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Summary 
 
The Birds Directive (Directive 2009/147/EC) requires member states to classify the most 
suitable territories for the conservation of rare and vulnerable species as Special Protection 
Areas (SPAs). To identify inshore areas that might be suitable for SPA classification 45 areas 
of search (AoS) were selected where potentially important numbers of these birds 
congregate outside the breeding season. The Greater Wash was one of these as it is known 
that seabirds and waterbirds use the Greater Wash area during winter. The existing SPAs 
fringing the Greater Wash area provide for a variety of bird features above mean low water. 
There is currently no marine provision for seabirds or sea duck. This report presents five 
seasons of aerial survey data (2002/03, 2004/05, 2005/06, 2006/07, 2007/08), using distance 
sampling methods and the mean of the highest counts from each winter to estimate numbers 
of birds in the Greater Wash. The resulting numbers of inshore wintering waterbirds using the 
Greater Wash were assessed against the UK SPA selection guideline thresholds (Stroud et 
al 2001). For species with numbers above the thresholds important aggregations were 
identified to inform a possible SPA boundary within the area of search.    
 
Red-throated divers (Gavia stellata), were present within the Greater Wash in all surveys. 
The mean of peak population estimate taken over three winter seasons was 1,787 birds.  
Numbers of red-throated diver in the Greater Wash area therefore exceed 1% of the GB 
wintering population for red-throated divers (170 individuals), and the area is considered for 
SPA status under stage 1.1 of the UK SPA selection guidelines. Red-throated divers were 
distributed throughout the Greater Wash, the main concentrations being fairly mobile 
throughout the area both within and across years. The Greater Wash area supports 10% of 
the GB wintering population of red-throated diver and is the second most important site in the 
UK for this species after the Outer Thames Estuary. 
 
Little gull (Hydrocoloeus minutes), were present within the Greater Wash area of search in 
important numbers (2,153 individuals). This is the largest number of little gulls of any inshore 
area around Britain. The highest densities of little gull were concentrated in the area north-
east of the Wash. Numbers of little gull recorded within the Greater Wash area of search 
showed high temporal variability with low numbers of birds recorded in some surveys. Such 
data are often difficult to analyse, therefore statistical advice was sought in producing a 
population estimate. There is no GB population estimate for little gull currently available, so 
little gull were assessed under stage 1.4 of the UK SPA selection guidelines. 
 
Common scoter (Melanitta nigra), sometimes occurred in very small flocks of a few 
individuals and at other times in large flocks of >1,000 individuals. Standard distance 
sampling methods do not perform well when flock size ranges so widely, especially when the 
number of flocks recorded is relatively low, as was the case here. Consequently, data were 
pooled within seasons and a single population estimate for each season was produced, 
rather than several survey-specific estimates within each season as for other species. Each 
season-specific estimate had narrower confidence intervals compared with the survey-
specific estimates, some of which had unacceptably large confidence intervals. A mean of 
these season-specific estimates was then calculated (mean = 3,517 individuals). This mean 
of the four season-specific common scoter estimates was less than 1% of the biogeographic 
wintering population for the species (5,500 birds), so common scoter did not meet the stage 
1.2 threshold of the UK SPA selection guidelines. 
 
The area of search within the Greater Wash did not hold sufficient numbers to support an 
assemblage (>20,000 waterfowl or seabirds) under Stage 1.3 of the UK SPA selection 
guidelines.  
  



http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32009L0147
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1 Introduction 
 
In 1979, the European Commission adopted the European Council (EC) Directive on the 
conservation of wild birds, commonly known as the Birds Directive (Directive 2009/147/EC).  
It requires Member States to classify the “most suitable territories” in number and size as 
Special Protection Areas (SPAs) for species listed on Annex I of the Directive and regularly 
occurring migratory species. 
 
The UK SPA selection guidelines for the identification of SPAs advise that sites should be 
identified in two stages (Stroud et al 2001). While Stage 1 identifies areas that are likely to 
qualify for SPA status, Stage 2 further considers these areas to select the most suitable 
areas in number and size for SPA classification.  
 
Stage 1 of the Guidelines are:  
 
1. Stage 1.1, an area is used regularly by 1% or more of the Great Britain (GB) population 


of a species listed in Annex I of the EC Birds Directive;  
2. Stage 1.2, an area is used regularly by 1% or more of the biogeographic population of 


a regularly occurring migratory species, other than those listed in Annex I of the EC 
Birds Directive;  


3. Stage 1.3, an area is used regularly by an assemblage of more than 20,000 waterbirds 
comprising at least two species;  


4. Stage 1.4, where the application of stages 1.1-1.3 does not identify an adequate suite 
of areas, additional sites may be selected if they meet one or more of the Stage 2 
guidelines.   


 
In order to help identify inshore areas that might be suitable for SPA classification for 
waterbirds (mostly divers, grebes, and seaduck), 45 areas of search (AoS) were selected 
where potentially important numbers of these birds congregate outside the breeding season. 
The Greater Wash was one these areas of search as the existing literature indicated that 
large numbers of red-throated diver occurred there annually outside the breeding season.  
  
Natural England (NE) advises the UK Government of the most suitable areas for 
classification as SPAs in UK territorial waters adjacent to England (within 12nm). The aim of 
this report is to provide NE with the evidence necessary to support its advice to the UK 
Government on the relative importance of the Greater Wash area in a UK context for inshore 
wintering waterbirds.  
 
This report presents population estimates for waterbirds in the Greater Wash area of search 
during the winter period October to March, inclusive, based on aerial survey data collected 
during the period 2002 to 2008. The numbers of these species are assessed against the 
population thresholds advised in the UK SPA selection guidelines. Musgrove et al (2013) 
was used for UK population estimates and biogeographic population estimates were from 
Wetlands International, WPE5 (2015). Where species populations meet these thresholds in 
the area of search important aggregations are identified with a view to delineation of a 
possible SPA boundary. The Greater Wash area was also assessed at Stage 1.3 of the 
Guidelines to determine whether sufficient numbers were present to support an assemblage 
of >20,000 waterfowl or seabirds. 



http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32009L0147
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2 Methods 
 


2.1 Greater Wash area of search 
 
The Greater Wash, as defined herein, stretches from Bridlington Bay (East Yorkshire) in the 
north, to where the Norfolk coast meets the Suffolk coast in the south (Figure 1). Some gaps 
along the inshore boundary of the area of search are an artefact of a block based survey 
design (Figure A1, Appendix 3). Data were collected in a series of survey blocks and were 
not originally designed for the purpose of SPA identification. 
 
The Wash is the largest estuarine system in the UK and comprises very extensive 
saltmarshes, major intertidal banks of sand and mud, shallow waters and deep channels 
such as the Lynn Deeps channel. It is fed by the rivers Witham, Welland, Nene and Great 
Ouse that drain much of the east midlands of England. Several SACs and SPAs have been 
designated within the Greater Wash area (Stroud et al 2001). The SACs classified within this 
area (The Wash and the North Norfolk Coast, Haisborough, Hammond and Winterton, 
Humber Estuary, Inner Dowsing, Race Bank and North Ridge) protect Annex I habitat types 
under the Habitats Directive (EC 2007; consolidated version 1.1) including sandbanks, 
mudflats and coastal lagoons (Figure 2). There are seven SPAs that have been classified in 
or adjacent to the Greater Wash area of search (Hornsea Mere, Humber Estuary, Gibraltar 
Point, The Wash, North Norfolk Coast, Great Yarmouth and North Denes and the Outer 
Thames Estuary (Figure 1). Of these, four (Humber Estuary, The Wash, North Norfolk Coast 
the Outer Thames Estuary SPAs) provide protection for some waterbirds species. The Wash 
SPA includes some estuarine areas that are below mean low water, however, with the 
exception of the Outer Thames Estuary, these are terrestrial SPA and mean low water is 
their seaward extent. The Outer Thames Estuary SPA, which is adjacent to the Greater 
Wash area of search, protects wintering red-throated diver under Article 4.1 of the Birds 
Directive. 
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Figure 1. Map indicating the location of existing SPAs in relation to the 
Greater Wash area of search. 


 


 
Figure 2. Map indicating the location of existing SACs in relation to the 
Greater Wash area of search. 
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2.2 Survey design 
 
The Greater Wash area of search (AoS) was one of 45 inshore sites across the UK that were 
identified in 2000, as supporting potentially important numbers of inshore waterbirds outside 
the breeding season (Webb & Reid 2004). Existing data and literature were used to initially 
identify these areas of search. 
 
Aerial survey is usually the preferred method for data collection to inform marine SPA 
classification for inshore wintering aggregations of waterbirds (Webb & Reid 2004; 
Camphuysen et al 2004). Aerial surveys allow large areas of water to be surveyed in a 
relatively short time period, thereby enabling repeat surveys to be undertaken. They 
generally provide more robust estimates of the numbers of wintering divers and seaduck 
than boat-based surveys, particularly where species are prone to disturbance by boats 
(Schwemmer et al 2011). However, species that aggregate very close to the coast are often 
missed by visual aerial surveys as the aircraft has to climb or turn as it approaches land. The 
seaward limit of the areas of search was defined by water depth, based on expert knowledge 
of the ecology of the target species. Where feasible, the areas of search extended to cover 
inshore waters up to 30-50m depth. 
 
Aerial surveys of the Greater Wash were carried out over eight winter seasons (1988/89, 
1989/90, 1991/92, 2002/03, 2004/05, 2005/06, 2006/07, and 2007/08). Surveys in the first 
three seasons were conducted using strip-transect methods, which provide total counts of 
birds using the area. Total counts underestimate the true numbers of birds, as birds further 
from the observer are more likely to be missed. The surveys from 1988/89, 1989/90, and 
1991/92 were therefore excluded from further analysis as more recent better quality survey 
data were available. The other subsequent surveys deployed line-transect sampling 
techniques, and used distance analysis, to provide a corrected estimate of the total numbers 
of birds in the area. Distance analysis was conducted using the software Distance 6.0 (see 
section 2.4.1; Thomas et al 2010).  
 
A number of repeat surveys (two to four) of the Greater Wash area of search were 
undertaken within each winter season. In some cases, one survey took a number of days to 
complete and although the dates were not always consecutive they were as close as 
possible given weather conditions and logistical constraints. This is not ideal as there is the 
potential for double-counting birds that have moved and changed their distribution within 
what is considered a single survey. Conversely, birds could have moved such that they avoid 
being counted on either survey, so there was no systematic bias towards under- or 
overestimating numbers. Table 1 shows the dates of each survey and the number of repeat 
surveys within a winter season. The spatial coverage of surveys within the area of search 
was not consistent; Figure A1 Appendix 3, show the transect lines for each of the surveys 
within the study area. The data and survey coverage were carefully assessed prior to 
analysis to ensure that only representative surveys were included. A survey was 
representative if it covered the main distribution of the bird population both spatially and 
temporally i.e. the survey should have sufficient spatial coverage of the area of search, 
considering individual species distributions and surveys within a season should sample 
across any seasonal variation in the numbers of birds present. Further detail is provided in 
the results section for each species. 
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Table 1.  Dates for surveys undertaken in the Greater Wash area of search. In many cases one 
survey of the area was split over a number of dates, the dates that together make a single survey are 
shown in the table below. 


 


Winter 
season Survey Date   


Winter 
season Survey Date 


2002/03 


Feb-2003 


13 Feb 2003 
 


2005/06 


Nov-2005 


07 Nov 2005 
09 Nov 2005 
15 Nov 2005 


14 Feb 2003 
 


18 Nov 2005 


17 Feb 2003 
 


Nov-Dec 2005 


28 Nov 2005 
29 Nov 2005 
30 Nov 2005 
14 Nov 2005 


Mar-2003 


13 Mar 2003 
 


Jan-Feb 2006 


12 Jan 2006 


14 Mar 2003 
 


18 Jan 2006 
19 Jan 2006 
02 Feb 2006 
11 Feb 2006 


2004/05 


Oct-Nov 2004 31 Oct 2004 
 


Feb-Mar 2006 


19 Feb 2006 
04 Mar 2006 
10 Mar 2006 
11 Mar 2006 
14 Mar 2006 
16 Mar 2006 


03 Nov 2004 
 


2006/07 


Jan-Feb 2007 


16 Jan 2007 


11 Nov 2004 
 


01 Feb 2007 


19 Nov 2004 
 


02 Feb 2007 


17 Nov 2004 
 


17 Feb 2007 


20 Nov-2004 
 


19 Feb 2007 


Dec-2004 


23 Nov 2004 
 


Feb-Mar 2007 
23 Feb 2007 


08 Dec 2004 
 


07 Mar 2007 


09 Dec 2004 
 


2007/08 


Nov-2007 15 Nov 2007 


Jan-Feb 2005 


26 Jan 2005 
 Dec-2007 


04 Dec 2007 


01 Feb 2005 
 


14 Dec 20071 


02 Feb 2005 
 


30 Dec 20071 


Feb-Mar 2005 


26 Feb 2005 
 


Feb- 2008 16 Feb 2008 


03 Mar 2005 
 Feb-Mar 2008 


28 Feb 2008 


09 Mar 2005 
 


30 Mar 20081 


10 Mar 2005 
 


31 Mar 20081 
 
1
 Survey includes additional areas that were not part of the original AoS of the Greater Wash. Areas outside the original AoS 


were not included in the analysis. 
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2.3 Data Collection 
 
A summary of data collection methods is presented here, but see Kahlert et al (2000) and 
Camphuysen et al (2004) for more detail on general survey methods. Data were collected 
along line transects to derive population estimates; distance sampling is described in more 
detail in the data analysis section below. 
 
Surveys were carried out from a Partenavia PN68 aircraft flying at an altitude of 76m (250ft) 
and a speed of approximately 185kmh-1 (100 knots). The aircraft flew in a systematic pattern 
of line-transects, designed to repeatedly cross environmental gradients such as sea depth. In 
2003, line transects were spaced 4km apart, but in subsequent surveys transects were 
spaced 2km apart to ensure better coverage. Following Kahlert et al (2000), this distance 
was chosen to maximise the detection of birds, or flocks of birds located between transects, 
while minimising the risk of double counting birds on neighbouring transects. 
 
Two observers recorded numbers of birds (identified to species level where possible) and 
time of observation from either side of the aircraft. A Global Positioning System (GPS) 
recorded the location of the aircraft. All bird observations were allocated to one of four 
distance bands (A = 44-162m, B = 163-282m, C = 283-426m and D = 427-1000m) based on 
the perpendicular distance of the bird(s) from the aircraft track line. Data were collected to 
the nearest second, though an error margin of up to five seconds (which equates to a 
distance of approximately 250m) is possible between the exact location of the bird and the 
time at which it was recorded. Observers were unable to see birds directly below the aircraft 
so the closest distance band started 44m from the aircraft. Observers determined these 
distances using fixed angles of declination from the visual horizon, measured using a 
clinometer. For each bird, or flock of birds, the time at which it was perpendicular to the flight 
path of the aircraft was recorded. It was not always possible to assign birds to a species 
during aerial surveys, and in such cases birds were assigned to the lowest taxonomic level 
possible. The survey data analysed in this report were collected over five winter seasons 
from 2002/03 to 2007/08 between the months of October to March, inclusive. 
 


2.4 Number of birds in the Greater Wash area of search 
 
The UK SPA selection guideline thresholds are provided as a percentage (1%) of the 
national or biogeographic populations of a given species (Stroud et al 2001). The 
biogeographic population estimates used to assess regularly occurring migratory species, 
under Stage 1.2 of the UK SPA selection guidelines, are published in Waterbird Population 
Estimates WPE5 (Wetlands International, 2015). The Great Britain population estimates 
used to assess Annex 1 species, under Stage 1.1 of the UK SPA selection guidelines, are 
published in (Musgrove et al 2013). 
 
To estimate the number of individuals within the Greater Wash area of search, a population 
estimate was determined for each species and survey1, with the help of Distance Sampling. 
A peak count was then identified from these individual survey estimates within a winter 
season and an average of the peak counts from the five most recent winter seasons was 
calculated to produce the mean of peak population estimate for the area of search. The 
mean was taken over five seasons where the data were available. The mean of peak was 
assessed to determine if the numbers present exceeded the thresholds on a regular basis 
under the UK SPA Selection Guidelines (Stroud et al 2001).  
 
Little gull is considered under stage 1.4 of the Guidelines as there is no GB population 
estimate currently available against which to assess it. It is nonetheless relevant to establish 


                                                
1
 Or season for the pooled data analysis of common scoter, only one average estimate of the population for each season was 


produced. 
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the numbers of little gull that regularly occur to determine the relative importance of this area, 
and thereby identify the most important site/s for this Annex 1 species as required under the 
Birds Directive. It has been the long-standing practice amongst the statutory nature 
conservation bodies to require at least 50 individuals to be regularly present for the area to 
be considered for SSSI (Site of Special Scientific Interest) site selection and this has also 
applied to SPA site selection (Stroud et al 2001). 
 
To assess whether the numbers of birds present in the area of search exceeded the Stage 
1.3 threshold (>20,000 individuals) of the UK SPA selection guidelines, the size of the 
waterbird assemblage was calculated. The mean of peak population estimates produced for 
each individual species were summed to produce an assemblage total (Table 2).  
 


2.4.1 Distance sampling 
 
Distance sampling uses a detection function to model the decline in the probability of 
detecting an individual with increasing distance from the transect line. By assuming that the 
observer has seen all birds on the transect line closest to the aircraft, the numbers of 
undetected individuals can be estimated with help of the detection function, and the total 
number of individuals in the survey area - including missed individuals - can be estimated for 
each survey.  
 
Distance sampling is widely used in ecology to estimate the numbers of animals in an area 
when it is not feasible to make a complete count (Buckland et al 2001). It has also been used 
in other parts of JNCC’s marine SPA work (e.g. O’Brien et al 2012; O’Brien 2014). Distance 
analysis undertaken by WWT Consulting was applied using the R (R Core Team 2013) 
package ‘Distance’ (Miller 2013). The software Distance 6.0 was used by JNCC to analyse 
numbers of little gull and red-throated diver. See Thomas et al (2010) for more information on 
distance sampling methods. 
 
When a sufficient number of observations were made in different distance bands, a detection 
function was chosen that provided the best fit to the data on the basis of minimising the 
Akaike Information Criterion (AIC). A half-normal or hazard-rate model with one or two 
adjustment terms, using the size-bias regression method of cluster size estimation, provided 
the best fit. Where possible, non-parametric bootstrapping, re-sampling transects as samples 
with replacements, was used to produce 95% confidence limits for abundance estimates 
(Buckland et al 2001). 
 
On several of the surveys, conventional distance sampling methods could not be used to 
provide population estimates for little gull, as the numbers recorded were too low to allow a 
useful survey-specific detection function to be modelled. A single global detection function 
was created based on all little gull survey data for the Greater Wash (Figure 3). This 
improves the model for the detection function but does not bias the density estimate for 
individual surveys. Pooling data helps to overcome problems of small sample sizes, the 
global detection function was then used to estimate the number of little gulls that were 
present on each individual survey, based on the number of birds and the distance band in 
which they were recorded on that survey.   
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Figure 3. Global detection function (red line) fitted to little gull observations (blue histogram) from the 
Greater Wash. Perpendicular distance in metres = x axis, detection probability = y axis. This global 
detection function provides a reasonably good fit to the data; this was not the case for many of the 
surveys where few data were available. The Greater Wash histogram has data in Bands A, B and C 
presented separately. 


 
There was considerable variation in the numbers of common scoter recorded during the 
surveys of the Greater Wash (15-3,217). Most of the surveys recorded few flocks consisting 
of relatively low numbers of common scoter, but some surveys (13 Feb 2003, 26 Feb 2005, 
and 4 Dec 2007) recorded very large flocks. In addition, the encounter rate variability was 
also very high based on the very low number of flocks seen per transect. This caused some 
problems in producing a reliable population estimate. The initial outputs from conventional 
Distance analysis techniques had a lot of variation around the mean, indicated by a very high 
percentage in component variance for cluster size, reflecting what could be seen in the raw 
numbers. To overcome these problems all flocks numbering more than 1,000 individuals 
were removed for the calculation of the Distance function, but re-added post-analysis as raw 
counts in order to generate total abundance estimates. However, the desired effect of 
reducing variability in cluster size and encounter rate was not accomplished; confidence 
intervals around the population estimates remained very wide, e.g. 5,533 (167-44,700) 
(Table 5). Common scoter data were combined from all surveys within the same season and 
a pooled detection function was generated for each winter season; this was used to calculate 
an average abundance estimate for the season with 95% confidence intervals. There is a 
strong chance that the same birds will be counted multiple times in multiple surveys, but that 
is counter-acted by the total effort (or line length) being the sum of the lengths of all replicate 
surveys within a season. This approach assumed that the largest flocks would be equally 
detectable over all distance bands. Pooling data within a season succeeded in reducing the 
confidence intervals and produced a more reliable population estimate than the standard 
procedure. However, as this effectively produces an average population estimate over the 
surveys of a given season, no survey specific results are available, and the average 
population estimate will be an underestimate compared with the mean of peak estimates, 
which were calculated as a standard for other species. A similar approach was used 
previously to produce a population estimate for common scoter in Carmarthen Bay (Buckland 
et al 2012; Burt 2010). 
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2.4.2 Regularity 
 
An assessment was made of the regularity with which numbers of birds in excess of their 1% 
population thresholds occurred within the Greater Wash area of search. The UK SPA 
Selection Guidelines define regular occurrence as:  
 


- the requisite number of birds is known to have occurred in two thirds of the seasons 
for which adequate data are available, the total number of seasons being not less 
than three; or 


- the mean of the maxima of those seasons in which the site is internationally 
important, taken over at least five years, amounts to the required level. 


 
Webb and Reid (2004) considered the most appropriate definition to use for inshore 
waterbird aggregations is two thirds of the seasons for which adequate data are available, 
the total number of seasons being not less than three. Using the mean of peak method for 
assessing regularity “...may be inappropriate in the marine environment, where transient 
aggregations of prey might lead to irregular occurrences of very large numbers of some 
inshore birds at a site.” 
 
Therefore this report, with reference to Webb and Reid (2004), considers that a population is 
regularly occurring if “the requisite number of birds is known to have occurred in two thirds of 
the seasons for which adequate data are available, the total number of seasons being not 
less than three”. 
 
However, there are circumstances in which the mean of peaks method would be more 
appropriate. For example where there is evidence that a site provides a severe weather 
refuge resulting in unusually high counts in one year.   
 


2.5 Identifying important aggregations within the area of search 
 
It was assumed that the areas supporting the highest densities of birds represented the most 
suitable areas to protect for those species. Where possible, a modelled density surface was 
produced on which a boundary could be drawn around the highest estimated densities for 
each species whose population estimate exceeded the relevant UK SPA Selection 
Guidelines thresholds.   
 


2.5.1 Modelling bird densities 
 
For each species, a mean density surface was produced that showed the distribution and 
estimated density within the Greater Wash area of search. Continuous density surfaces were 
generated for each individual survey using Kernel Density Estimation (KDE) applied to the 
raw bird observations. KDE smoothed the point density estimates into a surface of relative 
densities (Silverman 1998), displayed on a grid of 1km by 1km cells. The chosen bandwidth, 
in this case 3km, ensures the density estimate is produced from data collected on at least 
one and usually two transects. This retains sufficient detail in the bird distribution patterns to 
allow identification of areas of higher density without excessively smoothing and flattening 
out high density areas (O’Brien et al 2012).  
 
The density surface was restricted to the area where data were collected, defined as the 
area within 1km of any line transects, to ensure it was not predicting densities over areas 
without survey data. In order to obtain density estimates from the KDE surfaces that 
accorded with the Distance corrected population estimates, the density values in all cells 
were rescaled to match the Distance estimate for each survey. In the case of common 
scoter, a mean density surface of all surveys (within a winter season) was created first before 
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a pooled population estimate for the winter season (rather than a survey period) was used to 
re-scale the density surface. 
 
Finally, a single mean modelled density surface for the area of search was created for each 
species by overlaying the KDE surfaces from all surveys (or seasons for common scoter) 
and calculating the mean density in each 1km x 1km cell. 
 
All surveys were given equal weight, irrespective of survey month and year. The resulting 
mean density surface might be described as representing an average or typical indication of 
where birds regularly occur in higher numbers. However, because November and December 
were covered slightly less frequently than January and February, the average distribution 
might be biased towards the distributions at the beginning of the calendar years. 
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3 Results 
 


3.1 Numbers of birds in the Greater Wash area of search 
 
A population estimate for every species was produced for each representative survey. A 
survey was representative if it covered the main distribution of the bird population both 
spatially and temporally. These population estimates are presented in Table 2. From this 
table the mean of the peak population estimate, based on a minimum of three winter 
seasons was calculated for each species. The (mean of peak) numbers were then compared 
with the relevant 1% thresholds in the SPA Selection Guidelines to determine whether the 
Greater Wash qualified for SPA status for each species. 
 
Red-throated diver occur in nationally important numbers (>1% of the GB population) in the 
Greater Wash and numbers of little gull here are the highest of the inshore areas of search 
around the UK, this area should therefore be considered for SPA status (Table 2).  
 
The Greater Wash area of search did not support sufficient numbers to exceed the threshold 
for an assemblage (>20,000 waterfowl or seabirds) under Stage 1.3 of the UK SPA selection 
guidelines (Table 2).  
 
Surveys in the seasons 2002/03, 2006/07 and 2007/08 had limited spatial coverage of the 
area of search (AoS) and may therefore underestimate the true numbers of birds present. 
The peak estimates that were used in the mean of peak calculation are indicated in the table. 
Some of the population estimates were unreliable indicated by wide confidence intervals, as 
a result of low counts of birds recorded during the survey. These are indicated by grey text in 
Table 2, and the raw counts are provided.  
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Table 2. Population estimates for species surveyed during WWT consulting aerial surveys between 2002 and 2008. Surveys marked with an asterix * had limited spatial 
coverage of the area of search and may therefore underestimate the true numbers of birds present. Numbers in bold text indicate the peak estimates that were used in the 
mean of peak calculation. Grey text indicates wide confidence intervals around the population estimates (raw counts in brackets).  


season 2002/03* 2004/05 2005/06 2006/07* 2007/08* MoP 1% GB 
1% SPA 
guideline 


species      
Feb/ 
Mar 


Oct/ 
Nov Dec 


Jan/ 
Feb 


Feb/ 
Mar Nov 


Nov/ 
Dec 


Jan/ 
Feb 


Feb/ 
Mar 


Jan/ 
Feb 


Feb/ 
Mar Nov Dec 


Feb/ 
Mar       


black-headed gull 


 
59 151 461 230 


(83) 
351 161 


(83) 
412 75 352 0 77 0 (5)21 0 206 22,000 22,000 


great cormorant 


 
0 51 26 42 (1)4 17 94 34 34 (1)3 (4)17 8 42 0 41 350 1,200 


common gull 


 
17 81 759 596 


(106) 
631 175 187 313 1,084 1,473 585 182 25 183 703 7,000 17,250 


common guillemot 


 
0 0 0 0 0 0 0 0 0 0 (1)4 0 0 0 1 - 20,000 


common scoter 3,150 7,686 889 
 


  2,341 3,517 1,000 5,500 


common eider 


 
0 (5)21 0 47 (5)21 0 (2)10 0 (3)13 0 303 67 0 0 86 600 10,300 


northern fulmar 


 
59 55 257 556 320 248 633 127 413 171 173 68 30 58 298 - 20,000 


great black-backed gull 


 
(1)8 388 632 358 34 29 301 138 30 222 9 8 42 (1)4 241 760 4,350 


great crested grebe 


 
0 0 0 0 (1)4 0 0 0 0 0 0 0 0 (1)4 2 190 3,500 


great northern diver 


 
0 0 43 0 0 0 0 (1)4 (1)4 8 0 0 0 0 11 25 25 


northern gannet 


 
0 305 30 17 55 736 35 95 (48)255 74 259 (2)4 8 (2)8 262 - 9,700 


herring gull 


 
50 658 424 106 13 17 241 276 640 556 563 34 59 34 394 7,300 22,000 


black-legged kittiwake 


 
372 986 931 692 417 1,411 856 338 405 435 450 362 88 183 716 - 66,000 


lesser black-backed gull 


 
(1)8 (1)4 244 25 21 46 45 26 (1)4 30 9 13 0 (1)4 68 1,200 5,500 


little gull 


  
2,645 884 45 0 1,660 280 169 23 0 8 653 112 8 2,153 - 50 


puffin   


 
0 0 0 0 0 0 0 0 0 0 (1)4 0 0 0 1 - 135,000 


razorbill   


 
0 0 0 0 0 0 0 0 0 0 (1)4 0 0 0 1 - 13,800 


red-throated diver 608 1,431 787 1,490 1,149 1,525 754 750 2,026 2,405 
 


    
 


  1,787 170 170 


red-breasted merganser 


 
0 (1)4 0 (5)21 0 0 (2)10 0 0 0 0 8 (7)30 25 12 84 1,700 


shag   


 
(1)8 0 0 (1)4 0 0 0 0 0 0 0 0 0 (1)4 3 1,100 2,000 


velvet scoter 


 
0 0 0 0 0 0 0 (3)13 0 0 0 0 0 0 3 25 4,500 


shag/ 
cormorant 


 
(1)8 9 0 25 (1)4 (1)4 (1)5 (1)4 13 (2)8 0 0 0 0 11 - - 


large gull sp. 


 
53 207 180 65 198 72 122 80 224 74 86 17 (11)46 30 123 - - 
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season 2002/03* 2004/05 2005/06 2006/07* 2007/08* MoP 1% GB 
1% SPA 
guideline 


species    
 Feb/ 
Mar 


Oct/ 
Nov Dec 


Jan/ 
Feb 


Feb/ 
Mar Nov 


Nov/ 
Dec 


Jan/ 
Feb 


Feb/ 
Mar 


Jan/ 
Feb 


Feb/ 
Mar Nov Dec 


Feb/ 
Mar 


 
    


black-backed gull sp. 


 
59 435 528 140 59 55 185 162 21 250 55 29 


(65) 
274 (1)4 259 


- - 


grey gull spp. 


 
262 817 1,635 768 566 254 478 474 436 876 294 119 84 0 674 - - 


 
duck sp. 


 
0 0 


(300) 
323 (3)13 0 (3)13 


(45) 
223 (3)13 0 0 0 0 0 0 109 


- - 


small gull sp. 


 
0 0 286 139 47 415 951 55 157 175 205 224 (7)30 201 333 - - 


gull sp.   


 
180 678 896 406 579 264 241 290 541 442 164 207 42 109 453 - - 


 
grebe sp. 


 
0 0 (1)4 0 (7)30 0 (5)25 0 (3)13 0 0 0 0 (3)13 14 - - 


auk sp.   


 
528 10,248 6,426 5,099 3,835 3,623 3,589 3,173 1,758 4,192 3,207 1,431 639 1,495 4,017 - - 


Assemblage 


               
16,497   (<20,000) 
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3.1.1 Red-throated diver 
 
Red throated divers were observed in all surveys of the Greater Wash between the winter 
seasons of 2002/03 and 2007/08. There were generally higher numbers present in the 
surveys undertaken during January to March, reflecting the period when peak numbers of 
birds occur in Britain (O’Brien et al 2008). A large proportion (81%) of diver observations 
were recorded as ‘unidentified diver’. It was noted in Cranswick et al (2003) that many of 
these unidentified divers were thought to be red-throated diver but only those positively 
identified were recorded to species level. Of the positively identified divers, all were red-
throated divers, apart from 12 great northern divers. Consequently, analyses were performed 
on combined red-throated and unidentified diver records, the latter being assumed to be red-
throated divers; the small amount of error (4.7%) relating to other diver species among the 
unidentified divers was deemed acceptable. The proportion of 4.7% of great northern divers 
among the unidentified divers suggests that this species could exceed its default population 
threshold of 50 individuals on a regular basis in the Greater Wash area of search. However, 
better data with positive identification of this species would be required to justify considering 
it as a feature of interest in the possible SPA. The population estimates for each survey are 
presented in Table 3 below. The spatial coverage varied considerably between surveys 
(Figure A1, Appendix 3) and therefore some surveys that covered only a small part of the 
area of search were considered unrepresentative of the true numbers and distribution of red 
throated divers within the Greater Wash area of search. Unrepresentative surveys (2006/07 
and 2007/08) are identified by grey text in Table 3 and were excluded from the analysis. 
Survey coverage in 2003 did not extend to the northern and southern areas of the Greater 
Wash area of search these surveys were retained in the analysis but it is likely they may 
underestimate numbers of red-throated diver within the Greater Wash area of search.   
Numbers of red throated diver in the Greater Wash area of search exceeded 1% of the GB 
wintering population estimate (170 individuals) in all surveys. Red-throated divers can 
therefore be considered to be regularly present with numbers exceeding the relevant 
threshold in the Greater Wash, and it can be considered further for classification. The mean 
of peak (1,787) exceeds the 1% threshold based on three winter seasons (Table 2). 
 
Table 3. Population estimates for red-throated diver in the Greater Wash area of search. A number of 
surveys were disregarded at this stage as there was low confidence in the population estimate; these 
are indicated by grey text in the table. Bold text indicates the estimate used to calculate the mean of 
peak. CI indicates confidence intervals; n indicates the total number of individuals recorded during 
each survey period while Obs. refers to the number of clusters that were input to the analysis. 


 


 Survey Estimate %CV Lower CI Upper CI n Obs. 


2002/2003 
Feb 2003 608 24.4 336 945 39 35 


Mar 2003 1,431 31.4 787 2,462 147 85 


2004/2005 


Oct/Nov 
2004 787 24.7 569 1,149 131 121 


Dec 2004 1,490 17 982 2,041 145 129 


Jan/Feb 
2005 1,149 20.9 723 1,600 126 120 


Feb/Mar 
2005 1,525 18.3 1,052 1,968 226 198 


2005/2006 


Nov 2005 754 21.1 470 1,139 83 79 


Nov/Dec 
2005 750 22.1 484 1,064 85 77 


Jan/Feb 
2006 2,026 20.2 1,226 2,959 274 181 


Feb/Mar 
2006 2,405 15.1 1,877 3,308 348 268 
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2006/2007 


Jan/Feb 
2007 


Unrepresentative of red-throated diver distribution, 
excluded from the analysis  


 


Feb/Mar 
2007 


Unrepresentative of red-throated diver distribution, 
excluded from the analysis 


 


2007/2008 


Nov 2007 
Unrepresentative of red-throated diver distribution, 
excluded from the analysis 


 


Dec 2007 
Unrepresentative of red-throated diver distribution, 
excluded from the analysis 


 


Feb 2008 
Unrepresentative of red-throated diver distribution, 
excluded from the analysis 


 


Feb/Mar 
2008 


Unrepresentative of red-throated diver distribution, 
excluded from the analysis 


 


Population estimate 
(mean of peak) 


1,787 - - - - 
 


 


3.1.2 Little gull 
 
Little gulls are difficult to distinguish from other small gull species on aerial surveys so many 
little gulls may have been recorded as ‘small gull species’. Little gulls were certainly under 
recorded on some aerial surveys but it is impossible to estimate the proportion of birds 
recorded as ‘small gull species’ that were actually little gulls. The true numbers of little gull 
within the survey area may have been at least double that recorded (Cranswick, pers. 
comm.). Only birds identified to species as little gulls were included in the analyses, so the 
population estimates presented may underestimate the true numbers of birds.  
 
There was a strong seasonal pattern evident in the data with high numbers of little gull 
recorded at the start of the winter period (Oct/Nov/Dec) and fewer birds present at the end of 
the winter period (Jan/Feb/Mar).   
 
Survey data were available for five winter seasons (2002/03 - 2007/08) however observers 
were not specifically requested to record little gull in the 2002/03 surveys, and these surveys 
were not included in the analysis. The spatial coverage of the surveys in 2006/07 and 
2007/08 was insufficient to provide a representative estimate of the numbers and distribution 
of little gull within the Greater Wash area of search. In addition, surveys in the 2006/07 
season were undertaken between January and March, but not in November or December, 
when peak numbers of little gull were recorded in other years. These seasons were therefore 
excluded from the analysis. Representative population estimates were only available for two 
seasons (2004/05 and 2005/06).  
 
There is currently no GB population threshold against which to assess whether little gull 
exceeds the UK SPA selection guidelines (Musgrove et al 2013) so a default threshold of 50 
birds was applied (Stroud et al 2001). Of the seven surveys on which little gulls were 
observed in 2004/05 and 2005/06, only one population estimate was less than 50 birds. The 
mean of peak population estimate for little gull within the Greater Wash based on two 
seasons data was 2,153 individuals. Application of the SPA guidelines to little gull is 
discussed further in section 4. 
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Table 4. Population estimates for little gull in the Greater Wash area of search.  A number of surveys 
were disregarded at this stage as there was low confidence in the population estimate; these are 
indicated by grey text in the table. Bold text indicates the estimate used to calculate the mean of peak. 
CI indicates confidence intervals; n indicates the total number of individuals recorded during each 
survey period while Obs. refers to the number of clusters that were input to the analysis. 


 


Season Survey Estimate %CV Lower CI Upper CI n Obs. 


2002/2003 
Feb 2003 - - - - - - 


Mar 2003 - - - - - - 


2004/2005 


Oct/Nov 2004 2,645  1,845 3,791 330 250 


Dec 2004 884  536 1,458 95 82 


Jan/Feb 2005 45  17 118 5 5 


Feb/Mar 2005 0  0 0 0 0 


2005/2006 


Nov 2005 1,660  1,059 2,604 222 153 


Nov/Dec 2005 280  169 464 33 26 


Jan/Feb 2006 169  38 760 11 5 


Feb/Mar 2006 23  4 120 3 1 


2006/2007 
Jan/Feb 2007 0  0 0 0 0 


Feb/Mar 2007 8  2 44 1 1 


2007/2008 


Nov 2007 653  371 1,151 86 63 


Dec 2007 112  31 401 15 13 


Feb 2008 0  0 0 0 0 


Feb/Mar 2008 8  1 43 1 1 


Population estimate 
(mean of peak) 


2,153 - - - - - 


 


3.1.3 Common scoter 
 
The spatial coverage of the surveys in the 2002/03 and 2007/08 winter seasons were not 
complete and did not cover the northern and southern parts of the area of search. However, 
these surveys did include the area where the main aggregations of common scoter occurred 
on the other surveys and were therefore included in the analysis.  
 
As explained above in section 2.4.1, most of the flocks of common scoters recorded in the 
Greater Wash comprised low numbers of birds, but a few very large flocks were recorded. 
This resulted in a very high percentage in the component variance for cluster size in the 
distance analysis, and the encounter rate variance was also very high due to the very low 
number of flocks seen per transect. Consequently, it is difficult to determine any seasonal 
trends, but higher numbers of birds were generally recorded in the middle of the winter 
(December–January), with lower numbers in early and late season.  
 
The population estimates and confidence intervals for common scoter derived using 
conventional methods, i.e. determining a population estimate for each survey are presented 
in Table 5. Clearly, the confidence intervals around these estimates are unacceptably large 
and the estimates are not reliable. 
 
The population estimates based on data that were pooled to provide an average population 
estimate within each season are presented in Table 6. The range of the confidence intervals 
are still wide, but some improvement i.e. a narrower range can be seen compared to the 
survey specific estimates of common scoter from Table 5. It is important to remember that 
these pooled estimates provide an average population over the winter season, rather than 
the standard approach that uses the peak survey estimate from each season in calculating 
the mean of peak. It is recommended, that these pooled estimates are used for common 
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scoter in the Greater Wash area of search. This is a more conservative approach given the 
uncertainty around the estimate, as the population estimate is based on the average rather 
than the peak population for each season. 
 
Based on the pooled population estimates, numbers of common scoters in the Greater Wash 
area of search only exceeded 1% of the biogeographical wintering population estimate 
(5,500 individuals) in one winter season (2004/2005), common scoter is therefore not 
regularly present in sufficient numbers to be considered further for classification in the 
Greater Wash. The population estimate (3,517 individuals) does not exceed the 1% 
threshold based on data from four winter seasons (Table 2). 


 
Table 5. Survey-specific population estimates for common scoter in the Greater Wash area of search. 
A number of surveys were disregarded at this stage due to insufficient spatial or temporal coverage; 
these are indicated by grey text in the table. Bold text indicates the estimate used to calculate the 
mean of peak. CI indicates confidence intervals; n indicates the total number of individuals recorded 
during each survey period while Obs. refers to the number of observations that were input to the 
analysis, i.e. each recorded sighting which could be an individual or a flock of birds. Note the large 
confidence intervals. 


