 

elasmobranchs) 

Low Medium (maximum) Minor (maximum) 

Temporary habitat loss All valued ecological 
receptors (including 

elasmobranchs) 

Low Medium (maximum) Minor (maximum) 

Direct and indirect seabed disturbances 
leading to release of sediment 
contaminants 

All valued ecological 
receptors (including 

elasmobranchs) 

Low Medium (maximum) Minor (maximum) 

Direct damage (e.g., crushing) and 
disturbance 

All valued ecological 
receptors (including 

elasmobranchs) 

Low Medium (maximum) Minor (maximum) 

Mortality, injury and behavioural changes 
resulting from UWN arising from 
decommissioning activity 

All valued ecological 
receptors (including 

elasmobranchs) 

Low Medium (maximum) Minor (maximum) 
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CUMULATIVE AND INTER-RELATED EFFECTS 

3.5.5. A cumulative effects assessment is detailed in Volume 2, Chapter 12 (Marine Mammals) and 

Volume 2, Chapter 10 (Fish and Shellfish) which considers the wider potential impacts beyond 

the Proposed Development.  

3.5.6. The conclusion of the cumulative effects assessment for disturbance from piling on marine 

mammals was: 

• Harbour porpoise, bottlenose dolphin, white-beaked dolphin and Risso’s dolphin: low 

sensitivity, medium magnitude of cumulative impact. No significant cumulative effects in 

EIA terms; 

• Minke whale: medium sensitivity, low magnitude of cumulative impact. No significant 

cumulative effects in EIA terms; and 

• Harbour seal and grey seal: low sensitivity, negligible to low magnitude of cumulative 

impact. No significant cumulative effects in EIA terms. 

3.5.7. The conclusion of the cumulative effects assessment on temporary increases in SSC was: 

• Elasmobranch: medium sensitivity, low magnitude of cumulative impact. No significant 

cumulative effects in EIA terms. 

3.5.8. The conclusion of the cumulative effects assessment on mortality, injury and behavioural 

changes from underwater noise was:  

• Elasmobranchs: low sensitivity, medium magnitude of cumulative impact. No significant 

cumulative effects in EIA terms. 

3.5.9. Project Lifecycle and inter-related effects (as defined in paragraph 3.3.8) considers a holistic 

approach to assessing the impacts to the marine ecosystem. These effects from marine 

mammals and megafauna are presented in Table 3-6. 

Table 3-6 Inter-related Effects of Marine Mammals and Megafauna 

Species group Impact Potential for Likely Significant Inter-Related Effects 

Project lifecycle effects 

Marine 
mammals 

Disturbance from 
underwater noise 
(including 
vessels) 

Disturbance to marine mammals from underwater noise shall 
be present throughout each of the construction, operations & 
maintenance, and decommissioning phases of the Proposed 
Development. This results in a potential project lifetime, inter-
related effect.  

It should be noted that project mitigation is proposed for 
several disturbance from underwater noise pathways. These 
contribute to the overall conclusion of disturbance from 
underwater noise being not significant in EIA terms, for both 
marine mammals and megafauna.  
When disturbance is considered additively across all phases, 
the duration of the disturbance effect is greater than when 
considering each phase in isolation. However, marine 
mammals and megafauna are expected to recover from 
disturbance effects in the short-term (up to several days or 
less), reducing the risk of prolonged disturbance. It is not 
expected that the spatial extent of disturbance would 
increase; indeed, the spatial extent will be greatest during the 
construction phase, and much smaller during the operation 
and maintenance phase. Therefore, across the Proposed 
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Species group Impact Potential for Likely Significant Inter-Related Effects 

Development lifetime, the effects on marine mammal and 
megafauna are not anticipated to act in such a way as to 
result in combined effects of greater significance than the 
assessments presented for each individual phase.  
There will therefore be no inter-related effects of greater 
significance compared to the impacts considered alone. 

Marine 
mammals 

Changes to 
marine mammal 
and megafauna 
prey species 

Impacts and changes to marine mammal prey species have 
been assessed as part of each of the construction, O&M, and 
decommissioning phases of the Proposed Development. The 
effect of changes to marine mammal and megafauna prey 
species is not significant across all phases. 

Furthermore, inter-related effects to prey species have been 
considered in Table 3-1. The conclusion of that assessment 
was that inter-related effects would not result in an effect on 
prey species of any greater significance than those assessed 
in the individual project phase. Therefore, it can be 
determined that the conclusions for each project phase 
regarding changes to marine mammal and megafauna prey 
species is applicable to the conclusion for inter-related 
effects i.e. that it is not significant.  

There will therefore be no inter-related effects of greater 
significance compared to the impacts considered alone. 

Elasmobranchs Disturbance from 
underwater noise 

The impacts of UWN during the construction and 
decommissioning phases are expected to be short-term and 
intermittent. Impacts from UWN during the operational phase 
will be long term but to a very localised extent and to a much 
lower noise level when compared to the construction (and 
potential decommissioning) activities. The interaction of 
these impacts across construction, O&M and 
decommissioning stages of the development is not predicted 
to result in an impact of any greater significance than those 
assessed in the individual project phases.  

There will therefore be no inter-related effects of greater 
significance compared to the impacts considered alone. 

Elasmobranchs Increase in SSC 
and sediment 
deposition  

The impacts of increased SSC and sediment deposition 
during the construction and decommissioning phases are 
expected to be short-term and intermittent, and of localised 
extent with any effects being reversible. The interaction of 
these impacts across construction and decommissioning 
stages of the development is not predicted to result in an 
impact of any greater significance than those assessed in the 
individual project phases.  

There will therefore be no inter-related effects of greater 
significance compared to the impacts considered alone. 



 

Page | 37 

Species group Impact Potential for Likely Significant Inter-Related Effects 

Elasmobranchs Habitat loss and 
disturbance, and 
increased SSC 
and deposition 

The impacts of habitat loss and disturbance and increased 
SSC and deposition during the construction, O&M and 
decommissioning phases are expected to be short-term and 
intermittent, and of localised extent. The interaction of these 
impacts across construction, O&M and decommissioning 
stages of the development is not predicted to result in an 
impact of any greater significance than those assessed in the 
individual development phases 

There will therefore be no inter-related effects of greater 
significance compared to the impacts considered alone. 

Inter-Related Receptor Effects 

Marine 
mammals 

Combination of 
disturbance from 
underwater noise 
(including 
vessels) and 
indirect impacts 
on marine 
mammal prey 
items per phase 

When acting in combination with one another during a single 
phase, the greatest potential for spatial and temporal 
interactions arising from the Proposed Development are 
associated with underwater noise impacts and the presence 
of vessels.  

Piling activities and vessel presence within the Array Area 
could occur at the same time. There is evidence that the 
presence of vessels prior to piling can disturb marine 
mammal species (Benhemma-Le Gall et al., 2023), and thus 
limit the amount of disturbance and/or displacement 
individuals may experience as a result of piling activities. In 
addition, the spatial footprint of disturbance from piling noise 
is significantly greater than that from vessels and so is likely 
to encompass any vessel disturbance footprints, without 
acting additively. Similarly, effects on prey as a result of 
project activities (including noisy activities) is likely to be 
within the footprint of disturbance or displacement by marine 
mammals, as marine mammals have a higher sensitivity and 
so disturbance or displacement effect.   

As such, for each of these impacts, the combination of 
effects would not result in a combined effect of greater 
significant that the assessments already provided. 

There will therefore be no inter-related effects of greater 
significance compared to the impacts considered alone. 

Elasmobranchs Spatial and 
temporal 
interactions 
between habitat 
loss/disturbance, 
increased 
SSC/deposition, 
UWN 

No spatial or temporal interaction between the effects 
assessed above is expected during the Proposed 
Development lifetime. 

3.5.10. As detailed in paragraph 3.4.6, while there are potential impacts on marine ecosystems arising 

from the Proposed Development, OWFs provide the opportunity for the settlement and 

colonisation of prey species that form the base of the marine food web. 

3.5.11. The presence of anthropogenic structures in the marine environment can act as fish 

aggregating devices and artificial reef systems (Guerin et al., 2007; Zawawi et al., 2012). Initial 

findings of the PrePARED project have shown an increase in flatfish and gadoid abundance 

at Beatrice and Moray East OWFs, when compared with sites outside of the offshore 
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windfarms reference site (PrePARED, 2024). This supports several studies which have 

reported the increased presence of foraging marine mammals within operational OWFs. To 

illustrate, data from tagged harbour and grey seals demonstrates grid-like movement patterns 

as individuals move between the WTGs, suggesting these structures are being used for 

foraging (Russell et al., 2014). Additionally, in the Moray Firth in Scotland, Fernandez-Betelu 

et al. (2022) found that the probability of harbour porpoise occurrence and foraging activity 

decreased with distance from offshore structures and that there was a significant increase in 

porpoise occurrence and foraging during night-time compared to daytime around all the 

offshore structures. Therefore, it is considered there are positive impacts on marine mammals 

from the operational phase of the Proposed Development.  
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4. CHANGING BASELINE AND FUTURE TRENDS 

4.1.1. This section outlines the major current and future anthropogenic driven ecosystem level 

impacts to the key trophic levels of the marine ecosystem. This section investigates the role 

of known future pressures (climate change, commercial fisheries, OWF development, INNS, 

pollution and avian influenza) and how they may influence the marine ecosystem in future 

years. 

