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Abstract 

 

 

The cumulative impact of offshore wind farms is likely to become one of the largest factors 

in delaying or preventing the construction of renewable energy. Cumulative effects 

assessments are carried out on a range of species and industries, but there needs to be 

consistency in the species that are assessed cumulatively. A critical step in understanding 

the impact on sensitive species is the ability to detect seabird changes in abundance 

through careful survey design. Minimising the displacement of birds by altering the spatial 

design of a wind farm is also a key factor in marine planning. Predicting future cumulative 

displacement using a range of displacement metrics is further required to mitigate impacts. 

Environmental Statements of spatially close UK offshore wind farms were reviewed, and 

the species included in their cumulative assessments were compared. Red-throated diver 

(Gavia stellata) distribution data from 1979 to 2012 was used to investigate how survey 

design variables influenced the statistical power of being able to detect displacement. 

Statistical analysis was undertaken to determine whether wind farm design is a factor in 

seabird displacement. Furthermore, seabird distribution was overlain with 18 operational 

and planned wind farms, and displacement scenarios were simulated to investigate 

cumulative impacts on a Special Protection Areas in the southern North Sea. 

This research found that numerous approaches have been taken to assessing cumulative 

impacts on seabirds, seemingly without standardisation, potentially leading to either 

underestimates or overestimates. When looking to predict and confirm displacement 

impacts, consideration needs to be given to alterable but costly factors, such as spacing 

transects and the number of surveys, and to site-specific factors, such as the density of 

birds. The wind farm design could be further modified, for instance, by spacing turbines 

further apart to minimise displacement. Cumulative displacement without mitigation may 

lead to massive areas of habitat loss.
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Chapter 1 Introduction 

 

 

Offshore wind farm development is set to rise significantly in the near future, and with it, 

the challenge associated with understanding the cumulative environmental impacts of 

developments with other projects (Goodale and Milman, 2016). The continual growth of 

more, larger wind farms in UK coastal waters will lead to a substantial area of the sea being 

used to generate renewable energy. With wind farms being situated in relative proximity to 

one another, the interaction of environmental impacts, or cumulative environmental 

impacts, is becoming an increasing concern. The environmental effects of offshore wind 

farms can be direct (e.g. mortality, injury) or indirect (e.g. behavioural, habitat, or prey 

changes). They could also be positive or negative. Individual effects can be small, but when 

combined with effects from other projects, they can be quite significant and surpass 

thresholds of reversible change (King et al., 2009). This thesis is an investigation into various 

aspects of the cumulative effects of seabirds from offshore wind farms, focussing on the 

displacement of seabirds. 

This chapter first describes the importance of determining the cumulative seabird 

displacement caused by offshore wind farms. It goes on to describe the aims and objectives 

of the research before providing context of how the research for this thesis has been 

carried out. Finally, the structure of the thesis is described. 

1.1 The importance of determining the cumulative seabird 

displacement caused by offshore wind farms 

Research has shown that there is no area of the marine ecosystem that is unaffected by the 

presence of humans (Halpern et al., 2008). Up to 66% of the marine environment has been 

significantly altered and is strongly affected by more than one human activity (IPBES, 2019). 

An unprecedented rate of global change in nature has been observed. The drivers of this 

include changes in sea and land use, the exploitation of species, climate change, pollution 

of the air, land and water, and non-native invasive species (IPBES, 2019). The progression of 

climate change is subsequently the driver of the development of energy from renewable 
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sources. Many ambitious targets have been set globally for the reduction of greenhouse gas 

emissions and renewable energy developments. The Paris Agreement was the first legally 

binding deal aiming to limit global warming to below 2°C and ideally 1.5°C. In the UK, this 

has been translated into law by setting the first net zero emissions law, requiring zero net 

emissions by 2050 (Department for Business Energy & Industrial Strategy, 2019). One 

aspect of reaching this target is the Offshore Wind Sector Deal (signed 2019), which aims to 

increase the installed capacity of offshore wind to 30GW by 2030, providing a third of the 

UKΩs electricity demand (HM Government, 2019). 

However, the progression of renewable energy faces a conundrum. A driver of biodiversity 

change is climate change, and renewables form part of the solution. However, another 

driver of biodiversity change is land and sea use change, to which renewable energy 

development contributes. Therefore, sustainable development, which takes ecological 

interactions at multiple scales into account, is required. 

Despite much research having been carried out on Cumulative Effects Assessments (CEAs), 

it is still an area that is lacking within Environmental Impact Assessments (EIAs). A large 

reason for this appears to be the fact that CEAs are a sub-section of EIA, yet they have very 

different focuses. The receptors assessed through both EIA and CEA are usually classified as 

Valued Environmental Components (VECs), meaning that their conservation is the main 

aim. However, whilst CEA puts the focus on the status of the VEC by assessing all of the 

factors that may affect it, EIAs simply assess the effect of a single project on the VEC and 

disregard other pressures. Whilst CEAs remain a sub-section of EIAs, the priority is their 

improvement (Duinker and Greig, 2006). 

The continual growth of more, larger offshore wind farms has led to, and will continue to 

lead to, much of the sea being used to generate renewable energy. The cumulative impact 

of wind farms has become an increasing concern for regulatory authorities and statutory 

consultees alike (Broadbent and Nixon, 2019; Natural England, 2019). This is largely 

because the cumulative displacement of birds is generally unknown (Masden et al., 2015). 

The assessment, or lack of assessment, of such cumulative impacts has led to delays in 

granting consent (Leigh, 2021; Raymond Stephen Pearce v Secretary of State for Business 

Energy and Industrial Strategy, 2021). This can have implications for the start of 

construction and operation. The novelty of this work largely lies in the unknowns prevailing 

in the cumulative environmental effects of developments. This is enhanced by the sudden 
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expansion of wind energy developments onshore and offshore. The understanding of the 

environmental impacts of wind energy has lagged behind wind energy development. The 

cumulative effects of many developments are, therefore, even more unknown; many 

questions remain as to how cumulative effects occur and the scales involved (Rezaei et al., 

2023). The uncertainties associated with predicted individual wind farm impacts are 

consequently multiplied when trying to predict cumulative effects. 

Further to the uncertainties surrounding environmental impacts themselves, the process of 

carrying out CEAs as part of the EIA varies widely across offshore wind farms. These 

variations exist in terms of the procedure of assessment, spatial and temporal scales, the 

scoping of species and the pathways between pressures and receptors, to name but a few 

(Willsteed et al., 2018). Consideration of cumulative effects at appropriate scales for 

receptors is needed to better understand the implications of renewable developments, 

which is likely to need a transboundary approach (Busch et al., 2013). 

The interactions between offshore wind farms and seabirds are largely unknown. Much 

progress has been made with regard to the collision of birds with wind farms, both onshore 

and offshore. However, the movement of birds in response to the presence of offshore 

wind farms remains unknown. Research is required to investigate several aspects of bird 

movements: 

¶ How far, spatially, do birds move? 

¶ How long, temporally, do birds take to move to a different location? 

¶ How long, temporally, do birds remain in a different location? 

¶ Do birds move from this different location back towards the wind farm? 

¶ How long, temporally, does it take to move back towards the wind farm? 

¶ How close to the wind farms do birds move? 

¶ Does the transition away from and/or towards the wind farm occur in one event or 

in stages? 

¶ What is the availability and reliability of data to determine these topics? 

The movement of birds away from offshore wind farms may effectively constitute the loss 

of habitat which they previously utilised (Drewitt and Langston, 2006). The area may have 

been used for foraging, feeding, or simply moving between other sites. This habitat loss has 

the potential to limit food sources, affect the quality of food sources, increase foraging 

time, and increase travel time. Each of these may have a consequence that affects energy 
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acquisition and expenditure (Masden et al., 2010a). Few of these effects are understood, as 

are the impacts on reproductive success and individual survival (Masden et al., 2015). 

Therefore, scaling these effects to a cumulative levels, particularly for mobile species which 

may come into contact with multiple stressors is even less well understood, yet more 

important to understand (Duinker et al., 2013). 

Red-throated divers (Gavia stellata, Figure 1.1) are one of the most sensitive species to 

displacement from offshore wind farms. There are numerous designated areas for the 

species, and large areas of their habitat coincide with multiple marine industries (Furness et 

al., 2013; JNCC, 2020a; JNCC, 2020b; Garthe et al., 2023). Therefore, this thesis focuses on 

red-throated divers as a key species for investigating the extent of displacement, 

monitoring and mitigating their displacement, and predicting future cumulative 

displacement. Further investigation and justification for investigating red-throated divers 

are provided in Chapter 2. 

 
Figure 1.1 A red-throated diver (Gavia stellata) in summer plumage, showing red colouring 
to the throat. Copyright Emma Hall 2020. 
 

With many wind farms already operational and many more to be built in the future, 

understanding the effects and impact on sensitive species is crucial to preventing negative 

implications and enhancing positives. By understanding how birds are affected, efforts can 

be made to plan and design future developments better. This can be implemented at 

various levels. Accounting for interactions with seabirds at an early stage in the design 

process is beneficial for wind farm developers, saving time and money prior to examination 

by the consenting authority. Environmental consultancies providing advice and guidance at 

various stages of development can better inform both developers and consenting 

authorities with an improved understanding of ecological interactions. Consenting 

authorities themselves will benefit from more understanding and reduced uncertainty 
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surrounding these interactions. This is particularly true where cumulative effects are 

concerned, and consenting authorities have a responsibility to ensure not-significant 

environmental effects whilst promoting renewable energy developments in order to meet 

government targets. 

Adequate monitoring is required to acquire empirical evidence of seabird-wind farm 

interactions in order to begin understanding them. However, this is a two-way process. 

Without an understanding of the movements of birds away from wind farms, current 

monitoring programmes may not cover a sufficient study area and/or timescale to provide 

evidence of this interaction. Therefore, adaptive monitoring and management is a crucial 

aspect of validating predictions and furthering our understanding. 

These uncertainties and unknowns associated with assessing, predicting, and 

understanding the environmental impacts of offshore wind farms are key areas where 

improvements need to be made, and there is much scope to do so. An area of work that 

links the assessment, prediction, and understanding of environmental impacts is the 

validation of predictions through environmental monitoring. This addresses some of the 

uncertainties from predicting effects and may highlight the advantages and/or 

disadvantages of the assessment process whilst also increasing scientific understanding. 

Validating predictions of cumulative effects is yet another unknown, as cumulative effects 

are assessed at the planning stage, along with individual wind farm impacts. However, 

whilst individual wind farm effects are subsequently monitored during construction and 

operation, this only applies to the impact of individual wind farms; cumulative effects are 

not monitored. There is a wealth of publicly available data collected from individual 

operational wind farms, yet it has not been analysed in a cumulative manner in order to try 

to validate predictions. 

1.2 Research aim and objectives 

The overall aim of this thesis is to analyse how cumulative seabird displacement from 

offshore wind farms is assessed and verified and to explore what current and future 

cumulative displacement might look like. This aim is addressed through several objectives 

in each chapter of the thesis. 

The research objectives are as follows: 



6 
 

a) to review the methods used to predict cumulative seabird displacement and the 

empirical evidence of red-throated diver displacement from offshore wind farms; 

b) to investigate which species and impacts are assessed for displacement in offshore 

wind farm cumulative assessments; 

c) to explore how offshore wind farm design influences red-throated diver 

displacement; 

d) to investigate how much monitoring is sufficient to detect red-throated diver 

displacement from offshore wind farms; 

e) to determine how red-throated diver displacement changes with distance from 

offshore wind farms; and 

f) to explore what future cumulative red-throated diver displacement from offshore 

wind farms might look like 

1.3 Context of how the research for this thesis has been carried out 

The research throughout this thesis is set within the context of when and how it was 

carried out. For the first 16 months, the research was undertaken full-time within the 

context of a PhD student at the University of Strathclyde. After this, the research was 

undertaken part-time whilst working full-time as a marine ornithologist at the Joint Nature 

Conservation Committee (JNCC). Further details of this, including a description of what I 

have learned through working at JNCC and how this has influenced the thesis, are provided 

in Appendix A. 

1.4 Structure of the thesis 

The thesis consists of nine chapters, each individual but also sequential. In addition to the 

introduction (Chapter 1) and the conclusion (Chapter 8), there are seven chapters, as 

shown in Figure 1.2. 

Lƴ /ƘŀǇǘŜǊ нΣ ŜƴǘƛǘƭŜŘ άLiterature review of cumulative seabird displacementέΣ ǘƘŜ ǊŜǎŜŀǊŎƘ 

begins by reviewing the methods used to predict cumulative seabird displacement and the 

empirical evidence of red-throated diver displacement from offshore wind farms. This helps 

to set the scene for the current understanding of cumulative displacement. 

/ƘŀǇǘŜǊ оΣ ŜƴǘƛǘƭŜŘ άWhich species and impacts are assessed for displacement in offshore 

wind farm cumulative assessments?έ Ŧƻƭƭƻǿǎ ǘƘƛǎ ōȅ reviewing how offshore wind farm EIAs 

approach cumulative displacement impact assessments. It also explores how offshore wind 
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ŦŀǊƳǎ ƛƴǘŜǊǇǊŜǘ ǘƘŜ ƻǳǘŎƻƳŜ ƻŦ ƻǘƘŜǊ ǿƛƴŘ ŦŀǊƳǎΩ ƛƴŘƛǾƛŘǳŀƭ ŀǎǎŜǎǎƳŜƴǘǎ. This digs deeper 

into how cumulative displacement is assessed within an EIA to provide a prediction of what 

cumulative displacement might look like. This links to the next chapter, which investigates 

how wind farm design influences red-throated diver displacement. 

/ƘŀǇǘŜǊ пΣ ŜƴǘƛǘƭŜŘ άHow does offshore wind farm design influence red-throated diver 

displacement?έ ŦƛǊǎǘ Ǌeviews the parameters which can be used to quantify displacement. It 

goes on to determine which wind farm design parameters affect displacement and finally 

discusses how wind farms could be designed to minimise displacement. In order to 

determine the true extent of displacement, seabird distribution surveys need to be carried 

out. Besides the introduction and conclusion, the content of Chapter 4 is published in 

Environmental Impact Assessment Review (Hall and Black, 2024). 

/ƘŀǇǘŜǊ рΣ άHow much monitoring is sufficient to detect red-throated diver displacement 

from offshore wind farms?έ ƎƻŜǎ ƻƴ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ǉǳŀƴǘƛŦȅ ŘƛǎǇƭŀŎŜƳŜƴǘΦ 

Different red-throated diver displacement scenarios are first generated before power 

analyses on survey designs are run to check if they are sufficient to detect displacement. 

Once it is established whether or not surveys are capable of detecting displacement, the 

details of the extent of displacement can be explored. 

/ƘŀǇǘŜǊ сΣ άIƻǿ ŘƻŜǎ ǊŜŘ-throated diver displacement change with distance from offshore 

ǿƛƴŘ ŦŀǊƳǎΚέ ǊŜǾƛŜǿǎ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ŘƛǎǇƭŀŎŜƳŜƴǘΣ ōƻǘƘ ƛƴ ǘŜǊƳǎ ƻŦ ŘƛǎǇƭŀŎŜƳŜƴǘ ǊŀǘŜǎ ŀƴŘ 

spatial scales. This chapter also uses evidence of displacement across distances from wind 

farms to generate representative displacement gradients. This aids with understanding the 

typical extent of displacement, but also provides evidence-based displacement rates that 

developers and regulators could use in wind farm displacement assessments. 

Finally, knowledge from all previous chapters is brought together to hypothesise future 

ŘƛǎǇƭŀŎŜƳŜƴǘ ƛƴ /ƘŀǇǘŜǊ тΣ ά²Ƙŀǘ ƳƛƎƘǘ ŦǳǘǳǊŜ ŎǳƳǳƭŀǘƛǾŜ ǊŜŘ-throated diver displacement 

ŦǊƻƳ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ŦŀǊƳǎ ƭƻƻƪ ƭƛƪŜΚέΦ CƛǊǎǘΣ ŀ ǊŀƴƎŜ ƻf typical displacement rates and 

maximum displacement distances are generated to explore numerous scenarios. Then, the 

extent of current and future cumulative red-throated diver displacement is simulated. This 

uses an up-to-date evidence base to assess the existing level of cumulative displacement as 

well as predict the potential future cumulative displacement. This gives an indication of the 

impact of future wind farms, which will aid the siting of these developments, thereby 

providing a strategic environmental assessment of red-throated diver displacement. 
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This chapter has provided an introduction to the research conducted throughout this thesis, 

including the overall aim and objectives. The next chapter will, therefore, begin describing 

in detail the first part of this research, a literature review of cumulative seabird 

displacement. 
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Figure 1.2. Thesis structure, including the objectives addressed in each chapter.
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Chapter 2 Literature review of cumulative 

seabird displacement 

 

 

The aim of this chapter is to review the methods used to predict cumulative seabird 

displacement and the empirical evidence of red-throated diver displacement from offshore 

wind farms. This chapter begins by setting the context of seabird species within the UK, 

followed by the industrial setting of offshore wind farms. Subsequently, the chapter 

reviews the effects of offshore wind farms on seabirds, including collisions, displacement, 

barrier effects, and indirect effects. The chapter continues by evaluating the species most 

sensitive to displacement from offshore wind farms. The ecology of the most sensitive 

species, red-throated divers, is described, followed by a review of evidence of red-throated 

diver displacement from individual offshore wind farms and then from multiple offshore 

wind farms. The role of Environmental Impact Assessments and Cumulative Effects 

Assessments are then described. Finally, the methods that can be used to assess the impact 

of red-throated diver displacement from offshore wind farms are reviewed. 

2.1 Marine birds in the UK 

The UK hosts a range of bird species which utilise the marine environment, including true 

seabirds, divers and grebes, and waterfowl. There are 25 species of breeding seabirds in the 

UK; six of these species are on the UK Birds of Conservation Concern Red List, whilst 18 are 

on the Amber List (Eaton et al., 2015). Many species have been or are currently in decline 

(Table 2.1) (JNCC, 2021a), with 13 seabird species declining in abundance by an average of 

24% since 1986 (JNCC, 2021b). Similarly, waterbirds have been facing continual declines 

over the past 25 years, with the likes of greater scaup and velvet scoter seeing decreases if 

68% and 59% in abundance since 1996, and 68% decline in black-throated diver since 2011 

(Table 2.2) (Woodward et al., 2023). Marine birds utilise a range of habitats, feed on a 

range of trophic levels, and often migrate large distances, which makes them good 

indicators of the health of the marine environment (Mallory et al., 2010). 
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Table 2.1. Population trends in UK seabirds from 1986 to 2019, taken from the Seabird 
Monitoring Programme (JNCC, 2021a) and from 2000 to 2013, taken from (MacDonald et 
al., 2015). 

 Population change (%) 

Species 
1969-70 to 
1985-88 

1985-88 to 
1998-2002 

2000 to 
2019 

2000 to 
2013 

Arctic skua +266 -37 -70 -74 

Arctic tern +50 -31 -5 +6 

Atlantic puffin +15 +19 n/a n/a 

Black guillemot n/a +3 n/a n/a 

Black-headed gull +5 0 +26 +26 

Black-legged kittiwake +24 -25 -29 -61 

Common guillemot +77 +31 +60 +9 

Common gull +25 +36 n/a n/a 

Common tern +9 -9 -3 -17 

European shag +21 -27 -40 -41 

European storm-petrel n/a n/a n/a n/a 

Great black-backed gull -7 -4 -23 -24 

Great cormorant +9 +10 +16 -20 

Great skua +148 +26 n/a n/a 

Herring gull -48 -13 n/a -30 

[ŜŀŎƘΩǎ ǎǘƻǊƳ-petrel n/a n/a n/a n/a 

Lesser black-backed gull +29 +40 n/a -48 

Little tern +58 -23 -28 -4 

Manx shearwater n/a n/a n/a n/a 

Mediterranean gull n/a +10,900 +327 n/a 

Northern fulmar +77 -3 -33 -13 

Northern gannet +39 +39 +34 n/a 

Razorbill +16 +21 +37 +13 

Roseate tern -66 -83 +125 +155 

Sandwich tern +33 -15 +5 -7 

Note: Pink shaded cells indicate an increase in the species. Purple shaded cells indicate a 
decline in the species. 
 

Waterbirds face a range of pressures, most notably climate change, through changes in 

forage fish supply and extreme weather causing mortalities (Sydeman et al., 2012; Daunt 

and Mitchell, 2013; Daunt et al., 2017). Highly Pathogenic Avian Influenza (HPAI) has most 

recently become a larger pressure on seabirds and mammals, with most seabird species 

testing positive for the disease throughout 2023. More than 25% of the only UK breeding 

colony of Roseate terns (Sterna dougallii) and 11% of great skuas (Stercorarius skua) were 

lost in the summer of 2022 (RSPB, 2023). Barnacle geese were also impacted by HPAI during 

2022 and 2023 generating a loss in abundance (Woodward et al., 2023). 
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Table 2.2. Population trends in UK waterbirds from 1996 to 2022, taken from the Wetland 
Bird Survey Annual Report (Woodward et al., 2023). 

 Population change (%) 

Species 
10-year trend 

(2011/12-2021/22) 
25-year trend 

(1996/97-2021/22) 

Black-throated diver -68 -46 

Great northern diver -19 +38 

Red-throated diver -25 -4 

Slavonian grebe -40 -34 

Greater scaup -53 -68 

Common eider -26 -31 

Common goldeneye -24 -54 

Common scoter +47 +278 

Velvet scoter -63 -59 

Great-crested grebe -2 -19 

Long-tailed duck -54 -74 

Note: Pink shaded cells indicate an increase in the species. Purple shaded cells indicate a 
decline in the species. 
 

2.2 Offshore wind farm development 

Since the first offshore wind farm, Vindeby, off the coast of Denmark, was built in 1991, 

there has been a rapid upscaling of the size, number, and capacity of this renewable energy 

technology. In 2022, there were 8.8GW of new offshore wind installations globally, yet this 

figure is predicted to rise to an average of 26GW annually over the next five years, meaning 

130GW of new offshore wind by 2027 (Global Wind Energy Council, 2023). In the UK, as of 

September 2023, there are 44 offshore wind farms fully operational with a total capacity of 

13,663MW, with a further eight wind farms under construction, 15 with consent to build, 

and 38 in the early stages of development (Figure 2.1). If all of these are built, there could 

be 105 wind farms with a total capacity of up to 88,984MW, more than twice the number 

of wind farms and over six times the capacity currently installed (The Crown Estate, 2023). 
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Figure 2.1. The location of offshore wind farms around the UK at different stages of 
development. 

Data source: The Crown Estate Offshore Wind Site Agreements (England, Wales & NI), 
2023. 
 

Given the vast deployment of offshore wind required to meet climate goals, the 

development of such projects needs to be carefully planned from initial site selection to 

beginning operation. This includes accounting for the time taken to select, plan, and 

construct a project. In the UK, it typically takes an average of eight years from granting of a 

seabed lease to the start of operation for an offshore wind farm (Ireland = four years, 

Scotland = eight years, Wales = nine years, England = 10 years) (Global Wind Energy 

Council, 2022). A large part of this time scale is due to the permitting process required to 

gain consent to build and operate a project. 

2.3 Effects of offshore wind farms on seabirds 

There are numerous environmental effects associated with offshore wind farms, which 

occur at many stages of development and affect different species in different ways. Impacts 

may occur during the construction of the wind farm, such as impacts on seabed 

morphology and benthic species from cable installation, disturbance to birds from 
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construction traffic, and noise disturbance to marine mammals and fish from pile driving 

(Dannheim et al., 2019; Fliessbach et al., 2019; Gill and Wilhelmsson, 2019; Nehls et al., 

2019; Rees and Judd, 2019). Impacts during operation can include bird collisions with 

turbines, displacement of birds from the wind farm area, colonisation of the turbines and 

scour protection by epibenthic species (Dannheim et al., 2019; King, 2019; Vanerman and 

Stienen, 2019). The method of decommissioning will determine the impact that this has on 

species. For instance, the full removal of turbine structures will impact species that have 

colonised structures, removing their habitat and affecting species that utilise the species as 

a food source. Repowering turbine structures with newer technology or extending the life 

of the wind farm, on the other hand, may benefit these species if sub-sea structures retain 

this ecosystem (Hall et al., 2022). 

In terms of seabirds, the effects of offshore wind farms typically happen through collisions 

with turbines, disturbance (which can be split into displacement from habitat and barrier 

effects whilst flying), and indirect effects (Masden et al., 2010a; Perrow et al., 2011; King, 

2019; Vanerman and Stienen, 2019). Birds that fly at the height of wind turbine rotors have 

the potential to collide with them, likely resulting in direct mortality (Band, 2012). 

Disturbance can generally be described as a behavioural response to an anthropogenic 

activity (Beale, 2007). In response to offshore wind farms, the disturbance of seabirds can 

be categorised into two effects: displacement and barrier effects. Based on the behaviour 

of an individual prior to disturbance occurring, a different physical reaction is seen. Seabirds 

in flight can perceive an offshore wind farm as an effective obstruction to flight; thereby, 

this disturbance is termed a άbarrier effectέ (Masden et al., 2010a). The reduction in the 

number of birds on the water within or adjacent to a wind farm is termed άdisplacementέ 

(Drewitt and Langston, 2006). Displacement can be described by two metrics: displacement 

rate and displacement distance. Displacement rate is the proportion of birds that are 

displaced from an offshore wind farm and adjacent area. Displacement distance is the 

distance from the boundary of an offshore wind farm that birds are displaced. Neither 

displacement nor barrier effects are likely to result in immediate mortality of an individual 

but instead may result in lost foraging habitat, foraging in less productive areas, or 

increased time and energy spent flying or foraging (Masden et al., 2010a; Searle et al., 

2014; Welcker and Nehls, 2016). Direct mortality by seabird collisions is usually assessed 

through Collision Risk Models (CRM), which predict the number of birds at risk of collision; 

the well-established and commonly used CRM is the Band model (Band, 2012). Impacts that 
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result in indirect mortality or reduced productivity, such as displacement and barrier 

effects, have been much harder to model (Fox and Petersen, 2019). The consequence of 

these types of disturbance may be changes in breeding success and survival of adults or 

dependants Figure 2.2. Indirect effects to seabirds may arise through changes in prey 

resource, for example the change in habitat and associated new life growing on turbine 

foundations may generate a reef effect and hence a more plentiful and diverse prey 

resource (Linley et al., 2007). Changes in hydrodynamics may further influence prey 

availability (van Berkel et al., 2020). Both positive and negative effects may may seen, with 

reef effects potentially being positive, whilst negative effects may occur due to noise 

produced during wind farm construction, causing injury or death to fish (Perrow et al., 

2011). These trophic level effects are far less understood compared to collisions and 

displacement, and as yet there is no standard approach to assessing the implications to 

seabirds. 

In the UK, adverse impacts to seabirds have led to a wind farm being denied consent to 

build and operate and other wind farms needing to compensate for the remaining impacts 

that cannot be mitigated. Consent to construct and operate an offshore wind farm known 

as Docking Shoal was refused in 2012 due to an inability to rule out adverse effects to 

breeding Sandwich terns (Sterna sandvicensis) from nearby North Norfolk Coast Special 

Protection Area (SPA) due to the cumulative effects with other offshore wind farms 

(Department of Energy & Climate Change, 2012). As the scale of offshore wind 

development increases, the need for more precise information on environmental impacts 

in order to reduce uncertainty (and therefore reduce reliance on a precautionary approach) 

will become increasingly pertinent. Hornsea Three offshore wind farm was granted 

development consent despite the Secretary of State concluding Adverse Effect on the 

Integrity of the Flamborough and Filey Coast Special Protection Area (SPA), North Norfolk 

Sandbanks and Saturn Reef Special Area of Conservation (SAC), and the Wash and North 

Norfolk Coast SAC. However, upon the condition of compensatory measures for qualifying 

features of these designated sites (Black-legged kittiwake Rissa tridactyla and sandbanks 

ǎƭƛƎƘǘƭȅ ŎƻǾŜǊŜŘ ōȅ ǿŀǘŜǊ ŀǘ ŀƭƭ ǘƛƳŜǎύ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ άLƳǇŜǊŀǘƛǾŜ wŜŀǎƻƴǎ ƻŦ 

hǾŜǊǊƛŘƛƴƎ tǳōƭƛŎ LƴǘŜǊŜǎǘέ όLwhtLύ ŀƴŘ ǘƘŜ ƭŀŎƪ ƻŦ ŦŜŀǎƛōƭŜΣ ƭŜǎǎ ŘŀƳŀƎƛƴƎ ŀƭǘŜǊƴŀǘƛǾŜ 

solutions, meant that development consent was granted (Leigh, 2020). 
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Figure 2.2. The physical effects and consequences of barrier effects and displacement to 
seabirds from offshore wind farms adapted from Petersen et al. (2006). 
 

2.4 Species most sensitive to displacement from offshore wind 

farms 

Several studies have assessed the relative sensitivity of bird species to displacement. 

Marques et al. (2021) undertook a review of the literature surrounding the displacement of 

all bird species to both onshore and offshore wind farms and grouped the results by bird 

order. The study also categorised the results by displacement rate and displacement 

distance. Gaviiformes (divers, sometimes called loons, including red-throated diver) had the 

highest average displacement rate and displacement distance of the groups studied (Figure 

2.3 and Figure 2.4, respectively). Due to the vast development of onshore wind prior to the 

industry also moving offshore, there were many more studies of the effect of displacement 

as a result of onshore wind farms than offshore wind farms (Marques et al., 2021). 
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Figure 2.3. Average, minimum and maximum displacement rates of bird orders from global 
studies of displacement from onshore and offshore wind farms (adapted from Marques et 
al. (2021)). 

Note: Gaviiformes include red-throated diver, the species of study within this thesis. 
 

 
Figure 2.4. Average, minimum and maximum displacement distances of bird orders from 
global studies of displacement from onshore and offshore wind farms (adapted from 
Marques et al. (2021)). 

Note: Gaviiformes include red-throated diver, the species of study within this thesis. 
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Several studies have quantified the vulnerability of seabird and waterbird species to 

displacement due to wind farms. These tend to use a combination of conservation status 

(such as status in the Birds Directive, adult survival rate, and percentage of the global or 

biogeographic population that occurs in the UK) and aspects of behaviour to provide 

relative scores of vulnerability. Furness et al. (2013) generated a disturbance score for a 

range of marine birds located in Scottish waters based on Equation 2.1. 

ὈὭίὸόὶὦὥὲὧὩ ίὧέὶὩ
Á Â ὧέὲίὩὶὺὥὸὭέὲ ὭάὴέὶὸὥὲὧὩ

ρπ
 

Equation 2.1. Relative disturbance of seabirds to displacement from offshore wind farms 
from (Furness et al., 2013). 

 
where 

a = score of disturbance by wind farm structures and ship and helicopter traffic 
between one and five 

b = score of habitat specialisation between one and five 

A collision risk score was also calculated in this study and combined with the displacement 

score to generate and overall species vulnerability score. The displacement calculation 

included the division by an arbitrary value of 10 due to the lower impact of mortality from 

displacement in comparison to that from collision (Furness et al., 2013). 

Bradbury et al. (2014) carried out a similar study of displacement vulnerability to offshore 

wind farms but expanded the species to cover those across English waters. The same 

equation to calculate disturbance vulnerability was used for Furness et al. (2013). Wade et 

al. (2016) went a step further by incorporating data uncertainty into the factors 

contributing to the vulnerability scores. This study also split displacement by structures and 

displacement by vessels and/or helicopters into two separate factors and gave more weight 

to displacement by structures (Equation 2.2). 

ὈὭίὸόὶὦὥὲὧὩ ίὧέὶὩ
Ã Â Ä ὧέὲίὩὶὺὥὸὭέὲ ὭάὴέὶὸὥὲὧὩ

ρπ
 

Equation 2.2. Relative disturbance of seabirds to displacement from offshore wind farms 
from (Wade et al., 2016). 

 
where 

b = score of habitat specialisation between one and five 
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c = score of displacement by structures between one and five 

d = score of displacement by vessels and/or helicopters between one and five 

The resulting vulnerability scores for the top five species from each of these three studies 

show that diver species consistently come out as the most sensitive species to 

displacement (Table 2.3). 

Table 2.3. Bird species with the highest relative vulnerability to displacement from offshore 
wind farms. 

Rank Furness et al 2013 Bradbury et al. 2014 Wade et al. 2016 

1 Black-throated diver Red-throated diver Black-throated diver 

2 Red-throated diver Black-throated diver Red-throated diver 

3 Great northern diver Common scoter Great northern diver 

4 Common scoter Great northern diver Common scoter 

5 Common goldeneye Common goldeneye Common goldeneye 

 

Red-throated divers are often cited as one of the most sensitive seabird species to 

displacement from offshore wind farms (Furness et al., 2013; Dierschke et al., 2016; Natural 

England, 2016; Welcker and Nehls, 2016). Assessing the impact of displacement of red-

throated divers on a local scale is important, as wind farms can act as barriers to local 

movements (Topping and Petersen, 2011). Careful spatial planning may reduce negative 

impacts on red-throated divers, for instance, by avoiding important foraging areas when 

placing wind farms at sea (Vilela et al., 2020). 

This thesis focuses on the displacement of red-throated divers due to their high sensitivity 

to offshore wind farms. The ecology of red-throated divers is discussed in the next section, 

with further detail provided on empirical evidence of red-throated diver displacement in 

the subsequent section. 

2.5 Red-throated diver ecology 

Red-throated divers are a widespread migratory species breeding and over-wintering across 

the northern hemisphere. They utilise both marine and freshwater environments 

throughout the year, breeding beside freshwater lakes during summer and foraging in both 

marine and freshwater ecosystems (Eriksson and Sunberg, 1991; Duckworth et al., 2021), 

then spending the winter period entirely at sea (Duckworth et al., 2022). The utilisation of 

the marine environment is restricted to around 9km from the coast during the breeding 

season (Woodward et al., 2019). During the non-breeding season, they are more 

widespread but tend to be site-faithful (Dierschke et al., 2017; Duckworth et al., 2022). 
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Their diet often consists of a mix of prey species, from clupeids, gadoids, and mackerel to 

flatfish and sand lances, the proportions of which often change through the seasons, 

making them generalists and using an opportunistic foraging strategy (Guse et al., 2009; 

Kleinschmidt et al., 2019). Red-throated divers typically forage using relatively shallow dives 

(mean 5.4m), but can take deeper divers (maximum 20m), with dives being shallower in 

lower light conditions (Duckworth et al., 2020). Foraging activities have been seen to occur 

for up to 60% of daylight time during autumn migration at reservoirs in Poland (Polak and 

Ciach, 2007), and as little as 23% of the time during the summer at lakes in Finland 

(Duckworth et al., 2020). Estuarine fronts often seem to be predictors for red-throated 

diver occurrence, possibly due to these being reliable locations for food resources (Skov 

and Prins, 2001). During the summer, the characteristic red throat is present (Figure 1.1), 

which changes to white in winter. 