 
 Survey Estimate Lower CI Upper CI N Obs. 


2002/2003 
Feb 2003 4,763 426 24,970 2,042 6 


Mar 2003 451 122 1,655 170 9 


2004/2005 


Oct/Nov 2004 4,781 1,283 17,820 1,141 30 


Dec 2004 11,470 2,803 46,928 3,217 28 


Jan/Feb 2005 3,436 388 30,405 2,105 10 


Feb/Mar 2005 5,533 167 44,700 3,109 8 


2005/2006 


Nov 2005 155 10 2,297 50 2 


Nov/Dec 2005 978 143 6,712 205 8 


Jan/Feb 2006 1,819 321 10,292 450 2 


Feb/Mar 2006 1,108 52 23,612 1,275 6 


2006/2007 
Jan/Feb 2007 Unrepresentative  


Feb/Mar 2007 Unrepresentative  


2007/2008 


Nov 2007 26 7 100 15 4 


Dec 2007 2,087 6 1,319 2,028 4 


Feb 2008 1,126 498 2,546 1,000 7 


Feb/Mar 2008 0 0 0 0 0 


Population estimate 6,107 - - -  


 
 
Table 6. Pooled winter population estimates for common scoter in the Greater Wash area of search. 
Two surveys were disregarded at this stage due to insufficient spatial or temporal coverage; these are 
indicated by grey text in the table. Bold text indicates the estimate used to calculate the population 
estimate. CI indicates confidence intervals and n indicates the total number of flocks recorded during 
each survey period. 


 
 Estimate Lower CI Upper CI n 


2002/2003 3,150 354 7,690 15 


2004/2005 7,686 2,032 11,750 75 


2005/2006 889 198 3,985 18 


2006/2007 unrepresentative 


2007/2008 2,341 88 1,325 13 


Population 
estimate 


3,517 - - - 
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3.2 Distribution and densities of birds in the Greater Wash area of 
search 
 


3.2.1 Red-throated diver 
 
Red-throated divers were observed throughout the whole survey area (Figure 4). However, 
higher densities of birds were recorded close inshore, particularly in the area outside The 
Wash SPA, north of the Humber Estuary and along the eastern part of North Norfolk Coast 
(Figure 5). High numbers of red-throated diver were recorded in the south of the area where 
it abuts the Outer Thames Estuary area of search; this aggregation was also identified by 
previous analysis of waterbirds in the Outer Thames estuary, which were made part of the 
Outer Thames Estuary SPA in 2010. The surveys undertaken in 2007/08 were not included 
in the red-throated diver analysis as they provide insufficient spatial coverage of red-throated 
diver distribution within the Greater Wash area of search. 


 


Figure 4. Raw count data of red-throated divers recorded during aerial surveys in the Greater Wash 
AoS (2002/03, 2004/05, 2005/06). 
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Figure 5. Estimated mean density surface of red-throated divers recorded during WWT Consulting 
aerial surveys within the Greater Wash AoS (2002/03, 2004/05, 2005/06). 
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3.2.2 Little gull 
 
Observations of little gulls were concentrated in the area outside The Wash SPA and 
extending north towards the Humber Estuary, although lower numbers of birds were also 
recorded off the eastern Norfolk coast (Figure 6). Few observations of little gull were 
recorded in the 2007/08 season, and these surveys were not included in the analysis as they 
did not cover the main distributions of little gull in the Greater Wash area of search. Most little 
gull were found to be present just outside the Wash SPA (Figure 7), in addition to these, 
smaller high density areas were found at the margins of the area of search off the east 
Norfolk coast. 
 
These distribution maps suggest the full offshore extent of little gull distribution may not have 
been captured by these surveys. Higher density aggregations occurred along the seaward 
boundary of the area of search off the eastern part of the Norfolk coast and it seems likely 
that the full northern extent of the aggregation north of The Wash SPA has not been 
captured. Surveys were undertaken in these areas (Figure A1, Appendix 3) but only in one 
winter season, and few little gull observations were recorded (0-1). 
 
Only two seasons of data with sufficient spatial and temporal coverage of the Greater Wash 
area of search were available for little gull. To better understand how frequently higher 
density areas of little gull occurred across surveys, a ‘hotspot’ analysis is presented in Figure 
8. Maximum curvature analysis (Appendix 1) identified a threshold density of 0.0757 birds 
per km2 for little gull. This density was applied to each survey-specific density surface, such 
that each cell on the surface with a density equal to or greater than 0.0757 birds per km2 was 
given a score of 1 (hotspot ‘present’) and cells with a density less than this were given a 
score of 0 (hotspot ‘absent’). The survey-specific density surfaces were then overlaid and 
summed, so that each cell on this surface had a count of the number of times a hotspot was 
‘present’ (and exceeded the required threshold) in that cell. 
 
The result of this analysis (figure 8) demonstrates that the main aggregation north of The 
Wash was consistently used by little gull across the survey where they were recorded. Away 
from this main hotspot, little gull exceeded the threshold density less consistently, only in one 
to three surveys.   
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Figure 6. Raw count data of little gull recorded during WWT Consulting aerial surveys within the 
Greater Wash AoS (2004/05, 2005/06). 
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Figure 7. Estimated mean density surface of little gull recorded from aerial surveys within the Greater 
Wash AoS (2004/05, 2005/06).  
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Figure 8. The number of surveys on which little gull densities met or exceeded the maximum 
curvature density threshold (0.0757 birds per km


2
) in the Greater Wash AoS. 


 
 
 
 







An assessment of the numbers and distributions of wintering red-throated diver, little gull and common 
scoter in the Greater Wash 


24 


 


3.2.3 Common Scoter 
 
There is a cluster of common scoter observations just east of The Wash SPA, and again, but 
in lower numbers, near Skegness (Figure 9). Common scoters were observed in highest 
densities in the area outside The Wash SPA and along the North Norfolk Coast SPA. 
Common scoters were also recorded close inshore in the north and south of the area of 
search. 
 
The mean density surface for common scoter was produced from the mean of four KDE 
surfaces that were re-scaled based on the season-specific population estimates (Figure 10). 
Higher density areas are present off Skegness and at the opposite side of the Wash off the 
west Norfolk coast.  


 
The North Norfolk Coast SPA protects wintering common scoter. The distribution maps 
below clearly indicate that birds regularly utilise areas beyond the boundary of The Wash 
SPA. It is possible that the birds recorded here could be part of an aggregation that is 
already protected within the North Norfolk Coast SPA.  
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Figure 9. Raw count data of common scoter recorded during WWT Consulting aerial surveys within 
the Greater Wash AoS (2002/03, 2004/05, 2005/06, 2007/08). 
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Figure 10. Estimated mean density surface of common scoter from aerial surveys within the Greater 
Wash AoS (2002/03, 2004/05, 2005/06, 2007/08). This map was derived from an analysis that pooled 
all data recorded in a winter season. Subsequently a density surface was produced for each season 
(resulting in four seasonal density surfaces), and a mean density surface produced from these. 
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4 Discussion 
 
The Greater Wash survey area supports an estimated 1,787 red-throated divers during the 
winter season. This greatly exceeds the 1% SPA qualification threshold of 170 birds by 
application of the SPA selection guidelines during all years of data collection. Of the inshore 
areas of search surveyed around the UK the Greater Wash supports the second highest 
number of red-throated diver, after The Outer Thames Estuary SPA (O’Brien et al 2008). As 
qualifying numbers of red-throated divers were regularly present in the area of search, further 
analysis was undertaken to determine a seaward boundary. This analysis is presented in 
Appendix 1. 
 
Little gull numbers are often underestimated in aerial surveys as they are difficult to identify. 
However, the aerial survey data that are currently available for little gull wintering around the 
UK in inshore areas indicate that the Greater Wash area of search supports the highest 
numbers, an estimated 2,153 birds (MoP estimate, 2004/05, 2005/06). The area north-east 
of The Wash SPA in particular, is an important area for the little gull. There is currently no GB 
population threshold against which to assess whether little gull numbers here exceed the UK 
SPA Selection Guidelines threshold (Musgrove et al 2013). If there is no population estimate 
available against which to assess a species’ SPA qualification status then it is considered at 
Stage 1.4 of the UK SPA Selection Guidelines. The mean of peak for little gull was 2,153, 
based on two years of data; and areas of relatively higher density within the area of search 
were delineated using maximum curvature (Mel’nikov 1995); this analysis is presented in 
Appendix 1. Three years of data are suggested under the SPA guidelines in order to 
demonstrate regularity of occurrence. Table 4 demonstrates that little gull were present in 
numbers that exceed the default 50 individuals in two of the four surveys in 2007/08. The 
surveys in this season had limited coverage of the area of search and of the main area of 
little gull distribution. They may underestimate the true numbers of little gull present and were 
therefore not included into the mean of peak calculation. They do, however, support the case 
that little gull are regularly occurring within the site as a whole. 
 
It was not possible to provide a reliable estimate of the wintering population of common 
scoter in the Greater Wash area of search based on the estimates from individual surveys. 
There were large confidence intervals around these estimates due to the variability in the 
encounter rate of flocks of common scoter between transects and the presence of few very 
large flocks of birds. Using the estimates based on individual surveys is not recommended; 
instead data from within seasons were pooled to produce a more reliable population estimate 
with reduced confidence intervals. Based on this pooled population estimate (3,517 
individuals) common scoter numbers do not exceed 1% of the biogeographic population 
(5,500 individuals) and therefore do not meet Stage 1.2 of the UK SPA Selection Guidelines. 
The population estimate from this pooled data is lower than those calculated as a standard 
for other species because it produces an average (rather than a peak) estimate for each 
winter season.  
 
Observations of a flock of common scoter by Cranswick et al (2003) off the northwest Norfolk 
coastline from land based observations suggests that it is possible that they are located 
close inshore and could have been missed or underestimated from aerial survey data. 
Nevertheless, aerial surveys are considered to be the best technique for collecting data on 
common scoter as land-based counts will not be able to detect flocks further away from the 
coast and boat-based surveys will cause individuals to take off – both resulting into 
underestimates of the actual population sizes. The distribution of common scoter has been 
analysed using these standard inshore methods (O’Brien et al 2012) as applied at other 
areas of search around the UK, this problem of close inshore distribution has not been 
evident at other areas of search. However, other species that are known to be distributed 
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close inshore have been assessed using both systematic shore based count data and aerial 
survey data at other areas of search.  
 
Common scoter might still be considered at Stage 1.4 of the SPA Selection Guidelines as a 
listed feature in any future SPA in the Greater Wash, so further analyses aimed at identifying 
a boundary around the most important concentrations were undertaken; these are presented 
in Appendix 1.   
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Appendix 1 - Delineating important aggregations of red-
throated diver, little gull and common scoter within the 
Greater Wash survey area 
 
Identifying the most suitable areas at sea for SPA classification presents particular 
challenges as physical features or habitat boundaries are rarely visible and are not readily 
detectable without time-consuming and costly data collection and analysis. Identifying 
boundaries for important areas at sea therefore is usually based on the dispersion of the 
birds themselves. 
 
Maximum curvature was used to delineate areas of high bird density on the mean modelled 
density surface. Maximum curvature identifies the point of greatest change in a curve in the 
relationship between two values (Mel’nikov 1995). It is a relatively objective, and repeatable, 
method to identify a threshold density for determining the important parts of aggregated 
species’ distributions. Areas (1km x 1km grid cells in these analyses) hosting densities above 
the threshold density may be deemed as important and used to define a boundary to the 
important parts of the distribution (O’Brien et al 2012).   
 
Application of maximum curvature follows a stepwise procedure. Large areas of a density 
surface might have no observations of a particular species, i.e. zero density. These areas 
were excluded from the analysis because the threshold density identified by maximum 
curvature analysis is sensitive to the size of the area considered (Webb et al 2009). These 
areas were excluded using the software Geospatial Modelling Environment (Beyer 2012) to 
draw one or more minimum convex polygons (MCPs) around the raw observations. These 
MCPs were then over-laid on the mean modelled density surface and any cells with a zero 
density within the MCPs were excluded from the maximum curvature analysis. The 
remaining grid cells were then ranked from high to low based on bird density. The 
relationship between the cumulative number of birds and cumulative area is not linear but 
curved, increasing rapidly at first as high density areas are selected and then increasing 
more slowly as larger areas are required to capture the same number of birds in low density 
areas. Maximum curvature identifies the point of greatest change in the relationship between 
the cumulative modelled number of birds and the cumulative area that supports that number 
of birds (see Cannone (2004) and Holt and Mantua (2009) for examples of the application of 
maximum curvature elsewhere in ecology). The point of maximum curvature is used as the 
threshold density to inform boundary placement as this represents the point of optimal trade-
off between the ‘gain’ (increased numbers of birds) and the ‘cost’ (increased area within a 
boundary), see O’Brien et al (2012) for more details. It was determined by fitting a statistical 
model, either exponential, or double exponential (depending on which best fitted the 
observed data) to best fit the relationship between cumulative usage against cumulative area 
supporting that usage. Maximum curvature analysis has been used extensively in JNCC’s 
marine SPA work (e.g. O’Brien et al 2012; O’Brien et al 2014). It should be noted that this 
procedure is applied to determine a seaward boundary only; the landward boundary will be 
determined by Natural England, the landward boundaries presented herein were clipped to 
mean high water mark. 
 
In this way species specific maximum curvature boundaries were identified. Usually each 
species-specific boundary, of all species exceeding their qualifying population thresholds 
within an area of search, were then overlaid and combined to produce a composite boundary 
that followed the maximum extent of the species-specific boundaries. In this case, only the 
boundary of red-throated diver was used to determine the boundary. The two years of data 
available for little gull distributions were investigated for their potential to be used for the 
determination of a boundary, e.g. in combination with other collaborative evidence. However, 
it was decided that in this case, and based on all available data, such a boundary would be 
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based on too limited data, given that little gull shows a particularly variable distribution from 
year to year in the area. Hence for this species the conclusion was reached that although 
there is overall a good case for this species to be suggested for protection under 1.4 of the 
UK SPA selection guidelines (see Discussion section above), the evidence about where the 
most important aggregations of little gull occur is not consistent enough to allow an 
unequivocal boundary. The boundary was drawn following accepted protocol described by 
Webb and Reid (2004). Lines of latitude and longitude were followed to the nearest 10 
seconds, such that the boundary was always a minimum of 250m from any cell with a 
predicted density greater than the threshold density; 250m was the maximum potential error 
incurred when recording the location of any bird observed during aerial survey and 
represents a precautionary approach to ensuring all high density areas are captured within 
the boundary (Webb & Reid 2004).  
In delineating boundaries, a trade-off is required between boundary complexity and the 
amount of area included that is below the usage threshold identified by maximum curvature. 
Further consideration will be necessary to finalise the exact boundary shape and level of 
complexity deemed appropriate for any actual SPA boundary.  
 
The Greater Wash area of search is adjacent to and abuts the Outer Thames Estuary area of 
search. There is a small area of overlap (<3km) in the areas surveyed for each area of 
search, however the survey data that contributed to the population estimates within each 
were separate. In 2010, the Outer Thames Estuary SPA was classified for red-throated diver. 
Its boundary was drawn to incorporate an aggregation of red-throated diver that extended 
into the Greater Wash area of search; it therefore overlaps a part of the Greater Wash area 
of search.  
 
A boundary delineating important aggregations of red-throated diver is also required within 
the Greater Wash area of search. To avoid double counting of red-throated divers in the 
overlap area, the area of the Outer Thames Estuary SPA was removed from the density 
surfaces of red-throated diver for the Greater Wash. This was done before running maximum 
curvature analysis, as maximum curvature identifies the threshold density above which 
important aggregations are delineated. 
 
The high bird density areas defined by the maximum curvature threshold density for red-
throated diver and little gull are presented in Figures A1 and A2 respectively. The threshold 
density for red-throated diver was 0.1665 birds per km2 and for little gull 0.0757 birds per 
km2. A simplified boundary was then drawn around the maximum curvature for red-throated 
diver following the boundary drawing procedure described above to produce the possible 
SPA boundary shown in Figures A1-A3 below.  
 
Numbers of common scoter in the Greater Wash did not meet stage 1.2 of the UK SPA 
selection guidelines. Therefore, they have not been used to produce the possible SPA 
boundary presented in this report. However, they might still be considered at Stage 1.4 of the 
SPA Selection Guidelines as a listed feature in any future SPA in the Greater Wash and 
maximum curvature analysis was applied to delineate important aggregations of common 
scoter (1.6773 birds per km2) as presented below (figure A3).   
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Figure A1. Estimated mean density surface for red-throated diver with the threshold densities 
delineated, as identified by maximum curvature (0.1665 birds per km


2
) and the composite possible 


SPA boundary.  







An assessment of the numbers and distributions of wintering red-throated diver, little gull and common 
scoter in the Greater Wash 


34 


 


 


Figure A2. Estimated mean density surface for little gull with the threshold densities delineated, as 
identified by maximum curvature (0.0757 birds per km


2
) and the composite possible SPA boundary. 
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Figure A3. Estimated mean density surface for common scoter (season specific data) with the 
threshold densities (1.6773 birds per km


2
) delineated, as identified by maximum curvature and the 


composite possible SPA boundary.  
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Estimating numbers of birds within a possible SPA boundary 
 
Distance sampling methods provide the most reliable assessment of the numbers of birds 
within an area, but this method can generate biased estimates if the same data are used to 
estimate a population estimate for an area of search, and then used again to reassess the 
numbers of birds in a part of the area of search (S. Buckland & E. Rexstad, pers. comm.). 
Therefore, in order to estimate population sizes within a boundary, the modelled density 
surfaces generated for each individual survey were used. 
 
For each density surface i.e. each survey, the densities of all cells that had their centre point 
within the boundary were summed. This provided a population estimate within the boundary 
for that survey. The mean of peak population estimates within the boundary were calculated 
from these surveys and are presented in Table A1 below.  
 
The population estimates for the AoS and the possible SPA boundary present similar 
numbers as the distribution of red-throated diver in particular occur throughout much of the 
area of search. 
 
Within the possible SPA boundary, the number of red-throated diver present exceeded the 
relevant threshold in all three seasons for which data were available. Red-throated divers are 
therefore regularly occurring within this boundary and may be considered further for SPA 
classification under Stage 1.1 of the SPA Guidelines.   
 
The numbers of little gull within the possible SPA boundary for the Greater Wash indicate 
that this is an important area for this species. The numbers estimated to occur here are 
higher than those found within any of the other inshore areas of search around the UK. As 
only two seasons of data were available it is not possible to assess whether these numbers 
are regularly occurring. However, based on the data that is currently available little gull could 
be considered further for SPA classification within this site. 
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Table A1. Population estimates within the Greater Wash possible SPA boundary and area of search 
for red-throated diver and little gull. 


 


Survey date year species 


Sum within 
draft SPA 
boundary peak 


MoP draft 
SPA 
boundary 


MoP within 
area of 
search 


2003 Feb 2002/03 RTD 543      


2003 Mar 2002/03 RTD 1,381 1,381    


2004 Oct & Nov 2004/05 RTD 672   
 


 


2004 Dec 2004/05 RTD 1,361 1,361 
 


 


2005 Jan & Feb 2004/05 RTD 964   
 


 


2005 Feb & Mar 2004/05 RTD 1,301      


2005 Nov 2005/06 RTD 602      


2005 Nov & Dec 2005/06 RTD 607      


2006 Jan & Feb 2005/06 RTD 1,669      


2006 Feb & Mar 2005/06 RTD 1,910 1,910 
 


 


    
  1,551 1,787 


      
 


2004 Oct & Nov 2004/05 LG 1,530 1,530 
 


 


2004 Dec 2004/05 LG 757   
 


 


2005 Jan & Feb 2004/05 LG 28   
 


 


2005 Feb & Mar 2004/05 LG 0      


2005 Nov 2005/06 LG 1,533 1,533    


2005 Nov & Dec 2005/06 LG 152      


2006 Jan & Feb 2005/06 LG 149      


2006 Feb & Mar 2005/06 LG 21   
 


 


     
1,532 2,153 


 


 
 
 
 
 
 
 
 







An assessment of the numbers and distributions of wintering red-throated diver, little gull and common 
scoter in the Greater Wash 


38 


 


Appendix 2 – Summary tables 


Table A2. Total number (raw counts) of birds and flocks (represented in brackets) counted in the 
Greater Wash AoS during survey periods from February 2003 to March 2008. Numbers represent the 
total sample counts of all birds recorded strip-transect aerial surveys (2002/03) and line transect aerial 
surveys (2004/05 to 2007/08). 


 


Period of surveys 


Common 
scoter 
 


Velvet 
scoter 
 


Red-
throated 
diver 
 


Great 
northern 
diver 
 


Unidentified 
diver 
 


Winter season 2002/03 


Feb 2003 2,041 (6) 0 14 (10) 0 25 (25) 


Mar 2003 170 (9) 0 39 (28) 0 108 (57) 


Winter season 2004/05 


Oct/Nov 2004 1,141 (30) 0 33 (32) 0 98 (89) 


Dec 2004 3,217 (28) 0 32 (28) 10 (7) 113 (101) 


Jan/Feb 2005 2,105 (10) 0 20 (20) 0 106 (100) 


Feb/Mar 2005 3,109 (8) 0 7 (7) 0 220 (192) 


Winter season 2005/06 


Nov 2005 50 (2) 0 0 0 83 (79) 


Nov/Dec 2005 205 (8) 0 9 (9) 0 76 (68) 


Jan/Feb 2006 450 (2) 3 (2) 32 (23) 1 (1) 242 (158) 


Feb/Mar 2006 1,275 (6) 0 68 (53) 1 (1) 280 (215) 


Winter season 2006/07 


Jan/Feb 2007 2,867 (4) 0 35 (30) 2 (2) 147 (116) 


Feb/Mar 2007 41 (3) 0 40 (32)  54 (38) 


Winter season 2007/08 


Nov 2007 15 (4) 0 80 (53) 0 536 (55) 


Dec 2007 2,028 (4) 0 15 (13) 0 21 (18)2 


Feb 2008 1,000 (7) 0 35 (34) 0 78 (73)2 


Feb/Mar 2008 0 0 33 (28) 0 15 (13)2 


 
2
 Survey period includes additional survey blocks that were not part of the original AoS of the Greater Wash. Raw number of 


birds presented here are from survey block GW 4 only.  
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Appendix 3 – survey effort within the Greater Wash area of search 


 


a) Winter season 2002/03 - Feb b) Winter season 2002/03 - Mar 
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c) Winter season 2004/05 – Oct/Nov d) Winter season 2004/05 – Nov/Dec 







An assessment of the numbers and distributions of wintering red-throated diver, little gull and common scoter in the Greater Wash 


41 


 


 
e) Winter season 2004/05 – Jan/Feb 


 


 
f) Winter season 2004/05 – Feb/Mar 
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g) Winter season 2005/06 - Nov 


 
h) Winter season 2005/06 – Nov/Dec 
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i) Winter season 2005/06 – Jan/Feb 


 
j) Winter season 2005/06 – Feb/Mar 
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k) Winter season 2006/07 – Jan/Feb 


 
l) Winter season 2006/07 – Feb/Mar 
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m) Winter season 2007/08 - Nov 


 
n) Winter season 2007/08 - Dec 
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o) Winter season 2007/08 – Feb 


 
p) Winter season 2007/08 – Mar 


 
Figure A1. Spatial coverage of the aerial surveys in relation to the Greater Wash area of search for each of the winter seasons. 
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Background  
As wind energy developments increase globally the potential associated environmental impacts are 


receiving considerable attention, particularly avian impacts.  These potential impacts on bird 


populations can be grouped into three main types: direct mortality due to collision with 


turbines/infrastructure; physical habitat modification and/or loss; and behavioural responses of 


birds to turbines (Fox et al. 2006; Langston 2013). Focussing on avian collision, a variety of methods 


have been developed to aid the assessment of the risk of collision, including collision risk models. 


After extensively reviewing both the peer-reviewed scientific literature and grey literature, 10 


distinct collision risk models referring to birds and wind turbines were identified, the earliest dating 


back to 1996 (Tucker 1996). At their core, most avian collision risk models include a calculation of 


the probability of a collision occurring (assuming no evasive action or avoidance behaviour) and 


often also a measure of the number of birds at risk, if an estimate of likely collision events is to be 


calculated. The probability of collision is generally based on the probability of a turbine blade 


occupying the same space as the bird during the time that the bird takes to pass through the rotor 


swept area. This therefore relies upon information on both bird and wind turbine characteristics 


such as bird morphometrics and flight speed, turbine rotor speed and size, etc.  


In the UK, the most frequently used avian collision risk model is commonly known as ‘the Band 


model’ (Band, Madders & Whitfield 2007) and was originally conceived in 1995. Since then it has 


undergone several iterations with the most recent associated with the Strategic Ornithological 


Support Services (SOSS) (Band 2012a; b). The Band model (Band 2012b) provides four different 


options for calculating collision risk.  


• Option 1 - Basic model, i.e. assuming that a uniform distribution of flight heights between the 


lowest and the highest levels of the rotors and using the proportion of birds at risk height as 


derived from site survey. 


• Option 2 - Basic model, but using the proportion of birds at risk height as derived from a 


generic flight height distribution provided. 


• Option 3 - Extended model and using a generic flight height distribution.  


• Option 4 - Extended model and using a flight height distribution generated from site survey.  


The most recent update of the Band model guidance also provides an approach under which 


uncertainty can be expressed. However, this approach is relatively simplistic and can only be applied 


when the sources of variability are independent of one another. Furthermore, although provided, it 


is not routinely followed and so could be improved upon. From undertaking interviews with 


stakeholders (for summary see Appendix 1), it was established that a new collision risk model that 


was fundamentally different was not required by the industry and the Band model was considered 


generally fit for purpose. However, although the majority of the stakeholders questioned did not 


consider major changes necessary, the general opinion was that if it were possible to incorporate 


uncertainty into the modelling process, it would be beneficial. The main reasoning for this was that 


expressing collisions as a single number does not sufficiently represent the complexity of the 


situation. In addition, it is known that the Band model is sensitive to the choice of input parameters 


(Chamberlain et al. 2006). Variability in input parameters such as bird density, flight speed and 


turbine rotor speed are likely to contribute uncertainty to the final collision estimates.  Sensitivity 


analyses of both the basic and extended options of the Band model are provided in Appendix 2.  
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General purpose of model update 
The general purpose of this collision risk model update is to further develop the application of the 


Band model using a simulation approach to incorporate variability and uncertainty. In this report we 


refer to variability as the inherent heterogeneity of the environment and uncertainty as a lack of 


data or incomplete knowledge. The simulation model randomly samples from distributions for each 


of the model parameters and the simulations can then be used to derive average collision estimates, 


with associated confidence intervals. The model update will therefore allow for a better 


understanding of the uncertainty associated with the predicted collision impact of a wind farm 


development and provide confidence limits, something which has previously been absent.   In 


addition, the incorporation of uncertainty would reduce the possibility that a collision estimate was 


driven by the choice of a single input parameter value. Ultimately, the update should aid 


streamlining of the planning/consenting stages of a development by providing information not only 


on the magnitude of collisions i.e. the number of collision events, but also the likelihood of that 


number of collisions occurring.  


In this model update, variability and uncertainty are considered together in combination, rather than 


separately. Some model input parameters will have associated variability, for example bird body 


length, others may be expected to be point estimates with associated uncertainty, such as turbine 


rotor radius, and some parameters may have both variability and uncertainty. Ideally it would be 


possible to differentiate between variability and uncertainty but at present this is not possible due to 


a lack of data. However, including variability and uncertainty in combination in the model still 


provides a significant step forward. 


The report describes the data required, and the methods used, to estimate collision risk. It is 


accompanied by a worked example and R code, which enables the collision risk calculations to be 


performed in a standardised and reproducible way. 


Model format  
Whereas previous iterations of the Band model have used Microsoft Excel, the collision risk model 


updated presented uses R http://www.r-project.org. Opinions given during stakeholder interviews 


(for summary see Appendix 1) were that the Excel spreadsheet was difficult to use at times and 


there was the potential for errors to be easily introduced into calculations, particularly if the 


spreadsheet did not update correctly when new input parameters were entered. In addition, the 


Excel spreadsheet does not allow results to be reproduced easily making auditing onerous, as values 


have to be entered manually for each occasion or scenario. Using R enables reproducible methods 


and results as code and data are provided along with the computational environment used. This 


improves understanding and allows verification of results, therefore increasing transparency. 


Relationship to previous guidance on collision risk modelling 
The model described and presented in this document is an update to the Band collision risk model 


(Band 2012b) which was most recently updated as part of SOSS. The mechanistic details of the Band 


model have not been altered and form the core of the model update described below.  
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The guidance (Band 2012b) states clearly that the collision estimate should be a best-estimate rather 


than a worst-case scenario. 


“This guidance does not recommend use of ‘worst case’ assumptions at every stage. These can lead 


to an overly pessimistic result, and one in which the source of the difficulty is often concealed. 


Rather, it is recommended that ‘best estimates’ are deployed, and with them an analysis of the 


uncertainty or variability surrounding each estimate and the range within which the collision risk can 


be assessed with confidence. In stating such a range, the aspiration should be to pitch that at a 95% 


confidence level, that is, so that there is 95% likelihood that the collision risk falls within the 


specified range. However, given the uncertainties and variability in source data, and the limited firm 


information on bird avoidance behaviour, it seems likely that for many aspects the range of 


uncertainty may have to be the product of expert judgement, rather than derived from statistical 


analysis.” 


The model update presented in this document follows this principle by using ranges of values rather 


than a single, ‘worst-case’ scenario.  


The previous guidance (Band 2012b) presented a method to express overall uncertainty in collision 


estimates (stage F), as there are a large number of sources of variability or uncertainty. Cook et al. 


(2012) and Johnston et al. (2014) are key resources to include in this process as they provide data 


with confidence limits.  However, the uptake of stage F in the collision estimation process appears to 


have been minimal. There have also been cases of its misapplication with estimates presented with 


implausible confidence limits such as 40±100 collisions, suggesting that negative numbers of 


collisions are possible. In addition, the method for expressing uncertainty suggested in stage F does 


so post hoc, rather than being integrated in to the model itself. Also, combining sources of 


uncertainty as suggested is only applicable when parameters are independent. The model update 


described in this document further develops the concepts presented in stage F of the previous 


guidance. 


Before the most recent iteration of the Band model (Band 2012b) was conceived, McAdam (2005) 


produced a model which incorporated species specific flight height distributions. Variation in flight 


height has now been incorporated in to the most recent update (Band 2012b), however, the model 


produced by McAdam (2005) used Monte Carlo simulation to obtain 500 samples. Using Monte 


Carlo methods allowed for the production of summary statistics rather than single collision 


estimates, as well as probability distributions of events (numbers of collisions) occurring. It was also 


executed using R rather than Excel. In the model update presented below, the method of Monte 


Carlo simulation used by McAdam (2005) has been applied to the most recent version of the Band 


model to allow the incorporation of uncertain parameter values. 


General data requirements 
The model update is based on the Band model (Band 2012b) therefore the types of data required 


are the same: 


• Bird survey – data on the number of birds flying through or around the site, and their flight 


height 


• Bird specification – details on bird morphology and flight speed 







6 


 


• Turbine specification – details on the number, size and rotation speed of turbine blades  


• Bird behaviour – prediction of likely change due to wind farm, e.g. avoidance 


 


The crucial difference from previous iterations of the Band model is that rather than using a single 


value for a given input parameter, for example bird flight speed, this update of the model randomly 


samples from a distribution of values. Using the randomly sampled parameter values, a collision risk 


estimate is calculated. This process is then repeated numerous times to produce a distribution of 


collision estimate for which summary statistics i.e. average and spread, can be calculated. Whereas 


the previous guidance and methods provided a measure of uncertainty post hoc, uncertainty is now 


incorporated in the modelling procedure itself with this update. Therefore, information regarding 


uncertainty in the data is required to be entered into the model. 


Where possible, and when suitable, a mean and standard deviation should be provided for input 


parameters. These should capture the uncertainty within the data. For example, if the maximum 


turbine blade width has not been decided upon but is likely to be 5 metres then a mean = 5 should 


be provided with a standard deviation which describes the uncertainty and possible values. For this 


example, a mean of 5 and standard deviation of 0.3 would give a minimum of approximately 4 


metres, and a maximum of approximately 6 metres. If there is no uncertainty and it is definite that 


the maximum blade width is to be 5 metres then a value of 5 should be entered as the mean and 


either 0 entered as the standard deviation or it left blank. 


To incorporate uncertainty into the collision risk estimate, a mean and standard deviation will be 


required for the following parameters. Attention should be paid to the units of measure. 


Table 1: Bird-related parameters 


Parameter Units Description/Notes 


Length m (metres)  


Wingspan m (metres)  


Flight speed m/sec Available from telemetry data 


or wind tunnel experiments 


Flight type  Flapping or gliding 


Nocturnal activity Proportion e.g. 0.5 for 50% Available from telemetry data 


or visual observations 


Proportion at collision risk 


height 


Proportion e.g. 0.5 for 50%  


Flight height distribution Proportion e.g. 0.5 for 50% Distribution curves from which 


the proportion of birds flying 


within 1 metre height bands 


are calculated. Data provided 


by BTO (Johnston et al. 2014). 


(See below) 


Avoidance rate Proportion e.g. 0.5 for 50% Suggested values available from 


MSS avoidance report 


Bird density Birds/km
2 


Birds in flight in daytime, taken 


from survey data 


 


 







7 


 


 


Table 2: Turbine-related parameters 


Parameter Units Description/Notes 


Rotor radius m (metres) Measured from the axis of 


rotation to blade tip. 


Hub height m (metres) Sum of rotor radius and 


minimum blade clearance 


above HAT.  (See below) 


Max. blade chord width m (metres)  


Rotation speed rpm See below 


Blade pitch Degrees relative to rotor plane See below 


Turbine operation time Proportion e.g. 0.5 for 50% Requires both information on 


wind availability and 


maintenance down time. 


 


This model requires information on flight height distributions, if options 2, 3 or 4 are to be used. A 


generic flight height distribution is presented with the SOSS guidance (Band 2012a; b; Cook et al. 


2012), however this does not provide information on the uncertainty associated with the 


distribution. Johnston et al. (2014) used a bootstrapping technique to provide confidence limits 


associated with the generic flight distribution and these bootstraps can be used within this model 


update to provide uncertainty associated with the flight height distribution curve. For each iteration 


of the model, a curve produced from a bootstrap sample is re-sampled and used. It is possible to use 


this update to calculate a collision risk estimate using option 4, should site-specific data on flight 


height distributions be available. 


The model also requires information on wind speed (m.s
-1


) at the proposed site as well as the 


relationship between rotor speed and wind speed and turbine pitch and wind speed. This allows 


rotor speed and pitch to be linked both to the wind speed and also to each other. This is achieved 


through the provision of data similar to that in table 3 (below), describing the relationship between 


wind speed and rotor speed and pitch, as well as information on wind speed at the site. 


Table 3: Example data describing relationship between wind speed, rotor speed and blade pitch. 


Wind speed (m/s) Rotor Speed (rpm) Pitch (degrees) 


0 0 90 


1 0 90 


2 0 90 


3 6 0 


4 6 0 


5 6 2 


6 8 4 


… … … 


 







8 


 


The turbine operation time is wind availability minus maintenance down time. Wind availability 


should be provided as a constant i.e. proportion of time the wind conditions allow for turbine 


operation and should be available from meteorological data. Maintenance time should be provided 


as a monthly mean and standard variation as it is expected that there will be uncertainty and 


variability surrounding maintenance.  


Hub height is the distance from highest astronomical tide (HAT) to the axis of rotation of the turbine. 


This distance comprises the rotor radius and the distance between the minimum rotor tip height and 


HAT. Therefore, as rotor radius is already entered into the model, it is importantly only the distance 


component from HAT to the minimum rotor height that is required here and not the total hub 


height. 


Calculating collision risk 
As stated previously, this model is an update of the Band model. For more information on the Band 


model refer to (Band 2012a; b) and associated information on the SOSS website 


http://www.bto.org/science/wetland-and-marine/soss/projects. 


Monte Carlo simulation 


The model update presented herein uses Monte Carlo simulation. Monte Carlo simulation is a 


computational technique that uses random sampling to produce numerical results, and in this model 


update, is used to obtain values for uncertain input parameters, for example flight speed or bird 


length. These values are then used in the Band model. For each set of random samples, a collision 


estimate is calculated. Therefore if the simulation is run for 100 iterations, 100 sets of random input 


parameters will be sampled and 100 collision risk estimates calculated, instead of a single value.  


Monte Carlo simulation therefore allows for the presentation of a range of possible outcomes, when 


there is uncertainty surrounding the input data, and produces distributions of possible collision 


estimates. The distribution data can then be further re-sampled and used in stochastic population 


models, should this be required. 


Sampling distributions 


With the exception of rotor speed, pitch and flight height distributions, input values for the Band 


model are sampled from probability distributions. These distributions are parameterised using data 


provided by the user and have been constrained to the Normal distribution, or in cases where 


negative values are not plausible, the truncated Normal distribution. The user defines the mean or 


expected value and a standard deviation to describe the variation about the mean.  Values in the 


middle near the mean are most likely to occur. The decision to use the Normal distribution was 


made on the basis of ease of parameterisation for the user as well as suitability. The Normal 


distribution was considered more suitable that a uniform distribution because in most cases it is 


expected that there will be a more likely value, and the uniform distribution, where all values are 


equally likely, would therefore enter more uncertainty than realistic into the model. It is however 


accepted that in all cases, the Normal distribution may not be the most suitable distribution, but 


there is a balance to be achieved between suitability and ease of use. 
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Collision risk options 


The Band model  provides four different options for calculating collision risk (Band 2012b). Options 


1, 2 and 3 are the most frequently used. The model update calculates estimates for both the basic 


(options 1 and 2) and extended (option 3) versions of the Band model. It is possible to use this 


update to calculate a collision risk estimate using option 4, should site-specific data on flight height 


distributions be available. However, this would require a large amount of data collection, to provide 


information on variation in flight height distribution therefore the default option does not include 


option 4.  


Running the model 


As well as being designed to run numerous simulations of the Band model, this update is designed to 


loop through multiple species and multiple turbine designs automatically. Therefore once the initial 


user information is entered and the model begins, the user is not required to enter any further 


information and the results will be saved automatically to the location specified by the user. The 


number of results obtained will depend on the number of different turbine designs and species 


entered. 


Model Output 
The model outputs information on the expected numbers of collisions. The information is provided 


both as tables and figures. Descriptions of the outputs are listed below and illustrated examples are 


provided in the worked example. 


TABLES 


1. Overall summary table of collisions by species, turbine and model option. Results are 


presented as mean, standard deviation (SD) and coefficient of variation (CV), and median 


and inter quartile range (IQR). 


2. Monthly summaries of collisions. Separate tables are produced according to species, turbine 


and model option for example 6_Black_legged_Kittiwake_monthlySummaryOpt3.csv. 


Results are presented as mean, standard deviation (SD) and coefficient of variation (CV), and 


median and inter quartile range (IQR). 


3. Summary of sampled bird parameters by species, turbine and model option presented as 


mean and standard deviation (SD), and median and inter quartile range (IQR).  


4. Summary of sampled turbine parameters by species, turbine and model option presented as 


mean and standard deviation (SD), and median and inter quartile range (IQR). 


FIGURES 


1. 3-panel boxplots of monthly collisions for model options 1, 2 and 3 by species, and turbine 


type. 


2. Density plots of numbers of collisions by species, and turbine type. A density curve is plotted 


for each of the 3 model options. 


3. If 2 or more turbine models are included, then a 3-panel figure will be produced for each 


species, with the panels representing model options 1, 2 and 3 and each panel containing 


density plots for the different turbines included. 
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In addition to the collision estimates, the model also saves a copy of the input files which were 


entered into the model, as well as a summary of the randomly sampled input parameter values. This 


would therefore allow for the model to be re-run and results verified (if required). It also outputs a 


text file stating the time elapsed between the start and the end of the model, the number of 


iterations, the species for which the model was run and also the different turbines i.e. 6MW, 8MW, 


etc. if more than one turbine type was specified. 


Future work 
During this project, an update to the Band collision risk model (Band 2012b) has been developed, 


however it is accepted that there are still aspects which could be improved further in the future with 


additional updates, particularly with improved data collection methods and understanding of the 


interactions between birds and wind farms. These are listed below. 