4.2. CLIMATE CHANGE 

4.2.1. Climate change can alter the stratification of the water column, which in turn affects nutrient 

cycling and the availability of nutrients for primary producers which are the base of the marine 

food web and are responsible for producing the bulk of organic matter through photosynthesis 

that supports marine life. In the Northern North Sea, stronger stratification due to warmer 

surface waters can reduce the mixing of nutrient-rich deeper waters with the upper photic 

zone, where phytoplankton require nutrients for growth (Lowe et al., 2009). Reduced nutrient 

availability in the surface waters may lead to lower primary productivity. This phenomenon 

could particularly affect larger phytoplankton species, such as diatoms, which require more 

nutrients than smaller species. As a result, overall phytoplankton biomass may decline, and 

the species composition could shift toward smaller, less productive taxa, further impacting 

food availability for higher trophic levels. 

4.2.2. Climate change can affect environmental conditions in various ways including increasing sea 

surface temperature. As sea temperatures rise due to global climate change, the composition 

of phytoplankton species in the North Sea is expected to shift. Warmer waters tend to favour 

smaller, fast-growing phytoplankton species such as flagellates, which are less energy-dense 

compared to larger diatoms, traditionally dominant in the colder waters of the North Sea 

(McQuatters-Gollop et al., 2007). This shift in species composition could have significant 

implications for higher trophic levels. Diatoms, which are larger and more nutritious, form the 

preferred food source for many zooplankton species. A reduction in diatom populations could 

result in lower-quality food for secondary producers, affecting the entire food web.  

4.2.3. A potential impact of increased sea surface temperatures is that some fish species will extend 

their distribution into deeper, colder waters (Poloczanska et al., 2013). In these cases, 

however, habitat requirements are likely to become important, with some shallow water 

species having specific habitat requirements in shallow water areas which are not available 

in these deeper areas. For example, sandeel is less likely to be able to adapt to increasing 

temperatures as a result of its specific habitat requirements for coarse sandy sediment and 

declining recruitment in sandeel in parts of the UK has been correlated with increasing 

temperature (Heath et al., 2012). Climate change may also affect key life history stages of 

fish and shellfish species, including the timing of spawning and migrations (Poloczanska et 

al., 2013). However, climate change impacts on marine fish populations are difficult to predict 

and the evidence is not easy to interpret and therefore it is difficult to make accurate 

estimations of the future baseline scenario for the entire lifetime of the Proposed Development 

(approximately 35 years). 

4.2.4. Climate change will also influence fish (including prey species) distribution and abundance, 

affecting growth rates, recruitment, behaviour, survival and response to changes of other 

trophic levels (Prakash and Srivastava, 2019). As mentioned above, climate change is 

contributing to the declining levels of primary production in the North Sea which in turn impacts 

the dynamics of higher trophic levels and fish recruitment (Capuzzo et al., 2018). Projected 

warming scenarios indicated regime shifts between sandeels and their copepod prey, 
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resulting in sandeel recruitment declines (Regnier et al., 2019). Increased sea surface 

temperatures in the North Sea may lead to an increase in the relative abundance of species 

associated with more southerly areas. For example, data on spawning herring and sardine 

(Sardina spp.) landings at ports in the English Channel showed that higher spawning herring 

landings were correlated with colder winters, while warm winters were associated with large 

catches of sardine (Alheit and Hagen, 1997). A reduction in the abundance or quality of 

seabird prey species such as those mentioned above, coupled with a shift in breeding timings 

due to warming sea temperatures causing seabirds to become de-synchronised from their 

prey, is already having a direct impact on seabird populations in the UK (Daunt and Mitchell, 

2013). 

4.2.5. It is considered that current trends with regard to the northward shift of specific species (e.g. 

sandeels) and an increase in the abundance of typically warmer water species (e.g. sardines) 

will continue in a warming climate, which may result in alterations to the existing baseline. 

However, considering the timescales of warming oceans and changes in distribution of 

species, it is likely that in the near to medium term, this would be changes in the relative 

abundances of species rather than wholesale changes in the community structure.  

4.3. COMMERCIAL FISHERIES 

4.3.1. The North Sea is one of the world's most heavily fished marine regions and is experiencing 

significant ecosystem stress from commercial fishing activities (O’Leary et al., 2017). 

Overfishing, climate change, habitat destruction, and unsustainable practices have already 

led to changes in biodiversity, fish stocks, and ecosystem dynamics (O’Leary et al., 2017). 

The future impacts of fisheries on the North Sea marine ecosystem will largely depend on 

how fisheries adapt to environmental changes, implement sustainable practices, and respond 

to shifting species distributions. 

4.3.2. Despite improvements in fisheries management through the EU’s Common Fisheries Policy 

(CFP), stock recovery of many commercially important species such as cod, haddock and 

herring has been slow, and some species remain at critically low levels. As fishing continues 

in the future, there is the risk of further depletion of already vulnerable stocks, which could 

have cascading effects on marine ecosystems. Overfishing reduces the reproductive capacity 

of fish populations, limiting their ability to recover and maintain sustainable levels (Engelhard 

et al., 2014). Species declines due to overfishing not only reduce biodiversity but also 

destabilise the food web. When predators (such as cod) are removed, the balance between 

predator and prey populations is disrupted. For example, overfishing of cod has been linked 

to increases in their prey species, such as small fish and invertebrates (Heath et al., 2014). 

This trophic cascade can lead to unpredictable changes in the ecosystem, reducing its overall 

resilience to other stressors like climate change or pollution. In addition, changes in fish 

populations can influence other marine life, such as seabirds and marine mammals, which 

rely on fish stocks for food. A decline in available prey can lead to reduced reproductive 

success and survival rates for these higher trophic levels, exacerbating the effects of fisheries 

on the broader ecosystem (Huse et al., 2002). Bycatch can also impact the wider ecosystem 

through the removal of non-target prey species or the accidental capture of marine mammals, 

seabirds and other predatory species which are vital to maintaining ecological balance 

(Kelleher, 2005).  

4.3.3. Sandeel are an important prey species in the region and designated under the Turbot Bank 

NC MPA, which sits adjacent to the Proposed Development. Recent legislation prohibits 

commercial sandeel (lesser & Raitt’s sandeel) fishing in Scottish waters (announced by the 

Scottish Government in January 2024, which came into force in March 2024). The ban aims 

to benefit seabirds and other wildlife reliant on sandeels as a vital component of their diet. 
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This regulatory measure is a response to the decline in sandeel populations, critical for various 

species, including marine mammals, seabirds, and predatory fish. The ban is intended to 

bolster the broader marine ecosystem and enhance resilience among vulnerable species, 

particularly considering the challenges posed by climate change and warming seas (Coull et 

al., 1998). This closure sits alongside previous management measures, such as the closure 

in sandeel management area 4 implemented since 2000 to mitigate cod and haddock bycatch 

and the negative subsequent impacts on seabird food supply. These regulatory changes are 

likely to have implications for the future baseline of the researched area, potentially reshaping 

fishing practices, ecosystem dynamics, and species interactions. 

4.3.4. The future of the North Sea marine ecosystem is dependent on how fisheries adapt to 

environmental changes and if existing and innovative sustainable practices are implemented. 

Effective management, ecosystem-based approaches, and enforcement of regulations can 

help to mitigate the negative impacts of fisheries on the marine ecosystem. A coordinated, 

long-term approach that considers both ecological and socio-economic factors is essential to 

ensure the sustainability of this vital marine ecosystem. 

4.4. OFFSHORE WIND DEVELOPMENT 

4.4.1. Offshore wind development will be critical in the delivery of net zero commitments. As these 

demands continue to grow, so does the need for a long-term, holistic approach to managing 

this critical resource. The UK’s offshore wind market is one of the largest and most successful 

in the world, with more than 50 wind farms around the UK coastline at various stages of 

development, producing enough renewable energy to power half of all UK homes. The UK’s 

offshore wind pipeline currently stands at approximately 95GW, with a government ambition 

to decarbonise the power system by 2030, including increasing offshore wind capacity in the 

same timeframe (The Crown Estate, 2024). With Offshore Wind Leasing Round 5 due to 

proceed to an auction (Invitation to Tender Stage 2) in Spring 2025 and the emergence of 

Offshore Wind Leasing Round 6, there is certainty that OWFs will increase in UK waters (The 

Crown Estate, 2024).  

4.4.2. With this expansion of renewable wind energy generation, marine environments may face 

both negative and positive population, community and ecosystem-level direct and indirect 

impacts. This can be through introducing new habitat (hard substrata from development 

infrastructure), effects from construction activities and alterations to physical processes (van 

der Molen et al., 2014; Cazenave et al., 2016; Zijl et al., 2021). Whilst negative cumulative 

impacts could arise from this growing industry, it is worth noting that there is an emergence in 

Nature Inclusive Designs which may help to alleviate some of the pressures on marine 

ecosystems. It is also worth noting the emerging research into ecosystem level effects, such 

as through projects like the PrePARED project which will be crucial in effectively assessing 

these wider impacts to all trophic levels. 

