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A new method for quantifying
redistribution of seabirds within
operational offshore wind farms
finds no evidence of within-wind
farm displacement
Mark Trinder1*, Susan H. O’Brien1 and Joseph Deimel2

1MacArthur Green, Glasgow, United Kingdom, 2Scottish and Southern Electricity (SSE) Renewables
Limited, Perth, United Kingdom
The climate crisis is driving a rapid increase in size and number of offshore wind

farms to reduce carbon emissions from electricity generation. However, there

are concerns about the potential impact of offshore wind farms on the marine

environment. Seabirds are considered to be at risk of being displaced from

preferred foraging habitat, by construction and operation of offshore wind farms,

resulting in reduced energy intake or elevated energetic costs and consequent

decreases in survival and/or productivity. Typically, displacement or avoidance

behaviour is assessed by comparing abundance and spatial distributions of

seabirds before and after an offshore wind farm is constructed. However,

seabird distributions are highly variable through time and space and so

discerning a change in distribution caused by an offshore wind farm from

other environmental variables can be challenging. We present a new method

that controls for temporal variation by examining the location of individual

seabirds relative to turbines. Mean seabird density at different distances from

individual turbines (0-400m) was calculated from data collected on a total of 12

digital aerial surveys of the Beatrice Offshore Wind Farm (UK), in May-August in

2019 and 2021. Mean densities of common guillemot (Uria aalge), razorbill (Alca

torda), Atlantic puffin (Fratercula arctica) and black-legged kittiwake (Rissa

tridactyla), both flying and sat on the water, were calculated. If the presence of

turbines had no effect on seabird distribution, there should be no relationship

between distance from turbine and seabird density. This was tested by simulating

a relocation of turbines, relative to seabird distribution, and recalculating seabird

density over 0-400m from simulated turbine locations. This was repeated to

generate a bootstrapped distribution of expected densities against which

observed density was compared. If displacement was occurring, mean

observed density close to turbines would be significantly lower than expected

density, derived from the bootstrap distribution. Overall, observed mean density

did not differ significantly from expected density, i.e. no displacement effect was

detected. There was a slight tendency for guillemot and razorbill, when sat on the

water, to be at higher densities than expected, near turbines, suggestive of

possible attraction to turbines, and for flying birds to be at lower densities than

expected, near turbines, suggestive of possible avoidance. No flying razorbills

were recorded within 100m of turbines but sample sizes were small. Kittiwake

tended to show no avoidance or attraction behaviour, although flying kittiwake

density was slightly lower than expected at 200m from turbines. Puffins sat on
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the water were recorded in densities similar to the expected density. Overall, no

effect of turbine rotor speed was found, i.e. birds were not more likely to be

displaced/avoid turbines at higher or lower rotor speeds. The results of the

turbine relocation analysis gave a more consistent and more easily interpreted

assessment of displacement/avoidance behaviour than the typical approaches of

comparing abundance and seabird distribution through time. We strongly

encourage application of this new approach to post-construction spatial

distribution data from other offshore wind farms, to build the evidence base on

the effects of offshore wind farms on seabirds.
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1 Introduction

To address the current climate change crisis, the UKGovernment

has set a net zero target of 100% reduction of greenhouse gas

emissions by 2050, compared with 1990 levels (https://

commonslibrary.parliament.uk/research-briefings/cdp-2023-0124/).

Among a range of policies aimed at reducing greenhouse gas

emissions, the UK Government has an ambition to deliver up to

50GW from offshore wind farms by 2030 (HM Government, 2022).

Current offshore electricity generation in the UK is estimated as

13.6GW, second only to China in installed capacity, (https://

www.renewableuk.com/page/UKWEDhome [accessed 01/05/2023].

Consequently, the scale of deployment of offshore wind farms in

the UK is rapidly increasing to deliver 50GW by 2030.

While offshore wind farms are clearly critical for reducing

carbon emissions from electricity generation, there remains

considerable uncertainty about the potential impacts on the

marine environment, especially when constructed at scale

(Furness et al., 2013). The UK supports very large populations of

breeding seabirds and there are concerns that the rapid expansion

of offshore wind generation has the potential to have detrimental

effects on these seabird populations, many of which are already at

risk from other factors such as reduced prey stocks and predation by

introduced mammals (Cury et al., 2011; Stanbury et al., 2017;

Burnell et al., 2023). Offshore wind development is recognised as

potentially being one of the most important pressures on the UK’s

seabird populations (Burnell et al., 2023; OSPAR, 2023).

Environmental Impact Assessment (EIA) used in UK offshore

wind farm planning applications, explicitly considers potential

mortality of protected seabird populations by the proposed

development. The potential effects of operational offshore wind

farms on seabird populations are assessed via two impact pathways:

(i) mortality via collision with turbine rotors and (ii) mortality and/

or reduced productivity via barrier effects and displacement

(Drewitt and Langston, 2006).
02
Collision mortality is assessed using a model that considers the

likelihood of birds colliding with a turbine rotor, which is then

corrected for avoidance behaviour by the bird (Cook et al., 2018).

Avoidance behaviour is classified as occurring at three different

spatial scales: macro avoidance, where a bird does not enter a wind

farm; meso avoidance where a bird avoids individual turbines

within a wind farm, e.g. by flying down corridors between arrays;

and micro avoidance where a bird changes its behaviour in close

proximity to individual rotor blades (Pavat et al., 2023).

Barrier effect describes birds that fly around an offshore wind

farm rather than through it, and hence have a longer flight path

(Masden et al., 2010). Barrier effects are assumed to cause mortality

through increased energy expenditure (Searle et al., 2018).

Displacement, described as ‘a reduced number of birds

occurring within or immediately adjacent to an offshore wind

farm’ by Furness et al. (2013), assumes that a bird changes its

behaviour in response to the presence of a turbine or offshore wind

farm, potentially leading to reduced energy intake or increased

energy expenditure (JNCC, 2022). Seabirds can also be attracted to

offshore wind farms (Petersen et al., 2006; Leopold et al., 2013;

Mendel et al., 2014; Vanermen et al., 2014). When assessing

displacement effects, the assumption is that a bird moves to a

new location that is more distant from a turbine, compared to the

preferred location if no turbine was present. This displacement or

avoidance distance might be over a few hundreds of metres, i.e. the

bird remains within the wind farm, or over kilometres, meaning the

bird moves to outside of the wind farm. The framework used for

assessing this in an EIA only considers birds displaced to outside of

the wind farm boundary and not a redistribution of birds within the

wind farm (‘within wind farm displacement’). Displacement to

locations outside of the wind farm is analogous to macro-

avoidance but is not directly interchangeable (Searle et al., 2020;

Pavat et al., 2023). Within wind farm displacement is analogous to

meso-avoidance. Disentangling a spatial redistribution of birds

following construction of an offshore wind farm, into avoidance,
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displacement and barrier effects is problematic (Humphreys et al.,

2015; Cook et al., 2018; Searle et al., 2020; Pavat et al., 2023).