A significant proportion occur in European waters, and recent declines in the region mean 

that they are listed on Annex I of the EU Birds Directive. The EU Birds Directive is legislation 

which requires Member States to protect all wild bird species. It also requires the 

protection and restoration of wild bird habitats. Species listed under Annex I have specific 

conservation measures implemented in order to ensure their reproduction and survival. In 

practice, this means spatial areas are designated, known as Special Protection Areas (SPAs). 

Within UK waters, the largest aggregation of wintering red-throated divers occurs in the 

Outer Thames Estuary SPA with 6,466 individuals based on surveys between 1989 and 2007 

(JNCC, 2020a). This SPA is designated for red-throated divers during the non-breeding 

season, as well as for breeding little terns (Sternula albifrons) and common terns (Sterna 

hirundo). There are many activities and developments within the local marine environment, 

such as shipping, offshore wind farms, and aggregate extraction. Red-throated divers are 

known to be sensitive to disturbance and displacement by shipping and wind farms around 

wider European waters and within this SPA (Irwin et al., 2019). Wintering red-throated 

divers are also qualifying features of the Greater Wash SPA, which abuts the northern end 

of the Outer Thames Estuary SPA and hosts 1,407 individuals (JNCC, 2020c), and the 

Liverpool Bay SPA which spans the north coast of Wales and northeast coast of England, 

hosting 1,171 individuals (JNCC, 2020b). 

Now that the ecology of red-throated divers has been described, the next section will 

review empirical evidence of red-throated diver displacement from offshore wind farms. 
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This includes the type and extent of surveys, modelling techniques to generate abundance 

estimates from raw survey data, and how displacement has been calculated. 

2.6 Evidence of individual and cumulative red-throated diver 

displacement from offshore wind farms 

There is a multitude of evidence of red-throated diver displacement from offshore wind 

farms. Red-throated diver displacement distances are very varied; reports show diver 

displacement from 1km to 16km (Welcker and Nehls, 2016; Mendel et al., 2019; Heinänen 

et al., 2020). Some studies report the displacement rate observed, typically in terms of the 

percentage removal of birds after wind farm construction compared to pre-construction. 

However, many reports do not describe the displacement rate; a statistically significant 

removal is sometimes stated instead. With such variable displacement distances and rates, 

it is difficult to provide guidance on how to adequately monitor displacement and what 

Displacement rate might be detectable. Marques et al. (2021) give a range of examples of 

good practices for onshore and offshore displacement studies. This includes multi-year and 

multi-location studies to enable both a control site and natural fluctuations to be accounted 

for, a sufficiently large study area to encapsulate the full extent of displacement, 

appropriate survey techniques, and a good study design capable of providing statistically 

significant results where possible (Marques et al., 2021). 

The literature search revealed 16 studies which quantified red-throated diver displacement 

from offshore wind farms (see details in Appendix B). Due to the overlap in distribution of 

red-throated divers and operational offshore wind farms, studies have almost exclusively 

concentrated on the North Sea, often within Danish, German, and UK waters. The majority 

of studies have been carried out by either aerial or boat-based surveys, or sometimes a 

combination of the two. There has been a range in the spatial and temporal scale of 

displacement studies. Most transects were placed 2km apart from one another when 

covering the wind farm area, but were often spaced further apart to survey the surrounding 

area. The maximum distance surveyed from an individual wind farms was 32km from Horns 

Rev I in Denmark (Petersen et al., 2006) whilst the small distance covered was 2km outside 

the wind farm at Thanet in English waters (Percival, 2013). On average, 16km was surveyed 

outside the wind farm. This distance was not always the same in any direction from the 

wind farm, meaning an uneven area around the wind farm was often surveyed. 
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The majority of studies utilised data from both pre-construction and post-construction of 

the wind farm in question, and therefore used either a Before-After or Before-After-

Control-Impact (BACI) approach to quantifying displacement. Where this was not the case, 

a couple of studies undertook a comparison of the density of red-throated diver within (and 

sometimes around) the wind farm to the density a some distance away from the wind farm 

using post-construction data only (Welcker and Nehls, 2016; Burt et al., 2017). Similarly, 

some studies modelled the potential distribution of birds without the wind farm compared 

to the known distribution with the wind farm, again within and outside the wind farm and 

using only post-construction data (Krijgsveld et al., 2011; Heinänen et al., 2020). 

The combination of survey type and displacement analysis method appears to be spread 

geographically, with DAS, boat-based, and a combination of the two being used across the 

UK, the Netherlands, Germany, and Denmark. The method used to examine displacement 

was also reasonably evenly spread (Figure 2.5). The different survey methods could be 

partly explained by time and experience. Both boat-based surveys and DAS were carried 

out during these earlier studies, but boat-based surveys alone became less prevalent over 

time unless used in combination with DAS. It is likely that, as knowledge of red-throated 

diver disturbance by vessels grew, boat-based surveys were used less to limit the alteration 

in distribution due to the survey method. Even aerial surveys need to be planned to avoid 

disturbance.  A review of techniques to survey seabirds using aerial methods recommended 

that a minimum flight altitude of 450m should be used to avoid disturbing sensitive species, 

preventing the survey itself from altering the distribution of birds (Thaxter and Burton, 

2009). 

Individual offshore wind farms may have a displacement effect on red-throated divers and 

other species, but seabirds may interact with multiple wind farms within the marine 

environment. Given the large spatial scale over which red-throated diver displacement has 

been observed and wind farms often built in clusters, cumulative displacement is likely to 

occur (Goodale and Milman, 2016; Mendel et al., 2019; Garthe et al., 2023). Studying over a 

larger spatial scale within the vicinity of a wind farm may aid in detecting effects over a 

larger area and also pick up where birds have moved once displaced (Mendel et al., 2019). 

Indeed, several of the red-throated diver displacement studies considered the effect of 

multiple wind farms. 
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Figure 2.5. Map of the survey methods and displacement analysis methods used to study 
red-throated diver displacement in the literature (16 studies spanning 2006 to 2023). 
 

To date, most studies into the cumulative effect of multiple wind farms on red-throated 

divers have centred on the German North Sea. This is an important wintering area for red-

throated divers and has SPAs where divers are a qualifying feature (Garthe et al., 2012). In 

addition, it is an area of extensive offshore wind farm development (4COffshore, 2023). 

Vilela et al. (2020) studied the effect of 20 offshore wind farms across 28,625km2 of the 

German North Sea. Displacement was categorised as occurring within the area that red-

throated diver density was significantly lower than the mean density of the whole study 

area. Therefore, displacement was not attributed to wind farms individually, indeed there 

was no mention of whether displacement rates were different within each wind farm. 

A study by Mendel et al. (2019) of five wind farms around the Eastern German Bight SPA 

used visual aerial and boat-based surveys and a before-after analysis of the survey data, 

and found that significant displacement occurred up to 16.5km from the wind farms. Again, 

displacement across the entire study area only was assessed, without mention of 

displacement at each individual wind farm. 
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Another study of the German North Sea assessed displacement at the same wind farms as 

in Mendel et al. (2019), but additionally used telemetry. The telemetry and digital aerial 

survey data were used separately to create two density maps, and both were used to 

consider the spatial extent of displacement, but only the aerial map was used to quantify 

the displacement rate (Heinänen et al., 2020). 

A wider-scale study was carried out by Vilela et al. (2020) covering six wind farms in and 

around the Eastern German Bight SPA along with 15 wind farms further southwest. Various 

sources of data were used collectively, mostly from wind farm monitoring but all aerial 

surveys. Displacement was assessed based on relative distributions across the entire study 

area. A before-after approach was also taken, but because the 21 wind farms were all 

constructed during different years, having a pre-construction phase and a post-construction 

phase without either category including a wind farm under construction, and potentially 

adding to the displacement effect, made the results less reliable. 

The latest study of red-throated diver displacement in the German North Sea also used data 

from multiple sources, including baseline studies for EIAs, wind farm monitoring studies, 

the German Biodiversity Monitoring project, and various research projects (Garthe et al., 

2023). The surveys used visual aerial, digital aerial, and boat-based methods. A BACI 

approach was taken, defining the pre-construction and post-construction phases 

individually for five wind farm clusters. Wind farm clusters were spatially distinct from one 

another. The Dan Tysk cluster had just one wind farm, as did the Butendiek cluster. The 

Helgoland cluster contained three wind farms, the BARD/Austerngrun cluster had two wind 

farms, and the North of Borkum cluster included three wind farm. Displacement metrics 

were produced for the wind farm clusters and the study area as a whole. 

A study into the cumulative effects of shipping and offshore wind farms was carried out for 

the north Welsh coastline (Burt et al., 2017). This study used digital aerial survey data 

collected across the entirety of the Liverpool Bay SPA. Shipping density and locations of 

offshore wind farms were included as covariates in generating a model of red-throated 

diver distribution. 

It was quite variable whether displacement rates were calculated and provided in the 

literature. The spatial extent over which a displacement rate was calculated was also 

variable, for instance in discrete 1km distance bands around a wind farm or over the 
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entirety of the wind farm plus a 10km buffer. The quantification of displacement rates 

across distances are described and interrogated in more detail in Chapters 4 and 5. 

An extension to the London Array offshore wind farm located in English waters of the 

southern North Sea was cancelled due in part to the concern over impacts to red-throated 

divers. The original wind farm and the proposed extension are located in a Special 

Protection Area (SPA), of which red-throated divers are a qualifying feature (JNCC, 2020a). 

Monitoring of the London Array with regard to its impact on red-throated divers was 

required before a decision could be made as to the effect the London Array and an 

extension would have upon this designated population. Time scales for collecting data, 

along with technical challenges, are cited as the reasons the extension did not go ahead 

(London Array, n.d.). 

Notably, large distances over which red-throated diver displacement has been observed 

resulted in a recommendation that a round of seabed leases in English waters are not 

placed within 10km of the Greater Wash Special Protection Area (SPA) with red-throated 

divers as a qualifying feature. Further, it is recommended by Statutory Nature Conservation 

Bodies (SNCB) in the UK that a distance be maintained between the Outer Thames Estuary 

SPA and The Greater Wash SPA 10km (Statutory Nature Conservation Bodies, 2022a). 

2.7 Environmental Impact Assessment 

Environmental Impact Assessment (EIA) is a globally widespread method of assessing the 

potential effects of proposed developments on the environment and is often required 

under legislation (Morgan, 2012). The European Union mandates the implementation of EIA 

through the EIA Directive (2014/52/EU), which is translated into domestic law. The 

European Union has shaped EIA legislation in the UK since 1988, leading to the current EIA 

legislation, such as the Conservation of Offshore Marine Habitats and Species Regulations 

2017 (as amended) and territorial equivalents, The Electricity Work (Environmental Impact 

Assessment) (England and Wales) Regulations 2017, and The Infrastructure Planning 

(Environmental Impact Assessment) Regulations 2017. This legislation remains valid in 2023 

despite the exit of the UK from the European Union in 2020. 

Where developments may impact EU-designated areas (Special Areas of Conservation (SAC) 

protecting habitats and Special Protection Areas (SPA) protecting marine birds), Habitats 

Regulations Assessments (HRA) are also required. Again, these are EU requirements 
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translated into domestic law, so they remain the same as of 2023. The network of 

protection sites previously named άbŀǘǳǊŀ нлллέ ǎƛǘŜǎ ŀǊŜ ƴƻǿ ƴŀƳŜŘ ά¢ƘŜ bŀǘƛƻƴŀƭ {ƛǘŜǎ 

bŜǘǿƻǊƪέ ƛƴ Ƴƻǎǘ ƴŀǘƛƻƴǎ ƻŦ ǘƘŜ ¦Y ŀƴŘ ά9ǳǊƻǇŜŀƴ ǎƛǘŜǎέ ƛƴ {ŎƻǘƭŀƴŘΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ¦YΩǎ 

withdrawal from the EU in 2020. These assessments first consider whether or not a 

development may have a Likely Significant Effect on the site, and if that cannot be ruled 

out, then an Appropriate Assessment is undertaken to determine whether the 

development will have an Adverse Effect on Site Integrity. The stages of HRA are specifically 

applicable to SACs and SPAs, with the impacts of a proposed development assessed again 

the conservation objectives of the designated site. 

2.8 Cumulative Effects Assessment 

The best practice for assessing the impacts of development is to not only do a project or 

plan alone assessment but also to carry out a cumulative assessment of the project or plan 

in combination with other pressures. This is supported by the EIA legislation mentioned in 

section 2.7 that bind offshore wind farm consenting, which contain a requirement to 

consider the cumulative effects of the project with other developments. Schedule 4 

paragraph 5 of The Infrastructure Planning (Environmental Impact Assessment) Regulations 

2017 states that, included within an Environmental Statement, there should be a 

description of the likely significant effects of the development on the environment as a 

ǊŜǎǳƭǘ ƻŦ άΧthe cumulation of effects with other existing and/or approved projects, taking 

into account any existing environmental problems relating to areas of particular 

environmental importance likely to be affected or the use of natural resourcesέ. 

Cumulative Effects Assessment (CEA) is often defined as a method of assessing multiple 

developments and pressures and their combined effect on receptors (Canter and Ross, 

2010; Foley et al., 2017; Willsteed et al., 2017). The purpose of a CEA is to ensure that 

thresholds of development are not exceeded (Canter and Kamath, 1995); however, the 

exact metric to use as a threshold value is a matter of debate (Duinker et al., 2013). Several 

studies have concluded that both CEA practices and research on the environmental impacts 

of wind farms are not sufficient to fully understand the effects and allow regulators to 

make informed decisions during the consenting process (Stewart et al., 2007; Foley et al., 

2017; Willsteed et al., 2018). Uncertainties about predicted environmental impacts have 

been cited as causes of delays in granting consent for wind farm development, which can 
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have an adverse impact on the start of construction and operation, costing time and money 

(O'Hagan, 2012). 

2.9 Methods of carrying out an impact assessment for red-throated 

diver displacement 

In the UK, the method of assessing the displacement of seabird displacement is relatively 

simplistic, using what is known as a displacement matrix. There are three inputs to a 

displacement matrix: the abundance of birds at risk of displacement, a displacement rate, 

and a mortality rate. 

The density or abundance of birds within the proposed wind farm plus a buffer is used as 

the basis of the assessment. The density or abundance used is calculated as the mean of 

the seasonal peak populations from baseline surveys. In other words, for a particular 

season, the peak population within each year of the survey should be used, and a mean 

calculated. This may overestimate the population if lower numbers are present during 

other periods within the season and may doubt count individuals that represent year-

round. However, baseline surveys are a snapshot in time of abundance, therefore may 

underestimate the population. 

A displacement rate is applied to the mean seasonal peak value to determine the number 

of birds displaced. Due to a lack of empirical evidence on displacement rates for some 

seabird species and ranges of rates for other species, a range of displacement rates is 

usually used. These displacement rates are based on the score of disturbance from ships, 

helicopters, and wind farms from Bradbury et al. (2014) (a in Equation 2.1). Species with 

the highest disturbance from ship, helicopter, and wind farm score of 5 would be assigned a 

displacement rate of 90% to 100%. A score of three would lead to a displacement rate 

range of 30% to 70%, and those with a low score of one would have a displacement rate of 

less than 10% applied. This is a result of a number of birds displaced from a proposed wind 

farm and surrounding area. 

The displacement matrix then uses a mortality rate, or range of mortality rates, to the 

displaced birds to determine the number of mortalities due to displacement (see example 

for an abundance of 80 birds in Table 2.4). The range of mortality rates is based on the 

score of habitat specialisation; those with higher scores are less able to utilise other 

habitats and, therefore, more likely to be impacted by displacement. Mortality rates of 
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between 1% and 100% are used, but in reality, between 1% and 10% mortality is more 

likely (Statutory Nature Conservation Bodies, 2022b). The estimate of number of mortalities 

is therefore calculated through Equation 2.3. 

Table 2.4. Example displacement matrix to calculate the range of potential mortalities on an 
abundance of 80. 

  Mortality rate (%) 
  1 2 5 10 20 30 40 50 60 70 80 90 100 

D
is

p
la

ce
m

e
n
t 
ra

te
 (

%
) 

10 0.1 0.2 0.4 0.8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 7.2 8.0 

20 0.2 0.3 0.8 1.6 3.2 4.8 6.4 8.0 9.6 11.2 12.8 14.4 16.0 

30 0.2 0.5 1.2 2.4 4.8 7.2 9.6 12.0 14.4 16.8 19.2 21.6 24.0 

40 0.3 0.6 1.6 3.2 6.4 9.6 12.8 16.0 19.2 22.4 25.6 28.8 32.0 

50 0.4 0.8 2.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40.0 

60 0.5 1.0 2.4 4.8 9.6 14.4 19.2 24.0 28.8 33.6 38.4 43.2 48.0 

70 0.6 1.1 2.8 5.6 11.2 16.8 22.4 28.0 33.6 39.2 44.8 50.4 56.0 

80 0.6 1.3 3.2 6.4 12.8 19.2 25.6 32.0 38.4 44.8 51.2 57.6 64.0 

90 0.7 1.4 3.6 7.2 14.4 21.6 28.8 36.0 43.2 50.4 57.6 64.8 72.0 

100 0.8 1.6 4.0 8.0 16.0 24.0 32.0 40.0 48.0 56.0 64.0 72.0 80.0 

 

Ὡ  Ὢ
Ὣ

ρππ

Ὤ

ρππ
 

Equation 2.3. Calculation of displacement mortalities through the displacement matrix 
 
where 

e = number of displacement mortalities 

f = abundance of birds within the proposed wind farm plus a buffer 

g = displacement rate (%) 

h = mortality rate (%) 

The consequences of displacement on red-throated diver populations are largely unknown, 

meaning there is a need to understand how populations shift (for instance, through 

potential biological removal (Busch and Garthe, 2016)), how individuals behave, energetics 

are impacted, and demography changes (for instance through individual-based models 

(Searle et al., 2021)) following displacement. This is difficult to monitor at the scale of an 

individual wind farm, and strategic research is underway to try and improve understanding 

of the behavioural and energetic consequences of displacement (Duckworth et al., 2020). 

Individual wind farm monitoring can, however, improve understanding of the number of 

individuals displaced and the distance they are displaced from a development footprint. 
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Comparison between predicted displacement and actual displacement at a wind farm. 

Using the displacement matrix approach, the number of birds displaced is based on the 

number of birds in the baseline environment, the area and location of the wind farm, and 

the displacement rate. The number of birds in the baseline may well fluctuate in the future, 

but the use of peak mean seasonal population and inclusion of confidence intervals helps to 

account for this. The location of a wind farm is not likely to change, given that seabed 

leases are given prior to a displacement assessment being carried out. The displacement 

rate may be correct or incorrect for that particular location, but as yet, there is no 

consensus on whether displacement rates are different in different locations and why to be 

able to apply site-specific rates. 

The area of a wind farm may change between a displacement assessment and the building 

of a wind farm. A project design envelope is used at the assessment stage to predict the 

ōƻǳƴŘǎ ƻŦ ŀ ǿƛƴŘ ŦŀǊƳΩǎ ŘŜǎƛƎƴΦ CƻǊ ǘƘŜ ƛƳǇŀŎǘ ŀǎǎŜǎǎƳŜƴǘΣ ǘƘŜ ǿƻǊǎǘ-case scenario within 

the design envelope is often used to provide a precautionary approach to the assessment. 

This does mean that the impacts assessed may be larger than those actually occurring once 

the wind farm is built if the wind farm built is not the worst-case scenario, assuming the 

rest of the impact assessment is accurate. If assessments are more often precautionary 

than not, when cumulative impacts are assessed, the precaution may be compounded. 

There may in fact be headroom between the predicted cumulative impact and the actual 

cumulative impact (Womble Bond Dickinson, 2021). 

IƻǿŜǾŜǊΣ ǎǳŦŦƛŎƛŜƴǘ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ŜŀŎƘ ǿƛƴŘ ŦŀǊƳΩǎ ƛƳǇŀŎǘ ƛǎ ƴŜŜŘŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǿƘŜǘƘŜǊ 

impact assessments were accurate. Assessments of red-throated diver displacement in UK 

waters have previously underestimated the extent of displacement by assuming 

displacement only occurred out to 4km from the wind farm boundary. A 100% 

displacement rate was assumed to occur across the wind farm and 4km buffer, which was a 

compromise between the fact that displacement may occur further than 4km but is 

probably less than 100% within 4km. Therefore, the number of birds displaced will be 

equivalent, assuming large displacement rates over a small area compared to lower 

displacement rates over a larger area. However, the area of lost habitat due to 

displacement is also an important factor in assessing the impact; therefore, assuming it only 

happens over 4km from a wind farm may vastly underestimate the true impact. This is 

important at the cumulative level, where the displacement-affected areas from multiple 

wind farms may overlap, potentially leading to mass areas of habitat loss. 
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In summary, this chapter has revealed that red-throated divers are highly sensitive to 

displacement from offshore wind farms and that multiple studies have investigated this 

effect. Such studies have varied widely in their survey method, displacement analysis, and 

presentation of results. Both individual wind farm displacement and cumulative 

displacement from multiple wind farm have been studied. With such varied approaches to 

displacement analysis, it is difficult to say how comparable they are, yet the consensus 

remains that red-throated divers are a key species for further investigation and 

management of effects. The overall research gap analysis found that knowledge and 

methods to predict, assess, and mitigate future cumulative displacement of seabirds from 

offshore wind farms are lacking, yet may prove to be a major factor in restricting renewable 

development. The next chapter will review EIAs to assess how species and impacts have 

been scoped into cumulative offshore wind farm assessments. 
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Chapter 3 How are impact assessments of 

cumulative red-throated diver displacement 

from offshore wind farms carried out? 

 

 

Abstract 

The continual growth of more, larger wind farms in coastal waters will lead to a substantial 

area of the sea being used to generate renewable energy. With wind farms being sited in 

relative proximity to one another, the interaction of environmental impacts, or cumulative 

environmental impacts, is becoming an increasing concern. Choosing which species, 

impacts, and other plans and projects to include in a cumulative assessment will determine 

the scope of the assessment. The generic approach to assessing cumulative seabird 

displacement was evaluated in 18 offshore wind farm Environmental Impact Assessments 

in the UK, and in detail using six case studies from Scottish waters. This work found that 

species and impacts included in individual and cumulative vary, even in spatially close wind 

farms. The outputs from one wind farm assessment is sometimes interpreted in different 

ways by other developments when considering the cumulative impact, for instance 

considering a low number of birds present to equal a negligible impact. Some individual 

wind farm impacts are quantified seasonally, whilst others are done so annually. It is 

unclear how these differing results have been combined across multiple wind farms. In 

addition, some individual wind farm assessment conclude multiple or between significance 

levels, such as minor/major. Again how this was treated at a cumulative level is unclear. 

One cumulative assessment may conclude a particular significance level, whilst another 

assessment conclude a different significance level, despite including the same other wind 

farms in the assessment. With variabilities within impact assessments, and wind farms in 

different locations, years, and with different design parameters, the cumulative assessment 

already contains large uncertainties. This is then extrapolated further when the impacts, 

species, and inclusion of other projects also varies widely across cumulative assessments. 
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3.1 Introduction to how cumulative seabird displacement is 

assessed for offshore wind farms 

As discussed in Chapters 1 and 2, offshore wind farm development is set to rise significantly 

in the near future around the globe, and with it, the challenge associated with 

understanding the cumulative environmental impacts of developments with other projects 

(Goodale and Milman, 2016). The cumulative impact of wind farms has also become an 

increasing concern for regulatory authorities and statutory consultees alike (Broadbent and 

Nixon, 2019; Natural England, 2019). This is largely because the cumulative impact of 

developments is largely uncertain (Masden et al., 2015). The assessment, or lack, of such 

cumulative impacts has led to delays in granting consent, such as with the redetermination 

of the Norfolk Vanguard wind farm (Raymond Stephen Pearce v Secretary of State for 

Business Energy and Industrial Strategy, 2021) and the delay to consent for the Norfolk 

Boreas wind farm on the grounds of cumulative effects of the two developments (Leigh, 

2021). This can have implications for the start of construction and operation of an offshore 

wind farm. 

EIA legislation, such as The Infrastructure Planning (Environmental Impact Assessment) 

Regulations 2017, stipulates which developments are to be included in a Cumulative Effects 

Assessment (CEA) by stating άexisting and/or approved projectsέ. What developments are 

ŎƭŀǎǎŜŘ ŀǎ άexistingέ or άapprovedέ ƛǎ ŀƳōƛƎǳƻǳǎΣ ǇŀǊǘƭȅ ōŜŎŀǳǎŜ ƛǘ ŎƻǳƭŘ ōŜ ŀǊƎǳŜŘ ǘƘŀǘ 

existing developments are already part of the baseline and so form the pre-development 

scenario that would be assessed against, rather than grouping them with post-development 

impacts. However, this may result in assessments not accounting for a shifting baseline 

(Pauly, 1995). Regardless, the developments to include are at least somewhat specified, 

whilst the species and impacts to be assessed are not specified at all, as they vary 

depending on the location of each wind farm. Several pieces of UK guidance suggest which 

species should be included in assessments (both individually and cumulatively) and 

methods for how to determine which species to include. This may include completing a 

standardised άkey featuresέ document, which assesses species in relation to their 

vulnerability to wind farm impacts, their designation at a protected site, and their potential 

for cumulative impacts (King et al., 2009). 

Other guidance (for onshore wind farms) has indicated that a variety of scales can be used 

to assess cumulative effects. However, NatureScot (previously Scottish Natural Heritage) 
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proposes a national scale should be used, in this case restricted to Scotland (Scottish 

Natural Heritage, 2012). The inference is that all developments that could possibly have an 

effect on the same species as included in the main Environmental Impact Assessment (EIA) 

should be included in the CEA. The process of determining the species, impacts, and other 

plans and projects that are included in assessments is known as scoping. 

The previous chapter reviewed the literature for empirical evidence of individual and 

cumulative displacement. This chapter now reviews EIAs to assess how species and impacts 

have been chosen for cumulative assessments in offshore wind farms. Within the overall 

aim of the thesis, this chapter addresses how cumulative seabird displacement from 

offshore wind farms is assessed. This is done by reviewing how offshore wind farm EIAs 

approach cumulative displacement impact assessments and exploring how offshore wind 

ŦŀǊƳǎ ƛƴǘŜǊǇǊŜǘ ǘƘŜ ƻǳǘŎƻƳŜ ƻŦ ƻǘƘŜǊ ǿƛƴŘ ŦŀǊƳǎΩ ƛƴŘƛǾƛŘǳŀƭ ŀǎǎŜǎǎƳŜƴǘǎ. 

This chapter begins by describing how cumulative seabird displacement has been assessed 

through the EIA process and analysing any differences or similarities in approaches. The 

results of the investigation are described with comparison across wind farms. Finally, 

possible reasons for diverging approaches are suggested, and the advantages and 

disadvantages of these approaches are discussed. 

3.2 Method used to investigate how cumulative seabird 

displacement is assessed for offshore wind farms 

In terms of investigating how cumulative seabird displacement is assessed for offshore 

wind farms, two things were done for this thesis: 

a) Evaluate how it is done for 18 publicly available offshore wind farm EIAs across the 

UK 

b) Evaluate in detail using six case studies from Scottish waters 

3.2.1 Methods to investigate how species and impacts are scoped in for EIAs of 

offshore wind farms across the UK 

Publicly available Environmental Statements (ES) from offshore wind farms were collated 

from web searches carried out in 2019. The search found 18 ESs from offshore wind farms 

in the UK (Table 3.1). These ESs provided a range of ages in terms of when the EIA was 

written and when the wind farm was consented to and became operational. Wind farms 
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yet to be fully operational were also included. The oldest wind farm had an EIA dated 2002 

and was operational in 2005, and the most recent wind farm had an EIA dated 2018 and 

became operational in 2023. 

Table 3.1. Offshore wind farms used to investigate how cumulative seabird displacement 
was assessed for offshore wind farms across the UK (as of October 2023). 

Location Offshore wind farm 
Year of 

EIA 
Year of 
consent 

Year of 
operation 

Stage of 
development 

England Kentish Flats 2002 2003 2005 Operational 

England Barrow 2002 2003 2006 Operational 

England Burbo Bank 2002 2003 2007 Operational 

England Gunfleet Sands 2002 2004 2010 Operational 

England Greater Gabbard 2005 2007 2013 Operational 

Wales Gwynt Y Mor 2005 2008 2015 Operational 

England Lincs 2007 2008 2013 Operational 

England Humber Gateway 2008 2011 2015 Operational 

England Dudgeon 2009 2012 2017 Operational 

England Kentish Flats Extension 2011 2013 2015 Operational 

Scotland 
European Offshore Wind 
Development Centre 

2011 2013 2018 Operational 

England Galloper 2011 2013 2018 Operational 

Scotland Beatrice 2012 2014 2019 Operational 

Scotland Moray East 2012 2014 2022 Operational 

Scotland Neart na Gaoithe 2012 2014 N/A Construction 

England Burbo Bank Extension 2013 2014 2017 Operational 

Scotland Inch Cape 2013 2014 N/A Consented 

Scotland Seagreen 2018 2018 2023 Operational 

 

A series of 12 questions were generated to analyse the different ways that individual and 

cumulative wind farm assessments were carried out. The questions, justifications for the 

questions, and the possible answers to said questions are shown in Table 3.2. All EIAs from 

the wind farms in Table 3.1 were examined to answer the questions, and the answers were 

noted in a spreadsheet. The answers were then analysed to pull out themes, determine 

similarities and differences between wind farms, and make comparisons between 

approaches. 

Table 3.2. Questions used to analyse EIAs of offshore wind farms in the UK to compare the 
different ways that individual and cumulative wind farm assessments have been carried out. 

Question Answer options Justification for question 

Is there a section dedicated 
to cumulative effects? 

Independent 
section, within 
impact 

To determine whether cumulative 
effects were assessed 
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Question Answer options Justification for question 

assessment 
section, within 
species section, 
cumulative 
effects not 
analysed, within 
appendix 

Was the scoping in of 
species the same as or 
different to that within the 
main impact assessment? 

Same or different To determine whether species were 
treated differently between individual 
and cumulative assessments 

In what way was the 
scoping in of species 
different to the main 
impact assessment? 

Free text To determine in what ways species 
were treated differently between 
individual and cumulative 
assessments 

Was a reason given for 
scoping in the species that 
were assessed? 

Yes to all, yes to 
some, or no, free 
text 

To determine why species were 
treated differently between individual 
and cumulative assessments 

Was the scoping in of 
impacts the same as main 
impact assessment or 
different? 

Same or different To determine whether impacts were 
treated differently between individual 
and cumulative assessments 

In what way was the 
scoping in of impacts 
different to the main 
impact assessment? 

Free text To determine in what ways impacts 
were treated differently between 
individual and cumulative 
assessments 

Were all species scoped in 
and analysed with respect 
to every impact? 

All species and all 
impacts, species-
specific impacts, 
or no assessment 
of the species 
and impact 

To determine whether blanket rules 
were applied to the assessment of 
impacts to species or whether species-
specific approaches were taken in 
individual and cumulative 
assessments 

Were potential impacts 
considered at different 
stages of the project? 

List of stages 
which could 
include any or all 
of construction, 
operation, and 
decommissioning 

To determine which stage of the 
process impacts were assessed at 

What types of potential 
impacts were specified? 

Free text, 
impacts split by 
stage of the 
project 

To determine the range of impacts 
identified from different stages of a 
project 

Did the assessment include 
displacement in the 
operational phase of the 
wind farm? 

Yes or no To determine whether a specific wind 
farm assessed the main impact and 
stage of interest to this study 

If no information was 
available from another 

Free text To determine how wind farms dealt 
with missing or lack of information 
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Question Answer options Justification for question 

wind farm site, what action 
was taken? 

regarding the impact of other wind 
farms in cumulative assessments 

What is the mechanism for 
calculating cumulative 
impacts? 

Summed, 
synergistic (more 
than the sum of 
parts), or 
antagonistic (less 
than the sum of 
parts) 

To determine how cumulative impacts 
were calculated, whether this was a 
simple summation or more complex 
modelling was involved 

 

The species chosen for individual and cumulative assessment and the reasons for their 

inclusion were noted from each ES. The type of impact (for instance, collision, 

displacement, barrier effects) and why that impact was investigated for that species was 

also analysed. The species and impacts scoped in and out of assessment, and methods used 

for scoping, were compared across offshore wind farms to determine whether a standard 

approach has been taken. A comparison was also made between the scoping approach 

done for an individual wind farm assessment and a cumulative assessment to further 

investigate the level of standardisation. 

3.2.2 Method of how species and wind farms are scoped in for individual and 

cumulative displacement assessments: Scottish case study 

Case studies of planned or built wind farm EIA and CEAs in Scottish east coast waters were 

then studied in more detail to compare the species and impacts assessed at nearby wind 

farms. These wind farms were labelled A to F for ease of presenting and describing the 

results (Table 3.3). 

Table 3.3. Scottish offshore wind farms used to investigate how species and wind farms 
were scoped in for individual and cumulative displacement assessments. 

Offshore wind farm Label 

Beatrice A 

Moray East B 

Seagreen C 

Inch Cape D 

Neart na Gaoithe E 

European Offshore Wind Development Centre F 

 

The impact of specific interest was the displacement of seabirds; therefore, the result of 

individual and cumulative assessment in terms of displacement was noted for each wind 

farm and each species. The result of these assessments in an EIA context is usually 
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described in terms of the significance of potential effects. This is determined from a 

combination of the magnitude of the effect and the sensitivity of the receptor. This is often 

presented as a matrix, such as Table 3.4. 

Table 3.4. The matrix often used in EIAs to determine the level of significance, combining the 
magnitude of effect and the sensitivity of the receptor. 

  Magnitude 

  High Medium Low Negligible 

Sensitivity 

High Major Major Moderate Minor 

Medium Major Moderate Minor Negligible 

Low Moderate Minor Minor Negligible 

Negligible Minor Negligible Negligible Negligible 

 

A significance matrix is a method capable of putting impacts from different developments 

into a standard and comparable format, providing a single value of a level of significance 

from negligible to major, and can be used to describe both positive and negative effects. 

Therefore, the level of significance was retrieved from the Environmental Statements for 

wind farms in Table 3.1 for both the individual and cumulative impact assessment. The 

wind farms that were scoped into the cumulative assessments were also noted to 

determine whether there was a difference between which wind farms were included or not 

in cumulative assessments. 

3.3 Results of investigating how cumulative seabird displacement is 

assessed for offshore wind farms 

The results of investigating how cumulative seabird displacement is assessed for offshore 

wind farms are split into two sections. First, the results of how species and impacts are 

scoped into individual and cumulative wind farm EIAs across the UK are described. This is 

followed by how species and wind farms are scoped for a displacement assessment for 

individual and cumulative assessments using a Scottish case study. 