4.4.3. An increase in OWFs could have further indirect benefits to the marine ecosystem. For 

example, OWFs often result in fisheries exclusion zones, where methods such as trawling 

and dredging are restricted or prohibited. As a result, the presence of wind farms can facilitate 

the restoration of overexploited species (Püts et al., 2023). For example, prey species such 

as forage fish may increase in areas where fishing activities are restricted. This recovery could 

lead to more abundant prey species, supporting higher trophic levels such as seabirds and 

marine mammals, and contribute to the overall stability of the marine ecosystem. However, 

there is also the potential that fishing pressure is just displaced to other areas. As such the 

overall impact, positive or negative, on fish populations as a result of a larger number of 

offshore windfarms is unclear. 
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4.5. INNS 

4.5.1. Invasive Non-Native Species (INNS) can have a detrimental effect on marine ecosystems, 

either by outcompeting existing taxa for habitat and food or due to predation on existing 

species. With the increase in marine developments, there is a risk that with the increased 

introduction of hard substrate (including those associated with OWFs) into sedimentary 

habitats will enable the colonisation by INNS that might otherwise not have had a suitable 

habitat, thereby enabling their spread. This, along with the increased movements of vessels, 

which can potentially increase the risk of introductions of INNS through ballast water, or act 

as a vector to transfer INNS from one area to another, has the potential to impact biodiversity 

locally and in the broader region. It should be noted that there is a widespread presence of 

marine INNS across the North Sea. Marine INNS that are widespread and well established in 

Scottish seas include, but are not restricted to, wireweed (Sargassum muticum), green sea-

fingers (Codium fragile) subsp. tomentosoides, red algae Dasysiphonia japonica, acorn 

barnacle (Austrominius modestus), Japanese skeleton shrimp (Caprella mutica), leathery sea 

squirt (Styela clava), orange tipped sea squirt (Corella eumyota) and orange ripple bryozoan 

(Schizoporella japonica) (NatureScot, 2023). In site-specific surveys for the Proposed 

Development, the Styelidae family (which is a family of ascidian tunicates) was recorded in 

sediment eDNA analysis in the offshore ECC, however not identified to species level. 

4.5.2. Predation by invasive mammal species also poses a serious threat to seabird colonies, 

particularly those on islands (Ellis et al., 2007; Brooke et al., 2018). Species such as brown 

and black rats (Rattus norvegicus, R. rattus), feral cats (Felis catus), and mustelids such as 

American mink (Neovison visonare known to predate seabird eggs, chicks, and adults (Latorre 

et al., 2013; Craik, 1997; Ratcliffe et al., 2010). Feral cats, which are capable of preying on 

larger birds, are particularly harmful to seabird populations and have contributed to the rapid 

decline of seabirds on Ascension Island (Ratcliffe et al., 2010), for example. Rats, however, 

are considered the most significant threat, impacting 75 seabird species across 61 islands 

studied globally (Jones et al., 2008). On Lundy Island, rat predation was confirmed as the 

cause of seabird population declines through comparisons with seabird numbers on the rat-

free islands of Skomer and Skokholm (RSPB England, 2021). Rats and mustelids are 

excellent swimmers and can easily reach nearshore islands, while some mammalian 

predators are brought to vulnerable island habitats by humans, most often unintentionally via 

boats (Biosecurity for Life, 2024). 

4.5.3. Tree mallow (Malva arborea) is a species of mallow native to western Europe and the 

Mediterranean. This biannual plant is native to the southwest of the UK but has been 

introduced by humans to a wide range of coastal sites in Scotland, including in the Firth of 

Forth (van der Wal, 2006). The entrances of puffin burrows on Craigleith island provide the 

moist and fertile soil needed for tree mallow to germinate and grow, as it is difficult for 

seedlings to establish themselves in dense grass swards (van der Wal, 2006). As tree mallow 

grows, it prevents puffins from accessing their burrows to nest and as such, puffin populations 

have declined following the introduction of tree mallow on Craigleith (van der Wal, 2006). The 

SOS Puffin Project led by the Scottish Seabird Centre works to manage tree mallow on 

Craigleith and the nearby islands of Frida and the Lamb, where puffin populations are also 

threatened (Scottish Seabird Centre, 2024). 

4.6. POLLUTION 

4.6.1. Pollution in the marine environment which can affect all levels of the marine ecosystem. Heavy 

metals, such as mercury, lead, and cadmium have been introduced into the North Sea through 

industrial discharges and runoff and they can bioaccumulate in marine organisms, causing 
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toxicity and disrupting food chains. For instance, concentrations of mercury, cadmium and 

lead in mussels and fish in the North Sea are above background levels (OSPAR, 2016). 

Persistent organic pollutants (POPs), such as Polychlorinated biphenyl (PCB) and 

Dichlorodiphenyltrichloroethane (DDT), are a class of pollutants that can persist in the 

environment for many years, contaminating marine organisms and posing risks to their health 

and reproduction. For example, POPs can accumulate in the fatty tissues of marine mammals 

leading to reproductive problems and impaired immune systems (Reckendorf et al., 2023). 

4.6.2. Plastic pollution and marine debris are also a concern in the North Sea. Marine litter is 

persistent, manufactured and/or processed anthropogenic material found in the marine 

environment, the most common of which is plastics and fishing gear (UN Environment 

Programme, 2021). Between 2016 and 2020, plastic production in Europe increased by 

almost 10% (Plastics Europe, 2021), a proportion of which is likely to end up in the marine 

environment as plastic waste. After encountering marine litter, many marine species such as 

marine mammals and seabirds may end up ingesting it or becoming entangled, which can be 

fatal (Good et al., 2010; Roman et al., 2019; Zantis et al., 2021). The impacts to the marine 

ecosystem from plastic pollution are likely to be further exacerbated by the effects of climate 

change due to increased degradation and fragmentation of plastics through heat degradation 

and increases storm activity (Deng et al., 2021). 

4.7. AVIAN INFLUENZA 

4.7.1. The most recent outbreak of HPAI emerged in 2020 in the form of HPAI H5N1 clade 2.3.4.4b 

virus and was first reported in gulls and gannets, although the initial impact on populations 

was minimal (Falchieri et al. 2022). The epidemic became widely known in spring 2022, when 

it spread to marine and coastal birds. Gannet colonies experienced a decline of 25% in the 

UK between 2022 and 2023 (Tremlett et al., 2024). At least 760 kittiwake deaths were 

recorded in Scotland in 2022, while a minimum loss of 1,908 guillemot was recorded in 

Scotland and 3,775 guillemots in England in 2022 including adults, juveniles and un-aged 

birds (Tremlett et al., 2024). 

4.7.2. HPAI spreads between birds via bodily fluids such as saliva, secretion, and faeces (Charostad 

et al., 2023). The virus can also be transmitted through organic materials like soil and nesting 

materials and can remain inactive in freshwater at low temperatures for several months, as 

such increasing the risk of waterborne transmission to aquatic birds (NatureScot, 2024b). 

Migratory birds carry the virus along their migration routes, which is believed to be the cause 

of the virus’s arrival into the UK (NatureScot, 2024b). 

4.7.3. Whilst the virus does not appear to be well adapted to mammals, there have been several 

reports of seals, foxes, and otters testing positive for HPAI in the UK (NatureScot, 2023). 

Elsewhere, more than 300 seals have died from HPAI in eastern North America, while over 

20,000 sea lions and thousands of elephant seals have been lost in South America (Whittle, 

2024). Additionally, evidence of the virus has been found in common dolphin, harbour 

porpoise, bottlenose dolphin and white-sided dolphin (Leguia et al., 2023; Thorsson et al., 

2023; Murawski et al., 2024). HPAI has also been associated with unusual mortality events of 

harbour and grey seals (Puryear et al., 2024). The mammal-to-mammal transmission 

recorded in Spain, Peru, and the Caspian Sea raise concerns of greater potential to spread 

between species (NatureScot, 2023). 
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5. CONCLUSIONS 

5.1.1. In conclusion, this assessment highlights that the Proposed Development is not likely to result 

in significant negative ecosystem-level effects, however there are potential positive ecological 

benefits that could arise. As detailed within this report, there is potential for OWF to enhance 

local biodiversity, support prey species populations (including commercially important 

species), and contribute to the overall productivity of marine ecosystems. The North Sea is a 

region that is facing increasing anthropogenic driven pressure in the future which will require 

well informed and strategic management, to mitigate against ecosystem level impacts. The 

development of OWF is part of this increased pressure on the marine environment. However, 

OWFs can provide positive ecosystem benefits and will help tackle the broader impacts of 

climate change which will indirectly benefit marine ecosystems.  
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Glossary 

 

Term Meaning 

Hydrodynamic model A computational simulation of the motion and density structure of a fluid 
(here, the ocean) in response to applied forces. 

Nutricline A depth range in which nutrient concentrations change rapidly with depth 
(usually increasing).  

Primary Production The synthesis of organic compounds by primary producers, in the ocean, 
carried out primarily by photoautotrophs in the sunlit surface layer. 

Stratification Vertical variation in ocean properties, and in particular water density due 
to differences in salinity and temperature. 

Sub-surface Chlorophyll 
Maximum 

A region below the surface of water at which the maximum concentration 
of chlorophyll occurs. In stratified summer months a chlorophyll maximum 
forms below the surface in the area of the water column where there are 
enough nutrients and light to sustain photosynthesis and growth. 

Turbulent Kinetic 
Energy 

The kinetic energy associated with the fluctuating, turbulent component 
of flow, as opposed to the underlying mean or slowly-varying component. 

Thermocline Temperature gradient in water column with higher temperatures at the 
surface and lower temperatures below. 
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1 INTRODUCTION 

1.1 Project Background 

1.1.1 Muir Mhòr Offshore Wind Farm Limited (hereafter referred to as ‘the Developer') is 

proposing to develop the Muir Mhòr Offshore Wind Farm (hereafter ‘the Proposed 

Development Array Area’). The Project is made up of both offshore and onshore 

components. The subject of this offshore Environmental Impact Assessment Report (EIAR) 

is the offshore infrastructure of the Project seaward of Mean High-Water Springs (MHWS) 

which is hereafter referred to as ‘the Proposed Development’.  