When assessing displacement effects, it is assumed that a bird

will be displaced from their preferred foraging habitat into a

different area, i.e. effective habitat loss. The assumed change in

energy budget could arise through one or more of: foraging in a

poorer habitat, e.g. prey poorer quality or less abundant; less

efficient foraging due to being unfamiliar with the new area;

increased competition for prey with conspecifics and/or other

species; increased travel time to/from a new foraging area; less

time spent at the nest site incubating, brooding or protecting eggs/

chicks from both weather conditions and predators; less time spent

in other key maintenance behaviours such as preening (Dierschke

et al., 2017; JNCC, 2022). The consequence of a seabird being

unable to meet its daily energy requirements may be reduced

survival and/or reduced productivity with sub-lethal effects

potentially being carried over to some future point, e.g. the

following breeding season (Dunn et al., 2020). The framework

used in EIA to assess displacement effects (both mortality and

reduced productivity) applies a pre-determined displacement rate

to the number of birds recorded in an offshore wind farm footprint

and then, using either an individual based model or expert opinion,

the mortality rate of displaced birds is estimated (Warwick-Evans

et al., 2017; Searle et al., 2018; JNCC, 2022). This framework

assumes a percentage of birds in the wind farm footprint are

excluded, i.e. displaced, from that area and, of those excluded, a

fraction of those will die or fail to breed (Searle et al., 2020;

JNCC, 2022).

In the UK, collision risk, as a direct source of mortality, has been

the main focus for large-scale empirical studies (Skov et al., 2018;

Tjørnløv et al., 2023). While much remains to be learned about

seabird collision risks, studies conducted to date have resulted in a

gradual reduction in the degree of uncertainty and estimated

magnitude of impacts of collision on seabird populations (Cook

et al., 2014; Bowgen and Cook, 2018; Ozsanlav-Harris et al., 2023).

However, much less progress has been made in improving our

understanding of displacement effects. As a consequence, there

remains large uncertainty about the magnitude of effects that any

displacement or avoidance behaviour may have on protected

populations. Quantifying the extent of seabird redistribution in

response to an offshore wind farm, i.e. displacement, avoidance or

attraction behaviour, is not straightforward and shows large

variation among offshore wind farms (e.g. Zuur, 2018; APEM,

2022; Pavat et al., 2023). Understanding the energetic and

demographic consequences of a behavioural change is very

challenging and relies on many assumptions (Searle et al., 2018).

Attempts to quantify the magnitude of displacement of seabirds

by offshore wind farms have tended to compare the spatial

distributions of seabirds before and after wind farm construction

recorded from boat or aerial surveys (e.g. Canning et al., 2013;

Vanermen et al., 2014). Traditional BACI (Before-After-Control-

Impact) studies rely on a control area with no impact, i.e. no

offshore wind farm, to quantify the magnitude of impact against

background change (Green, 1979; Vanermen et al., 2014). However,

identifying representative control areas in the marine environment

is challenging. To overcome this, there has been a shift to using a
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BAG (Before-After-Gradient) approach, sampling along a spatial

gradient with increasing distance from the offshore wind farm, both

before and after construction (e.g. Petersen et al., 2004). However,

seabird populations are known to be highly variable through space

and time, especially those feeding on mobile prey and while

predictable patterns in seabird distribution may occur over wider

spatial scales, such as oceanographic features, this predictability

breaks down at the relatively small scales over which wind farms

might cause displacement (Fauchald et al., 2000; Wakefield et al.,

2009). Consequently, it is difficult to control for temporal and

spatial changes in seabird distribution and to correctly attribute

changes in spatial distribution to an offshore wind farm rather than

environmental variation.

Here we present a new approach for investigating offshore wind

farm effects which overcomes the difficulties of comparing seabird

spatial distributions through time. The method applies a more

general, mechanistic approach, derived from the premise that

displacement is the result of birds responding to the presence of

the novel structures (turbines) in their environment by avoiding

them. This new approach is not dependent on making temporal

comparisons in distribution which may be influenced by multiple

environmental factors, as required for the BAG approach, and

instead compares the location of birds relative to turbines at a

single point in time.

We use information on seabird abundance and distribution

collected before construction of an offshore wind farm in Scottish

waters, and when the wind farm was operational, to estimate

displacement, avoidance and attraction behaviour of seabirds. We

compare the results with those from the traditional methods (e.g.

derived from large scale spatial models) and illustrate the challenges

of discerning an offshore wind farm effect from environmental

effects driving spatial and temporal variation in seabird

distributions. We then apply our novel method to the same data

and demonstrate the robustness of this new approach to assessing

displacement, avoidance and attraction effects in both seabirds sat

on the water and in flight. This new method considers a spatial

redistribution of seabirds within an offshore wind farm, in response

to turbine location. Here, we describe this measure as both meso-

avoidance, henceforth ‘avoidance’, and within wind farm

displacement, henceforth ‘displacement’, hereafter displacement/

avoidance, to capture both the collision and displacement

frameworks used in Environmental Impact Assessments.
2 Materials and methods

2.1 Study area

The Beatrice Offshore Wind Farm is approximately 8km wide

(NW-SE) and 18km long (NE-SW) and is located between 13 and

22km from the Caithness coast of Scotland in the Moray Firth

(Figure 1). It comprises 84 turbines arranged in an approximate

rectangular shape parallel to the coast and has been fully

operational since June 2019.

The East Caithness Cliffs Special Protection Area (SPA) lies

along the adjacent coast and is designated for breeding seabirds
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(https://sitelink.nature.scot/site/8492), including guillemot,

razorbill puffin and kittiwake.
2.2 Survey design and species

Ornithological monitoring is a requirement of the Beatrice

offshore wind farm’s planning consent and began in 2015 with

pre-construction surveys in the breeding season. Following

construction, identical surveys were conducted in 2019 and 2021.