1. Wind speed data: This model update has taken a step forward from previous iterations of the 


Band model by including the relationship between wind speed data and both rotor speed and rotor 


pitch, however there are still improvements which could be made. Due to a lack of clarity in the 


availability and format of site-specific wind speed data which is available to developers it was 


decided that in this model update, wind speed would be sampled from a truncated Normal 


distribution, parameterised by a mean and standard deviation set by the user. In the future, if 


consensus could be reached on wind data availability and format, a summary of the raw wind speed 


data could be used, rather than using it to parameterise a sampling distribution. If this were the 


case, then it would also be possible to programme the model to automatically calculate wind 


availability from the wind speed data, rather than this being entered manually. 


2. Monthly vs. annual input parameters: The current model uses annual estimates for the majority of 


input parameters such as bird flight speed and percentage of nocturnal activity. It is possible that 


these may differ between the breeding and non-breeding season, and vary monthly, and in response 


to wind speed. However, at present it was considered that data of sufficient quality were not 


available for enough parameters on a monthly basis to warrant including this in the model for all. 


Should this be the case, including monthly values for all parameters could introduce unrealistic 


precision into the model; therefore only monthly values were included for bird density and turbine 


operation time. In the future it might be more appropriate to consider all input parameters on a 


monthly basis. 


3. Linking wind speed and flight speed: Within this model update bird flight speed was not linked to 


wind speed. This alteration could improve the model, however little data is available regarding bird 


flight speeds, especially in relation to wind speed, though more flight speed data are becoming 


available as the number of projects using telemetry e.g. GPS tags, increases . The link between flight 


speed and wind speed was however included in the model produced by McAdam (2005), therefore it 


would be possible to include this relationship in future updates, should sufficient data become 


available. 


4. Validate the model: Due to the difficulties associated with collecting collision data offshore, as yet, 


it has not been possible to validate this model update. This is the case for previous versions of the 


Band model and also collision risk models in general. In the guidance supplied alongside the 2012 
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update to the Band model, Band (2012b) highlights that there is likely to be uncertainty as a result of 


simplifications in the model itself. As an estimate, it is suggested that this may be in the region of 


20%. By using the results of projects, such as the bird collision avoidance component of the Offshore 


Renewables Joint Industry Programme (ORJIP) in the UK, to validate the model, it may be possible to 


quantify this uncertainty more accurately and reduce it through further refinements to the model. 


5. Sensitivity analysis: Whilst it is possible to perform a manual sensitivity analysis on the model 


update (results available in Appendix 2), it would be useful in the future to have the utility to 


perform a sensitivity analysis as a matter of course during the assessment of collision risk. This 


would offer users the ability to highlight which parameters had the strongest influence on the final 


collision estimates and consider how best to target data collection in order to reduce uncertainty. It 


may also enable developers to plan mitigation strategies, for example by demonstrating how using 


fewer, larger turbines may reduce collision risk. 
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Appendix	1:	Stakeholder	Interviews	


Purpose of interviews 
To obtain views and opinions of a wide range of stakeholders involved in offshore wind, on collision 


risk models and modelling, particularly in relation to uncertainty and variability. 


Interview questions 


Conducted telephone interviews based around the following questions: 


1. How much experience do you have, relating to collision risk models/modelling? 


2. What collision risk models do you most regularly use or have experience of? 


3. What uncertainties exist in the collision risk models that you have used?  


4. What are the key uncertainties in input parameters? 


5. What parameters do you think have the greatest influence on the outputs of collision 


risk modelling? 


6. If you could, how would you improve collision risk models/modelling?  


7. Would the explicit reporting of variability and uncertainty in outputs from collision risk 


models benefit the consenting process and discussions with regulators? 


Interviews were approximately 20-30 minutes each. 


Interviewees 
I contacted 30 people from a range of stakeholder groups and from those I conducted 20 interviews 


with people from the following organisations: 


BTO  


DONG Energy  


EDPR  


MacArthur Green  


Natural England  


NIRAS  


PMSS  


Scottish Natural Heritage  


Sue King Consulting  


CEH 


ECON 


Joint Nature Conservation Committee 


Marine Scotland Science 


Natural Power 


Pelagica 


Royal Society for the Protection of Birds 


Statkraft/Forewind 


The Crown Estate 


…and Bill Band 
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Results 


Experience of interviewees 


Question 1:  How much experience do you have, relating to collision risk models/modelling? 


The experience of interviewees varied from ‘intelligent client’ to model creator. All interviewees had 


a good understanding of the general modelling process and the use of model output though not all 


had conducted the modelling and run the models themselves. One person declined the offer of 


being interviewed because they thought they didn’t have enough experience to contribute 


constructively. 


Question 2: What collision risk models do you most regularly use or have experience of? 


All people interviewed (20) used the Band model and the associated updates. Of these, most people 


mentioned options 1 and 3 rather than 2 and 4. Additionally, 5 people used the Folkerts model, 


though less regularly, and one had an understanding of the Tucker model. These were the only 


models mentioned. 


Uncertainties in collision risk modelling 


Question 3: What uncertainties exist in the collision risk models that you have used? 


This question was targeted at the broader uncertainties surrounding collision risk modelling. The 


following opinions were given more than once: 


• Data collection methods including number and timing of surveys and the fact that surveys 


only occur in good weather least to a density estimate which may not capture the variability 


in the environment. 


• The use of the Rochdale Envelope and therefore wide ranges for turbine parameters. 


• How much precaution should be included? 


• Bird behaviour and avoidance 


• Which option of the model (or in most cases, which option of Band) is acceptable? 


• Little empirical data and also no validation or comparison with post-construction data. 


• The appropriate use of the model and output. The collision estimate is considered as 


definitive and black and white when it is supposed to be a collision risk tool. 


• In the case of the Band model, what is the latest version of the model and flight height data 


sets to use? 


 


Question 4: What are the key uncertainties in input parameters? 


All of the input parameters were discussed and raised by the interviewees as a whole but those that 


occurred more than once and in descending order (most frequently highlighted first): 


• Flight height data 


• Avoidance 


• Density 


• Nocturnal activity 


• Flight speed  


• Rotor speed 







15 


 


 


Question 5: What parameters do you think have the greatest influence on the outputs of collision 


risk modelling? 


Most of the input parameters were discussed and raised by the interviewees as a whole but those 


that occurred more than once and in descending order (most frequently highlighted first): 


• Avoidance rate 


• Flight height data 


• Rotor Speed 


• Density 


• Number of turbines 


• Which Band option used 


• Operation time 


Changes or updates to model 


Question 6: If you could, how would you improve collision risk models/modelling? 


There were many different opinions on how to improve collision risk modelling but generally they 


did not involve making large changes to the mechanics of the model itself but rather to the input 


data or presentation of data and outputs. Comments that were raised more than once and in 


descending order (most frequently highlighted first) included: 


• Present a covering/summary sheet with input data values to ensure parameters are clearly 


set out and defined. 


• Stop presenting single numbers as black and white and also provide context. 


• Take data from existing sites to validate the model and also use post-construction 


monitoring. 


• Have a standard approach to derive turbine parameters and bird parameters including 


consistently defining breeding season periods. 


• More studies/data on bird behaviour around turbines and avoidance behaviour. 


• More and clearer guidance on the model and model use and intended use, especially on the 


tidal offset. 


• Collect flight height data objectively, not just human observation/estimation but using 


rangefinders. 


• Factor uncertainty into estimates. 


• Use R code rather than excel to make modelling process more reproducible. 


• Better interpretation of model outputs. 


• Single location to have the most up to date version of model and email updates. 


 


These can then be split into comments that were more input data-related: 


• Present a covering/summary sheet with input data values to ensure parameters are clearly 


set out and defined. 


• Have a standard approach to derive turbine parameters and bird parameters including 


consistently defining breeding season periods. 


• More studies/data on bird behaviour around turbines and avoidance behaviour. 


• Collect flight height data objectively, not just human observation/estimation but using 


rangefinders. 
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Or those which were model or output data-related: 


• Stop presenting single numbers as black and white and also provide context. 


• Take data from existing sites to validate the model and also use post-construction 


monitoring. 


• More and clearer guidance on the model and model use and intended use, especially on the 


tidal offset. 


• Factor uncertainty into estimates. 


• Use R code rather than excel to make modelling process more reproducible. 


• Better interpretation of model outputs. 


• Single location to have the most up to date version of model and email updates. 


 


Question 7: Would the explicit reporting of variability and uncertainty in outputs from collision 


risk models benefit the consenting process and discussions with regulators? 


When asked more specifically about including variability and uncertainty in CRMs interviewees gave 


a wide range of responses but these were not consistent within different stakeholder groups. Of the 


20 people interviewed, 13 agreed that including variability and uncertainty in outputs from collision 


risk models would benefit the consenting process and discussions with regulators, however 7 people 


disagreed. Of those 7, all said that they disagreed because of the consenting and assessment process 


and that in principle it would be better to include variability and uncertainty, but they though that 


the system did not allow for it. A recurrent comment was that interviewees were unsure of how 


variability and uncertainty could be included in outputs and still fit in with the Habitats Regulations. 


Some comments and themes that were raised in the interviews are listed below: 


• Scientifically there is a benefit to making clear what the uncertainties are. 


• Accounting for uncertainty in data collection methods and survey data would be useful. 


• I am uncomfortable with presenting a value that is apparently so precise. 


• There is an absolute fixation on single numbers which is dangerous. 


• We need greater acceptance that we live and work in an uncertain world and things are 


grey, not black and white. 


• We need a way of showing that some scenarios are more likely than others. 


• Decision makers have to be confident that they are making the right decisions so they need 


to an understanding of uncertainty around the single numbers. 


• We need to weigh up risk (or use a risk assessment process) and we can’t do that currently 


with CRM, though it happens more regularly with PVA. 


• The current approach is too precautionary and always uses the most precautionary values. 


• If the system were to change, including variability and uncertainty is a more useful approach. 


• Any outputs need to be suitable to be taken forward through the assessment process. 


• The risk is that it complicates the process even more than already because the more the 


risks are explicit the more difficult it is to explain to the planning inspectorate. 


• There is probably too much uncertainty in the system to make it useful to include it. 


 


There was a wide range of views on some topics, for example opinions on using probability 


distributions: 


• Presenting probability distributions would help a lot because regulators often have a 


background of understanding risk probabilities. 
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• Using probability distributions might help with presentation but it might not help with 


interpretation of outputs, especially if people don’t understand how to interpret probability 


distributions. 


• Distributions are probably more helpful but people need to understand them. 


• Scientists are used to dealing with probabilities but legislation is binary. 


 


This probably stems from uncertainty and/or inconsistency in (the understanding of) how decisions 


are made and the lack of a strategic decision on a standard method for presenting data which is 


most informative for the decision makers. 
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Appendix	2:	Sensitivity	analyses	


Chamberlain et al. (2006) previously documented that the Band model was sensitive to input 


parameters. Following on from this, the sensitivity of the Band model update produced during the 


SOSS project (Band 2012) was assessed, both for the basic and extended versions. Similar to 


Chamberlain et al. (2006), the effect of a 10% change in the input parameters was assessed but in 


addition, a more realistic parameter range was also assessed.  


When assessing the effect of a 10% change in the flight height distribution for the extended model, 


we increased the proportions of birds at heights between the minimum and maximum rotor tip 


heights by 10%. 


The following data sources were used for the input parameters. For turbine-related parameters, 


expert opinion within the project group was used to assess reasonable parameters ranges and those 


likely to be built out in the near future. 


Bird-related Parameter Data description 


Length Taken from Concise Birds of the Western 


Palearctic (Cramp and Perrins, 1993) and 


other sources 


Wingspan Taken from Concise  Birds of the Western 


Palearctic (Cramp and Perrins, 1993) and 


other sources 


Flight speed RSPB telemetry data (breeding season only) 


Nocturnal activity RSPB telemetry data (breeding season only) 


Proportion at collision risk height Generic flight height curve provided with the 


Band model and data provided by BTO 


(Johnston et al. 2014). 


Flight height distributions Data provided by BTO (Johnston et al. 2014).  


Avoidance ‘All gulls’ rate available from Marine Scotland 


Science avoidance report (Cook et al. 2014) 


Bird density Taken from Creyke Beck A Environmental 


Statement 


 


Turbine-related Parameter Description/Notes 


Rotor radius Expert opinion 


Hub height Expert opinion 


Max. blade chord width Expert opinion 


Rotation speed Expert opinion (example relationship 


between wind speed and rotation speed) 


Blade pitch Expert opinion (example relationship 


between wind speed and pitch) 


Turbine operation time Taken from Inch Cape Environmental 


Statement 


 







19 


 


10% change 


BASIC MODEL (Option 1) 


Input variable Baseline Baseline ± 10% 
(whichever increases 
mortality) 


Collision risk (in absence 
of avoidance) 


Revised number of 
collisions 


% increase in number of 
collisions 


Avoidance rate  0.9893 0.8904 0.065 439 921 


Non-avoidance rate  0.0107 0.0118 0.065 47 9 


% at collision risk height  6 6.6 0.065 47 9 


Bird density (birds/km2)  9.89 10.879 0.065 47 9 


Flight speed (m.s-1)  7.26 7.986 0.063 46 7 


% nocturnal flight  3.3 3.63 0.065 43 0 


Bird length (cm) 39 42.9 0.067 44 2 


Wing span (cm) 108 118.8 0.065 43 0 


Number of turbines 100 110 0.056 47 9 


Rotor radius (m) 80 88 0.061 44 2 


Hub height (m) 125 112.5 0.065 43 0 


Rotation speed (rpm) 7.74 8.514 0.067 44 2 


Blade width (m) 5.5 6.05 0.069 46 7 


Blade pitch (degrees) 0 - - - - 


% time operational 87.61 96.371 0.065 47 9 


Effects of 10% variation in input parameters on predicted mortality rates of black-legged kittiwakes using hypothetical wind farm parameters (100 


turbines). The original collision risk was 0.065 and the original number of predicted collisions per year was 43. Collisions are presented as integers.  
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EXTENDED MODEL (Option3) 
Input variable Baseline Baseline ± 10% 


(whichever increases 
mortality) 


Collision risk (in absence 
of avoidance) 


Revised number of 
collisions 


% increase in number of 
collisions 


Avoidance rate  0.9672 0.8705 0.065 9 350 


Non-avoidance rate  0.0328 0.0361 0.065 3 50 


% at collision risk height  6 6.6 0.065 3 50 


Bird density (birds/km2)  9.89 10.879 0.065 3 50 


Flight speed (m.s-1)  7.26 7.986 0.063 2 0 


% nocturnal flight  3.3 3.63 0.065 2 0 


Bird length (cm) 39 42.9 0.067 2 0 


Wing span (cm) 108 118.8 0.065 2 0 


Number of turbines 100 110 0.065 3 50 


Rotor radius (m) 80 88 0.061 5 150 


Hub height (m) 125 112.5 0.065 8 300 


Rotation speed (rpm) 7.74 8.514 0.067 2 0 


Blade width (m) 5.5 6.05 0.069 2 0 


Blade pitch (degrees) 0 - - - - 


% time operational 87.61 96.371 0.065 3 50 


Effects of 10% variation in input parameters on predicted mortality rates of black-legged kittiwakes using the hypothetical wind farm parameters (100 


turbines). The original collision risk was 0.065 and the original number of predicted collisions per year was 2. Collisions are presented as integers, therefore 


the % increase in the number of collisions is greatly influenced by rounding. 
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Real data range 


BASIC MODEL (Option 1) 


Input variable Input variability Mean collisions (SD) Median collisions (IQR) 


Avoidance rate N(0.9893,0.0007) 39.76 (2.55) 39.72 (3.61) 


% at collision risk height  N(6, 0.9) 39.77 (6.06) 39.77 (7.86) 


Bird density (birds/km2) tN(monthly mean, monthly SD) 41.86 (6.40) 41.99 (8.39) 


Flight speed (m.s-1) N(7.26, 1.50) 40.25 (5.73) 40.30 (8.09) 


% nocturnal flight  N(3.3, 0.45) 39.90 (0.19) 39.91 (0.26) 


Bird length (cm) N(39, 0.5) 39.89 (0.15) 39.89 (0.21) 


Wing span (cm) N(108, 4) 39.89 (0.09) 39.89 (0.12) 


Rotor radius (m) N(80, 5) 39.89 (0.67) 39.84 (0.88) 


Hub height (m) Rotor radius + N(26.5, 2) 39.89 (0) 39.89 (0) 


Rotation speed (rpm Relationship to wind speed 40.15 (1.81) 38.51 (3.76) 


Blade width (m) N(5.5,0.3) 39.91 (1.39) 39.90 (1.97) 


Blade pitch (degrees) Relationship to wind speed 40.50 (1.66) 39.89 (0.32) 


% time operational Wind availability-tN(6.3, 2) 39.91 (1.39) 39.90 (1.97) 


 


Effects of variation in input parameters on predicted mortality rates of black-legged kittiwakes using the hypothetical wind farm parameters (100 turbines). 


500 iterations. The original collision risk was 0.065 and the original number of predicted collisions per year was 40. N is normal distribution. N(mean, SD). tN 


is truncated normal distribution. Hub height does not affect calculations in option 1, therefore the values were constant across all iterations. 
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Effects of variation in input parameters on predicted collision mortality of black-legged kittiwakes using the basic Band model. Density values are slightly 


skewed due to need for use of truncated normal distribution as negative density values are not possible. 
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EXTENDED MODEL (Option3) 
Input variable Input variability Mean collisions (SD) Median collisions (IQR) 


Avoidance rate  N(0.9672, 0.0018) 18.34(1.03) 18.33 (1.35) 


% at collision risk height Data from BTO 29.60 (5.92) 29.94 (7.70) 


Bird density (birds/km2)  tN(monthly mean, monthly SD) 19.06 (3.03) 18.97 (4.04) 


Flight speed (m.s-1) N(7.26, 1.50) 18.31 (1.38) 18.32 (1.75) 


% nocturnal flight  N(3.3, 0.45) 18.32 (0.09) 18.32 (0.12) 


Bird length (cm) N(39, 0.5) 18.32 (0.16) 18.32 (0.22) 


Wing span (cm) N(108, 4) 18.32 (0.16) 18.32 (0.22) 


Rotor radius (m) N(80, 5) 18.35 (0.10) 18.13 (0.14) 


Hub height (m) Rotor radius + N(26.5, 2) 18.72 (5.33) 18.11 (7.08) 


Rotation speed (rpm) Relationship to wind speed 18.57 (1.87) 16.86 (3.89) 


Blade width (m) N(5.5,0.3) 18.31 (0.32) 18.32 (0.44) 


Blade pitch (degrees) Relationship to wind speed 18.32 (0.00074) 18.32 (0.00014) 


% time operational Wind availability-tN(6.3, 2) 18.32 (0.14) 18.32 (0.18) 


 


Effects of variation in input parameters on predicted mortality rates of black-legged kittiwakes using the hypothetical wind farm parameters (100 turbines). 


500 iterations. The original collision risk was 0.065 and the original number of predicted collisions per year was 18. N is normal distribution. N(mean, SD). tN 


is truncated normal distribution. 
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Effects of variation in input parameters on predicted collision mortality of black-legged kittiwakes using the extended Band model. Density values are 


slightly skewed due to need for use of truncated normal distribution as negative density values are not possible. 
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A note on variation in flight height: It is noticeable that when variation in the flight height 


distribution used for the extended model (option 3) is considered, it results in a very different 


average value to that obtained using the best fit distribution. This should be expected. Flight height 


distributions are estimated following the methodology set out in Johnston et al. (2014). The best fit 


distribution is estimated from the complete flight height dataset, and is that which best fits the 


available data. Confidence intervals were calculated around this distribution using a bootstrapping 


approach, randomly sampling from the original dataset each time. As a result, each individual 


bootstrap reflects the shape of the distribution would be if some of the data were excluded. It is not 


meaningful to compare the mean values obtained from the bootstraps to the best-fit distribution 


because they are a series of sub-samples. On closer examination, it is clear that the best fit 


distribution predicts a lower proportion of birds at collision risk height than is obtained from the 


mean across all bootstraps, and that crucially, this difference is greatest towards the centre of the 


rotor-swept area, where collision risk is greatest. As a result, the mean collision rate predicted from 


the bootstraps is greater than collision rate predicted from the best fit distribution.  


 


Comparison of the best fit (red) and bootstrapped (grey) flight height distributions for kittiwake. The 


best fit distribution does not pass through the centre of the bootstrapped distributions as would be 


expected if it were directly comparable to the mean. Instead, as height above sea level increases, the 


proportion of birds predicted by the best-fit distribution moves towards the lower end of the 


proportion predicted by the bootstraps. The difference is most apparent at heights of around 100 m, 


which roughly corresponds to the centre of the rotor sweep, the point at which collision risk is 


greatest. This can be seen more clearly by examining the ratio of the best fit distribution to the mean 


of the bootstrap distribution at 1 m intervals.  
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a b s t r a c t


The effects of marine renewable energy developments (MREDs) on seabirds are uncertain because of the
relative infancy of the industry. This uncertainty can delay the consenting process as regulators adopt a
precautionary approach. This study uses novel methods to demonstrate uncertainty in two indices that
ranked the vulnerability of seabird populations to MREDs. The study also consolidates recently available
data with information from the two indices to consider developments in our understanding of how
seabirds respond to MREDs and to present up-to-date vulnerability predictions. Results indicate greater
uncertainty in data regarding displacement caused by vessels and/or helicopters, and use of tidal races by
seabirds, than in data regarding the percentage of flight overlapping with wind turbine blades and the
level of displacement caused by structures. Results also indicate varying uncertainty among species.
Overall vulnerability rankings remained broadly the same, with some minor changes. The uncertainty
indices highlight areas lacking data, identify robust predictions, and indicate where particular caution in
interpreting vulnerability indices should be adopted. They are a useful tool to inform impact assessment
and identify strategic research and monitoring priorities.


& 2016 Elsevier Ltd. All rights reserved.

1. Introduction


Marine renewable energy developments (MREDs) are increas-
ing worldwide to provide an alternative to fossil fuels, increase
energy security and mitigate against climatic change [6,7,19].
Scotland has valuable marine renewable energy resources [1,,21]
and has developed a marine plan, including offshore wind, wave
and tidal-stream technologies, to contribute to generating 100% of
Scotland's electricity through renewable sources by 2020 [19].
Scotland is internationally important for seabirds [2,16], with
special protection areas (SPAs) designated to safeguard breeding
colonies [9,18,20]. With several leased and proposed Scottish
MRED sites located close to SPAs for breeding seabirds, con-
sideration of the potential consequences for seabirds is necessary.


The effects of MREDs on seabirds are uncertain because of the
relative infancy of the industry, the early stage of some environ-
mental monitoring programmes [25] and a limited ability to ef-
fectively monitor post-construction effects [13,14,17]. Uncertainty

nce, Marine Laboratory, 375


).

over effects can delay the consenting process as regulators adopt a
precautionary approach [15]; for example, by using avoidance
rates that may overestimate collision risk. In the absence of in-
formation regarding specific effects of MREDs on seabirds, a
common approach is to use existing knowledge of seabird beha-
viour and ecology to derive estimates of seabird vulnerability (e.g.
[3–5]). Uncertainty in the contributing data is, however, rarely
presented, but is vital information, as the reliability of results and
confidence in interpretations can be affected by the quality,
quantity and relevance of contributing data [15]. These measures
of data uncertainty identify where evidence supporting vulner-
ability rankings is more robust; where caution in interpreting re-
sults may be required; and where additional monitoring and re-
search could prove beneficial [22].


Using Furness et al. [3,4] as examples, this study developed
novel methods to incorporate uncertainty into indices ranking the
vulnerability of Scottish seabird populations to MREDs. Furness
et al. [3,4] developed four indices ranking vulnerability to i) col-
lision with offshore wind turbines, ii) displacement caused by
offshore wind farms, iii) wave energy, and iv) tidal-stream energy
developments. These indices have been used by MRED regulators
and developers during initial scoping and impact assessment (e.g.
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[8]) but measures of uncertainty in data contributing to rankings
were not explicitly included. This study develops uncertainty in-
dices to aid transparent and consistent application of vulnerability
index predictions. Recently available data were consolidated with
information in Furness et al. [3,4], to account for new develop-
ments in our understanding of how seabirds respond to i) struc-
tures and ii) vessels and helicopters, and to incorporate a reduced
risk of collision with offshore wind turbines for species displaced
by structures. The development of uncertainty indices and mod-
ified vulnerability indices more accurately represent the risks
posed by MREDs to seabirds.

2. Methods


2.1. Calculating uncertainty


Four vulnerability factors were identified as important in
driving seabird vulnerability to MREDs [3,4]: i) percentage of flight
overlapping with wind turbine blades, ii) displacement caused by
structures, iii) displacement caused by vessels and/or helicopters,
and iv) use of tidal races. The quality, quantity and relevance of
data contributing to these factors were assessed for each of 38
Scottish seabird species to estimate data uncertainty (see Sup-
plementary Table 1 for scientific names). Data uncertainty was
assessed using five criteria, with greater scores reflecting a greater
quantity and quality of data, and therefore indicating lower levels
of uncertainty:


) Species Score: Did data refer to the target species or a related

Table 1
Uncertainty Levels and Scores indicating the level of uncertainty associated with data co
scores indicate the level of uncertainty: very high (score 1), high (score 2), moderate (sc
refer to the Method Categories included in Eqs. (1) and (2). The table indicates the Unce
values included in the Combined Score at each Uncertainty Level, which differs among v
therefore correspond to lower levels of uncertainty.


Vulnerability
factor


Vulnerability
factor attributes


U


Very high (1) High (2)


% Time flying at
turbine height


Method Category Anecdotal observa-
tion (or unknown
method) (A)


Observations not
recorded in the pres
of turbines (indirect
study 2) (B)


Combined Score 0.0�28.5 29.0�56.5


Disturbance by
structures


Method Category Anecdotal observa-
tion (or unknown
method) (A)


Observation (B)


Combined Score 0.0–12.5 13.0–24.5


Disturbance by vessel
and/or helicopter
activity


Method Category Anecdotal observa-
tion (or unknown
method) (A)


Observation (B)


Combined Score 0.0–8.5 9.0–16.5


Use of tidal races


Method Category Anecdotal observa-
tion (or unknown
method) (A)


Observation withou
current data (B)


Combined Score 0.0–8.5 9.0–16.5

species? Species were scored 3 if Z50% of data sources referred
to the target species, 2 if data referred to a related species or to
higher taxa, and 1 if no published data were available.


) Number of Sites: How many sites contributed data?
) Number of Studies: How many studies are included?
) Mean Years: What was the mean period of years over which
data were collected?


) Method Score: What level of uncertainty was associated with
the methods used to collect data? For a full explanation of the
Methods Score, Method Categories and associated Uncertainty
Levels see Section 2.1.1 and Table 1.


The five criteria scores derived for each species, in each vul-
nerability factor, are shown in Supplementary Tables 2–5.


2.1.1. Method Score
To generate a Method Score for each species, in each vulner-


ability factor, the number of studies in each Method Category
(with different Method Categories considered relevant for the four
vulnerability factors; Table 1) were multiplied by the Uncertainty
Score under which the Method Category was located (Table 1).
Greater weight was given to studies using more reliable and ro-
bust methods; for example, before-after-control-impact studies
and studies collecting data on flight altitudes using bird-borne GPS
devices. These more reliable methods were associated with greater
scores to reflect a greater quality of data, and therefore a corre-
sponding lower Uncertainty Level (Table 1; Eqs. (1) and (2)). The
Method Score reflects the reliability of the methods used in all
studies considered for each species in each vulnerability factor,
and the uncertainty inherent in those data. Eq. (1) was used to

ntributing to species vulnerability rankings. Five categories with associated ranking
ore 3), low (score 4) and very low uncertainty (score 5). Capital letters in brackets
rtainty Level and Score assigned to each Method Category and outlines the range of
ulnerability factors. Greater scores reflect a greater quantity and quality of data, and


ncertainty Level (Uncertainty Scores)


Moderate (3) Low (4) Very low (5)


ence
Observations recorded
in the presence of tur-
bines (indirect study 1)
(C)


Study combining results
from 5 or more studies/
sites to produce modelled
flight information (D)


GPS or radar
(direct study) (E)


57.0�84.5 85.0�112.5 113.0–140.5


Before-After- Control-
Impact study (BACI) (C)


25.0–36.5 37.0–48.5 49.0–60.5


BACI or experimental
method (C)


17.0–24.5 25.0–32.5 33.0–40.5


t Observation with mod-
elled or inferred current
data (C)


Study combining results
from 5 or more studies/
sites with modelled or
inferred current data (D)


Observation with
concurrent current
data (E)


17.0–24.5 25.0–32.5 33.0–41.5
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calculate uncertainty associated with each species in the vulner-
ability factors ‘percentage of flight overlapping with wind turbine
blades’, and ‘use of tidal races’. Eq. (2) was used to calculate un-
certainty associated with each species in the vulnerability factors
‘displacement caused by structures’ and ‘displacement caused by
vessels and/or helicopter activity’. The letters in Eqs. (1) and (2)
represent the number of studies considered within each corre-
sponding Method Category, and the numbers represent the Un-
certainty Score associated with those Method Categories (Table 1).
The different equations account for the different methods used to
collect data pertaining to the four vulnerability factors (Table 1).


= ( )+( × )+( × )+( × )+( × ) ( )Method Score A B 2 C 3 D 4 E 5 1


= ( )+( × )+( × ) ( )Method Score A B 2 C 3 2


2.1.2. Combined Score
Combining the scores from each of the five criteria (Z: Species


Score, Number of Sites, Number of Studies, Mean Years, Method
Score) provided an estimation of uncertainty inherent in the data
considered for each species in each vulnerability factor (Eq. (3)).


∑=
( )=


Combined Score score
3i Z


5


i


Combined Scores were assigned to one of five Uncertainty Le-
vels and an associated Uncertainty Score (very low: 5, low: 4,
moderate: 3, high: 2, and very high uncertainty: 1). To allocate
Combined Scores to Uncertainty Levels, the greatest Combined
Score for each vulnerability factor was rounded to the nearest ten
and divided into five equal ranges to correspond to five Un-
certainty Levels (Table 1). This provided a measure of uncertainty
inherent in the data underlying species’ vulnerability rankings in
the four vulnerability factors (Supplementary Tables 2–5). For each
species, the four Uncertainty Scores (generated from the Com-
bined Score in each vulnerability factor) were summed to provide
an overall estimation of uncertainty (Overall Uncertainty Score)
associated with each species (Table 2).


In this paper, the term ‘uncertainty’ refers to the level of con-
fidence in the data used to derive vulnerability rankings; based on
the quality, quantity and relevance of that data. The Uncertainty
Categories and Scores presented are generated based only on the
data considered in this study (see Supplementary Material for data
sources) and provide a relative estimation of uncertainty inherent
in the data considered in each of the four vulnerability factors.
Uncertainty Categories and Scores are measured on an ordinal
scale; which means that the categories are ordered according to
numerical values but that the numerical quantities represented by
those values have no significance beyond allowing a ranking to be
established. The Uncertainty Scores are labels that represent a
categorical order and do not represent any concept of equal in-
terval between categories. Uncertainty Categories and Scores do
not represent an absolute scale and should not be taken to suggest
that additional data collection may not be beneficial, even for
those species associated with very low uncertainty. For example, if
results indicate a very low uncertainty surrounding a particular
species' flight altitude because of a large quantity of data available
for that species, there may still be a poor understanding of the
influence of different behaviour or weather conditions on flight
height. As such, additional data collection could prove beneficial,
as a better understanding of flight altitude would improve colli-
sion risk estimations.

2.2. Modification of vulnerability indices


2.2.1. Differing responses to structures and vessels and/or helicopters
Developments in understanding how seabirds respond to


MREDs indicate that some species (e.g. Northern gannets Morus
bassanus) react differently to structures (e.g. offshore wind tur-
bines) than to vessels and helicopters. This study modifies meth-
ods presented in Furness et al. [3,4] to separately rank species
according to vulnerability to i) structures, and ii) vessels and/or
helicopters; rather than present a combined vulnerability factor.
Greater weighting was applied to displacement/disturbance
caused by structures (a) than to displacement/disturbance caused
by vessels and/or helicopters (b) when calculating vulnerability to
displacement/disturbance caused by offshore wind farms (Eq. (4)).
This incorporates a likely greater influence of permanent struc-
tures over transient vessel and helicopter traffic. A measure of
habitat specialisation (c) and a species conservation score (see
[3,4]) were included (Eq. (4)).


= ((( × )+ ) × )
( )


Displacement/disturbance score
a c b conservation score


10 4


2.2.2. Reduced risk of collision if displaced by structures
Birds avoiding and/or displaced by structures reduce their risk


of collision. This study modifies the Furness et al. [3] calculation
ranking seabird vulnerability to collision with offshore wind tur-
bines by dividing the time spent at altitudes overlapping with
turbine blades (d) by the level of displacement caused by struc-
tures (a) to incorporate this. Flight agility, percentage of time spent
in flight, nocturnal flight activity (Y) and a species conservation
score (see [3,4]) were included (Eq. (5)).


∑= × ×
( )=


Collision risk score
d
a


1
3


score conservation score
5i Y


3


i


All four vulnerability indices presented in Furness et al. [3,4]
were recalculated following modification of index calculations and
inclusion of new data (see Supplementary Tables 6–9 and Sup-
plementary Reference List).

3. Results


3.1. Calculating uncertainty


There is greater uncertainty in our understanding of species'
vulnerability to displacement caused by vessel and/or helicopter
traffic, and seabird use of tidal races, than in data regarding the
percentage of flight overlapping with wind turbine blades and the
level of displacement caused by structures. Results indicate vary-
ing uncertainty among species in the four vulnerability factors,
with storm petrels, sooty shearwater Puffinus griseus and Arctic
skua Stercorarius parasiticus associated with very high uncertainty
in three of the four vulnerability factors. Common goldeneye Bu-
cephala clangula, greater scaup Aythya marila, long-tailed duck
Clangula hyemalis, Manx shearwater Puffinus puffinus, roseate tern
Sterna dougallii, white-tailed eagle Haliaeetus albicilla and grebes
were associated with very high and high uncertainty (Table 2).


3.2. Modification of vulnerability indices


Overall seabird vulnerability rankings remained broadly the
same, with only minor changes, following modification and re-
calculation of the four vulnerability indices presented in Furness
et al. [3,4] (Supplementary Tables 6–9). Northern gannets







Table 2
Uncertainty inherent in data underlying the generation of four vulnerability factors for 38 seabird species. Uncertainty Scores equate to five Uncertainty Categories with
greater scores indicating lower uncertainty: very high (score 1), high (score 2), moderate (score 3), low (score 4) and very low uncertainty (score 5). These categories and
scores are on an ordinal scale where the numerical values have no significance beyond allowing a ranking to be established. Species rankings and scores were generated
relative to data considered in each of the four vulnerability factors.
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European storm-petrel Very high 1 Very high 1 High 2 Very high 1 5 


Leach's storm-petrel Very high 1 Very high 1 High 2 Very high 1 5 


Sooty shearwater Very high 1 Very high 1 High 2 Very high 1 5 


Arc�c skua Moderate 3 Very high 1 Very high 1 Very high 1 6 


Common goldeneye Very high 1 Very high 1 High 2 High 2 6 


Greater scaup Very high 1 Very high 1 High 2 High 2 6 


Manx shearwater High 2 Very high 1 High 2 Very high 1 6 


Slavonian grebe Very high 1 High 2 High 2 Very high 1 6 


White-tailed eagle Very high 1 High 2 High 2 Very high 1 6 


Great-crested grebe High 2 High 2 High 2 Very high 1 7 


Long-tailed duck Very high 1 High 2 High 2 High 2 7 


Roseate tern Very high 1 High 2 High 2 High 2 7 


Great skua Moderate 3 High 2 High 2 Very high 1 8 


Li�le tern Very high 1 Moderate 3 Very high 1 Moderate 3 8 


Velvet scoter High 2 Very high 1 Moderate 3 High 2 8 


Black-headed gull Moderate 3 Moderate 3 High 2 Very high 1 9 


Northern fulmar Low 4 High 2 High 2 Very high 1 9 


Arc�c tern Moderate 3 Moderate 3 High 2 High 2 10 


Great northern diver High 2 High 2 Very high 1 Very low 5 10 


Li�le auk Very high 1 Low 4 Low 4 Very high 1 10 


Black-throated diver High 2 Moderate 3 High 2 Low 4 11 


Common gull Low 4 Low 4 High 2 Very high 1 11 


Common eider Moderate 3 Moderate 3 Moderate 3 Moderate 3 12 


Sandwich tern Low 4 Low 4 High 2 High 2 12 


Black guillemot Very high 1 High 2 Very low 5 Very low 5 13 


European shag High 2 Low 4 High 2 Very low 5 13 


Great black-backed gull Low 4 Very low 5 Moderate 3 Very high 1 13 


Great cormorant Moderate 3 Very low 5 High 2 Moderate 3 13 


Black-legged ki�wake Very low 5 Very low 5 High 2 High 2 14 


Common tern Very low 5 Low 4 High 2 Moderate 3 14 


Herring gull Very low 5 Very low 5 Moderate 3 Very high 1 14 


Lesser black-backed gull Very low 5 Very low 5 Moderate 3 Very high 1 14 


Northern gannet Very low 5 Very low 5 High 2 High 2 14 


Red-throated diver Low 4 Low 4 High 2 Low 4 14 


Common scoter Low 4 Very low 5 Low 4 High 2 15 


Atlan�c puffin Moderate 3 Moderate 3 Very low 5 Very low 5 16 


Razorbill Low 4 Very low 5 Very low 5 Low 4 18 


Common guillemot Low 4 Very low 5 Very low 5 Very low 5 19 
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increased in vulnerability to displacement by wind farms but de-
creased in vulnerability to collision with offshore wind turbines;
cormorant species decreased in vulnerability to displacement but
increased in vulnerability to collision; and auks species, including
common guillemot Uria aalge, razorbill Alca torda and Atlantic
puffin Fratercula arctica, were ranked as more vulnerable to
displacement.

4. Discussion


Uncertainty associated with data used to calculate vulnerability
indices is not always presented but is vital to make useful pre-
dictions. This study used Furness et al. [3,4] to develop novel
methods to demonstrate uncertainty associated with vulnerability
indices. This was achieved by assigning uncertainty to four mea-
sures of vulnerability for 38 Scottish seabird species to highlight
where evidence supporting vulnerability rankings is more robust,
where caution in interpreting results may be required, and where
additional monitoring and research would be beneficial. The study
also consolidates data from Furness et al. [3,4] with recent findings
to consider developments in understanding how seabirds respond
to MREDs and to present up-to-date vulnerability predictions.


4.1. Uncertainty indices


Being transparent and explicit about uncertainty is important
to ensure consistent consideration of uncertainty inherent in
vulnerability rankings. In assigning uncertainty to measures of
vulnerability, this study identifies areas lacking data and highlights
where caution in interpreting vulnerability index results should be
adopted.


Results indicate greater uncertainty in data regarding dis-
placement caused by vessels and/or helicopters, and use of tidal
races by seabirds, than in data regarding the percentage of flight
overlapping with wind turbine blades and the level of displace-
ment caused by structures. This is because the offshore wind in-
dustry has developed more rapidly than other technologies [25]
and establishing a level of collision and displacement caused by
structures is a key component to gaining consent. As such, more
data exist relating to these factors; particularly regarding seabird
flight altitudes (Supplementary Tables 2–5). Results also indicate
varying uncertainty associated with vulnerability rankings among
species. For example, white-tailed eagles were ranked as the
species most vulnerable to collision with wind turbines, whilst
lesser black-backed gulls Larus fuscus were ranked as the second
most vulnerable species (Supplementary Table 6). The uncertainty
indices indicate that white-tailed eagles have a ‘very high’ level of
uncertainty (score 1) associated with data informing the percen-
tage of time spent overlapping with wind turbine blades, whilst
lesser black-backed gull data are associated with a ‘very low’ level
of uncertainty (score 5). These differing uncertainty levels are a
result of varying data quality, quantity and relevance: with data on
flight altitudes for white-tailed eagle originating from two studies
undertaken at two terrestrial wind farms, compared with 35 stu-
dies undertaken at 28 different sites for lesser black-backed gull
(Supplementary Table 2). This example indicates the importance of
being explicit about uncertainty inherent in vulnerability indices
to highlight where caution in interpreting rankings might be re-
quired and where estimates are more robust. Those areas high-
lighted as lacking in data would particularly benefit from addi-
tional monitoring and research to improve predictions of how
seabirds may be affected by MREDs.