1.1.2 The Proposed Development Array Area covers an area of approximately 200 km2 and is 

located approximately 63 km east of Peterhead on the east coast of Scotland. The offshore 

infrastructure of the Proposed Development includes Wind Turbine Generators, and 

associated floating foundations, the Offshore Electrical Platforms and associated 

foundations, the inter-array cables, interconnector cable, offshore export cables and 

landfall. 

1.1.3 This report has been developed in response to the Proposed Development Offshore 

Scoping Opinion (Volume 3, Appendix 5.2, Offshore Scoping Opinion), which highlighted 

the need to assess “the link between stratification and fronts to primary productivity and 

higher trophic levels”. 

1.1.4 Most offshore wind farms to date have been built in shallow (nearshore) and often 

unstratified (well-mixed) seas using fixed foundations. With the development of floating 

offshore wind technologies, the sector is moving into deeper waters requiring larger 

turbine support structures, often within seasonally stratified shelf seas (see Dorrell et al. 

2022). Stratified seas play a key role in primary production (and are linked to 

biogeochemical cycles). The placement of anthropogenic structures into seasonally 

stratified waters can artificially increase the mixing of these waters. This may lead to an 

enhanced nutrient supply which, in turn, could impact the marine ecosystem.  

1.2 Stratification and mixing by floating offshore wind turbine foundations 

1.2.1 A stratified water column is a water column that is layered, with denser (cooler or saltier) 

water found at depth compared to close to the surface. An unstratified water column has 

no differences in density between the surface and bottom of the column. When a 

particularly strong vertical density gradient occurs at some level in the water column, this 

is termed a pycnocline and may occur at the base of a well-mixed surface layer. Similarly, 

a strong temperature gradient is termed a thermocline; a strong gradient of nutrients is 

termed a nutricline, etc.  

1.2.2 Mixing reduces the density differences in a stratified water column by stirring it vertically, 

with the end point being an unstratified (‘well-mixed’) water column, which has a density 

that is uniform with depth. A well-mixed water column has a greater potential energy than 

a stratified water column. Mixing therefore requires energy to be supplied to provide this 
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increase in potential energy. Energy sources for mixing include wind and waves, which stir 

from the surface, or energy may be taken from tidal and other currents by bed friction, 

which stirs upwards from the seabed. 

1.2.3 In winter, the North Sea is largely unstratified. Areas that are shallow or have strong tidal 

flows remain well-mixed throughout the year because there is enough tidal stirring to 

overcome the stratifying influence of solar heating. Elsewhere, the onset of stratification 

in spring occurs when the surface can warm through solar heating without being stirred 

into underlying waters. The top to bottom density difference typically increases during 

summer, peaks in August, then is eroded by November with a return to unstratified winter 

conditions.  

1.2.4 A floating offshore wind turbine foundation could provide energy to mixing at 

intermediate levels within the water column as the flow interacts with the structure, 

generating a turbulent wake. Turbulence consists of multi-scale stirring motions with their 

own inherent kinetic energy (turbulent kinetic energy, TKE). The conversion of energy 

during mixing is from the kinetic energy of the background flow to TKE and then to a 

combination of potential energy, through mixing, and heat, through friction within the 

water column.  

1.2.5 Quantifying the impact of an offshore wind structure on stratification is dependent upon 

several variables, including the initial stratification, the background flow speed, and the 

design and depth extent of the structure. In general, even if all these factors are known, it 

is difficult to estimate the impact because it depends upon complex, turbulent processes. 

Model studies can simulate the mixing behaviour in specific cases, but the extrapolation 

of outcomes to differing flow speeds, structures or stratification conditions involves 

considerable uncertainty.  

1.2.6 The mixing efficiency, the proportion of TKE that is used for mixing (as opposed to 

dissipated by friction), depends on the variables (as listed above) and the fluid dynamical 

processes involved. However, a rule of thumb is that the proportion of TKE used for mixing 

is rarely greater than 20% as the majority of TKE is dissipated by friction (Gregg et al., 

2018), and usually significantly less. 

1.3 Impact of mixing on biological productivity 

1.3.1 When the surface waters of the North Sea develop thermal stratification, the spring bloom 

of phytoplankton depletes surface nutrients and growth becomes limited by the lack of 

nutrients in the surface layer. Surface waters are then isolated from the higher nutrient 

waters below during the summer. The sub-surface chlorophyll maximum (SCM) typically 

develops between 20 and 40 m below the surface and is sustained by a balance between 

sufficient sunlight from the surface and sufficient nutrient supply by turbulent mixing 

which drives an upward flux across the thermocline. The SCM may account for up to 50% 

of annual primary production (this is all the production by photoautotrophs in the 

euphotic zone) in seasonally stratified seas (Hickman et al., 2012). 
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1.3.2 Floating offshore wind turbine support structures may enhance turbulent mixing in the 

thermocline, increase nutrient availability to the SCM, and therefore increase annual 

primary production (Error! Reference source not found.). Existing studies of the influence 

of floating offshore wind structures on primary production in stratified conditions 

(Carpenter et al., 2016; Slavik et al. 2018) have focussed on shallower waters than those 

considered here, and turbine piles associated with fixed wind turbines that extend through 

the full water column.  

  

Figure 1. Schematic of proposed turbine structures alongside the typical physical and 

biogeochemical structure of a seasonally stratified shelf sea in summer. This study 

considers a site where the water depth is typically between 60 and 95 m. The floating 

structures under consideration extend to a depth of up to 20 m in the water column, with 

associated mooring lines to the seabed, so may impinge into the depth range of the 

thermocline and SCM. Nitrogen (mostly in the oxidised form of nitrate) is the primary 

limiting nutrient in this region.  

1.3.3 This study considers the impacts on shelf sea stratification of structures at the Proposed 

Development site. It includes an estimation of the resulting mixing and its implications for 

nutrient fluxes and primary production.  
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2 STRATIFICATION AND CURRENTS 

2.1 Overview of the northern North Sea 

2.1.1 Regional differences in stratification in the North Sea are largely driven by water depth 

(Figure 2), the strength of tidal currents, the proximity to the shelf edge where exchange 

with oceanic waters modifies water properties, and the influence of fresher water which 

is typically found nearshore (Huthnance, 1991). The North Sea is generally deeper in the 

north, with the deepest areas (exceeding 150 m) north of 57.5°N and between 2°W and 

1°E.  

 

Figure 2. Bathymetry (GEBCO) (depth in m) of the northern North Sea in relation to the 

Proposed Development Array Area. East-west and north-south transects (green dashed) 

are discussed in 2.2.6 and the associated Figure 6 and Figure 7. The magenta box shows 

the region searched for archived CTD profiles. Green squares show comparative locations 

to the north and south (2.2.5). 

2.1.2 The Proposed Development Array Area has typical water depths in the range 60 m to 95 m, 

with deeper water generally in the north and shallower in the south, although there is 

local complexity. 

2.1.3 In the winter, the North Sea is only stratified where coastal freshwater influence is 

significant (Huthnance, 1991), so stratification is driven by salinity. Elsewhere, water 

properties are uniform from the top to the bottom of the water column. The onset of 

stratification in spring occurs when the surface can warm through solar heating without 

being assimilated by stirring into underlying waters. 

2.1.4 In the deepest areas of the northern North Sea, bottom waters retain their winter 

temperature and salinity throughout the year (orange in Figure 3; Hill et al. 2008), whilst 
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the overlying surface waters warm and often become less saline. More coastal areas show 

significant warming of bottom waters in summer, and the resulting gradient in density 

between these coastal waters and more offshore water leads to a surface current along 

the boundary between the two. This flows south to the east of Orkney and the outer 

Moray Firth, and then east into the central North Sea as the Dooley current. 

 

Figure 3. Figure from Hill et al. (2008) showing the regions where summer stratification is 

driven by bottom cool, salty pools (orange) as opposed to cool only (grey). Red shows flows 

associated with the boundaries of these bottom dense pools. 

2.1.5 An additional influence is the fresher coastal water of the Scottish Coastal Current, which 

enters the North Sea via the Pentland Firth and to the north of Orkney, then also flows 

south, augmenting the flow and gradients described above.  

2.2 Climatological stratification in the region 

2.2.1 Climatological values of temperature and salinity represent average conditions calculated 

from available historical measurements. Descriptions here are based on the ICES/WODC 

climatology of surface and near-bed temperature and salinity (Berx and Hughes, 2009; 

https://data.marine.gov.scot/dataset/climatology-surface-and-near-bed-temperature-

and-salinity-north-west-european-continental). This represents average values for the 

period 1971-2000 and is provided on a 1/6° (longitude) by 1/10° (latitude) spatial grid, 

roughly 10 km by 11 km at this latitude. 

2.2.2 Climatological values inherently blur sharp features, such as fronts, or variable conditions. 

The ICES/WODC climatology is also restricted to the surface and near-bottom, so does not 

provide information on the sharpness of vertical gradients, for instance within the 

pycnocline. For these reasons, the use of climatology has been supplemented with an 

investigation of individual archived vertical profiles of temperature and salinity (section 

2.3). 

https://data.marine.gov.scot/dataset/climatology-surface-and-near-bed-temperature-and-salinity-north-west-european-continental
https://data.marine.gov.scot/dataset/climatology-surface-and-near-bed-temperature-and-salinity-north-west-european-continental
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2.2.3 The climatological surface salinity (Figure 4) shows the highest salinity in the central part 

of the northern North Sea, corresponding to the greatest water depths. Fresher surface 

occurs closer to shore and in shallower areas to the south. The east-flowing Dooley 

Current is in part driven by the resulting north to south decrease in salinity. 