3.3.1 Results of how species and impacts are scoped into individual and 

cumulative wind farm EIAs across the UK 

The results from a broad range of questions on scoping show that the majority of EIAs 

(72%) used a different set of species between the individual wind farm assessment and the 

cumulative assessment. For some species and wind farm, this meant more species were 

assessed individually than cumulatively, and for others the opposite occurred. It was often 
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stated that impacts from wind farm alone were sufficiently small to not require assessing 

cumulatively. In comparison, at other wind farms the species list was expanded for the 

cumulative assessment to take account of effects at other wind farms. The same happened 

with regard to the impacts assessed individually and cumulatively but to a lesser degree. 

Around half of wind farms used a different set of impacts between the individual wind farm 

assessment and the cumulative assessment (see Figure 3.1). 

 
Figure 3.1. The percentage of wind farms which assessed the same or different species and 
impacts between individual and cumulative assessments (for the 18 offshore wind farms in 
the UK). 
 

In addition, as it can be seen in Figure 3.2, the majority of cumulative effects assessments 

looked at species-specific impacts (61%), whilst fewer took a blanket approach and 

assessed all species against all impacts (22%). 
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Figure 3.2. The percentage of wind farms which assessed all impacts to all species, species-
specific impacts, and no impact to a specific species (for the 18 offshore wind farms in the 
UK). 
 

Figures 3.1 and 3.2 both show that there is a disparity across the approaches taken by wind 

farms. The reasons given for why a species was scoped into a cumulative effects 

assessment include: 

¶ Target species or Valued Ornithological Receptor 

¶ Meets or exceeds 1% of the Great Brit ish population on site 

¶ Species of high-sensitivity 

¶ Species observed at the site 

¶ Species present during the breeding season 

¶ Species are at least at minor risk of impact 

¶ Species included in the assessment at a site scoped in 

Some of these directly relate to scoping for the individual wind farm assessment, such as a 

target species and species of national importance and were given as reasons for inclusion in 

the individual assessment and cumulative assessment. Others were more related to 

cumulative effects, such as whether a species was included in the assessment at a different 

site. This raises several questions: 

¶ For what reasons should a species be scoped in for cumulative effects evaluation? 

¶ Should species scoped in be the same for a cumulative assessment as for individual 

wind farm assessment? 



40 
 

¶ Should a wider range of species be assessed to take into account the broader 

spatial and temporal scale of cumulative effects? 

Other reasons for species scoping in or out simply relate to data issues (Figure 3.3). For 

instance, the sparsity of environmental data when early developments were assessing 

cumulative effects hindered a quantitative assessment of the impact of future sites. This 

still exists to some extent today, with limited data on either the baseline environment of a 

potential site or what that siteΩs impact might be. There have also been changes in methods 

of assessment used to assess different species and impacts. For instance, some species and 

impacts have been assessed quantitatively and others qualitatively. This was seen when a 

new approach was brought in for assessing bird displacement in 2015, meaning that across 

developments, data and results were presented in a different state, making it harder to 

directly compare developments using these different approaches. These factors have led to 

increasing uncertainty beyond what already exists as a result of data collection methods, 

natural variation, and the use of design envelopes. It also has the potential to increase the 

assessment burden of having to transform data to be used in a cumulative assessment. 

 
Figure 3.3. Data issues identified from reviewing offshore wind farm EIAs regarding 
cumulative seabird displacement assessments. Issues lead to increasing uncertainty about 
what cumulative impact there may be and an increasing burden upon developers to fill 
knowledge gaps. 
 

The absence of data for species at a site has been dealt with in numerous ways by 

developers, further enhancing the disparity in approaches. For half of the sites where there 

was no data available from another project, that development was not included in the CEA. 

25% of the time, if no quantitative data was available from another site, a qualitative 

assessment was made instead. Occasionally, a negligible impact was assumed where no 
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data was available to be assessed. Infrequently, data was sourced elsewhere to enable the 

project to be included in the assessment. 

These different actions in response to a lack of data resulted in different outcomes 

between individual and cumulative assessments. At an individual wind farm level, a lack of 

seabird data has sometimes been stated as the reason for a species not being assessed. At a 

cumulative assessment level, this has often resulted in the wind farm not being included in 

the CEA. However, there have been cases where an individual wind farm had not assessed a 

species because of a lack of data, but the CEA of another wind farm included the first wind 

farm, and a negligible effect was assumed. Other times, at an individual wind farm level, 

the lack of data was taken as a άnegligibleέ effect on the species. At a cumulative 

assessment level, the wind farm was then included in the CEA, and a negligible impact was 

assumed as the result of the individual wind farm impact assessment. This is summarised in 

Figure 3.4. 

 
Figure 3.4. Actions by different wind farms in their cumulative assessments in response to a 
lack of data or assessment from other wind farms. 
 

This raises important issues as to how CEAs should be conducted. For example, it could be 

argued that lack of assessment should not be stated as a negligible effect, nor should sites 

with a lack of data be included in other siteΩs cumulative assessments. This research 

indicates that the results of individual wind farm assessments have been amended by 

ŀƴƻǘƘŜǊ ǎƛǘŜΩǎ ŎǳƳǳƭŀǘƛǾŜ ŀǎǎŜǎǎƳŜƴǘ όŜΦƎΦ ŦǊƻƳ άnot assessed because of a lack of dataέ to 

άsite has negligible impactέ) without reasoning. The suitability of amending a result, 



42 
 

therefore, comes into question, particularly with regard to whether terms such as άnot 

enough data for assessmentέ and άnegligible impactέ ŀǊŜ ƛƴǘŜǊŎƘŀƴƎŜŀōƭŜΦ LŦ ǘƘƛǎ ƛǎ ƴƻǘ ǘƘŜ 

case, then the changing of terms may, in fact, generate misleading results of a cumulative 

assessment. Full answers to all questions are provided in Appendix C. 

3.3.2 Results of how species and wind farms are scoped in for a displacement 

assessment for individual and cumulative assessments: a Scottish case 

study  

The inclusion of individual species into six offshore wind farm CEAs was analysed in terms 

of cumulatively assessing displacement. For each wind farm, the species that were analysed 

for cumulative displacement were noted. A record was also made of the other wind farms 

that were included in the cumulative displacement of the species in question. This 

information was translated into a set of diagrams to visualise the conclusion of individual 

and cumulative assessments. Eight themes came out of this analysis: 

¶ Theme 1: One wind farm including all other wind farms in its cumulative 

assessment, but none of the other wind farms including that wind farm in their 

cumulative assessment (section 3.3.2.1) 

¶ Theme 2: A wind farm assessing and concluding their cumulative effect with other 

wind farms, whilst those other wind farms have not deemed it necessary to carry 

out an assessment of their own individual impact (section 3.3.2.2) 

¶ Theme 3: A wind farm assessing and concluding their cumulative effect with other 

wind farms, whilst those other wind farms have not had a chance to carry out their 

own assessment as they are further behind in the consenting process (section 

3.3.2.3) 

¶ Theme 4: A wind farm assessing but not concluding their cumulative effect with 

other wind farms, whilst those other wind farms have not had a chance to carry out 

their own assessment as they are further behind in the consenting process (section 

3.3.2.4) 

¶ Theme 5: Wind farms concluding larger cumulative effects than their individual 

assessment due to comparatively large effects from other wind farms acting in 

combination (section 3.3.2.5) 

¶ Theme 6: Wind farms assessing one another cumulatively but coming to different 

conclusions on the cumulative assessment (section 3.3.2.6) 
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¶ Theme 7: Wind farms assessing individual and cumulative effects either annually or 

splitting effects per season (section 3.3.2.7) 

¶ Theme 8: Wind farms providing more than one significance level for individual and 

cumulative assessments (section 3.3.2.8) 

Each of these themes is analysed further in the subsequent sections, with examples of 

species where the theme is apparent. 

3.3.2.1 Theme 1: One wind farm including all other wind farms in its cumulative 

assessment, but none of the other wind farms including that wind farm in their 

cumulative assessment 

The first theme when analysing individual and cumulative assessments is that one wind 

farm would include all other wind farms in its cumulative assessment, but none of the other 

wind farms included that wind farm in their cumulative assessment. This can be seen in the 

diagram for the northern fulmar (Fulmarus glacialis), as shown in Figure 3.5. In this figure, 

wind farm D assessed all other wind farms cumulatively, but none of those wind farms 

included wind farm D in their cumulative assessment. 

 
Figure 3.5. A schematic view of the result of each wind farm in the case study in terms of the 
individual project displacement assessment and the cumulative displacement assessment of 
northern fulmar. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
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It is not clear why wind farm D included all other wind farms in its cumulative assessment, 

nor why the other wind farms did not include wind farm D in their cumulative assessments. 

This suggests that an inconsistent approach was taken, at least between wind farm D and 

the other wind farms. However, as no criteria were given for why each wind farm was 

scoped in or out of other wind farms, the rationale is unknown. Perhaps there was 

something about this species that meant different scoping results between wind farm D 

and all the other wind farms. Without an explanation, it is hard to say whether one method 

or reason for scoping is any better or worse or more or less applicable. Furthermore, there 

is no way to know whether these differences in scoping made a meaningful difference to 

the results of the cumulative impact assessment. 

3.3.2.2 Theme 2: A wind farm assessing and concluding their cumulative effect with 

other wind farms, whilst those other wind farms have not deemed it necessary 

to carry out an assessment of their own individual impact 

The second theme when analysing individual and cumulative assessments is that one wind 

farm would come to a conclusion in the cumulative assessment, which included other wind 

farms, but those wind farms have not assessed that species individually. This can be seen in 

the diagram for northern fulmar, as shown in Figure 3.5, and in the diagram for northern 

gannet (Morus bassanus), as shown in Figure 3.6. In these figures, wind farm D assessed the 

cumulative effect in combination with wind farm E and wind farm C, but those wind farms 

did not assess the species individually or cumulatively. 
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Figure 3.6. A schematic view of the result of each wind farm in the case study in terms of the 
individual project displacement assessment and the cumulative displacement assessment of 
the northern gannet. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
 

This can also be seen in the diagrams for great black-backed gulls (Larus marinus), as shown 

in Figure 3.7, and for lesser black-backed gulls (Larus fuscus), as shown in Figure 3.8. For the 

great black-backed gull, wind farm D assessed the cumulative effect in combination with 

wind farm F and wind farm E, but wind farm E did not undertake an individual assessment 

of the species. For lesser black-backed gulls, wind farm D assessed the cumulative effect in 

combination with all wind farms, yet three of the four other wind farms had not assessed 

the individual effect on the species. 
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Figure 3.7. A schematic view of the result of each wind farm in the case study in terms of the 
individual project displacement assessment and the cumulative displacement assessment of 
the great black-backed gull. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
 

 
Figure 3.8. A schematic view of the result of each wind farm in the case study in terms of the 
individual project displacement assessment and the cumulative displacement assessment of 
lesser black-backed gull. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
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two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
 

This theme also raises issues, firstly, why a wind farm without an individual assessment of a 

ǇŀǊǘƛŎǳƭŀǊ ǎǇŜŎƛŜǎ Ƙŀǎ ōŜŜƴ ǎŎǊŜŜƴŜŘ ƛƴǘƻ ŀƴƻǘƘŜǊ ǿƛƴŘ ŦŀǊƳΩǎ ŎǳƳǳƭŀǘƛǾŜ ŀǎǎŜǎǎƳŜƴǘΦ 

Perhaps more importantly, it is uncertain how a cumulative assessment can account for the 

effects of wind farms which did not carry out an individual assessment of that species. If a 

wind farm did not assess an impact because it was certain that there would be no impact 

on the species (for instance, the species is not present at the wind farm), then there 

appears to be no reason to include said wind farm in a cumulative assessment. Without 

knowing what significance level was assigned to this other wind farm, there is the 

possibility that its impact was overestimated, thereby generating an inaccurate cumulative 

assessment. 

3.3.2.3 Theme 3: A wind farm assessing and concluding their cumulative effect with 

other wind farms, whilst those other wind farms have not had a chance to carry 

out their own assessment as they are further behind in the consenting process 

The next theme that appeared was that a wind farm could conclude a cumulative 

assessment result despite an assessment on the impact of the other wind farms not being 

made yet. This can be seen in the diagram for northern fulmar, northern gannet, great 

black-backed gull, and lesser black-backed gull, as shown in Figure 3.5, Figure 3.6, Figure 

3.7, and Figure 3.8, respectively. It can also be seen in the diagram for black-legged 

kittiwake, as shown in Figure 3.9. In these figures, wind farm F came to a conclusion on the 

cumulative effect despite not including other wind farms in the assessment. In the 

Environmental Statement for this wind farm, it was stated that the cumulative effect was 

likely negligible but could not be fully assessed due to a lack of data from other wind farms, 

as they had not carried out their impact assessment yet. For northern fulmar, northern 

gannet, and lesser black-backed gull, the individual wind farm assessment result was 

negligible, and the cumulative assessment was also negligible. However, for great black-

backed gulls and black-legged kittiwakes, the individual assessment result had no effect, yet 

the result of the cumulative assessment was negligible. 
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Figure 3.9. A schematic view of the result of each wind farm in the case study in terms of the 
individual project displacement assessment and the cumulative displacement assessment of 
black-legged kittiwake. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
 

There are further queries from this theme, beginning with the obvious uncertainties 

associated with estimating the impact from other wind farms which have yet to be formerly 

calculated. For these examples, it was not stated what the assumed impact of these other 

wind farms was; therefore, no judgment can be made as to whether these are under- or 

over-estimates. It is necessary to include future developments in a cumulative assessment. 

However, without transparency as to the assumed impacts of these developments, 

uncertainty is high and confidence in the cumulative assessment is low. 

3.3.2.4 Theme 4: A wind farm assessing but not concluding their cumulative effect with 

other wind farms, whilst those other wind farms have not had a chance to carry 

out their own assessment as they are further behind in the consenting process 

The fourth theme, in a way, is an inverse of the third theme. In the third theme, a wind 

farm made a conclusion of the cumulative effect from other wind farms that had not yet 

assessed their impact. However, in the fourth theme, a wind farm did not make a 

conclusion on the cumulative effect with other wind farms, which again had not yet 
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assessed their impact. The other notable aspect of this theme is that the individual effect of 

the focal wind farm was much larger than in the third theme. This can be seen in the case of 

wind farm F. This wind farm had a moderate individual effect on the common guillemot 

(Uria aalge), as shown in Figure 3.10, and a minor individual effect on razorbill (Arca torda) 

and Atlantic puffin (Fratercula arctica), as shown in Figure 3.11 and Figure 3.12, 

respectively. However, the cumulative assessment for these species was inconclusive. 

 
Figure 3.10. A schematic view of the result of each wind farm in the case study in terms of 
the individual project displacement assessment and the cumulative displacement 
assessment of common guillemot. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
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Figure 3.11. A schematic view of the result of each wind farm in the case study in terms of 
the individual project displacement assessment and the cumulative displacement 
assessment of razorbill. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
 

 
Figure 3.12. A schematic view of the result of each wind farm in the case study in terms of 
the individual project displacement assessment and the cumulative displacement 
assessment of Atlantic puffin. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
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assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
 

This theme poses further considerations. It would appear that wind farm F, with its larger 

impacts on three species, could not come to a conclusion on the cumulative effect. Again, 

the reasoning for this was not stated. However, it is possible that due to a non-negligible 

impact from the individual wind farm, there was a likelihood that there would also be non-

negligible impacts from other wind farms. Including these unknown but potentially larger 

impacts in a cumulative assessment would, perhaps, result in a cumulative conclusion with 

an uncertainty higher than it is useful. Regardless of the reason, this is yet another 

inconsistency in approaches. Where some wind farms estimate the cumulative effect with 

no individual assessments to use, other wind farms make a conclusion without any 

information from the other developments. Again, what is unclear is whether these 

differences make an appreciable difference to the overall outcome of cumulative 

assessments. 

3.3.2.5 Theme 5: Wind farms concluding larger cumulative effects than their individual 

assessment due to comparatively large effects from other wind farms acting in 

combination 

Another theme arose on inspection of how cumulative assessment had been carried out. 

This theme centres around the level of cumulative effect compared to the level of 

individual effects. In the case of northern gannet, as shown in Figure 3.6, and the case of 

black-legged kittiwake, as shown in Figure 3.9, the individual effect of wind farm A was 

negligible, and the individual effect of wind farm B was minor. In its cumulative assessment, 

wind farm A concluded the cumulative effect of itself in combination with wind farm B to 

be minor. Similarly, wind farm B concluded the cumulative effect of itself in combination 

with wind farm A and wind farm F (with an individual effect of negligible for gannet and no 

effect for black-legged kittiwake) to be minor. 

There are some interesting points to note from this theme. First, this suggests that one 

wind farm is predicted to have a larger effect compared to the other. The second point is 

that both wind farms recognised that one wind farm in particular had a larger effect, and 

this was reflected in the result of the cumulative assessment. Lastly, this raises an 
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important note relating to themes three and four. Two wind farms may have different 

individual effects; therefore, it is not necessarily right to assume that other wind farms may 

have a similar individual effect to the focal wind farm. It is likely unfair to use this 

assumption when no assessment has been carried out for those other wind farms, as 

appears to have been done in themes three and four. 

3.3.2.6 Theme 6: Wind farms assessing one another cumulatively but coming to 

different conclusions on the cumulative assessment 

Wind farms coming to different conclusions on the level of cumulative effect is another 

theme coming out of this analysis of cumulative effects assessment. This can be seen in the 

diagrams for black-legged kittiwake, common guillemot, and razorbill, as shown in Figure 

3.9, Figure 3.10, and Figure 3.11, respectively, where the results of the cumulative 

assessment were very different from wind farm E, wind farm C, and wind farm D. Wind 

farm E took its own negligible effect, the minor effect from wind farm C, the minor 

breeding season and negligible non-breeding season effect from wind farm D, and 

concluded a negligible cumulative effect. Meanwhile, wind farm C took the same three 

individual effects from itself, wind farm E, and wind farm D, but concluded a minor 

cumulative effect. Wind farm D took a similar approach to wind farm C, concluding a 

moderate or minor cumulative effect in the breeding season. However, the approach was 

more similar to wind farm E in the non-breeding season, concluding with a negligible effect. 

It would appear that multiple wind farms came to different conclusions on the cumulative 

effect when presented with the same information. Unless there were legitimate reasons for 

these differences (reasons which are not mentioned), it is concerning that diverging 

conclusions are reached. Perhaps thresholds for determining the significance level of effect 

were different across assessments. This suggests that diverging approaches have resulted in 

a meaningful difference in the overall outcome of cumulative assessments. However, which 

results are the most accurate remains unknown. 

3.3.2.7 Theme 7: Wind farms assessing individual and cumulative effects either 

annually or splitting effects per season 

The penultimate theme, which is apparent with some species and wind farms, is the 

assessment of either annual effects or splitting effects between the breeding and the non-

breeding seasons. In the latter approach, for one wind farm, a combination of seasonal 

results was not provided to conclude an annual effect, but another wind farm did provide 
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annual results as well as seasonal results. In the case of all species, wind farm D split 

individual and cumulative effect results between the breeding and the non-breeding 

season. Meanwhile, wind farm E provided individual effect results for the breeding season, 

non-breeding season, and annually for black-legged kittiwake, common guillemot, razorbill, 

and Atlantic puffin (Figure 3.9, Figure 3.10, Figure 3.11, and Figure 3.12, respectively). 

However, wind farm E presented cumulative effect results for the breeding and non-

breeding season only, and even the breeding season only for black-legged kittiwake. 

From this research, it appears that cumulative assessments are somehow able to combine 

impacts across different temporal scales. This includes combining different seasons into an 

annual effect and also splitting annual effects into seasonal ones. The methodology for 

undertaking either a splitting or combining is not given; therefore, the validity of the 

approaches is unknown. 

3.3.2.8 Theme 8: Wind farms providing more than one significance level for individual 

and cumulative assessments 

The final theme from this analysis of cumulative effects assessment is that some wind farms 

presented more than one effect level. Unlike theme seven, where this was due to different 

temporal scales of effect, this was just presented as the possibility that either effect level 

could be the true effect, but there was uncertainty around the level. This can be seen in the 

cumulative assessment of the great black-backed gull and herring gull (Larus argentatus) 

from wind farm A (Figure 3.7 and Figure 3.13, respectively). It can also be seen in both the 

individual and cumulative assessments for black-legged kittiwake, common guillemot, 

razorbill, and Atlantic puffin from wind farm D (Figure 3.9, Figure 3.10, Figure 3.11, and 

Figure 3.12, respectively). 
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Figure 3.13. A schematic view of the result of each wind farm in the case study in terms of 
the individual project displacement assessment and the cumulative displacement 
assessment of herring gull. 

Note: The arrow represents the wind farms included in the cumulative assessment. The 
origin of the arrow is the wind farm carrying out the cumulative displacement assessment. 
The end point of the arrow is the wind farm that was included in the origin wind farmΩǎ 
assessment. Where multiple results are presented in one box, this was either due to wind 
farms presenting two results as if unsure of the exact answer or somewhere in between the 
two results or as a result of the wind farm splitting impacts between the breeding season, 
noted by (b), and the non-breeding season, noted by (nb), or annual, noted by (a). 
 

This theme raises several things of note, firstly, the cause of the uncertainty in the 

cumulative result. Previous themes indicate some of the differences in approaches to 

scoping other wind farms and utilising results from other wind farms, which may be some 

of the causes of uncertainty. Do uncertainties stem from individual wind farm uncertainties, 

the mechanism behind cumulative effects from multiple sources, or both? Some wind 

farms were able to generate one cumulative significance level whilst others were not; 

again, it is unclear why that is the case, particularly where the same species is concerned. 

Perhaps it is the case that a cumulative assessment with one significance level is reflective 

of the certainty of individual effects. Meanwhile, a range of cumulative significance levels 

account for uncertainty in individual wind farm effects. This could suggest that a divergent 

approach is favourable in order to clearly display uncertainties. 
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3.4 Discussion on how cumulative seabird displacement is assessed 

for offshore wind farms 

The ways in which seabirds and impacts have been chosen for individual and cumulative 

assessments and which wind farms were included in cumulative assessments have varied 

across wind farm EIAs around the UK. As scoping is one of the first stages of an EIA, this 

non-standard approach is likely to mean that EIA results are inconsistent. During the 

assessment itself, standard methods are applied for collision and displacement, barring any 

major changes in techniques. The use of standard methods applied to assess individual 

impacts may give a false sense that EIAs are carried out in a standardised manner. In fact, 

the scoping of species, impacts, and wind farms can result in markedly different outcomes. 

With wind farms in different locations, in different years, and with different design 

parameters, it is obvious that there will be differences between the outcomes of wind 

farms. However, when the method of scoping is different across wind farms, all else being 

equal, there would be inconsistencies when the approach to scoping is variable. 

There may, of course, be legitimate reasons for taking a specific approach to individual and 

cumulative assessments. One key reason, for instance, may be that prior to 2015, there was 

no standard quantitative approach to assessing the displacement of seabirds from offshore 

wind farms in UK waters. Therefore, it may be inevitable that there are differences in the 

approaches to which species and wind farms were assessed for this impact. In 2015, the UK 

Statutory Nature Conservation Bodies (SNCB) published a guidance note advising on which 

species may need to be assessed for displacement and a standard methodology for doing 

so (Statutory Nature Conservation Bodies, 2022b). Therefore, wind farms with Ess written 

after 2015 are more likely to have a standard approach to the species assessed for 

displacement. 

Similarly, when scoping in wind farms to a cumulative assessment, the spatial scale over 

which a species may be impacted is a key consideration. To determine which wind farms a 

species may interact with requires knowledge of where these birds travel to and from. With 

increasing knowledge about seabird movements, which may be different throughout the 

year, this may again lead to later wind farms taking a different approach to earlier wind 

farms. It may also be that some wind farms are not included in a cumulative assessment if 

seabirds do not cover a large area, or conversely, including more wind farms should a 

species range over a larger area. 
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Another reason why wind farms differ in their approach may be that later wind farms 

attempt to re-calculate the impact of earlier wind farms, particularly once a standardised 

approach to displacement was generated. Therefore, there may be new displacement 

results compared to those produced by early wind farms to be included in cumulative 

assessments, leading to overall different cumulative outcomes. Indeed, it may be pertinent 

to re-analyse the impact of operational wind farms once new methodologies for doing so 

are generated. Under the assumption that these give more accurate impact predictions, the 

cumulative impact should be more accurately calculated. 

The legislation surrounding the need for a cumulative assessment is ambiguous as to which 

projects should be included in a cumulative assessment. Both the EIA Directive and UK 

legislation state that the combination of effects with other existing and approved 

developments should be considered but offer no guidance on how to determine what these 

projects are. In an advice note from the Planning Inspectorate, the body through which 

some offshore wind farms in the UK are consented, it states that any project completed 

before the proposed project is consented ǎƘƻǳƭŘ ŦƻǊƳ ǇŀǊǘ ƻŦ ǘƘŜ άŘȅƴŀƳƛŎ ōŀǎŜƭƛƴŜέ (The 

Planning Inspectorate, 2019). What this means in practice, though, is not described. 

Without clear instructions on how to scope other projects into a cumulative assessment, 

individual projects are again left to determine this. 

Similarly, how to use and interpret the results from other wind farms when calculating the 

cumulative impact has been done in a range of ways, and is ambiguous as to how it should 

be carried out. Guidance on using data from other developments does not appear to be 

available in the public domain, yet the variety of ways this has been done, as seen 

throughout this chapter, suggests that it would be warranted to generate standardised and 

appropriate methods. A top-down approach to generate standardisation would be 

applicable here, but also with input from those undertaking cumulative assessments of 

projects in order to understand the issues with data interpretation and use. 

It would appear that for the assessment by some wind farms, the other wind farms were 

scoped in or out of the cumulative assessment before consideration was given to whether a 

species may be affected cumulatively due to those other wind farms. It is, therefore, 

possible that the cumulative effect of wind farms on some species was excluded before the 

species had even been considered. This is an important consideration, especially where 

species of importance are affected, and impacts are significant, whether on an individual 
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wind farm or cumulative basis. If species are considered first when scoping a cumulative 

assessment, perhaps by applying a species-site-specific approach, there is the potential for 

important species at one site not being cumulatively assessed at another site. Instead, using 

a blanket approach might help encompass species and impacts over the broader spatial and 

temporal scale over which cumulative effects occur. This would need to be done in an 

efficient manner to prevent increasing the burden of carrying out assessments. It would 

also need to ensure that the existing uncertainties in assessment are not increased further. 

A key question is whether a non-standard approach to scoping makes a difference to the 

overall outcome of the EIA to the point that standard approaches would be advantageous. 

Ideally, this question would be answered by proving that the EIA was accurate in its 

predictions for each wind farm. As it stands, however, a combination of factors makes this 

difficult to achieve. The project design envelope allows for a worst-case scenario of wind 

farm development to be assessed, with the likelihood that a less impactful wind farm will 

actually be built. Indeed, many wind farms are built to a lower capacity than is assessed 

(Womble Bond Dickinson, 2021). Therefore, assessing the actual impact of an operational 

wind farm does not provide a direct comparison to the predicted impact in the EIA. Even if 

the wind farm was built exactly as described in the EIA, rigorous monitoring of each seabird 

species would be needed after construction was complete to accurately gauge the actual 

impact. 

Monitoring would need to cover each stage of a project, including decommissioning. In 

reality, only key species are chosen for monitoring, and often only displacement is 

monitored; collisions are rarely monitored due to the complexity of observing this impact 

(Collier et al., 2011). Then, even if all seabirds were sufficiently monitored, there needs to 

be an appropriate level of certainty that the observed effects were due to the wind farm 

itself, as opposed to natural fluctuations in bird movements, distribution, or behaviour. It 

can be challenging to attribute an effect to a wind farm, in part because it relies on a good 

baseline characterisation of those parameters but also because a wind farm may have 

indirect effects on seabirds. Changes in forage fish distributions, for example, may occur 

due to the presence of a wind farm, which may, in turn, influence the distribution of 

seabirds (Raoux et al., 2017; Olin et al., 2020). However, monitoring of an ecosystem is not 

currently carried out, so indirect effects are not fully understood and cannot be attributed 

to the wind farm, neither individually nor cumulatively (Borja et al., 2016; Declerck et al., 

2023). 
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3.5 Conclusion of how cumulative seabird displacement is assessed 

for offshore wind farms 

In conclusion, this chapter has shown that cumulative wind farm impact assessments have 

each scoped in different species and impacts and have differing reasons for doing so. These 

various approaches and issues with data collection and assessment furthers the uncertainty 

already associated with largely unknown cumulative effects. The inconsistencies and 

problems mentioned are just a few of the queries regarding cumulative assessments; 

scoping projects, time frame cut-off, appropriate baselines, use of thresholds, and whether 

additive calculations are accurate to reality are just a few others. These all support the need 

for a more consistent approach, and doing so in a strategic way such that more robust 

assessments of cumulative effects can be made. 

This chapter has evaluated the first part of the cumulative seabird displacement 

assessment by considering how species are scoped into a cumulative assessment. The 

disparity in approaches taken and the potential implications of this to the overall result of a 

cumulative assessment have been discussed. This is, however, only one source of 

uncertainty in understanding the cumulative displacement of seabirds at the point of 

assessing potential impacts. Other sources of uncertainty, such as in collecting empirical 

evidence of displacement and how cumulative displacement is calculated, are explored in 

subsequent chapters. The next chapter will follow this one by exploring another aspect of 

assessing displacement but with more direct implications for the building of wind farms. 

This will entail investigating how seabird displacement may be influenced by the design of a 

wind farm. This will focus on one of the most sensitive species to displacement, the red-

throated diver.
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Chapter 4 How does offshore wind farm design 

influence red-throated diver displacement? 

 

 

Abstract 

Renewable energy is being built around the world at a rapid pace and to aid this, 

minimising negative impacts to sensitive species is crucial. The displacement of seabirds 

from offshore wind farms is one such way that species can be negatively impacted. 

Reduction or mitigation of displacement effects is currently difficult to achieve due to the 

presence of structures being the cause of displacement. Therefore, there are few options 

besides removing turbines. Therefore, this research aimed to determine whether elements 

of wind farm design has an influence on the displacement of one of the most sensitive 

species, red-throated divers. A meta-analysis was undertaken of red-throated diver 

displacement evidence from post-construction monitoring, and statistically analysed 

correlations with parameters of wind farm design, such as the number of turbines and wind 

farm area. Results indicated that high densities of turbines, smaller wind farm areas, and 

closely sited turbines resulted in larger displacement within wind farms. Meanwhile, 

displacement occurred over a larger distance from the large wind farms and when more 

turbines were present. Therefore, when designing the area of a wind farm, both the within-

wind farm displacement rate and displacement distance need to be carefully considered to 

take account of the whole displacement effect within and outside the wind farm. This study 

indicates that there may opportunities to modify wind farm design to minimise the effect of 

displacement on red-throated divers, but a holistic view would be needed to consider the 

impact to other species and other impacts so as whether collisions with turbines would 

increase or decrease. 

4.1 Introduction to how offshore wind farm design influences red-

throated diver displacement 
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Mitigation of the effects of displacement is hard to achieve. The mitigation hierarchy states 

that impacts should first be avoided, then minimised, then the environment restored, and 

finally, any remaining impacts compensated (Glasson and Therivel, 2019; The Biodiversity 

Consultancy, 2022). The behavioural response of seabirds to the presence of an offshore 

wind farm means that avoidance can only really be obtained by not building the wind farm 

in the location where an impact may occur. Where an impact cannot be avoided, 

minimisation can play a large part in the mitigation ƻŦ ŀ ŘŜǾŜƭƻǇƳŜƴǘΩǎ ƻǾŜǊŀƭƭ ƛƳǇŀŎǘ. 

The mitigation of collisions may be obtained ōȅ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǘǳǊōƛƴŜΩǎ Ƙǳō ƘŜƛƎƘǘ so that 

less of the rotor swept area overlaps with the flight height of seabirds. This means that 

wind farm power capacity can be retained but impacts reduced. However, the mere 

presence of the turbines is the cause of displacement. Removing a proportion of the 

turbines could, therefore, minimise impacts; however, this would likely come with an 

associated loss of wind farm capacity. There is no consensus on whether the spatial design 

of a wind farm has any bearing on this behavioural response, and few studies have explored 

this idea. Suppose it is the case that certain wind farm parameters have more of an impact 

on displacement than others. In that case, there may be a potential mitigation route 

through modifying these parameters whilst retaining wind farm capacity. 

The previous chapter evaluated part of the first stage of the process in considering the 

cumulative displacement of seabirds by assessing how and why species are scoped into a 

cumulative displacement assessment. This chapter follows by evaluating how wind farm 

design may influence seabird displacement in order to understand how reductions to both 

individual and cumulative displacement impacts may be achieved. Investigations into 

mitigation of impacts would be carried out at an impact assessment stage but would also 

utilise empirical evidence of displacement at existing wind farms. 

Within the overall aim of the thesis, this chapter addresses how cumulative seabird 

displacement from offshore wind farms is assessed and verified by reviewing the 

parameters which can be used to quantify displacement, determining which wind farm 

design parameters affect displacement, and discussing how wind farms could be designed 

to minimise displacement. The chapter focuses on red-throated divers as one of the most 

sensitive species to displacement. It begins by discussing the parameters that can describe 

displacement and reviewing studies that mention wind farm parameters in relation to 

displacement. The chapter then collates evidence of red-throated diver displacement and 
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relevant parameters of the wind farms in question. It then performs statistical analyses to 

determine whether wind farm design could be a factor in diver displacement. It ends by 

discussing how wind farms may be designed to mitigate red-throated diver displacement. 

 

 

4.2 Parameters of displacement considered in this study 

Several parameters can be used to describe displacement: 

¶ displacement rate τ the proportion of birds that are displaced from an offshore 

wind farm and adjacent area 

¶ displacement distance τ the distance from the boundary of an offshore wind farm 

that birds are displaced 

¶ gradient of displacement τ the change in displacement rate with distance from an 

offshore wind farm 

¶ distance band τ the distance region within which a displacement rate is described 

These displacement parameters are used throughout this thesis to describe displacement 

and are explored in more detail in Chapter 6. The parameters can be seen in Figure 4.1, 

ǿƛǘƘ ά!έ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀƴ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ŦŀǊƳΣ ά.έ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ƳŀȄƛƳǳƳ ŘƛǎǇƭŀŎŜƳŜƴǘ 

ŘƛǎǘŀƴŎŜΣ ά/έ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ŘƛǎǘŀƴŎŜ ōŀƴŘΣ ǘƘŜ ŎƻƭƻǳǊ ǎŎŀƭŜ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ 

displacement rate, and the displacement gradient seen as a change in displacement rate 

with distance from the wind farm. Figure 4.1 shows a within-wind farm displacement rate 

of 100%, distance bands of 1km, a declining displacement gradient of 10% every 1km 

distance band, and a maximum displacement distance of 5km. As displacement outside of a 

wind farm is described in terms of its distance from the wind farm boundary, displacement 

inside the wind farm boundary is referred to as within-offshore wind farm displacement, or 

simply άOWFέ for ease in tables and figures. For example, Table 4.1 describes the 

displacement rates at distance bands in Figure 4.1. 