Species may lack data for several reasons: 1) they may be un-
common and rarely recorded; 2) they may be difficult to detect
(e.g. small species like storm petrels); 3) they may be active during

sea states incompatible with surveying (e.g. shearwaters in con-
ditions above Beaufort sea state 4); or 4) they may be absent from
MRED sites because they do not occur there (e.g. coastal species at
offshore wind farms). For example, rare species associated with
high uncertainty caused by a lack of observations may be highly
vulnerable to potential impacts of MREDs because they come from
small populations. Conversely, species absent from MRED sites
could be associated with high uncertainty but may not be vul-
nerable to MREDs. It is important to distinguish why species might
be associated with high uncertainty to ensure appropriate mon-
itoring efforts.


4.2. Vulnerability indices


Species rankings remained broadly the same following revision
and recalculation of the Furness et al. [3,4] vulnerability indices
(Supplementary Tables 6–9). Recently available data (see Supple-
mentary Reference List for sources) tended to support previous
scores rather than alter them, which gives confidence in the ap-
proach and the broad rankings of species' vulnerabilities used.


In some cases, vulnerability rankings did alter. For example,
vulnerability of Northern gannets to collision with wind turbines
decreased (Supplementary Table 1). This is attributed to the
modified calculation that separately scores vulnerability to i)
structures and ii) vessel and helicopter traffic (Eq. (4)) rather than
combining the two potential threats. The modification in-
corporates new evidence that some species respond differently to
structures than to vessels and/or helicopters; for example, gannets
are displaced by structures (therefore reducing their risk of colli-
sion) but show little response to vessels and helicopters [12,23,24].


For some species, predicted vulnerability to wind farms in-
creased. European shags Phalacrocorax aristotelis, great cormorants
Phalacrocorax carbo and some tern species increased in vulner-
ability to collision with wind turbines because of evidence in-
dicating attraction to wind farms; potentially for foraging or
roosting opportunities [10,11,23,24] (Supplementary Table 1).
Common guillemots, razorbills and Atlantic puffins increased in
vulnerability to displacement caused by wind farms, as recent
evidence indicates auks are displaced by structures and vessels
[12,23,24] (Supplementary Table 2). Gannets also increased in
their vulnerability to displacement caused by wind farm structures
but were not ranked as highly vulnerable to overall displacement
caused by wind farms because of their large foraging ranges
(Supplementary Table 7) and the comparably small area of habitat
loss represented by a single wind farm. However, displacement
caused by wind farms could prove a greater issue for gannets, and
other species, if the cumulative effects of several installations
throughout foraging ranges are considered. In this study, vulner-
ability indices could not take into consideration cumulative effects,
or assess differences in seabird vulnerability to MREDs based on
seasonality and life stage, but these issues should be borne in mind
when applying the results of vulnerability indices, and should be
considered at a site-specific level.

5. Conclusion


These uncertainty indices present vital information for the
application of vulnerability indices ranking seabird vulnerability to
MREDs. Uncertainty measures can inform MRED impact assess-
ment processes by identifying species of potential concern that
lack data, and contribute to identifying post-consent monitoring
and strategic research priorities. The combined uncertainty and
vulnerability indices could be employed to complement MRED site
characterisation and inform sectoral plans by identifying areas
supporting species that may be sensitive to MREDs. Given the
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evolving understanding of species’ responses to MREDs, these in-
dices should be viewed as a work in progress and would benefit
from regular consolidation with new information.
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This report presents data on infrared monitoring
investigations by use of Thermal Animal Detec-
tion System (TADS) on autumn migrating water-
birds at the Nysted offshore wind farm, Denmark
in 2004.


The aims of the report were twofold:


1) to collect data on the number of waterbird col-
lisions and on the near rotor evasive behav-
iour using TADS, and


2) to compile information (data collected by
TADS and radar) to develop a deterministic
predictive collision model in order to estimate
the number of Common Eiders Somateria mol-
lissima which collide with the sweeping rotor-
blades of the 72 wind turbines.


The results from the collision monitoring study
confirm the findings from the same site in spring
2004, when a relatively low migration volume
around the near vicinity of the turbines was also
documented. During autumn operation, the
TADS recorded 1,944 thermal video sequences au-
tomatically at one turbine, of which five were trig-
gered by birds passing the field of view. No birds
were recorded as passing the sweep area of the
rotor-blades nor colliding with any part of the
turbine during the 28,571 minutes (equivalent to
476 hours) of monitoring.


A single passerine was observed approaching the
rotor-blades, and ceased its onward flight hover-


ing on its wings before it returned in the direc-
tion it came from. The remaining five sequences
showed three flocks of passerines and two flocks
of waterbirds passing within the near vicinity of
the turbine but beyond the reach of the rotor-
blades.


Hence, out of six events four were passerines
passing the field of view of the TADS, and this
despite the fact, that the present monitoring
scheme was designed for measuring waterbird
collisions. This demonstrates that the TADS can
evenly well be used for monitoring passerines as
waterbirds, especially if a larger telephoto lens is
applied.


The values, which were imputed in a collision
model, were obtained partly from the conclusions
of the present study and from the literature. The
model estimated that on average 68 Common
Eiders would collide with the turbines in one
autumn season, with a range of 3 to 484 individu-
als. The estimated average number of collisions
of 68 individuals lie within range of the published
estimates from the literature.


The model in its present form, as a deterministic
model, must be characterised as a preliminary
solution. Before the preferred stochastic approach
can be applied, enabling the variance of the data
of the input parameters to be incorporated in the
final collision estimate, the last radar data col-
lected in 2005 will have to be included.


Synopsis
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Millions of birds migrate annually between their
breeding and wintering areas. During these flights
they often make use of the lowest 150 metres of
air space above ground level, and hence, risk col-
liding with human obstacles such as buildings,
bridges, towers, power lines and wind turbines
(Karlsson 1977, Brown & Drewien 1995, Bevanger
1998, Kerlinger & Kerlinger 2000, Wiese et al. 2001,
Nilsson & Green 2002). It is well documented
world wide that birds collide with such construc-
tions, and in theory these mortality events are
most likely to occur in periods of poor visibility
(e.g. in dark, rain, snow and foggy conditions;
Desholm et al. 2003, Desholm 2003). The highest
number of casualties has been reported as dis-
crete events, occurring especially when sudden
weather changes have reduced the visibility dur-
ing periods of high migration intensity (Nilsson
& Green 2002).


During the past decade, several studies have fo-
cused on the topic of collisions between birds and
wind turbines (Pedersen & Poulsen 1991, Win-
kelman 1992, Tucker 1996, Garthe & Hüppop
2004, Band et al. in press), as numbers of wind
farms have increased significantly during this
period. However, to date the vast majority of the
operating wind turbines have been constructed
on land where searching for casualties and con-
trolling for the removal by predators have been
the preferred and straightforward way of obtain-
ing data on collision frequency. The European
wind power industry plans to exploit the offshore
potential for power production in the future and
in Denmark the first two large offshore wind
farms are already in operation. Since most assess-
ments of turbine-related collision risk among
birds have been conducted on land, knowledge
of the avoidance response of the generally large
and presumably less manoeuvrable waterfowl
species to offshore turbines has been almost non
non-existent until recently. Lack of data combined
with the fact that these species are long-lived and
therefore relatively sensitive to additional adult
mortality have resulted in concerns for possible
negative cumulative impacts on their popula-
tions. The placement in offshore locations makes
it difficult to conduct investigations as described
above, and hence, novel methods needed to be
developed and used.


To determine the impact of collision mortality on
populations, it is essential to determine the
number and species involved (or at least identify
casualties to species group). This is important
because a similar collision frequency may have a
significantly different impact on two different
populations, dependent on their population dy-
namics. Given that the numbers of birds collid-
ing with offshore turbines were expected to be
few and the events rare, any method to count the
number of bird collisions will need to be auto-
matic, cost-effective and remotely controlled,
whilst providing information on the species in-
volved in each collision. The thermal infrared
video technology was judged to meet these re-
quirements since it is capable of detecting mov-
ing birds in all light conditions including total
darkness. A project was therefore initiated in 2001
to develop a system for use in an offshore envi-
ronment and to be operated from land. The sys-
tem was named Thermal Animal Detection Sys-
tem (TADS) and was ready for use by the end of
2003 (Desholm 2003), and together with surveil-
lance radar since 2000 (Kahlert et al. 2000, Des-
holm et al. 2003, Kahlert et al. 2004) it has formed
the basis for data collection for the present report.
This report presents the second season of offshore
data collection by TADS and covers studies con-
ducted during autumn 2004. The project is a part
of the Danish Demonstration Project running at
the Nysted wind farm and is initiated by the
Miljøgruppen.


The aims of this study are two fold:


1) to collect data on the number of waterbird col-
lisions and on the near rotor evasive behav-
iour using TADS, and


2) to compile information (data collected by
TADS and radar) to build a deterministic pre-
dictive collision model (DPCM) for estimating
the number of Common Eiders, the most com-
mon species in the area, colliding with the
sweeping turbine blades at the Nysted offshore
wind farm, Baltic Sea, Denmark.


In the longer term, experience from several sea-
sons of surveillance of turbines by TADS can be
compiled into a library of sequences. Hence, the
long-term objectives of future TADS-studies aim
at answering the following questions:


1 Introduction
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1) How do different bird species or groups of
species react when approaching single tur-
bines, and is the reaction pattern related to
weather conditions, flight speed, flight altitude
and flock size? Insight into this subject will be
very useful in future management programmes
if actions are to be taken to lower the frequency
of bird collisions at offshore wind farms.


2) What is the species-specific probability of col-
lision for birds approaching the turbines, and
is the probability related to weather conditions,
flight speed, flight altitude or flock size?


Henrik Quist, PræcisionsTeknik A/S is thanked
for technical assistance, the staff of Energi E2 and
Ebbe Bøgebjerg from NERI for their practical as-
sistance during offshore installation of the TADS
and for help with establishing the data connec-
tion from Nysted wind farm through the optic
fibres to land and through the Internet to the of-
fice at the National Environmental Research In-
stitute (NERI). Finally, thanks to Hans Erik Dyl-
mer for patiently looking through the many hours
of manual horizontal recordings of the H9-tur-
bine and the following data extraction.
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2.1 Study area


The Nysted wind farm is situated south of Rød-
sand, ca 10.5 km west-southwest of Gedser Odde
and ca 11.5 km south of Lolland in water depths of
6-9.5 m (Fig. 1). The wind farm consists of 72 2.3
MW turbines arranged in 8 north-south orien-
tated rows each with 9 turbines. For a detailed
description of the wind farm see Kahlert et al.
(2000). The study area is known to be passed by
more than 250,000 Common Eiders each spring
and autumn on their migration over the Baltic Sea
(Alerstam et al. 1974, Christensen & Grell 1989).


The TADS was mounted on the second most
southern turbine (H8) in the eastern row during
autumn 2004 (Fig. 2). This position represent a
sector with high migration volume of waterbirds
during the autumn, and was chosen to potentially
register as many passing birds as possible in the
vicinity of a monitored turbine.


2.2 Thermal Animal Detection
System (TADS)


The TADS is an infrared based detection system
that can monitor the behaviour of animals in to-
tal darkness and in an automated way so ther-
mal video sequences are stored only if relatively
hot animals enter the field of view. TADS has been
developed for use in the severe and saline condi-
tions of offshore areas (Desholm 2003).


All objects with a temperature above absolute
zero, i.e. -273°C, radiate heat. Thermal imaging
is a method of obtaining images of objects by
measuring their own, and the reflected heat ra-
diation detectable within the infrared spectrum
of wave lengths of 2-15  m, and contrasts the or-
dinary photographic image which results from
the reflection of visible light. For a more detailed
description of the theory behind the thermal im-
aging technique see Desholm (2003).


Using a 24° lens, the maximum coverage (32.4%)
of the disk area swept by the blades of a wind
turbine rotor was achieved (hereafter referred to


2 Methods


Falster


Lolland


Guldborg Sund
Gedser Odde


Hyllekrog


Rødsand


Figure 1. The wind farm and study area south of Lol-
land and Falster in south-eastern Denmark. Names of
locations are indicated. The hatched area represents
the wind farm area, thin and thick arrows indicate the
schematic direction of terrestrial and waterfowl mi-
gration, respectively. Blue arrows indicate spring mi-
gration and red arrows autumn migration (from Kahl-
ert et al. 2004).


H8


H9


A1


A2


0 3 km


Figure 2. Placement of the observation tower (blue dot),
the turbines (red dots) and extent of radar range (yel-
low circle) for mapping the migration trajectories of wa-
terbirds. The TADS was mounted on the H8 turbine.
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as the sweep area). For more details on the cam-
era model Thermovision IRMV 320V from FLIR
see specifications at the Internet site: http://
www.flirthermography.com/media/320V.pdf


In order to identify birds appearing on the im-
agery to species level, a combination of body
shape, the movements of the flying bird and the
wing beat frequency has to be taken into account.
However, as the distance between the bird and
camera increases the possibilities of identification
will decrease.


The main features of the TADS are as follow:


1) A thermal video camera with a 24° lens that
can detect birds in total darkness and, to a
greater degree than the human eye, in dense
fog also.


2) A thermal trigger software which start down-
loading video sequences to the hard disc of a
computer when at least one pixel in the field of
view exceeds an operator-defined threshold
temperature level ensuring an automated way
of saving mainly sequences when birds are ei-
ther passing or colliding with the turbines.


3) A sealed metal box for camera protection against
precipitation and salty seawater spray (Fig. 3).


4) A pan/tilt head enabling the operator to
change the heading and vertical angle of the
field of view (Fig. 3).


5) A computer sited inside the turbine tower for
the necessary software and video sequence
storage.


6) A network connection from the turbine com-
puter at sea to the NERI office on land.


7) A windscreen wiper and a sprinkler system.


8) A water valve for removal of condensing wa-
ter inside the camera housing.


2.3 Measuring avian collisions


During autumn 2004, a single TADS was used to
monitor bird collisions at the H8-turbine at the
Nysted offshore wind farm in the Danish part of
the Baltic Sea (Fig. 2).


The camera was mounted on the eastern side of
the turbine tower at c. 7.5 m a.s.l.


Data were collected during both day and night
from 10 September to 7 November 2004. Only one
operator performed camera adjustment settings
and data collection, ensuring as high continuity
and as low variance in the data collection proc-
ess as possible. Two different views were used
during data collection:


1) the preferred vertical view for monitoring the
birds passing or colliding with the turbine
tower and the turbine blades,


2) the 45° angle view for monitoring the near vi-
cinity of the turbine towards the north.


View 1 was the primary view usable in westerly
winds only when the blades were rotating on the
opposite side (western) of the tower in relation
to the camera, and the aim using this viewing
mode was to measure collisions directly. View 2
was the secondary view usable during all possi-
ble wind directions. The aim using this viewing
mode was to collect data on the migrants flying
in the very close proximity of the turbine.


In total, 72,677 minutes of TADS-operation was
conducted during spring 2004, representing a to-
tal of 50.5 days out of a study period of 59 days,
resulting in an operation efficiency (OE) through-
out the entire study period of:


%5.85%100
960,84
677,72 =×=OE Eq. 1


Monitoring was conducted in approximately equal
proportions of the two viewing modes (Table 1).


From the recorded thermal video sequences, the
following data were derived:


Figure 3. Thermal camera mounted with a pan/tilt
head on an offshore turbine at Nysted wind farm.
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1) number of birds colliding with the turbine or
passing in the near vicinity of it,


2) number of sequences triggered,
3) sequence length (seconds),
4) view type,
5) wind conditions during data collection (ob-


tained from a meteorology mast within the
wind farm area),


6) numbers of and reasons for false (i.e. non-bird)
triggered sequences (when other things than
birds triggered the recording).


2.4 Collision model
parameterisation


Not only can TADS be used to monitor the avian
collisions with wind turbines, moreover it is ca-
pable of collecting data for model parameterisa-
tion. Since it will never be economical feasible to
monitor all turbines within a large offshore wind
farm a modelling approach will always be neces-
sary. A framework for a predictive collision model
will be presented in chapter 2.5 and below is de-
scribed those input that were collected by the
TADS during autumn 2004. The remaining input
data for the model originate from visual and ra-
dar data collected over the past five years and
will be presented in the chapter on modelling.


2.4.1 Near rotor-blade avoidance response


The ability of birds to perform a last-second eva-
sive manoeuvre in order to pass safely the area
swept by the rotor-blades is an important factor
to be incorporated into any future predictive col-
lision models. Such information will be obtained
both from all three viewing modes. Ideally, this
information should be plentiful and species spe-
cific, but it must be emphasised here that this


study using one TADS only during one autumn
migration season will not provide all the neces-
sary data, and thus, more data collection will be
needed in the future if this topic has to be under-
stood.


2.4.2 Flight altitude


Knowing the flight altitude of the migrants is es-
sential for the process of predicting the number
of future collisions through modelling. The height
data will be derived from manually recorded ther-
mal video sequences of birds passing between the
turbine at which the TADS is mounted (H8) and
the neighbouring turbine towards south (H9; Fig.
2). Each sequence was five minutes long and proc-
essed by a human observer. Looking through all
these hours of recordings and finding the pas-
sages where birds were passing the field of view
was very time consuming. The speed of the proc-
ess can be enhanced by using the fast moving for-
ward feature which increase the frame rate. This
not only reduces the time for processing but also
increase the contrast between the often blur back-
ground and the moving bird flock, and hence,
makes the processing work a lot easier.


In order to estimate the flight altitudes of migrants
using TADS, the distance and angle to each indi-
vidual/flock has to be estimated. The distance (A)
to the recorded Common Eider flocks was esti-
mated by trigonometry:


hV
CA


tan
= Eq. 2


where C represents half the distance the flock flew
when passing the field of view (on the east-west
direction) and Vh is half the horizontal angle of
the applied camera lens which was a 24° lens. C
was calculated for each flock by multiplying the
time it took to pass half of the field of view with


Operation time (minutes) Monitoring time (minutes) Number of sequences


View 1 37879 28571 1396


View 2 34798 31499 548


Total 72677 60070 1944


Table 1. The operation time (when the camera is running), monitoring time (when the camera was able to
detect birds) and the number of recorded thermal sequences separated in accordance to the two different
viewing modes. The two viewing modes are listed as they were prioritised during operation of the TADS.
View 1 equals the vertical view and View 2 equals the 45 degree view.
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the ground speed (the mean air speed for Com-
mon Eiders corrected for the wind assistance ex-
perienced by the birds recorded by the TADS).
The mean air speed for Common Eiders was esti-
mated from five years of radar data on the spe-
cies ground speed corrected for the wind assist-
ance.


From the visually obtained line of sight the verti-
cal angle to each bird can be estimated by trigo-
nometry:


b
ainvVv tan= Eq. 3


where a denotes the projected height of the bird
at the neighbour turbine and b denotes the dis-
tance between the two turbines (Fig. 4).


Knowing the distance and angle to the bird, the
flight altitude (T) of the recorded flocks of Com-
mon Eiders was estimated by trigonometry:


( )( ) HAVT v +×= sin Eq. 4


where Vv is derived from equation 3 and A from


equation 2 and H denotes the mounting height
of the TADS (Fig. 4).


Measuring flight altitude by means of TADS is
constrained by the relative small vertical open-
ing angle of the camera lens (18°), which result in
a limited field of view. This will exclude bird
flocks flying high and close to the TADS from
being detected. The view direction was set to-
wards the south in order to obtain data from both
inside and outside the wind farm. Consequently,
the number of flocks flying at the same height as
the sweeping rotor-blades will be underestimated
inside the wind farm but not outside. This must
be kept in mind when analysing the frequency
distributions of flying altitudes.


2.4.3 Flock size and species composition


From the 5-minute horizontal recordings the
number of individuals in each flock was estimated
visually by a single experience observer. From the
same sequences species composition was deter-
mined by a combined assessment based on flight
pattern, flock structure, migration speed, wing
beat frequency and the general appearance of the
individuals (known as the 'jizz').


H = 7.5 m
3.5 m


28 m


69 m


110 m


Vv


A


b


T


a


Figure 4. Schematic presentation of the trigonometry features used for estimating the flight altitude (T) of the
migrating waterbirds. A denotes the distance (m) between the TADS and the bird flock (depicted as a single
bird), Vv the vertical angle of flock, b the distance between the two turbines (480m), a the projected height on
the neighbour turbine of the flock, and H the mounting height of the TADS.
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2.5 Avian collision model


When constructing collision prediction models it
is necessary to discriminate between models for
EIA studies (pre-construction) and models for
effect studies (pre- and post-construction) since
only the latter offers the opportunity of includ-
ing the avian evasive actions towards wind tur-
bines. This is because data on species specific eva-
sive manoeuvring are very scarce. Consequently,
data on evasive manoeu-
vre capabilities need to be
collected at the study site
of interest before proper es-
timates of the number of
collisions (including avoid-
ance behaviour) can be es-
timated through quantita-
tive predictive modelling.
Nevertheless, it is recom-
mended to build non-eva-
sive-types models as part of
the EIA studies, as a first
crude assessment of the
potential risk of collision for
any proposed wind farm.


2.5.1 Framework for a
collision model


In the present report focus
have been at the develop-
ment of the model frame-
work, and hence, only the
deterministic model for au-
tumn migrating waterbirds
(Common Eiders) colliding
with the rotor-blades dur-
ing one season will be pre-
sented.


Risk of collision is defined
as the proportion of birds/
flocks exposing themselves
to a collision by crossing a
scale-specific collision con-
flict window (e.g. a wind
farm or the area swept by
the rotor-blades). The risk
of collision (ri) is assessed at
four levels of conflict win-
dows: Level 1 relates to the
study area, level 2 the wind


farm, level 3 the horizontal reach of rotor-blades,
and level 4 the vertical reach of rotor-blade (Fig.
5). The value of ri can be measured directly for
each level post-construction as an average tran-
sition probability, or be estimated pre-construc-
tion by multiplying the pre-construction propor-
tion of birds/flocks (pi) passing the level specific
conflict window with the assumed (published
estimates) proportion of birds (ai) not showing
any evasive manoeuvres at the given level. After
level 4, a factor describing the by-chance-prob-


Figure 5. Schematic presentation of the collision prediction model where the boxes
to the left represent the four scale-specific conflict windows and the boxes to the
right the non-colliding and colliding segments of the migrants. The six values of
ni denotes the number of birds/flocks which enter each box and can be calcu-
lated in accordance to the equations presented in the boxes. The migration vol-
ume in study area is represented by n1 and nm is the number of north-south
orientated rows of turbines that a given flock of birds passes on its way through
the wind farm. Risk of collision is denoted ri and is defined as the proportion of
birds/flocks exposing them self to a collision by crossing a collision conflict win-
dow (e.g. wind farm or area swept by the rotor-blades). The evasive transition
rates are denoted as ei and c is a factor describing the by-chance-probability (c)
of not colliding with the rotor-blades when crossing the area swept by the rotor-
blades.


Study area


In-crossing number
(parent population): 


n1


Wind farm


In-crossing number:
n2 = n1 × r1


Multi-crossing number:
nm


Horizontally reach of 
rotor-blades


In-crossing number:
n3 = n2 × r2


Vertically reach of
rotor-blades


In-crossing number:
n4 = n3 × r3


Collision


ncollision = n4 × r4 × (1-c)


Avoiding collision


navoiding = 


(n4 × r4 × c) + Σ(ni × ei)


r1


e1 = 1-r1


Multi-crossing loop


e2 = 1-r2


e3 = 1-r3


r4 × (1-c)


e4 = 1-r4


r2


r3


r 4
 ×


 c


r4
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ability (c) of not colliding with the rotor-blades
must be incorporated to account for those birds
passing safely the area swept by the rotor-blades
by chance (Fig. 5; Tucker 1996, Band et al. in press).
An overall risk of collision (R) can be obtained by
multiplying the four probability risk values:


R = r1×r2×r3×(r4×(1-c)) Eq. 5


In the present report, the simple deterministic
way of estimating the overall number of collisions
at the wind farm (ncollision) will be applied. Aver-
age values for all the input parameters will be
used in this (Fig. 5) predictive collision model. In
practice, R must be multiplied with n1 using av-
erage values for all transition probabilities and
for the c and n1-values. The more profound way
of estimating ncollision would be by simulating the
migration event from n1 through ncollision in accord-
ance to the collision prediction model (Fig. 5) by
resampling transition probabilities and c-values
and n1-values from probability distributions col-
lected in the field post-construction.


This model covers one row of turbines only, and
hence, the model has to be repeated several times
(equal to nm) re-starting at level 2 (wind farm) with
n4×r4×c individuals from the previous simulation
(see the Multi-crossing loop at figure 5). This ap-
proach implies that only birds passing the area
swept by the rotor-blades at the first row of tur-
bines will have the possibility of passing the area
swept by the rotor-blades of the second row of
turbines and likewise for any next rows. This as-
sumption will result in a relatively small esti-
mated number of collisions at row 2-9 compared
to row 1, but intuitively this makes sense. This is
because birds avoiding the turbines in the first
row most properly will have the same perception
of risk when passing the turbines at the next row
of turbines, and hence, most probably perform
an evasive response again.


The average number of rows the flocks of water-
birds were passing when crossing the wind farm
area was estimated from the autumn base-line
data collected at the study site from 2000-2002.
Only tracks entering the wind farm through the
eastern gate was used. Each track was followed
through the wind farm area and the number of
north-south orientated turbine rows passed was
counted. If a track terminated inside the wind
farm area its last node was prolonged until it left
the wind farm area.


The modelling process at this early stage of the
before-and-after study at the Nysted offshore
wind farm should be considered as preliminary,
since a more detailed modelling will be per-
formed after the final season of data collection
(2005). At this point, model input values is in-
tended to be resampled from the full and final
data set collected on site, and thus, the very im-
portant variance estimates of the output values
(e.g. ncollision and navoiding) will be produced.


When the data collection (both in planned radar
studies and possible future TADS studies) is ter-
minated the model will be applied for the follow-
ing scenarios:


a) day and night,
b) tail-, head- and cross-wind (especially r1, r3


and c may be affected significantly by the wind
direction and speed), and


c) rotor-blades, foundation and turbine tower.


The results from these partial scenarios will fi-
nally be combined in an overall estimate of the
number of collisions at the wind farm under
study.


Parameterisation of the collision prediction model
can be done by applying both radar, TADS and
visual observations in the data collection proto-
col as follows for each of the four spatial levels
(Fig. 5):


Level 1. This level relates to the study area and
specify its in-crossing number n1 representing the
overall number of birds/flocks passing the study
area during a migration event (i.e. spring or au-
tumn migration season).


Level 2. For this part of the analysis radar data
defining the probability of migrants passing the
wind farm is needed (r1).


Level 3. For this part of the analysis radar data
defining the distance to nearest turbine is needed
for those flocks that pass through the wind farm.
From the compiled frequency distribution of dis-
tance to nearest turbine, the proportion (r2) of the
migrating flocks that pass within the horizontal
risk distance (equal to the length of the rotor-
blades) of the turbines can be calculated for day
and night. Desholm & Kahlert (in press) has re-
cently recorded a diurnal difference in mean dis-
tance to turbines for waterbirds.
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Level 4. In order to estimate the proportion (r3) of
birds flying within vertically reach of rotor-blades,
a height distribution is needed. Depending on the
level of information on migration altitudes the
height distribution can either be based on theo-
retical calculations or preferable on directly meas-
ured altitude data collected at the study site. Al-
titude data on migrating birds can be collected
by operating a surveillance radar vertically or by
applying the height data collection protocol by
TADS (see paragraph 2.4.2).


At this stage, n4 (number of birds/flocks passing
the area swept by the rotor-blades) was estimated
and the final transitions to birds colliding (r4×(1-
c)) and avoiding the rotor-blades (e4+(r4×c)) must
hereafter be executed. For inclusion of the near
rotor-blade evasive manoeuvres (e4) which must
be collected during both day and night, infrared
detection systems (e.g. TADS) must be applied to
collect data on ability of the different species of
birds to perform evasive actions when crossing
the sweeping rotor-blades. So far, such evasive
factors have only been reported in the study by
Winkelman (1992) using a thermal camera. In to-
tal, 92% of the birds (all species combined) ap-
proached the rotor-blades without any hesitation
at day time whereas this figure was 43% at night
time. It is assumed that birds showing evasive
action (e4) when crossing the area swept by the
rotor-blades are passing safely.


Finally, an avoiding-by-chance factor (c) must be
incorporated after level 4 for those birds crossing
the area swept by the rotor-blades safely without
performing any evasive actions. Procedures for
calculation of 'c' can be found in Tucker (1996) &


Band et al. (in press) and can be directly incorpo-
rated in the collision prediction model.


The end product of the collision prediction model
will be the predicted number of birds colliding
with the turbines:


ncollision = n4×r4×(1-c) Eq. 6


and the predicted number of birds that avoid (ei-
ther by chance or by evasive actions) colliding
with the turbines:


navoiding =(n4×r4×c) +  (ni×ei) Eq. 7


where n1 (overall number of birds passing the
study area) equals the sum of ncollision


 and navoiding.


2.6 Data handling


All data were stored in databases. Unusual data
were tagged and commented to enable a later
exclusion of erroneous data. After having stored
data in databases, the original data were checked
once again.


The following quality control procedures were
imposed throughout the production of this report:


• Internal scientific review by a senior researcher
• Internal editorial and linguistic revision
• Internal proof-reading
• Layout followed by proof-reading
• Approval by project managers.
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3.1 Measuring avian collisions


Wind conditions during the study period affected
the choice of viewing mode to a very high degree,
since the preferred vertical view required a wind
direction from the opposite side of the turbine
tower to the placement of the camera. Otherwise
the turbine blades would continuously sweep
through the field of view of the camera and facili-
tate a false triggering. In autumn 2004, the opti-
mal wind for the vertical viewing mode was from
westerly directions (180°-360°) as the camera was
mounted on the eastern side of the turbine tower
(90°). In 54.7% of the study period winds were from
westerly directions and consequently it came from
easterly direction in the remaining 45.3% (Fig. 6).


During operation the thermal trigger software
saved 1,944 thermal video sequences (see Table
1), of which five were triggered by birds passing
the field of view in the 45° viewing mode and
one was triggered by the rotor blades showing a
bird in the vertical view mode. No birds were re-
corded as colliding with the rotating turbine
blades (vertical view only) nor colliding with any
part of the turbine during the 28,571 minutes of
vertical monitoring (Table 1).


Event number 1 was recorded on 4 October 2004
at 21:19 PM (in the dark) in the 45° viewing mode.
The resulting thermal video sequence showed 15


large passerines (size of thrushes) passing the
field of view from the middle of the field of view
and up towards the right corner (Fig. 7). The dis-
tance from the birds to the camera was c. 50 me-
ters. No evasive behaviour could be detected.


Event number 2 was recorded on 6 October 2004
at 06:50 AM (in the dark) and showed a single
passerine approaching the rotor-blades, standing
still hovering on its wings before it returned to
the direction it came from (Fig. 8). The distance
from the bird to the camera was c. 30 meters and
it was recorded in the vertical viewing mode. This


3 Results
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Figure 6. Frequency distribution of the wind direction
divided into four sectors (0-90° = north-east, 91-180°
= east-south, 181-270° = south-west, 271-360° = west-
north) and experienced in the study area from 10 Sep-
tember to 7 November 2004.


Figure 7. A single frame from the sequence recorded at
event no. 1 showing 15 larger passerines passing the
field of view upwards.


Figure 8. A single frame from the sequence recorded at
event no. 2 showing a single passerine approaching
the rotor-blades, standing still hovering on its wings
before it returned to the direction it came from.
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must be characterised as an evasive behaviour
that eliminated the collision risk.


Event number 3 was recorded on 6 October 2004
21:19 PM (in the dark) and shows 25 waterbirds
looking very much like Common Eiders. They
were passing the field of view from the left (east)
to right (west) and were recorded in the 45° view-
ing mode (Fig. 9). The distance from the birds to
the camera was c. 120 meters. No evasive behav-
iour could be detected.


Event number 4 was recorded on 6 October 2004
21:22 PM (in the dark) and shows a single passer-
ine (Fig. 10) passing from left to right (towards
southwest) at a distance of c. 20 meters. The event
was recorded in the 45° viewing mode and no
evasive behaviour could be detected.


Event number 5 was recorded on 10 October 2004
22:12 PM (in the dark) and shows a single passer-
ine (Fig. 11) passing the field of view from left to
right downwards in the 45° viewing mode and at
a distance of c 15 meters. No evasive behaviour
could be detected.


Event number 6 was recorded on 20 October 2004
17:31 PM (in the twilight) and shows c. 30 me-
dium sized birds (probably waterbirds; Fig. 12)
approaching the turbine from the south and per-
forming an evasive manoeuvre towards the west
before disappearing out of the field of view. The
event was recorded in the 45° viewing mode and
at a distance of c. 80 meters.


Figure 9. A single frame from the sequence recorded at
event no. 3 showing 25 waterbirds, looking very much
like Common Eiders, passing the field of view towards
right (west).


Figure 10. A single frame from the sequence recorded
at event no. 4 showing a single passerine passing from
left to right (towards south-west).


Figure 11. A single frame from the sequence recorded
at event no. 5 showing a single passerine passing the
field of view from left to right downwards.


Figure 12. A single frame from the sequence recorded
at event no. 6 showing c. 30 medium sized birds (prob-
ably waterbirds) approaching the turbine form the
south and performing an evasive manoeuvre towards
the west (right) before disappearing out of the field of
view.
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The remaining 1,938 non-bird sequences can be
characterised as false triggered sequences, and
was the result of changing temperature patterns
in the background of the camera view. Such tem-
perature changes in the field of view were mainly
caused by drifting clouds (45.5%), sun heating of
the atmosphere especially just after sunrise
(21.1%) by the blades of the turbines turning into
the field of view (32.0%) because of changing
wind conditions, or due to other reasons (the sun
entering the field of view (1.5%).


However, such false triggered sequences were
easily identified as being non-bird sequences,
since a series of similar (showing similar picture
in the first frame) sequences were saved during a
restricted period of time which could be processed
and removed within a few minutes in a single
operation, and these periods were then excluded
from the monitoring time. In order to estimate
the monitoring efficiency, such unusable periods,
which comprised many false-triggered sequences,
were excluded from the operation time. Of the
total operation time, 12,607 minutes (17.3%) could
be characterised as unusable where the trigger
software was constrained in operating properly.
Thereby, the monitoring efficiency (ME) amount-
ed to:


%7.70%100
960,84


607,12677,72 =×−=ME Eq. 8


3.2 Collision model
parameterisation


3.2.1 Near rotor-blade avoidance response


During the study period of 50.5 days, no water-
birds, which was the target species in this study,
were detected as approaching the rotor-blades at
a short distance. One passerine was observed fly-
ing towards the rotor-blades and eventually per-
formed a 180° horizontal turn and returned in the
direction it came from. At a longer distance from
the turbines (100-200 m), three flocks of water-
birds (probably Common Eiders) performed hori-
zontal evasive manoeuvres to individual turbines
(manual recordings in horizontal viewing mode).
One of these flocks also showed a downward
vertical movement that was interpreted as an
evasive action.


3.2.2 Flight altitude


Mean air speed for Common Eiders was esti-
mated to 17.34 m/sec (SD = 2.4; n = 352) for all
flocks detected by radar in the study area during
1999-2004 and visually determined to species.


The flight altitude was estimated on the basis of
514 5-minute horizontal TADS-recordings (42.8
hours) in accordance to equation 2-4. In total, 12
flocks of waterfowl were recorded inside the wind
farm and 90 flocks outside. On average, each 5-
minute sequence contained 0.2 flocks, and hence,
five sequences are needed to obtain on average
one flock passing the field of view. The biased
representation of data towards a small propor-
tion of flocks, which was recorded inside the wind
farm, is a consequence of the relatively low migra-
tion volume inside the wind farm (Desholm 2005)
and to the geometric constrains described in the
end of paragraph 2.4.2. Due to the low number of
flocks detected inside the wind farm, a correction
of the altitude data cannot be performed. When
more data are collected in the future, such a cor-
rection procedure can be performed and a statisti-
cal comparison between flocks inside and outside
the wind farm can be conducted.


The mean (±SD) flight altitude was 13.7 m (±15.0)
and 28.9 m (±19.6) for flocks of waterbirds flying
inside and outside the wind farm, respectively.
Figure 13 shows the frequency distribution of
flight altitudes for waterbird (probably Common
Eiders) flocks inside and outside the wind farm.
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Figure 13. Frequency distribution of the flight altitude
for flocks of migrating waterbirds passing the view of
the TADS. “In” means flocks flying within the wind
farm and “Out” flocks flying just outside the wind
farm to the south.
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No flocks were observed flying higher than the
upper reach of the rotor-blades (110 m) and the
percentages of flocks flying below the rotor-blades
were 91.7% and 52.2% for flocks inside and out-
side the wind farm, respectively.


A tendency to increasing flight altitude with in-
creasing tail-wind component was discovered
(Fig. 14), but the explanatory power was relatively
low. As can be seen from figure 14, only very few
data have been collected in periods with head
winds since these are known to result in low mi-
gration volume (Pettersson 2005).


Unfortunately, only three flocks of waterbirds
were detected during darkness in the 514 se-
quences, and hence, a proper day vs. night com-
parison can not be made, at present.


3.2.3 Flock size and species composition


From the horizontal TADS-recordings (from both
inside and outside the wind farm) 15 flocks of
larger gulls (i.e. Herring Gull Larus argentatus) and
101 flocks of waterfowl (probably Common Eiders)
could be assessed with regard to flock size. Of the
15 gull observations 13 was of single individuals
and two of two individuals, which resulted in an
average flock size of 1.13 (SD = 0.35). Waterfowl/
Common Eiders was presented by 101 flocks for
flock size estimation with an average of 25.45 (SD
= 18.54) individuals per flock. The frequency dis-
tribution of the waterfowl flock sizes (Fig. 15) was
skewed towards smaller flocks with values for
skewness and kurtosis of 1.6 and 1.8, respectively.


Again the number of flocks detected in darkness
was not sufficient for a proper statistical analysis
between day and night, but further data collection
in the future will overcome this. In this study, the
mean flock size values will not be included in the
collision model. However, the data will be pre-
sented here and used in the fully developed ver-
sion of the model were model parameters will be
resampled from the collected data.


3.3 Collision model


3.3.1 Parameterisation of model input
values


In the following, procedures for parameterisation
of the average of each input value for the deter-
ministic predictive collision model (DPCM; see
figure 5) will be outlined and used in the average
scenario. Furthermore, for each parameter an al-
ternative pair of values will be applied using
standardised or published values that respec-
tively maximise and minimise ncollision. These maxi-
mum and minimum values were then used for
two alternative scenarios (Maximum scenario and
Minimum scenario). For a description of the ab-
breviations used for transitions rates and in-cross-
ing numbers, see chapter 2.5.


Parameterisation of n1


The estimated migration volume (n1) for Com-


y = 2.9835x + 7.435


R2 = 0.222
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Figure 14. Relationship between the tail wind compo-
nent and flight altitude of waterbirds and its linear
regression. Positive tail wind component means tail
wind whereas negative component values means head
winds.
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Figure  15. Frequency distribution of the flock size of
waterbirds (mainly Common Eiders) as observed by
the horizontal TADS recordings (n = 101).
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mon Eiders in the study area is adopted from
Desholm (2005) with 343,461 individuals for one
autumn season used in the average scenario. The
two alternative values for the maximum scenario
and minimum scenario is defined respectively as
25% more than n1 and 25% less than n1 (see Table 2).


Parameterisation of r1


Values presented in this paragraph is adopted from
Desholm & Kahlert (In press). The overall propor-
tion of flocks (r1) crossing the eastern row of tur-
bines decreased significantly from 40.4% (n = 1,406)
during pre-construction (2000-2002) to 8.9% (n =
779) during initial operation (2003; χ2 = 239.9, P <
0.001). The data on r1 for the post-construction year
of 2004 are still being analysed but lye also between
8% and 9% (NERI unpublished data). In contrast
to the analyses by Desholm et al. (2003) and Kahl-
ert et al. (2004), the present analysis has defined
night as the period from 2 hours after sunset to 2
hours before sunrise, and day as the period from
sunrise to sunset. This procedure was adopted for
comparing the situation of full light with total dark-


ness. During initial operation r1 was significantly
higher at night compared to daytime (13.8%; n =
289 and 4.5%; n = 378, respectively; χ2 = 17.1, P<
0.001). The average value from autumn 2003 will
be used in the average scenario, the night value
for the maximum scenario and the day value for
the minimum scenario (Table 2).