 

Figure 4. Surface practical salinity from the ICES/WODC climatology in January, April, July 

and November. The location of the Proposed Development Array Area is indicated in red. 

2.2.4 Within the Proposed Development Array Area (Figure 5a), surface and bottom 

temperatures are lowest in March. Temperature stratification (surface to bed difference) 

is first significant in May, peaks in August, before falling rapidly until there is no longer 

significant stratification in November. Salinity stratification is small in winter (November 

to February), largest in March, and otherwise fairly constant during the temperature 

stratified months, with fresher water at the surface, although temperature, rather than 

salinity, is the prime driver of density stratification. 

2.2.5 Conditions at the Proposed Development Array Area have been compared with those at 

sites 0.5° (56 km) to the north and south (Figure 5b). Shown is that the surface to bottom 

temperature difference is similar in magnitude and seasonality, whilst the salinity 

difference is significantly greater in the north, largely due to the greater water depth. 
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2.2.6 East-west and north-south transects through the Proposed Development Array Area 

(green lines in Figure 2) at varying times of year (Figure 6Figure 7) show a horizontal 

gradient of surface water properties, with salinity increasing to the east and north. It is 

this gradient that is associated with the east-flowing Dooley Current. 

 

Figure 6. East-west transect (green in Figure 2) of climatological surface and bed 

temperature and salinity at the latitude of the Proposed Development Array Area, which 

lies within the longitude range indicated by grey shading. 

(a)                                                                     (b) 

 

Figure 5. (a) Monthly ICES climatological values for surface (red) and bottom (blue) 

temperature and salinity in the Proposed Development Array Area. (b) Annual cycle of top 

to bottom difference in ICES climatological temperature and salinity at the Proposed 

Development Array Area (black) compared with sites 0.5 degrees to the north (green) and 

south (magenta) (locations shown in Figure 2). 
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Figure 7. North-South transect (green in Figure 2) of climatological surface and bed 

temperature and salinity at the longitude of the Proposed Development Array Area, which 

lies within the latitude range indicated by grey shading. 

2.3 Historical water column profiles  

2.3.1 Directly measured vertical profiles of temperature and salinity have been accessed in data 

repositories held by the British Oceanographic Data Centre (BODC; 

https://www.bodc.ac.uk/data/bodc_database/) and the World Ocean Database (WOD; 

https://www.ncei.noaa.gov/access/world-ocean-database-select/dbsearch.html). These 

provide good coverage of the region and complement the climatology described above by 

providing an indication of the variability expected because of differing conditions at the 

time of measurement. They are not independent of those climatological datasets, 

however, since the climatologies are based on the same archived datasets. 

2.3.2 Profiles were sought within a box-shaped region containing the Proposed Development 

Array Area and surrounding waters (Figure 8). The extension of the search area beyond 

the Array Area itself was to draw in a larger number of available profiles, however there 

are gradients in properties, so the more distant profiles may not fully represent conditions 

in the Array Area. 

https://www.bodc.ac.uk/data/bodc_database/
https://www.ncei.noaa.gov/access/world-ocean-database-select/dbsearch.html
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Figure 8. The distribution of vertical CTD profiles accessed from WOD and BODC archives. 

The underlying image is of bathymetry (depth in metres) from GEBCO. The Proposed 

Development Array Area is shown red and the search region for profiles, which extends 

beyond the site boundaries, is shown in magenta.  

2.3.3 In total 122 distinct profiles were identified, spanning the period 1989-2020 and all 

months except May. Although only six of these profiles lay directly within the boundaries 

of the Proposed Development Array Area, the remaining 116 lay within approximately 20 

km of those boundaries. Some of the profiles were duplicated between the two sources, 

however 19 appeared only in the BODC archive and 64 only in WOD. 

2.3.4 Stratification was first assessed by taking the difference between the surface and bottom 

density in each profile (Figure 9). This measure was directly compared with the ICES 

climatological values. 
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Figure 9. The annual cycle of stratification expressed as the difference in the potential 

density between the surface and bed in a box containing the Proposed Development Array 

Area. Each dot shows a single measured profile obtained from BODC or WOD. ICES 

climatological values are shown as red discs. 

2.3.5 A more sophisticated measure of stratification is the potential energy anomaly ∅  

∅ =
𝟏

𝑯
∫ (𝝆𝟎 − 𝝆𝟎̅̅̅̅ )𝒈𝒛 𝒅𝒛

𝒔𝒖𝒓𝒇

𝒃𝒆𝒅
    (1) 

where 𝜌0 is the potential density, 𝜌0̅̅ ̅ is the depth mean of potential density, 𝑔 is the 

gravitational acceleration, 𝑧 is vertical distance (increases upwards) and 𝐻 is the water 

depth (Simpson, 1981). Multiplying ∅ by 𝐻 yields the energy required (per unit area) to 

fully mix the water column (Figure 10). This can be related to the mixing energy being 

supplied by natural or artificial sources, at the seabed, at the surface, or within the water 

column. 

2.3.6 The potential energy anomaly has also been calculated using the observed salinity profile 

but as a depth-averaged value for temperature (red dots in Figure 10). This separates the 

salinity influence on stratification from the temperature influence. The salinity 

contribution to ∅ is generally small compared to the temperature contribution.  

2.3.7 The depth of the thermocline has been estimated from each profile (Figure 11) by 

identifying the maximum and minimum temperatures in a profile, averaging them, then 

looking for the depth at which that average temperature occurred. Only profiles where 

the maximum vertical temperature gradient exceeded 0.1°Cm-1 were considered to have 

a thermocline, eliminating winter profiles. Inspection of individual profiles suggests that, 

despite its simplicity, this method performs well. 

2.3.8 At the Proposed Development Array Area, following the development of a thermocline in 

spring, there is no clear trend in its depth during the summer months. There is, however, 

considerable variation between individual profiles, broadly in the 10 m to 50 m range 
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(Figure 11). In September, there is some evidence of deepening, after which winter mixed 

conditions develop.  

 

Figure 10. The annual cycle of the potential energy required to fully mix the water column 

(∅𝑯) in the box containing the Proposed Development Array Area. Each blue dot 

represents ∅𝑯 for a single measured profile obtained from BODC or WOD. Red dots show 

the contribution of salinity stratification to ∅𝑯. 

 

 

Figure 11. Depth of the thermocline at varying times of year from historical vertical profiles 

in the vicinity of the Proposed Development Array Area. The thermocline depth has been 

estimated as the depth of the mid-point of the profile temperature range, with a threshold 

gradient used to eliminate well-mixed or weakly stratified cases. 
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Figure 12. Observed (WOD and BODC) temperature profiles from July in the box containing 

the Proposed Development Array Area  illustrating the variability in the depth of the 

summer thermocline. 

 

2.4 The AMM15 hydrodynamic model 

2.4.1 Hydrodynamic model data (temperature, salinity, and currents) has been taken from the 

UK Met Office AMM15 model (Atlantic Margin Model, 1.5 km), accessed via the 

Copernicus Marine Service (marine.copernicus.eu) as data product 

NORTHWESTSHELF_ANALYSIS_FORECAST_PHY_004_013. Note that this product is 

currently (September 2024) provided to Copernicus via a different and slightly lower 

resolution model, run by Nologin. The calculations described here are, however, based on 

AMM15 simulations from 2019 to 2020, which were previously archived from Copernicus. 

2.4.2 AMM15 is the present state-of-the-art hydrodynamic model for the NW European shelf 

seas and consists of simulations carried out on a regularly spaced (1.5 km) horizontal grid 

(Graham et al., 2018). It represents a comprehensive range of physical processes including 

tides, meteorologically-driven and density-driven dynamics so can be considered the best-

available simulation of the evolving physical environment of the North Sea. 

2.4.3 The advantage of a hydrodynamic model is that it provides fully three-dimensional 

simulations of the evolving oceanic stratification and currents, so it helps to clarify spatial 

patterns and evolution that may not be apparent from isolated real-world observations. 

The patterns of stratification and currents appear to represent well the patterns described 

above, and extensive use is made of AMM15 in the following sections to estimate turbine-

induced turbulence. 
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2.4.4 The Proposed Development Array Area is in a region of significant mean flow to the east, 

of order 0.1 ms-1 (Figure 13). This represents the southern flank of the Dooley Current. A 

symmetric tidal flow would average to zero, so this mean represents a combination of 

more steady density or wind-driven flows plus any residual flow resulting from tidal 

asymmetry. 

 

Figure 13. Annual, vector-averaged surface velocities from AMM15 for 2019, with the Fair 

Isle and Dooley currents indicated. Background shading shows the current speed in ms-1. 

2.4.5 The location of the Proposed Development Array Area within a region of significant mean 

flow means that water that has encountered the array will be transported downstream as 

a wake rather than remaining local to the site and continuing to experience its influence. 
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2.5 Estimation of turbulent kinetic energy due a turbine structure 

2.5.1 The TKE provided to the water column by flow past a turbine structure is estimated using 

a drag coefficient-based approach in which the power removed from the ambient flow is: 

𝑷𝒕𝒖𝒓𝒃𝒊𝒏𝒆 =
𝟏

𝟐
𝝆𝟎𝒄𝑫𝑨|𝒖|𝟑    (2) 

where 𝐴 is the area presented by the structure to the flow, |𝑢| is the background current 

speed at a moment in time, 𝜌0 is a typical water density, and 𝑐𝐷 is a drag coefficient. 