In each year, HiDef Aerial Surveying Ltd. undertook six digital

video aerial surveys between May and early August, using the same

methods. Each survey comprised sixteen transects, spaced 2.4km

apart and aligned perpendicularly to the coast and extending from

the shore to 4km beyond the seaward boundary of the wind farm

(Figure 1). The data were collected as high definition video images

from four cameras mounted in parallel across the transect. Video

footage from each camera was clipped to provided a strip width on

the sea surface of 125m and an effective pixel size at ground level, i.e.

Ground Sampling Distance (GSD) of 2cm. The width of transect

varied through the survey area; within the wind farm and a 2km

buffer the transect width was 500m (i.e. data from all four cameras),

with a width of 250m elsewhere (two cameras). The transects were

aligned to ensure a representative range of possible bird positions

throughout the wind farm was obtained. This was achieved by

locating alternate transects over rows of turbines (Figure 1) with the

intermediate transects flown along ‘corridors’ between turbine rows

(or where the turbines would ultimately be, for the 2015 pre-

construction survey). The imagery was viewed by experienced

seabird ornithologists and seabirds were identified to species level

wherever possible, or species groups where identification

was uncertain.

Species analysed in this study were those considered to be at risk

of wind farm displacement effects which breed in the East Caithness

Cliffs SPA and occurred in sufficient densities within the wind farm
Frontiers in Marine Science 04
to test for any effect of construction of the wind farm on

distribution: auks (guillemot, razorbill, puffin) and kittiwake.

Additionally, Northern gannet Morus bassanus were also

recorded in sufficient densities in the survey area to enable a pre-

and post construction comparison in distribution. Birds were

assigned coordinates derived from the aircraft GPS, and

categorised as ‘in flight’ or ‘on the sea surface’.
2.3 Testing for redistribution of birds
following construction of the wind farm

To test for a redistribution of birds due to the offshore wind

farm (displacement/macro avoidance), seabird density surfaces

were generated and pre- and post-construction comparisons

made using the R package MRSea (Scott-Hayward et al., 2013

https://lindesaysh.github.io/MRSea/articles/). Comparisons were

made of the pre-construction survey (2015) with the two post-

construction (post-1, in 2019, and post-2, in 2021) model

distributions: pre and post-1; pre and post-2; and post-1 and

post-2. These three comparisons enabled testing for any

habituation effects after the wind farm had been operational for

two years (post-1 vs post-2), as well as the effect of an operational

wind farm on seabird distributions (pre vs post-1; pre vs post-2).

For each analysis, the two datasets in question were combined and

modelled with explanatory environmental covariates: sea depth

(obtained from EMODnet, 13/12/2019) and distance to coast,

together with a spatial term (a combined x-y position). The initial

model formulation was as follows:

z ∼ wind farm + s(depth) + s(dist:to:coast) + s(x:y,  wind farm)

with only significant terms (at p<0.05) retained in the final

model. As well as wind farm (0/1) this model included smoothed,

one-dimensional terms for depth and distance to coast, a two

dimensional spatial smooth term (x,y) and an interaction between
A B

FIGURE 1

(A) Survey area for digital aerial survey coverage of the Beatrice Offshore Wind Farm and the region of sea between the Wind Farm and the
Caithness coast of north-east Scotland. Transect lines were oriented perpendicular to coastline, wind farm boundary and turbine locations (circles)
shown. Light shading indicates the seaward extension of the East Caithness Cliffs Special Protection Area (SPA); (B) Detail of alternate transects
crossing rows of turbines.
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the spatial smoother and wind farm (or year) to test for a

redistribution effect (i.e. rather than simply an overall change in

number). It is not possible to determine from the model coefficients

what the spatial nature of the changes are. Thus, while a significant

interaction between the wind farm and spatial terms indicates a

before-after re-distribution effect, this does not on its own indicate

where the change has occurred. To visualise the changes to the

spatial distribution, the models were used to make predictions

across a grid of cells covering the study area. To ensure the

outputs are robust, MRSea employs a bootstrap routine, thereby

incorporating parameter uncertainty. The median differences

between the pre- and post- surfaces were plotted as maps which

indicate where changes in distribution have occurred. Cells which

have changed significantly are identified with symbols that also

denoted the direction of change (increase or decrease in

abundance). See MacArthur Green (2023) for more information.
2.4 Testing for within wind farm
redistribution of birds in relation to
turbine location

To test for within wind farm displacement/avoidance or

attraction to individual turbines, the density of birds at different

distances from turbines was examined. If birds were attracted to

turbines, density would be higher closer to turbines and lower if

displacement/avoidance was occurring. To do this, the exact

location of each individual bird and turbine on each survey

was found.

The cameras were not mounted vertically beneath the aircraft,

but angled forwards at 30° from the vertical, to minimise glare from

the sun. Because bird positions were obtained from the aircraft GPS

it was necessary to apply an adjustment to account for the offset

introduced by the camera angle. Using images collected along the

transects which cross turbines, the difference in the position

between observations labelled as ‘turbine’ in the survey data and

the actual turbine position was calculated. However, because the

object identified as ‘turbine’ in the data could refer to different parts

of the structure (e.g. rotor tip, tower, etc.) the calculated offset varied

among turbines. The average difference in position obtained in 2019

was 69.7m (s.d. 25.5m) and in 2021 was 57.3m (s.d. 18.9m). Using

the transect orientation (130° from north) and the mean offset

distance in each year, adjusted bird positions were calculated.

The densities of each species within circles of radius 100, 200,

300 and 400m, centred on the turbines as recorded post-

construction (2019 and 2021), were calculated (the density for

each larger circle included all birds within that distance, i.e. the

circles were nested). Birds in flight and sat on the water were treated

separately, i.e. for each species eight mean densities were calculated.

A maximum distance of 400m from the turbine was used to ensure

that no neighbouring turbine’s circles overlapped, potentially

confusing which turbine a bird might be responding to. Initially,

data were analysed for each year separately and the results

compared to look for any significant differences between years.

Where no difference was found, surveys were pooled across years to

increase sample sizes.
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2.4.1 Randomisation of turbine locations
Following estimation of the density of each species around the

true turbine locations, a test was conducted to determine how likely

it would be to observe these densities if the birds were either

avoiding turbines, attracted to them, or showing no response. If

seabird spatial distribution was uninfluenced by the location of

turbines (i.e. no attraction or displacement effects), the seabird

density within each of the circles of increasing distance from a

turbine would be expected to be similar.