Parameterisation of r2


The procedure for estimating the transition rate
from study area to wind farm follows the ap-
proach by Desholm (2005), and hence, data from
autumn 2003 were used. The cumulative fre-
quency distribution of distances to nearest tur-
bine, when birds passed the north-south orien-
tated rows of turbines, was significantly differ-
ent from an evenly distributed migration pattern
both during day and night (Kolmogorov-Smirnov
one-sample test; D = 0.0846, n = 260, p < 0.05 and
D = 0.1775, n = 400, p < 0.01 for day and night,
respectively; Fig. 16). Hence, the waterfowl flocks
tended to fly between individual turbines instead
of crossing the wind farm irrespective of the place-


Parameters
Average
scenario


Maximum
scenario


Minimum
scenario


Model input n1 343,461 429,326 257,595


c 0.849 0.821 0.877


r1 0.089 0.138 0.045


r2 0.074 0.100 0.056


r3 0.289 0.478 0.100


r4 0.675 0.920 0.430


nm 5.9 8.4 3.4


Model output e1 0.911 0.862 0.955


e2 0.926 0.900 0.944


e3 0.711 0.522 0.900


e4 0.325 0.080 0.570


n2 30,568 59,247 11,592


n3 2,262 5,925 649


n4 654 2,832 65


navoiding (first row) 343,394 428,860 257,592


ncollision (first row) 67 466 3


ncollision (wind farm) 68 484 3


Probability of collision (%) 0.020 0.113 0.001


Table 2. Input and output values for the three scenarios of the deterministic predictive collision model (see
Fig. 5). The average scenario is run using average values for each parameter as described in paragraph 3.3.1.
The two alternative scenarios (maximum and minimum) aim at determining the maximum and minimum
number of collisions (see definition in text).
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ment of the turbines. Likewise, the cumulative
frequency distribution differed significantly be-
tween day and night (Kolmogorov-Smirnow two-
sample two-tailed test, D=0.1273, nday = 260, nnight
= 400, d.f. = 2, p<0.05, adopted from Desholm &
Kahlert (in press)), as the night-distribution was
displaced further away from individual turbines
(Fig. 16). The overall proportion of flocks flying
closer than 41 m (length of rotor-blades) to the
turbines were 7.4% (n = 660). During night and
day this proportion was 5.6% (n = 400) and 10.0%
(n = 260), respectively. The average value of r2
(7.4%) will be used when modelling the average
scenario and the time-of-day specific values will
be used as the maximum (10.0%) and minimum
(5.6%) values for the maximum and minimum
scenario, respectively (Table 2).


Parameterisation of r3


Measurements of the migration height of Com-
mon Eiders migrating in head winds have been
adopted from Kahlert et al. (2000) where the pro-
portion (r3) of eiders flying at the altitudes swept
by the rotor-blades (30-110m) was 10%. The flight
altitude estimations from the present TADS study
was used for the tail wind situation (see para-
graph 3.2.2) where 47.8% (100%-52.2%) were fly-
ing in the area swept by the rotor-blades (Fig. 13).
For modelling the average scenario the r3-value
(28.9%) lying in between the values for head and
tail wind was used, for the maximum and mini-
mum scenarios the values for respectively tail
wind and head wind will be adopted (Table 2).


Parameterisation of r4


Parameterisation of the proportion (r4) of birds
trying to pass the area swept by the rotor-blades
without performing any evasive actions was sig-
nificantly constrained by the general large pro-
portion of birds which avoided flying in the col-
lision risk zone of the blades. Therefore, it is not
possible to estimate an r4-value based on the data
collected for this report. However, Winkelman
(1992) reported that 92% of the birds approached
the rotor without any hesitation at day time but
only 43% at night time. These two figures were
adopted as the r4-values for maximum and mini-
mum scenarios respectively, and the value lying
in between (67.5%) will be used for the average
scenario (Table 2). It must be stressed here that
these values have not been collected for common
eiders, but they are the only available estimates
at present.


Parameterisation of c


The probability of passing safely the rotor-blades
by chance was adopted from Band et al. (in press).
The theoretic estimation of c by Band et al. (in
press) for Greylag Goose was 0.877 and 0.821 for
Harrier sp. Circus sp. The value for Greylag Goose
Anser anser was used in the minimum scenario
and the Harrier c-value in the maximum scenario.
The value (0.849) centred between these two val-
ues was used as the c-value in the average sce-
nario. These values are in close agreement with
the mean values calculated by Tucker (1996) for a
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Figure 16. The cumulated frequency distribution of
distances between flocks of waterbirds and nearest tur-
bine when passing the north-south orientated rows of
turbines. Adopted from Desholm & Kahlert (in press).
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Figure 17. Frequency distribution of the number of
north-south orientated rows of turbines passed by the
autumn migrating flocks of waterbirds passing the
wind farm area in the pre-construction period (2000-
2002).
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tailwind situation, and since the vast majority of
the migration volume of Common Eiders passes
the study area in tailwinds it seems reasonable to
adopt those c-values.


Parameterisation of nm


On average, each flock entering the wind farm
from the east pre-construction passed 5.9 (SD =
2.5) north-south orientated rows of turbines. The
majority of all trajectories (48.7%) passed 8 rows
whereas the remaining flocks were more or less
evenly distributed with between 1 to 7 row pas-
sages (Fig. 17). These data were incorporated into
the model to take into account that most of the
waterbird flocks passing the wind farm area
passed more than one of the north-south orien-
tated rows of wind turbines. In figure 5 this aspect
is depicted schematically as the Multi-crossing
loop. The average value of 5.9 row passages was


used for modelling the average scenario and for
the maximum and minimum scenario one SD (2.5)
will be added (nm = 8.4) and subtracted (nm = 3.4)
from the average, respectively (Table 2).


3.3.2 Running the model


Using the input values described above in the
average scenario of the deterministic predictive
collision model (Fig. 5) for the Nysted offshore
wind farm resulted in an average number of 68
Common Eiders colliding during an autumn sea-
son (Table 2). The range in which the number of
colliding Common Eiders most probably lies, is
modelled through the minimum and maximum
scenarios, and turned out to be between 3 and
484 individuals (Table 2). Hence, the general risk
of collision for waterbirds passing the study area
at Nysted is estimated to 0.001% - 0.113% with an
average of 0.020%.
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4.1 Monitoring


The results from the present collision monitoring
study confirmed the conclusions in spring 2004
obtained at the same wind farm (Desholm 2005).
The present study period was about twice as long
as the spring study (59 compared to 27 days), and
equally, the present programme resulted in ap-
proximately twice the number of events during
which birds triggered the TADS (6 compared to 3
events). This may indicate that what the TADS is
measuring in terms of migration volume in the
close proximity of the wind turbines is fairly con-
stant between seasons in the same study area. Due
to the relatively low sample size and only two
seasons of study further investigations must be
performed before firm conclusions can be made
about the year to year variation.


Out of six events at least four showed passerines
passing the field of view of the TADS, and this
despite the fact, that the present monitoring
scheme was designed for measuring waterbird
collisions. This demonstrates that the TADS can
also be used for monitoring passerines especially
if a larger telephoto lens is applied.


In between the study by Desholm (2005) and the
present study, improvement has been achieved
with regard to operator skills resulting in a 7%
higher monitoring efficiency and in a decrease in
the number of false triggered sequences from
45.2/day to 32.8/day. This just reflects the fact
that the complex skills of operating a TADS are
likely to be improved and therefore the efficiency
by which the system is collecting data may po-
tentially be enhanced as experience is gained.


In conclusion, the risk of collision for Common
Eiders at the Nysted offshore wind farm is too
low to be measured directly by one TADS only.
We know that only a very little fraction of the
migrating Common Eiders fly close enough to the
turbines to be at risk of colliding with rotor-blades
or tower construction, but we can not measure
the exact number of annual casualties with the
available hardware.


4.2 Modelling


The applied values for the model input param-
eters were obtained partly from the conclusions
of the present study and partly from the litera-
ture. Four out of seven parameters have been
derived from the data of this study (n1, r1, r2, and
nm), two parameters originate solely from other
publications (r4 and c), and one is base in part on
both (r3). To improve the predictive model and
make it more site specific the c values could be
calculated on the basis of resampled data collected
in the study. Furthermore, species specific values
for r4 would be more appropriate to improve the
model. At present, such data do not exists, how-
ever, in future this might change if international
collaborative programmes regarding this issue
have been established.


The interesting question whether there is a dif-
ference in the behaviour of the waterbirds be-
tween day and night can not be dealt with at this
early stage of the study since only very few ob-
servations of birds have been recorded during
night-time. This can be explained by the relatively
low number of waterbirds migrating at night
compared to day-time and because the main fo-
cus of this study was to maximise the number of
recording of flocks. Further investigations need
to be conducted to collate more data on the night-
time behaviour before firm conclusions on diur-
nal differences in behaviour can be made, and
before day/night values for different model in-
put parameters can be applied.


The estimated average number of collisions of 68
Common Eiders during one autumn migration
period equals 1.9 individuals per turbine per year,
which lie within the published estimates at a
coastal wind farm (Winkelman 1992). Caution
should be taken though when using estimates
which are not site-specific, since for obvious rea-
sons local conditions like migration volume, spe-
cies composition and topography most likely will
play a significant role for the number of collisions.
Therefore it is advised to compile and publish
species specific behavioural data, which can be
applied in future studies at other locations expe-
riencing different local conditions. In the past, a
tendency to publish estimates of the number of


4 Discussion and conclusions
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collisions per turbine per year only, have been
very common. Unfortunately, such site specific
data is not of much value at other sites unless the
local conditions are very alike. But since this rarely
happens, the data on the number of collisions per
turbine per year from one study will never be
used in others, and this is unfortunate consider-
ing the relatively resource demanding nature of
this kind of investigations.


If a realistic maximum number of collisions can
be estimated and this turns out to be at an ac-
ceptable level, obtaining the exact true value be-
comes less important. This is not to say that we
should not try to estimate or preferably count the
true number of collisions, but if the maximum
estimated number of collisions is acceptable, from
an ecological point of view, then resources might
be used better at other wind farms or on other
species.


As a validation of the presented results the likely
number of collisions at the H8-turbine (at which
the TADS was mounted) will be estimated and
compared to the obtained results of no Common
Eiders passing the field of view of the TADS. In
order to estimate the likely number of collisions
at the H8-turbine, a series of simple consecutive
probability calculations must be performed. From
Desholm (2005) we know that c. 25% of the wa-
terbirds entering the wind farm through the east-
ern row do this between the two north-south
neighbour turbines of H8, and if an equal migra-
tion pattern is assumed, 50% of those birds col-
liding at these three turbines will do so at H8.
Only 33% of the area swept by the rotor-blades of
H8 is covered by the single TADS and from Table


1 a collision monitoring efficiency of 39% can be
calculated ((28,571 hours / 72,677 hours) x 100).
If these probabilities are multiplied (0.25 x 0.50 x
0.33 x 0.39), a H8-correction factor (F) of 0.0161
can be estimated. Multiplying F with the esti-
mated number of collisions at the first row of tur-
bines from the DPCM will lead to an estimated
number of collisions at H8. Multiplying the esti-
mated F-value and the ncollision from the average
scenario of the DPCM results in a predicted an-
nual number of collisions at H8 of a single Com-
mon Eider. In conclusion, it is therefore judged
that the two partial results of this report, that no
collisions were detected by the single TADS and
the estimated annual 68 colliding Common Ei-
ders, tend to be in agreement with each other.
There seems to be too few collisions at the Ny-
sted offshore wind farm to be recorded by a sin-
gle TADS. However, it must be stressed here, that
although one TADS may not be enough for direct
measurement of the number of collisions at this
wind farm, but the value of a single TADS as a
tool for model parameterisation has proven very
high. So, even though neither the monitoring or
modelling part of the present study claim to have
produce an exact estimate of the collision rate,
they both suggest it to be relatively low, and by
agreeing in this they strengthen the credibility of
the overall conclusion.


The model in its present form as a deterministic
model must be characterised as a preliminary
solution. Before the preferred stochastic approach
can be applied, enabling to incorporate the vari-
ance of the data into the final collision estimate
the last radar data collected in 2005 will have to
be included.
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Nocturnal migrants do not incur higher collision risk
at wind turbines than diurnally active species


JORG WELCKER, MONIQUE LIESENJOHANN, JAN BLEW, GEORG NEHLS & THOMAS GR€UNKORN*
BioConsult SH GmbH & Co. KG, Schob€uller Strabe 36, 25813 Husum, Germany


Nocturnally migrating birds, particularly passerines, are known to be vulnerable to colli-
sion with man-made structures such as buildings, towers or offshore platforms, yet infor-
mation with respect to wind farms is ambiguous. We recorded bird flight intensities
using radar during autumn migration at four wind farms situated within a major migra-
tion flyway in northern Germany and simultaneously conducted systematic searches for
collision fatalities at the same sites. We found that migration traffic rates at rotor height
estimated by radar observations were significantly higher during the night, yet strictly
nocturnal migrants constituted only 8.6% of all fatalities at the wind farms. In contrast to
the situation at other vertical structures, nocturnal migrants do not have a higher risk of
collision with wind energy facilities than do diurnally active species, but rather appear to
circumvent collision more effectively.


Keywords: bird collision, fatalities, nocturnal migration, passerines, wind energy.


Despite the rapid development of wind energy
worldwide, there is still considerable uncertainty
with regard to its environmental impacts (Drewitt
& Langston 2006, Northrup & Wittemyer 2013).
Mortality of birds through collision with turbines
is a direct consequence of wind farms and has
been the focus of several studies in recent years
(Marques et al. 2014).


The number of bird fatalities at wind facilities
depends on a variety of factors. One aspect of par-
ticular importance is the siting of the turbines: the
number of collisions appears to be highest at wind
farms situated in areas of high bird abundance or
within highly frequented flight paths of migrating
or resident birds (Everaert & Stienen 2007, Ferrer
et al. 2012, Northrup & Wittemyer 2013, Marques
et al. 2014). In addition, there is strong evidence
that the risk of collision varies substantially across
species, depending mainly on their morphology
and flight behaviour (Barrios & Rodriguez 2004,
Hoover & Morrison 2005, Strickland et al. 2011).


Nocturnally migrating birds, particularly passeri-
nes, are often thought to be particularly vulnerable
to collisions with wind turbines (Erickson et al.


2001, Strickland et al. 2011), perhaps because
nocturnal migrants often represent the majority of
fatalities at man-made structures such as buildings,
communication towers or offshore facilities
(H€uppop et al. 2006, Longcore et al. 2008, Arnold
& Zink 2011). For example, Crawford and
Engstrom (2001) showed 15 passerine families
that migrate at night constituted more than 90%
of fatalities at a television tower. This high colli-
sion rate is thought to be related to poorer visibil-
ity of obstacles during the night, which may be
aggravated during periods of inclement weather
(Avery et al. 1977). In addition, collision risk may
further increase if structures are illuminated and,
hence, attract birds (Longcore et al. 2008). How-
ever, evidence for an increased collision risk of
nocturnal migrants at wind energy facilities is
ambiguous (Johnson et al. 2002, Krijgsveld et al.
2009).


We tested the prediction that nocturnal
migrants are at a greater risk of colliding with wind
turbines than are diurnally active birds. We
recorded the number of flight movements
recorded by radar observations at four wind farms
on the island of Fehmarn, Germany, during the
autumn migration period and simultaneously doc-
umented the number of bird fatalities at these
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wind farms. Fehmarn, situated in the southwestern
Baltic Sea, was a particularly suitable site for our
study as it is located within a major migration fly-
way between Scandinavia and the European main-
land that is frequented by several million birds
each year (Berndt et al. 2005).


METHODS


Data were collected between 31 August and 10
December 2009 at four wind farms at the north-
ern part of the island of Fehmarn (54°300N,
11°200E). The wind farms comprised 11, 17, 21
and 25 turbines, respectively, with a maximum
height of 100 m and a mean distance between tur-
bines of c. 300 m. Rotor diameters ranged
between 66 and 70 m. Turbines were not illumi-
nated during the night.


To estimate the number of bird movements
at the wind farms, we used two identical marine
surveillance radars (10 kW, X-band, JMA-5310-
6; JRC, Tokyo, Japan). The devices were oper-
ated simultaneously at two wind farms for about
2 days at a time (mean 40.0 h, range 26.6–
50.2 h) and were regularly alternated between
sites. Each wind farm was sampled at a regular
14-day interval throughout the study period.
Radar observations were conducted indepen-
dently of weather conditions and included
periods of harsh weather. Rain clutter may mask
bird signals, so radar data recorded during
periods of rain were omitted prior to analysis
(see below). In total, radars ran for about
14 days at each wind farm, collecting 1119 h of
data.


The radars were placed directly outside
(< 500 m) three of the four wind farms. For logis-
tical reasons, the fourth radar site was located c.
3.5 km outside the fourth wind farm. Radars were
tilted vertically and the beam was aligned perpen-
dicular to the main migration direction during
autumn, which was assumed to be southwesterly.
The radar range was set to 1600 m. The ‘target
trail’ function was set to 30 s afterglow. Thus,
each radar signal was displayed with a trail of its
positions during the past 30 s leading to character-
istic bird tracks that were easy to identify. A
screenshot of the radar screen was stored on a hard
disk every 4 min. Later, all radar signals considered
to represent a bird track were manually marked
using purpose-built software (HaSoTec, Rostock,
Germany) which automatically calculated the


horizontal, vertical and absolute distance of the
signal to the radar.


To estimate the number of collision fatalities at
the wind farms, we conducted systematic weekly
line transect searches and accounted for search
efficiency and carcass persistence rate. During the
study period, 12 searches were conducted in all
four wind farms. Searches were performed regu-
larly every 7 days along standardized straight tran-
sects which connected the wind turbines of each
wind farm. The tracks were recorded by GPS.
Search effort was concentrated within 10 m of the
transect line. In total, 65 wind turbines were cov-
ered by four parallel transects for each search. Due
to time limitations, nine turbines of one wind farm
could not be included in the carcass search effort.


To determine searcher efficiency and to correct
for imperfect detection (see below), we conducted
10 search experiments with four to five observers.
In each experiment, on average 25 bird carcasses
were placed at different distances from the tran-
sects at different wind turbines in locations
unknown to the observers. Detection probability
may depend on the size (visibility) of a bird as
well as the vegetation cover of the search area.
Therefore, search experiments were conducted for
three size classes of birds (small birds < 50 g, med-
ium-sized birds 50–200 g and large birds > 200 g)
and for three different classes of vegetation cover.
The species used in search experiments were cho-
sen to closely represent the expected species com-
position of fatalities. The small size category
consisted of small passerines (mainly Robin Eritha-
cus rubecula, finches, swallows, pipits, sparrows
and warblers). Waders and thrushes (primarily
Golden Plover Pluvialis apricaria and Blackbird
Turdus merula) were used for trials on medium-
sized birds. Search experiments on large birds
were conducted with Oystercatchers Haematopus
ostralegus, Common Buzzards Buteo buteo and a
number of gull species.


As carcasses may disappear due to scavengers or
decomposition, we additionally determined carcass
persistence time by randomly placing 65 fresh bird
carcasses of the three different size classes at wind
turbines. A species composition similar to that in
the search experiments was used in these trials,
and a similar proportion of carcasses were placed
at the four wind farms included in the study. The
disappearance of carcasses was recorded daily for
the first three days and at days 7, 10 and 14 after
placement.
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Data analysis


The probability of a bird being detected by radar
depends on a variety of factors (Bruderer 1997).
Most importantly, detectability depends strongly
on the distance from the radar. To correct for dis-
tance-dependent detectability, we applied a dis-
tance sampling approach (Buckland et al. 2001) as
detailed in H€uppop et al. (2006). This was done
for the two radar devices separately. We selected
all radar signals between 150 and 250 m altitude
for the whole range of 1600 m. At this altitude,
the horizontal distribution of radar signals within
the range of the radar beam was assumed to be
independent of topographic or other structures
that might influence flight trajectories of birds and,
hence, reflects the distance-dependent detectability
by the radar. Plots of all radar signals at the differ-
ent sites were consistent with this assumption. Fol-
lowing Buckland et al. (2001), we determined the
detection function by fitting half-normal and haz-
ard-rate models with and without cosine series
expansion up to the fifth order. The best models,
based on Akaike’s information criterion (AIC),
were half-normal models with fourth- and fifth-
order cosines series expansion for the two radar
devices, respectively. Radar signal data were then
corrected based on these detection functions.


Based on the corrected signals, we calculated
mean migration traffic rates (MTRs – signals per
km per h) for 100-m altitude bands (up to
1600 m) combined for all wind farms and observa-
tion periods. MTRs were calculated separately for
each day (defined as the time period between civil
twilight in the morning and evening) and each
night. Only data from complete days and nights
were used. To determine differences in MTR
between day and night, we ran a least-squares
ANOVA with time of day (day vs. night) and alti-
tude band as explanatory variables. MTRs were
log-transformed to obtain normality of data.
Within the lowest 100 m altitude, bird signals
were partly masked due to interference with
ground structures such as trees, buildings or wind
turbines. As these interferences did not vary
between day and night we did not correct for
lower detectability at low altitudes. The software R


and the package ‘Distance’ were used for these
analyses (R Core Team 2014, Miller 2015).


Collision mortality was estimated according to
Korner-Nievergelt et al. (2015) using the R


package ‘carcass’ (Korner-Nievergelt et al. 2016).
First, we estimated the proportion of bird carcasses
that fell into the search area within 10 m of either
side of the line transects. Based on the recorded
search tracks and using a geographical information
system, we calculated the proportion of the area
that was searched for 20-m distance rings around
each wind turbine (up to a distance of 160 m, the
maximum distance of detected carcasses). These
proportions were then multiplied by the propor-
tion of birds found within each distance ring. The
resulting proportion of birds that fell into the
search area was 0.252.


Secondly, we estimated daily carcass persistence
probability for the three bird size classes using sur-
vival models for right-censored data. Persistence
probability may vary with time as the probability
to be scavenged may be higher for fresh compared
with older carcasses (Warren-Hicks et al. 2013).
We therefore fitted a parametric survival model
with a Weibull error distribution allowing for
time-dependent removal probability and compared
it with an exponential model assuming constant
removal probability using a likelihood ratio test
(LRT). As the Weibull model did not significantly
decrease deviance (LRT, df = 1, P = 0.14), we
used the exponential model to estimate daily per-
sistence probability. To determine searcher effi-
ciency, we used a generalized linear model with a
binomial error distribution as implemented in the
function ‘search.efficiency’ of the R package ‘car-
cass’. Searcher efficiency was estimated separately
for the different bird size and vegetation cover
categories.


Finally, we used the function ‘estimateN’ (Kor-
ner-Nievergelt et al. 2016) to estimate the number
of collision fatalities based on estimates of persis-
tence time, searcher efficiency and the proportion
of birds falling into the search area. As the search
area was defined as a 10-m strip on both sides of
the transects, carcasses found accidentally outside
the strip width were removed from the dataset
prior to estimating total collision fatalities. In addi-
tion, birds that were dead for more than 7 days at
the first carcass search were omitted (Table 1).
The function ‘estimateN’ is based on Bayes’ theo-
rem with a uniform prior distribution and returns
the median of the posterior distribution. This
approach takes into account the randomness of the
count process (carcass searches) and the uncer-
tainty of the estimates of persistence time and
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searcher efficiency (Korner-Nievergelt et al. 2011).
Differences in searcher efficiency depending on
vegetation cover were incorporated by estimating
fatalities separately for each vegetation class and
then calculating the weighted average based on


the proportion of search effort within each vegeta-
tion class.


To compare the number of fatalities of noctur-
nal migrants and diurnally active species, we esti-
mated the number of casualties for each species
found. To determine the total number of collision
fatalities during the study period (fatalities per
wind turbine), we re-ran the analysis based on all
carcasses found per bird size class. This was done
because a simulation study has shown that the rel-
ative error of fatality estimates based on small
numbers of detected carcasses (single species) is
large and that sums of these estimates will overes-
timate the total number of fatalities at the level of
whole wind farms (Korner-Nievergelt et al. 2011,
2015).


RESULTS


Mean MTR was significantly higher during the
night than during the day (ANOVA F1,624 = 69.2,
P < 0.001) and varied significantly with altitude
(F15,624 = 5.8, P < 0.001). The difference between
day and night was similar at all altitudes (Fig. 1;
ANOVA F15,624 = 0.1, P = 1.0). Within rotor height
(< 100 m), mean MTR during the day
(4.70 signals/km/h) was 40.7% lower than during
the night (7.93 signals/km/h; Fig. 2).


During the study period, 61 individual birds
belonging to 19 species were found dead at the
four wind farms (Table 1). Corrected for search
efficiency, persistence time and the proportion of
carcasses that fell into the search area, this corre-
sponded to an estimated total of 265 fatalities, or
4.1 casualties per wind turbine during the study
period. Of the species found, the Goldcrest Regu-
lus regulus was the only strictly nocturnal migrant,
constituting (after correction) 8.6% of all fatalities
or 17.4% of all passerines. Thus, the theoretical
risk of collision, expressed as the ratio between
flight activity (MTR) at rotor height and the num-
ber of estimated casualties, was 19.4 times higher
for diurnally active species than for nocturnal
migrants.


DISCUSSION


In contrast to our expectation, nocturnally migrat-
ing birds represented a low proportion of the esti-
mated total number of collision fatalities despite
the fact that estimated bird flight activity was
higher during the night than the day. Our


Table 1. Number of bird fatalities found at four wind farms on
the island of Fehmarn, Germany, in autumn 2009. The total
number of carcasses (including accidentally found remains)
and the number of carcasses found on standardized transects
are given (see Methods for details). In addition, the estimated
number of fatalities after accounting for experimentally deter-
mined search efficiency and carcass persistence time and the
estimated total number of fatalities at the four wind farms are
given. The Goldcrest Regulus regulus was the only strict noc-
turnal migrant found during the study period (highlighted in
bold text).


Species


Number of fatalities


Found Transects
Estimated


total


Mallard Anas platyrhynchos 2 2 11
Common Eider Somateria
mollissima


1 1 6


Osprey Pandion haliaetus 1 0 0
Red Kite Milvus milvus 1 0 0
Common Buzzard
Buteo buteo


4 2 11


Moorhen Gallinula
chroropus


1 1 8


Golden Plover
Pluvialis apricaria


3 2 14


Black-headed Gull
Larus ridibundus


9 7 32


Common Gull Larus canus 3 2 11
Herring Gull Larus
argentatus


15 8 37


Feral pigeon Columba
livia domestica


1 1 8


Wood Pigeon Columba
palumbus


2 1 11


Collared Dove Streptopelia
decaocto


1 1 8


Bank Swallow
Riparia riparia


3 1 18


Barn Swallow
Hirundo rustica


3 2 28


House Martin Delichon
urbicum


7 6 69


Goldcrest Regulus regulus 2 2 28
Rook Corvus frugilegus 1 1 6
Tree sparrow Passer
montanus


1 1 18


Total 61 41 265a


aThe total number of collision fatalities does not correspond to
the sum of the estimated fatalities of all species. See Methods
for details.
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estimates of diurnal and nocturnal MTRs were
based on surveillance radar observations. The spa-
tial resolution of these devices is not sufficient to
distinguish between a single individual and a small
flock of birds (Fijn et al. 2015). As diurnal
migrants tend more often than nocturnal migrants
to migrate in flocks (Berthold et al. 2003), our
estimates of diurnal MTRs may be biased towards
low values and the true difference between diurnal
and nocturnal MTRs may be smaller than our data
suggest.


Surveillance radar signals do not allow the dis-
tinction between species. A large body of literature
shows that the species composition of nocturnal
migrants in the western Baltic Sea is dominated by
some of the most numerous Scandinavian passeri-
nes, such as Willow Warbler Phylloscopus trochilus,
Robin, Goldcrest, Common Redstart Phoenicurus


phoenicurus and several thrush species (mainly
Redwing Turdus iliacus, Song Thrush Turdus philo-
melos and Blackbird) (Zehnder & Karlsson 2001,
Nilsson et al. 2014). In line with our results, it has
also been shown by a number of studies that a
high percentage of nocturnal migration activity
often occurs within the lowest 100–300 m of alti-
tude (Zehnder et al. 2001, H€uppop et al. 2006,
Fijn et al. 2015). Assuming a high collision risk of
nocturnal migrants, we would therefore expect
that fatalities in our study will be dominated by
this species group. However, with the exception
of the Goldcrest, we did not find strictly nocturnal
migrants as collision fatalities. Instead, the species
composition was dominated by diurnal migrants,
staging and/or resident birds such as gulls, raptors
and swallows, which in total constituted 91.4% of
estimated fatalities.


Behavioural differences between resident and
nocturnally migrating birds may lead to substantial
differences in the collision risk of an individual.
For example, a swallow foraging in the vicinity of
a wind turbine may incur a higher risk of collision
than does a nocturnal migrant passing through the
wind farm only once. However, such behavioural
differences are reflected in our estimates of flight
activity and consequently do not explain the low
collision risk of nocturnal migrants in our study.
Our estimates of MTR were not based on individ-
ual birds but on the sum of flight paths through
the radar beam per time. Thus, actively foraging
birds were recorded by the radar in proportion to
their flight activity at the wind farms.


Figure 2. Mean migration traffic rates (MTR – signals/km/h,
� se) during the day and night at an altitude of between 0 and
100 m at four wind farms on the island of Fehmarn, Germany,
during autumn 2009. Means and se were calculated on log-
transformed data.


Figure 1. Mean migration traffic rates (MTR – signals/km/h,
log-transformed � se) at four wind farms on the island of Feh-
marn, Germany, during autumn 2009. MTRs are given for
16 100-m altitude bands. (a) MTRs during the day (time period
between civil twilight in the morning and evening). (b) MTRs
during the night. Note that MTR within the lowest altitude band
(100 m) was underestimated due to interference of the radar
with ground structures (see Methods for details).
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For the difference in the number of fatalities
between nocturnal and diurnal species to be mean-
ingful, it is essential to exclude the possibility of a
bias in estimating these numbers. A potential bias
may arise due to systematic differences in body
size. The majority of expected nocturnal migrants
at the study site are small to medium-sized passeri-
nes (e.g. warblers and thrushes, respectively),
whereas diurnally active species may to a greater
extent include large species such as ducks, gulls
and raptors. We therefore took body size into
account when estimating disappearance rate and
search efficiency and, ultimately, the total number
of fatalities. In addition, we carefully selected the
species used in these experiments to reflect closely
the expected species composition of fatalities at
the study site. Hence, we are confident that our
estimates of disappearance rate and search effi-
ciency are realistic, including for small species such
as the Goldcrest.


A bias may also arise if the probability of car-
cass disappearance of nocturnal migrants is higher
during the first hours after collision compared
with diurnal species, for example due to high
activity of nocturnal scavengers. However, our
data do not support this view. During disappear-
ance experiments, only 7.7% of carcasses were
removed during the first 24 h (comparable with
13.8% during the following 48 h) and models
allowing for time dependence of disappearance
rate did not fit the data better than constant
models. This strongly suggests that our estimates
of search efficiency and disappearance rate were
unbiased and hence may not explain differences
in collision fatalities between nocturnal migrants
and diurnal species.


Several different statistical approaches have
been used to estimate collision fatalities (Korner-
Nievergelt et al. 2011, Bernardino et al. 2013,
P�eron et al. 2013, Warren-Hicks et al. 2013) and
the outcome may vary with the method used. Yet,
as stated above, there is no indication in our data
that factors affecting the detection probability of
carcasses vary systematically between nocturnal
and diurnal birds at our study site. Hence, these
two species groups have to be treated similarly
independent of the statistical approach and, conse-
quently, the effect of the statistical approach on
relative differences between groups is likely to be
minor.


Even though nocturnal migrants are often con-
sidered to be particularly vulnerable to collisions


with wind turbines (Strickland et al. 2011), there
is little evidence so far to support this. The only
other study known to us that combined data on
bird flight activity and systematic carcass searches
estimated the collision risk of nocturnal migrants
(27% of fatalities) to be an order of magnitude
lower than that of diurnally active and resident
birds (Krijgsveld et al. 2009). Data from collision
fatality studies indicate that the proportion of
nocturnal migrants may vary substantially across
sites. In a review of nine studies of systematic
carcass searches in the USA, nocturnal migrants
constituted only between 0 and 33% (Erickson
et al. 2001). Similarly, Gr€unkorn et al. (2009)
found this group of species to be absent
among fatalities in northern Germany. However,
Johnson et al. (2002) reported that 71% of all
fatalities over 4 years at wind farms in Min-
nesota, USA, were of nocturnally migrating
passerines.


These findings suggest that nocturnal migrants
are not generally more susceptible to collisions
with wind turbines compared with diurnally active
birds, but at least at some sites they may be able
to elude collisions more effectively (Krijgsveld
et al. 2009). Hence, results from studies of bird
collisions with other anthropogenic structures such
as buildings, towers or offshore platforms (Long-
core et al. 2008) that usually find a high risk of
collision of nocturnal migrants do not necessarily
reflect the situation at wind facilities.


The reason for the apparent difference in colli-
sion risk of nocturnal migrants with wind turbines
and other vertical structures remains unknown.
Possible explanations may involve differences in
illumination or a potentially better capability of
birds to perceive wind turbines at night due to
movement of rotors and their sound emission. It is
well known that lit structures may constitute a
hazard to nocturnal migrants (Evans Ogden 1996,
Longcore et al. 2008, Loss et al. 2015), with colli-
sion risk often depending on the respective illumi-
nation scheme (Jones & Francis 2003, Gehring
et al. 2009). At our study site, wind turbines were
not illuminated, which may have contributed to
the low number of casualties of nocturnal migrants
(Kerlinger et al. 2010).


This study was funded by the Fehmarn Netz GmbH &
Co. OHG. We thank J. P�erez-Tris and two anonymous
reviewers for helpful comments on an earlier draft of
the manuscript.
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Abstract 16 


The risk of collision between birds and turbines is seen as one of the key issues in the planning 17 
process for offshore wind farms. In some cases, predictions of collision risk have led to projects 18 
either being withdrawn from the planning process, or refused planning consent. Despite this, the 19 
evidence base on which collision risk is assessed is extremely limited and assessments rely on 20 
models which can be highly sensitive to assumptions, notably about bird collision avoidance 21 
behaviour. We present a synthesis of the current state of knowledge about collision risk and 22 
avoidance behaviour in seabirds. Evidence suggests species-specific responses to turbines and that 23 
in order to avoid collision, most birds adjust their flight paths at some distance from the turbines, 24 
rather than making last-second adjustments. We highlight the key gaps in knowledge and make 25 
recommendations for future data collection.  26 


 27 


Keywords 28 
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1. Introduction  32 


Offshore wind energy is likely to play a key role in efforts to combat climate change through the 33 


production of renewable energy (Kaldellis and Zafirakis, 2011). At present the industry is well-34 


developed in northern Europe, and is expanding globally (Breton and Moe, 2009; Snyder and Kaiser, 35 


2009). However, there are concerns over the potential for offshore wind farms to negatively affect 36 


wildlife, with impacts on seabirds frequently cited as a key concern (Furness et al., 2013; Garthe and 37 


Huppop, 2004).  38 


 39 


The main effects of offshore wind farms on seabirds are thought to be:  i) collision mortality ;  ii) 40 


displacement and attraction effects and;  iii) barrier effects (Desholm and Kahlert, 2005; Everaert 41 


and Stienen, 2007; Masden et al., 2009; Vanermen et al., 2015). Barrier effects occur when the wind 42 


farms physically exclude birds causing extended flight journeys around the development during 43 


migration or when commuting between colonies and  foraging areas (Masden et al., 2010, 2009).  44 


Displacement is regarded as a response that results in a functional loss of the habitat available 45 


within a wind farm, as opposed to a change in flight trajectory around the wind farm (Drewitt and 46 


Langston, 2006; Furness et al., 2013). Whereas attraction to wind farms is argued to be a 47 


consequence of turbines serving as a platform for roosting birds or the base acting as a reef resulting 48 


in an increase in food availability (Dierschke et al., 2016). Collision mortality describes birds colliding 49 


with turbines and associated infrastructure and has received a significant level of attention by the 50 


onshore industry as a result of well documented events (de Lucas et al., 2008; Everaert and Stienen, 51 
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2007; Loss, 2016; Thaxter et al., 2017a). However, the feasibility of collecting corpses or observing 52 


collision events in the marine environment is challenging and, to date, only two studies have 53 


reported birds colliding with offshore turbines (Desholm, 2006; Pettersson, 2005).  54 


 55 


In the absence of more detailed information about collision rates, Collision Risk Models (CRM) are 56 


routinely used to predict the risk posed by offshore wind farms to seabird populations  as part of 57 


pre-construction Environmental Impact Assessments (EIAS) in Europe (e.g. Ministry of Economic 58 


Affairs, 2015; NIRAS, 2015). CRMs are also being used in a range of countries where the offshore 59 


wind industry is in the early stages of development including the USA (Cranmer et al., 2017; Fammler 60 


and Kuris, 2010; Jenkins et al., 2018; Stumpf et al., 2011). They have also been used in a post-61 


construction context in order to quantify likely collision rates (Skov et al., 2012) and to help estimate 62 


the cumulative impact of collisions at multiple offshore wind farms through extrapolation (Brabant 63 


et al., 2015; Busch and Garthe, 2017). A variety of different CRMs are available, but at their core 64 


most calculate the probability of a bird colliding based on the likelihood of it occupying the same 65 


space as a turbine blade. The collision risk to an individual bird is then scaled up based on the 66 


number of birds likely to pass through a wind farm over a given time period. The final stage is the 67 


application of an avoidance rate which takes into account the proportion of birds likely to take 68 


action to avoid a collision (Masden and Cook, 2016). However, outputs from CRMs are known to be 69 


sensitive to assumptions made about the avoidance behaviour of the species concerned, notably 70 


flight height and flight speed, which are often based on extremely limited data (Chamberlain et al., 71 


2006; Masden, 2015). 72 
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 73 


Whilst avoidance behaviour can be seen as a continuum over space and time, there is a need to 74 


break this down into different components which correspond to how birds may respond to both the 75 


wind farm and to individual turbines. Technological limitations associated with measurement have 76 


also influenced the definitions but, currently avoidance behaviour is recognised at three different 77 


scales (Figure 1), termed macro, meso, and micro (Cook et al., 2014). May (2015) developed  a 78 


framework for understanding avian avoidance based on the underlying behavioural mechanisms and 79 


set out how this related to these three classifications. Macro-avoidance (avoidance of the wind farm 80 


as a whole) can arise through a functional habitat loss and is observed as displacement. May (2015) 81 


went on to argue that attraction could be included under the term displacement, resulting in what 82 


are in effect negative avoidance rates. However macro-avoidance can also include barrier effects, a 83 


type of evasive behaviour which can be classified as being impulsive or anticipatory, the latter of 84 


which requires early detection or a prior experience or knowledge. Meso-avoidance is the 85 


anticipatory or impulsive evasion of rows of turbines within a wind farm. Micro-avoidance reflects 86 


the last-second action taken to avoid collision with the turbine blades and may be thought of as an 87 


escape response (May, 2015). 88 
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 89 
 90 


Figure 1 Different scales of avoidance behaviour in relation to an offshore wind farm, turbines 91 
indicated by black dots. Macro-avoidance reflects birds either taking action to avoid entering, or 92 
birds being attracted to, a wind farm, meso-avoidance reflects birds taking action to avoid individual 93 
turbines and micro-avoidance reflects birds taking last-second action to avoid colliding with rotor 94 
blades (i.e. within circles surrounding each turbine). 95 


 96 


Collisions with turbines may not only have significant conservation implications (Everaert and 97 


Stienen, 2007) but important economic consequences as well. In the UK, the Docking Shoal Offshore 98 


Wind Farm was refused planning consent over the estimated numbers of Sandwich terns Thalasseus 99 


sandvicensis predicted to be killed (DECC, 2012), a decision with major implications for both the 100 


developer and regulators. Considering the respective economic and conservation concerns, it is vital 101 


that decisions about offshore wind farms are made based on the best available evidence. Despite 102 
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this, there has been no clear agreement about how data describing avoidance behaviour should be 103 


collected (Cook et al., 2014; May, 2015). There is a risk that this situation may lead to “decision 104 


paralysis” whereby decision-making is constantly postponed whilst additional data are collected 105 


(Milner-Gulland and Shea, 2017).  106 


 107 


Northern gannet Morus bassanus, lesser black-backed gull Larus fuscus, herring gull Larus 108 


argentatus, great black-backed gull Larus marinus and black-legged kittiwake Rissa tridactyla are 109 


viewed as being at a high risk of collision with offshore wind farms due to their flight altitude 110 