Table 4.1. Example displacement rates in distance bands within and around an offshore 
wind farm. 

Distance band Displacement rate (%) 

Within offshore wind farm (OWF) 100 

0 τ 1 km 85 

1 τ 2 km 70 

2 τ 3 km 55 

3 τ 4 km 40 

4 τ 5 km 25 
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Figure 4.1. A top-down representation of a wind farm, where A is the wind farm with 
concentric rings around the wind farm describing displacement outside of the wind farm 
within each of the distance bands (in this case, distance bands are 1km wide). 
 

These are the typical parameters which can be used to describe the number of birds 

displaced from the wind farm and the surrounding area. However, an additional parameter, 

mortality rate, is used during an impact assessment to describe the proportion of displaced 

birds likely to die due to being disturbed. This parameter has not been observed during 

post-construction monitoring of wind farms due to the difficulty in detecting mortalities at 

sea, as any carcasses are likely to be washed away or predated. Even if carcasses are 

detected, determining that the mortality was due to being displaced would be problematic 

as any fatality is likely to occur sometime after the disturbance and possibly some distance 

from the wind farm. The mortality rate is therefore not considered further within this 

research as there is no empirical evidence of displacement mortality to analyse against 

wind farm design parameters. It may be feasible that wind farm parameters may have a 

bearing on mortality rates; however, it cannot currently be investigated due to a lack of 

evidence from existing wind farms. 



63 
 

4.3 Displacement in relation to turbine parameters from previous 

studies 

Reports from several wind farms have posed the idea that the parameters of wind farm 

design may have influenced the displacement of birds (Hötker, 2006; Krijgsveld et al., 2011; 

Leopold et al., 2011). Turbine density may affect the within-wind farm displacement rate of 

auks; for instance, a higher density of turbines at Princess Amalia wind farm was proposed 

as a reason for a higher displacement rate inside the wind farm, compared to a 

neighbouring wind farm with a lower density of turbines and lower associated 

displacement rate (Leopold et al., 2011). Alternatively, the space between turbines may 

influence within-wind farm displacement. Krijgsveld et al. (2011) found that more birds flew 

between turbines spaced further apart, prompting the notion that wind farm displacement 

is lower when turbines are spaced further apart. The height of turbines potentially affects 

the displacement distance of lapwing from onshore wind farms, with data from 24 studies 

globally contributing to a significant rise in displacement distance with turbine height 

(Hötker, 2006). Other terrestrial species, however, showed no statistically significant trend 

in displacement distance with turbine height, suggesting this may just be a species-specific 

phenomenon. 

Alternatively, rather than looking for a trend in wind farm parameters and displacement 

parameters, one set of studies looked to determine whether there was any significant 

difference in wind farm parameters at wind farms with a significant displacement effect on 

guillemots and razorbills (APEM, 2022b) and northern gannet (APEM, 2022a) compared to 

wind farms that had no displacement effect. They found that the density of the rotor-swept 

area (total rotor-swept area as a proportion of total wind farm area) and distance to the 

coast were significantly different between wind farms with a significant displacement effect 

on auks and those that had no displacement effect. This suggests these parameters could 

influence displacement (APEM, 2022b). Displacement of gannets was significantly 

correlated with the area of a wind farm, turbine density (number of turbines per km2), the 

maximum distance between turbines, and distance to shore (APEM, 2022a). Again, there 

appear to be some species-specific effects of these wind farm parameters. 

For guillemot, razorbill, and gannet, wind farms further from the coast showed higher 

displacement rates (APEM, 2022b; APEM, 2022a). It was hypothesised that this could be 

due to less spatial constraint on foraging activity further from the coastline, with fewer 
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sources of anthropogenic disturbance, so locations outside of a wind farm would be more 

readily used for foraging (APEM, 2022b; APEM, 2022a). This may then mean that close to 

shore, where space is more limited and other sources of disturbance also exist, guillemot, 

razorbill, and gannet continue to forage within wind farms. Perhaps this is because other 

anthropogenic activities are a stronger source of disturbance, or they have become tolerant 

to some disturbance, or competition for resources is high. What is unclear is the level of 

impact on a population as a whole. It is also not clear whether there is a difference 

between locations with less wind farm-induced displacement and multiple other 

disturbance sources or spatial restrictions, compared to locations with more wind farm 

displacement but less other disturbance sources or spatial restriction. Is it the case that 

lower displacement close to shore results from many sources of disturbance such that the 

presence of a wind farm is the lesser source of disturbance? In this case, potentially 

detrimental levels of disturbance are present at a cumulative scale, and the fact that a wind 

farm close to shore has a lower displacement effect is not necessarily a good thing. 

Variables outside of those directly related to wind farm parameters may also influence 

displacement rate or compound the effects due to certain designs. A low abundance of 

guillemot and razorbill was associated with larger displacement effects, possibly because 

competition for food is lower, so they can move to areas away from sources of disturbance. 

Conversely, high competition in areas of high seabird density may restrict where they 

forage, meaning not being displaced by a wind farm (APEM, 2022b). Larger displacement 

effects have been seen in the breeding season compared to the non-breeding season for 

gannet (APEM, 2022a), guillemot and kittiwake (Peschko et al., 2020). Again, this may be 

due to other environmental factors across seasons and may have different population 

effects, for instance, if it results in reduced chick provisioning and survival during the 

breeding season (Peschko et al., 2020). 

Red-throated divers are one of the most sensitive species to disturbance, with evidence of 

large displacement rates with displacement occurring over vast areas (Petersen et al., 2006; 

Percival, 2014; Mendel et al., 2019; Vilela et al., 2020; APEM, 2021); yet, no studies have 

been carried out on the impact of wind farm design on red-throated diver displacement. 

Mitigation of detrimental impacts to the red-throated diver is necessary as wind farms 

continue to be built across inshore European waters. Therefore, this work aims to 

investigate if and how any aspects of physical wind farm design have influenced the 

distance and proportion of displaced red-throated divers. 
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The null hypothesis was that there was no correlation between parameters of displacement 

and wind farm design parameters: 

1. No correlation between within-wind farm displacement rate and the rotor 

diameter 

2. No correlation between within-wind farm displacement rate and the rotor swept 

area 

3. No correlation between within-wind farm displacement rate and the height of 

turbines to tip of blade 

4. No correlation between within-wind farm displacement rate and the air gap 

5. No correlation between within-wind farm displacement rate and the density of 

rotor swept area (total rotor swept area as a percentage of total wind farm area) 

6. No correlation between within-wind farm displacement rate and the number of 

turbines 

7. No correlation between within-wind farm displacement rate and the area of the 

wind farm 

8. No correlation between within-wind farm displacement rate and the average 

spacing of turbines (blade tip to blade tip) 

9. No correlation between within-wind farm displacement rate and the average 

spacing of turbines (tower to tower) 

10. No correlation between within-wind farm displacement rate and the density of 

turbines (turbines/km2) 

11. No correlation between within-wind farm displacement rate and the wind farm 

capacity 

12. No correlation between within-wind farm displacement rate and the distance to 

coast 

These 12 hypotheses were then replicated by replacing within-wind farm displacement rate 

with the maximum distance red-throated divers are displaced from the wind farm. 

4.4 Method to investigate the influence of wind farms on red-

throated diver displacement 

To investigate the potential influence of built wind farm parameters on the displacement of 

seabirds, evidence of red-throated diver displacement was collected from post-
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construction monitoring reports from operational wind farms, published reports and peer-

reviewed articles. In addition, information regarding the as-built parameters of offshore 

wind farms was sourced via internet searches on the wind farm in question. Box 4.1 shows 

the wind farm variables that were explored within this investigation. 

Box 4.1.  Wind farm variables τ from parameters of individual turbines to the wind farm as 
a whole. 

Parameters of individual turbines: 
 

¶ Rotor diameter (m) 

¶ Rotor swept area (m2) 

¶ Height of turbines to tip of blade (m)  

¶ Air gap (m) 

¶ Density of rotor swept area (total rotor 
swept area as a percentage of total 
wind farm area) 

Parameters of the wind farm as a whole: 
 

¶ Number of turbines 

¶ Area of wind farm (km2) 

¶ Average spacing of turbines (blade tip 
to blade tip) (m) 

¶ Average spacing of turbines (tower to 
tower) (m) 

¶ Density of turbines (turbines/km2) 

¶ Wind farm capacity (MW) 

¶ Distance to coast (km) 

 

Red-throated diver displacement was also explored through two main parameters: 

¶ Rate of displacement within the wind farm (%) 

¶ Maximum distance red-throated divers are displaced from the wind farm (km) 

At the time of the research (June 2023), a total of 15 reports were found to quantify the 

displacement of red-throated divers from offshore wind farms. Eleven of these analysed 

the effect of individual wind farms or wind farms in very close proximity to one another. 

The remaining five reports considered red-throated diver displacement over a much wider 

area, including multiple wind farms spread apart. 

The 11 individual reports quantifying red-throated diver displacement did so at offshore 

wind farms in four European country jurisdictions. These wind farms were Horns Rev I, 

Horns Rev II; Nysted; Alpha Ventus; Egmond aan Zee; Gunfleet Sands; Kentish Flats; Lincs, 

Lynn and Inner Dowsing; London Array; North Hoyle; and Thanet. The built parameters of 

these wind farms are listed in Appendix Table D1. Note that Lincs OWF and Lynn and Inner 

Dowsing OWF are two separate wind farms; however, they are located adjacent to one 

another with post-construction monitoring of red-throated diver displacement analysed for 

the two wind farms together. Therefore, the wind farm parameters for the Lincs OWF and 

the Lynn and Inner Dowsing OWF have been described separately in Table D1 in Appendix 

D, but parameters either averaged (e.g. rotor diameter) or summed (e.g. the number of 
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turbines) for analysis against displacement parameters. The five reports analysing red-

throated diver displacement across multiple offshore wind farms were located in German 

waters. However, the broader spatial scope of these analyses made it difficult to assess the 

impact of specific wind farm parameters; therefore, they were only selectively used 

throughout this research. These wind farms are listed in Table D2 in Appendix D. Details of 

red-throated diver displacement from the 11 individual wind farm reports are listed in 

Table 4.2, whilst the red-throated diver displacement from the five multiple wind farm 

reports is listed in Table 4.3. 

Table 4.2. Red-throated diver displacement rates and displacement distances at individual 
offshore wind farms as reported in the literature and monitoring reports. 

Offshore 
Wind Farm 

Distance 
band (km) 

Displacement 
rate (%) 

Number of 
turbines 

Wind farm 
area (km) 

Displacement 
reference 

Horns Rev I 
Denmark 

Within OWF 100 80 20 Petersen et 
al. (2006) 0.0 τ 2.0 Not quantified 

Horns Rev II 
Denmark 

Within OWF 
τ 6.0 

Not quantified 91 35 Petersen et 
al. (2014) 

Within OWF 
τ 13.0 

Not quantified 

Nysted 
Denmark 

Within OWF 100 72 21 Petersen et 
al. (2006) 0.0 τ 2.0 Not quantified 

Alpha 
Ventus 
Germany 

Within OWF 90 12 4 Welcker and 
Nehls (2016) 0.0 τ 1.5 Not quantified 

Egmond 
aan Zee 
Netherlands 

Within OWF 68 36 27 Krijgsveld et 
al. (2011) 

Gunfleet 
Sands 
UK 

Within OWF 91.29 48 18 NIRAS (2015) 

0.0 τ 1.0 65.80 

1.0 τ 2.0 20.95 

Kentish 
Flats 
UK 

Within OWF 94 30 10 Percival 
(2014) 0.0 τ 0.5 77 

0.5 τ 1.0 69 

1.0 τ 2.0 53 

2.0 τ 3.0 56 

Lincs, Lynn 
& Inner 
Dowsing 
UK 

Within OWF 83.3 129 55 Webb et al. 
(2017) 0.0 τ 1.0 77.4 

1.0 τ 2.0 71.4 

2.0 τ 3.0 62.5 

3.0 τ 4.0 55.2 

4.0 τ 5.0 50.8 

5.0 τ 6.0 44.8 

6.0 τ 7.0 42.3 

7.0 τ 8.0 33.6 

Within OWF 54.68 175 100 APEM (2021) 
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Offshore 
Wind Farm 

Distance 
band (km) 

Displacement 
rate (%) 

Number of 
turbines 

Wind farm 
area (km) 

Displacement 
reference 

London 
Array 
UK 

0.0 τ 0.5 47.91 

0.5 τ 1.0 44.92 

1.0 τ 1.5 41.00 

1.5 τ 2.0 38.91 

2.0 τ 2.5 40.38 

2.5 τ 3.0 41.18 

3.0 τ 3.5 39.50 

3.5 τ 4.0 36.07 

4.0 τ 4.5 33.02 

4.5 τ 5.0 31.55 

5.0 τ 5.5 32.96 

5.5 τ 6.0 35.00 

6.0 τ 6.5 36.08 

6.5 τ 7.0 35.58 

7.0 τ 7.5 40.07 

7.5 τ 8.0 41.29 

8.0 τ 8.5 44.88 

8.5 τ 9.0 45.13 

9.0 τ 9.5 44.19 

9.5 τ 10.0 39.61 

10.0 τ 10.5 34.44 

10.5 τ 11.0 23.88 

11.0 τ 11.5 12.62 

North Hoyle 
UK 

Within OWF 
τ 2.5 

Not quantified 30 10 May (2008) 

Thanet 
UK 

Within OWF 73 100 35 Percival 
(2013) 

Note: Number of decimal places is the same as those reported in the relevant literature or 
monitoring report. 
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Table 4.3. Red-throated diver displacement rates and displacement distances at multiple 
offshore wind farms, as reported in the literature. 

Offshore Wind Farm Distance band (km) Displacement rate (%) Reference 

Butendiek & 
Helgoland Cluster 
Germany 

OWF τ 3.0 70.8 
Mendel et al. 
(2019) 

OWF τ 10.0 44.5 

OWF τ 16.5 Not quantified 

German Bight 
Germany 

OWF τ 5.0 90 Heinänen et 
al. (2020) OWF τ 15.0 Not quantified 

German North Sea I 
Germany 

OWF τ 10.2 Not quantified 
Vilela et al. 
(2020) 

German North Sea II 
Germany 

OWF τ 1.0 94 Garthe et al. 
(2023) OWF τ 10.0 52 

Liverpool Bay 
UK 

OWF τ 3.8 Not quantified 
Burt et al. 
(2017) 

Note: Number of decimal places is the same as those reported in the relevant literature or 
monitoring report. 
 

The methods used to determine displacement parameters across the 15 reports differ due 

to the type of survey and method of data analysis. For instance, studies used boat-based, 

visual aerial, digital aerial, radar, and telemetry methods to survey red-throated divers, 

with the method sometimes differing across the study period. These survey methods can 

result in different abundance estimates (Henkel et al., 2007). Boat-based surveys, in 

particular, can be less accurate due to a combination of real-time identification with no 

opportunity for review and behavioural response to the presence of vessels which can 

either attract or displace different species (Briggs et al., 1985; Henkel et al., 2007). 

5ŀǘŀ ŀƭǎƻ ƴŜŜŘǎ ǘƻ ōŜ ŀŘƧǳǎǘŜŘ ōŜŎŀǳǎŜ ōƛǊŘǎΩ ŘŜǘŜŎǘƛƻƴ ƭƛƪŜƭȅ ŘŜŎǊŜŀǎŜǎ further from the 

survey transect (Thomas et al., 2010). This is also required for visual aerial surveys; 

however, flights are less likely to prompt a behavioural response from individuals, thereby 

providing a more accurate abundance estimate (Buckland et al., 2012). In addition, some 

studies used a Before-After-Control-Impact approach (BACI), which compares abundance 

and distribution estimates after wind farm construction to estimates prior to wind farm 

construction. Other studies used solely post-construction data to look at the spatial 

patterns in abundance (see Appendix Table D3 for a full list of the survey, modelling, and 

displacement calculation methods of the red-throated diver displacement studies). 

Therefore, these differences must be considered when comparing displacement 

parameters across studies using different survey and data analysis methods. 



70 
 

The wind farms ranged from 12 small turbine sites covering 4km2 to 175 large turbine sites 

covering 100km2, from close to shore (closest to shore = 5.2km) to further offshore 

(furthest from shore = 45.0km). Some small wind farms were located close to shore whilst 

others were sited far from shore, and likewise, large wind farms were sited both close to 

and further from land. 

The first null hypothesis was that displacement rate did not correlate with any wind farm 

parameter. The second null hypothesis was that maximum displacement distance did not 

correlate with any wind farm parameter. Therefore, correlation test were chosen to test 

these null hypotheses. The Shapiro test for normal distribution showed that the majority of 

displacement and wind farm parameters had non-normal distributions. In addition, there 

were several outliers in the wind farm and displacement parameters. Therefore, Kendall tau 

tests were chosen as the statistical test to investigate relationships between displacement 

and wind farm parameters. The analysis was carried out in R (R Core Team, 2022). The R 

markdown code is available in Appendix E. 

An alternative method to investigating trends in wind farm design against displacement 

parameters is to determine whether there is a significant difference in wind farm 

parameters between those sites for which there is evidence of displacement versus sites for 

which there is evidence of no displacement. This type of analysis has been carried out for 

the displacement of auks (APEM, 2022b) and gannets (APEM, 2022a). However, for red-

throated divers, very few reports show offshore wind farms had little to no displacement 

effects. For example, Barrow Offshore Wind Farm found no significant changes in the 

density or distribution of red-throated divers after three years of post-construction 

monitoring surveys (Barrow Offshore Wind, 2010). Other wind farms had too few red-

throated diver densities to detect any density changes post-construction, such as at Robin 

Rigg offshore wind farm (E.ON Climate & Renewables, 2015). Therefore, comparing wind 

farms with little or no displacement against those with substantial displacement is not 

feasible statistically. 

4.5 Results for the wind farms that quantified displacement of red-

throated divers 

For the 11 individual offshore wind farms that quantified displacement of red-throated 

divers, initial statistical tests for normal distribution show non-normal data distributions for 
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both displacement parameters and wind farm parameters. In addition, small sample sizes 

mean that Kendall correlation tests are the best choice for the data. Kendall tests were 

performed on each wind farm parameter against both within-wind farm displacement rates 

and maximum displacement distance values. 

Results in this section are split by displacement parameter: displacement rate within the 

wind farm (%), the maximum distance that red-throated divers are displaced from the wind 

farm (km), and displacement rate at the maximum distance red-throated divers are 

displaced from the wind farm (%). 

4.5.1 Displacement rate within the wind farm 

Of the 11 individual wind farms that indicated red-throated diver displacement, nine 

reported the displacement rate within the wind farm (Table 4.2). This displacement rate 

ranged from 54.68% to 100%, with a mean of 83.81% and a median of 90.00%. 

There are some differences in the within-wind farm displacement rate when considering 

the survey platform or the method of calculating displacement, with boat-based surveys 

reporting similar within-wind farm displacement rates and the two visual aerial surveys 

reporting the same within-wind farm displacement rate (Figure 4.2). These two survey 

methods result in higher within-wind farm displacement rates than the other survey 

methods. However, there are few data points for these other methods. Therefore, it is hard 

to come to a conclusion as to whether the survey method makes a meaningful difference to 

the displacement rates reported. The BACI data analysis method appears to generate a 

range of displacement rates, suggesting the survey method may be a larger factor in 

determining what those rates are. There are two studies which report within-wind farm 

displacement rates using other analytical methods. One of these compares the assumed 

distribution, had the wind farm not been built, to the actual distribution of birds after wind 

farm construction. The other method compares distribution within the wind farm to that 

outside the wind farm. Each study, regardless of survey type, generated a displacement 

rate which is a relative metric, be it a comparison before and after wind farm construction 

or inside and outside an operational wind farm. Therefore, displacement rates from all 

studies were treated in the correlation analysis. 
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Figure 4.2. Red-throated diver displacement rates within offshore wind farms across 
European wind farms, and the survey and displacement methods used to calculate them, as 
stated in the literature and monitoring reports (nine studies spanning 2006 to 2021). 
 

When considering whether there are any relationships between the displacement rate 

within the wind farm and wind farm parameters, several significant correlations are seen. A 

significant positive correlation exists between the turbine density and the within-wind farm 

displacement rate (Ṟ = 0.74, n = 9, p < 0.01). Wind farms with higher-density turbines show 

higher displacement rates within the wind farm and vice versa, from a density of 1.8 

turbines/km2 and 54.68% displacement up to 4.0 turbines/km2 and 100% displacement 

(Figure 4.3). Displacement within the wind farm is also correlated, although not as 

significantly, with diameter (Ṟ = -0.48, n = 9, p = 0.09). Smaller diameter turbines show 

higher displacement rates within the wind farm and vice versa, from 100% displacement at 

80m diameter turbines to 54.68% displacement at 120m diameter turbines (Figure 4.4). 
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Figure 4.3. A significant relationship (p < 0.01) showing a higher density of turbines within a 
wind farm correlates with higher red-throated diver displacement rates within wind farms. 

Note: Shaded area = 95% confidence intervals. 
 

 
Figure 4.4. A somewhat significant relationship (p < 0.10) showing larger turbine diameter 
correlates with lower red-throated diver displacement rates within wind farms. 

Note: Shaded area = 95% confidence intervals. 
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The displacement rate is higher at wind farms with smaller rotor diameter turbines and 

higher in wind farms with high turbine densities. Whilst it makes sense intuitively that 

higher-density turbines result in higher displacement rates as birds may perceive less space 

uninterrupted by anthropogenic structures, it is less obvious why smaller turbines result in 

higher displacement rates. However, it may be that either turbine density or rotor diameter 

is the actual cause of displacement, whilst the other factor is linked to the first, but itself is 

not a cause of displacement.  

The small rotor diameter and high turbine density suggest that turbines with smaller 

diameters are placed close to one another in a given area, resulting in a high density of 

turbines. Indeed, there is a negative correlation between rotor diameter and turbine 

density (Ṟ = -0.45, n = 9, p = 0.11). This makes sense from a wind farm power perspective, 

with turbines increasing in size and needing to be spaced further apart to reduce wake 

interactions, resulting in lower turbine density (Stevens et al., 2016). This interaction 

between rotor diameter and turbine density was subsequently investigated through a 

partial correlation between turbine density and within-wind farm displacement rate, 

controlling for rotor diameter. A significant positive correlation is apparent between the 

turbine density and the within-wind farm displacement rate when controlling for turbine 

diameter (Ṟ = 0.67, n = 9, p = 0.02). This suggests that turbine density correlates with 

within-wind farm displacement rate, regardless of whether or not rotor diameter is 

controlled for. 

Similarly, there is a correlation between the height (to blade tip) of turbines and 

displacement rate within the wind farm, whereby there is a higher displacement rate when 

smaller turbines are present (Ṟ = -0.45, n = 9, p = 0.11). Again, this is likely due to more 

dense wind farms consisting of smaller (in height) turbines. Indeed, a partial correlation 

between turbine density and within-wind farm displacement whilst controlling for height 

(Ṟ = 0.69, n = 9, p = 0.02) shows that density can explain the correlation regardless of 

heightΦ CǳǊǘƘŜǊƳƻǊŜΣ ŀ ǘǳǊōƛƴŜΩǎ ǘƻǘŀƭ ƘŜƛƎƘǘ ƛǎ ƭƛƴƪŜŘ ǘƻ ǘhe rotor diameter as a gap needs 

to be maintained between the bottom of the rotor and the sea surface. Therefore, as 

turbine diameter increases, so does turbine height (Ṟ = 0.93, n = 11, p = <0.01); hence it 

makes sense that height is also a covariate. 
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It, therefore, seems plausible that the cause of the high displacement rate is the density of 

turbines, which occurs where there are turbines with small rotor diameters (and turbines of 

lower height). However, it may be that the distance between towers, rather than the size of 

the rotors, is more important. This would make sense as red-throated divers spend much of 

their time sitting on and diving through the water, potentially perceiving things lower to the 

water surface more than higher in the air. When in flight, red-throated divers spend 98% of 

the time below 30m above the sea surface and given that the average air gap between the 

sea surface and the bottom of the rotor swept area is 27.4m (min = 22.0m, max = 33.5m), 

even in flight red-throated divers often do not enter the rotor swept area (Johnston et al., 

2014). The same correlation is seen for displacement rate and average turbine spacing 

when considering the spacing between towers and for displacement rate and average 

turbine spacing when considering the spacing between tips of blades (Ṟ = -0.42, n = 9, p = 

0.12 and Ṟ = -0.42, n = 9, p = 0.12, respectively). Again, this suggests that perhaps the rotor 

diameter does not directly influence displacement rate (Figure 4.5 and Figure 4.6). 

 
Figure 4.5. A relationship showing larger spaces between turbine towers correlates with 
higher red-throated diver displacement rates within the wind farm. 

Note: Shaded area = 95% confidence intervals. 
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Figure 4.6. A relationship showing larger spaces between turbine blade tips correlates with 
higher red-throated diver displacement rates within the wind farm. 

Note: Shaded area = 95% confidence intervals. 
 

The other wind farm parameters investigated do not significantly correlate with within-

wind farm displacement rates. The density of the rotor swept area, meaning the total rotor 

swept area as a proportion of the wind farm area, is not significantly correlated with 

displacement rate, further suggesting that the size of the rotor is not a significant factor 

influencing displacement rate. It may be that over time, as technology improves, turbines 

get larger and more spaced apart, but also further from the coast. However, there is no 

significant correlation between displacement rate and distance to the coast. There is no 

significant correlation between the displacement rate within the wind farm and all other 

wind farm parameters (number of turbines, turbine height, wind farm area, rotor swept 

area, wind farm capacity, and turbine air gap). 

4.5.2 Displacement distance from the wind farm 

Of the 15 reports that investigated the displacement of red-throated divers with sufficient 

data to analyse, two present displacement rates within only the wind farm, with the 

remaining 13 indicating a range of maximum displacement distances from 1.5km to 16.5km 

(Figure 4.7). The average maximum displacement distance is 6km (median = 3km, range = 
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within OWF to 16.5km). Not all of these reports present displacement rates within the 

maximum displacement distances, making it difficult to know whether the actual maximum 

displacement distance has been found. For instance, if a wind farm reported that 

displacement was seen up to 7km from the wind farm boundary but did not state the 

displacement rate in the outermost distance band, it is not known whether there was 

potential for displacement to have also occurred further than 7km. It is often also unknown 

whether surveys would have even been able to detect small displacement rates that might 

have occurred either at 7km or further than 7km. 

 
Figure 4.7. A histogram of the maximum red-throated diver displacement distances 
reported by the literature and monitoring reports from offshore wind farms. 
 

Tests were carried out to determine whether any wind farm design parameters had a 

bearing on the maximum distance from the wind farm over which displacement was seen. 

However, there is no significant correlation between the maximum distance from the wind 

farm that displacement is observed and any of the wind farm parameters. 

There may be a range of other factors that might influence the displacement rates and 

distances: environmental, ecological, and anthropogenic. Some of these may be known or 

measurable factors, whilst others are harder to determine. These may be factors such as 
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the relative quality or importance of a habitat where a wind farm is built; the survey 

platform, survey design, distribution modelling method, and statistical analysis of data; 

variability in densities and distributions of species across months, seasons, and years; and 

existing levels of disturbance and habituation to anthropogenic activity. 

4.6 Discussion of how offshore wind farm design influences red-

throated diver displacement 

This is the first investigation of how wind farm design parameters may have influenced the 

displacement of red-throated divers. The study found that turbine diameter, distance 

between turbines, and density of turbines all correlated with the within-wind farm 

displacement rate. Larger turbines spaced further apart over an area resulted in lower 

displacement within the wind farm boundary. Furthermore, the number of turbines 

correlated with the area over which displacement was observed to take place, with more 

turbines resulting in a larger overall area affected by displacement. All other parameters of 

wind farm design that were assessed did not appear to have had a bearing on metrics of 

displacement. 

Currently, wind farm design parameters are not accounted for when assessing the impact 

of seabird displacement, with the exception of wind farm areas. This is used to determine 

the number of birds present in the wind farm and appropriate distance band, and 

subsequently, the number of birds which are predicted to be displaced. Therefore, it is 

assumed that wind farm area is the sole factor influencing the number of birds displaced; 

however, these results suggest that this is not necessarily the case. Instead, turbine 

diameter, the distance between turbines, and the density of turbines are all parameters 

which appear to have the potential to affect red-throated diver displacement rate. There 

may be a case to include some design parameters within an impact assessment, much like 

how a collision risk model uses aspects such as the number of turbines and rotor swept 

area to determine the number of birds at collision risk. However, whilst wind farm area is 

something not likely to change between impact assessment and the final wind farm design 

and subsequent construction, turbine diameter, distance between turbines, and density of 

turbines are all parameters which have the potential to change between the impact 

assessment, the consent conditions, and final wind farm design and construction. 

Therefore, although the worst-case scenario is assessed, this is not necessarily what occurs 
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post-construction. However, an assessment accounting for differences in design may help 

indicate the least impactful design. 

Designing to minimise displacement and designing to minimise collision may not also be 

compatible, as the worst-case scenario for collision estimates may not be the same as the 

worst-case scenario for displacement. For example, larger-diameter turbines appear to be 

advantageous in terms of reducing displacement; however, they would likely be worst in 

terms of collision mortalities. However, when considering that larger diameter turbines are 

spaced further apart and higher above the sea surface, this may potentially be 

advantageous in terms of collision mortalities. Whether or not this would negate the effects 

of larger diameter turbines would require further calculation. If this is the case, then larger 

turbines spaced further apart could, in fact, be better in terms of both displacement effects 

and collision mortalities. This is merely a hypothesis at this stage, as there is no way to 

know what the effect would be of changing wind farm parameters without a direct 

comparison with an unchanged wind farm. The variable nature of behavioural responses to 

wind farms means direct comparison would not be possible. However, repeating the study 

described in this chapter, utilising more displacement data as it becomes available, may 

shed more light on any differences that wind farm design parameters may make. 

In order to shed more light on the effect of displacement and how to mitigate it, several 

improvements to data collection are required. As seen throughout this thesis, displacement 

has been described in a range of different ways (see Chapter 6 for further investigation). 

This includes both quantitative and qualitative metrics, different methods of analysis, and 

calculations within different size distance bands. This all makes comparisons across wind 

farms challenging, particularly on top of differences in survey methods and natural 

variation in species abundances, distributions, and behavioural responses. 

Therefore, a standardised methodology for describing displacement is urgently needed to 

enable a better understanding of the effect of displacement and how it may be reduced 

going forward. Based on the findings of this chapter and subsequent chapters, an opinion 

on what standardised displacement studies could look like is provided in the conclusion. 

Undertaking surveys at a sufficient spatial scale to capture all displacement is also required 

to fully understand the extent of effects. In addition, consideration is also needed as to how 

displacement should be described over a large area, as displacement rates may be different 

on opposite sides of a wind farm. 
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Data on red-throated diver displacement, in a comparative format, is reasonably scarce. 

Therefore, this investigation is limited in the number of data sources that could be used to 

explore the influence of wind farm design on the displacement of this species. Therefore, 

more studies using consistent approaches are needed to quantify the evidence of 

displacement. This will allow more robust research into the influence of wind farm design 

such that more confidence can be given to any suggested mitigation. Furthermore, this 

chapter has specifically focussed on red-throated divers; therefore, further work is needed 

to consider how other species interact with different wind farm designs, and a holistic view 

will be needed to minimise impacts to all species collectively. 

4.7 Conclusion of how offshore wind farm design influences red-

throated diver displacement 

In conclusion this first investigation into the influence of wind farm design parameters on 

the displacement of red-throated diver has found that turbine diameter, distance between 

turbines, and density of turbines all correlated with within-wind farm displacement rate. In 

addition, the number of turbines correlated with the area over which displacement was 

occurred. No other parameter appeared to influence red-throated diver displacement. This 

study has demonstrated the vast differences in displacement effects, ways that 

displacement is described, and indicated that some aspects wind farm design may be 

having more of an influence of the effect of displacement. This opens the door for further 

studies to investigate displacement mitigation options for other species and subsequently 

test and validate alternative wind farm designs. 

This chapter has reviewed the influence of offshore wind farm design on red-throated diver 

displacement. This has used and reviewed empirical evidence of displacement. 

Comparisons between approaches to calculating displacement from evidence are explored 

further in Chapter 6. However, before looking into evidence of displacement, it is important 

to understand whether surveys are, in fact, sufficient to detect displacement in the first 

instance. This is also a crucial step linking predictions made in the impact assessment with 

the impacts that happen in reality. Therefore, the next chapter will explore the design of 

pre-construction and post-construction surveys to detect displacement.
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Chapter 5 How much monitoring is sufficient to 

detect red-throated diver displacement from 

offshore wind farms? 

 

 

Abstract 

Offshore renewable energy developments have grown substantially over the last 20 years, 

yet there remains a large knowledge gap in the effect they have on the movement of 

seabirds. Being able to detect seabird movements and changes in abundance is a crucial 

step in understanding the impact to populations of sensitive and vulnerable species. Careful 

survey design is one way of enhancing the detectability of seabird displacement. This study 

used red-throated diver (Gavia stellata) survey data from the Outer Thames Estuary Special 

Protection Area to investigate how the statistical power of a survey to detect a given 

displacement rate was influenced by spacing between transects, the density of red-

throated diver and the number of survey days. This was done through the use of a Before-

After study design, comparing mean densities of red-throated diver before (pre-impact) and 

after (post-impact) the construction of a wind farm. The results indicated that transect 

spacing minorly affects the statistical power of being able to detect a given displacement 

rate. The number of survey days can have an impact on the power to detect displacement, 

however the variable able to make the largest improvement to the survey power was the 

displacement rate to be detected. A sufficiently powerful survey can require an 

impractically large number of post-impact survey days, particularly where low displacement 

rates are to be detected, which would be unreasonably costly. Naturally, higher 

displacement rates, a large number of survey days, higher densities of red-throated diver, 

 

With the exception of the introduction and conclusion, the content of this chapter is 
published as Hall, R. and Black, J. (2024) What level of monitoring is enough to detect 
displacement effects of offshore wind farms? Environmental Impact Assessment Review, 
105 107449  
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and combinations of these factors were all more likely to result in higher statistical power 

of a survey. However, some of these variables are not alterable, such as the density of red-

throated diver, and others have vast cost implications, such as increasing the number of 

survey days. Therefore, careful consideration of these variables at an early stage of 

designing a survey can help ensure desired displacement can be detected. 

5.1 Introduction to how much monitoring is sufficient to detect red-

throated diver displacement 

Survey design is important within EIA at several stages, from collecting adequate baseline 

information about the development site to monitoring surveys to satisfy consent 

conditions. In terms of baseline data, current advice in the UK is to assess displacement 

impact within the wind farm plus a buffer of 2km for all species except divers and seaducks; 

a 4km buffer is recommended for these species (Statutory Nature Conservation Bodies, 

2022b). There is a further exception for red-throated divers, where 10km is suggested 

(Statutory Nature Conservation Bodies, 2022a). There do not appear to be any standard 

survey designs to undertake post-consent studies (including pre-construction and post-

construction) in order to validate displacement effects, though this is important to be able 

to detect displacement (Marques et al., 2021). No other survey design attributes are 

recommended, and the detectability of displacement effects based on survey design 

remains largely unknown. 