This can be tested more robustly by simulating a random

repositioning of the turbines’ locations, without changing the

underlying seabird spatial distribution. If there are no attraction or

displacement/avoidance effects, the seabird densities in the circles

around simulated turbine locations will not be significantly different

to the densities around the true turbine locations. The advantage of

simulating relocation of turbines rather than relocation of seabirds, is

that no information on drivers of seabird distribution are required to

provide a realistic simulation of bird distribution. Since the turbine

arrays are on a fixed grid, simulating relocation of turbines is

straightforward. To do this, 1,000 pairs of turbine coordinate offset

values were drawn from random uniform distributions bounded by

the inter-turbine distances; +/-510m for eastings and +/-550m for

northings. Adding each randomised coordinate pair to all of the

actual turbine coordinates provided 1,000 sets of alternative turbine

locations, while maintaining the turbine layout (i.e. their positions

relative to the other turbines). Affine transformation was applied to

the alternative turbine locations to ensure a comprehensive range of

wind farm locations was obtained without overlaps between adjacent

turbines (Figure 2). The resampled turbine positions were thus
FIGURE 2

Illustration of 1,000 randomised turbine positions for the Beatrice
wind farm. Each coloured parallelogram contains 1,000 dots, each
one obtained by adjusting the real turbine locations (black dots)
using a single pair of easting (+/-510m) and northing (+/-550m)
offset values, with affine transformation to ensure adjacent turbine
distributions had minimal overlap. There was a gap with no turbine
in the centre of the wind farm.
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located within the easting and northing ranges defined above while

preserving their relative positions.

2.4.2 Bird density within true and simulated
turbine locations

For each resampled turbine dataset the seabird densities within

the 100, 200, 300 and 400m circles were calculated, thereby

obtaining 1,000 randomly generated simulated density values for

comparison with the observed density values. To allow for the fact

that the surveyed transects did not completely overlap all of the

circles around the turbines (both true turbine locations and

simulated relocations) the overlap of transect and circles was

calculated in each case to prevent underestimating densities (i.e.

by assuming a greater area was observed than was the case). Median

simulated density and the interquartile range were calculated from

the 1,000 randomly generated density values, for each of the four

circles. As for observed densities, flying birds and birds sat on the

water were treated separately.

Observed mean bird density in each circle was compared with

the simulated bird density distribution derived from the simulated

turbine relocations to see if observed density was significantly

different to simulated densities. If displacement/avoidance or

attraction occurred, observed density would be significantly less

or greater than the simulated densities, respectively. If observed and

simulated mean densities were similar this indicated neither

avoidance nor attraction.

This was also formally estimated, initially using two-sided

empirical p-values, calculated for each year of post-construction

survey (2019 and 2021), species (guillemot, razorbill, puffin,

kittiwake), behaviour (flying and sitting) and within each circle

(100m, 200m, 300m and 400m). This was to test for any inter-

annual differences before pooling the two years of survey data. More

statistically powerful one-sided p-values were then used to explicitly

test for displacement/avoidance and for attraction. Two-sided p-values

were obtained as the smaller of one-sided values multiplied by two.

2.4.3 Power analysis
As a test of the method’s sensitivity to detect turbine avoidance,

if present, the pooled 2019 and 2021 data for guillemot sat on the

water and kittiwakes in flight were reanalysed with an avoidance

effect simulated by deleting all observations within a particular

radius of the turbines prior to analysis.

2.4.4 RPM
Since the operational status of the turbines may influence bird

responses, a second analysis was conducted using densities

calculated for subsets of the data grouped by the rotor speed

(RPM) of the nearest turbine to the bird (the RPM for each

turbine was provided by the wind farm operator as the average

within 10 minute periods (i.e. six values per hour) on the days

surveys were conducted). Four RPM subsets were defined,<2.5,

>=2.5 &<5.0, >=5.0 &<7.5 and >=7.5 (the maximum recorded RPM

during the study was 10.3) with bird observations assigned to one of

these groups. Bird densities in the 100, 200, 300 and 400m circles

around turbines were calculated for each RPM group, for each

species and flying or sitting on the water.
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3 Results

3.1 Spatial distribution of seabirds
following construction of an offshore
wind farm

3.1.1 Abundance
Guillemot was the most abundant seabird species recorded

during surveys, with a maximum population abundance estimate

across the total survey area of 103,710 individuals on one of the

2021 surveys (Table 1). Razorbill, puffin and kittiwake were present

in similar abundances with peak estimates of 14,774, 16,578 and

11,249, respectively. Gannet were scarce with a peak estimate of just

709 individuals.

If seabird abundances are largely unaffected by construction of

the offshore wind farm, the percentage change in each species’

abundance between the pre and post construction surveys should be

approximately 100%. A comparison of pre vs post-1 and pre vs

post-2 surveys showed that abundance fluctuated substantially

(Figure 3). For each species, the post-1 and post-2 percentage

changes in abundance were inconsistent, particularly for puffin

which showed a 37% decrease in abundance across the survey area

from 2015 to 2019 (post-1) but a 539% increase in abundance

comparing 2015 with 2021 (post-2). This suggests large inter-

annual variation in seabird abundance, not related to the presence

of the wind farm, particularly for razorbill, puffin and kittiwake.
TABLE 1 Peak population abundance estimates of seabirds within the
total survey area and within the wind farm (see Figure 1 for survey area)
on the pre-construction survey (‘Pre’, 2015) and the two post-
construction surveys (‘Post-1’, 2019 and ‘Post-2’, 2021).

Species Year
of survey

Total
Survey Area

Within the
Wind Farm

Gannet

Pre 709 229

Post-1 397 129

Post-2 482 23

Guillemot

Pre 51,037 7,016

Post-1 86,820 10,859

Post-2 103,710 6,683

Razorbill

Pre 3,707 1,291

Post-1 4,610 1,648

Post-2 14,774 874

Puffin

Pre 3,133 1,027

Post-1 1,171 39

Post-2 16,578 960

Kittiwake

Pre 3,528 213

Post-1 11,249 678

Post-2 6,395 454
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3.1.2 Spatial distribution
The overall abundance and distribution for each species was

compared across the pre-construction and post-construction data

(Figure 4). Gannet abundance on both post-construction surveys

was lower than the pre-construction survey across the total survey

area and particularly within an area encompassing the wind farm.