2.5.2 Values for the drag coefficient 𝑐𝐷 have been chosen following Carpenter (2016) who used 

a range of 0.35 to 1 to represent low and high drag limits. All calculations presented here 

use 𝑐𝐷 = 1, so they represent a high-drag limit. 

2.5.3 More accurate estimates of 𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒 would require detailed modelling of circumstances 

of stratification, current and configuration of the structure. Such modelling would have 

large computational requirements, so more accurate parameterisations of TKE supply 

would not be straightforward to obtain. In the approach used here, the TKE supply scales 

linearly with the drag coefficient 𝑐𝐷, so uncertainty in the value of 𝑐𝐷 is easily interpreted 

in terms of its impact on TKE. 

2.5.4 The efficiency with which TKE is used for mixing, the flux Richardson number 𝑅𝐹, also has 

considerable uncertainty. In well-mixed (winter) conditions, there is no stratification to 

erode, so all TKE must ultimately be dissipated to heat (𝑅𝐹 = 0). In stratified conditions, 

the relation between the depth of the thermocline and the base depth of the turbine 

support structure has implications for the physical processes responsible for mixing. This 

may lead to significant variation in 𝑅𝐹, though values greater than 0.2 (20% of TKE used 

for mixing) are rarely observed. 

2.5.5 The most significant nutrient fluxes occur when mixing can draw nutrients towards the 

surface and resupply nutrient-depleted surface waters. In summer, a gradient of nutrient 

concentration tends to coincide with the thermocline, so there is particular interest in 

fluxes within the summer thermocline. 

2.6 Turbine scenarios considered 

2.6.1 Two scenarios for turbine arrays have been considered, a ‘realistic’ and a ‘worst’ case 

consisting of 44 and 67 turbines respectively within the boundary of the Proposed 

Development Array Area (Figure 14). Turbines were separated by at least 1.67 km or 

1.46 km, respectively, from their nearest neighbour at a mean density across the site of 

0.22 or 0.34 turbines per square kilometre. 
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Figure 14. The ‘realistic’ case (left) and ‘worst’ case (right) turbine array scenarios 

considered for the proposed development (44 turbines and 67 turbines respectively).  

2.6.2 The design of the turbine support structure and moorings also represented a ‘realistic’ 

case and a ‘worst’ case, supplied by the Developer. The ‘realistic’ structure consisted of 

three legs in a triangular arrangement, each with a diameter of 20 m and a draught below 

the water surface of 20 m. Turbines were assumed to be moored by 12 tension legs, with 

a total cross-sectional area of 1500 m2 (see Volume 2, Chapter 3 (Project Description)), 

which has been scaled by 2 𝜋⁄  to reflect averaging over all possible orientations to the 

ambient flow. 

2.6.3 The ‘worst’ case support structure, which presented a greater area to the flow and 

therefore generated more energetic turbulence, also consisted of three legs in a triangular 

arrangement, each with a diameter of 20 m and a draught below the water surface of 

40 m. An additional central column also had a diameter of 20 m and a draught of 40 m. It 

is assumed that nine catenary mooring lines were used, and that these lines were fouled 

by marine growth, presenting a total cross-sectional area of 10,800 m2 to the flow, which 

was, again, scaled by 2 𝜋⁄  to reflect averaging over all possible orientations to the ambient 

flow. 

2.6.4 Based on these designs, the area presented to the flow by each turbine structure and 

mooring system was taken to be 2,155 m2 (realistic case) and 8,876 m2 (worst case). It is 

these areas that have been used in estimating the production of turbulent kinetic energy. 

2.6.5 Idealised, unstratified flow past a cylindrical obstacle leads to a wake which may consist 

of a street of vortices or a more random, turbulent structure. Behaviour depends on the 

Reynolds number of the flow Re = uD/ν  where 𝑢 is the flow speed, 𝐷 is the diameter of 

the cylinder, and 𝜈 is the kinematic viscosity (𝜈 = 1.36×10-6 m2s-1 at 10 °C and salinity 35 

g kg-1; Nayar et al., 2016). The drag coefficient 𝑐𝐷 is also sensitive to the Reynolds number, 

so it is important to consider whether the differing scale of the structure designs described 

above would yield significantly differing drag coefficients. 

2.6.6 The AMM15 modelled surface flow speed largely falls within the range of zero to 0.6 ms-1 

and with a mean of 0.38 ms-1. The Reynolds numbers for flow past the key structural 
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elements of the turbine foundations suggest that at most times this flow is in a 

supercritical, high Reynolds number (Re > 106), regime where a turbulent wake is 

expected. The drag coefficient would be anticipated to increase somewhat with the 

Reynolds number (i.e. increasing with flow speed and the dimension of the structural 

element) (Roshko, 1961), although TKE supply mostly results from stronger flows where 

there is less sensitivity. 

2.7 Comparison between turbine-induced turbulence and natural 
turbulence from wind and bed stress 

2.7.1 The principal sources of turbulent mixing in natural conditions are wind and wave effects 

at the surface and the frictional stress resulting from flow near the seabed. Wind and wave 

stirring are variable in response to weather conditions, but bottom stress is more 

predictable and often largely tidal. Whilst this tidal bottom stress is considered the key 

source influencing the distribution of shelf sea stratification, wind is significant at lower 

tidal current speeds. Simpson and Bowers (1981) found that, in the Irish and Celtic Seas, 

wind mixing was of a similar magnitude to tidal mixing when the spring tidal current speed 

was 0.75 ms-1, which is similar to that at the Proposed Development Array Area (ABPMer, 

2007). 

2.7.2 The predicted power supplied to TKE by offshore wind structures in the array (Figure 15) 

has been calculated using equation 𝑷𝒕𝒖𝒓𝒃𝒊𝒏𝒆 =
𝟏

𝟐
𝝆𝟎𝒄𝑫𝑨|𝒖|𝟑   

 (2) with hourly surface current velocities from AMM15 interpolated to each 

turbine location. High drag 𝑐𝐷 = 1 has been assumed, and the result expressed per unit 

area of the array. The dependence on the cube of the velocity leads to a strong spring-

neap signal in the (detided) power, with spring tide TKE around an order of magnitude 

greater than neap tide TKE.  
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Figure 15. The total power delivered to turbulent kinetic energy in the water column in (top) 

the realistic scenario with 44 turbines, and (bottom) the worst-case scenario with 67 

turbines. Hourly values have been detided, but spring-neap cycling remains, so the two-

weekly peaks occur at spring tides and the troughs at neap tides. Periods during which the 

water column is not significantly stratified are shown red. At these energy will be dissipated 

to heat rather than reducing stratification through mixing. 

2.7.3 A comparison can be made with the equivalent power supply, per area, from bed stress: 

𝑃𝑏𝑜𝑡 = 𝜌0𝑐𝐷𝑏𝑜𝑡|𝑢|3  (3) 
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using a value of 𝑐𝐷𝑏𝑜𝑡 = 2.5 × 10−3. This directly follows the methodology of Carpenter 

et al. (2016). 

2.7.4 Comparative west-east transects of the production of TKE by bottom stress and by 

offshore wind structures (Figure 16) have, again, been based on a high drag coefficient for 

the turbine structure of 𝑐𝐷 = 1. In this calculation, the turbine induced drag assumes that 

turbines are present everywhere in this transect, at the same density as in the proposed 

array scenario. The longitude range of the Proposed Development Array Area is 

highlighted by grey shading in the figure. The power due to structures and bottom stress 

have been averaged over a full year. 

 

Figure 16. Annual average TKE production due to turbine structures and bed stress, in a 

west-east transect at the latitude of the Proposed Development Array Area (green in Figure 

2). This is for the high-drag case 𝒄𝑫 = 𝟏 and the ‘realistic’ scenario with 44 turbines and 

tension leg moorings. The longitude range of the proposed array is shown grey. At other 

longitudes, the turbine-induced TKE is based on a turbine density that matches the ‘realistic’ 

scenario. 

2.7.5 Calculated TKE production at the latitude of the Proposed Development Array Area shows 

higher values nearshore, at the western end of the transect, reflecting stronger tidal 

currents. The predicted TKE production by bed stress at the site is around 0.1 Wm-2 and 

production by interaction with turbine structures is roughly 20% of that value in the 

realistic 44-turbine scenario. That percentage would scale linearly with the drag 

coefficient for the turbine structure, so would be a factor of three lower in a low drag 

scenario. 
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2.7.6 The worst-case scenario with 67 turbines and catenary mooring lines presents a total of 

around six times the surface area to the ambient flow, meaning that TKE production by 

flow-turbine interaction is proportionally larger, and in fact would exceed the TKE 

production by bed stress. 

2.7.7 The exact efficiency with which the TKE generated by turbine structures leads to mixing 

and nutrient fluxes in the summer thermocline is unknown. Simpson and Bower (1981) 

estimated that the efficiency with which wind-generated TKE is used for mixing is 

approximately six times that of TKE due to bed stress, and a similar ratio might be assumed 

here since the turbine-related TKE is largely delivered into the surface waters. A ratio of 

six would elevate the mixing expected due to turbine structures in the realistic case to the 

same order of magnitude as that due to natural bed stress, with the caveat that this is in 

a high-drag case and would reduce in proportion to the drag coefficient in lower drag 

cases.  