It is essential that post-consent monitoring of offshore wind farms is effective and improves 

understanding of impacts on marine wildlife, including displacement of sensitive species. 

This is especially critical given the potential for uncertainty in the significance of the 

environmental impacts of proposed offshore wind farm developments, particularly at the 

cumulative scale (Masden et al., 2010b). 

The previous chapter reviewed how offshore wind farm design influences red-throated 

diver displacement. Once a wind farm has been designed and its impacts assessed and then 

mitigated, confirmation is needed as to whether these predicted impacts are accurate. The 

need for verification of impacts is twofold. First, knowing whether an impact has been 

underestimated is needed, as it may be that further mitigation is required to reduce the 

impact. Second, it provides a feedback loop between impact assessments and the reality of 
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impacts, such that impact assessment methods can be improved to provide more accurate 

predictions. 

The first stage in the process of verifying impacts is to understand whether the surveys 

carried out pre-construction and post-construction of a wind farm are sufficient to detect 

the impact. This chapter explores this by modelling different scenarios of red-throated diver 

displacement and running a power analysis on survey designs to check if they are sufficient 

to detect such displacement. The chapter begins by describing the method used to analyse 

how much monitoring is sufficient to detect red-throated diver displacement. It then 

describes the results of running a power analysis on different survey designs to check if 

they are sufficient to detect such displacement. This is done by modifying the transect 

spacing (or number of transects), the mean density of red-throated divers, the standard 

deviation in density of red-throated divers, and the number of survey days. Finally, the 

results are discussed within the context of the Outer Thames Estuary Special Protection 

Area (SPA) study area. 

5.2 Method of analysing how much monitoring is sufficient to detect 

red-throated diver displacement 

This section first defines the study area and then describes the data used before describing 

the scenarios used to analyse what level of monitoring is sufficient to detect red-throated 

diver displacement. Finally, this section evaluates how power analyses were used to 

determine sufficient levels of monitoring. 

5.2.1 Study area ς the Outer Thames Estuary Special Protection Area 

There are 286 Special Protection Areas (SPA) across the UK, covering 54,688km2 of land and 

sea (JNCC, 2023). 125 of these have a marine component, protecting bird species that are 

dependent on the marine environment for all or part of their lifecycle (JNCC, 2020d). The 

study area of interest is the Outer Thames Estuary SPA in the southern North Sea and the 

surrounding offshore wind farm developments that potentially impact this SPA. This area 

was chosen as it is one of the busiest marine areas around the UK, with shipping lanes, 

offshore wind farms, aggregate extraction areas, and recreational water sports among the 

numerous anthropogenic activities occurring in the region. The Outer Thames Estuary SPA 

for the largest wintering aggregation of red-throated divers in the UK, which is estimated to 

be 6,466 individuals (JNCC, 2020e). The SPA extends from the Thames Estuary in the south 



84 
 

to Great Yarmouth in the north, from the coastline to beyond 12 nautical miles offshore. 

The location of the Outer Thames Estuary SPA relative to the UK is shown in Figure 5.1. 

 
Figure 5.1. The location of the Outer Thames Estuary Special Protection Area (SPA) in 
relation to the UK. 
 

The area of the Outer Thames Estuary SPA is 3,924km2, making it the second largest SPA 

with a marine component by area in the UK. The cited population of red-throated divers in 

the SPA is 6,466 individuals, meaning the site hosts the largest aggregation of wintering 

red-throated divers in the UK. This value was based on visual aerial surveys undertaken 

between 1989 and 2007 (JNCC, 2020e), but digital aerial survey data from 2012 to 2013 

suggests that the peak population of red-throated divers within the SPA is 14,161 

individuals (APEM, 2013). The most recent surveys from 2018 suggest 21,997 individuals 

(Irwin et al., 2019); therefore, Natural England uses a mean population of 18,079 individuals 

as the current estimate of the wintering population (Natural England, 2013). 
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There are multiple operational wind farms within and in close proximity to the Outer 

Thames Estuary SPA. In addition, there are several wind farms that have development 

consent allowing them to be built in the future and proposed wind farms which have not 

yet submitted a development consent application but have seabed leases giving them right 

to a particular area of seabed for wind farm development (Figure 5.2). 

 
Figure 5.2. The location of the Outer Thames Estuary Special Protection Area (SPA) and 
nearby offshore wind farms at various stages of development (as of July 2023). 
 

The footprint of the London Array offshore wind farm (as seen in Figure 5.2) was used to 

represent a typical wind farm footprint. It should be noted that this chapter makes no 

assessment of the impacts of any individual wind farm on red-throated divers, and the 

London Array footprint was simply used to conveniently represent a realistic scenario for 

the purposes of this analysis. The maximum extent of red-throated diver displacement from 

a wind farm in the literature was 16km (Mendel et al., 2019). Therefore, this analysis 

considered the detectability of displacement within an example wind farm plus 16km 

outside the wind farm. 
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As red-throated divers are one of the most sensitive species to anthropogenic disturbance, 

the largest aggregation of red-throated divers is present during the wintering period, and 

there are multiple pressures here; this region of UK waters is prime for investigating the 

cumulative displacement from offshore wind developments, current and future. 

5.2.2 Datasets used in analysing how much monitoring is sufficient to detect 

red-throated diver displacement 

Several publicly available datasets were used in this study and are described in Table 5.1: 

¶ ¢ƘŜ /Ǌƻǿƴ 9ǎǘŀǘŜΩǎ hŦŦǎƘƻǊŜ ²ƛƴŘ {ƛǘŜ !ƎǊŜŜƳŜƴǘǎ ό9ƴƎƭŀƴŘΣ ²ŀƭŜǎ ϧ bLύ ǎƘŀǇŜŦƛƭŜ 

dataset, providing spatial offshore wind farm lease agreement information 

¶ bŀǘǳǊŀƭ 9ƴƎƭŀƴŘΩǎ hǳǘŜǊ ¢ƘŀƳŜǎ 9ǎǘǳŀǊȅ {ǇŜŎƛŀƭ tǊƻǘŜŎǘƛƻƴ !ǊŜŀ ό{t!ύ ǎǳǊǾŜȅ Řŀǘŀ 

Table 5.1. Datasets used to analyse how much monitoring is sufficient to detect red-
throated diver displacement. 

Dataset /Ǌƻǿƴ 9ǎǘŀǘŜΩǎ hŦŦǎƘƻǊŜ ²ƛƴŘ {ƛǘŜ 
Agreements (England, Wales & NI) 
shapefile 

bŀǘǳǊŀƭ 9ƴƎƭŀƴŘΩǎ hǳǘŜǊ ¢ƘŀƳŜǎ 
Estuary Special Protection Area 
(SPA) survey data shapefiles 

Overview Spatial offshore wind farm lease 
agreement information 

Spatial information on seabirds 
within the Outer Thames Estuary SPA 

Spatial 
scale 

England, Wales & Northern Ireland The Outer Thames Estuary SPA 

Temporal 
scale 

Data as of July 2023. Covers all 
former, current, and proposed wind 
farms since 2000 

Surveys carried out in February 2018 

Detailed 
information 

Contains boundaries of lease 
agreements for offshore wind farms. 
This is not necessarily the boundary 
of built wind farms but rather the 
boundary of the area that can be 
built upon. 

Digital aerial surveys were flown 
with transects spaced 3.3km apart 
across the Outer Thames Estuary 
SPA. Raw observations of seabirds 
were recorded and formatted as 
shapefiles. 

 

The footprint of the London Array offshore wind farm was obtained from The Crown 

9ǎǘŀǘŜΩǎ hŦŦǎƘƻǊŜ ²ƛƴŘ {ƛǘŜ !ƎǊŜŜƳŜƴǘǎ ǎƘŀǇŜŦƛƭe. Information on red-throated diver 

distribution in and around the wind farm was obtained from bŀǘǳǊŀƭ 9ƴƎƭŀƴŘΩǎ survey of 

the Outer Thames Estuary SPA. The SPA was surveyed in February 2018 by digital aerial 

surveys, with transects flown 3.3km apart (Irwin et al., 2019). Raw data of bird sightings 

from this survey was provided by Natural England for use within this chapter. Only data on 

red-throated divers were used, and only those sitting on the water were included in the 

data analysis. Individuals flying were removed from data analysis as although they were 
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passing through, it was unknown as to whether they were using the area for resting or 

foraging on the sea surface and hence susceptible to displacement. Individuals taking off 

were also excluded due to the uncertainty surrounding their use of the area prior to the 

surveyor observing the bird. 

5.2.3 Modelling undertaken to analyse how much monitoring is sufficient to 

detect red-throated diver displacement 

The MRSea package (Scott-Hayward et al., 2017) was used in R to convert raw observations 

into a density distribution map. This package was specifically designed by the creators to 

analyse changes in the abundance and distribution of species before and after offshore 

renewables construction. The package takes digital aerial survey data and any user-defined 

covariates along with a Spatially Adaptive Local Smoothing Algorithm (SALSA) to generate a 

density distribution map. The operational offshore wind farms within and in close proximity 

to the study region may have had an influence on the distribution of red-throated divers at 

the time of the survey. However, the aim was to obtain a representative distribution of red-

throated divers; therefore, the location of the wind farms was not considered a covariate in 

the model. Similarly, shipping was not included as a covariate for the same reason. 

Bathymetry was included as a covariate, as it has consistently been found as a predictive 

covariate in describing red-throated diver distributions (Maclean et al., 2006; APEM, 2016). 

A density surface map was created on a 250m2 grid. This map was used as the baseline 

distribution to represent red-throated divers in the area. 

5.2.4 Creation of scenarios used to analyse how much monitoring is sufficient to 

detect red-throated diver displacement 

A 16km buffer around the London Array wind farm footprint was generated, and the red-

throated diver density distribution map was clipped to the wind farm, plus a 16km buffer. 

Hypothetical transects were laid over the density surface map to simulate survey transects. 

Transects with a width of 500m were generated and spaced apart by 0.5km, 1km, 1.5km, 

2km, 2.5km, and 3km from the transect centre. The transects were oriented in the same 

direction as used in the original aerial survey, approximately perpendicular to water depth 

contours (Irwin et al., 2019). The 0.5km-spaced transect covered 100% of the study area 

without any overlaps or gaps and, therefore, represented the baseline to assess all other 

transect spacings against. The other transect spacing scenarios, therefore, covered smaller 

proportions of the survey area, as outlined in Table 5.2. Results are presented in terms of 
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changes to transect spacing; however, this term could easily be replaced with the number 

of transects, the area covered by transects, or the proportion of survey area covered by 

transects. 

Table 5.2. Parameters of hypothetical transects laid over the Outer Thames Estuary Special 
Protection Area in the study of simulating levels of monitoring to detect red-throated diver 
displacement from offshore wind farms. 

Transect 
spacing (km) 

Number of 
transects 

Area covered by 
transects (km2) 

Proportion of survey area 
covered by transects 

0.5 87 1174 1.00 

1.0 43 585 0.50 

1.5 29 391 0.33 

2.0 21 293 0.25 

2.5 18 234 0.20 

3.0 15 193 0.16 

 

The density of red-throated divers within each transect spacing scenario was sampled from 

the baseline distribution map, and the mean density and standard deviation of red-

throated divers across the entire study area were calculated for each transect spacing. 

Compared to the 0.5km transect spacing scenario, the mean density of red-throated divers 

detected was higher in each of the other transect spacing scenarios, ranging from 0.18% 

(1.5km transect spacing) to 2.2% (2.5km transect spacing) larger (Figure 5.3). The standard 

deviation of red-throated diver density also differed between transect spacings; however, it 

was both higher (up to 2.0%) and lower (up to 1.9%) than the 0.5km transect spacing 

scenario (Figure 5.4). 
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Figure 5.3. Percentage difference in mean red-throated diver density in each transect 
spacing scenario compared to the 0.5km transect spacing scenario in a study of simulating 
levels of monitoring to detect red-throated diver displacement from offshore wind farms. 

 
Figure 5.4. Percentage difference in the standard deviation of red-throated diver density in 
each transect spacing scenario compared to the 0.5km transect spacing scenario in a study 
of simulating levels of monitoring to detect red-throated diver displacement from offshore 
wind farms. 
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In this simulation, 100% of the red-throated divers within each transect were counted. In 

practice, digital surveys can have a reasonably high detectability of seabirds due to the 

ability to review collected footage post-survey in the case of video surveys ό¿ȅŘŜƭƛǎ et al., 

2019). There is also less disturbance and attraction of species than can occur with boat-

based surveys (Fliessbach et al., 2019). However, red-throated divers spend much of their 

daylight hours foraging, with hundreds of dives per day (Duckworth et al., 2020). Therefore, 

the detectability of red-throated divers when they are diving is very low. This can be 

accounted for by applying an availability bias, which describes the ratio of time spent 

underwater to above water (Webb and Nehls, 2019). There is no standard availability bias 

value for red-throated divers; therefore, one could not be applied in this study. However, in 

all likelihood this has resulted in a lower density of red-throated divers being detected 

across the study site, therefore only the density of red-throated divers is affected. This 

study was designed to investigate changes in survey design using a representative 

distribution of red-throated divers, as opposed to investigating a specific circumstance 

therefore the results are not expected to have been impacted significantly. 

5.2.5 Setup of the power analyses to explore how much monitoring is sufficient 

to detect red-throated diver displacement 

Power analysis is a statistical tool used to determine the sample size required in order to 

detect an effect with a certain level of likelihood (McDonald, 2018). Power analyses were 

run on a set of input variables in order to analyse the effect of different survey designs on 

both the power to detect displacement and the number of survey days needed to achieve a 

minimum statistical power (Table 5.3). 
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Table 5.3. Variables within the power analysis used in a study of simulating levels of 
monitoring to detect red-throated diver displacement from offshore wind farms. 

Input Variable Variable value 

Number of pre-
impact survey days 

Number of pre-impact 
survey days 

12, 24 

Effect size  

Pre-impact red-throated 
diver density (birds/km2) 

5, 10 (adjusted for the proportional 
difference compared to the 0.5km 
transect spacing scenario) 

Displacement rate (%) рΣ млΣ мрΧфр 

Pooled standard deviation 
(birds/km2) 

2, 4 (adjusted for the proportional 
difference compared to the 0.5km 
transect spacing scenario) 

Significance level  Type I error probability 0.05 

Power 
1 minus Type II error 
probability 

0.8 

Note: Power analyses were run to either determine power or the number of survey days. In 
the case of determining power, the power variable was null. In the case of determining the 
number of survey days, the number of survey days variable was null. 
 

¢ƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ǇƻǿŜǊ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ άpwr.t.testέ ŦǳƴŎǘƛƻƴ ƛƴ R (R Core Team, 

2022) ōȅ ƛƴǇǳǘǘƛƴƎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǎǳǊǾŜȅǎΣ ǘƘŜ ŜŦŦŜŎǘ ǎƛȊŜ ό/ƻƘŜƴΩǎ Ř ŜŦŦŜŎǘ ǎƛȊŜ ŀǎ ŎŀƭŎǳƭŀǘŜŘ 

using Equation 5.1, and the significance level, and outputting the power. 

ὉὪὪὩὧὸ ίὭᾀὩ
ὼӶ  ὼӶ

ί
 

Equation 5.1. Effect size parameter within statistical power test. 

 
where 

ὼӶ is the mean of population 1 (the pre-impact density of red-throated divers) 

ὼӶ is the mean of population 2 (the post-impact density of red-throated divers) 

ί is the pooled standard deviation (as calculated in Equation 5.2) 

 

ί
ί ί

ς
 

Equation 5.2. Pooled standard deviation parameter within statistical power test. 

 
where 

ί is the standard deviation of population 1 (the pre-impact density of red-throated 
divers) 
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ί is the standard deviation of population 2 (the post-impact density of red-
throated divers) 

 
Displacement was defined in this study as the movement of birds away from a wind farm or 

the surrounding area. The reduction in the density of red-throated divers was calculated 

and quantified as a displacement rate, meaning the difference in the density of red-

throated divers pre-impact to post-impact as a percentage of the density of red-throated 

divers pre-impact. Therefore, the post-impact density of red-throated divers was calculated 

based on the displacement rate in question. For instance, if the pre-impact density of red-

throated divers was 5 birds/km2 and the displacement rate in question was 40%, the post-

impact density of red-throated divers was 3 birds/km2 (40% of pre-impact red-throated 

divers were displaced; therefore 60% of pre-impact red-throated divers remain). For 

simplicity, displacement was assumed to occur evenly across the study area. The same 

principle was applied to calculate the standard deviation post-impact: the displacement 

rate in question was applied to the pre-impact standard deviation. The pre-impact and 

post-impact densities, as well as pre-impact and post-impact standard deviation, were then 

adjusted to account for transect spacing using the proportional difference in density and 

standard deviation compared to the 0.5km transect spacing scenario. 

The first set of power analyses assumed the same number of survey days were taken pre- 

and post-impact. This was done using 12 and 24 survey days in the power analysis, meaning 

12 pre-impact and 12 post-impact survey days (24 total) and 24 pre-impact and 24 post-

impact survey days (48 total), respectively. However, in reality, it may not always be the 

case that there are the same number of survey days pre-impact and post-impact. Pre-

impact surveys may be designed to describe the baseline environment and provide a base 

on which to predict potential impacts. The design of post-impact surveys may come later 

once a baseline has been established, impacts have been predicted, and the wind farm has 

been built (having previously been a range of potential designs under the project design 

envelope, as described in Section 2.9 (Caine, 2018)). Therefore, a second set of power 

analyses was carried out, which allowed for different numbers of survey days to be 

assessed. This used a similar function in R, which allows for different numbers of survey 

days pre-impact and post-ƛƳǇŀŎǘΣ ǘƘŜ άpwr.t2n.testέΦ The pre-impact number of survey 

days was pre-determined, and a range of post-impact numbers of survey days was assessed 

to determine the power of the survey. The pre-impact number of survey days was again set 

as 12 and 24 in the two scenarios. 
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The same survey area was sampled pre-impact and post-impact; therefore, it was likely that 

the pre-impact and post-impact samples were dependent as red-throated divers are known 

to return to the same area year on year, be it breeding sites or wintering grounds (Black et 

al., 2015; Duckworth et al., 2022). It follows that paired power t-tests were carried out in 

the power analysis when the number of pre-impact and post-impact survey days were the 

same. However, the nature of having a different number of surveys pre-impact and post-

impact meant that paired t-tests could not be used when assessing the effect of differing 

number of survey days pre-impact and post-impact. Consequently, for these scenarios, 

unpaired t-tests were used. 

Finally, variables for the Outer Thames Estuary Special Protection Area (SPA) case study 

were applied to power analyses in order to get site-specific results using mean red-throated 

diver density and standard deviation from this SPA. The same displacement rates were 

ŀǇǇƭƛŜŘ ŀǎ ǇǊŜǾƛƻǳǎƭȅ όр҈Σ мл҈Σ мр҈Χфр҈ύΦ This was initially done using the same number 

of survey days pre-impact and post-impact, then a different number of survey days pre- and 

post-impact was also allowed. The number of survey days required to detect various 

displacement rates was calculated and compared to a baseline of 24 survey days, which 

accounted for one survey per month for two years. The power analysis was carried out 

using 4.5 birds/km2, the average density of red-throated divers from the population 

estimate of the SPA (Irwin et al., 2019). It should be noted that although a range in the 

number of survey days was examined and often compared to a baseline of one survey per 

month for two years, this study considered non-breeding red-throated divers, which are 

typically only present in the Outer Thames Estuary SPA between October and May. 

Therefore, in reality, perhaps only eight surveys per year would actually detect the species, 

so the amount of time a species is present needs to be accounted for when designing 

surveys. The analysis was carried out in R (R Core Team, 2022). The R markdown code is 

available in Appendix F. 

5.3 Results of analysing how much monitoring is sufficient to detect 

red-throated diver displacement 

This section first discusses the results of using the same number of survey days pre-impact 

and post-impact on being able to detect red-throated diver displacement from offshore 

wind farms. The influence of using a different number of pre-impact and post-impact 

survey days is then described. The case study of red-throated divers in the Outer Thames 
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Estuary SPA is then discussed, first using the same, then a different number of survey days 

pre-impact and post-impact. Finally, a comparison is made between varying the 

displacement rate and the number of survey days in terms of the detectability of red-

throated diver displacement. 

5.3.1 Using the same number of survey days pre- and post-impact to detect red-

throated diver displacement 

The impact of transect spacing on the power to detect displacement rates was investigated 

for a given number of survey days and red-throated diver density, and how this changed 

with changing the density of red-throated divers, number of survey days, and standard 

deviation. For example, if 5 birds/km2 are present pre-impact with a standard deviation of 2 

birds/km2, with 12 pre-impact survey days, and the same number post-impact, the surveys 

are powerful enough to detect җ35% displacement using all transect spacings (Figure 5.5). If 

the number of survey days is increased to 24 pre-impact and 24 post-impact, and 5 

birds/km2 are still present pre-impact, the surveys are powerful enough to detect җ25% 

displacement with all transect spacings (Figure 5.5). Note that this doubling of number of 

survey days is assumed to occur over the same time period. 

 
Figure 5.5. The trend in the statistical power of a survey with the density of red-throated 
divers and the number of pre-impact survey days with comparison across transect spacings. 
The mean red-throated diver density was set at 5 birds/km2 with a standard deviation of 2 
birds/km2. 

Note: 

¶ Figure 5.5.a shows 12 survey days, and Figure 5.5.b shows 24 survey days. 
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¶ Figures show that more surveys result in higher statistical power and allow a lower 
displacement rate to be detected. 

 

If there is a higher density of pre-impact red-throated divers at 10 birds/km2, again with 12 

survey days pre-impact and the same number post-impact, the survey is powerful enough 

to detect җ20% displacement with all transect spacings (Figure 5.6). If both the number of 

survey days and density of red-throated divers are larger at 24 pre- and 24 post-impact 

survey days and 10 birds/km2, the surveys are powerful enough to detect җ15% 

displacement with most transect spacings (Figure 5.6). 

 
Figure 5.6. The trend in the statistical power of a survey with the density of red-throated 
divers and the number of pre-impact survey days with comparison across transect spacings. 
The mean red-throated diver density was set at 10 birds/km2 with a standard deviation of 2 
birds/km2. 

Notes: 

¶ Figure 5.6.a shows 12 survey days, and Figure 5.6.b shows 24 survey days. 

¶ Figures show that more survey days resulted in higher statistical power and allowed a 
lower displacement rate to be detected. 

 

The standard deviation of red-throated diver density was also taken into account in the 

power analysis. A lower standard deviation results in lower displacement rate detectability. 

For instance, setting the density at 5 birds/km2 and the number of survey days at 24, a 

standard deviation of 2 birds/km2 allows 25% displacement to be detected by transects of 

all spacings. A standard deviation of 4 birds/km2 allows 40% displacement to be detected by 

transects of all spacings (Figure 5.7). 
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Figure 5.7. The trend in statistical power of a survey with the standard deviation of the 
density of red-throated divers with comparison across transect spacings. The mean red-
throated diver density was set at 5 birds/km2, and the number of survey days was 24. 

Note: 

¶ Figure 5.7.a shows a standard deviation of 2 birds/km2, and Figure 5.7.b shows a 
standard deviation of 4 birds/km2. 

¶ Figures show that less variation in red-throated diver density results in higher statistical 
power and allowed a lower displacement rate to be detected. 

 

The differences in mean red-throated diver density and standard deviation across transect 

spacing scenarios influence the statistical power. The 3km transect spacing results in a 

reasonably high mean density relative to the 0.5km scenario (0.77% higher) and a much 

lower standard deviation relative to the 0.5km scenario (1.94% lower). This combination of 

high density and low standard deviation is conducive to a higher power. The 1km transect 

spacing results in a similarly high mean density relative to the 0.5km scenario (0.72% 

higher); however, there is a much higher standard deviation relative to the 0.5km scenario 

(0.80% higher). This combination of high density and high standard deviation is conducive 

to a lower power. This can be seen by looking at individual displacement rate results, such 

as for the 5 birds/km2 pre-impact and 12 pre-impact survey days scenario. Here, the 3km 

transect spacing results in the highest power and the 1km transect spacing results in the 

lowest power of all the transect spacing scenarios (Figure 5.8). 
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Figure 5.8. The influence of transect spacing on power showing the 3km transect spacing 
resulting in the highest power and the 1km transect spacing resulting in the lowest power 
(in this case, with 12 survey days and 30% displacement). 
 

This same trend is seen throughout the remaining analysis. This phenomenon could be due 

to the exact placement of the transects, and placing them in slightly different, but still 

parallel to the original, locations could result in different means and standard deviations in 

red-throated diver density. 

This section discussed the results of assuming the same number of surveys are undertaken 

before and after wind farm construction. The next section will go on to explore how these 

results change when a different number of surveys are undertaken before and after wind 

farm construction. 

5.3.2 Using a different number of survey days pre- and post-impact to detect 

red-throated diver displacement  

Results in this section are analysed where the number of survey days pre- and post-impact 

are different. The post-impact number of survey days required to detect displacement by 

different transect spacings is investigated, and again, the influence of the number of pre-

impact survey days and the density of red-throated divers is examined. The mean red-

throated diver density was set at 10 birds/km2 with a standard deviation of 2 birds/km2. 
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For a given displacement rate and a set number of pre-impact survey days, different 

transect spacings require a different number of post-impact survey days. For instance, to 

detect 15% displacement with 12 pre-impact survey days, an impractical number of post-

impact survey days is required: between 256 and 7,325 post-impact survey days, depending 

on transect spacing (Table 5.4). Naturally, larger displacement rates result in more practical 

numbers of post-impact survey days. However, sometimes, only small modifications to the 

displacement rate are needed. For instance, to detect 20% displacement, a more 

manageable 15 to 17 survey days is required (depending on transect spacing), and only 

seven survey days (for all transect spacings) are required to detect 25% displacement. 

Table 5.4. Influence of displacement rate and number of pre-set pre-impact survey days on 
number of post-impact survey days with comparison across transect spacings. Mean red-
throated diver density = 10 birds/km2 and standard deviation = 2 birds/km2. 

Scenario Number of post-impact survey days required 

Displacement 
rate (%) 

Number of pre-
impact survey 
days 

1km 
transect 

1.5km 
transect 

2km 
transect 

2.5km 
transect 

3km 
transect 

15 24 26 26 25 26 24 

20 24 10 9 9 10 9 

25 24 5 5 5 5 5 

30 24 3 3 3 3 3 

15 12 N/A* 1327 846 7325 256 

20 12 17 16 16 16 15 

25 12 7 7 7 7 7 

30 12 4 4 4 4 4 

15 6 N/A* N/A* N/A* N/A* N/A* 

20 6 N/A* N/A* N/A* N/A* N/A* 

25 6 16 15 15 16 14 

30 6 7 7 7 7 6 

Notes:  

¶ (*) a calculation was not possible using pwr.t2n.test (maybe because the value was 
larger than the bounds of the searchable number of survey days). 

¶ Table shows that both a lower number of pre-impact survey days and lower levels of 
displacement forced an increase in the number of post-impact survey days. 

 

At a lower number of pre-impact survey days, the same displacement rates require a larger 

number of post-impact survey days, often too high to be able to calculate (Table 5.4). 

However, by halving the number of pre-impact survey days to six, 25% displacement can be 

detected using between 14 and 16 post-impact survey days (depending on transect 

spacing). This is compared to a similar number of post-impact survey days being able to 

detect 20% displacement with 12 pre-impact survey days (Table 5.4). Therefore, to detect a 
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very similar displacement rate and use a similar number of post-impact survey days, the 

number of pre-survey days could be substantially reduced. 

Of course, the opposite is also true, whereby the more pre-impact surveys are carried out, 

the fewer post-impact surveys are required. If 24 pre-impact survey days are used, nine or 

ten post-impact survey days would be required to detect 20% displacement, or 24 to 26 

survey days to detect 15% displacement. However, caution is advised in reducing the 

number of surveys too far, either pre-impact or post-impact, as this may result in obtaining 

insufficient information to characterise monthly, seasonal, and annual variations in 

abundance and distribution. 

These last two sections have discussed the results of assuming either the same number or a 

different number of surveys undertaken before and after wind farm construction. The 

following two sections will repeat this process but within the context of a case study of the 

Outer Thames Estuary SPA population of red-throated divers. This is first done assuming 

the same number of surveys are undertaken before and after wind farm construction. 

5.3.3 Results of the case study of the Outer Thames Estuary Special Protection 

Area using the same number of survey days pre- and post-impact to detect 

red-throated diver displacement 

The power analysis was then applied to the case study site of the Outer Thames Estuary 

Special Protection Area, first assuming the same number of survey days pre- and post-

impact. To detect displacement in the study site example, the density of red-throated 

divers within the SPA was used: a population of 18,079 individuals making an average 

density of 4.6 birds/km2 and maintaining a standard deviation of 2 birds/km2. 

A displacement rate of 35% is detectable with a similar number of surveys as a typical 

survey regime (12 surveys pre-impact and the same number post-impact). However, any 

smaller displacement rates require more survey days, with an almost exponential growth in 

the number of surveys once very low displacement rates are considered, e.g. over 500 pre-

impact and over 500 post-impact surveys to detect 5% displacement (Table 5.5). 
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Table 5.5. Influence of displacement rate and number of variable pre-impact survey days on 
number of post-impact survey days with comparison across transect spacings. Mean red-
throated diver density = 4.6 birds/km2 and standard deviation = 2 birds/km2. 

Scenario Number of survey days required 

Displacement 
rate (%) 

1km 
transect 

1.5km 
transect 

2km 
transect 

2.5km 
transect 

3km 
transect 

5 567 560 556 565 537 

10 136 135 134 136 129 

15 59 58 58 59 56 

20 32 32 32 32 31 

25 21 20 20 20 20 

30 14 14 14 14 14 

35 11 11 10 11 10 

40 8 8 8 8 8 

45 7 7 7 7 7 

50 6 6 6 6 6 

Note: Table shows that both a lower number of pre-impact survey days and lower levels of 
displacement forced an increase in the number of post-impact survey days. 
 

A pragmatic view is therefore needed with regard to the number of surveys it would be 

feasible to carry out and the displacement rate the surveys would be aiming to detect. Note 

should also be given to how a small change in the number of survey days can achieve quite 

a different displacement rate at higher displacement rates. For example, there are only two 

days of difference (both pre-impact and post-impact) in the number of survey days to 

detect a 40% displacement rate and a 50% displacement rate. 

The case study of the Outer Thames Estuary SPA is now used to contextualise the results of 

assuming a different number of surveys are undertaken before and after wind farm 

construction. 

5.3.4 Results of the case study of the Outer Thames Estuary Special Protection 

Area using a different number of survey days pre- and post-impact to 

detect red-throated diver displacement 

The power analysis was applied to the case study site of the Outer Thames Estuary Special 

Protection Area, assuming a different number of survey days pre- and post-impact. The 

mean red-throated diver density was set at 4.6 birds/km2 with a standard deviation of 2 

birds/km2. 

A low number of pre-impact survey days prompts the need for a large number of post-

impact survey days, often too high to be able to calculate (Table 5.6) unless a sufficiently 
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large displacement rate is considered. As this is a site-specific case, it gives an indication as 

to the number of survey days which would be required to detect various levels of 

displacement and highlights the need to consider both pre-impact and post-impact surveys 

early when designing monitoring. For instance, if six pre-impact surveys are undertaken and 

the aim is to detect 45% displacement, between 25 and 32 post-impact survey days 

(depending on transect spacing) are required. However, if 12 pre-impact surveys are 

undertaken to detect the same 45% displacement, only nine or ten post-impact survey days 

would be required (Table 5.6). 

Table 5.6. Influence of displacement rate and number of pre-set pre-impact survey days on 
number of post-impact survey days with comparison across transect spacings. Mean red-
throated diver density = 4.6 birds/km2 and standard deviation = 2 birds/km2. 

Scenario Number of post-impact survey days required 

Displacement 
rate (%) 

Number of 
pre-impact 
survey days 

1km 
transect 

1.5km 
transect 

2km 
transect 

2.5km 
transect 

3km 
transect 

30 12 N/A* N/A* N/A* N/A* 439 

35 12 36 34 34 35 30 

40 12 16 15 15 16 14 

45 12 10 9 9 9 9 

50 12 7 6 6 6 6 

30 6 N/A* N/A* N/A* N/A* N/A* 

35 6 N/A* N/A* N/A* N/A* N/A* 

40 6 N/A* N/A* N/A* N/A* 1671 

45 6 32 30 29 31 25 

50 6 16 13 13 16 12 

Notes: 

¶ (*) a calculation was not possible using pwr.t2n.test (maybe because the value was 
larger than the bounds of the searchable number of survey days). 

¶ Table shows that both a lower number of pre-impact survey days and lower levels of 
displacement forced an increase in the number of post-impact survey days. 

 

In comparing whether or not the same number of pre-impact and post-impact surveys 

should be sought, consideration should be given to the displacement rate required to be 

detected. For instance, if 12 pre-impact survey days are chosen and fixed, and 30% 

displacement is to be detected, at least 439 post-impact survey days would be required 

(under the 3km transect spacing scenario), amounting to 451 survey days in total (Figure 

5.9). However, if 30% displacement detection is the aim and the number of pre-impact and 

post-impact surveys are calculated at the beginning of the survey design, only 24 pre-
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impact samples and 24 post-impact samples would be required (under the 3km transect 

spacing scenario), amounting to only 48 survey days altogether.  

 
Figure 5.9. Comparison of the number of post-impact survey days required with a fixed 
number of pre-impact survey days (12) when different displacement rates are required to be 
detected shows that detecting very small displacement rates would require very large 
numbers of post-impact survey days. 
 

A sensible option would be to run through a range of pre-impact and post-impact surveys in 

order to determine the least total number of survey days (pre-impact plus post-impact) 

that would be required. A thought may also be given to the limitations of undertaking 

surveys pre-impact when time is limited before wind farm construction begins, but time is 

less constrained after the wind farm becomes operational. Therefore, it may be inevitable 

that there will be an unequal number of survey days pre-impact and post-impact. Yet, 

thought still needs to be given to the number of pre-impact surveys, particularly when 

aiming to detect low displacement rates. As seen in Table 5.6, too few pre-impact surveys 

can still lead to a disproportionately large number of post-impact surveys. 
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5.3.5 Comparison of varying the displacement rate versus varying the number of 

survey days on the detection of red-throated diver displacement 

It is clear that a number of variables influence the power of survey design; therefore, their 

modification can increase or decrease power. However, some of these variables are 

unalterable within the survey design, such as the number and variability in the density of 

red-throated divers present in the study area. Nevertheless, the number of survey days 

may be adapted, and the detectable displacement rate may be an adjustable aim of the 

survey design. As has been investigated in previous sections, the number of survey days 

and displacement rate can have a large impact on the statistical power. The obvious next 

question is, therefore, which makes the most difference to statistical power, and how 

should this be taken into account when designing a survey? 