In contrast, guillemot, razorbill and kittiwake abundance was higher

following construction of the wind farm in both post-construction

years, while for puffin abundance was lower in the first post-

construction year but higher in the second. In some cases,

abundance increased outside of the wind farm but was

unchanged within it following construction (e.g. guillemot) while

for others (e.g. razorbill) increases occurred throughout the survey

area, including the wind farm. With the exception of gannet, these

results appear to show no consistent effects of the wind farm on the

distributions of the species studied.
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To control for the potentially confounding effect of temporal

change across years in seabird distributions, we examined the

distribution of birds relative to individual turbines at a single

point in time. Given the relatively small numbers of gannet

observed and the fact that a clear displacement/avoidance effect

was evident, we did not look at within wind farm responses of

gannet to the presence of turbines.
3.2 Within wind farm redistribution of birds

3.2.1 Pooling the two years of post-construction
survey data

Sample sizes (numbers of birds observed within 400m of turbines),

when broken down into categories of year of survey (2019 or 2021),

species (guillemot, razorbill, puffin or kittiwake), behaviour (flying or
FIGURE 3

Percentage change in seabird abundance within the offshore wind farm (grey bars) and in the total survey area (black bars) following construction of
the offshore wind farm. Abundance on two post construction surveys (post-1, 2019 and post-2, 2021) were compared with abundance on the single
pre-construction survey (2015). Abundance changes<100% suggest displacement from or avoidance of the wind farm whereas changes >100%
suggest no displacement/avoidance.
FIGURE 4

Before-after differences in density surfaces across the whole survey area for gannet, guillemot, razorbill, puffin and kittiwake. Upper figures compare
pre-construction and post-construction 1, lower figures compare pre-construction and post-construction 2. The z-axis indicates differences between
the years. Negative values identify areas of decrease and positive value are areas of increase, with 0 indicating no difference between years. Areas of
significant increase between the two years are overlain with red marker symbols, areas of significant decrease are overlain with grey marker symbols.
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sitting on the water) and circle radius around turbines (100m, 200m,

300m and 400m) were small for some species (Table 2).

Few razorbills and puffins were recorded flying within 400m of

turbines: only two puffins were seen flying within 400m of turbines

and only six were recorded flying within the wind farm when

transects between turbine rows were included (Figure 5).

Consequently, it was not possible to assess avoidance and attraction

behaviour for flying individuals in this species. Whilst only 35

razorbills were seen flying within 400m of turbines (across both

years), a total of 96 flying razorbills were recorded on survey transects

in the entire OWF area (Figure 5). Whilst these are small sample sizes

and results should be treated with caution, sample sizes are

sufficiently large to assess avoidance and attraction behaviour.

More guillemots were seen flying than for the other auk species,

although ten times more guillemots were sat on the water.

Approximately half of kittiwakes were flying, meaning

displacement/avoidance and attraction behaviour could be assessed

for these two species both for flying and for sitting on the water.

Statistical tests (two-tailed test) showed that the mean observed

densities did not differ significantly to expected densities for any of

the categories, i.e. no p values were <0.05 (Table 3). The exceptions to

this were zero values for flying guillemots (in 2021) and razorbills

(both years) and for puffins (2019) sat on the water, where few or no

birds were recorded within 100m of the turbines. However, these

were due to small sample sizes and do not suggest substantial

differences in seabird displacement/avoidance across the two survey

years. Given this, the two years of survey were pooled to increase

sample sizes.

3.2.2 Testing for displacement/avoidance
and attraction

3.2.2.1 Testing for displacement/avoidance from turbines

No evidence for significant displacement/avoidance behaviour

(defined as p<0.05) was found for birds sat on the water using the

turbine relocation method (Table 4). Guillemots were predicted to
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be at lower densities than expected in flight within 200m of turbines

(p = 0.018) and a similar result was observed for kittiwake, albeit

this did not attain statistical significance (p = 0.084). However, for

both species there was no indication of an effect closer to turbines.

3.2.2.2 Testing for attraction to turbines

As for displacement/avoidance effects, no significant attraction

behaviour (defined as p<0.05) was found using the turbine

relocation method (Table 5). There was a tendency for razorbills

to be at higher densities than expected at 300m from turbines,

although this did not attain statistical significance (p = 0.080).

The statistical tests supported the patterns evident in Figure 5,

that mean densities were not significantly different to those which

would be expected if the turbines were in a different location, i.e.

birds were not actively avoiding/being displaced (Table 4) nor

attracted to turbines (Table 5). This was true for all species and

for birds both sat on the water and flying, with the exception of

flying razorbills (none of which were recorded within 100m of

turbines). There was a slight tendency for flying kittiwakes to be at

lower densities than expected within 200m of turbines and

razorbills sat on the water to be at higher densities at 300m from

turbines, when using a significance threshold of p<0.1.

For guillemot, razorbill and to a lesser extent kittiwake, whilst

the statistical tests did not return significant results, the plots

indicate that birds sat on the water were at higher densities

around turbines than expected by chance while the opposite effect

was observed for birds in flight, with lower densities near turbines

than expected by chance (Figure 5). Puffins sat on the water were

recorded in densities similar to expected densities.

3.2.3 Power analysis
The guillemot (on the water) and kittiwake (in flight) data were

modified to simulate the distribution of birds to be expected if

turbines were avoided by 100, 200, 300 and 400m and re-analysed

(Figure 6). In all cases, where birds have been artificially removed to
TABLE 2 The number of individual birds observed in flight or on the water within 100, 200, 300 and 400 m of turbines.

Year of survey: 2019 Sitting Flying

100m 200m 300m 400m 100m 200m 300m 400m

Guillemot 176 608 1321 2285 9 18 63 111

Razorbill 20 48 103 157 0 1 7 11

Puffin 0 3 10 17 0 0 0 2

Kittiwake 5 57 159 366 13 42 109 227

Year of survey: 2021 Sitting Flying

100m 200m 300m 400m 100m 200m 300m 400m

Guillemot 46 205 350 562 0 17 53 116

Razorbill 1 15 42 70 0 3 6 7

Puffin 2 7 25 38 0 0 0 0

Kittiwake 33 71 105 138 6 25 116 182
fr
Note that circles are nested, e.g. the 400m circle includes all birds seen within the 100m, 200m and 300m circles.
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simulate displacement, there is a clear difference between the

observed density and expected density. However, the densities

beyond the simulated displacement zone remained within the

resampled distributions (albeit with some reduction). For

example, when guillemots within 100m of turbines were removed

from the dataset, the density within 100m of all actual turbines was

(as expected) zero, but the range of densities within 100m of the

simulated turbine locations remained largely unaffected (left plot,

second row Figure 6). Furthermore, while the density of birds

within 200m of turbines was reduced by this data manipulation

(e.g. compare row 1 and row 2 of the left plots, Figure 6) as would be

expected, the actual density (red line) remained within the

interquartile range of the resampled distribution. Very similar

results were obtained for flying kittiwake. Thus, the method
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appears to correctly identify the presence and spatial extent of

avoidance/displacement behaviour, if present.