(Furness et al., 2013; Johnston et al., 2014; Ross-Smith et al., 2016). In northern Europe, the foraging 111 


ranges of these species also often overlap with the currently planned offshore wind farm 112 


developments (Bradbury et al., 2014; Johnston et al., 2015; Soanes et al., 2013; Thaxter et al., 2015). 113 


Here we consider what evidence currently exists to quantify avoidance behaviour for these species. 114 


We then describe how these data can be best combined to calculate an overall avoidance rate 115 


suitable for use in CRMs for the five key species. In so doing we present an approach which can be 116 


adapted for other species and also allows for sufficient flexibility for the inclusion of future data for 117 


our example species. Finally, we highlight any gaps in knowledge that we have identified as part of 118 


our review. 119 


2. Methods  120 


 121 
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We focussed our literature search on operational wind farms in northern Europe at which the five 122 


key bird species were likely to occur. An online database (www.4coffshore.com) was used to identify 123 


offshore wind farm sites, relevant developers and their environmental consultants in order to obtain 124 


available reports and data. Web of Science and Google Scholar were used to search for relevant 125 


peer-reviewed papers, reports, conference proceedings and book chapters relating to the impacts of 126 


wind farms on the five priority species, following literature trails where appropriate. We also 127 


referred to previous reviews on the topic (Marine Management Organisation, 2014; 128 


Smartwind/Forewind, 2013) to ensure that all sources of primary literature had been identified. 129 


Where appropriate, we also considered data relating to the five key species collected from coastal 130 


sites, as currently these may reflect the best or only available data on which to base decisions 131 


(potential biases are highlighted in section 4.2-Limitations). 132 


 133 


2.1 Macro-avoidance 134 


Methodologies which have been used to look at macro-avoidance may not actually distinguish 135 


between birds displaced from a wind farm and those exhibiting barrier effects since both can be 136 


manifested as a decrease in the numbers of birds in flight within the wind farm area. For the 137 


purposes of this review however, we considered studies according to the effect they were designed 138 


to investigate. This was not considered an issue as barrier, displacement and attraction effects 139 


collectively describe the overall macro-avoidance rate.  The key studies included based boat or aerial 140 


surveys or from counts from panoramic scans but supporting information was included from GPS 141 


tracking studies or radar studies where species identification had been possible. Rates of macro-142 
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avoidance were taken directly from the studies cited or calculated using model coefficients (see 143 


Cook et al 2014 for more details). 144 


2.2 Meso-avoidance 145 


To assess evidence for meso-avoidance, we considered studies in which the distribution or 146 


movement patterns of birds within a wind farm were assessed. Studies selected for inclusion in the 147 


review were those which compared the distribution of bird densities or bird movements in the area 148 


surrounding individual turbines to the density elsewhere within the wind farm. Surveys were carried 149 


out using either visual observations or with radar in combination with visual observations to identify 150 


target birds to species level.  151 


2.3 Horizontal vs vertical macro- and meso-avoidance  152 


We considered both macro- and meso-avoidance to have two components, a vertical component 153 


and a horizontal component. For the horizontal component, we considered studies in which the 154 


distribution of birds (densities) or flightpaths outside the wind farm were compared to the 155 


distribution within the wind farm (macro) or with respect to turbines or turbine rows within the 156 


wind farm itself (meso).  157 


A significant proportion of birds are likely to fly below rotor-swept height where no turbines are 158 


present (Johnston et al., 2014). Consequently, in order to estimate vertical avoidance, a comparison 159 


must be made of the proportion of birds at rotor-swept height pre- and post-construction or, inside 160 


and outside the wind farm. We searched for studies which met these criteria. These studies were 161 


mainly derived from fairly limited visual observations collected from boats or other observation 162 
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platforms. Data collected using radar were considered, but were found to be at too coarse a scale to 163 


be of use.  164 


2.4 Micro-avoidance 165 


Studies of micro-avoidance require detailed behavioural observations of the interaction between 166 


birds and turbines due to the fact that they involve last-second escape responses. Therefore, to 167 


assess micro-avoidance we considered studies in which interactions between birds and turbines 168 


were recorded visually by observers or remotely using radar or turbine-mounted cameras. There 169 


was a lack of information which was identified for this scale however.  170 


 171 


2.5 Within-wind farm avoidance 172 


Ideally, micro and meso avoidance could be quantified separately for each species in order to 173 


generate robust estimates of avoidance behaviour. However, such data may not be available and, 174 


given pressures in the decision making process, decisions often rely on the best available data 175 


(Milner-Gulland and Shea, 2017). In these circumstances, it is possible to derive avoidance rates by 176 


comparing recorded collision rates with estimates of bird flight activity within a wind farm (Band, 177 


2012). As this approach considers all bird movements within a wind farm, it is effectively a 178 


combination of both meso-avoidance and micro-avoidance although, it should be noted that it also 179 


incorporates elements of bias introduced by estimates of flight activity from the model itself (Band, 180 


2012). We therefore refer to avoidance rates calculated in this way as within-wind farm avoidance. 181 


At present, technologies to record collision rates in the offshore environment are still under 182 


development (e.g. Collier, Dirksen, and Krijgsveld 2011). Consequently, avoidance rates derived 183 
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using this approach rely on data from the onshore environment. However, analysis of GPS data 184 


indicates that there are likely to be strong differences between flight behaviour on the coast and in 185 


marine areas in comparison to the terrestrial environment (Ross-Smith et al., 2016). Consequently, 186 


we limited data considered for this analysis to those collected from coastal locations, where flight 187 


behaviour may be more similar to that observed offshore, although there may still be some 188 


differences (Ross-Smith et al., 2016).  189 


 190 


Records of collisions between birds and turbines are frequently reported as a collision rate per year, 191 


or a collision rate per turbine per year (Musters et al., 1996). However, in order to estimate a within-192 


wind farm avoidance rate, these data must be combined with estimates of the number of birds 193 


passing through the site i.e. the flux rate. We therefore restricted our analyses to sites where 194 


estimates of flight activity were also made. Due to likely seasonal and spatial patterns in flight 195 


activity, analyses were restricted to sites in which collision and flight activity data were collected 196 


during the same months in order to ensure that collision rates reflected seasonal patterns in flight 197 


activity data. For these reasons, reported avoidance rates may not match those presented in the 198 


original studies. However, we feel it is important that data across sites should be assessed in a 199 


consistent way. In order to ensure transparency, Table S3 includes the data and calculations used to 200 


estimate the flux rates and within-wind farm avoidance rates at each site. Within-wind farm 201 


avoidance rates at each site were estimated using equation 1 (Scottish Natural Heritage, 2010).  202 


���ℎ�� − ����	
��	���������	���� = 1 −	� ��������	�������� �
!���"����#$	�%	&������� 	×(�)*	+"#�,  Eq. 1 203 
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Probability of collision is the likelihood of the blade and bird occupying the same location in space 204 


and time based on simplified geometry and is derived using the Band model (Band, 2012), assuming 205 


turbine characteristics presented in Table S1 and bird behaviour and morphology presented in Table 206 


S2. The probability of collision for each species at each site is given in Table S3. The flux rate is 207 


estimated by calculating the number of birds expected to have passed through the wind farm per m2 208 


per hour scaled up to cover the total turbine frontal area and the total time period during which 209 


corpses were collected, and corrected for the proportion of birds at collision risk height and the level 210 


of nocturnal activity. The assumptions made during calculations can have a significant impact on the 211 


final estimates, and we therefore include Table S3 in supplementary information which shows the 212 


step by step process by which we estimated each within wind farm avoidance rate. We then used 213 


ratio estimators (Cochran, 1977) to combine avoidance rates across multiple sites and the delta 214 


method (Powell, 2007) to estimate the standard deviation associated with the derived avoidance 215 


rates. 216 


 217 


2.6 Derivation of recommended total avoidance rates 218 


Collision risk estimates are typically based on pre-construction estimates of the total number of 219 


birds within a wind farm (Cook et al., 2014). Consequently, the avoidance rates used in collision risk 220 


models must account for changes in the total number of birds within the wind farm between the 221 


pre- and post-construction periods as well as any redistribution arising from behavioural responses 222 


to turbines within the wind farm. The total avoidance rate can then be estimated by combining the 223 


macro-, meso- and micro-avoidance rates as shown in equation 2 (Cook et al., 2014; Krijgsveld et al., 224 
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2011), or the macro- and within wind farm-avoidance rates as shown in equation 3 (adapted from 225 


Equation 2).  226 


(1 – Total Avoidance Rate) = (1 – Macro-Avoidance) x (1 – Meso-Avoidance) x (1 – Micro-Avoidance) 227 


(Eq. 2)  228 


(1 – Total Avoidance Rate) = (1 – Macro-Avoidance) x (1 – Within-wind farm avoidance) (Eq. 3)  229 


Equations 2 and 3 can accommodate situations where birds are attracted at a macro- or meso-scale. 230 


Within these formulae, a value of 1 relates to total avoidance, a value of 0 relates to neither 231 


avoidance nor attraction and values less than 0 relate to attraction (i.e. -0.1 would relate to a 10% 232 


increase), meaning the avoidance rate is reduced when birds are attracted to the wind farm or 233 


individual turbines. 234 


235 
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3. Results  236 


3.1 Macro-avoidance – barrier effects 237 


Overall there was limited evidence of macro-avoidance as an apparent consequence of barrier 238 


effects for the five priority species (Table 1). Systematic panoramic scans of densities of birds in 239 


flight within and around the Egmond aan Zee wind farm in the Netherlands revealed a macro-240 


avoidance rate of 0.64 for northern gannet (n=81) and 0.18 for gull spp combined (Krijgsveld et al., 241 


2011). Using a combination of radar and laser range finders at Horns Rev, a macro-avoidance rate of 242 


0.84 was calculated based on the numbers of tracks of migrating gannets (n=74) which did not enter 243 


the wind farm (Skov et al., 2012). The same study also reported an avoidance rate of 0.56 for large 244 


gulls (n=84) and 0.69 for kittiwakes (n=11). An earlier study at the same wind farm reported that out 245 


of 126 tracks representing 268 individual migrating gannets, none of these entered the wind farm. 246 


For migrating gulls (herring, great black-backed, little and kittiwake, 442 tracks out of a total of 461 247 


did not enter the wind farm — although as neither species or size of flock were reported, the 248 


avoidance rate cannot be estimated (Petersen et al., 2006). However, in these studies data were 249 


collected during the post-construction period only and caution should therefore be applied when 250 


interpreting their significance in the absence of pre-development data. Furthermore, data collection 251 


also tended to be focused on outside the breeding season and the extent to which this information 252 


is relevant to birds when they are tied to their colonies is unclear. 253 


 254 


3.2. Macro-avoidance – displacement 255 
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From studies of displacement, macro-avoidance was estimated for northern gannet using ship based 256 


surveys at the Blighbank wind farm in Belgium (Vanermen et al., 2015) – a rate of 0.85 (Table 1) – 257 


and at the Alpha Ventus wind farm in Germany – a rate of 0.92 –although this study was based in an 258 


area where gannets densities were low (Welcker and Nehls, 2016). As before, whether these data 259 


are representative of behaviour during the breeding season is uncertain as the majority of the data 260 


were from the non-breeding season(Vanermen et al., 2013). Of the remaining studies, one reported 261 


displacement at two wind farms (Leopold et al., 2013) and another three reported no response of 262 


northern gannet, possibly as a result of low densities of birds being present pre- and post-263 


construction (Mendel et al., 2014; Natural Power, 2014; Petersen et al., 2006). An aerial based 264 


survey at Greater Gabbard in the UK estimated an avoidance rate of 0.95 (APEM 2014) during the 265 


autumn passage period and based on the post construction period only. An additional study of three 266 


GPS-tagged northern gannets also indicated that they avoided entering wind farms (Garthe et al., 267 


2017). 268 


 269 


One study reported great black-backed gulls as being attracted to offshore wind farms (Welcker and 270 


Nehls, 2016), whilst the others reported no response (i.e. no attraction to or displacement from). For 271 


lesser black-backed gulls the evidence for macro-avoidance was equivocal with studies reporting 272 


attraction, displacement and no response to the wind farms. A recent study of GPS-tagged lesser 273 


black-backed gulls suggests that while individuals may differ in their response to offshore wind 274 


farms, overall the species did not consistently exhibit displacement or attraction (Thaxter, Ross-275 


Smith, et al. 2017). Herring gull largely showed no response to wind farms with the notable 276 
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exception at Blighbank and Alpha Ventus where attraction effects were reported (Vanermen et al., 277 


2015; Welcker and Nehls, 2016) possibly linked to increased roosting opportunities provided by the 278 


wind farm (the same effect was observed for lesser black-backed gulls at the same site). Black-279 


legged kittiwake showed both displacement effects and no response to wind farms. 280 


 281 


3.3. Macro-avoidance – combining all effects 282 


For the species considered in this review, there was evidence that northern gannet exhibit macro 283 


avoidance. At this stage, we believe the lower of the available values, 0.64 (Krijgsveld et al., 2011), is 284 


an appropriate macro-avoidance rate for northern gannet. This is based on a precautionary 285 


approach given that estimates were often based on small  sample sizes  leading to limited power to 286 


detect change combined with most data being collected outside the breeding season. In contrast, 287 


based on the studies we identified, none of the gull species appear to show a consistent response to 288 


wind farms. In the absence of consistent evidence, we are unable to recommend a suitable macro-289 


avoidance rate for gulls.  290 


 291 


3.3. Horizontal meso-avoidance 292 


Meso-avoidance is likely to reflect the anticipatory or impulsive evasion of individual turbines. We 293 


identified four studies in which the distribution of birds or flight paths within a wind farm were 294 


quantified. Using radar, Krijgsveld et al. (2011) and Skov et al. (2012) found strong evidence of 295 


horizontal meso-avoidance of individual turbines. Krijgsveld et al. (2011) reported that the density of 296 
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birds within 50m of a turbine was 66% of the density elsewhere in the wind farm. Assuming that, in 297 


the absence of turbines, birds would be expected to be evenly distributed across the area of the 298 


wind farm, this reflects a meso-avoidance rate of 0.34. It is likely that this figure reflects an 299 


underestimate of total meso-avoidance as it is based on data collected using horizontal radar and 300 


will, therefore, include birds flying above or below the turbines thus not at risk of collision. Skov et 301 


al. (2012) found a stronger response, with none of the 408 large gulls they recorded passing within 302 


50m of a turbine. However, the primary purpose of this analysis was to collect information 303 


describing species flight heights rather than their proximity to turbines. Tracks from radar suggested 304 


some birds may approach the turbines more closely. Using visual observations, Janoska (2012) 305 


recorded only 23 out of 917 gulls passing within 75m of a turbine, reflecting a meso-avoidance rate 306 


of 0.975. By contrast, also using visual observations, Everaert (2008) reported no significant 307 


difference in the number of gulls passing within 100m of a turbine (or its proposed site) between 308 


pre- and post-construction periods, possibly reflecting the location of the site on a flight line 309 


between a roost and a foraging/loafing area. These studies suggest that gulls may have a strong 310 


horizontal meso-avoidance of turbines, but that this may be site or context specific. Whilst the data 311 


in the studies described above are informative, it should be noted that they are not sufficiently 312 


robust to allow firm conclusions to be drawn about the likely magnitude of any meso-avoidance. 313 


 314 


In addition to the studies described above, several studies reported anecdotal evidence describing 315 


how the relative location of the turbines may influence the distribution of birds within a wind farm. 316 


Petersen et al. (2006) provided evidence to suggest that birds may be more likely to respond to 317 
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turbines as the number of turbine rows they passed increased, suggesting stronger avoidance 318 


towards the middle of the wind farm than at the edge. Similarly, Winkelman (1992) noted that there 319 


were fewer collision victims towards the centre of a wind farm. These data suggest that the strength 320 


of any horizontal meso-avoidance may vary with distance from the wind farm centre. There was also 321 


evidence from three sites – Horns Rev, Alpha Ventus and Egmond aan Zee – to suggest that birds 322 


respond to the operational status of turbines, with higher densities recorded when turbines were 323 


not operational, although this effect may be more noticeable at night (Krijgsveld et al., 2011; Mendel 324 


et al., 2014; Petersen et al., 2006; Schulz et al., 2014).  325 


 326 


3.4 Vertical meso-avoidance 327 


We identified three sites at which the proportions of birds of different species at rotor-swept height 328 


could be compared pre- and post-construction – Barrow (Barrow Offshore Wind Limited, n.d.), 329 


Gunfleet Sands (GoBe Consultants Ltd., 2012; NIRAS Consulting, 2011) and Robin Rigg (Natural 330 


Power, 2013) – and a fourth – Egmond aan Zee (Krijgsveld et al., 2011) – where flight heights were 331 


compared inside and outside a wind farm (Table 2). Across these sites, there was no consistent 332 


pattern indicating an increase or decrease in the proportion of birds at rotor-swept height in 333 


response to the presence of a turbine. However, given the extremely limited evidence, no firm 334 


conclusions can be drawn about the extent or direction of any vertical meso-response in any species 335 


of marine birds. Furthermore, where flight heights are estimated by observers by eye, it should be 336 


noted that any comparison may be confounded by the fact that heights are easier to estimate once 337 


turbines have been installed as they offer fixed reference points of known height. 338 
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3.5. Micro-avoidance 340 


Micro-avoidance reflects a last second action to avoid collision and, may be thought of as an escape 341 


response (May, 2015). We identified 17 sites at which visual observations of the interactions 342 


between birds and turbines had been reported (Table 3). Over the course of these studies, only two 343 


collision events were directly observed, the first involving a flock of four common eider Somateria 344 


mollisima at a single turbine at the Utgrunden Offshore Wind Farm in Sweden and the second, a 345 


passerine or bat at Nysted Offshore Wind Farm in Denmark (Desholm, 2006; Pettersson, 2005). 346 


Whilst it should be noted that collisions may have occurred between observation periods, the 347 


number of birds observed interacting with turbines without colliding suggests that collisions are 348 


likely to be rare events (Table 3). 349 


 350 


Of the studies we identified, only six provided sufficiently detailed descriptions of birds’ interactions 351 


with wind turbines to characterise micro-avoidance (Table 3; Desholm 2005; Krijgsveld et al. 2011; 352 


RPS 2011; Schulz et al. 2014; Thaxter, Ross-Smith, et al. 2017; Wild Frontier Ecology 2013), although 353 


these reflected significant effort across multiple sites. Despite this effort, there were very few 354 


records of birds flying close enough to turbines to require micro-avoidance. Indeed, Desholm (2005) 355 


did not record any birds passing within 20m of a turbine. Similarly, a detailed analysis of two GPS-356 


tagged Lesser Black-backed Gulls indicated that these birds significantly avoided entering the turbine 357 


rotor-swept area (Thaxter, Ross-Smith, et al. 2017). Across the remaining studies only 59 birds were 358 


recorded as passing close to the turbine rotor-swept area, of which 54 were recorded as taking 359 


action to avoid the rotor-swept area (Table 3). The data for micro-avoidance would appear to be 360 
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consistent with those reported above for meso-avoidance, suggesting that a last second escape 361 


reflex may be required relatively rarely as, within a wind farm, avoidance behaviour is driven by a 362 


high level of anticipatory or impulsive evasion. However, given the differences in the species 363 


recorded interacting with turbines and the relatively low number of birds recorded, it is difficult to 364 


draw firm conclusions about the extent of micro-avoidance behaviour.  365 


3.6. Within-wind farm avoidance 366 


We identified nine coastal sites (Table 3) from which data describing the recorded number of 367 


collisions were available from the same time periods as estimates of the total number of birds 368 


passing through turbine rotor-swept areas. Based on the data presented in the studies highlighted in 369 


Table 3, it was possible to calculate species-specific within-wind farm avoidance rates for herring gull 370 


and lesser black-backed gull, as well as rates for small gulls (e.g. black-legged kittiwake), large gulls 371 


(e.g. great black-backed gull) and all gulls (Table 4) but not for northern gannet. 372 


These analyses confirmed that within-wind farm avoidance rates were likely to be very high (> 0.99) 373 


(Table 4). Avoidance rates were similar between species with rates of 0.9959 for herring gull and 374 


0.9982 for lesser black-backed gull. We also estimated group-specific avoidance rates of 0.9921 for 375 


small gulls (birds identified as little, common or black-headed gulls), 0.9956 for large gulls (those 376 


identified as lesser black-backed, herring or great black-backed gull or described as large gull spp.) 377 


and 0.9893 for all gulls (those identified to species level or described as large gull, small gull or gull 378 


spp.).  379 


Whilst the level of precision expressed by these values may seem excessive, it should be noted that 380 


it is the non-avoidance rate (1-avoidance) which is incorporated in the collision risk model. When 381 
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presented to four decimal places, the non-avoidance rates typically had 2 significant figures (table 4), 382 


which we feel reflects a reasonable level of precision. The difference between an avoidance rate of 383 


0.995 and 0.9959 would result in an 18% increase in the collision rate predicted from the CRM. We 384 


would also argue that this level of precision is justified given the estimated level of uncertainty 385 


surrounding each value (Table 4).  386 


 387 


3.7. Recommended total avoidance rates 388 


Evidence suggests that the response of gulls to turbines at a macro scale may be highly variable. 389 


Consequently, at present, we consider all gull species (including kittiwake) to have an average 390 


macro-avoidance rate of zero. Few studies were available with which to draw conclusions about 391 


meso- and micro-avoidance in gulls. Consequently, the total avoidance rates for gulls can be 392 


considered to be equal to the within-wind farm avoidance rates. However, the evidence base for 393 


macro-avoidance in gulls was limited meaning it was not possible to produce robust estimates of 394 


uncertainty surrounding macro-avoidance rates. Therefore, when combining macro- and within-395 


wind farm avoidance rates, we are not able to give an estimate of uncertainty surrounding the total 396 


avoidance rate. Additionally, given the limited evidence base for macro-avoidance, we present the 397 


total avoidance rate to three, rather than four, significant figures and round down in order to be 398 


precautionary. We recommend total avoidance rates of 0.998 for lesser black-backed gull and 0.995 399 


for herring gull. Based on flight behaviour and morphology, we believe it is reasonable to include the 400 


great black-backed gull in the large gull spp. grouping, and the black-legged kittiwake in the small 401 
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gull spp. grouping. We therefore recommend total avoidance rates of 0.995 and 0.992 respectively 402 


for these species.  403 


 404 


Fewer data were available to support a total avoidance rate for northern gannet. However, given the 405 


evidence of strong macro-avoidance of wind farms, it was felt that the total avoidance rate was 406 


unlikely to be below that obtained for all gulls. Consequently, a rate of 0.989 is recommended for 407 


northern gannet. 408 


 409 


4. Discussion  410 


May (2015) suggests that alertness is likely to increase with decreasing distance to turbines, meaning 411 


birds are more likely to take action as they get closer to a turbine. We believe our review supports 412 


this hypothesis as, despite significant survey effort, we uncovered very little evidence of birds 413 


approaching turbines close enough to be at risk of collision. Of those that did, a high proportion 414 


were recorded taking last-second action to avoid collision, termed an escape response by May 415 


(2015). In a behavioural context, this suggests that most avoidance action is likely to be caused by 416 


functional habitat loss or anticipatory or impulsive evasion, rather than a last second escape reflex. 417 


There was also evidence to suggest that the avoidance rate may vary in relation to both the position 418 


of a turbine in an array and whether or not turbines are operational (Krijgsveld et al., 2011; Mendel 419 


et al., 2014; Petersen et al., 2006; Schulz et al., 2014; Winkelman, 1992), a conclusion consistent 420 


with the predictions made by May (2015). Such responses highlight the ability of some species, 421 


particularly gulls, to adapt to the presence of wind turbines.  422 







M
ANUSCRIP


T


 


ACCEPTE
D


ACCEPTED MANUSCRIPT


 


 423 


4.1. Use of avoidance rates in collision risk models 424 


Previous guidance of the use of avoidance rates in CRMs was that 0.98 should be considered the 425 


default value for seabirds (Scottish Natural Heritage, 2010). Whilst significant gaps in knowledge 426 


remain, this review highlights that, for the species most likely to be affected by collision, avoidance 427 


rates are estimated to exceed 0.99. Whilst this may seem a trivial difference, it will result in the 428 


predicted collision rate being more than halved. These avoidance rates are applicable to models 429 


such as Band (2012), as well as others including the models of Tucker (1996) and Eichhorn (2012). 430 


However, care must be taken when using these avoidance rates in models which account for the 431 


vertical distribution of birds when estimating the probability of collision (e.g. the Extended Band 432 


Model Band, 2012). Accounting for the vertical distribution of birds will reduce the number of 433 


collisions predicted in the absence of avoidance as the number of birds within the central, and more 434 


risky part of the rotor-swept area will be reduced (Johnston et al., 2014). Consequently, within-wind 435 


farm avoidance rates suitable for use with models such as the extended Band model (Band, 2012), 436 


which do account for vertical distribution, are likely to be lower than those suitable for use with 437 


simpler models. At present, insufficient data are available with which to estimate robust avoidance 438 


rates for use in the extended Band model for most species. However, with ongoing data collection in 439 


the offshore environment, for example through the UK Offshore Renewables Joint Industry Project 440 


(Davies et al., 2013), it is to be hoped that this review will help inform for the collection of 441 


appropriate data in future.  442 


 443 
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4.2. Limitations 444 


At present, our recommended avoidance rates only consider horizontal avoidance. We identified 445 


some evidence suggesting birds may alter their flight altitudes when within a wind farm in order to 446 


reduce collision risk (Table 2). However, this evidence was inconclusive and further studies are 447 


required in order to fully understand vertical avoidance behaviour. Technological advancements, for 448 


example, the availability of radar (Kunz et al., 2007; Skov et al., 2016; Ward et al., 2016) and GPS tags 449 


(Corman and Garthe 2014; Garthe et al. 2017; Thaxter, Ross-Smith, et al. 2017) which can collect 450 


detailed information about the movement patterns of individual birds may mean these data could 451 


be collected in the near future. Combining horizontal and vertical avoidance rates in order to derive 452 


a three-dimensional avoidance rate is unlikely to be straightforward as birds may employ both 453 


strategies at the same time, meaning simple formulae like equation 2 are unlikely to be appropriate. 454 


However, approaches such as that used with GPS tracking data by Thaxter et al. (2017) may prove 455 


valuable.  456 


 457 


Within wind farms (i.e. at meso- and micro-scales) a lack of data from the offshore environment is an 458 


issue, particularly in relation to northern gannet. Whilst data from terrestrial sites are informative 459 


about how birds may interact with individual turbines, evidence suggests that flight behaviour may 460 


differ between onshore and offshore environments (Corman and Garthe, 2014; Ross-Smith et al., 461 


2016) potentially affecting how birds respond to turbines and therefore avoidance rates. Whilst we 462 


have attempted to minimise the impact of this by focussing on data collected from coastal locations, 463 


some differences may remain, notably in relation to flight height and speed (Corman and Garthe, 464 
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2014; Ross-Smith et al., 2016; Spear and Ainley, 2008). Birds tend to fly higher over land than 465 


offshore and, there is also a greater tendency for them to fly at altitudes within the rotor-swept area 466 


of turbines in the terrestrial environment (Corman and Garthe, 2014; Ross-Smith et al., 2016). This 467 


greater potential exposure to turbine blades means that collision rates in the terrestrial environment 468 


may be greater than is the case offshore. Seabird flight speed can be strongly influenced by weather 469 


conditions, particularly wind strength and direction (Shamoun-Baranes and van Loon, 2006; Spear 470 


and Ainley, 2008), potentially affecting their manoeuvrability and ability to respond to obstacles. As 471 


wind conditions can differ markedly between the onshore and offshore environments, this is likely 472 


to have implications for collision risk. However, at present insufficient data are available to enable us 473 


to understand in which direction this may influence collision risk. 474 


 475 


The within-wind farm avoidance rates presented here are higher than those derived by Everaert 476 


(2014). This may partly reflect the broader range of sites covered by our review, especially as some 477 


of the sites covered in Everaert (2014) appear to have particularly high collision rates. In particular 478 


Everaert (2014) highlights the proximity of one wind farm to a breeding colony as a key reason for a 479 


high collision rate. This highlights the importance of considering site-specific variation in avoidance 480 


behaviour, which we have attempted to capture by estimating confidence intervals around our 481 


within-wind farm avoidance rates. However, even when we estimate within-wind farm avoidance 482 


rates from similar data, the values derived as part of our review differ from those presented by 483 


Everaert (2014) (Table S3). A key reason for this is that, in order to ensure data were consistent with 484 


those collected elsewhere, we have only considered data where no spatial or temporal extrapolation 485 
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was required in order to combine collision and flight activity data. We recognise that there are a 486 


number of ways in which avoidance rates can be derived, and that small differences in the way some 487 


parameters are derived (i.e. passage rate), and biases due to survey technique, can strongly 488 


influence the final estimated avoidance rates. This is undesirable as it can increase uncertainty in the 489 


consenting process, increasing costs for those involved. For this reason, we strongly suggest that 490 


authors provide detailed calculations showing how the rates presented have been estimated in 491 


order to enable readers to come to an informed decision about the results (see Table S3). 492 


 493 


To date, there has been little consideration of factors which are likely to influence avoidance 494 


behaviour and to what extent there is seasonal- or site-specific variation in the offshore context. 495 


Avoidance rates for non-seabird species at onshore wind farms have been reported to vary by site 496 


and even within wind farms (Garvin et al., 2011), as well as by season, whether birds are resident or 497 


migrants and the relative distance to the wind farm from roost sites or nest locations (Campedelli et 498 


al., 2014). It is apparent, therefore, that the magnitude of any avoidance behaviour is likely to be 499 


linked to the ecological importance of a site to a species at a given point in time, and how it is being 500 


used. Seabirds act as central place foragers during breeding (Stephens and Krebs, 1986; Thaxter et 501 


al., 2012). This may manifest itself in spatial differences in behaviour, dependent upon whether the 502 


area covered by an offshore wind farm is used for active foraging or for commuting between 503 


foraging grounds and the breeding colony. Such behavioural differences may be associated with 504 


varying levels of collision risk and avoidance behaviour. There may also be a temporal element to 505 


avoidance behaviour. Stage-dependent changes in foraging behaviour between the incubation and 506 
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early chick-rearing period have explained the change in spatial overlap with offshore wind farms 507 


(Thaxter et al., 2015). The presence of newly fledged birds in the population towards the end of the 508 


breeding season may also affect avoidance rates as these naive individuals may unintentionally 509 


engage in riskier flight behaviour (Henderson et al., 1996). Individual seabirds may also show 510 


consistency in their preferred foraging areas (Irons, 1998; Soanes et al., 2013) or have limited 511 


alternative habitats available. Where wind farms overlap with these preferred foraging areas, 512 


displacement may be less likely and macro-avoidance rates therefore lower for these individuals. 513 


These studies suggest that there are likely to be both spatial and temporal elements to avoidance 514 


behaviour for seabirds, neither of which have yet been properly quantified. There is also some 515 


evidence to suggest that group size and social interactions can influence the likelihood of collision 516 


and hence by association, the avoidance behaviour of birds (Croft et al., 2013). Other factors which 517 


influence collision risk have also been reviewed extensively (Marques et al. 2014; May et al. 2015; 518 


Thaxter, Buchanan, et al. 2017; Wang et al. 2015) and include aspects of: species characteristics 519 


(morphology, flight behaviour, sensory perception, phenology); site features (landscape, food 520 


availability, weather); and wind farm features (type of turbines and design of array). 521 


 522 


4.3. Future data collection — displacement and functional habitat loss 523 


Whilst this study has advanced our understanding of avoidance behaviour of seabirds in relation to 524 


offshore wind farms, a number of significant gaps in knowledge remain. Collecting the data 525 


necessary to quantify avoidance behaviour in relation to offshore wind farms can be extremely 526 


costly and therefore requires well designed studies involving both industry and regulators (e.g. 527 
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Davies et al. 2013). The cost and challenging nature of these studies means that it is important to 528 


utilise robust analytical approaches that make the most of any data collected. 529 


 530 


Studies of displacement/attraction have typically used Before-After-Control-Impact (BACI) survey 531 


design (Stewart-Oaten et al., 1986) but have been hampered by inadequate survey design notably 532 


gaps in spatial or temporal coverage and inappropriate choice of control sites (Marine Management 533 


Organisation, 2014). Recently developed approaches, such as Before-After-Gradient (BAG) analyses 534 


are increasingly used to assess the impacts of wind farms with the focus on collecting data over 535 


much more extensive areas around the wind farm site starting in the pre-construction period 536 


(Jackson and Whitfield, 2011; Mackenzie et al., 2013; Marine Management Organisation, 2014; May, 537 


2015). By incorporating environmental covariates  (e.g. sea surface temperature, tidal cycles) to help 538 


describe spatial and temporal variation in seabird distributions and abundance at sea, further 539 


changes associated with the construction and operation of wind farms can be more accurately 540 


attributed (Mackenzie et al., 2013), and therefore better inform macro-avoidance rates. Species 541 


assumed to be at risk of displacement (Furness et al., 2013), tend to have estimates of avoidance 542 


based largely on data collected at the macro-scale. In the case of species for which displacement is 543 


not perceived to be a significant issue, for example gulls, there is often less focus on data collection 544 


at this scale, meaning the macro level response to wind farms is often less well understood. By 545 


focussing data collection on the scale perceived to be most relevant for the species concerned, there 546 


is a risk that avoidance behaviour at other spatial scales is overlooked. Whilst this is primarily an 547 
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issue for data collected using observational surveys, it may also be an issue for data collected using 548 


radar depending on the range over which the system operates.  549 


 550 


To help to provide a better evidence base for macro-avoidance, future analyses should distinguish 551 


between birds in flight and those on the water, as only those in flight are at risk of collision. Ideally, 552 


such studies should also incorporate measurements of flight altitude so that birds flying above, or 553 


below, the collision risk window can be excluded from subsequent analyses. However, in collecting 554 


these data a key consideration needs to be whether the survey has sufficient power to detect 555 


change between the pre- and post-construction periods. The power to detect change is related to a 556 


variety of factors including the frequency of, and area covered by, the surveys as well as inherent 557 


spatial and temporal variability in seabird distribution and relative abundance (Maclean et al., 2013; 558 


Pérez Lapeña et al., 2010). This is a particular issue where the pre-construction population of a 559 


species is small, and is always likely to be an issue where baseline sampling has not taken account of 560 


statistical power for detection of change. This exacerbates the risks of a change in the number of 561 


birds using a site either giving the false impression of a significant effect (false positive response) or 562 


where no change is found, the results are wrongly interpreted as a lack of response to the presence 563 


of the wind farm by the particular species (false negative response). A recent review (Marine 564 


Management Organisation, 2014) of post-consent monitoring of offshore wind farms concludes that 565 


the power to detect such changes by existing studies is likely to be low and the responses of seabirds 566 


to wind farms may have been incorrectly quantified. Careful consideration must also be given to 567 


biases associated with survey methodology. In particular, data collected from different platforms 568 
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(e.g. visual aerial surveys vs digital aerial surveys) can give very different estimates of abundance 569 


(Buckland et al., 2012). Consequently, when estimating macro-avoidance based on displacement as 570 


functional habitat loss, it is important to ensure that the data used to do so are directly comparable. 571 


 572 


Ideally, the effect size and associated confidence intervals should always be reported as standard in 573 


the results of ecological studies (Masden et al., 2015; Nakagawa and Cuthill, 2007). However, of the 574 


studies we considered, only Vanermen et al. (2015) and Natural Power (2014) did so in respect to 575 


the studies of displacement and attraction. If these practices were adopted as standard when 576 


measuring avoidance behaviour, not only would it make it more straightforward to quantify 577 


avoidance rates and compare across studies, it would also give us an understanding of the 578 


uncertainty and variability surrounding these rates. 579 


 580 


4.4. Future data collection — anticipatory or impulsive evasion 581 


Radar can be deployed in order to investigate anticipatory or impulsive evasion of wind farms or 582 


turbines. However, deriving species-specific avoidance rates from data collected in this way can be 583 


challenging given the difficulty of identifying species from radar tracks. Where species-specific 584 


macro-avoidance rates have been derived using radar, this has been possible because the majority 585 


of tracks could be assigned to a single species (e.g. during mass migration events when only a few 586 


species are represented; Desholm and Kahlert, 2005; Petersen et al., 2006). However, recent studies 587 


have demonstrated effective use of radar monitoring in combination with visual observations in 588 


order to be able to identify more complex suites of species moving in and around wind farms (Skov 589 
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et al., 2012). Ideally these studies should also aim to collect data on the vertical distribution of birds 590 


and in-flight changes in behaviour (e.g. flight speed and turning angles). 591 


 592 


4.5. Future data collection — escape response 593 


In order to collect data describing micro-avoidance, carefully designed experiments and analyses are 594 


required. Approaches such as the use of turbine mounted cameras (Desholm, 2005) may be suitable, 595 


but must be capable of detecting abrupt changes in flight direction and/or altitude. Given that 596 


micro-avoidance behaviour is likely to be an extremely rare event, careful consideration must be 597 


given to ensure that any methods used have the necessary statistical power to estimate robust 598 


avoidance rates.  599 


 600 


5. Conclusions 601 


Our study assesses the evidence for avoidance behaviour in five key seabird species, perceived to be 602 


at particular risk of collision, at three different spatial scales. We have demonstrated how the 603 


different types of data which have been collected fit within the framework for describing avoidance 604 


behaviour developed by May (2015). Whilst we have done this in the context of offshore wind farms, 605 


this approach is also likely to be applicable to other situations where collision risk is likely to be an 606 


issue, for example in relation to tidal turbines.  607 


 608 
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Lack of data on avoidance behaviour has been acknowledged as an issue for some time 609 


(Chamberlain et al., 2006). As the wind industry has developed both onshore and offshore, the 610 


evidence base has developed. This review summarises the evidence that has been collected to date 611 


and represents a significant step forward by presenting estimates of avoidance behaviour for five 612 


seabird species. It is important to acknowledge that these values are largely based on data from 613 


coastal, rather than offshore locations. However, in our opinion, this remains the best available 614 


evidence with which to quantify avoidance behaviour in seabirds. Significant knowledge gaps remain 615 


and key areas to be addressed include distinguishing between vertical and horizontal avoidance and 616 


gaining a better understanding of how seasonal and spatial processes may influence avoidance 617 


behaviour. This is particularly important given the rapid growth of the offshore wind sector and the 618 


potential for the cumulative impacts of collisions from multiple wind farms on species and 619 


populations of concern (Brabant et al., 2015; Busch and Garthe, 2017). 620 
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Table 1  Summary of key studies of barrier effects, displacement and attraction for the five priority species (B = barrier effects; D = displacement; A = 904 


attraction and NR = no response). Black filled cells indicate species which were not covered by that particular study. Where given, estimated rates are either 905 


those reported in the study concerned or, derived from published effect sizes. 906 
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Northern 


gannet 


D B  


(1.00) 


 B 


 (0.64) 


B  


(0.86) 


D D NR NR D 


(0.95) 


D 


(0.85) 


D  


(0.92) 


Lesser black-


backed gull 


     D NR D   A 


(-4.25) 


 


Herring  


gull 


A  NR   NR NR  NR  A 


(-8.4) 


A 


(-1.79) 


Great black-


backed gull 


     NR NR  NR  NR A  


(-2.00) 


Black-legged 


kittiwake 


    B  


(0.69) 


NR D D NR  NR NR 


Gulls (Larus 


spp.) 


   B 


(0.18) 


B  


(0.56) 
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Table 2 Vertical meso-avoidance rates obtained for the five priority species and for birds classified as 909 


unidentified gulls from comparisons of the number of birds at rotor height pre- and post-910 


construction, or the number of birds at rotor height inside and outside a wind farm. Values of 0 911 


reflect no increase or decrease in the proportion of birds at rotor height, values >0 reflect a decrease 912 


in the proportion of birds at rotor height (avoidance) and values <0 reflect an increase in the 913 


proportion of birds at rotor height (attraction). 914 


 Barrow 


(Barrow 
Offshore Wind 
Limited, n.d.) 