To investigate this, the mean red-throated diver density was set at 4.6 birds/km2 with a 

standard deviation of 2 birds/km2 as per the case study. To detect 15% displacement with 

12 survey days results in a survey power of 0.22. Doubling the number of survey days to 24 

(and keeping the 15% displacement rate) results in a survey power of 0.44. Conversely, 

doubling the displacement rate to 30% (and keeping the 12 survey days) results in a power 

of 0.71 (Table 5.7). This suggests that the power changes more quickly with displacement 

rate than the number of survey days. This trend generally holds at a range of displacement 

rates and number of survey days, but there is a larger increase in power when increasing 

the number of survey days when the displacement rate is high. 

Obviously, increasing the number of survey days in conjunction with increasing the 

displacement rate results in the best improvement in power, but this is a small 

improvement over increasing the displacement rate alone (Table 5.7). However, as noted 

above, some variables which go into the power analysis are adjustable through survey 

design. The displacement rate will be determined by the effect of an offshore wind farm; 

therefore, having an indication of the displacement rate that might be expected or the 

displacement rate that would ideally be detectable will guide the survey design. 
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Table 5.7. Changes in survey power with displacement rate and the number of survey days 
show the interplay between the number of survey days at different displacement rates on 
statistical power, in this case, using 1km transect spacing. 

Statistical power 
Number of survey days 

12 14 16 18 20 22 24 

Displacement 
rate (%) 

15 0.22 0.25 0.29 0.32 0.35 0.38 0.44 

20 0.36 0.42 0.48 0.53 0.58 0.62 0.66 

25 0.54 0.61 0.68 0.74 0.79 0.83 0.86 

30 0.71 0.79 0.85 0.89 0.92 0.95 0.96 

35 0.85 0.91 0.95 0.97 0.98 0.99 0.99 

40 0.94 0.97 0.99 0.99 0.99 0.99 0.99 

Note: Mean red-throated diver density = 4.6 birds/km2 and standard deviation = 2 
birds/km2. 
 

Consideration should be given to whether the addition of a small number of surveys would 

be beneficial in the wider objective of the survey. For instance, multiple 12 surveys are 

typically carried out in order to understand the baseline environment of an offshore wind 

farm site, as this ensures a full year, including a month in each season, is surveyed. 

Therefore, increasing the number of survey days may, in fact, mean increasing by 12 such 

that a whole additional year is surveyed, and the data can be used in seasonal summary 

statistics. Increasing the number of survey days might provide an increase in statistical 

power when the detection of a specific displacement rate is required. However, a balance 

must be struck between the costs associated with adding in additional surveys and the 

power gained. 

5.4 Discussion on how much monitoring is sufficient to detect red-

throated diver displacement 

Given the need for an improved understanding of the potential impacts of offshore wind 

development on marine wildlife, this study examined the power of post-consent (pre-

impact and post-impact) monitoring. This will aid in the collection of data that will reduce 

uncertainty in estimating the scale of displacement of a sensitive marine bird species to 

future developments. The aim of such post-consent monitoring surveys can be varied, and 

objectives might include the detection of displacement at different scales, e.g. site-wide or 

within a specific region or buffer. Monitoring aims and objectives should dictate 

appropriate survey design (Gregory et al., 2004), but in reality, factors such as resources, 

logistics, time and weather constraints, etc., can have a considerable influence on survey 

design. 
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Biological aspects of survey design also need to be accounted for. For instance, the 

detectability of distributed or clustered species and the potential for autocorrelation with 

transects close together (Maclean et al., 2006; Petersen et al., 2011). Species that tend to 

collect in flocks may be missed where wider transects are used, leading to an under-

representation of the population or an over-estimate if they are seen in transects (Thaxter 

and Burton, 2009; Buckland et al., 2012). Consideration must also be given to spatial 

autocorrelation such that close transects together do not erroneously double-count 

individuals (Lichstein et al., 2002). A grid-based sampling design, as opposed to line 

transects, may be one method to overcome problems with biases associated with clustered 

species and autocorrelation (Buckland et al., 2012). 

The broad aim of post-consent wind farm monitoring is usually to validate predictions made 

in an EIA or Habitats Regulations Assessment (or Habitats Regulations Appraisal in Scotland) 

(HRA) (Marine Management Organisation, 2014). Objectives usually relate to detecting 

displacement, although they are not always clear nor precise in terms of displacement 

rates, distances or spatial patterns being tested. 

Survey design needs depend on specific objectives: for example, if an objective is to detect 

a certain displacement rate, then the required combination of number of survey days and 

transect spacing, both pre-impact and post-impact, can be calculated in order to achieve a 

high power to detect that displacement rate. Alternatively, if an objective is to detect 

displacement for a certain density of pre-impact birds for a given number of survey days or 

a range of survey days, the detectable displacement rate can be calculated. This density of 

pre-impact birds could be an estimated average for the site or an estimate within a 

particular region of interest. It may also be an estimate of an acceptable maximum effect 

size in terms of the density of birds potentially affected. How such an acceptable threshold 

is determined may vary according to the relevant legislation but could be based on societal 

values or on population viability analyses, for example (Green et al., 2016). 

Designing the study in order to detect displacement if it were occurring in the region with 

the lowest density of birds (the hardest to detect displacement where it occurs) would 

ensure that displacement in all other regions would be detectable. However, for a cost-

effective survey, this should be based on the level of change that needs to be detected. It 

should also consider whether the change needs to be detected across the whole site or 

only where higher bird densities are present. The level of change to be detected could be 
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that which would cause a change in the population trend. For instance, the level of 

mortality of birds would cause a change in the population status from increasing to 

flatlining or causing a certain percentage increase in the baseline mortality rate. 

The variation in abundance is also a key consideration in determining survey design. A wide 

spread of data may lead to insignificant results even when the density of birds, 

displacement rate, and number of surveys are large. The variability of birds per month, per 

season, or per year may be very different, so consideration also needs to be given to the 

temporal scale of the pre- and post-impact phases of a displacement study and the 

variability that may be present in these phases. 

Consideration of post-impact survey needs as part of pre-impact survey design would 

maximise the overall efficiency of pre- and post-impact surveys, especially where there is 

some knowledge of bird densities expected in the study region. This may be the case for 

protected areas or for species that have been extensively surveyed or modelled (Wakefield 

et al., 2017; Waggitt et al., 2019). However, in order to make the most of surveys, a clear 

aim and objective are required. This may, in part, be dictated by licence conditions, but 

regulators and statutory nature conservation bodies can play a part in deciding what the 

aims and objectives should be. 

A strategic and objectives-driven approach to monitoring and survey design could lead to 

improvements in the ability of post-consent monitoring to inform the overall understanding 

of displacement effects of offshore wind farms on red-throated divers and other sensitive 

species of marine birds. This, in turn, can give a more accurate evidence base for other 

tools and assessment techniques, such as relative seabird sensitivity assessments (Furness 

et al., 2013; Bradbury et al., 2014) and estimates of energetic costs caused by displacement 

leading to changes in adult survival and productivity (Searle et al., 2021). This could 

ultimately reduce uncertainty in the impact assessment process and facilitate marine 

renewable energy goals and climate emission reduction targets. 

Post-consent monitoring reports from offshore wind farms are intended to detect impacts 

and confirm whether those predicted in the EIA actually occur and at the levels expected. 

However, they need to be designed to meet this aim sufficiently. The design and spatial 

coverage of surveys can have a large effect on whether or not displacement can be 

detected, especially where displacement occurs over a large area outside of the wind farm, 

but surveying does not cover the same area. The limited spatial coverage of several early 
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offshore wind farms is thought to have contributed to the survey design having a lower 

power to detect changes in species distributions (Marine Management Organisation, 2014). 

The considerations listed here are, of course, based on the intention to obtain the best 

evidence. However, the cost implications of survey design must also be examined in order 

to make cost-effective decisions. A balance must, therefore, be sought between 

expenditure and the quality of data obtained. 

In broad terms, the spacing of transects influenced the statistical power or number of 

surveys required based on a combination of the mean density of red-throated divers the 

transects could detect and the standard deviation. If the same spacing transects had been 

positioned across the survey area slightly differently, it could be that the densities and 

standard deviations for each transect spacing were different. The non-uniform distribution 

of red-throated divers has likely led to some transect spacings detecting hotspots of high-

density red-throated divers and other transect spacings detecting lower densities of red-

throated divers, hence the differences in mean density and standard deviation. Compared 

to the number of survey days and displacement rate, the transect spacing in this study only 

made a small difference to the power of survey design. 

Naturally, the number of survey days affected the power to detect displacement, but in a 

different manner to how transect spacing did. Whilst the transect spacing related to the 

precision of data collected within individual surveys, a larger source of variability was likely 

due to variability between surveys. Careful planning of the number of survey days is 

required, particularly with regard to the displacement rate to be detected and the relative 

number of samples pre-impact and post-impact. 

The variable making the largest difference to the power was the displacement rate. This 

variable is a factor to be detected by the surveys and, therefore, is not necessarily 

adjustable; however, surveys can be designed with the aim of being able to detect a 

minimum displacement rate thus can be a very useful aspect of designing a survey. Where 

red-throated divers are considered, studies have typically shown a very high displacement 

rate, often above 70%; therefore, this chapter has shown that most scenarios of survey 

design would be able to detect such a change in red-throated diver density (Dierschke et 

al., 2016; Mendel et al., 2019; Heinänen et al., 2020; Marques et al., 2021). However, for 

other species less susceptible to displacement from offshore wind farms, different survey 

designs may be required to detect smaller displacement effects. 



108 
 

A higher density of red-throated divers in the study region with a low standard deviation 

(outside of how this is affected by transect spacing) also increases the statistical power. The 

impact of variation in red-throated diver density was only briefly assessed here, as it was 

not the focus of the study; however, this is likely to also have a large impact on the 

detectability of changes in the density of red-throated divers (Maclean et al., 2013), and 

can for some species and regions be roughly anticipated based on available information. 

Monitoring the impact of offshore wind farm displacement has been investigated in this 

chapter. However, the principles of designing surveys and carrying out power analyses are 

widely applicable to other industries and other impacts. Seabird collisions with wind 

turbines are monitored less frequently than distributional changes, in part because of the 

technical difficulties in doing so (Collier et al., 2011). Regardless, monitoring carried out in a 

standardised manner, or at least with comparable methods or presentation of results, 

makes for better utilisation of data (see Ozsanlav-Harris et al. (2023) for an example of 

comparability and utilisation of empirical seabird collision data). 

The data collected from pre-construction and post-construction surveys is critical to 

understanding the true impact of offshore wind farm development. The quality of such data 

may make the difference between proving the predicted level of impact and not knowing 

the level of impact. This is also true with regard to mitigation; the ability to demonstrate 

that mitigation has succeeded or not is determined by the quality of the data collected. 

Data quality also plays a role in enhancing scientific knowledge. 

5.5 Conclusion of how much monitoring is sufficient to detect red-

throated diver displacement 

This chapter has demonstrated how aspects of survey design interact with baseline red-

throated diver densities and levels of impact to influence the statistical power to detect 

changes in red-throated diver densities as a result of anthropogenic impacts. It also shows 

the importance of considering such factors early in order to obtain sufficiently powerful 

surveys prior to carrying them out. This is particularly pertinent at the pre-construction 

phase of development, but also during Environmental Impact Assessments such that 

impacts can be verified post-construction. The highly dependent nature of survey attributes 

on the detectability of change within one species shows how case-specific this issue is. The 

research has been illustrated using a specific species, yet the method is replicable for 
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others, as well as different locations and causes of change. This work has shown how power 

analysis can be used to tailor surveys such that the goal of the survey can be achieved, and 

contingencies accounted for. 

The adequacy of data collection has been explored in this chapter by examining the power 

of detecting red-throated diver displacement through the design of pre-construction and 

post-construction surveys. The presentation and analysis of data are other aspects that 

influence the quality and usefulness of data. The next chapter, therefore, explores the 

results of monitoring surveys and methods of calculating red-throated diver displacement.
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Chapter 6 How does red-throated diver 

displacement change with distance from 

offshore wind farms? 

 

 

Abstract 

Offshore wind developments are becoming more prevalent across the globe, and our 

understanding of interactions with a multitude of environmental receptors grows with it. 

Certain species, such as red-throated diver, are known to have strong behavioural 

responses to operational wind farms. Evidence suggests that the response is strong within 

the wind farm, but also occurs outside the wind farm, but to a lesser degree. This research 

collated and evaluated existing evidence of red-throated diver displacement rates within 

and outside of offshore wind farms. It then suggests and reviews methods of generating a 

representative gradient of displacement rates for application in displacement assessments. 

This study found that displacement rates do decline with distance from wind farms, at 

some wind farm in a linear manner, and less so at other sites. It also indicates that lower 

rates of displacement within wind farms may be associated with displacement affects over 

a large region outside the wind farm. A range of methods to generate a representative 

gradient have been analysed, each with their own benefits, drawbacks, and potential for 

different applications. The analysis within this chapter may aid offshore wind farm impact 

assessments by providing representative gradients of red-throated diver displacement for 

use within displacement assessments. It also provides information on the interaction 

between the largest displacement rates and the greatest spatial extent of displacement. 

This indicates further research is needed into individual responses to wind farms, the 

implications of this to populations, and how these effects can be reduced or mitigated. 
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6.1 Introduction to changes in red-throated diver displacement at 

distances from offshore wind farms 

Spatial planning of offshore wind farms is crucial to avoid environmental impacts on a range 

of receptors, particularly as they may be located in areas overlapping with the foraging 

ranges of numerous seabird species. One method of assessing the potential scale of 

displacement of a particular species is to assume a certain percentage of birds 

(displacement rate) move away from a wind farm and some area around the wind farm. For 

instance, in the UK, this has lately been done using a 100% displacement rate within the 

wind farm and within 4km from the wind farm boundary. However, as there is evidence 

that red-throated diver displacement can occur much further than 4km from a wind farm, 

the assessment process was updated in 2020 to analyse displacement within a 10km region 

around a wind farm (Statutory Nature Conservation Bodies, 2022a). A displacement rate to 

use within the 10km region is therefore required to complete the assessment. It is unlikely 

that even the most sensitive species are completely displaced from this wider area, and it is 

hypothesised that a lower proportion of birds are displaced further from a wind farm. 

Therefore, a gradient of displacement rates is likely to occur with distance. There have not 

been many wind farms whereby a gradient of displacement with distance from the wind 

farm has been required to be assessed. Natural England advised that for the East Anglia 

One North and East Anglia Two wind farms, an assessment should include the declining 

displacement rate of red-throated diver as 100% within the wind farm and the surrounding 

1km distance band, then a linearly declining gradient to 0% at 12km from the wind farm 

(MacArthur Green and Royal HaskoningDHV, 2021). Both evidence of such a gradient and 

generalisation of a gradient are required in order to assess the full extent of red-throated 

diver displacement. This is crucial for marine spatial planning of future wind farm 

development locations and assessment of effects in combination with multiple other 

anthropogenic and natural pressures. 

This chapter aims to analyse how displacement changes with distance from wind farms. It 

also aims to explore different options for generating a representative displacement 

gradient. This was done in order to consider the potential application of each method, for 

example within impact assessments. 
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The last chapter evaluated the design of surveys to determine the power to detect red-

throated diver displacement. Following pre-construction and post-construction surveys, the 

full extent of displacement can then be assessed, which is done in this chapter. Within the 

overall aim of the thesis, this chapter addresses how cumulative seabird displacement from 

offshore wind farms is verified. This chapter begins by evaluating evidence of red-throated 

diver displacement rates both within and outside of offshore wind farms. It then suggests 

and reviews methods of generating a representative gradient of displacement rates for 

application in displacement assessments. Finally, the results are discussed in the context of 

red-throated divers within the Outer Thames Estuary Special Protection Area (SPA). 

6.2 Method of investigating changes in red-throated diver 

displacement at distances from offshore wind farms 

The method is split into several stages. First, the datasets used in this analysis are 

described. Then, the spatial extent of red-throated diver displacement from offshore wind 

farms is explored through the use of distance bands, displacement rates in these distance 

bands, and maximum displacement distances. Next, displacement rates and the spatial 

extent of displacement are converted into relative metrics to standardise parameters of 

displacement from different wind farms. Then, different ways of generating a 

representative displacement gradient from the data are explored. Finally, a representative 

displacement gradient was used to calculate the total displacement impact across a range 

of scenarios and then applied to a case study of the Outer Thames Estuary SPA. 

6.2.1 Datasets used to investigate changes in red-throated diver displacement at 

distances from offshore wind farms 

In order to investigate gradients of red-throated diver displacement, the evidence of 

displacement collected in chapter 4 and presented in table 4.2 was used. These 11 reports 

analysed the displacement effect of individual wind farms or wind farms in very close 

proximity to one another. 

6.2.2 Method of exploring displacement rates in terms of the spatial extent of 

displacement 

First, red-throated diver displacement was investigated with regard to how displacement 

was described across different spatial areas in and around the wind farms and compared 
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across wind farms. This included considering the size of the distance bands, the maximum 

displacement distance recorded, and whether the wind farm and the adjacent area were 

described together or separately. This was carried out to gain an understanding of the 

manner in which displacement has been quantified and to determine whether the data 

could subsequently be analysed together. Displacement parameters were described 

through scatter plots, histograms, and top-down maps to better illustrate the spatial nature 

of displacement. 

6.2.3 Method of exploring relative displacement rates with relative distances 

from wind farms 

Red-throated diver displacement data was transformed by converting it to proportional 

values. This was done by calculating the displacement rate within each distance band as a 

proportion of the within-wind farm displacement rate. Similarly, each distance band was 

described as a proportion of the maximum displacement distance. This gave a holistic view 

as to how quickly the displacement rate declined with distance from each wind farm. These 

proportion calculations were done to generate non-dimensional data, which allowed 

subsequent direct comparisons between wind farms. 

6.2.4 Methods of generating a representative displacement gradient 

Representative displacement gradients were generated, which could be used to assess 

future wind farm displacement where displacement happens at a range of distances from a 

wind farm. Data was used from wind farms with displacement rates in distance bands 

outside of the wind farms. Different methods of summarising displacement data to 

generate representative displacement gradients were explored, which may each have 

different applications. 

a) ά!ƭƭ Řŀǘŀέ ƳŜǘƘƻŘ ς The first method was to plot all the available data on 

displacement rate against the distance band and generate a linear regression line 

through the data. The equation of the line was then used to generate a value for 

each 1km distance band. ¢Ƙƛǎ ƳŜǘƘƻŘ ǿŀǎ ƴŀƳŜŘ ά!ƭƭ Řŀǘŀέ ŘǳŜ ǘƻ ƛǘǎ ǳǎŜ ƻŦ ŀƭƭ 

available displacement data points. This gradient could be used should it be 

intended to have a representative gradient where all data points are incorporated. 

b) ά!ǾŜǊŀƎŜ мƪƳέ ƳŜǘƘƻŘ ς A second method was to average data before generating 

a trend line. The displacement rate within each 1.0km distance band was averaged, 
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and then a linear regression was performed on this averaged data as with the first 

method. Again, the equation of the line was used to generate a value for each 1km 

distance band. ¢Ƙƛǎ ƳŜǘƘƻŘ ǿŀǎ ƴŀƳŜŘ ά!ǾŜǊŀƎŜ мƪƳέ ŘǳŜ ǘƻ ǘƘŜ ŀǾŜǊŀƎƛƴƎ ƛƴ 

each 1km distance band. This gradient could be used where all data are used, but 

extremes data points have less of an influence through averaging in each 1km 

distance band. 

c) άaŀȄƛƳǳƳ мƪƳέ ƳŜǘƘƻŘ ς The third method was to retain only the maximum 

value within each distance band and once again generate a linear regression to 

obtain a value for each 1km distance band. ¢Ƙƛǎ ƳŜǘƘƻŘ ǿŀǎ ƴŀƳŜŘ άaŀȄƛƳǳƳ 

мƪƳέ because it took the maximum value in each 1km distance band. This gradient 

represents arguably the most precautionary gradient in terms of its use within a 

displacement impact assessment, as the highest displacement rates within each 

1km distance band are used. Given the uncertainty around red-throated diver 

displacement at different wind farms, this gradient may characterise the worst-case 

scenario. 

d) άwŜƭŀǘƛǾŜέ ƳŜǘƘƻŘ ς The final method was to calculate displacement rates within 

distance bands as a percentage of the displacement rate within the wind farm. It 

also calculated each distance band as a percentage of the maximum displacement 

distance. This generated relative values of both displacement rate and 

displacement distance. These values were plotted with a linear regression, and 

values within each 1km distance band were obtained from the equation of the 

regression line. This method was named άwŜƭŀǘƛǾŜέ ŘǳŜ ǘƻ ǘƘŜ ǳǎŜ ƻŦ ǊŜƭŀǘƛǾŜ 

displacement rates and displacement distances. This method is the most easily 

transferrable in terms of generating gradients with different within-wind farm 

displacement rates and maximum displacement distances. It also accounts for 

differences in maximum displacement distance and within-wind farm displacement 

rate by generating non-dimensional values, therefore best describes the variety of 

gradients from wind farms. 

6.2.5 Methods of extrapolating displacement beyond the bounds of the survey 

However, before these gradients could be calculated, it was imperative to understand 

whether the full extent of displacement had been captured by the existing studies. For the 

studies where displacement was only recorded within the wind farm, it was assumed that 

this was the full extent of displacement. This may not actually be the case, but without 
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another displacement rate, e.g. at some distance outside the wind farm, it cannot be 

established if there was a declining gradient with distance or if displacement may have 

actually occurred outside the wind farm as well as within it. The red-throated diver 

displacement gradients reported from the Gunfleet Sands, Kentish Flats, and Lincs, Lynn 

and Inner Dowsing offshore wind farms extend to a limited area around the wind farms due 

to the area over which surveys were carried out. In the furthermost distance bands from 

these wind farms, the displacement rate is not very low, indicating that displacement could 

have occurred outside of these furthermost regions. This is further evidenced by the 

decline in displacement rate with distance from the wind farm, which indicates that 

displacement could continue to zero percent (Table 6.1). 

Table 6.1. Red-throated diver displacement rates with distance from Gunfleet Sands, Kentish 
Flats, and Lincs, Lynn and Inner Dowsing offshore wind farms as reported in the literature 
and monitoring reports. 

Offshore wind farm Distance band (km) Displacement rate (%) 

Gunfleet Sands 
(NIRAS, 2015) 

Within OWF 91.29 

0-1 65.80 

1-2 20.95 

Kentish Flats 
(Percival, 2014) 

Within OWF 97 

0-0.5 77 

0.5-1 69 

1-2 53 

2-3 56 

Lincs, Lynn and Inner 
Dowsing 
(Webb et al., 2017) 

Within OWF 83.3 

0-1 77.4 

1-2 71.4 

2-3 62.5 

3-4 55.2 

4-5 50.8 

5-6 44.8 

6-7 42.3 

7-8 33.6 

Note: Number of decimal places is the same as those reported in the relevant literature or 
monitoring report. 
 

Table 6.2 shows that the London Array wind farm was surveyed beyond the point of 

displacement rates declining beyond zero, which provides more certainty that the full 

spatial extend was surveyed, and what the maximum displacement distance was. In the 

11.0km to 11.5km distance band, the displacement rate was 12.62%, and in the 11.5km to 

12.0km distance band the displacement rate was -7.2%. A negative displacement rate 

indicates that the density of birds after wind farm construction was higher than before 
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wind farm construction. The remaining area outside of this distance band all reported 

negative displacement rates, indicating an increase in red-throated diver density before and 

after construction of the wind farm (Table 6.2). 

Table 6.2. Red-throated diver displacement rates with distance from the London Array 
offshore wind farm over the entire survey area showing loss of birds up to 11.5km, and 
increase in birds beyond 11.5km from the wind farm boundary (APEM, 2021). 

Distance band (km) Displacement rate (%) 

Within OWF 54.68 

0.0-0.5 47.91 

0.5-1.0 44.92 

1.0-1.5 41.00 

1.5-2.0 38.91 

2.0-2.5 40.38 

2.5-3.0 41.18 

3.0-3.5 39.50 

3.5-4.0 36.07 

4.0-4.5 33.02 

4.5-5.0 31.55 

5.0-5.5 32.96 

5.5-6.0 35.00 

6.0-6.5 36.08 

6.5-7.0 35.58 

7.0-7.5 40.07 

7.5-8.0 41.29 

8.0-8.5 44.88 

8.5-9.0 45.13 

9.0-9.5 44.19 

9.5-10.0 39.61 

10.0-10.5 34.44 

10.5-11.0 23.88 

11.0-11.5 12.62 

11.5-12.0 -7.20 

12.0-12.5 -20.00 

12.5-13.0 -33.43 

13.0-13.5 -47.95 

13.5-14.0 -46.05 

14.0-14.5 -59.02 

14.5-15.0 -77.48 

Note: Number of decimal places is the same as those reported in the relevant literature or 
monitoring report. 
 

In order to generate displacement rates out to the full spatial extent of displacement, the 

following method was applied to the existing displacement gradient from Gunfleet Sands, 

Kentish Flats, and Lincs, Lynn and Inner Dowsing offshore wind farms. 
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A linear regression was put through the existing displacement gradient for each wind farm. 

This generated an equation of the linear regression. This equation was used to generate 

displacement rates for displacement distances beyond those which already existed. For 

example, a linear regression through the Lincs, Lynn and Inner Dowsing offshore wind farm 

data (Figure 6.1) resulted in the trend shown in Equation 6.1. 

ώ φȢρυὼ ψςȢυς 

Equation 6.1 Linear regression through the Lincs, Lynn and Inner Dowsing offshore wind 
farm red-throated diver displacement data. 

 
where 

y = displacement rate in distance band x 

x = distance band 

Equation 6.1 was then used to generate displacement rates beyond the 7-8km distance 

band (the maximum distance band surveyed at this wind farm), in 1km distance bands, until 

a negative displacement rate was found. In the 12km-13km distance band, there was a 

displacement rate of 2.57%, and in the 13km-14km distance band, there was a 

displacement rate of -3.58% (Figure 6.2Figure 6.2. Extrapolated red-throated diver 

displacement gradient at the Lincs, Lynn and Inner Dowsing offshore wind farm, out to the 

maximum spatial extent of displacement using a linear regression through the original 

data.). Therefore, it could be suggested that displacement actually occurred out to 13km 

from this wind farm. 
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Figure 6.1. Linear regression trend line through red-throated diver displacement gradient at 
the Lincs, Lynn and Inner Dowsing offshore wind farm using original wind farm data. 
 

 

Figure 6.2. Extrapolated red-throated diver displacement gradient at the Lincs, Lynn and 
Inner Dowsing offshore wind farm, out to the maximum spatial extent of displacement using 
a linear regression through the original data. 
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For the Kentish Flats wind farm, a linear regression through the data resulted in the trend 

shown in Equation 6.2 and Figure 6.3. 

ώ ρςȢτυὼ ψυȢωψ 

Equation 6.2. Linear regression through the Kentish Flats offshore wind farm red-throated 
diver displacement data. 

 

Extrapolation of the existing data via linear regression generated displacement rates out to 

a spatial extent of 6km from the wind farm. In the 5km-6km distance band, there was a 

displacement rate of 11.29%, and in the 6km-7km distance band, there was a displacement 

rate of -1.16% (Figure 6.4). A negative values means an increase in bird density after wind 

farm construction, therefore displacement only occurs in regions of a positive displacement 

rate value. 

 
Figure 6.3. Linear regression trend line through red-throated diver displacement gradient at 
the Kentish Flats offshore wind farm using original wind farm data. 
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Figure 6.4. Extrapolated red-throated diver displacement gradient at the Kentish Flats 
offshore wind farm, out to the maximum spatial extent of displacement using a linear 
regression through the original data. 
 

For the Gunfleet Sands wind farm, a linear regression through the data resulted in the trend 

shown in Equation 6.3 and Figure 6.5. 

ώ συȢρχὼ ωτȢυς 

Equation 6.3. Linear regression through the Gunfleet Sands offshore wind farm red-
throated diver displacement data. 

 

Extrapolation via linear regression showed that in the 2km-3km distance band there would 

be a negative value, where a higher density of birds would be present (Figure 6.6). 

Therefore the existing data, showing displacement out to 2km from the wind farm, fully 

described the extent of displacement and hence there was no need for extrapolation. 
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Figure 6.5. Linear regression trend line through red-throated diver displacement gradient at 
the Gunfleet Sands offshore wind farm using original wind farm data. 
 

 

Figure 6.6. Extrapolated red-throated diver displacement gradient at the Gunfleet Sands 
offshore wind farm, out to the maximum spatial extent of displacement using a linear 
regression through the original data. 
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In summary, Figure 6.2 and Figure 6.4 show that the original surveys did not cover the full 

spatial extent of displacement, and extrapolation of wind farm data beyond the extent of 

surveys was required for Kentish Flats and Lincs, Lynn and Inner Dowsing wind farms. In 

comparison, in the case of Gunfleet Sands and London Array wind farms, the surveys had 

covered the full spatial extent of displacement, therefore extrapolation was not required. 

The final displacement gradients for each wind farm are shown in Table 6.3. 

Table 6.3. Red-throated diver displacement rates with distance from offshore wind farms for 
the full spatial extent of displacement. Extrapolated values in the yellow shaded cells. 

Offshore wind farm Distance band (km) Displacement rate (%) 

Horns Rev I Within OWF 100 

Nysted Within OWF 100 

Alpha Ventus Within OWF 90 

Thanet Within OWF 73 

Egmond aan Zee Within OWF 68 

Gunfleet Sands Within OWF 91.29 

0-1 65.80 

1-2 20.95 

Kentish Flats Within OWF 94 

0-0.5 77 

0.5-1 69 

1-2 53 

2-3 56 

3-4 36 

4-5 24 

5-6 11 

Lincs, Lynn and Inner 
Dowsing 

Within OWF 83.3 

0-1 77.4 

1-2 71.4 

2-3 62.5 

3-4 55.2 

4-5 50.8 

5-6 44.8 

6-7 42.3 

7-8 33.6 

8-9 27.2 

9-10 21.0 

10-11 14.9 

11-12 8.7 

12-13 2.6 

London Array Within OWF 54.68 

0.0-0.5 47.91 

0.5-1.0 44.92 

1.0-1.5 41.00 

1.5-2.0 38.91 

2.0-2.5 40.38 
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Offshore wind farm Distance band (km) Displacement rate (%) 

2.5-3.0 41.18 

3.0-3.5 39.50 

3.5-4.0 36.07 

4.0-4.5 33.02 

4.5-5.0 31.55 

5.0-5.5 32.96 

5.5-6.0 35.00 

6.0-6.5 36.08 

6.5-7.0 35.58 

7.0-7.5 40.07 

7.5-8.0 41.29 

8.0-8.5 44.88 

8.5-9.0 45.13 

9.0-9.5 44.19 

9.5-10.0 39.61 

10.0-10.5 34.44 

10.5-11.0 23.88 

11.0-11.5 12.62 

 

 

6.2.6 Method of using a representative displacement gradient to calculate total 

displacement impact 

¢ƘŜ άwŜƭŀǘƛǾŜέ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ƎŜƴŜǊŀǘŜ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘǎ ŦƻǊ ŀ 

range of maximum displacement distances. Therefore, this gradient was taken forward to 

investigate how the total displacement effect may differ when there are different 

displacement rates and maximum displacement distances within the wind farm. In this 

chapter, so far it has been seen that when displacement occurs over a large distance, the 

displacement rate within the wind farm is smaller. Therefore, there is a critical question 

that a representative displacement gradient may be able to answer: How different is the 

displacement across the entire displacement-affected area when displacement occurs over 

a small distance but with a high displacement rate (within the wind farm) compared to 

displacement over a large distance but with a low displacement rate? There are multiple 

factors at play here, in part due to the displacement rate within the wind farm and the 

maximum displacement distance but also due to the size of the wind farm itself. In this 

investigation, the distance bands are set at 1km for a consistent application across wind 

farms. However, the size of a wind farm will differ, as may the displacement rate, and 
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hence influence the number of birds displaced. It also influences the area of the 1km 

distance bands, again influencing the number of birds displaced within each distance band. 

The trend previously generated (see section 6.2.3) of within wind farm displacement rate 

with maximum displacement distance was used to generate a series of displacement rates. 

These were done for a set of maximum displacement distances, from a minimum of within-

wind farm only up to 13km from the wind farm boundary. These generated displacement 

rates for within the wind farm only. ¢ƘŜ άwŜƭŀǘƛǾŜέ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘ 

was then used to generate displacement rates within each distance band between the wind 

farm and the maximum displacement distanceǎΦ ¢ƘŜ άwŜƭŀǘƛǾŜέ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘ ǿŀǎ 

used as this was the sole displacement gradient which could be applied to other scenarios 

of maximum displacement distance and displacement rates within a wind farm. 

6.2.7 Method of applying a representative displacement gradient to calculate 

the total displacement impact of wind farms in the Outer Thames Estuary 

Special Protection Area 

The Outer Thames Estuary SPA was used as an example of red-throated diver density, as 

the SPA hosts the largest UK population of non-breeding divers, as described in section 

5.2.1. The latest population estimate for the SPA is 18,079 individuals, which covers 

3,924km2, therefore giving a red-throated diver density of 4.61 birds/km2. One wind farm 

was assumed to be present, with an area equal to the average wind farm area (28km2) from 

the 11 wind farms from which displacement data is available (see section 4.4 and Appendix 

Table D1). The displacement rates (calculated in section 6.2.6) were applied to each 

distance band in each maximum displacement distance scenario. For simplicity and to 

maintain comparative scenarios, the red-throated diver density of 4.61 birds/km2 was 

applied evenly to the wind farm and surrounding area. The total displacement-affected 

area was calculated using Equation 6.4. 

Ὥ ὮȾ“ Ὧ “ 

Equation 6.4. Total displacement affected area 
 
where 

i = total displacement affected area (km2) 

j = OWF area (km2) 

k = maximum displacement distance (km) 
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To calculate the area of each distance band, the above calculation was used, with k 

representing the distance band in question, minus the same calculation but with k 

representing the next-smaller distance band (Equation 6.5). 

ά ὮȾ“ ὲ “  ὮȾ“ ὴ “  

Equation 6.5. Distance band area 
 
where 

m = distance band area (km2) 

n = distance band (km) 

p = next-smallest distance band (km) 

The reduction in red-throated divers within each distance band was calculated, and thus 

the total displacement rate over the entire displacement-affected was calculated in each 

scenario. The same principle of investigating relative overall displacement rates across the 

displacement-affected areas was then applied to the four wind farms with displacement 

gradient information. This was done using the displacement gradients as stated in the 

literature and monitoring reports from these wind farms to analyse the real displacement 

observed at these wind farms. However, to make the results more comparable across wind 

farms, a flat distribution of red-throated divers based on the average density in the Outer 

Thames Estuary SPA was used. In reality, three of these four wind farms are located in 

different areas of the Outer Thames Estuary SPA, and one is outside of the SPA; therefore, 

densities at those wind farms are highly likely to be different to each other and different to 

the average for the Outer Thames Estuary SPA, but this fact makes them less directly 

comparable. 