3.2.4 Effect of rotor speed on displacement/
avoidance behaviour

There was little indication that bird densities within 400m of

turbines were influenced by turbine rotor speed RPM (Table 6),

with the real densities falling between the 2.5 and 97.5 percentiles,

suggesting neither attraction nor displacement/avoidance, in 95% of

instances. Kittiwakes were the only species to show any response to

rotor speed, with the exception of a single case for guillemot

(Table 6). However, there was no consistent pattern to this with

either distance from turbine or rotor speed. The proximity of birds

to turbines does not appear to be related to rotor RPM.
FIGURE 5

Comparison of observed seabird mean density (red dashed line) with simulated densities (black line = median; grey box = interquartile range) in the
100m, 200m, 300m and 400m circles around turbines. An observed density (red dashed line) less than the simulated median implies avoidance/
displacement behaviour whereas an observed density greater than the simulated median implies attraction. The sample size (n) is the total number
of that species recorded flying or sitting on the water in the whole offshore wind farm area. Flying puffin sample sizes were too small to permit
analysis. See Tables 4, 5 for statistical tests of significance.
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4 Discussion

4.1 Before-After-Gradient approach to
assessing displacement/
avoidance behaviour

The assessment of displacement/avoidance effects from Beatrice

Offshore Wind Farm on five seabird species was carried out using

two approaches. Firstly, a widely used approach to assessing

displacement was used: (i) a comparison of peak abundance in

the wind farm before and after construction and (ii) a comparison
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of spatial distributions from pre- and post-construction using

spatial modelling methods. The abundance comparison and

spatial models (Figure 4) showed displacement/avoidance of the

offshore wind farm and an area between the wind farm and coast by

gannet, with an average 33% decrease in gannet abundance in the

wind farm. This gives a mean displacement rate of 67% which

agrees with rates found for gannet from other studies of 60-80%

(APEM, 2022). However, the change in peak abundance and spatial

model approaches gave inconsistent results for the auks (guillemot,

razorbill and puffin) and kittiwake and it was not obvious whether

any redistribution that occurred was due to the presence of the
TABLE 3 P values of two-sided tests for observed mean density being significantly different to expected density, broken down by year, species,
behaviour and distance from turbine.

Year of survey: 2019 Sitting Flying

100m 200m 300m 400m 100m 200m 300m 400m

Guillemot 0.520 0.724 0.826 0.574 0.668 0.326 0.96 0.904

Razorbill 0.066 0.282 0.124 0.308 0 0.158 0.734 0.488

Puffin 0 0.980 0.662 0.724 Sample size too small

Kittiwake 0.604 0.588 0.386 0.670 0.916 0.25 0.252 0.600

Year of survey: 2021 Sitting Flying

100m 200m 300m 400m 100m 200m 300m 400m

Guillemot 0.602 0.326 0.840 0.340 0 0.268 0.270 0.432

Razorbill 0.280 0.728 0.722 0.870 0 0.856 0.966 0.214

Puffin 0.998 0.864 0.718 0.934 Sample size too small

Kittiwake 0.152 0.346 0.620 0.868 0.790 0.386 0.408 0.536
fron
See Table 2 for sample sizes.
TABLE 4 P values of one-sided tests for displacement/avoidance behaviour, i.e. observed mean density being significantly less than expected density,
broken down by species, behaviour and distance from turbine.

Sitting

100m 200m 300m 400m

Guillemot 0.727 (222) 0.670 (813) 0.568 (1671) 0.640 (2847)

Razorbill 0.847 (21) 0.693 (63) 0.920 (145) 0.830 (227)

Puffin 0.334 (2) 0.312 (10) 0.669 (35) 0.610 (55)

Kittiwake 0.673 (38) 0.421 (128) 0.225 (264) 0.272 (504)

Flying

100m 200m 300m 400m

Guillemot 0.214 (9) 0.018 (35) 0.159 (116) 0.221 (227)

Razorbill 0 (0) 0.204 (4) 0.392 (13) 0.103 (18)

Puffin Sample size too small

Kittiwake 0.349 (19) 0.085 (67) 0.382 (225) 0.604 (409)
The two survey years were pooled. Sample sizes are shown in parentheses.
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offshore wind farm or to other drivers of spatial distribution change.

Kittiwake peak abundance increased on both post-construction

surveys, compared with the pre-construction surveys but

distribution changed, with significant declines across much of the

survey area including within the wind farm. This suggests no

displacement/avoidance behaviour but it is difficult to separate

out the redistribution of kittiwakes across the survey area over

time from any wind farm effect. Guillemot and razorbill showed a

slight increase in peak abundance within the wind farm on the first

post-construction survey and a slight decrease on the second post-

construction survey. Both species showed strong increases in

density outside of the wind farm on the post-construction surveys

but whether the birds were electing to not forage in the wind farm

because of the presence of operational turbines or whether there

were simply better foraging opportunities in another part of the

study area outside of the wind farm is difficult to state with any

confidence. Peak puffin abundance was much lower in the first

post-construction survey compared to the pre-construction

estimates, but by only a small amount on the second post-

construction survey. However, analysis of the change in spatial

distribution of puffins showed a significant increase in density

within the wind farm on both post-construction surveys.