2.8 Transport and dispersion of induced turbulence and mixing 

2.8.1 Turbulence and mixing resulting from interaction between a turbine structure and 

ambient flow will decay rapidly (minutes to hours). In a purely tidal (oscillating) flow, the 

same water column would be repeatedly mixed, however an underlying mean flow would 

tend to transport water that had encountered the array downstream, so it would 

experience turbine-induced mixing for a limited time only. It is important to estimate the 

transport and dispersion (or dilution) of this impacted water to assess the net implications 

of enhanced mixing relative to an unaffected water column. 

2.8.2 Estimates of the transport and dispersion of water encountering a turbine field have been 

carried out, incorporating both tidal and background flow. In particular this includes the 

mean flow of the Dooley Current which transports water to the east into the central North 

Sea. 

2.8.3 A particle tracking approach has been used, based on hourly surface AMM15 velocities 

and a 4th order Runge-Kutta numerical scheme. In a simulation, particles are released into 

the flow at each turbine in the ‘realistic’ scenario every 10 minutes then tracked as they 

are transported and dispersed. Each particle is tagged with the energy converted to TKE 

during those 10 minutes. The energy ‘content’ of the particles at subsequent times is then 

mapped spatially as an energy density per surface area of the water, in Jm-2. 

2.8.4 For ease of interpretation, the TKE densities due to turbine interaction, in Jm-2, have also 

been expressed as timescales over which the same TKE would be supplied by bottom 

stress at a rate of 0.1 Wm-2 (Figure 17). 

2.8.5 In a simulation starting at the beginning of May, around the onset of spring stratification 

(Figure 17), the influence of TKE enhancement is seen to be transported from the 

Proposed Development Array Area in a complex manner in a sector from east to south, in 

part reflecting the eastward flow of the Dooley Current.   
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2.8.6 The highest TKE enhancement due to the Proposed Development, approaching 15000 Jm-2 

after 8-weeks of simulation, is equivalent to that expected to result from 1.7 days of 

bottom stress at 0.1 Wm-2. So, over a summer, this water column experiences a TKE supply 

due to turbine interaction that is two orders of magnitude smaller than the TKE supply 

due to bottom stress. As noted in 2.7.7, the efficiency of conversion of this turbine-related 

TKE to mixing may be significantly greater than that due to bed stress, but the net impact 

on the stratification of water columns would still be small. 

2.8.7 The enhancement of TKE by turbine structures would also be expected to delay the onset 

of stratification in spring and hasten its erosion after its August peak. Since a particular 

water column would only experience the array for a short period, however, before being 

transported outside the array bounds, this shift in the timing of the onset and breakdown 

of stratification is also expected to be small. Mixing would be cumulative if water 

experiences more than one array, so a regional assessment of the net impact of multiple 

arrays on stratification would be valuable. 
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Figure 17. Maps of TKE enhancement due to the ‘realistic’ 44-turbine array at the Proposed 

Development Array Area after 4, 8 and 12 weeks from an assumed onset of stratification on 

1st May 2019. The TKE enhancement is followed in a particle tracking approach using surface 

velocities from AMM15. TKE decays over much shorter timescales, so these values should be 

interpreted as the amount of excess TKE that the water column at a given location has been 

exposed to since 1st May. A component of this energy will have been used to mix that water 

column. 
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3 NUTRIENT BIOGEOCHEMISTRY AND PRIMARY PRODUCTION 

3.1 Methods 

3.1.1 Biogeochemical data has been taken from the North Sea Biogeochemical Climatology 

(NSBC, https://www.cen.uni-hamburg.de/en/icdc/data/ocean/nsbc.html).  The 

climatology contains 3D fields of monthly and annually averaged biogeochemical 

parameters on a 0.25° x 0.25° grid (Figure 18). Nutrient (nitrate, ammonium, phosphate, 

silicate) and chlorophyll-a data were extracted to look at spatial and seasonal variability in 

biogeochemical tracers. A smaller subset of this dataset was used to determine seasonal 

changes at the Proposed Development Array Area.  

3.1.2 The NSBC dataset was cross validated with measurements from the Scottish Coastal 

Observatory (SCO) at Stonehaven (Figure 18).  

 

Figure 18. Gridded biogeochemical data used from the Proposed Development Array Area 

and across the wider North Sea. The SCO is highlighted with a red cross. 

 

https://www.cen.uni-hamburg.de/en/icdc/data/ocean/nsbc.html
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3.2 Seasonal variability in nutrients and chlorophyll over the wider North 
Sea 

3.2.1 During winter, the water column is well-mixed, leading to a relatively uniform vertical 

distribution of chemical tracers such as nutrients and oxygen from the surface to the deep 

waters. Under these well-mixed conditions, any increase in turbulence or kinetic energy 

(TKE) has little effect on the vertical distribution of nutrients. 

3.2.2 With the onset of thermal stratification and greater light availability in spring, 

phytoplankton begin to grow and reproduce, depleting nitrate and other essential 

nutrients from the surface layer. As warming progresses into summer, the surface waters 

become increasingly stratified from the nutrient-rich deeper waters, preventing the 

replenishment of nutrients at the surface. By July, nitrate reaches limiting concentrations 

at the surface (Figure 19). 

3.2.3 In autumn, the breakdown of stratification allows nutrients to be resupplied to the 

surface and the water column becomes well-mixed again by October. 

 

Figure 19. Maps of surface nitrate concentration in winter, summer, spring and autumn, 

taken from the NSBC climatology. 
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3.2.4 Chlorophyll-a (Chl-a), a photosynthetic pigment, serves as a proxy for biological 

productivity. During winter, Chl-a concentrations are low due to limited light and cooler 

temperatures, which restrict biological activity. In spring, phytoplankton blooms drive high 

levels of productivity in the North Sea, as nutrient concentrations are still abundant in 

sunlit surface waters. 

3.2.5 By summer, productivity declines as nutrient availability becomes limiting, and surface 

Chl-a concentrations decrease. These patterns of summer stratification and nitrate 

limitation are typical across the wider North Sea. Under these conditions we often see the 

establishment of a sub-surface chlorophyll maximum (SCM, Error! Reference source not 

found.). In more stratified conditions, the SCM will be more pronounced and there will be 

a stronger nitricline (difference between surface and deep water nitrate).  

3.2.6 An increase in Chl-a is observed in autumn as nutrient replenishment occurs with the 

breakdown of stratification (Figure 20) but further declines with decreasing temperature 

and light availability in October. 

 

Figure 20. Maps of surface nitrate concentration in winter, summer, spring and autumn, 

taken from the NSBC climatology. 
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3.2.7 At the Proposed Development Array Area, there is a marked decrease in inorganic 

nutrients in surface waters during spring (April/May, Figure 21). Nitrate is considered the 

primary limiting nutrient in the North Sea and shows the sharpest decline, becoming 

limiting to phytoplankton by May/June. Phosphate and silicate concentrations decrease 

but do not decrease to concentrations considered limiting to phytoplankton.  

3.2.8 Chl-a concentrations are highest from April to September, with productivity decreasing 

slightly in summer when surface waters are most isolated, by stratification, from the 

nutrient replete waters below.  

 

Figure 21. Seasonal variability in nitrate (upper), phosphate (middle) and silicate (lower) 

in surface waters at the Proposed Development Array Area. 
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3.2.9 A comparison with the SCO Stonehaven dataset reveals similar trends. Nitrate decreases 

to limiting concentrations by May and remains low until September (Figure 22). Nitrate 

decreases to lower stoichiometric concentrations than phosphate or silicate.  

3.2.10 Chl-a is highest in spring and decreases into summer as nitrate concentrations decline with 

the onset of stratification.  

 

 

Figure 22. Seasonal variability in Chl-a (upper) and nitrate (lower) in surface waters at the 

Scottish Coastal Observatory site at Stonehaven.  

3.3 Depth variability in nutrients and chlorophyll-a at the Proposed 
Development Array Area 

3.3.1 To determine whether changes to the TKE at the Proposed Development Array Area will 

affect nutrient availability and primary production, the changes in nutrients with depth 

need to be understood. Nitrate decreases into summer months but stays relatively 

constant with depth in the upper 60 m until June (Figure 23). In June-August, with the 

onset of stratification, nitrate at the surface become more depleted than the waters 

below. In these months, increased turbulence could enhance nutrient supply to the 

surface. 
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Figure 23. Monthly profiles of nitrate taken from the grid points in the box inset in Figure 

around the Proposed Development Array Area. 

3.3.2 In June and July, Chl-a concentrations remain relatively high (1-2 mg m-3) and the nitracline 

is not fully developed (where a steep gradient in nitrate is visible from surface to deep). 

This suggests that although surface nutrients are low, stratification is relatively weak in 

these months and there are regular injections of nutrients to the surface (Figure 23).  

3.3.3 In August, a typical stratified shelf sea nitracline develops (Figure 24, bottom right panel), 

where nitrate is fully depleted in the mixed layer, there is a sharp increase in nitrate from 

20-40m, and deeper bottom waters have higher, homogenous concentrations. Under 

these conditions, increases in TKE may enhance nutrient supply to the nutrient-limited 

surface waters and increase biological productivity.  

3.3.4 These profiles from the NSBC suggest that increased tidal mixing may only enhance 

nutrient supply in August, or a relatively short length of time (<2 months).  
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Figure 24. (a) Chlorophyll-a and (b) nitrate profiles from the Proposed Development Array 

Area during July. (c) Nitrate gradients are used to calculate the diapycnal nitrate flux in (d), 

assuming a background 𝑲𝒛 of 10-4 m2 s-1 and a 20% increase in Kz shown in red. The nitrate 

convergence is shown in (e). 