The analysis was carried out in R (R Core Team, 2022). The R markdown code is available in 

Appendix G. 

6.3 Results of investigating changes in red-throated diver 

displacement at distances from offshore wind farms 

This section first discusses the results of exploring the spatial extent of red-throated diver 

displacement from offshore wind farms. This is done in terms of the distance bands used to 

describe displacement, the displacement rates observed in these distance bands, and over 

differing maximum displacement distances. Next, the results of converting these 

displacement rates and spatial extent of displacement into relative metrics are described to 
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standardise parameters of displacement from different wind farms. Then, the results of 

using different ways of generating a representative displacement gradient, which may be 

used to assess future wind farm displacement, are described. The results of using a 

representative displacement gradient to calculate the total displacement impact are 

presented. Finally, the application of a representative displacement gradient to calculate 

the total displacement impact of wind farms in the Outer Thames Estuary SPA is presented. 

6.3.1 Results of exploring displacement rates in terms of the spatial extent of 

displacement 

The wind farms range from having displacement only within the wind farm to up to 16.5km 

from the wind farm boundary. The average maximum distance at which displacement is 

detected is 3.6km, with a median of 0.0km. Where displacement was recorded outside the 

wind farm, average maximum distance at which displacement is detected is 8.1km, with a 

median of 8.8km. Displacement rates within the wind farm range from 54.68% to 100%, 

with an average of 83.81% and a median of 90%. A displacement rate is not always 

provided for all distance bands outside the wind farm, and some studies report 

displacement across very wide distance bands, which sometimes includes the wind farm. 

These wider distance bands with a single displacement rate value do not provide data on a 

gradient of displacement over distance. Therefore, in this thesis any displacement rates 

given within distance bands larger than 2km were removed from further analysis of 

displacement gradients. 

Displacement rate and maximum displacement distance are often recorded in reports. 

However, what is less often recorded is the displacement rate at those maximum distances 

or within distance bands. For instance, the largest reported displacement distance of 

16.5km does not record the displacement rate at that distance. In addition, there are 

differences in the size of the distance bands. For example, one wind farm recorded the 

displacement rate in each 0.5km distance band from the wind farm boundary, whilst others 

did so in each 1.0km distance band. Another report analysing the effect of multiple wind 

farms recorded the displacement rate over a 3.0km radius around the wind farms and also 

over a 10km radius of the wind farms, which incorporates the 3.0km radius. Therefore, not 

only does the distance band over which displacement rate is calculated differ between 

reports, but also whether discrete distance bands or cumulative distance bands are used. 
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The displacement rate across distance bands is quite different across the wind farms, as 

well as the distance over which displacement is seen. The gradient of displacement with 

distance therefore very different, but all wind farms with displacement beyond the wind 

farm boundary (and with discrete distance bands) show a declining displacement rate with 

distance (Figure 6.7). 

The displacement rate detected at the maximum distance is also different across the wind 

farms. For instance, the Gunfleet Sands wind farm recorded a 20.95% displacement rate at 

the maximum distance from the wind farm (2km), whilst the London Array wind farm 

detected a 12.62% displacement rate at the maximum distance (11.5km). It may be that 

aspects of survey design do not allow for lower displacement rates to be detected. The 

displacement rate is usually calculated as the difference in seabird density pre-construction 

to post-construction of the wind farm. The design of pre-construction and post-

construction surveys may not be sufficiently statistically powerful enough to detect lower 

displacement rates, which are likely to occur at larger distances from a wind farm (see 

Chapter 5). 
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Figure 6.7. Displacement rates of red-throated divers at distances from 11 offshore wind 
farms, taking account of the different distance bands over which displacement has been 
measured, as reported in the literature and monitoring reports (with extrapolation). 

Note: See Table 4.2 for study references. 
 

As previously mentioned, different offshore wind farms reported displacement rates in a 

range of different size distance bands. These distance bands range from 0.5km to 10km, 

with one wind farm even reporting in both 0.5km increments for the distance band closest 

to the wind farm and 1km increments in distance bands further from the wind farm (Figure 

6.7). Particularly striking are the very large distance bands of the Butendiek and Helgoland 

Cluster, and the German Bight study. Both these studies reported displacement rates for 

areas that included wind farms plus distance bands. The Butendiek and Helgoland Cluster 

study also presented two displacement rates, one covering the wind farm plus a 3km 

distance band (Butendiek and Helgoland Cluster (a) in Figure 6.7), and another covering the 

wind farm plus a 10km distance band (Butendiek and Helgoland Cluster (b) in Figure 6.7). 

For these studies, there are few data points and the displacement rate is only described 

over one very large area, giving no indication as to whether displacement rates vary across 

the survey area. Meanwhile, for other studies, such as at London Array and Lincs, Lynn and 
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Inner Dowsing, there are many data points providing a detailed view of how displacement 

changes with distance. 

Table 6.4 displays these different size distance bands and whether or not the wind farm is 

included within a distance band. The German Bight study reported a displacement rate 

within an area covering the wind farm and 5km outside the boundary. Due to these studies 

including both the distance band and inside the wind farm in one value of displacement and 

the much larger distance bands, these were excluded from further analysis in this chapter 

as they were less comparable with the other studies. 

There are several wind farms reporting displacement at a range of distances from the wind 

farm, meaning at each distance band, there is often more than one wind farm reporting a 

displacement rate. However, as also mentioned, the distance bands used to calculate the 

displacement rate themselves are also different across the studies. For instance, in a 1km-

wide distance band, some wind farms just calculate one value for the whole width of the 

distance band, whilst other wind farms present two values, each half of the width of the 

distance band. 
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Table 6.4. Displacement distance band sizes used in the literature to quantify red-throated 
diver displacement at offshore wind farms. 

Wind farm 

Distance band 
Distance band 
size beyond 
OWF 
boundary 

Wind farm 
only 

Wind farm 
and distance 
bands 
separate 

Wind farm 
and distance 
band together 

Alpha Ventus V   N/A 

Butendiek & 
Helgoland Cluster (a) 

  V 3.0km 

Butendiek & 
Helgoland Cluster (b) 

  V 10.0km 

Egmond aan Zee V   N/A 

German Bight   V 5.0km 

Gunfleet Sands  V  1.0km 

Horns Rev I V   N/A 

Kentish Flats  V  0.5km, 1.0km 

Lincs, Lynn & Inner 
Dowsing 

 V  1.0km 

London Array  V  0.5km 

Nysted V   N/A 

Thanet V   N/A 

Note: See Table 4.2 for study references. 

 

Within-wind farm displacement rates, maximum displacement distances, and the size of 

distance bands appear quite different when viewed as top-down diagrams of the wind 

farms themselves. Figure 6.8 shows how the displacement rates in the distance bands 

actually appear around wind farms (which themselves are also different sizes). The wind 

farms in the figure are depicted as simple circles but with the same area as the built wind 

farms for comparison. The much larger within-wind farm displacement rate at the smaller 

wind farms can clearly be seen. This is compared to the larger wind farms displaying smaller 

within-wind farm displacement rates. Similarly, the larger decline in displacement rate in 
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each distance band is seen at the small wind farms, with a much shallower change in 

displacement rate in distance bands around the larger wind farms. 

 

 
Figure 6.8. Red-throated diver displacement rates at offshore wind farms, with each circle 
size proportional to the areal extent of each wind farm (including extrapolation, top left 
Gunfleet Sands; top right Kentish Flats; bottom left London Array; bottom right Lincs, Lynn & 
Inner Dowsing). 

Note: Wind farm areas are equivalent to those built but shown schematically as circles. 
 

The displacement rate in the distance bands is shown in Figure 6.8 as the same throughout 

each individual distance band, i.e. at a particular distance from the wind farm, the same 

value is seen in every direction from the wind farm. The values reported for these distance 

bands are typically averages for the distance band, however, the likelihood that the same 

displacement rate actually occurs in every direction seems low. Some asymmetries in 

displacement rate might be expected due to the variability in environmental factors and 

red-throated diver distribution across the Outer Thames Estuary SPA and surrounding 

region. This directional difference in effect is seen in several studies investigating species 

distributions in response to other anthropogenic pressures (Benítez-López et al., 2010). This 

effect is also seen in two of the case studies: the German North Sea study and the Horns 

Rev I. These both found that larger displacement rates were seen in some directions from 

the wind farms compared to other directions (Petersen et al., 2014; Vilela et al., 2020). 
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The same may well be true for the four wind farms in Figure 6.8. Gunfleet Sands, Kentish 

Flats, Lincs, Lynn and Inner Dowsing are all positioned relatively close to the coast, with 

variations in water depth surrounding the wind farms and a range of other anthropogenic 

activity around them. A busy shipping lane runs between Gunfleet Sands and London Array 

and north of Kentish Flats, further adding to potential sources of disturbance in particular 

directions from the wind farms. In addition, the London Array sits at the boundary of the 

Outer Thames Estuary SPA, suggesting that larger densities of red-throated divers are to be 

expected on the side of the wind farm within the SPA compared to the side of the wind 

farm outside of the SPA. This potential for differing displacement rates on opposite sides of 

a wind farm is problematic when generalising the displacement rate within a distance band, 

particularly if that distance band is several kilometres from the wind farm boundary. For 

instance, the outer distance band showing a displacement effect at the London Array was 

11.5km from the wind farm boundary. Therefore, there could be up to 34km between the 

northern extent and the southern extent of the displacement-affected area, assuming the 

wind farm is circular. In reality, this wind farm is not circular, so at its widest extent, the 

11.5km distance band is almost 37km from one side to the other. Thus, summarising the 

displacement rate within a distance band spanning several tens of kilometres without 

considering the directional differences may result in the loss of localised displacement 

information as well as the potential directional differences. 

6.3.2 Results of exploring relative displacement rates with relative distances 

from wind farms 

To understand the gradient of displacement rate with distance, it is helpful to generate 

relative displacement rates and displacement distances so that wind farms can be directly 

compared. This is done by calculating, for each distance band, the percentage of the 

distance from the maximum displacement distance. Similarly, the displacement rate within 

each distance band is calculated as a percentage of the within-wind farm displacement 

rate. Figure 6.9 shows that Gunfleet Sands, Kentish Flats, and Lincs, Lynn and Inner Dowsing 

wind farms all have a similar gradient of relative displacement rate with relative 

displacement distance, at least out to 50% of the maximum displacement distance. This 

shows that, even though the wind farms have different within-wind farm displacement 

rates and different maximum displacement distances, the gradient of displacement rate 

with distance is very similar. For example, at 50% of the maximum displacement distance, 
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the wind farms all have a displacement rate of around 60% of the within-wind farm 

displacement rate. The data from the London Array wind farm is a little different as the 

displacement rate does not continually decline over all of the distance bands but instead 

declines, then increases, and finally declines again. As the maximum displacement distance 

for this wind farm is so large (11.5km), it is possible that other environmental or 

anthropogenic factors also play a part in red-throated diver distribution at those outer 

distance bands. 

 
Figure 6.9. Relative red-throated diver displacement rates (displacement rate within a 
distance band as a percentage of the within-wind farm displacement rate) at relative 
distances from an example wind farm (distance band as a percentage of the maximum 
displacement distance). 
 

Although not statistically significant, for these four wind farms shown in Figure 6.9, there is 

a general trend in the maximum displacement distance with displacement rate within the 

wind farm. The larger the distance over which displacement occurs, the lower the within-

wind farm displacement (Ṟ = -0.38, n = 4, p = 0.39, Figure 6.10). This relationship can be 

described by Equation 6.6. 
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ώ ςȢρψὼ ωψȢυσ 

Equation 6.6. Linear regression of within-wind farm displacement rate with maximum 
displacement distance. 

 

Gunfleet Sands and Kentish Flats show much higher within-wind farm displacement rates 

(91% and 94%, respectively) and lower displacement distances (2km and 6km, respectively). 

This is compared to the lower within-wind farm displacement rate (83%) and larger 

maximum distance (13.0km) at Lincs, Lynn and Inner Dowsing, and even lower 

displacement rate (55%) and large distance (11.5km) at London Array. 

 

 
Figure 6.10. A non-significant but negative trend shows a lower red-throated diver 
displacement rate within wind farms with a larger maximum displacement distance. 

Note: shaded area = 95% confidence intervals. 
 

The data in Figure 6.10 may suggest that the lower within-wind farm displacement rates 

occur when displacement affects a much larger area than the wind farm alone. Therefore, 

basing mitigation measures on how wind farm parameters influence within-wind farm 

displacement only may not be the most appropriate option. This would not consider the 

possibility that reducing within-wind farm displacement may cause displacement to instead 
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occur at greater spatial scales, albeit at a lower displacement rate. The issue in investigating 

how the spatial scale of displacement outside the wind farm may be interacting with wind 

farm design parameters is that few studies quantify this information, making it difficult to 

analyse statistically. 

6.3.3 Results of generating a representative displacement gradient 

Four representative displacement gradients are generated from available red-throated 

diver displacement data using different methods to summarise the data. These methods 

include using all the data όάAll dataέύΣ taking an average displacement rate within each 1km 

distance band (ά!ǾŜǊŀƎŜ мƪƳέ), taking the maximum displacement rate within each 1km 

distance band (άaŀȄƛƳǳƳ мƪƳέ), and taking relative displacement rates and distances 

(άwŜƭŀǘƛǾŜέ). 

¢ƘŜ ŦƛǊǎǘ ƳŜǘƘƻŘΣ ά!ƭƭ ŘŀǘŀέΣ Ǉƭƻǘs the displacement rate against the distance band and 

generates a linear regression line through the data. This method has the advantage of 

directly using each data point and accounting for different numbers of data points at 

different distance bands. However, due to the large spread of data, the linear regression 

line is not very representative of the raw data (R2 = 0.58) (Figure 6.11). The relationship can 

be described by Equation 6.7. 

ώ τȢφσὼ φψȢχυ 

Equation 6.7. ά!ƭƭ Řŀǘŀέ displacement gradient. 
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Figure 6.11. Linear regression ǳǎƛƴƎ ǘƘŜ ά!ƭƭ Řŀǘŀέ ƳŜǘƘƻŘ of all red-throated diver 
displacement rates available with displacement distance from offshore wind farms. 

Note: Shaded area = 95% confidence intervals. 
 

A different approach to take is to average data before generating a trend line. Within each 

1.0km distance band, the displacement rate is averaged, and then a linear regression is 

performed on this averaged data. Unlike the previous method, the trend line better 

represents the averaged data as there is only one data point per distance band (R2 = 0.81). 

However, the very notion of averaging first loses some detail within the data. Furthermore, 

any outliers in the averaged data could have a large influence on the slope of the linear 

regression (Figure 6.12). The relationship can be described by Equation 6.8. 

ώ τȢςσὼ φτȢυω 

Equation 6.8. ά!verage 1kmέ displacement gradient. 
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Figure 6.12. Linear regression ǳǎƛƴƎ ǘƘŜ ά!ǾŜǊŀƎŜ мƪƳέ ƳŜǘƘƻŘ of the average red-throated 
diver displacement rate within 1km distance bands with displacement distance from 
offshore wind farms. 

Note: Shaded area = 95% confidence intervals. 
 

Similar to the prior method, the third option is to take the maximum displacement rate 

within each distance band and generate a linear regression from these values. The same 

issues exist with this method as the last, but it has the advantage of being a more 

precautionary approach. Larger displacement rates could be lost through averaging, but by 

taking only the highest rate, the worst-case scenario is accounted for. This may be an 

approach preferred by nature conservation bodies due to its precautionary nature. The 

reverse could also be done by taking the lowest displacement rate in each distance band in 

order to obtain the best-case scenario. This method generates the highest R2 value of 0.91, 

suggesting the trend most closely follows the data. However, caution is advised with this 

method, as there is generally a lower statistical power to detect lower displacement rates, 

so uncertainty in these rates can be high (Figure 6.13). The relationship can be described by 

Equation 6.9. 

ώ υȢψωὼ ψφȢρω 

Equation 6.9. άaŀȄƛƳǳƳ мƪƳέ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘΦ 
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Figure 6.13. Linear regression ǳǎƛƴƎ ǘƘŜ άaŀȄƛƳǳƳ мƪƳέ ƳŜǘƘƻŘ of the maximum red-
throated diver displacement rate within 1km distance bands with displacement distance 
from offshore wind farms. 

Note: Shaded area = 95% confidence intervals. 
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The final method is more distinct than the previous three. As offshore wind farms found 

different displacement rates and different maximum displacement distances, fairly 

comparing them is troublesome. However, putting displacement rates and displacement 

distances into relative terms helps to better compare them. This has the advantage of 

accounting for different maximum displacement distances and prevents having many 

data points at some distance bands and very few at others. The other key advantage over 

the previous three methods is that the results are in relative terms, meaning the 

trendline can be easily applied to any maximum displacement distance. The 

displacement rate within each distance band is also relative to the displacement rate 

within the wind farm. Therefore, different within-wind farm displacement rates can be 

assumed, and the displacement rate within each distance band recalculated. There is still 

a disadvantage to this approach in that it is highly reliant on the maximum displacement 

distance actually being the furthest that displacement occurs. If displacement occurs 

beyond the maximum displacement distance, but there are no data points, then the 

relative data points are likely to be less accurate. The linear regression does not fully 

follow the data (R2 = 0.58); therefore, caution is also warranted for this approach (Figure 

6.14). The relationship can be described by Equation 6.10. 

ώ πȢφπὼ ωρȢρχ 

Equation 6.10. άwŜƭŀǘƛǾŜέ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘΦ 

 



140 
 

 
Figure 6.14. Linear regression ǳǎƛƴƎ ǘƘŜ άwŜƭŀǘƛǾŜέ ƳŜǘƘƻŘ of the relative red-throated diver 
displacement rate with relative displacement distance from offshore wind farms. 

Note: Shaded area = 95% confidence intervals. 
 

Table 6.5 shows the displacement rate within each distance band using the displacement 

gradient from the four methods, assuming a maximum displacement distance of 13km for 

ŀƭƭ ŀǇǇǊƻŀŎƘŜǎΦ CƻǊ ǘƘŜ ŦƻǳǊǘƘ ƳŜǘƘƻŘ όάwŜƭŀǘƛǾŜέύΣ ǘƘŜ ǿƛǘƘƛƴ-wind farm displacement rate 

iǎ ŀǎǎǳƳŜŘ ǘƻ ōŜ млл҈Φ ¢ƘŜ ά!ƭƭ Řŀǘŀέ ŀƴŘ ά!ǾŜǊŀƎŜ мƪƳέ ƳŜǘƘƻŘǎ ǇǊƻŘǳŎŜ ǾŜǊȅ ǎƛƳƛƭŀǊ 

ŘƛǎǇƭŀŎŜƳŜƴǘ ǊŀǘŜǎ ƛƴ ŜŀŎƘ ŘƛǎǘŀƴŎŜ ōŀƴŘΣ ŀǎ Ƴŀȅ ōŜ ŜȄǇŜŎǘŜŘΦ ¢ƘŜ άaŀȄƛƳǳƳ мƪƳέ 

method results in higher displacement rates close to the wind farm but then declines to a 

lower displacement rate in the furthest distance band. i.e. a steeper gradient. The 

άwŜƭŀǘƛǾŜέ ƳŜǘhod is not directly comparable to the other methods due to the different 

units of this method (% of maximum displacement distance and % of within-wind farm 

displacement rate, as opposed to distance bands in km and displacement rates in %). The 

άwŜƭŀǘƛǾŜέ ƳŜǘƘƻŘ ƛǎ Ǉǳǘ ƛƴǘƻ ŎƻƳǇŀǊŀōƭŜ ǳƴƛǘǎ ƭŀǘŜǊ ƛƴ ǘƘƛǎ ŎƘŀǇǘŜǊΦ 
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Table 6.5. Red-throated diver displacement rates within distance bands from a hypothetical 
wind farm based on a linear regression using four summarising methods. 

 Displacement rate (%) 

Distance band 
All data 

(Figure 6.11) 
Average 1km 
(Figure 6.12) 

Maximum 1km 
(Figure 6.13) 

Relative 
(Figure 6.14) 

Within OWF 69 65 86 100 

0 τ 1 km 64 60 80 87 

1 τ 2 km 59 56 74 82 

2 τ 3 km 55 52 68 77 

3 τ 4 km 50 48 62 73 

4 τ 5 km 46 43 57 68 

5 τ 6 km 41 39 51 63 

6 τ 7 km 36 35 45 59 

7 τ 8 km 32 31 19 54 

8 τ 9 km 27 27 33 50 

9 τ 10 km 22 22 27 45 

10 τ 11 km 18 18 22 40 

11 τ 12 km 13 14 15 36 

12 τ 13 km 9 10 10 31 

Note: The ά!ƭƭ Řŀǘŀέ method used all the displacement rates, the ά!ǾŜǊŀƎŜ мƪƳέ method 
averaged the displacement rates within 1km distance bands, the άaŀȄƛƳǳƳ мƪƳέ method 
took the maximum displacement rate within 1km distance bands, and the άwŜƭŀǘƛǾŜέ 
method took the relative displacement rate and relative displacement distance band. The 
άwŜƭŀǘƛǾŜέ ŘƛǎǇƭŀŎŜƳŜƴǘ ǊŀǘŜǎ ŀǊŜ ƛƴ ŦŀŎǘ ǇŜǊŎŜƴǘŀƎŜǎ ƻŦ ǘƘŜ ǿƛǘƘƛƴ-wind farm displacement 
rate. If the within-wind farm displacement rate was 100%, then the figure is the table are 
also the displacement rates. If the within wind farm displacement rate was 60%, then the 
displacement rates in each distance band would be the listed percentages of 60%. So for 
example in the 12-13km distance band the displacement rate would be 31% of the within-
wind farm displacement rate (60%), making the actual displacement rate 19%. In addition, 
if a different maximum displacement distance was used, the values would be scaled 
accordingly. 
 

¢ƘŜ ά!ƭƭ ŘŀǘŀέΣ ά!ǾŜǊŀƎŜ мƪƳέΣ ŀƴŘ άaŀȄƛƳǳƳ мƪƳέ ƳŜǘƘƻŘǎ are all based on the red-

throated diver displacement as stated in the literature. Each wind farm report presents 

different displacement gradients, including the maximum distance over which displacement 

is observed. The representative gradients are generated out to the maximum displacement 

distance observed at one wind farm, but all other wind farms only detected displacement 

at much smaller distances. Therefore, it is debatable that amalgamating displacement 

gradients from studies with different maximum displacement distances generates a truly 

representative displacement gradient. However, thŜ άwŜƭŀǘƛǾŜέ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘ is the 

only method that could be used to calculate a gradient for a hypothetical wind farm with a 
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large or small displacement rate within the wind farms or a large or small maximum 

ŘƛǎǇƭŀŎŜƳŜƴǘ ŘƛǎǘŀƴŎŜΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ άwŜƭŀǘƛǾŜέ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘ ŎƻǳƭŘ ōŜ ŀǇǇƭƛŜŘ ǘƻ 

an assessment of displacement at a future wind farm development by assuming a specific 

displacement rate within the wind farm and a specific maximum displacement distance or a 

range of displacement rates within the wind farm and a range of maximum displacement 

distances. 

6.3.4 Results of using a representative displacement gradient to calculate total 

displacement impact 

Lƴ ƻǊŘŜǊ ǘƻ ŀǇǇƭȅ ǘƘŜ άwŜƭŀǘƛǾŜέ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘ ǘƻ ŀ ǊŀƴƎŜ ƻŦ ǎŎŜƴŀǊƛƻǎ ƻŦ ƳŀȄƛƳǳƳ 

displacement distance, first, the displacement rate within the wind farm is generated. 

Figure 6.10 shows that a lower displacement rate within the wind farm is associated with a 

larger maximum distance. Therefore, using Equation 6.6 a series of within-wind farm 

displacement rates are generated for a series of maximum displacement distances, from a 

minimum of within-wind farm only up to 13km from the wind farm boundary (Table 6.6). 

Using these combinations of within-wind farm displacement rates and maximum 

displacement distances in Table 6.6, and the displacement gradient from Equation 6.10, 

displacement gradients are generated (Figure 6.15). 

Table 6.6. Simulated within-wind farm red-throated diver displacement rates based on the 
maximum displacement distance using Equation 6.6. 

Maximum displacement 
distance (km) 

Within-wind farm 
displacement rate (%) 

0 98.53 

1 96.35 

2 94.17 

3 91.99 

4 89.81 

5 87.63 

6 85.45 

7 83.27 

8 81.09 

9 78.91 

10 76.73 

11 74.55 

12 72.37 

13 70.19 
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Figure 6.15. Simulated red-throated diver displacement rates across distance bands from a 
hypothetical wind farm for each scenario of maximum displacement distance (0km to 
13km), generated from Equation 6.6 and Equation 6.10. 
 

This method of generating a range of displacement gradients for different displacement 

rates within the wind farm and different maximum displacement distances could be 

replicated using any value of displacement rate within the wind farm and maximum 

displacement distance. Therefore, this could be used to generate simulations of the 

displacement effect of future wind farms. 

6.3.5 Results of applying a representative displacement gradient to calculate the 

total displacement impact of wind farms in the Outer Thames Estuary 

Special Protection Area 

The displacement rates within each of the scenarios of maximum displacement distance 

from 0km to 13km are then related to the red-throated diver density within the Outer 

Thames Estuary SPA. Calculation of the reduction in red-throated diver density, i.e. the 

overall displacement rate, within solely the areas affected by displacement in each of the 

maximum displacement distance scenarios is shown in Table 6.7. This shows that the 
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lowest maximum displacement distance scenario (0km from the wind farm boundary) 

resulted in the largest overall displacement rate (98.53%). 

Table 6.7. Simulated overall red-throated diver displacement rates at a hypothetical wind 
farm across the displacement-affected area for each maximum displacement distance 
scenario from 0km to 13km. 

Maximum displacement 
distance (km) 

Displacement rate 
within affected area (%) 

Size of affected 
area (km2) 

Number of birds 
displaced 

0 98.53 28 127 

1 67.17 50 154 

2 60.42 78 217 

3 56.07 113 290 

4 52.92 153 373 

5 50.14 200 465 

6 48.30 254 564 

7 46.53 313 670 

8 44.93 379 783 

9 43.41 451 901 

10 41.70 530 1016 

11 40.42 614 1143 

12 38.92 705 1263 

13 37.68 803 1391 

 

The scenario of a large displacement rate over a smaller area results in a low number of 

birds displaced, compared to smaller overall displacement rate over a larger area (Table 

6.7). There is a non-linear relationship between the various parameters. This is due to the 

non-linear increase in the size of the affected area with maximum displacement distance 

(see Equation 6.4). Although the displacement rates across the entire affected area is 

smaller when maximum displacement distance is large, the overall loss of birds is much 

larger due to the size of the area affected. 

Indeed, this can be seen if the displacement rates in distance bands reported for the four 

wind farms with displacement gradient information are used, along with a flat density of 

red-throated diver. Gunfleet Sands OWF has the second highest within-wind farm 

displacement rate (91.29%), smallest maximum displacement distance (2km), and smallest 

displacement-affected area (60km2). Whilst this results in the largest displacement rate 

over this affected area (55%), the actual number of birds displaced was by far the lowest of 

the four wind farms (Table 6.8). Lincs, Lynn & Inner Dowsing OWF has the largest maximum 

displacement distance (13km), and largest displacement-affected area (928km2). The 
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displacement rate over the affected area is the smallest (34%), but the number of birds 

displaced is very large. 

London Array OWF had the largest number of birds displaced, despite Lincs, Lynn & Inner 

Dowsing OWF having a larger affected area. This is due to the higher displacement rates 

within the smaller inner distance, and the comparatively lower displacement rates within 

the larger outer distance bands at Lincs, Lynn & Inner Dowsing OWF, compared to London 

Array OWF. This is in addition to London Array being almost twice the size of Lincs, Lynn & 

Inner Dowsing OWF (100km2 and 55km2, respectively), therefore each distance band 

around London Array contains more birds to be displaced. The 1km buffers around London 

Array and Lincs, Lynn & Inner Dowsing measure 39km2 and 29km2, respectively. 

While Kentish Flats and London Array have very similar displacement rates (38.02% and 

38.38%, respectively) over the whole affected area, the area affected (190km2 versus 

923km2) and number of birds displaced (333 versus 1630) are vastly different. 

Table 6.8. Overall red-throated diver displacement rates across the displacement-affected 
area, size of affected area, and number of hypothetical birds displaced at four offshore wind 
farms using displacement rates in the literature and monitoring reports. 

Offshore wind 
farm 

Maximum 
displacement 
distance (km) 

Displacement 
rate within 

affected area (%) 

Size of affected 
area (km2) 

Number of 
birds displaced 

Gunfleet Sands 2 55.06 60 151 

Kentish Flats 6 38.02 190 333 

LLID 13 34.47 928 1471 

London Array 11.5 38.38 923 1630 

 

These differences show the importance of which metric, or more aptly the combination of 

metrics, of displacement is used in order to appropriately understand displacement effects 

and to compare wind farms. These results describe a scenario assuming a flat distribution 

of red-throated diver, but spatial fluctuation in densities is more likely to occur. Therefore, 

the actual density of red-throated divers in practice would also need to be considered to 

understand the implications for the Outer Thames Estuary SPA. 

6.4 Discussion on red-throated diver displacement change with 

distance from offshore wind farms 

These results have indicated that the larger area over which displacement occurs happens 

when there is a lower within-wind farm displacement rate. This may have implications for 
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future wind farm design in relation to minimising the effect of displacement. If mitigation is 

to be put in place in order to reduce within-wind farm displacement rates, there is a 

possibility that doing so may cause a larger overall displacement effect if displacement 

spreads out over a wider area around the wind farm. This is a hypothesis at this stage, as 

there is no way of knowing whether changing wind farm parameters from those that might 

cause high within-wind farm displacement to those that lower within-wind farm 

displacement would have the effect of reducing or enlarging overall displacement. 

There are many questions remaining because they directly relate to red-throated diver 

behaviour and being able to understand the driver of that behaviour, which cannot be 

obtained through a study of this sort. For instance, a question remains as to why some wind 

farms appear to have low displacement rates inside the wind farm whilst red-throated 

divers are also displaced from a vast distance surrounding the wind farm. One might 

assume that lower displacement within the wind farm might suggest some acceptance or 

habituation to the presence of turbines, but the fact that red-throated divers several 

kilometres outside the wind farm have redistributed even further from the wind farm 

ǎǳƎƎŜǎǘǎ ǘƘŜȅ ŀǊŜ ƛƴŎǊŜŘƛōƭȅ ǎŜƴǎƛǘƛǾŜ ǘƻ ǘƘŜ ǿƛƴŘ ŦŀǊƳΩǎ ǇǊŜǎŜƴŎŜΦ Perhaps this is indicative 

of very individual-based behaviour. 

These are the sorts of behavioural responses which a study of this nature cannot answer 

but can hypothesise a reason. Perhaps, in an area with high levels of anthropogenic activity 

just outside a wind farm, some birds perceive the wind farm to be the lesser source of 

disturbance, and so enter it, generating a relatively low displacement rate within the wind 

farm. Meanwhile, birds displaced from outside the wind farm are perhaps sufficiently 

sensitive to both the other sources of anthropogenic activity and the presence of a wind 

farm that they leave the wider area. This would result in a displacement effect over several 

kilometres outside the wind farm. In this case, it is the combination of the wind farm and 

other activities causing displacement rather than solely one source. Or perhaps in the event 

that there is a low density of turbines, there is sufficient space between turbines that birds 

are displaced away from individual turbines but not a whole wind farm. Meanwhile, other 

birds perceive the wind farm as a whole, and an attempt to remove oneself from the wind 

farm results in a large distance travelled in order to make the wind farm appear as small as 

possible against the backdrop of the seascape. 
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What red-throated diver habitat preferences are is a further question which needs to be 

considered, and may help to understand why and where birds move to. Red-throated 

divers prefer to utilise relatively shallow coastal areas up to around 20m deep (Black et al., 

2015; Duckworth et al., 2020). They tend to associate with estuarine fronts where the 

likelihood of encountering prey is thought to be higher (Skov and Prins, 2001; Skov et al., 

2016). One way to predict where displaced birds may move to would be to model the 

current distributions of birds, the presence of anthropogenic activity, and depth contours. 

The removal of anthropogenic activities may present information on where birds would 

naturally occur, which may then help indicate where mitigation measures could be 

implemented to remove anthropogenic activity. 

Empirical evidence of red-throated diver displacement has been described and presented in 

a range of different ways across reports in the literature. Displacement has been defined 

and calculated in different ways, from comparisons in density before and after the 

construction of wind farms to comparing assumed densities with and without the wind 

farm. Displacement rates have been quantified in discrete regions, for instance, in distance 

bands outside the wind farm and also across larger spatial scales, for instance, across a 

wind farm plus 10km outside of it. Discrete distance bands of different sizes, from 500m to 

several kilometres, have also been used. This non-standard approach to the presentation of 

displacement makes it difficult to understand the full extent of displacement, particularly 

when it is unknown whether the full spatial extent of displacement has been detected. It 

also presents a challenge when using the data collectively, for instance, to generate 

displacement rates or displacement gradients for use in impact assessments. Based on the 

disparities in current studies of red-throated diver displacement, an opinion on what 

standardised displacement studies could look like is provided in the conclusion. 

Replicating this study once more comparative monitoring has been carried out is likely to 

provide more robust evidence of red-throated diver displacement. However, caution is 

noted with using data based on several factors. 

¶ First, the method of surveying should be considered, particularly as boat-based 

surveys are more likely to result in a distribution modified by the survey itself 

(Briggs et al., 1985; Henkel et al., 2007; Fliessbach et al., 2019). 
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¶ Detectability of species across survey methods also needs to be accounted for if 

there is a possibility that digital and visual aerial surveys produce different 

abundance estimates for different species ό¿ȅŘŜƭƛǎ et al., 2019). 

¶ Other aspects of survey design, such as the statistical power of detecting 

displacement and whether surveys covered the full spatial extent of displacement, 

should be scrutinised to ensure the full picture of displacement is presented. 

¶ The method of translating raw survey data into modelled distribution is yet another 

factor that could influence the outcome of a displacement study, and differences 

across reports may need to be analysed. 

¶ The very definition of displacement may also differ between studies; previous 

studies have used Before-After and Before-After-Control-Impact methods, assumed 

distribution without the wind farm, and comparisons in abundance inside and 

outside the wind farm. Whether these are all directly comparable ways of 

calculating could be questioned further in future studies. 

¶ More obvious differences are also present between studies that should certainly be 

taken into consideration. The distance bands over which displacement is described 

in previous studies have varied widely, from small discrete distance bands to tens 

of kilometres covering the wind farm and surrounding area. 

¶ The spatial extent of the study should also be scrutinised. Some studies focus solely 

on a particular wind farm, whilst others cover a larger area and account for the 

impact of multiple wind farms and sometimes other sources of disturbance as well. 