This demonstrates the challenges of detecting and quantifying

seabird displacement/avoidance behaviour using before-after

comparisons, either of abundance or distributions when the effects

are less than (or nearly) absolute. For species that are considered to

show strong displacement/avoidance of OWFs, such as gannet and

red-throated diver Gavia stellata, these approaches can be used to

quantify displacement/avoidance, as the response to OWFs has been

found to be stronger than environmental drivers on seabird

distribution patterns through time (Heinänen et al., 2020; APEM,

2022). However, for species where this effect is less pronounced or

there appears to be no displacement/avoidance of the offshore wind

farm, such as guillemot, razorbill, puffin and kittiwake in the current
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study, before-after comparisons are an unreliable basis for

quantifying displacement.
4.2 Turbine relocation method for
assessing within wind farm displacement/
avoidance behaviour

The results of the turbine relocation analysis gave a more

consistent and more easily interpreted assessment of

displacement/avoidance behaviour than the spatial models and

peak abundance change approaches. Power analysis of the turbine

relocation method, in which observed birds were artificially

removed at certain distances from turbines to simulate

displacement/avoidance behaviour, provided confidence that the

method would detect displacement if present. This lends support

both to this study’s findings and also that this is an effective method

for detecting displacement at operational wind farms.

There was an indication that guillemot, razorbill and kittiwake

when sat on the water were at slightly higher densities than expected

near turbines, with the opposite effect for flying birds (slightly lower

densities than expected, near turbines). Puffin recorded on the water

were observed at very similar densities to those expected by chance,

but too few puffins were recorded in flight for analysis. There was no

indication that turbine rotor speed influenced these results.
4.3 Displacement rates found at
other OWFs

A range of apparent seabird displacement and avoidance

responses to offshore wind turbines have been reported

(Dierschke et al., 2016). Some species, such as red-throated diver,

have been reported to avoid wind farms by distances of more than
TABLE 5 P values of one-sided tests for attraction behaviour, i.e. observed mean density being significantly greater than expected density, broken
down by species, behaviour and distance from turbine.

Sitting

100m 200m 300m 400m

Guillemot 0.273 0.33 0.432 0.360

Razorbill 0.153 0.307 0.080 0.170

Puffin 0.666 0.688 0.331 0.390

Kittiwake 0.327 0.579 0.775 0.728

Flying

100m 200m 300m 400m

Guillemot 0.786 0.982 0.841 0.779

Razorbill 0.665 0.796 0.608 0.897

Puffin Sample size too small

Kittiwake 0.651 0.915 0.618 0.396
The two survey years were pooled. Sample sizes are the same as for displacement/avoidance (Table 4).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1235061
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Trinder et al. 10.3389/fmars.2024.1235061
10 km (Mendel et al., 2019; Vilela et al., 2021; Garthe et al., 2023),

while other species, such as large gulls (Larus sp.), appear to show

either no response or attraction to turbines (Welcker and Nehls,

2016; Johnston et al., 2022) and cormorants (Phalacrocorax carbo)

are regularly reported to be attracted to turbines, or more

pertinently to the structures and the opportunities for roosting

provided (Canning et al., 2013; Leopold et al., 2013).

Contrary to the results of this study, guillemot and razorbill

have most often been reported to show intermediate levels of

displacement/avoidance (e.g. Krijgsveld et al., 2011; Leopold et al.,

2013). Tjørnløv et al. (2023) reported meso-avoidance by kittiwakes

of 100-120m from turbines which agrees with this study where there

was a tendency for kittiwake density to be lower than expected

within 200m of turbines. Other reported displacement/avoidance

and attraction results for kittiwake are very varied, with some

studies reporting large decreases in abundance within wind farms

(Vanermen et al., 2016), others no response (Percival, 2013) and
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still more finding large increases (Canning et al., 2013). To date

there has been very little overlap in the distribution of puffin and

offshore wind farms where monitoring has been undertaken (for

example Dierschke et al., 2016 reported only one study that

mentioned puffin) and therefore there are no existing estimates of

wind farm response for this species.

Peschko et al. (2020) used GPS tags to study foraging tracks of

guillemots breeding at Helgoland, Germany and reported strong

avoidance of wind farms, particularly at higher wind speeds (used as

a proxy for turbine operation). Their results contrast with those

presented here, which found no turbine avoidance and no

relationship with turbine RPM. It is unclear why the two studies

have reached different conclusions although each uses very different

methods. It would be valuable to apply the turbine relocation

approach to transect survey data collected from the offshore wind

farms in German waters to see if the same strong displacement

effect was obtained as was found by tracking individuals. Zuur
FIGURE 6

Comparison of observed mean seabird density (red dashed line) with simulated densities (black line = median; grey box = interquartile range) in the
100m, 200m, 300m and 400m circles around turbines. Displacement was simulated by removal of all birds within 100m, 200m, 300m and 400m,
sequentially. At each manipulation range the ‘true’ density is 0 but the resampled distribution illustrates the expected density if birds are distributed
at random.
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(2018) reanalysed monitoring data for several wind farms, including

Egmond an Zee (Krijgsveld et al., 2011), Princes Amalia (Leopold

et al., 2013), Robin Rigg (Canning et al., 2013), Bligh Bank and

Thornton Bank (Vanermen et al., 2016) using more sophisticated

statistical methods than previously applied. Contrary to the

originally published results, this reanalysis found no evidence for

significant displacement for guillemot at Princes Amalia and

Egmond an Zee wind farms, despite data being collected over a

nine year period, and only a weak pattern potentially consistent

with an avoidance effect at Robin Rigg, from a five year dataset.

Zuur (2018) also found that re-analysis was not possible for data

from several other wind farms, e.g. Alpha Ventus (Mendel et al.,

2014) and Horns Rev (Petersen et al., 2006) due to large numbers of

zero values, despite each study having over five years of survey data.

Although this is partly a reflection of the study wind farm locations,

which are not in areas with high auk abundance (Waggitt et al.,

2019), it nonetheless highlights that temporally extensive

monitoring of this type faces considerable challenges in obtaining

data at a spatial and temporal resolution sufficient to permit robust

displacement analysis.
4.4 Published displacement rates are
confounded by changes in seabird
distribution through time

Such a wide range of apparent displacement, avoidance and

attraction responses is equally indicative that the effects attributed

to the offshore wind farms in question were spatial redistributions

of birds driven by other variables, such as prey availability.

Furthermore, this highlights the difficulty which most studies

investigating displacement of seabirds have faced, since

comparisons of the abundance and distribution of birds before
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and after wind farm construction are strongly confounded with

natural variations in such highly mobile and wide-ranging species

(Wakefield et al., 2009).