Egmond aan 


Zee 


(Krijgsveld et 
al., 2011) 


Gunfleet 


Sands 2010/11 


(GoBe 
Consultants 
Ltd., 2012; 
NIRAS 
Consulting, 
2011) 


Gunfleet 


Sands 


2011/12 


(GoBe 
Consultants 
Ltd., 2012; 
NIRAS 
Consulting, 
2011) 


Robin Rigg 


(Natural Power, 
2013) 


Northern 


gannet 


-0.59 0.49    


Black-legged 


kittiwake 


-0.41 0.20 -0.47 0.05 -1.00 


Lesser black-


backed gull 


0.72 attraction -0.44 0.00  


Herring Gull 0.35 No change -0.02 0.11 -8.00 


Great black-


backed gull 


0.28 avoidance -0.75 -0.53 -0.67 


“small” gulls  -0.26    


“large” gulls  no change    


Gull spp. -0.85 avoidance -1.98 -1.13  
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Table 3 Data sources used to estimate micro-avoidance and within-wind farm avoidance rates for marine species. Rows in bold indicate sites from which 916 


data were used to derive within wind farm avoidance rates.  917 


Wind Farm (citation) Survey 


Method 


N Hours 


observations 


N 


Turbines 


Covered 


N Birds 


recorded 


during point 


counts 


Reported 


Fatalities 


(N collisions 


directly 


observed) 


Behavioural interactions with turbines  


Alpha Ventus (Schulz et al., 
2014) 


Remote 
Camera 


8741 1 241 <1 (0) Of 14 objects reliably identified as birds, at 
least 12 had successfully passed through the 
rotor swept area of the turbine. Whilst 
collisions were assumed, none were directly 
recorded by the cameras  


Avonmouth 


(The Landmark Practice, 2013) 


Visual 108 3 5,616 1 (0)  


Blyth 


(Rothery et al., 2009) 


Visual 352 2 8,534 0 (0)  


Blyth Harbour 


(Newton and Little, 2009) 


Visual 93 9 791 1,410-1,8381 
(0) 


 


Boudwijnkanaal  


(Everaert, 2014) 


Visual 34 5-7
2
 1,847 12 (0)  


Bouin 


(Dulac, 2008) 


Visual 370 8 8,243 30 (0)  


De Put 


(Everaert, 2014) 


Visual 18 2 54 2 (0)  


Egmond aan Zee 


(Krijgsveld et al., 2011)3 


Visual  6 1,610 0 (0) Of 36 birds (2 lesser black-backed gulls, 4 
great black-backed gulls, 2 starlings, 28 
skylarks) recorded within 50m of a turbine, 
33 were recorded as being beyond the reach 
of the turbine blades 


Gneizdzewo (Zielinski et al., Visual 620 19 4,443 1 (0)  
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2012, 2011, 2010, 2008) 


Greater Gabbard  


(RPS, 2011) 


Visual 36 7 189 0 (0) 1 kittiwake noted making an evasive 
manoeuvre to avoid collision, no other birds 
reported close enough to turbines to require 
evasive manoeuvres  


Groettocht  


(Krijgsveld et al., 2011) 


Radar 39 7 6,825 5 (0)  


Haverigg (RPS, 2011) Visual 42 8 836 0 (0)  


Hellrigg (Percival, n.d., n.d.) Visual 74.5 4 26,638 1 (0)  


Kessingland (Wild Frontier 
Ecology, 2013) 


Visual 36 2 3,535 3 (0) 5 black headed gulls, 2 lesser black-backed 


gulls and 1 herring gull reported taking 


evasive action within 50m of turbines. No 


birds observed colliding  


Kleine Pathoweg (Everaert, 
2014) 


Visual 16 7 672 0 (0)  


Nysted (Desholm, 2005) Remote 
Camera 


476 1 55 0 (0) Despite potential to record birds interacting 
with turbines, no birds were recorded within 
20m of a turbine 


Oosterbierum (Winkelman, 
1992)3 


Radar  18 202,400 49 (0)  


Walney I, Walney II, West of 
Duddon Sands, Ormonde & 
Barrow Offshore Wind Farms 
(Thaxter et al., 2017b) 


GPS Tag 2112 270 2 0 (0) 2 lesser black-backed gulls spent 1.2% and 
2.7% of their time within a 3-dimensional 
rotor swept area around turbines, neither 
collided with the blades 


Waterkaaptocht  


(Krijgsveld et al., 2011) 


Radar 39 8 14,430 6 (0)  


Yttre Stengrund  


(Pettersson, 2005) 


Visual 219.5 5 404,146 4 (4)  


Zeebrugge (Everaert, 2014) Visual 43.7 4 2,491 7 (0)  
1 Extrapolated from mean annual collision rates corrected for corpses lost at sea or undetected by observers. 2 Five turbines covered in 2001, seven turbines 918 


in 2005.3Total time not stated. 919 
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Table 4 Within-wind farm avoidance rates for seabirds 920 


Species N birds observed 


(N collisions 


recorded) 


Non-avoidance rate Within-wind farm 


avoidance rate (± SD) 


Lesser black-backed gull 101,746 (2) 0.0018 0.9982 (±0.0005) 


Herring gull 546,047 (9) 0.0041 0.9959 (±0.0006) 


Small gull spp. 1,598,953 (42) 0.0079 0.9921 (± 0.0015) 


Large gull spp. 639,560 (14) 0.0044 0.9956 (± 0.0004) 


Gull spp. 2,567,124 (139) 0.0107 0.9893 (± 0.0008) 


 921 


 922 
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Highlights 


• Seabird collisions with turbines are seen as a key concern for the offshore wind industry 


• Understanding the extent to which seabirds avoid turbines is a key part of the impact 


assessment process 


• We synthesise the knowledge of seabird interactions with offshore wind turbines 


• We highlight that most avoidance behaviour is likely to take place away from the turbines 


• We identify the key remaining gaps in knowledge and discuss the most appropriate 


approaches to fill these gaps 
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Guidance on Assigning Benthic Biotopes using EUNIS or the Marine Habitat Classification of Britain 
and Ireland 


1 
 


1 Introduction 
 
Various habitat classification schemes have been developed which provide a list of biotopes 
defined based on characterising species and associated physical characteristics, such as 
the substrata it occurs on, the depths at which it can be found, and the type of wave and tidal 
energy conditions it is associated with. Biotopes provide a simplified description of the 
variation in biological community across a region to make it easier to visualise patterns and 
see which areas are similar in character. In the UK there are two commonly used 
classification schemes; the Marine Habitat Classification for Britain and Ireland (Connor et al 
2004) and the Europe-wide scheme EUNIS which is strongly based on the UK system 
(Davies & Moss 2004).  
 
Biotopes are positioned at the lowest level (level 5) in the classification hierarchy1. The user 
matches survey data to biotope descriptions. This guidance outlines a favoured JNCC 
approach for assigning a biotope which should ensure biotoped data are suitable for JNCC 
needs. It can be applied to either EUNIS (Davies & Moss 2004) or the Marine Habitat 
Classification for Britain and Ireland (Connor et al 2004). EUNIS covers pelagic and ice 
associated habitats as well as benthic habitats but these will not be discussed in this 
document. This guidance is aimed at any user of these classifications but, in particular, 
those who assign biotopes to survey data gathered for the Statutory Nature Conservation 
Bodies (SNCBs). It does not cover the acquisition of habitat data for biotoping, processing of 
samples or data interpretation; this information can be found in various standard operating 
procedures (e.g. Davies et al 2001; Irving et al 2012; Cefas SOPs, MESH ROGs2, NMBAQC 
guidelines3


 


; Wyn et al 2006). It is likely that this document will continue to be updated as 
new information becomes available.  


2 Data available for assigning a biotope 
 
Different data types will be available for use in biotoping depending on the survey 
undertaken. As a minimum, information is generally gathered on the species present 
(epibiota, infauna or both) and details of the substrate and depth. 
 
2.1 In situ intertidal habitat survey 
 
For intertidal habitat surveys biotopes are often 
identified in the field using information 
available. In some cases biotopes are 
assigned simply based on expert knowledge of 
the area and the typical species expected for 
certain biotopes. Information on the physical 
character of the site is recorded often using the 
site forms developed for the Marine Nature 
Conservation Review (MNCR)4


                                                
1 


 or modified 
versions thereof. These include information 
about zone, physiographic feature type (e.g. 
linear coast, estuary), salinity, wave exposure, 
tidal streams and geology, all of which are 
useful in assigning the correct biotope. A species list or representative quadrats are 
collected for each habitat surveyed. For rock habitats this will be epibiota only. For sediment 


http://jncc.defra.gov.uk/marine/biotopes/hierarchy.aspx  
2 .euhttp://www.emodnet-seabedhabitats/default.aspx?page=1939   
3 http://www.nmbaqcs.org/reports.aspx  
4 http://jncc.defra.gov.uk/page-2683  
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habitats a hand core may be taken and processed for infauna on site or sometimes post 
survey. Key epibiota in the vicinity of infaunal samples would also be recorded. Specimens 
of key species important for assigning a biotope are taken if they cannot be identified on site. 
The biotope could then be altered later based on the species identification. Species and 
physical data are generally recorded in MNCR littoral habitat forms5


 
 or similar. 


2.2 In situ subtidal dive habitat survey 
 
Biotopes are also identified in the field for dive surveys in shallower subtidal areas. For rock 
habitats a species list and associated physical information is recorded during the dive, often 
using the MNCR sublittoral habitat form6 or a similar form adapted from this. This includes 
information on depth, the % composition of 
substrate, substrate features and modifiers. 
Species data are generally recorded using the 
SACFOR scale. Video and photographs are 
sometimes taken to check identification at a 
later date. For sediment habitats notes are 
taken on depth, substrate and epibiota. A useful 
guidance document was produced for 
Seasearch (Irving & Wood 2007) that provides 
a biotope key to assists divers with the 
identification of biotopes7


 
. 


Hand cores may be taken for infauna and an additional sediment sample may be taken for 
Particle Size Analysis (PSA). These samples are processed subsequently and resulting data 
are available for statistical analysis. 
 
2.3 Remote subtidal habitat survey 
 
Deeper subtidal habitats are surveyed remotely using underwater video and grab sampling. 
Some field notes are taken on substrate and characteristic fauna identified from videos and 
grabs. MNCR sublittoral habitat forms6 or other similar log sheets are used. Video data and 
grabs are processed after the survey. The following outputs are produced from a typical 
offshore survey: 


• A species matrix for infauna above a certain size recorded in grab samples; 
• particle size analysis results for grab samples; 
• one species matrix for epibiota recorded in stills, and one for video tow divided by 


habitat; 
• a log sheet showing associated information about zone and substrate, and; 
• metadata for each sample including its location, depth, and sometimes additional 


environmental information collected at that point such as seabed water temperature. 
 
These analysed data can be reviewed to look for patterns in biological community and how 
this relates to associated physical variation. Sometimes only a subset of stills are analysed 
to get a full species list due to time or financial constraints. Images without species lists can 
still help to get an overall impression of the site, although they wouldn’t be included in any 
statistical analysis.  


                                                
5 http://jncc.defra.gov.uk/pdf/lhabform.pdf  
6 http://jncc.defra.gov.uk/pdf/shabform.pdf  
7 http://www.seasearch.org.uk/downloads/SeasearchBiotopeKeyDec07web.pdf  
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2.4 Deep-sea habitat survey 
 
Deep-sea surveys generally acquire video data 
either using an ROV or towed system. These video 
data are processed in a similar way to shallower 
subtidal surveys; however, identification of species is 
a lot more challenging as the deep-sea is still poorly 
understood. Associated physical information such as 
water temperature and salinity are often recorded 
using a CTD which may or may not be mounted on 
the camera. Some surveys may also acquire grab 
samples but this is rare as it takes a long time for the 
equipment to reach the seabed.  
 
2.5 Broad-scale maps 
 
In addition to data collected in the field, broad modelled layers for environmental variables 
could be used to assist with biotoping. The EUNIS level 3 broad-scale habitat maps 
produced based on the EUSeaMap model8, or similar models, can be useful to give a 
general impression of which part of the classification the correct biotope may fall in, although 
the resolution is not fine enough to show fine-scale spatial variation in habitats. More 
detailed modelled maps such as HABMAP9


 


 may be available which were created using 
physical and biological data and classify habitats up to biotope level.  


Site-specific habitat maps are often 
produced using remote data such as 
aerial photographs and LiDAR 
(nearshore), or multi-beam and side-
scan sonar (subtidal) data gathered 
during survey. Maps are useful to get a 
general picture of how habitats are 
distributed across the site, and which 
stations may fall on the same feature; 
however, it is not always possible to 
distinguish between broad habitats 
from remotely sensed data, particularly 
if the quality is poor. The boundaries of 
specific biotopes are generally not 
evident from remotely sensed data alone. 
                                                
8 Data layers available at http://jncc.defra.gov.uk/page-6266 
9 http://www.ccgc.gov.uk/landscape--wildlife/habitats--species/habmap/downloads.aspx  
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3 Statistical analysis for biotoping 
 
In addition to an initial review of data, statistical analysis can help with identifying patterns in 
biological community and how environmental variables influence these changes. Statistical 
analysis is generally only undertaken where data are analysed following the survey (subtidal 
remote survey and dive survey where hand cores are taken), not for surveys where a 
biotope is assigned in situ. Results can be used to select the biotope with the appropriate 
community and characterising environmental variables. In some cases, statistical analysis 
may not be appropriate for the data and expert judgement should be used. A statistical test 
should only be used if the data meet its assumptions. 
 
3.1 Grab and core data 
 
Infaunal data are generally provided as abundance per sample. A number of factors should 
be considered before applying a statistical analysis: 
 


• Do all the samples have the same surface area/volume? If not abundance may need 
to be standardised to the same size units. 


• Were replicates at the same location used? If so, abundance may need to be 
averaged across replicates. 


• Was different gear used for different samples? If so, data acquired with different gear 
should be analysed separately. 


• Faunal data need to be checked to ensure there are no discrepancies in 
identification, particularly if different taxonomists identified fauna in different samples. 
Specific taxa need to be identified to the same level across all samples and not be 
given different names. It may be necessary to aggregate some taxa up to a higher 
level if they are inconsistently identified. For example, a situation where two 
taxonomists identify two clearly different individuals which cannot be identified to 
species level as “Ophiuroidea A”. In this example, either the two individuals should 
be given unique codes (“Ophiuroidea A” and “Ophiuroidea B”) or both aggregated to 
genus level: “Ophiuroidea”. It is also possible old species names have been used for 
some individuals or some records have been misspelled, so this needs to be 
checked.  


• It may be necessary to remove some inappropriate fauna prior to analysis, such as 
mobile species like fish, juveniles and species smaller than the required fraction size. 


• Colonial species will be recorded as presence/absence or percentage cover rather 
than counts; these may need to be analysed separately or all data will need to be 
converted to a common measure. 
 


A number of different statistical analyses are available for investigating patterns in biological 
community. The tests used mostly commonly to identify differences/similarities in biological 
communities are hierarchical agglomerative cluster analysis (e.g. Figure 3.1) and SIMPROV 
and MDS ordination available with PRIMER statistical software (see Clarke & Warwick 1994 
for more detail on assumptions and limitations). Clusters identified in cluster analysis do not 
all necessarily represent truly different communities. Results of any analysis need to be 
interpreted by experts in order to identify whether patterns shown are real or the result of 
inconsistencies in the data. Some may need to be merged or disregarded. It can be useful to 
apply more than one statistical test and see if they both get similar results. SIMPER can be 
used in PRIMER to identify which species characterise each cluster of samples, and which 
distinguish clusters. Various types of cluster analysis and ordination are also available in ‘R’. 
Tests such as BIOENV and PERMANOVA (PRIMER), PCA, DCA and CCA can be used to 
investigate how environmental variables are influencing the variation in biological 
communities. 
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Figure 3.1: Example of a dendrogram output from PRIMER Cluster analysis. 
 
3.2 Video and stills data 
 
One species matrix is generally provided for sections of video transect covering a single 
habitat type, and a separate matrix for stills. The video data give a broader picture of the 
habitat and the stills allow identification of smaller and less conspicuous taxa but over a 
smaller area. As these data capture different sections of the community they should be 
analysed separately. Generally for each species both abundance and SACFOR is provided 
per video section or per still, but sometimes only presence/absence is used. Most of the 
considerations taken for grab data also apply to video data. In addition, some further 
considerations need to be taken when deciding how to use stills data: 
 


• Stills are unlikely to sample the same area as the camera frame moves up and down 
in the water column. Lasers can give an indication of field of view. One option for 
standardising sample area is to crop images to a standard field of view. 


• Stills are often taken at regular intervals with additional stills in between to look at 
features of interest. Only the regular stills should be included in statistical analysis.  


• If stills are taken very close together it may be necessary to select a subset of the 
stills at a larger regular distance to avoid the clustering of data as a result of spatial 
proximity. It may also be appropriate to ensure the subset adequately reflects the 
variety of habitat types encountered. Expert judgement is required to decide the best 
approach to take for different datasets. 


• Each still taken on sparsely populated sediment habitats is likely to record few 
different taxa. In this case, statistical tests such as cluster analysis and ordination are 
unlikely to give usual results and the raw data should probably be used to assign a 
biotope. The same may apply for whole video tows if very few taxa are present. 


• As stills show only a small area of the seabed, it is advisable to take into account the 
wider habitat recorded in the video tow when assigning a biotope.  
 


There is currently no consensus amongst experts as to how appropriate it is to apply 
statistical techniques to video data. As with grab data, the most common approach is to use 
PRIMER software for cluster analysis with SIMPROV and MDS ordination (see grab section 
3.1), and expert interpretation of results is required. These comments on video and stills 
data also apply to dive transect and quadrat data. 
  
4 Assigning a biotope to survey data 
 
Once analysed faunal and physical data are available, and any required statistical analysis 
has been undertaken, results can be used to match survey data to biotopes. It is important 
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that the biotope name assigned to data accurately describes the physical environment as 
well as the biological community (see Section 5.2 for advice on dealing with a mismatch). 
 
4.1 Summarise results 
 
If biotopes are being assigned using survey results, rather than in the field, it is helpful to 
summarise the information known about each sample to inform the selection of a biotope. In 
order to match a sample to a biotope description, information is required on all the 
characterising variables used in the classification (biological zone, substrate, energy level/ 
sediment mobility, salinity and species composition). This information can be summarised in 
a table (see columns 1–10 in Appendix 2). The correct category for each variable should be 
selected based on all the available survey information. If it is not possible to select a 
category for a variable using the information available then state ‘unknown’. The following 
guidance discusses how the correct category can be selected for different variables. 
 
4.1.1 Select a zone for each sample 
 


1. Check depth.  
2. Check other factors influencing zone (e.g. light, water temperature, presence of 


indicator species particularly algae).  
3. Note depth ranges given in habitat descriptions can be misleading as they are based 


on where records have been found to date, not the full potential range. Considering 
this, zone should be selected based on accepted definitions such as those provided 
in the classification introductory text10 and ranges used for EUSeaMap11


4. Overlaying sample points onto EUSeaMap modelled broad-scale habitat maps or, if 
available, EUNIS broad-scale habitat maps produced from remotely sensed survey 
data


 (Cameron & 
Askew 2011), rather than simply depth ranges provided in the habitat descriptions. 


12


 


, can give an indication of which zone is likely. It should be noted that the 
spatial resolution of modelled maps can be limited.  


 
 


                                                
10 http://jncc.defra.gov.uk/pdf/04_05_introduction.pdf 
11  www.emodnet-seabedhabitats.eu/outputs   
12 Available through EMODnet Seabed Habitats webGIS www.emodnet-seabedhabitats.eu/webgis   


Box 1: What is ‘offshore circalittoral’ or ‘deep-circalittoral’? 


The definition of ‘circalittoral’ is currently not well defined. For rock habitats it currently refers to the 
whole circalittoral zone (from the lower limit of kelp down to 200m as a rule of thumb) although only 
one circalittoral rock biotope has been described for the deeper part of the circalittoral at the 
moment. For sediment habitats circalittoral is divided into ‘circalittoral’ and ‘offshore circalittoral’ 
(Marine Habitat Classification for Britain and Ireland) or ‘deep-circalittoral’ (EUNIS). EUSeaMap 
defined ‘circalittoral’ as the shallower part of the circalittoral zone from infralittoral to the wave base 
and ‘deep-circalittoral’ was from the wave base down to 200m. However, in the classifications 
‘circalittoral’ and ‘deep-circalittoral’ are not mutually exclusive. The level 5 sediment biotopes defined 
within ‘circalittoral’ tend to occur across the whole circalittoral zone. Those defined within ‘deep-
circalittoral’ tend to occur just towards the deeper end of the range but their distribution does overlap 
with circalittoral sediment biotopes. Further work is needed to establish whether the deep-circalittoral 
really warrants being classed as a different biological zone, or if most communities do in fact occur 
across the whole circalittoral. Meanwhile it is recommended that at level 5 circalittoral sediment 
biotopes are selected from within either level 4 ‘circalittoral’ or ‘deep circalittoral’ based on the 
biological community present regardless of whether the sample occurs in the shallower or deeper 
part of the circalittoral. If no level 5 biotope matches the community present, or no biological 
information is available, then a level 4 habitat would be assigned. For simplicity the EUSeaMap 
definitions could be used to decide if a level 4 sediment habitat occurs in ‘circalittoral’ or deep-
‘circalittoral’. 


 


 



http://jncc.defra.gov.uk/pdf/04_05_introduction.pdf�
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4.1.2 Select a substrate category for each sample 
 
Different levels of detail are required about substrate at different levels in the classification. 
At levels 2/3, substrate is classified into five broad substrate categories (rock, coarse 
sediment, mixed sediment, sand and muddy sand, and mud and sandy mud). The four 
sediment categories are based on the relative proportions of mud, sand and gravel, as 
defined in the Folk classification (See Appendix 3 for details). 
 
At level 4 in the classification muddy and sandy sediment is divided further using terms for 
several sediment classification systems13


At level 5 it can be useful to know more details about the specific substrate type such as if it 
is peat or hard clay rather than rock, if it is bedrock or stony reef, if it is comprised of shell 
material or gravel. 


 – muddy sand and sandy mud (Folk), fine sand 
(Wentworth) and fine mud (neither). In order to classify muddy and sandy habitats to level 4 
on the basis of sediment type it is recommended  to use the specific Folk category assigned 
to the sediment and treat “fine sand” as Folk “sand” and “fine mud” as Folk “mud”. 


 
Select a level 3 broad substrate category and also provide any other details on substrate, 
including the specific Folk category in the sample summary table (e.g. Appendix 2).  
 
For physical samples: 


1. Check PSA results but consider that mud may have been washed out and larger 
rocky material not retained. 


2. Check grab photographs and deck logs to get more of a picture of the sediment 
retained in the whole grab, including any large stones. 


3. Cross check with any visual samples taken at the same station (including video taken 
using equipment attached to the grab) to get an impression of the substrate in the 
wider area. 


4. The functional traits of species present in the sample should also give an indication 
of what substrate type is.  


For visual samples: 
1. Check notes in logs. 
2. Check raw data to ensure the logs are correct. 
3. Cross check with PSA results from physical samples taken at the same location as 


this can provide more detailed information about mud/sand/gravel content. 
4. The functional traits of species present in the sample should also give an indication 


of what the substrate type is.  
 


4.1.3 Select an energy/mobility category for each sample 
 
For rock samples: 


1. Energy regime is sometimes noted in field logs such as the MNCR site form.  
2. The classification introductory text (p43-44)14


3. It is recognised that energy level is only obvious at the extreme ends of the spectrum 
so energy level assigned may be a best guest. 


 gives guidance on how to identify 
energy regime.  


4. The energy category selected should reflect the type of communities present. If 
energy regime is uncertain, check the level 3 habitat descriptions for each energy 
type and which broad communities are defined under each at level 4 then cross 


                                                
13 These groupings were created to cluster similar biotopes together – they are not intended as a sediment 
classification system, but to generally reflect the usual sediment type associate with the communities described in 
the biotopes. 
14 http://jncc.defra.gov.uk/pdf/04_05_introduction.pdf  



http://jncc.defra.gov.uk/pdf/04_05_introduction.pdf�





 


8 
 


reference this with the communities found in the sample. Select the energy category 
which best fits the community present. 


5. If energy regime cannot be ascertained from field data then another option is to 
overlay sample points onto modelled data layers such as those used for 
EUSeaMap15


 


 (Cameron & Askew 2011), although it should be noted that the spatial 
resolution of these layers is limited. 


For sediment samples: 
1. Mobility is sometimes noted in field logs such as the MNCR habitat forms.  
2. Video footage is useful to gauge mobility of sediment. 
3. Features such as sand ripples can indicate sediment is mobile. 


 
4.1.4 Select an salinity category for each sample 
 
Select a salinity category based on notes in the logs, geographic location or any salinity 
readings taken. Definitions for categories are provided in the Marine Habitat Classification of 
Britain and Ireland introductory text12.  
 
4.1.5 Summarise the characterising species for each sample 
 
For each sample investigate the faunal community present and add a description in the 
summary table (e.g. Appendix 2). 


1. Check field logs to get an overall idea of the community present, but note that faunal 
identification undertaken in the field may not be completely accurate. 


2. Review raw species abundance data to get an overall impression of species 
composition, which species are most abundant, and how the community compares 
with other samples. 


3. Cross check visual samples with species lists from physical samples taken at the 
same location as this could give additional information; for example, a taxon seen in 
a video may have been identified to a higher level from a physical sample. 


4. Review results of any statistical analysis of species data undertaken (see Section 3). 
Statistical analysis such as cluster analysis can help to identify groups or ‘clusters’ 
which have similar biological communities. These may not directly reflect real 
differences in community. Expert judgement should be used to decide whether some 
clusters are simply artefacts of the data and should be merged or discounted. 
SIMPER analysis can be used to identify characterising species for each cluster of 
samples.  


5. Although physical samples and visual samples may occur within the same area they 
sample different components of the community so are unlikely to have the same 
characterising species. Physical samples will be associated with infaunal species 
only while visual samples will be associated with epibiotal species only. 
 


4.2 Step-by-step guide to using the Marine Habitat Classification 
 
To assign a biotope start at level 1 and progress step-wise through the classification from 
level 1 to level 5. The expandable hierarchy is displayed online for EUNIS16 and the Marine 
Habitat Classification for Britain and Ireland17 and description pages are provided for each 
habitat when the user clicks on a habitat type name. These descriptions should be cross-
referenced with survey data to select a habitat type at each level. A key is available to help 
select a EUNIS habitat up to level 318


                                                
15 See the EMODnet Seabed Habitats webGIS: 


. More detailed metadata about the core records used 


www.emodnet-seabedhabitats.eu/webgis   
16 http://eunis.eea.europa.eu/habitats-code-browser.jsp  
17 http://jncc.defra.gov.uk/marine/biotopes/hierarchy.aspx  
18 http://www.emodnet-seabedhabitats.eu/pdf/GMHM1%20EUNIS_Habitat_Classification_Revised_2004.pdf 
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to define biotopes is available in biological and physical comparison tables on the JNCC 
website19


 
. 


The steps outlined below provide guidance on how to select a habitat type at each level. The 
user should work through these steps in turn from Level 1 through to Level 5 to assign a 
biotope to each sample. Use information collated in the sample summary table (e.g. 
Appendix 2) to guide this process.  
 
4.2.1 Level 1 
 
Level 1 only has a single category ‘Marine’ selected to distinguish this section from terrestrial 
coastal habitats. 
 
4.2.2 Level 2 
 
At this level the user needs to select a habitat based on substrate type and biological zone.  


 
Figure 4.1: Level 2 Marine Habitat Classification for Britain and Ireland (left) and EUNIS (right). 
 


1. For each sample select rock (and other hard substrata) or sediment substrate. Rock 
is generally considered to comprise bedrock, soft rock, peat, artificial substrate, hard 
clay or any mixture of stable pebbles, cobbles and boulders. See Appendix 3 for 
details. 


2. For each sample select the appropriate biological zone. For rock habitats select 
littoral, infralittoral or circalittoral; for sediment habitats select littoral or sublittoral. 
Note, ‘sublittoral’ incorporates both infralittoral and circalittoral – these are not split for 
sediment at level 2 as sediment communities do not differ as significantly as rock 
communities do. EUNIS also has a ‘deep-sea bed’ category which does not specify 
substrate type. At the time of publication, UK classification does not yet cover the 
deep-sea but deep-sea zones will be added shortly in 2015. 
 


4.2.3 Level 3 
 
Select one of the ‘child’ level 3 habitat types listed under the ‘parent’ habitat type selected at 
level 2 (e.g. if ‘Littoral rock’ is selected at level 2, select one of ‘high energy’, ‘moderate 
energy’ ‘low energy’ or ‘features of’ littoral rock). At level 3 rock habitats are subdivided 
based on energy (a combination of the effects of wave exposure and tidal current) or if they 
are a ‘feature’. Sediment habitats are subdivided based on broad sediment type, with all 
macrophyte-dominated or biogenic reef covered sediments kept separate. EUNIS includes 
some littoral sediment features not found in the UK system, and subdivides macrophyte-
dominated littoral sediments into saltmarsh and aquatic angiosperms.  


                                                
19 http://jncc.defra.gov.uk/page-1645  
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Figure 4.2: Examples from level 3 Marine Habitat Classification for Britain and Ireland (left) and 
EUNIS (right). 
 


1. Check if the rock/sediment habitat sampled would be classed as a ‘feature’ by 
looking at the categories listed under features at level 4. If so, ‘features of’ should be 
selected regardless of substrate type. 


2. For each sample on rock, check which energy regime is present. 
3. EUNIS also separates Atlantic and Mediterranean rock habitats from those in the 


Baltic at this level. Select the appropriate category based on which region the data 
are from. 


4. For each sample on sediment, select the broad sediment type present (coarse, 
mixed, mud or sand) – see Appendix 3 for further guidance. 


5. Check raw data and logs to see if sediment is covered by biogenic reef or 
macrophytes. If so, those categories should be selected instead of broad sediment 
categories. Note, these reef and macrophyte-dominated categories apply only to 
those occurring on sediment and not similar communities on rock. 
 


4.2.4 Level 4 
 
Select one of the ‘child’ level 4 habitat types listed under the ‘parent’ habitat type selected at 
level 3. At this level rock and littoral sediment habitats are defined by broad biological 
community and sometimes more specific environmental conditions as well, such as ‘on 
variable salinity’. Sublittoral sediment habitats are subdivided by salinity and more specific 
biological zone.  
 


 
Figure 4.3: Examples from level 4 of Marine Habitat Classification for Britain and Ireland (left) and 
EUNIS (right). 
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For rock habitat samples: 
1. Select a broad community in the field using expert knowledge or by cross-referencing 


the characterising species observed with those listed in habitat description pages. 
2. If assigning a biotope using analysed data check the species matrices/lists for the 


presence of key species and review any visual data. 
3. Check the physical environment matches with the habitat type description. 


 
 For sediment habitat samples: 


1. Check if sample occurs in ‘low or reduced salinity’ or ‘variable salinity’. If so, select 
one of the first two habitat types.  


2. Otherwise, select a category based on the biological zone. Cross check species data 
with characterising species given in the level 4 habitat descriptions to establish which 
is the best match. If it is not possible to reliably match species data to a level 4 
habitat, assign the appropriate zone using physical proxies such as depth (see Box 1 
for further guidance). 
 


4.2.5 Level 5 
 
Select one of the ‘child’ level 5 biotopes listed under the ‘parent’ habitat type selected at 
level 4. At this level biotopes are defined based on their characterising species (Figure 4.5). 
Biotopes are described when similar communities are known to occur in multiple locations in 
similar environmental conditions. Each biotope should occupy its own unique niche. 
 


 
Figure 4.4: Example from level 5 of Marine Habitat Classification for Britain and Ireland. 
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Figure 4.5: Example characterising species table from a biotope description page. 
 
Use available data to assign a biotope to each sample: 


1. Cross-check the entire species list, as well as the characterising species identified in 
any multivariate analysis, with species mentioned in the biotope descriptions (Figure 
4.5). 


2. Not all of the characterising species listed in a biotope description need to be present 
to assign the biotope – expert judgement should be used. 


3. It can be helpful to plot samples spatially to help decide which samples are likely to 
have the same community. 


4. It should be noted that still photographs sample only a very small area so the biotope 
assigned to a photograph could be based on the video footage of the wider area 
surrounding it as well as species data from that specific still. 


 
5 How to deal with common problems 
 
5.1 No biotope matches the biological community 
 
It is recognised that there are gaps in the classification. In particular, deep-circalittoral 
habitats are poorly covered. Revisions planned for the classification in 2015/16 should help 
to address this. If no matching level 4 habitat or level 5 biotope is available in the appropriate 
section of the classification then check other sections of the classification with different 
physical parameters to see if matching communities are described elsewhere. If no match is 
found anywhere in the classification the following steps should be taken: 


- The appropriate habitat at the next level up should be assigned to relevant 
samples. 


- At level 5 the biotope code should be the ‘parent’ code with an ‘x’ on the end to 
indicate that level 5 is unknown. 


- The report should describe the unmatched community present and where it was 
found. 


- If more than one new community is found they should both be described 
separately (i.e. ‘unmatched biotope A’ and ‘unmatched biotope B’) not 
aggregated at a higher level. 


- In describing an unmatched biotope the contractor is not suggesting that it 
should necessarily be added to the classification, but simply highlighting that 
data does not match existing descriptions. 


- When a potential new biotope is identified, this should be reported to JNCC at 
MarineHabitatClassification@jncc.gov.uk. The email should state which survey 
the new biotope was found in, give contact details for the person who identified 
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the new biotope, and provide a link to, or copy of, the report that gives details of 
the biotope. If associated survey data are not stored in Marine Recorder details 
of the data holder should be provided.  


- Providing information on newly identified communities, or communities recorded 
outside the previously identified physical parameters, will help JNCC to make 
future revisions to the classification and to better interpret changes in 
community structure across a site. 
 


5.2 A matching a biotope is found in the wrong section of the 
classification 


 
Information on habitat distribution is often presented using the upper levels for conservation 
purposes; in particular, broad-scale habitats listed for the Marine Conservation Zones project 
are taken from level 3 of EUNIS. It is misleading if a level 5 biotope assigned to a sample 
specifies a physical characteristic that does not match an underlying level 3 broad-scale 
habitat map. In some cases, the level 5 biotope that best describes the biological community 
found during a survey may be located in a section of the classification where the physical 
description does not match survey data (e.g. if a matching biotope occurs within ‘high energy 
circalittoral rock’ but the field data are from an area of ‘moderate energy circalittoral rock’). It 
is important to record the biological community present, but some steps should be taken to 
make sure it is clear the physical environment differs from the description.  
 
In this situation, the following steps should be taken: 


- The biotope with a matching biological community should be assigned but 
flagged as ‘physical mismatch’. 


- A matching EUNIS level 3 habitat should also be identified that best describes 
the physical characteristics of the habitat. 


- The report should clearly explain why the physical characteristics in the biotope 
description do not match those observed. 


- When the biological community associated with a biotope has been recorded 
outside the expected range outlined in its description page this should be 
reported to JNCC at MarineHabitatClassification@jncc.gov.uk. 


- JNCC will use this information to consider if the description of a biotope needs 
altering. 
 


5.3 Biotope mosaics 
 
In some cases, it is necessary to assign more than one biotope with different ‘parent’ broad 
habitats to the same sample. Sometimes the seabed comprises a mosaic of more than one 
substrate type (e.g. rocks on mixed sediment, fine sand interspersed with coarse sediment). 
Mosaics could also be comprised of ‘biogenic reef’ along with rock, mixed sediment, coarse 
sediment, sand or mud. This only applies to visual samples which can record more than one 
substrate type. 
 
As a working guide, biotope is considered to extend over an area at least 25m2.   For minor 
habitats, such as rockpools and overhangs on the shore, this 'minimum size' can be split into 
several discrete patches at a site. Small features, such as crevices in rock or the biota on 
kelp stipes, are described as features of the main biotope rather than biotopes in their own 
right. Other areas with patches of biotopes of <25m2 could be considered a biotope mosaic. 
At a broader scale most mapped areas will have a mixture of several biotopes and it is up to 
the user how to visualise this; this section refers only to the situation where a single sample 
records more than one biotope. 
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In this situation the following steps should be taken:  
- First select the broad habitats in the mosaic based on physical data then select 


a ‘child’ biotope for each. 
- Identifying biotopes in a mosaic using species matrices can be difficult as the 


species associated with different substrate types in the mosaic will not be 
divided. Consider which recorded species are likely to be associated with the 
different broad-scale habitats in the mosaic and assign each a ‘child’ level 5 
biotope accordingly.  


- For rock and sediment mosaics, the infauna species recorded from physical 
samples tend to represent the sediment component and the epibiota from visual 
methods tend to be mostly associated with the rock component. 


- It would be useful additional information to note the relative percentage cover of 
each of the biotopes making up the mosaic. 


- When describing a mosaic habitat, the predominant biotope should be written 
first (e.g. ‘A5.141/A4121 mosaic’ where A5.141 covers more area). 
 


5.4 Infauna/epibiota 
 
While some biotope descriptions mention both infauna and epibiota components of the 
associated community, many only describe one or the other due to the way original survey 
data were collected. For example, A5.143 (Protodorvillea kefersteini and other polychaetes 
in impoverished circalittoral mixed gravely sand) presumably was identified using physical 
sample data and only lists infaunal species, whereas A5.141 (Pomatoceros triqueter with 
barnacles and bryozoan crusts on unstable circalittoral cobbles and pebbles) presumably 
was identified using visual data and only lists epibiota species. In general, communities are 
either epibiota or infauna dominated. Rock generally cannot support infauna and sediment 
tends to have sparse epibiota. However, in some situations both infauna and epibiota are 
important components of the community; for example, sea-pens on mud with associated 
infauna, or encrusting communities on coarse sediment with associated infauna. In general, 
physical samples are assigned an ‘infaunal’ type biotope, while visual data are assigned a 
‘epibiota’ type biotope. Those biotopes which mention both infauna and epibiota could be 
assigned to any sample type, but the community recorded would only match part of that 
mentioned in the biotope description. Within the same survey area, one infaunal type biotope 
could be assigned to sample data, and a different epibiotal type biotope may be assigned to 
visual data. 
 
6 Summarise results 
 
6.1 Record a biotope for each sample 
 
The biotope assigned to each sample should be clearly recorded. Each sample will 
subsequently be tagged with a biotope in the Marine Recorder database. Providing a table is 
a clear way to summarise biotoping results. The biotope information can be added onto the 
table produced to summarise sample information (see Appendix 2). This summary should 
include information for all acquired sample types; for example, both video habitat sections 
and still photographs for an underwater camera survey. If a sample recorded a mosaic of 
two biotopes both should be recorded in the summary table. If the physical environment 
described in the biotope name differs from that noted for the sample then it can be identified 
as a ‘physical mismatch’ in the comments column. The EUNIS level 3 habitat that would be 
assigned to the sample should also be recorded in the summary table in case this does not 
match the level 5 biotope name. 
 



http://eunis.eea.europa.eu/habitats/5555�
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6.2 Map biotopes 
 
Various methods are available for mapping boundaries around biotopes and habitats but 
there will always be some uncertainty associated with these interpreted maps. It should be 
recognised that, although it is likely the same biotope or habitat occurs across all areas on a 
site with similar environmental conditions, the biotope or habitat is only really known where 
ground-truthing has occurred. 
 
The most accurate boundaries are those that can be identified from full-coverage remotely 
sensed data sets, such as changes in substrate type. These mainly relate to physical 
changes and therefore the mapping of boundaries is most suitable for levels 2 to 4 (e.g. 
Figure 6.1). The habitat assigned to samples at level 3 based on the zones and substrate 
type will inform the production of the map.   
 
Once level 5 biotopes have been assigned to samples it is useful to plot them spatially to 
look for patterns in the data. The spread of biotopes will show how heterogeneous the 
environment is. One option for displaying biotope information is to overlay point locations of 
biotoped samples onto a habitat map of the site. The samples could also be displayed with 
any other layers useful for interpretation, such as multi-beam bathymetry, backscatter, 
particle size information, or interpreted substrate layers. It is very helpful to label sample 
locations so maps can be cross-referenced with raw data and results from analysis.  
 
As noted in Section 5.4, an area mapped as one habitat using physical data may be 
associated with both an ‘infauna type’ biotope assigned to the physical samples in that area, 
and an ‘epibiota type’ biotope assigned to the visual samples. Some users chose to display 
‘infauna type’ biotopes from physical samples and ‘epibiota type’ biotopes from visual 
samples on separate maps, but it would aid interpretation if both were displayed on the 
same map or side by side.  
 
Ideally maps should also display station codes and symbols to show sample type (grab, 
core, video section, still, dive transect etc.). 
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Figure 6.1: Example habitat map with point samples of recorded biotopes (from draft Fladen Ground 
survey report, copyright JNCC/Cefas).  
 
6.3 Biotope information to summarise in a report 
 
The following template is provided as a guide to what should be included in a biotope report.  
 