Teasing apart the influence of individual sources of displacement becomes difficult 

with larger-scale studies. However, the cumulative effect of multiple stressors may 

be more accurately viewed. Any future meta-analyses should consider this in the 

aims of the study. 

¶ Whether the surveys have captured the full spatial extent of displacement should 

also be considered; for a couple of wind farms it would appear that displacement 

could have continued to occur beyond the extent of the surveys. 

¶ For some studies, displacement rates are provided, whilst for others, they are not. 

For those not presenting displacement rates, displacement distances are often 

stated. However, without a displacement rate, half of the picture is missing; the 

spatial extent is provided, but the quantity is not. 
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¶ Some displacement results are statistically significant results, whilst others are not; 

therefore, perhaps a weighting could be applied to those statistically robust studies 

carrying more weight. Judgements may be needed across those insignificant results 

as to the validity of the displacement results presented. 

It is possible that if the same site was studied, but each of these aspects of survey design, 

data analysis, and presentation of results were different, the outcome could indicate 

different displacement effects. A full investigation would be needed to determine if this is 

true, and maybe a worthwhile future work. This may also then enable more of the existing 

studies to be incorporated into a meta-analysis. 

Future useful work would be to look at the data behind the displacement of other species 

to determine if the same issues are present. There may also be lessons from studies of 

other species, or indeed lessons from studies of red-throated diver displacement to apply 

to other species. 

This chapter has suggested several ways to generate a representative displacement 

gradient for different applications. Each method has its own advantages and disadvantages, 

ŀƴŘ Ƴŀȅ ƘŀǾŜ ŘƛŦŦŜǊŜƴǘ ǳǎŜǎΦ ¢ƘŜ Ƴƻǎǘ Ŝŀǎƛƭȅ ǘǊŀƴǎƭŀǘŀōƭŜ ƳŜǘƘƻŘ ǿŀǎ ǘƘŜ άwŜƭŀǘƛǾŜέ 

gradient, which preserves the relationship between maximum displacement distance and 

within-ǿƛƴŘ ŦŀǊƳ ŘƛǎǇƭŀŎŜƳŜƴǘ ǊŀǘŜΣ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ǿƘŀǘ ǘƘŜǎŜ ŀŎǘǳŀƭ ǾŀƭǳŜǎ ŀǊŜΦ ¢ƘŜ ά!ƭƭ 

Řŀǘŀέ Ƴƻǎǘ ŀŎŎǳǊŀǘŜƭȅ ŘŜǎŎǊƛōŜŘ ǘƘŜ Ǌŀǿ ŘŀǘŀΣ ōǳǘ Ŏŀƴ ōŜ ǉǳƛǘŜ Ŝŀǎƛƭȅ ǎƪŜǿŜŘ ōȅ ƻutlying 

ǾŀƭǳŜǎΦ ¢ƘŜ ά!ǾŜǊŀƎŜ мƪƳέ ƎǊŀŘƛŜƴǘ Ƴƻǎǘ ŀŎŎǳǊŀǘŜƭȅ ŎŀǇǘǳǊŜǎ ǘƘŜ ŘƛǎǇƭŀŎŜƳŜƴǘ ǊŀǘŜ ǿƛǘƘƛƴ 

1km distance bands, and is less susceptible to outliers. This advantage is also retained in the 

άaŀȄƛƳǳƳ мƪƳέ ƎǊŀŘƛŜƴǘ ƳŜǘƘƻŘΣ ōǳǘ ǇǊƻǾƛŘŜǎ ŀ ƳƻǊŜ ǇǊŜŎŀǳǘƛƻƴŀǊy approach by taking 

the maximum values in each 1km distance band. This method may therefore be best 

applied where a wort-case scenario is investigated, for instance within impact assessments. 

6.5 Conclusion of the change in red-throated diver displacement 

with distance from offshore wind farms 

This chapter has shown the differences in how displacement has been surveyed, calculated, 

and presented. These differences make direct comparison between studies difficult, and 

can lead to a lack of consensus of displacement effects. Therefore, a key recommendation 

for future research and future practice is to standardise displacement studies. Natural 

variability and inherent uncertainties within each dataset also exist, mean further 



150 
 

reductions in data quantity and/or quality exacerbates difficulties in understanding the 

impact of displacement. Therefore, based on the learnings throughout this thesis, an 

opinion on a standardised displacement monitoring study is provided in Chapter 8. 

This chapter has examined evidence of the extent of red-throated diver displacement from 

offshore wind farms and the different ways that displacement can be defined, quantified, 

and presented. The next chapter uses these findings and the findings of previous chapters 

to consider the different ways that cumulative displacement can be defined and quantified. 

This entails simulating the potential displacement effects of both existing and future wind 

farms.
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Chapter 7 What might future cumulative red-

throated diver displacement from offshore wind 

farms look like? 

 

 

Abstract 

The installation of offshore wind farm infrastructure is set to rise significantly following an 

already rapid rate of development. Minimising negative interactions is critical to aid 

progress. Understanding the current level of impact and being able to predict future 

impacts, particularly on a cumulative level, can play a role in minimising and mitigating 

impacts. Displacement of birds away from wind farms can mean large areas of foraging 

habitat is lost. Cumulative displacement could occur through several mechanisms, including 

birds being displaced solely due to the closest wind farm, birds being displaced solely by the 

first wind farm built, or birds being displaced multiple times over due to more than one 

wind farm. In this study, the impact of multiple scenarios of maximum displacement 

distance, gradient of displacement with distance from a wind farm, and method of 

calculating cumulative displacement was investigated. Red-throated diver distribution was 

overlain with operational and planned wind farms, then scenarios were simulated to 

investigate cumulative impacts on a Special Protection Areas in UK waters. The results 

indicate that existing wind farms have had a large cumulative displacement effect, leading 

to massive areas of habitat loss. Future wind farms will likely add a much smaller additional 

impact. Regardless, the method of calculating cumulative displacement can generate a 

wide range of results in terms of the area of impact and number of birds displaced. Each of 

the three methods of calculating cumulative displacement may be true to reality, therefore 

the method chosen could produce very different outcomes of an impact assessment. This 

highlights the need for better understanding of cumulative displacement effects and 

impacts to gain an accurate view of wind farm-wildlife interactions. 
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7.1 Introduction to future scenarios of seabird displacement at 

offshore wind farms 

This thesis has so far examined how species are scoped into a cumulative displacement 

assessment, whether wind farm design can mitigate displacement, the influence of survey 

design on detecting displacement, and the extent of displacement. Given this knowledge of 

displacement from current offshore wind farms, the next step in addressing cumulative 

displacement would be to simulate potential future wind farms and their displacement 

effect. 

However, the mechanism of cumulative displacement from multiple wind farms in close 

proximity is also not clear. For instance, are more birds displaced if two wind farms are 

present or displaced further from those wind farms? Is the effect of two wind farms twice 

the effect of one wind farm, more than twice, or less than twice? Therefore, this chapter 

explores three mechanisms of calculating cumulative displacement. Given the range of 

displacement rates and maximum distances over which displacement has been observed, 

this chapter also explores cumulative displacement through a series of displacement rates 

and maximum displacement distances. This is done for both existing wind farms and the 

addition of future wind farms in order to gauge the current extent of displacement and the 

impact of future development. 

Different methods of calculating cumulative displacement have been used in impact 

assessments in the UK. For example, the Awel Y Mor offshore wind farm in Welsh waters, 

the buffer regions around the wind farm were cropped around the neighbouring 

operational Gwynt Y Mor offshore wind farm. This assumed that displacement was already 

occurring within Gwynt Y Mor, and no additional displacement would occur in the same 

location due to another wind farm being built nearby. It was established that displacement 

was only occurring within Gwynt Y Mor, and not beyond the boundary, so there was no 

need for considering how to calculate cumulative disturbance outside Gwynt Y Mor (Boa et 

al., 2022). In contrast, the North Falls offshore wind farm in the southern North Sea, carried 

out a cumulative displacement assessment by merging buffers around operational 

neighbouring wind farms. This assumed that displacement occurs due to the closest wind 

farm. Then if wind farms or buffers of those not yet built or consented overlapped with 

operational wind farms, the operational wind farm or buffer was prioritised. This assumed 

ǘƘŀǘ ŘƛǎǇƭŀŎŜƳŜƴǘ ǿŀǎ ŀƭǊŜŀŘȅ ƻŎŎǳǊǊƛƴƎ ǿƛǘƘƛƴ ǘƘƻǎŜ ƭƻŎŀǘƛƻƴǎΣ ŀƴŘ ǿƻǳƭŘƴΩǘ ŀŘŘƛǘƛonally 
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occur in an overlapping region due to the addition of a future wind farm (Royal 

HaskoningDHV, 2023). 

The intention behind this chapter is not to solely consider which method is most likely to 

occur, or which is most real. Rather, it is to explore the potential implications of different 

methods of calculating cumulative displacement. Each method has advantages and 

disadvantages, different applications, and different levels of biological realism. Regardless, 

each could reasonably be applied to impact assessments of displacement, therefore this 

work aims to analyse how different the outcomes from each method may be. This may help 

to understand the consequence of using different ways to calculate cumulative 

displacement. 

This chapter begins by describing the method used to simulate future scenarios of seabird 

displacement at offshore wind farms, including the use displacement rates within and 

outside wind farms, which were chosen based on the previous chapter. Due to the variety 

of displacement rates, maximum displacement distances, displacement gradients, and 

mechanisms of cumulative displacement that may exist, this chapter explores the impact of 

each combination of these variables using the same methods that would be carried out in 

an EIA. The results of these simulations, both for existing and future wind farms, are 

presented within the context of the Outer Thames Estuary Special Protection Area (SPA). 

Finally, the implications of the study, including recommendations for future practice and 

future research, are discussed. 

7.2 Method to simulate future scenarios of seabird displacement at 

offshore wind farms 

This section first defines the study area, then the datasets used within the simulations are 

detailed, followed by a description of how individual wind farm displacement was 

simulated, and finally, how cumulative wind farm displacement was simulated. 

7.2.1 Study area ς the Outer Thames Estuary Special Protection Area 

The Outer Thames Estuary SPA and the red-throated diver qualifying feature of the SPA, as 

described in section 5.2.1, were again used as the context for this chapter. As mentioned 

throughout this thesis, the maximum extent of red-throated diver displacement from an 

offshore wind farm in the literature was 16km (Mendel et al., 2019). Therefore, in order to 
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examine the potential worst-case impact of future wind farms on the SPA, the entire SPA 

plus a 16km buffer was used as the study area. 

7.2.2 Datasets used in simulating cumulative displacement of red-throated 

divers 

Several publicly available datasets were used in this study and are described in Table 7.1: 

¶ JNCCΩǎ Special Protection Areas (SPAs) with marine components (all UK waters) 

shapefile dataset, providing spatial information on marine protected areas for birds 

in UK waters. 

¶ The Seabird Mapping and Sensitivity Tool (SeaMaST) provides seabird density and 

wind farm sensitivity maps for English waters. 

In addition, ¢ƘŜ /Ǌƻǿƴ 9ǎǘŀǘŜΩǎ hŦŦǎƘƻǊŜ ²ƛƴŘ {ƛǘŜ !ƎǊŜŜƳŜƴǘǎ ό9ƴƎƭŀƴŘΣ ²ŀƭŜǎ ϧ bLύ 

shapefile dataset was used, as described in Table 5.1. 
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Table 7.1. Datasets used to simulate the cumulative displacement of red-throated divers in 
the Outer Thames Estuary Special Protection Area (SPA). 

Dataset Wb//Ωǎ {ǇŜŎƛŀƭ tǊƻǘŜŎǘƛƻƴ 
Areas (SPAs) with marine 
components (all UK 
waters) shapefile 

Seabird Mapping and Sensitivity Tool (SeaMaST) 

Overview Spatial information on 
marine protected areas 
for birds 

Seabird density and wind farm sensitivity maps 

Spatial 
scale 

UK Exclusive Economic 
Zone 

English inshore (<12nm from coast) and offshore 
(>12nm from coast) waters 

Temporal 
scale 

Data as of March 2022. 
Covers all existing SPAs 

Published 2019. Generated using survey data 
from 1979 to 2012 

Detailed 
information 

Contains boundaries of 
all SPAs with marine 
components across the 
UK, including the site 
code, site name, site 
status, and country. An 
associated spreadsheet 
contains further detail on 
the protected features at 
each SPA. 

Tool mapping the density of seabirds and 
waterbirds and their sensitivity to offshore wind 
farms in England. Density distribution data was 
collated from aerial and boat-based surveys 
undertaken between 1979 and 2012, and a 
density surface was created through the use of a 
Generalised Additive Model (GAM) with distance 
to the coast as the primary covariate (further 
information in Bradbury et al. (2014). The density 
surface was mapped onto a 3km by 3km square 
grid, with bird density in each grid cell described 
in birds/km2. Density distribution maps split by 
breeding and non-breeding season; data from 
aerial, boat-based, and both aerial and boat-
based survey data; and birds flying, birds sitting 
on the water, and both birds flying and birds 
sitting on the water. 

 

Wb//Ωǎ {ǇŜŎƛŀƭ tǊƻǘŜŎǘƛƻƴ !ǊŜŀǎ ό{t!ǎύ ǿƛǘƘ ƳŀǊƛƴŜ ŎƻƳǇƻƴŜƴǘǎ όŀƭƭ ¦Y ǿŀǘŜǊǎύ ǎƘŀǇŜŦƛƭŜ 

was used to obtain the boundary of the Outer Thames Estuary SPA. The density of non-

breeding red-throated divers sitting on the water from aerial survey data from SeaMAST 

used as the baseline for analysing displacement is shown in Figure 7.1, along with the 

boundary of the Outer Thames Estuary SPA. As the red-throated diver was the species of 

interest, and the species is only present in the southern North Sea over the winter, the 

SeaMAST data covering the non-breeding season were used. Red-throated divers are 

particularly susceptible to disturbance by vessels, including boats carrying out surveys; the 

maps based on data from aerial surveys were selected as they are more likely to accurately 

capture the distribution of red-throated divers without the influence of the survey vessel. 
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Figure 7.1. The total density of sitting and flying red-throated divers based on aerial survey 
data from 1979 and 2012, within the Outer Thames Estuary Special Protection Area (SPA), 
southern North Sea, UK. 
 

Finally, maps based on birds sitting on the water and birds flying were used, as birds flying 

through a proposed wind farm area could be affected by either barrier effects or 

displacement. Flying birds may be transiting to another location and, therefore, potentially 

at risk of barrier effects due to the presence of a wind farm, or they may have been using 

the proposed wind farm area for foraging and, therefore, potentially at risk of displacement 

effects due to the presence of a wind farm. At present, the observation of a flying bird 

during an aerial survey does not give information on whether the bird was transiting or 

using the area for foraging. Therefore, it is assumed for this chapter that birds flying and 

sitting on the water are potentially subject to displacement, and both are often included in 

a displacement assessment. 

From a methodological point of view, it is important to determine if the SeaMAST dataset 

gives a reasonable estimation of the wintering red-throated diver population for use in this 
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thesis. The SeaMAST data showed that the red-throated diver population within the entire 

SPA was 15,195 individuals. This corroborates surveys from 2013 and 2018 showing 

populations of 14,161 and 21,997, respectively (APEM, 2013; Irwin et al., 2019), giving 

assurances on the use of the SeaMAST dataset for this analysis. 

7.2.3 Calculating wind farm displacement of red-throated divers 

There were several stages to calculating wind farm displacement, from individual 

displacement due to existing wind farms to cumulative displacement from existing and 

future wind farms. The various stages of calculation are shown schematically in Figure 7.2 

and explained in the subsequent sections. This section starts by describing how individual 

wind farm's displacement can be calculated, including how maximum displacement 

distances and displacement gradients are defined. The section concluded by describing the 

ways in which cumulative wind farm displacement can be calculated. 

 
Figure 7.2. The variables included in simulating cumulative wind farm displacement of red-
throated divers, showing the example of 0km maximum displacement distance. 

Note: There were 17 variables of maximum displacement distance (0km shown, range 0-
мсƪƳύΣ ǘǿƻ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘǎ όάмлл҈ ǿƛǘƘƛƴέ ŀƴŘ ά.ŀǎƛŎ ƎǊŀŘƛŜƴǘέύΣ ŀƴŘ ǘƘǊŜŜ 
ƳŜǘƘƻŘǎ ŎŀƭŎǳƭŀǘƛƴƎ ŎǳƳǳƭŀǘƛǾŜ ŘƛǎǇƭŀŎŜƳŜƴǘ όάLƳǇŀŎǘŜŘ ƻƴŎŜ ƛƴ ƻǊŘŜǊέΣ άLƳǇŀŎǘŜŘ ƻƴŎŜ 
from closŜǎǘέΣ άLƳǇŀŎǘŜŘ ƳǳƭǘƛǇƭŜ ǘƛƳŜǎέύΦ ¢ƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ мт ƳŀȄƛƳǳƳ ŘƛǎǇƭŀŎŜƳŜƴǘ 
distances, two displacement gradients, and three methods of calculating cumulative 
displacement gives a total of 102 scenarios of individual wind farm displacement. 
 

7.2.3.1 Calculating individual wind farm displacement 

Calculating individual wind farm displacement was split into several steps, each with several 

variable values to model within them: 

¶ First, the maximum displacement distance was determined, with 17 variables 

modelled 
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¶ Second, the displacement rates to use within and outside of the wind farms 

(termed displacement gradient) were calculated, with two displacement gradients 

modelled 

For each of the 17 maximum displacement distances, there were two displacement 

gradient variables, resulting in a total of 34 scenarios of individual wind farm displacement. 

Red-throated diver densities within and surrounding each wind farm boundary were 

calculated in distance bands between the wind farms out to the maximum displacement 

distance. The displacement rates within each of the two displacement gradients were 

applied to the distance bands to calculate the full extent of displacement under each of the 

17 scenarios of maximum displacement distance. 

7.2.3.1.1 Maximum displacement distances 

A worst-case scenario of displacement regarding spatial extent was based on the largest 

known cited displacement distance of 16km from a wind farm site in the German North Sea 

(Mendel et al., 2019). Several slighter lower displacement distances have also been 

observed (10-15km in the German North Sea (Heinänen et al., 2020) and 11.5km in the 

southern North Sea (APEM, 2021), making 16km a realistic maximum displacement 

distance. Therefore, offshore wind farms within 16km of the Outer Thames Estuary SPA 

boundary were selected for analysis and included wind farms at all stages of development. 

The location and status of wind farms, the Outer Thames Estuary SPA, and a 16km 

displacement distance around the SPA are shown in Figure 5.2. 

A range of maximum displacement distances was simulated from within the wind farm only 

up to 16km, at intervals of 1km. Distance bands within each maximum displacement 

distance were generated, each with a width of 1km, to allow displacement rates to be 

applied to each distance band, enabling a displacement gradient to be formed. For 

example, for the scenario of maximum displacement distance of 3km, the impact areas 

were split into within wind farm, 0km-1km, 1km-2km, and 2km-3km distance bands. The 

value of 1km for distance bands was chosen as this has often been used by other studies 

when reporting red-throated diver displacement (see Table 4.2) and would also make these 

results comparable with the outputs of other studies. The non-breeding season red-

throated diver density within the Outer Thames Estuary SPA was cropped to these rings so 

that displacement rates could be assigned. 
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7.2.3.1.2 Displacement rates within the wind farms 

Two scenarios of displacement rates within the wind farm were used. The first was based 

on a worst-case scenario of a 100% displacement rate within the wind farm, and the second 

was based on the maximum displacement distance. In Chapter 5, it was established that 

studies of red-throated diver often report displacement rates within wind farms of 100%. 

Chapter 5 also established that there appears to be a trend in that the larger the maximum 

displacement distance, the lower the wind farm displacement rate. Therefore, both of 

these were taken forward as possible scenarios of displacement rates within wind farms to 

be simulated. 

For the scenario of a trend in displacement rate within the wind farm with maximum 

displacement distance, as shown in Chapter 5, an equation was generated from the trend. 

Therefore, the within-wind farm displacement rate for each maximum displacement 

distance scenario was based on Equation 7.1. 

ώ ςȢρψὼ ωψȢυσ 

Equation 7.1. Trend in displacement rate within the wind farm with maximum 
displacement distance. 

 
where 

y = within wind farm displacement rate 

x = maximum displacement distance 

The displacement rates within the wind farm for each of the 17 maximum displacement 

distances are shown in Table 7.2. 
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Table 7.2. Example: red-throated diver displacement rates within the wind farm for 17 
different maximum displacement distances to be applied to the case study of cumulative 
future displacement in the Outer Thames Estuary Special Protection Area (SPA). 

Maximum displacement 
distance scenario 

Displacement rate 
within the wind farm (%) 

Within wind farm 98.53 

1 96.35 

2 94.17 

3 91.99 

4 89.81 

5 87.63 

6 85.45 

7 83.27 

8 81.09 

9 78.91 

10 76.73 

11 74.55 

12 72.37 

13 70.19 

14 68.01 

15 65.83 

16 63.65 

 

7.2.3.1.3 Displacement rates outside the wind farms 

Once the red-throated diver displacement rates within the wind farm had been simulated, 

the next step was to determine the gradient of displacement out to each of the maximum 

displacement distances. This was done for each scenario of maximum displacement from 

0km to 16km and each scenario of either a 100% displacement rate within the wind farm or 

displacement rates within the wind farm determined by the maximum displacement 

distance, as shown in Table 7.2.  

The displacement gradient was generated by applying the method of averaging a 

displacement gradient where relative distances and displacement rates are used, as 

outlined in Chapter 5. This method generated Equation 7.2, which can be used when 

different wind farm displacement rates and different maximum displacement distances are 

being simulated. 
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ώ  πȢφπὼ ωρȢρχ 

Equation 7.2. Trend in percentage of within wind farm displacement rates with 
percentage of maximum displacement. 

 
where 

y = percentage of within wind farm displacement rate 

x = percentage of maximum displacement distance 

The red-throated diver displacement rates within the wind farm were either 100% under 

the first scenario or those within Table 7.2 under the second scenario. The displacement 

rates within each of the distance bands outside the wind farm could, therefore, be 

calculated from the proportion of the displacement rate within the wind farm at each 

distance band as a proportion of the maximum displacement distance. These two sets of 

displacement gradients were generated for each of the 17 maximum displacement 

ŘƛǎǘŀƴŎŜǎΦ ¢ƘŜ ǘǿƻ ŘƛǎǇƭŀŎŜƳŜƴǘ ƎǊŀŘƛŜƴǘǎ ǿŜǊŜ ƴŀƳŜŘ άмлл҈ ǿƛǘƘƛƴέ ŦƻǊ ǘƘŜ ǎŎŜƴŀǊƛƻ 

ǿƘŜǊŜ ǘƘŜ ŘƛǎǇƭŀŎŜƳŜƴǘ ǊŀǘŜ ǿƛǘƘƛƴ ǘƘŜ ǿƛƴŘ ŦŀǊƳ ǿŀǎ ǎŜǘ ŀǘ млл҈ ŀƴŘ ά.ŀǎƛŎ ƎǊŀŘƛŜƴǘέ ŦƻǊ 

the scenario where the displacement rate within the wind farm was based on the maximum 

displacement distance. 

Examples of the rates of displacement within each distance band when the maximum 

displacement distance was 5km, 10km, and 16km, under either scenario of a ά100% withinέ 

gradient or a ά.asic gradientέ, are shown in Table 7.3. Under the ά100% withinέ scenario, 

the displacement rate within the outermost distance band, regardless of maximum 

displacement distance, was 31%. This was because the within wind farm displacement rate 

was always 100%, regardless of maximum displacement distance, and the displacement 

rate in each distance band was based on a proportion of the within wind farm displacement 

rate, depending on the distance band in question. Therefore, the displacement rate within 

the distance band was always the same proportion of the within the wind farm 

displacement rate (100%), and the displacement rate in interim distance bands differed as 

the maximum displacement distance differed. In comparison, the within wind farm 

displacement rate under the ά.asic gradientέ scenario differed with maximum 

displacement distance, and the displacement rate in each distance band was based on this 

value. Therefore, the outermost distance band always had a different displacement rate 

regardless of maximum displacement distance and was also, therefore, different from 

equivalent distance bands under the ά100% withinέ scenario. Displacement rates used for 
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all maximum displacement distances are shown in Appendix Table H1 and Appendix Table 

H2. 

Table 7.3. Example red-throated diver displacement rates within each distance band, when 
maximum displacement was 5km, 10km, and 16km, assuming a 100% displacement rate 
within the wind farm (ά100% withinέ) and assuming the displacement rate within the wind 
farms is determined by on the maximum displacement distance (άBasic gradientέ). 

 Displacement rate (%) 

 100% within Basic gradient 

Distance band (km) 5km max 10km max 16km max 5km max 10km max 16km max 

Within wind farm 100.00 100.00 100.00 87.63 76.73 63.65 

0-1 79.00 85.00 87.00 69.23 65.22 55.38 

1-2 67.00 79.00 83.00 58.71 60.62 53.47 

2-3 55.00 73.00 79.00 48.20 56.01 50.92 

3-4 43.00 67.00 76.00 37.68 51.41 48.37 

4-5 31.00 61.00 72.00 27.17 46.81 45.83 

5-6 N/A 55.00 68.00 N/A 42.20 43.92 

6-7 N/A 49.00 64.00 N/A 37.60 41.37 

7-8 N/A 43.00 61.00 N/A 32.99 38.83 

8-9 N/A 37.00 57.00 N/A 28.39 36.28 

9-10 N/A 31.00 53.00 N/A 23.79 34.37 

10-11 N/A N/A 49.00 N/A N/A 31.83 

11-12 N/A N/A 46.00 N/A N/A 29.28 

12-13 N/A N/A 42.00 N/A N/A 26.73 

13-14 N/A N/A 38.00 N/A N/A 24.82 

14-15 N/A N/A 34.00 N/A N/A 22.28 

15-16 N/A N/A 31.00 N/A N/A 19.73 

 

7.2.3.2 Calculating cumulative wind farm displacement 

Once displacement scenarios had been calculated, the next methods of calculating future 

cumulative displacement were explored. The 34 scenarios of individual wind farm 

displacement (see section 7.2.3.1) were taken through to then calculate cumulative wind 

farm displacement in the final stage, with three scenarios of simulating cumulative wind 

farm displacement described below. Therefore, 34 scenarios of individual displacement 

multiplied by three scenarios of cumulative displacement resulted in a total of 102 different 

scenarios were simulated. 

The calculation of cumulative displacement from more than one wind farm was done in 

several ways, based on realistic and precautionary approaches, and all hypothetical at 

present. The scenarios were based on how the impact from multiple wind farms 

overlapping the same area of the sea was calculated: 
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¶ Cumulative displacement scenario 1: The first scenario assumed that overlapping 

areas of the sea were only impacted once, and due to the order in which wind 

ŦŀǊƳǎ ǿŜǊŜ ōǳƛƭǘΦ ¢Ƙƛǎ ǿŀǎ ƴŀƳŜŘ άLƳǇŀŎǘŜŘ ƻƴŎŜ ƛƴ ƻǊŘŜǊέ ό{ŜŎǘƛƻƴ 7.2.3.2.1) 

¶ Cumulative displacement scenario 2: The second scenario also assumed areas of 

the sea could only be impacted once, but that the impact was due to the closest 

ǿƛƴŘ ŦŀǊƳΦ ¢Ƙƛǎ ǿŀǎ ƴŀƳŜŘ άLƳǇŀŎǘŜŘ ƻƴŎŜ ŦǊƻƳ ŎƭƻǎŜǎǘέ ό{ŜŎǘƛƻƴ 7.2.3.2.2) 

¶ Cumulative displacement scenario 3: The third scenario allowed for multiple wind 

farms to each have an impact on an area of sea, such that impacts were additional. 

¢Ƙƛǎ ǿŀǎ ƴŀƳŜŘ άLƳǇŀŎǘŜŘ ƳǳƭǘƛǇƭŜ ǘƛƳŜǎέ ό{ŜŎǘƛƻƴ 7.2.3.2.3) 

This was initially done for operational wind farms only, then with the addition of wind 

farms under construction, consented in the planning system and pre-planning application 

submission. Within and around the Outer Thames Estuary SPA, there were only 

operational, consented, and pre-planning application submission wind farms. 

7.2.3.2.1 Cumulative displacement scenario 1: Impacted once in order 

In this first scenario, it was assumed that the first offshore wind farm constructed had an 

impact on a particular area. A second offshore wind farm was built, and its impact covered 

a particular area. If there were overlapping regions of impact from the first and second 

wind farms, the area impacted by the first wind farm remained the same as if it alone was 

constructed. The impact of the second wind farm was the area that its impact covered 

minus the overlap with the existing OWF. Thus, there was no double counting within an 

overlapping impact area. It was assumed that any birds not displaced by the first wind farm 

were also not displaced by the second wind farm. To a degree, this may be true, as it may 

be that a bird not displaced by the first wind farm is not very sensitive to the presence of 

anthropogenic structures and, therefore, would not be displaced by a second wind farm. 

However, it may depend on how close the new wind farm is constructed relative to the bird 

in question, compared to the proximity of the first wind farm. A bird not displaced sitting 

on the water in the 16km distance band from the first wind farm may then also be sat on 

the water within the second wind farm when it is constructed. In that case, it would seem 

unlikely that a bird would not be displaced by a wind surrounding it, just because it was not 

displaced by a wind farm 16km away. The order in which operational OWFs were built is 

shown in Table 7.4 and shown along with distance bands in Figure 7.3. 
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Table 7.4. The order in which currently operational wind farms (as of July 2023) in and 
around the Outer Thames Estuary Special Protection Area (SPA) were built. 

OWF 
number 

Offshore wind farm 
Turbine construction 

started 
Turbine construction 

finished 

1 Scroby Sands 2003 2004 

2 Kentish Flats 2005 2005 

3 Gunfleet Sands 2009 2010 

4 Thanet 2009 2010 

5 Greater Gabbard 2010 2012 

6 London Array 2012 2012 

7 Gunfleet Sands demo 2013 2013 

8 Kentish Flats extension 2015 2015 

9 East Anglia One 2019 2020 

 

The order in which wind farms were constructed made a difference to the displacement 

rate applied at a particular at-sea location due to the distance band at that location. For 

instance, Wind Farm Number Two was built before Wind Farm Number Three, and there 

were overlapping areas of impact that were attributed to Wind Farm Number Two only. 

Therefore, the spatial extent of the impact from wind farm number three was reduced. 

Wind farm number six was built after several other wind farms nearby, making its 

attributable impact far smaller in spatial extent than if the other earlier wind farms were 

not built. The order in which future wind farms will be built was unknown and, therefore, 

was not modelled. 
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Figure 7.3. Map of how cumulative displacement was calculated under scenario 1: Impacted 
once in order for operational wind farms. 

Note: The figure shows the impact of wind farms within 16km of the Outer Thames Estuary 
Special Protection Area (SPA), UK, and the distance bands around them that would be 
assigned to each wind farm. The order in which wind farms were built, and hence the 
number indicated in the figure, are shown in Table 7.4. 
 

The same principle was then also applied separately to consented wind farms and pre-

planning application wind farms. There were two consented wind farms within 16km of the 

Outer Thames Estuary SPA and one pre-planning application wind farm. It is reasonably safe 

to assume that the two consented wind farms will get built before the pre-planning 
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application wind farm. However, it is far less certain which of the two consented wind 

farms would be built first. Therefore, when considering the consented wind farms, two 

scenarios were simulated, with either wind farm being built first. Then, when considering 

the of the pre-planning application wind farm, two scenarios were simulated, again with 

either consented wind farm being built first, followed by the second, then the pre-planning 

wind farms (Table 7.5). The order of operational consent and pre-planning application wind 

farms, along with distance bands, is shown in Figure 7.4. 

Table 7.5. The order in which operational, consented, and pre-planning application wind 
farms in and around the Outer Thames Estuary Special Protection Area (SPA) were 
simulated to be built. 

  Offshore wind farm order 

Stage Offshore wind farm 
Consented build 

scenario 1 
Consented build 

scenario 2 

Operational Scroby Sands 1 1 

Operational Kentish Flats 2 2 

Operational Gunfleet Sands 3 3 

Operational Thanet 4 4 

Operational Greater Gabbard 5 5 

Operational London Array 6 6 

Operational Gunfleet Sands demo 7 7 

Operational Kentish Flats extension 8 8 

Operational East Anglia One 9 9 

Consented East Anglia One North 10 11 

Consented East Anglia Two 11 10 

Pre-planning application North Falls 12 12 
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Figure 7.4. Map of how cumulative displacement was calculated under scenario 1: Impacted once in order for operational, consented, and pre-
planning application wind farms. Figure 7.1.a assumes East Anglia One North is built first (number 10), followed by East Anglia Two (number 11). 
Figure 7.4.b assumes East Anglia Two is built first (number 10), followed by East Anglia One North (number 11). 

Note: The figure shows the impact of wind farms within 16km of the Outer Thames Estuary Special Protection Area (SPA), UK, and the distance bands 
around them that would be assigned to each wind farm. The order in which wind farms were built, and hence the number indicated in the figure, are 
shown in Table 7.5.
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7.2.3.2.2 Cumulative displacement scenario 2: Impacted once from the closest 

In this second scenario, it was again assumed that only one wind farm had an impact on a 

particular area of the sea. However, in this scenario, where there were overlapping areas 

from multiple wind farms, the impact was attributed to the wind farm closest to that area 

of the sea. In practice, this meant that distance bands from different wind farms would 

merge together once they overlapped. Depending on the distance between wind farms, 

this meant different distance bands would be merged; for example, all distance bands up to 

and including the 5km distance bands from two wind farms 10km apart would not merge 

together, but the 6km distance bands and larger would merge together. The spatial extent 

of some wind farms was reduced in this scenario, where they were closer than 32km to 

another wind farm. The merged distance bands around operation wind farms, operational 

and consented wind farms, and operational, consented and pre-planning application wind 

farms are shown in Figure 7.5. 

Since impacts were attributed to the closest wind farm and the displacement gradients 

were applied to distance bands until the distance bands from multiple wind farms merged, 

impacts at the same distance from each wind farm had the same displacement rate. 

This is probably the most likely scenario to occur in reality, as it would make ecological 

sense that birds are most sensitive to and displaced by the wind farm closest to them. This 

scenario does not, however, account for any increased displacement rates due to the 

presence of multiple wind farms, particularly at locations which were mid-way between 

two wind farms. It is plausible that, at those locations, more birds are affected due to 

increased anthropogenic pressure.
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Figure 7.5. Map of how cumulative displacement was calculated under scenario 2: Impacted once from closest: Figure 7.5.a operational wind farms, 
Figure 7.5.b operational and consented wind farms, and Figure 7.5.c operational, consented, and pre-planning application wind farms. 

Note: The figure shows the impact of wind farms within 16km of the Outer Thames Estuary Special Protection Area (SPA), UK, and the distance bands 
around them that would be assigned to each wind farm.


















































































































































































































