3.4 Implications of changing stratification to primary production 

3.4.1 Diapycnal nitrate fluxes (fluxes across density levels) to the SCM can be estimated by 

combining the local diapycnal diffusivity (K𝑧) with vertical nitrate gradients at the base of 

the SCM: 

𝑵𝑶𝟑𝒇𝒍𝒖𝒙 = 𝑲𝒛  ∙ (
𝒅𝑵𝑶𝟑

𝒅𝒛
) (𝒎𝒐𝒍 𝒎−𝟐 𝒔−𝟏)  (4) 

There is an upward nitrate supply to the SCM whenever there is a convergence in this 

diapycnal nitrate flux. As nitrate becomes depleted above the SCM and the vertical nitrate 

gradient becomes small, then a diapycnal nitrate flux at the base of the SCM corresponds 

to a diapycnal supply of nitrate. Higher K𝑧 increases the diapycnal nitrate flux at the base 
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of the SCM and so increases the nitrate supply to the SCM, which can either increase 

nitrate in the SCM or sustain more phytoplankton growth. 

 

 

Figure 25. (a) Chlorophyll-a and (b) nitrate profiles from the Proposed Development Array 

Area during July. (c) Nitrate gradients are used to calculate the diapycnal nitrate flux in (d), 

assuming a background 𝑲𝒛 of 10-4 m2 s-1 and a 20% increase in 𝑲𝒛 is shown in red. The 

nitrate convergence is shown in (e). 

 

 

Figure 26. (a) Chlorophyll-a and (b) nitrate profiles from the Proposed Development Array 

Area during August. (c) Nitrate gradients are used to calculate the diapycnal nitrate flux in 

(d), assuming a background 𝑲𝒛 of 10-4 m2 s-1 and a 20% increase in 𝑲𝒛 shown in red. The 

nitrate convergence is shown in (e). 
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3.4.2 At the Proposed Development Array Area, at the onset of thermal stratification in 

summer, the nitrate gradient at the base of the SCM increases as nitrate in the surface 

layer approaches zero. In the southern North Sea, this typically develops in June/July, 

however our best available dataset for this region suggests weaker stratification and the 

development of the SCM and a nitrate depleted surface only in August (Figure 25Figure 

26).  

3.4.3 The maximum nitrate gradient in August, reaches ~0.1 mmol m-4, and coincides with the 

base of the SCM (30 m), a depth which is likely to experience enhanced turbulence from 

floating wind turbines.  

3.4.4 Using the nitrate gradients from the Array Area, if we assume that the Kz at the base of 

the SCM is typically 10-4 m2 s-1, then the diapycnal nitrate supply to the SCM would be ~1 

mmol N m-2 d-1 (Figure 26). Assuming Redfield stoichiometry and complete nitrate 

utilisation, this would lead to carbon production of 0.08 g C m-2 d-1 and 2.39 g C m2 over a 

stratified period of 30 days. This is an estimate of the primary production occurring at the 

SCM in August where nitrate in surface waters is low and limiting production. As a 

comparison, spring bloom new production in UK shelf seas is in the order of 18.5 g C m-2. 

3.4.5 If local Kz increased by 20% at the base of the SCM through interaction of turbine 

structures with the flow, this could lead to approximately 0.016 g C m-2 d-1 more carbon 

being fixed. Spring bloom production in the shelf sea is typically on the order of 6 g C m-2 

d-1 (Pingree et al 1976). Although our estimate of enhanced production at the SCM is small, 

these production rates may be maintained for weeks during the stratified period.  

3.4.6 Our estimate of enhanced SCM production due to enhanced diffusivity from turbines is 

very small compared to the spring bloom (approximately 0.2%). At the SCM, light is about 

1-10% of surface photosynthetically active radiation (PAR), and so production rates are 

much lower than the spring bloom where nutrients are utilised at the surface. However, 

the longevity of summer stratification makes the N flux to the SCM significant and up to 

50% of annual primary production in certain regions of the North and Celtic Seas (Hickman 

et al., 2012). At the Proposed Development Array Area, the proportion of annual primary 

production occurring at the SCM is likely to be much lower than this, as there is a shorter 

period of stratification and sustained nutrient limitation.  

3.5 Wider North Sea perspective 

3.5.1 Nutrient stratification increases south and east of the Proposed Development Array Area, 

reducing the resupply of nutrients to surface waters (Figure 27). The more stratified and 

nutrient limited a given area of the North Sea, the greater the impact of changes to tidal-

induced mixing.  

3.5.2 The addition of offshore wind infrastructure in the North Sea will likely have a greater 

impact on nutrient supply further south and east of the Proposed Development Array 

Area.  
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3.5.3 Although the effects of reduced wind-driven mixing (because of the atmospheric turbine 

wake) have not been investigated in this study, we predict changes to wind induced mixing 

would have greatest impacts to nutrient supply in spring and autumn at the onset and 

breakdown of stratification. Reduced wind-driven mixing may increase the stratified 

period, which at the Proposed Development Array Area may have a greater impact on 

nutrient availability and primary production.  

 

Figure 27. Maps of the difference between nitrate at 50 m and nitrate at the surface, an 

indicator of the degree of stratification and nutrient limitation to surface phytoplankton. 
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4 DISCUSSION AND CONCLUSIONS 

4.1 Characteristics of site 

4.1.1 The Array Area is in a seasonally stratified area of the western North Sea in water depths 

between 60 m and 97 m. The site sits on the southern flank of the Dooley Current, an 

eastward flow from coastal waters into the central North Sea associated with gradients in 

salinity and water depth, which both increase to the north and east. 

4.1.2 The water column becomes stratified in the summer months, with stratification 

developing in April/May, peaking in August and being erased by November. 

4.1.3 The summer nutrient gradients between surface and deep waters appear to be weaker in 

the northern North Sea than in other regions of the North Sea (Figure 27). Therefore, the 

effects of changes to mixing at this particular site are expected to be smaller than 

elsewhere.  

4.2 Energetics of turbine interactions 

4.2.1 The conversion of energy to TKE due to interactions between ambient flow and turbine 

structures and moorings was estimated in two scenarios. The first ‘realistic’ scenario 

consisted of 44 turbines with tension leg moorings. A ‘worst case’ scenario consisted of 67 

turbines with larger associated structures and fouled catenary mooring lines of up to 1600 

m in length. This second case is very significantly different, in presenting more than six 

times the surface area to the ambient flow and resulting in a proportional increase in 

turbulent kinetic energy production and associated impacts.  

4.2.2 In the realistic scenario, with a high drag coefficient, the production of turbulent kinetic 

energy due to the turbine structures was estimated to be around 20% of the production 

by natural bed stress. The efficiency with which this enhanced turbulent kinetic energy 

yields mixing and enhances nutrient fluxes is uncertain, but it is expected to be 

significantly higher than for the conversion of bed stress. The mixing due to turbine 

structures is potentially comparable, therefore, to that due to bed stress and wind effects, 

although uncertainty is large. 

4.2.3 Simulations suggest that water that experiences enhanced turbulence due to the 

Proposed Development is transported, to the east in the southern flank of the Dooley 

Current and in a sector between east and south. While this does not modify the total 

excess nutrients supplied to surface waters, it spreads the impact of this enhanced flux 

and dilutes its local magnitude, so the local impacts are expected to be small. 

4.3 Some points of uncertainty and potential further work 

4.3.1 Given the large difference between the two turbine scenarios considered, a factor of more 

than 6 in the energy converted to turbulence, it is important to clarify the exact structure 

and mooring system to be used.  
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4.3.2 In light of the magnitude of energy conversion in the ‘worst’ case, the possibility of 

modification of the ambient flow should be considered. Here it was assumed that flow 

was as simulated in the AMM15 hydrodynamic model, which does not include the 

influence of turbine structures.  

4.3.3 The parameterisation of turbulent kinetic energy production by ambient flow interaction 

was treated in a simple manner based on the area presented by the structure to the flow 

and a drag coefficient. While this provides an initial estimate, the dynamics of particular 

cases of stratification and turbine structure may be complex. The efficiency of the 

conversion of turbulent kinetic energy to mixing was an additional uncertainty. Detailed, 

turbulence-resolving modelling or observations would be required to improve these 

estimates. 

4.3.4 From our best available dataset, The Array Area does not develop strong nutrient 

limitation until August, therefore the effects of changes to mixing are not that significant 

in terms of shelf sea primary production. These estimates are from a sparse and 

sometimes inconsistent dataset. The variable patterns in Figure 27 suggest that the NSBC 

climatology may not be adequate to determine patterns in small areas of the North Sea, 

such as the Proposed Development Array Area. With direct measurements of nitrate and 

chl-a from the site across a seasonal cycle, we could better determine the effects of 

offshore wind infrastructure on the local biogeochemical functioning. High resolution 

sensor data could be used to determine changes in nutrients and Chl-a as a result of 

variable mixing over tidal cycles.  

4.3.5 Stronger mixing would drive more nutrients to the SCM and support enhanced 

phytoplankton growth, potentially reducing the stratified period. The increases in mixing 

may shift the onset and breakdown of stratification, having knock on effects to the marine 

ecosystem. The length of stratification will have a significant effect on seasonally 

integrated primary production and could be investigated in further work by analysing Chl-

a products from satellites (Lu et al., 2022). From the available nutrient data, we suggest 

that temporal changes may be limited as the nitrate-limited season is relatively short at 

the Array Area. 
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