One of the other findings from the re-analysis of older guillemot

datasets (Leopold, 2018; Zuur, 2018) was that spatial patterns

differed between surveys, with the consequence that comparing

spatial distributions collected at different points in time, to quantify

a wind farm effect, is likely to give misleading results. The benefit of

the turbine relocation method presented here is that is does not seek

to compare spatial distributions before and after wind farm

construction (as all previous analyses have) but rather examines

the location of birds relative to turbines at a single point in time.

This new method therefore removes a key source of uncertainty

when trying to quantify displacement/avoidance effects.
4.5 Energetic and demographic
consequences of displacement

For displacement to have a demographic impact on protected

seabird populations there needs to be a negative energetic and

fitness consequence for affected individuals, following

displacement/avoidance (JNCC, 2022). In wind farm impact

assessments, displacement mortality is calculated as the product

of the percentage displaced and the rate of mortality for displaced

individuals (JNCC, 2022; Parker et al., 2022). Obtaining mortality

rates associated with displacement is a considerable challenge and

while biologging techniques do provide insights into behaviour and

energetics can be inferred from this (e.g. Burke and Montevecchi,

2018; Dunn et al., 2020; Duckworth et al., 2021; Buckingham et al.,

2023) there is currently no empirical evidence on how

displacement/avoidance behaviour changes condition and

survival/productivity of displaced individuals. Whilst the new
TABLE 6 Summary of turbine responses subset by turbine RPM (grouped at<2.5, 2.5-5.0, 5.0-7.5, >7.5 and ‘All’ RPMs).

Sitting

< 2.5 2.5 – 5.0 5.0 – 7.5 > 7.5 All

Guillemot 0 + 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Razorbill 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Puffin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Kittiwake 0 0 0 0 - + 0 - 0 0 0 0 0 0 0 0 0 0 0 0

Flying

< 2.5 2.5 – 5.0 5.0 – 7.5 > 7.5 All

Guillemot 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Razorbill 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Puffin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Kittiwake 0 - 0 0 - 0 - 0 0 0 0 0 0 0 0 - 0 0 0 0
For each RPM range the response within the four radial zones (100, 200, 300 and 400m) is summarised with four symbols as follows; ‘-’ real density lower than 2.5th percentile of resampled
densities (≈displacement/avoidance); ‘+’ real density higher than 97.5th percentile of resampled densities (≈attraction); ‘o’ real density between 2.5th and 97.5th percentiles (≈ no response). Data
from both post-construction surveys are pooled.
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methodological approach for assessing displacement that we have

presented here provides no information on the energetic and

demographic consequences of displacement, the fact that no

displacement/avoidance behaviour was detected gives reassurance

that there should also be no energetic or, perhaps most importantly,

demographic consequences of displacement for auks and kittiwakes

in and around the Beatrice Offshore Wind Farm.
4.6 What all this means for EIA

Faced with the need to predict displacement effects for seabird

populations and the absence of empirical observations on

displacement consequences, UK statutory conservation agencies

have advised developers to assume displacement rates of up to

70% for auks and 30% for kittiwakes (Parker et al., 2022;

NatureScot, 2023), which imply much greater impacts than the

results presented here, which have found an absence of

displacement/avoidance behaviour for kittiwakes, guillemots,

razorbills and puffins. This highlights the urgent need for further

empirical studies from operational offshore wind farms, to build the

evidence base on the extent to which displacement occurs. Since the

turbine relocation method reported here was developed to be

suitable for use at operational wind farms and is not reliant on

the collection of pre-wind farm data it can be applied at any existing

wind farm over which digital aerial surveys can be flown. Further

application of this method at other locations would increase

confidence in the findings reported here and is strongly encouraged.

The motivation for the current study was to gain an

understanding of the distance over which seabirds avoid turbines.

If it is assumed that displacement from a wind farm is the

consequence of turbine avoidance, it follows that once the

distance over which avoidance occurs is known, the percentage of

a wind farm’s footprint within this distance of turbines provides an

estimate of the displacement rate from that wind farm. This turbine

avoidance distance could then be applied to other wind farms, for

example with different turbine spacing, to obtain site-specific

estimates of displacement for planned offshore wind farms. The

turbine relocation method therefore provides empirical data that

can be fed into a framework for applying generic turbine responses

to obtain site-specific wind farm predictions, rather than assuming

that an overall reduction in abundance at one wind farm is

applicable to another, irrespective of wind farm design.
4.7 Study limitations

Species that show a strong displacement or avoidance response

to offshore wind farms, such as gannet and red-throated diver, will

only be present within an offshore wind farm in very low densities.

Low densities within a wind farm give low confidence in the change

in bird densities with distance from the turbine. Consequently, the

turbine relocation method may not be well-suited to species that

tend to occur in low densities within operational offshore wind

farms. However, for these species, the redistribution response to the

presence of an offshore wind farm is likely to be a strong enough
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signal to be detected among the variance in seabird distribution

caused by other environmental factors. This means that traditional

spatial modelling methods would likely detect displacement

responses for species that show strong displacement/avoidance of

offshore wind farms.

The results of this study indicate that, during the breeding

season, the species in question did not avoid the turbines, since at all

distances considered the observed densities in both years were

indistinguishable from those expected by chance. It is possible

that, since the smallest distance assessed was 100m, there may be

avoidance at distances less than this but it could be argued that this

would functionally be of little concern as it would represent a very

small area of possible habitat loss within a wind farm (e.g. only 0.5%

of the area within the Beatrice wind farm is<50m from turbines).

The survey design of the current study had survey transects

placed over turbines and along corridors between turbine arrays,

ensuring sufficient sampling of bird numbers in close proximity to

turbines and more distant from turbines. Retrospective application

of the turbine relocation method to existing survey data may be

difficult if survey design did not include transects overflying a

sufficient number of turbines.

This study found no evidence of displacement or avoidance of

turbines by guillemots, razorbills, puffins and kittiwakes but these

results are from a single offshore wind farm. We therefore strongly

encourage application of this method to seabird spatial distribution

data from other offshore wind farms, to build confidence in the

evidence for displacement effects.
4.8 Conclusions

In this study we have demonstrated the application of a new

method for quantifying behavioural responses of seabirds to an

operational offshore wind farm. Using this method, we found no

strong evidence for displacement/avoidance of turbines nor

attraction to turbines by guillemots, razorbills, puffins or

kittiwakes, within the offshore wind farm. However, these results

are from a single offshore wind farm. We would therefore strongly

encourage application of these methods to post-construction data

from other offshore wind farms, to build the evidence base on the

effects of offshore wind farms on seabirds.
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