1. Table of Contents 
2. Executive Summary 
3. Introduction 
4. Methods 


4.1. Statistical methods used to undertake identification of epibiotal and infaunal 
communities  


4.2. Methods/process undertaken to link biological communities observed with 
EUNIS/JNCC classification biotopes 


4.3. Quality Assurance – Detail QA procedures in place for data analysis/interpretation. 
Results of any QA checks should be included. 


5. Results 
5.1. Physical habitats 


5.1.1. Overall summary of physical information 
5.1.2. Contextual maps  (e.g. multi-beam bathymetry, aerial photography) 
5.1.3. Map of physical habitats (for sublittoral, use EUSeaMap if no map from is 


survey available) with sample locations and PSA results as points  
5.1.4. Description and map(s) showing confidence in physical habitat map. 


5.2. Epibiota 
5.2.1. Patterns in epibiotal communities – discussion of analysis results, 


characterising species 
5.2.2. Distribution maps of epibiotal clusters (overlay on habitat map) 
5.2.3. Description of epibiotal biotopes present 
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5.3. Infauna 
5.3.1. Patterns in infaunal communities – discussion of analysis results, 


characterising species 
5.3.2. Distribution map of infaunal clusters (overlay on habitat map)  
5.3.3. Description of infaunal biotopes present 


6. Discussion/Conclusions 
6.1. Discussion of epibiotal and infaunal biotopes present 
6.2. Distribution map with both infaunal and epibiotal biotopes as sample points (overlay 


on habitat map and other contextual maps) 
6.3. Data limitations/issues 


7. References 
8. Appendices 


8.1. Sample summary table (e.g. Appendix 2 in this report) 
8.2. Results/outputs of analyses 


 
It is useful for reports to provide a clear summary of each biotope identified (points 5.2.3 and 
5.3.3 in the report structure above). This summary should specify which samples were 
assigned to each biotope so it is possible to link them to raw data and cross-reference with 
maps showing sampling locations. Biotope summaries should give a full picture of the 
associated biology and physical environment. A similar summary should be provided for 
potential new biotopes. Samples recording a mosaic of two biotopes should be listed under 
the summary for both. Example biotope summaries are provided below. 
 
6.3.1 Example biotope summary – Epibiota 
 
EUNIS: A5.141 Pomatoceros triqueter with barnacles and bryozoan crusts on unstable 
circalittoral cobbles and pebbles  
MHCBI: SS.SCS.CCS.PomB 
Stations: 1, 5 
Video tow sections: T123_STN1_H1, T123_STN5_H2 
Stills: T123_STN1_H1_001-005, T123_STN5_H2_001-007 
Depth range: 40–55m  
Substrate: Poorly sorted fine – very coarse sand with gravel and pebbles. Folk gS and sG. 
EUNIS coarse sediment. 
Epibiota community: Encrusting bryozoa, serpulid worms and barnacles attached to stony 
material present. Characterising taxa: Spirobranchus triqueter (previously Pomatoceros), 
Balanus, and Flustra foliacea 
Epibiota multivariate clusters: B, C 
Comments: Some samples tagged with this biotope were recorded on a sand rather than 
coarse sediment substrate. 
Example seabed photographs: 


  
 



http://eunis.eea.europa.eu/habitats/2097�
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EUNIS: A5.26x Circalittoral muddy sand 
MHCBI: SS.Ssa.CMSa 
Stations: 2, 4 
Video tow sections: T123_STN2_H1, T123_STN4_H1 
Stills: T123_STN2_H1_001-010, T123_STN2_H4_001-04 
Depth range: 42–65m  
Substrate: Poorly sorted muddy fine sand. Folk mS. EUNIS Sand and muddy sand. 
Epibiota community: Sparse epibiota, occasional Paguridae 
Epibiota multivariate clusters: D 
Comments: Community was sparse and could not be matched to any existing biotopes so 
level 4 assigned based on physical data. 
Example seabed photographs: 


  
 
6.3.2 Example biotope summary – Infauna 
 
EUNIS: A5.251 Echinocyamus pusillus, Ophelia borealis and Abra prismatica in circalittoral 
fine sand  
MHCBI: SS.Ssa.CfiSa.EpusOborApri 
Stations: 3, 6  
Grabs: T123_STN3_HC1, T123_STN6_HC2  
Depth range: 30 –45m  
Substrate: Poorly sorted fine – very coarse sand. Folk (g)S. EUNIS sand and muddy sands. 
Infaunal community: Diverse community dominated by polychaetes with bivalves, 
amphipods and occasional decapods. Characterising taxa: Echinocyamus pusillus, Glycera 
lapidum, Nemertea, Ophelia borealis and Spatangoida.  
Infaunal multivariate clusters: A, B 
Example physical sample photographs: 
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Appendix 1: Version tracker 
 
BUILD STATUS: 
Version Date Author Reason/Comments 


1.0 15.07.13 Megan 
Parry First draft  


1.1 19.08.13 Megan 
Parry For internal use only 


1.2 14.10.13 Megan 
Parry Incorporate NE comments 


1.3 19.11.13 Megan 
Parry 


Add details on statistical analysis for analysis 
contract 


1.4 21.11.13 Megan 
Parry Incorporate comments from NRW and SNH 


1.5 20.03.14 Megan 
Parry Adapt biotope report structure 


1.5 20.03.14 Megan 
Parry Incorporate comments from HE (JNCC) 


 
DISTRIBUTION: 
Copy Version Issue Date Issued To 


Link 1.0 19.07.13 Circulated internally to NG, GJ, NA 


Electronic 1.1 20.08.13 JE – Cefas 


Link 1.2 22.10.13 Internal MN, GJ, NG, NA 


Electronic 1.2 23.10.13 KD, GB, BG (NE); KR (NRW); LC (SNH) 


Link 1.3 21.11.13 Internal NG, MN 


Link 1.4 09.01.14 Internal BH 


Link 1.4 14.01.14 Internal NG, GJ, NA 


Electronic 1.5 01.01.15 Comms, HE 


Electronic 1.6 04.03.15 Comms 
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Appendix 2: Example sample biotope summary table 
Area Stn 


code 
Sample Gear 


type 
Zone Broad 


Substrate 
Detailed 
Substrate 
description 


Energy/ 
sediment 
mobility 


Salinity Characterising 
sp. 


Multi-
variate 
cluster 


EUNIS 
level 3 


MHCBI 
Biotope code  


EUNIS 
biotope 
code 


Comment 


Fladden 
grounds 


FTR01 FTR01_0
1_H1 


CS - 
video 


Circalitt
oral 


Mud Mud with a 
small sand 
fraction (M) 


Unknown Full Virgularia mirabilis 
Paguridae 


A A5.3 SS.SMu.CfiMu
.SpnMeg 


A5.361  


Fladden 
grounds 


FTR01 FTR01_0
1_H1_00
1 


CS - 
still 


Circalitt
oral 


Mud Mud with a 
small sand 
fraction (M) 


Unknown Full Virgularia mirabilis 
Paguridae 


A A5.3 SS.SMu.CfiMu
.SpnMeg 


A5.361  


Fladden 
grounds 


FTR01 FTR01_0
1_H1_00
2 


CS - 
still 


Circalitt
oral 


Mud Mud with a 
small sand 
fraction (M) 


Unknown Full Virgularia mirabilis 
Paguridae 


A A5.3 SS.SMu.CfiMu
.SpnMeg 


A5.361  


Fladden 
grounds 


FTR01 FTR01N
_03 


HG Circalitt
oral 


Mud Mud with a 
small sand 
fraction (M) 


Unknown Full Pholoe sp. 
Glycera sp. 
Corbula gibba 
Brissopsis lyrifera 


A A5.3 SS.SMu.CfiMu
.SpnMeg 


A5.361  


Fladden 
grounds 


FTR02 FTR02_0
1_H1 


CS - 
video 


Circalitt
oral 


Mud Mud with a 
small sand 
fraction (M) 


Unknown Full Virgularia mirabilis 
Amphiura filiformis  
Pecten maximus 


B A5.3 SS.SMu.CSa
Mu.VirOphPm
ax 


A5.354  


Fladden 
grounds 


FTR02 FTR02_0
1_H1_00
1 


CS - 
still 


Circalitt
oral 


Sand  Muddy sand 
(mS) 


Unknown Full Virgularia mirabilis 
Amphiura filiformis  
Pecten maximus 


B A5.2 SS.SMu.CSa
Mu.VirOphPm
ax 


A5.354 Physical 
mismatch 
– substrate 
sand 


Fladden 
grounds 


FTR02 FTR02_0
2 


HG Circalitt
oral 


Mud Mud with a 
small sand 
fraction (M) 


Unknown Full Amphiura filiformis 
Mysella bidentata 
Phaxas pellucidus 
Nuculoma tenuis 


B A5.3 SS.SMu.CSa
Mu.AfilNten 


A5.353  


Fladden 
grounds 


FTR03 FTR03_0
1_H1 


CS - 
video 


Circalitt
oral 


Mud Sandy mud 
(sM) 


Unknown Full Paguridae C A5.3 SS.SMu.CfiMu A5.36  


Fladden 
grounds 


FTR04 FTR04_0
1_H1 


CS - 
video 


Circalitt
oral 


Mud / 
Rock 


Mud (M) with 
pebbles and 
cobbles 


High 
energy 


Full Virgularia mirabilis 
Paguridae 
Phakellia sp. 
Axinella sp. 


C A5.3 SS.SMu.CfiMu
.SpnMeg/ 
CR.HCR.DpSp
.PhaAxi 


A5.361/ 
A4.121 


Approx 
80% mud 
20% rock 


Fladden 
grounds 


FTR04 FTR04_0
1_H2 


HG Circalitt
oral 


Mud Mud (M)  Unknown Full Galathowenia 
oculata 
Lagis koreni 
Spiophanes sp. 
Abra alba 
Nucula sulcata 


D A5.3 SS.SMu.CfiMu
.x 


A5.36x Possible 
new 
biotope 
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Appendix 3: JNCC Guide Definitions for Substrate Types 
Used in EUNIS and the Marine Habitat Classification of 
Britain and Ireland 


 
In order to select the appropriate habitat types in the EUNIS Classification (Davies & Moss 
2004) and JNCC Marine Habitat Classification of Britain and Ireland (Connor et al 2004) 
substrate is compulsory. It is, therefore, important that the correct substrate category is 
identified from survey data.  
 
It should be noted that terminology in the JNCC classification refers to the substrate particle 
size categories used for the MNCR, which are also used when entering substrate 
information from visual interpretation into Marine Recorder (Table A 1). These categories 
differ slightly from those used in the Wentworth scale and Folk classification. PSA data 
entered into Marine Recorder (MR) is also aggregated to slightly different categories. These 
differences in terminology should be kept in mind when interpreting several types of data as 
the categories will not be directly comparable. 
 
This document provides some general guidance on how to identify the correct substrate 
category in the EUNIS/JNCC classifications. 
 
Table A 1: Sediment particle sizes and equivalent classification terms* 
Mm Phi Wentworth Folk MNCR (video 


in MR) 
PSA categories 
in MR 


2048 -11 Boulder Gravel Very large 
boulders 


NA 
1024 -10 
512 -9 Large boulders 
256 -8 Small boulders 
128 -7 Cobble Cobbles 
64 -6 
32 -5 Pebble Pebbles Medium pebbles 
16 -4 
8 -3 Gravel 
4 -2 Small pebbles 
2 -1 Granule Coarse sand Granule 
1 0 Very coarse sand Sand Very coarse sand 
0.5 1 Coarse sand Medium sand Coarse sand 
0.25 2 Medium sand Medium sand 
0.125 3 Fine sand Fine sand Fine sand 
0.063 4 Very fine sand Very fine sand 
0.031 5 Silt Mud Mud Silt and clay 
0.016 6 
0.008 7 
0.004 8 
0.002 9 Clay 


*Note: when classifying habitats using visual data, Wentworth stable pebbles/cobbles and boulders 
(or the equivalent in other sediment classifications) are considered to be ‘rock’ rather than sediment.  
 
7.1 Method for identification of substrate type 
 
When assigning a substrate type (and associated habitat code) to an area it is important to 
consider all available data collected within the habitat together, and not rely on data 
collected using a single method, for a number of reasons: 


• It is not possible to grab rock. 
• Grabs may not retain certain fractions of the substrate.  
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• Grabs/stills may sample a small patch of a heterogeneous seabed which is not 
representative of the wider area. 


• It is not possible to accurately identify mud fractions using video.  
• It is not easy to identify particle size using video. 


 
Considering these points it is recommended that, where possible, surveys undertaken to 
characterise habitats include both visual and grab sample data acquisition for ground-
truthing. If only visual data is available, it may not be possible to reliably distinguish between 
level 3 broad substrate types, and where this is the case a level 2 ‘rock’ or ‘sediment’ habitat 
type will have to be assigned.  
 
The following steps should be undertaken to identify habitats with the appropriate substrate: 


• Interpret video data 
- Identify sections of video footage with the same habitat; 
- use stills with calibrated lasers displayed in the field of view to help estimate 


particle size of substrate; 
- for each habitat assign a EUNIS/JNCC classification substrate type based on 


the proportion of different particle sizes. 
• Interpret grab data 


- Review PSA results; 
- verify PSA captures substrate variation using any HamCam footage of the 


surrounding seabed; 
- assign EUNIS/JNCC classification substrate type based on PSA and video. 


• Cross check concurrent video and grab data and summarise habitats present  
- Overlay grab and video sample location with acoustic data and identify those 


that potentially sample the same habitat; 
- using all available data assign a final EUNIS/JNCC classification substrate 


type (and an associated habitat code) to each habitat; 
- usually a report will list each habitat type with a description of substrate and 


biology, and state which samples (video or grab) were taken within that 
habitat. 
 


7.2 Definition of substrate categories 
 
Habitats are assigned by making a stepwise progression through the hierarchy of a 
classification. Habitat types specify substrate categories which are increasingly more specific 
at each next level.  
  
7.2.1 Level 2 
At level 2 in the EUNIS/JNCC classification   classifications habitat types are divided into two 
substrate categories – rock and sediment. Rock is considered to include both bedrock and 
stony material (stable pebbles/cobbles and boulders). It can be broadly be defined as 
substrate which supports erect epibiota although, in areas of high energy/scour, rock may 
support no epibiota, or only crusts/ shelled epibiota. Table A 2, produced for an internal 
JNCC reference document (Connor 2009), provides a summary of which substrate types 
(using the Wentworth classification) would be classified as rock. This depends on both the 
particle size and stability/scour. Boulders and bedrock are always rock regardless of stability. 
Cobbles are considered rock if stable enough to support robust erect epibiota, while pebbles 
must be stable enough to support fragile epibiota. If an area of pebbles/cobbles is known to 
have high energy and mobile substrata, and there are few erect epibiota, it is likely to be 
sediment habitat. 
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Table A 2: Summary definition of rock and sediment substrata for the purpose of habitat assignment 
(adapted from Connor 2009). 


 
 
Rock Summary 
 
Substrate types included:  


• Bedrock. 
• Boulders, stable cobbles, stable pebbles (and mixtures of these). 


 


 
Figure A 1: Example photographs showing variation in rock substrate. 
 


Wentworth 
category 


Boulder (and 
bedrock)


Cobble Pebble Granule Very coarse 
sand - Very 
fine sand


Silt & Clay


Folk 
category


Gravel Sand Mud


Particle size
(mm)


>256 64 - 256 4-64 2-4 0.125 - 2 <0.063


St
ab


ilit
y


Sc
ou


r


Cannot support 
epibiota


Can support fragile 
epibiota


Can support 
crusts/shelled 
epibiota


Can support robust erect 
epibiota


Rock


Sediment
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Sediment summary 
 
Substrate types included:  


• Unstable cobbles, unstable pebbles, gravel, sand or mud. 
• Mixtures of the above. 


 
7.2.2 Level 3 
 
At level 3 in the EUNIS/JNCC classification, sediment is further divided into four categories – 
‘coarse sediment’, ‘mixed sediment’, ‘mud and sandy mud’, and ‘sand and muddy sand’. It is 
recommended that these categories are defined based on the proportions of mud, sand and 
gravel as displayed in Figure A 2, which shows the classes superimposed onto the Folk 
ternary diagram which describes sediments based on the relative proportions of mud, sand 
and gravel as described by the Folk classification (Folk 1954)20


 


. The sediment type 
descriptions below are described using the Folk classification; however, it should be noted 
that, for habitat classification of visual data, ‘Gravel’ (G) should be considered to exclude 
stable pebbles, cobbles and boulders as these would be classified as rock. For practical 
purposes, all pebbles and cobbles found in grabs can be included under ‘Gravel’. 


 
Figure A 2: Folk ternary diagram with suggested aggregations of Folk classes for defining level 3 
sediment types21


 
. 


Mixed sediment summary 
 
The key difference between ‘coarse sediment’ and ‘mixed sediment’ is the proportion of mud 
present. Mixed sediment has a higher proportion of mud as shown in Figure A 2. It can be 
difficult to identify the proportion of mud using video footage (Figure A 3). The presence of 
mud is indicated when fine material is suspended in the water column when the camera 
system hits the seabed. The results of PSA analysis from grab samples taken in the vicinity 
of video footage are useful in confirming the proportion of mud present. The term ‘mixed 


                                                
20 The recommended classification for broad sediment types is based on a by-eye interpretation of the 
distribution of communities on a ternary diagram (Long 2006). Other site-specific studies (e.g. [Humber REC?]) 
have found that alternative classifications are more biologically relevant for certain areas, while McBreen et al, 
(2011) found no conclusive biologically-relevant categorisations for broad sediment types for the wider. Therefore 
for consistency the categorisation described in Long (2006) is recommended. 
21 Note: For habitat classification of visual data, gravel excludes stable pebbles, cobbles and boulders which are 
classified as rock. 
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sediment’ should not be confused with ‘mixed substrate’ which refers to any mixture of 
sediment and rock. Mixed sediment specifically includes the following types of substrate:  


• Mixture of mud and gravel2. 
• Mixture of mud, sand and gravel. 


 


 
Figure A 3: Example photographs of mixed sediment. 
 
Coarse sediment summary 
 
Substrate types included:  


• Gravel22


• Mixture of sand and gravel (with minimal mud) - see 
. 


Figure A 2. 
 


 
Figure A 4: Example photographs of coarse sediment. 
 
‘Mud and sand mud’ and ‘Sand and muddy sand’ summary 
 
The key difference between ‘mud and sandy mud’ and ‘sand and muddy sand’, is the 
proportion of mud present, as shown in Figure A 2. The results of PSA analysis are useful in 
confirming the proportion of mud. ‘Mud and sandy mud’ and ‘sand and muddy sand’ may 
have only a very small proportion of ‘gravel’, as shown in Figure A 2. 
 


                                                
22 Note: For habitat classification using visual data, ‘Gravel’ excludes stable pebbles/cobbles and boulders which 
are classified as rock. 
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Figure A 5: Example photograph of ‘mud and sandy mud’ (left) and ‘sand and muddy sand’ (right). 
 
7.2.3 Mosaic Substrates 
 
Mosaic substrates are made up of more than one substrate type occurring together in a 
patchwork. Where this is the case, the habitat can be described as having a mosaic of 
substrate x and substrate y, and two biotopes would be assigned (one associated with 
substrate x and one with substrate y). Substrate that contains a mosaic of rock and sediment 
is termed ‘mixed substrata’. If rock and sediment are both present in significant proportions it 
would be valid to describe the habitat as having a mosaic substrate. As an example, if 
communities appear to comprise a combination of rock assemblages and mud assemblages 
the substrate could be classed as a mosaic of ‘rock’ and ‘mud and sandy mud’. In these 
areas both a rock and a mud biotope would be assigned. Mosaic substrates can also be a 
patchwork of more than one sediment type, such as ‘sand and muddy sand’ interspersed 
with ‘coarse sediment’, as commonly occurs in association with sand waves. It can be 
difficult to distinguish between rock/sediment mosaics and coarse or mixed sediment using 
multi-beam bathymetry and backscatter data only, so video and grab ground-truthing should 
be used to aid identification. 
 
In the past it has not been common practice to assign mosaics of two substrate types to 
data. Instead, data have generally been assigned to the predominant substrate type. A 
common mosaic substrate is rock (stable pebbles, cobbles and boulders) with mixed 
sediment (mud, sand and gravel23


 


). In the past these substrate types have frequently been 
assigned to mixed sediment if the sediment proportion is greater than the rock proportion. 
This means it is then not possible to distinguish between mixed sediment with a rock 
component, and mixed sediment without. This can cause issues for trying to identify those 
areas which could be classed a ‘stony reef’. Considering this, it is now recommended that a 
rock/sediment mosaic is assigned to any substrates with significant proportions of both.  


In the EUNIS/JNCC classification, some biotopes with ‘mixed substrata’ comprised 
predominantly of rock are located within the rock section. These mixed substrata biotopes 
typically describe only the epibiotal rock component of the community and could be 
considered as rock biotopes. It may be considered appropriate in the future to rename these 
biotopes as rock to avoid confusion.  
 


                                                
23 Note: For habitat classification of visual data, ‘Gravel’ excludes stable pebbles/cobbles and boulders which are 
classified as rock. 
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Figure A 6: Example photograph of ‘rock’/‘mixed sediment’ mosaic (left) and ‘rock’/‘mud’ mosaic 
(right). 
 
7.2.4 Stony reef 
 
In addition to identifying habitats using the EUNIS or JNCC classification, it is often 
necessary to identify those areas which meet the requirements to be one of several habitats 
listed for protection under Annex I of the Habitats Directive, e.g. Reef, which can be either 
biogenic or geogenic (rocky). Rocky reef can be either bedrock or a ‘stony reef’ comprising 
cobbles and boulders. Habitats with 100 % rock substrate will mostly qualify as reef, but 
stony reefs need to meet the criteria in Irving (2009). Mosaics of stony reef and sediment 
would also qualify if the percentage cover of cobbles and boulders is great enough. There 
are specific criteria which have to be met to be a stony reef (Table A 3) (Irving 2009) so this 
assessment should be undertaken independently of defining areas of broad EUNIS 
substrate types. Resulting Annex I stony reef maps should be overlain onto interpreted 
habitats rather than existing maps being reclassified. An Annex I reef assessment may not 
necessarily have the same boundaries as EUNIS habitats; for example, only part of a mixed 
sediment/rock mosaic may be stony reef (Figure A 7). It is recognised that it may not be 
possible to distinguish areas of sparser pebble/cobble rocky reef from surrounding mixed or 
coarse sediments using acoustic data only. As noted in the previous section, in the past, 
habitats with a mosaic of rock and sediment have been frequently been assigned to mixed 
sediment or coarse sediment, and these habitats may or may not meet Annex I stony reef 
criteria. 
 
Table A3: Characteristics of stony reef (from Irving 200924


Characteristic 
). 


Not a ‘stony 
reef’ 


‘Resemblance’ to being a ‘stony reef’ 
Low25 Medium  High 


Composition 
(proportion of 
boulders/cobbles 
(>64mm)) 


<10% 10-40% matrix-
supported 


40-95% >95% clast-supported 


Elevation Flat seabed <64mm 64 mm-5m >5m 
Extent <25m2 >25m2 
Biota Dominated by 


infaunal species 
  >80% of species 


present composed of 
epibiotal species 


                                                
24 http://jncc.defra.gov.uk/pdf/web_432.pdf. 
25 When determining whether an area of the seabed should be considered as Annex I stony reef, if a ‘low’ is 
scored in any of the four characteristics (composition, elevation, extent or biota), then a strong justification would 
be required for this area to be considered as contributing to the Marine Natura site network of qualifying reefs in 
terms of the EU Habitats Directive. 



http://jncc.defra.gov.uk/pdf/web_432.pdf�
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Figure A 7: Example to illustrate how stony reef boundaries may not match habitat boundaries. 
 
7.3 Summary 
 
Table A 4 provides some general descriptions for each of the broad substrate types used in 
the EUNIS and JNCC classification, identifies which habitats explicitly have these substrate 
types, and whether or not they could potentially include areas of Annex I ‘stony reef’ (see 
Table A 3 for detailed stony reef criteria).  
 
Table A 4: Descriptions of substrate categories. 


Substrate  
Relevant 
EUNIS 
Codesa 


Relevant JNCC 
classification 
Codesa  


General descriptionb Annex I 
reef? 


Rock A1, A3, A4 
 LR, IR, CR 


Rock (Bedrock or any mixture of 
stable pebbles/cobbles and 
boulders)  


Bedrock – 
yes; stony 
reef – if 
meets 
criteria 


Mixed 
sediment A2.4, A5.4 LS.LMx, SS.SMx Mixtures of mud, sand and gravel, 


or mud and gravel Noc 


Coarse 
sediment  A2.1, A5.1 LS.LCS, SS.SCS Gravel, or mixtures of sand and 


gravel Noc 


Mud and 
sandy mud A2.3, A5.3 LS.LMu, SS.Smu Mud and sandy mud  No 


Sand and 
muddy 
sand 


A2.2, A5.2 LS.Lsa, SS.Ssa Sand and muddy sand No 


Rock/ 
sediment 
mosaic 


A1, A3, A4 
with any 
other code 


LR, IR, CR with any 
other code 


A patchwork of rock with any type 
of sediment. 


If rock 
>10% 
Stony reef 
must 
meet  
criteria 


a Includes ‘child’ types. 
b For habitat classification purposes, Gravel excludes stable pebbles, cobbles and boulders which are classified 
as rock. 
c In the past, mixtures of rock and sediment have generally been assigned to mixed sediment or coarse sediment 
rather than being described as a mosaic of rock and sediment. Past data assigned to mixed sediment or coarse 
sediment may have a significant rock component and, therefore, meet criteria to be Annex I reef. 
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Abstract 16 

The risk of collision between birds and turbines is seen as one of the key issues in the planning 17 
process for offshore wind farms. In some cases, predictions of collision risk have led to projects 18 
either being withdrawn from the planning process, or refused planning consent. Despite this, the 19 
evidence base on which collision risk is assessed is extremely limited and assessments rely on 20 
models which can be highly sensitive to assumptions, notably about bird collision avoidance 21 
behaviour. We present a synthesis of the current state of knowledge about collision risk and 22 
avoidance behaviour in seabirds. Evidence suggests species-specific responses to turbines and that 23 
in order to avoid collision, most birds adjust their flight paths at some distance from the turbines, 24 
rather than making last-second adjustments. We highlight the key gaps in knowledge and make 25 
recommendations for future data collection.  26 

 27 

Keywords 28 

Collision Risk Model, Environmental Impact Assessment, Offshore Wind Farm, Seabirds 29 

 30 

31 
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1. Introduction  32 

Offshore wind energy is likely to play a key role in efforts to combat climate change through the 33 

production of renewable energy (Kaldellis and Zafirakis, 2011). At present the industry is well-34 

developed in northern Europe, and is expanding globally (Breton and Moe, 2009; Snyder and Kaiser, 35 

2009). However, there are concerns over the potential for offshore wind farms to negatively affect 36 

wildlife, with impacts on seabirds frequently cited as a key concern (Furness et al., 2013; Garthe and 37 

Huppop, 2004).  38 

 39 

The main effects of offshore wind farms on seabirds are thought to be:  i) collision mortality ;  ii) 40 

displacement and attraction effects and;  iii) barrier effects (Desholm and Kahlert, 2005; Everaert 41 

and Stienen, 2007; Masden et al., 2009; Vanermen et al., 2015). Barrier effects occur when the wind 42 

farms physically exclude birds causing extended flight journeys around the development during 43 

migration or when commuting between colonies and  foraging areas (Masden et al., 2010, 2009).  44 

Displacement is regarded as a response that results in a functional loss of the habitat available 45 

within a wind farm, as opposed to a change in flight trajectory around the wind farm (Drewitt and 46 

Langston, 2006; Furness et al., 2013). Whereas attraction to wind farms is argued to be a 47 

consequence of turbines serving as a platform for roosting birds or the base acting as a reef resulting 48 

in an increase in food availability (Dierschke et al., 2016). Collision mortality describes birds colliding 49 

with turbines and associated infrastructure and has received a significant level of attention by the 50 

onshore industry as a result of well documented events (de Lucas et al., 2008; Everaert and Stienen, 51 
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2007; Loss, 2016; Thaxter et al., 2017a). However, the feasibility of collecting corpses or observing 52 

collision events in the marine environment is challenging and, to date, only two studies have 53 

reported birds colliding with offshore turbines (Desholm, 2006; Pettersson, 2005).  54 

 55 

In the absence of more detailed information about collision rates, Collision Risk Models (CRM) are 56 

routinely used to predict the risk posed by offshore wind farms to seabird populations  as part of 57 

pre-construction Environmental Impact Assessments (EIAS) in Europe (e.g. Ministry of Economic 58 

Affairs, 2015; NIRAS, 2015). CRMs are also being used in a range of countries where the offshore 59 

wind industry is in the early stages of development including the USA (Cranmer et al., 2017; Fammler 60 

and Kuris, 2010; Jenkins et al., 2018; Stumpf et al., 2011). They have also been used in a post-61 

construction context in order to quantify likely collision rates (Skov et al., 2012) and to help estimate 62 

the cumulative impact of collisions at multiple offshore wind farms through extrapolation (Brabant 63 

et al., 2015; Busch and Garthe, 2017). A variety of different CRMs are available, but at their core 64 

most calculate the probability of a bird colliding based on the likelihood of it occupying the same 65 

space as a turbine blade. The collision risk to an individual bird is then scaled up based on the 66 

number of birds likely to pass through a wind farm over a given time period. The final stage is the 67 

application of an avoidance rate which takes into account the proportion of birds likely to take 68 

action to avoid a collision (Masden and Cook, 2016). However, outputs from CRMs are known to be 69 

sensitive to assumptions made about the avoidance behaviour of the species concerned, notably 70 

flight height and flight speed, which are often based on extremely limited data (Chamberlain et al., 71 

2006; Masden, 2015). 72 
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 73 

Whilst avoidance behaviour can be seen as a continuum over space and time, there is a need to 74 

break this down into different components which correspond to how birds may respond to both the 75 

wind farm and to individual turbines. Technological limitations associated with measurement have 76 

also influenced the definitions but, currently avoidance behaviour is recognised at three different 77 

scales (Figure 1), termed macro, meso, and micro (Cook et al., 2014). May (2015) developed  a 78 

framework for understanding avian avoidance based on the underlying behavioural mechanisms and 79 

set out how this related to these three classifications. Macro-avoidance (avoidance of the wind farm 80 

as a whole) can arise through a functional habitat loss and is observed as displacement. May (2015) 81 

went on to argue that attraction could be included under the term displacement, resulting in what 82 

are in effect negative avoidance rates. However macro-avoidance can also include barrier effects, a 83 

type of evasive behaviour which can be classified as being impulsive or anticipatory, the latter of 84 

which requires early detection or a prior experience or knowledge. Meso-avoidance is the 85 

anticipatory or impulsive evasion of rows of turbines within a wind farm. Micro-avoidance reflects 86 

the last-second action taken to avoid collision with the turbine blades and may be thought of as an 87 

escape response (May, 2015). 88 
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 89 
 90 

Figure 1 Different scales of avoidance behaviour in relation to an offshore wind farm, turbines 91 
indicated by black dots. Macro-avoidance reflects birds either taking action to avoid entering, or 92 
birds being attracted to, a wind farm, meso-avoidance reflects birds taking action to avoid individual 93 
turbines and micro-avoidance reflects birds taking last-second action to avoid colliding with rotor 94 
blades (i.e. within circles surrounding each turbine). 95 

 96 

Collisions with turbines may not only have significant conservation implications (Everaert and 97 

Stienen, 2007) but important economic consequences as well. In the UK, the Docking Shoal Offshore 98 

Wind Farm was refused planning consent over the estimated numbers of Sandwich terns Thalasseus 99 

sandvicensis predicted to be killed (DECC, 2012), a decision with major implications for both the 100 

developer and regulators. Considering the respective economic and conservation concerns, it is vital 101 

that decisions about offshore wind farms are made based on the best available evidence. Despite 102 
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this, there has been no clear agreement about how data describing avoidance behaviour should be 103 

collected (Cook et al., 2014; May, 2015). There is a risk that this situation may lead to “decision 104 

paralysis” whereby decision-making is constantly postponed whilst additional data are collected 105 

(Milner-Gulland and Shea, 2017).  106 

 107 

Northern gannet Morus bassanus, lesser black-backed gull Larus fuscus, herring gull Larus 108 

argentatus, great black-backed gull Larus marinus and black-legged kittiwake Rissa tridactyla are 109 

viewed as being at a high risk of collision with offshore wind farms due to their flight altitude 110 

(Furness et al., 2013; Johnston et al., 2014; Ross-Smith et al., 2016). In northern Europe, the foraging 111 

ranges of these species also often overlap with the currently planned offshore wind farm 112 

developments (Bradbury et al., 2014; Johnston et al., 2015; Soanes et al., 2013; Thaxter et al., 2015). 113 

Here we consider what evidence currently exists to quantify avoidance behaviour for these species. 114 

We then describe how these data can be best combined to calculate an overall avoidance rate 115 

suitable for use in CRMs for the five key species. In so doing we present an approach which can be 116 

adapted for other species and also allows for sufficient flexibility for the inclusion of future data for 117 

our example species. Finally, we highlight any gaps in knowledge that we have identified as part of 118 

our review. 119 

2. Methods  120 

 121 
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We focussed our literature search on operational wind farms in northern Europe at which the five 122 

key bird species were likely to occur. An online database (www.4coffshore.com) was used to identify 123 

offshore wind farm sites, relevant developers and their environmental consultants in order to obtain 124 

available reports and data. Web of Science and Google Scholar were used to search for relevant 125 

peer-reviewed papers, reports, conference proceedings and book chapters relating to the impacts of 126 

wind farms on the five priority species, following literature trails where appropriate. We also 127 

referred to previous reviews on the topic (Marine Management Organisation, 2014; 128 

Smartwind/Forewind, 2013) to ensure that all sources of primary literature had been identified. 129 

Where appropriate, we also considered data relating to the five key species collected from coastal 130 

sites, as currently these may reflect the best or only available data on which to base decisions 131 

(potential biases are highlighted in section 4.2-Limitations). 132 

 133 

2.1 Macro-avoidance 134 

Methodologies which have been used to look at macro-avoidance may not actually distinguish 135 

between birds displaced from a wind farm and those exhibiting barrier effects since both can be 136 

manifested as a decrease in the numbers of birds in flight within the wind farm area. For the 137 

purposes of this review however, we considered studies according to the effect they were designed 138 

to investigate. This was not considered an issue as barrier, displacement and attraction effects 139 

collectively describe the overall macro-avoidance rate.  The key studies included based boat or aerial 140 

surveys or from counts from panoramic scans but supporting information was included from GPS 141 

tracking studies or radar studies where species identification had been possible. Rates of macro-142 
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avoidance were taken directly from the studies cited or calculated using model coefficients (see 143 

Cook et al 2014 for more details). 144 

2.2 Meso-avoidance 145 

To assess evidence for meso-avoidance, we considered studies in which the distribution or 146 

movement patterns of birds within a wind farm were assessed. Studies selected for inclusion in the 147 

review were those which compared the distribution of bird densities or bird movements in the area 148 

surrounding individual turbines to the density elsewhere within the wind farm. Surveys were carried 149 

out using either visual observations or with radar in combination with visual observations to identify 150 

target birds to species level.  151 

2.3 Horizontal vs vertical macro- and meso-avoidance  152 

We considered both macro- and meso-avoidance to have two components, a vertical component 153 

and a horizontal component. For the horizontal component, we considered studies in which the 154 

distribution of birds (densities) or flightpaths outside the wind farm were compared to the 155 

distribution within the wind farm (macro) or with respect to turbines or turbine rows within the 156 

wind farm itself (meso).  157 

A significant proportion of birds are likely to fly below rotor-swept height where no turbines are 158 

present (Johnston et al., 2014). Consequently, in order to estimate vertical avoidance, a comparison 159 

must be made of the proportion of birds at rotor-swept height pre- and post-construction or, inside 160 

and outside the wind farm. We searched for studies which met these criteria. These studies were 161 

mainly derived from fairly limited visual observations collected from boats or other observation 162 
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platforms. Data collected using radar were considered, but were found to be at too coarse a scale to 163 

be of use.  164 

2.4 Micro-avoidance 165 

Studies of micro-avoidance require detailed behavioural observations of the interaction between 166 

birds and turbines due to the fact that they involve last-second escape responses. Therefore, to 167 

assess micro-avoidance we considered studies in which interactions between birds and turbines 168 

were recorded visually by observers or remotely using radar or turbine-mounted cameras. There 169 

was a lack of information which was identified for this scale however.  170 

 171 

2.5 Within-wind farm avoidance 172 

Ideally, micro and meso avoidance could be quantified separately for each species in order to 173 

generate robust estimates of avoidance behaviour. However, such data may not be available and, 174 

given pressures in the decision making process, decisions often rely on the best available data 175 

(Milner-Gulland and Shea, 2017). In these circumstances, it is possible to derive avoidance rates by 176 

comparing recorded collision rates with estimates of bird flight activity within a wind farm (Band, 177 

2012). As this approach considers all bird movements within a wind farm, it is effectively a 178 

combination of both meso-avoidance and micro-avoidance although, it should be noted that it also 179 

incorporates elements of bias introduced by estimates of flight activity from the model itself (Band, 180 

2012). We therefore refer to avoidance rates calculated in this way as within-wind farm avoidance. 181 

At present, technologies to record collision rates in the offshore environment are still under 182 

development (e.g. Collier, Dirksen, and Krijgsveld 2011). Consequently, avoidance rates derived 183 
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using this approach rely on data from the onshore environment. However, analysis of GPS data 184 

indicates that there are likely to be strong differences between flight behaviour on the coast and in 185 

marine areas in comparison to the terrestrial environment (Ross-Smith et al., 2016). Consequently, 186 

we limited data considered for this analysis to those collected from coastal locations, where flight 187 

behaviour may be more similar to that observed offshore, although there may still be some 188 

differences (Ross-Smith et al., 2016).  189 

 190 

Records of collisions between birds and turbines are frequently reported as a collision rate per year, 191 

or a collision rate per turbine per year (Musters et al., 1996). However, in order to estimate a within-192 

wind farm avoidance rate, these data must be combined with estimates of the number of birds 193 

passing through the site i.e. the flux rate. We therefore restricted our analyses to sites where 194 

estimates of flight activity were also made. Due to likely seasonal and spatial patterns in flight 195 

activity, analyses were restricted to sites in which collision and flight activity data were collected 196 

during the same months in order to ensure that collision rates reflected seasonal patterns in flight 197 

activity data. For these reasons, reported avoidance rates may not match those presented in the 198 

original studies. However, we feel it is important that data across sites should be assessed in a 199 

consistent way. In order to ensure transparency, Table S3 includes the data and calculations used to 200 

estimate the flux rates and within-wind farm avoidance rates at each site. Within-wind farm 201 

avoidance rates at each site were estimated using equation 1 (Scottish Natural Heritage, 2010).  202 

���ℎ�� − ����	
��	���������	���� = 1 −	� ��������	�������� �
!���"����#$	�%	&������� 	×(�)*	+"#�,  Eq. 1 203 
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Probability of collision is the likelihood of the blade and bird occupying the same location in space 204 

and time based on simplified geometry and is derived using the Band model (Band, 2012), assuming 205 

turbine characteristics presented in Table S1 and bird behaviour and morphology presented in Table 206 

S2. The probability of collision for each species at each site is given in Table S3. The flux rate is 207 

estimated by calculating the number of birds expected to have passed through the wind farm per m2 208 

per hour scaled up to cover the total turbine frontal area and the total time period during which 209 

corpses were collected, and corrected for the proportion of birds at collision risk height and the level 210 

of nocturnal activity. The assumptions made during calculations can have a significant impact on the 211 

final estimates, and we therefore include Table S3 in supplementary information which shows the 212 

step by step process by which we estimated each within wind farm avoidance rate. We then used 213 

ratio estimators (Cochran, 1977) to combine avoidance rates across multiple sites and the delta 214 

method (Powell, 2007) to estimate the standard deviation associated with the derived avoidance 215 

rates. 216 

 217 

2.6 Derivation of recommended total avoidance rates 218 

Collision risk estimates are typically based on pre-construction estimates of the total number of 219 

birds within a wind farm (Cook et al., 2014). Consequently, the avoidance rates used in collision risk 220 

models must account for changes in the total number of birds within the wind farm between the 221 

pre- and post-construction periods as well as any redistribution arising from behavioural responses 222 

to turbines within the wind farm. The total avoidance rate can then be estimated by combining the 223 

macro-, meso- and micro-avoidance rates as shown in equation 2 (Cook et al., 2014; Krijgsveld et al., 224 
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2011), or the macro- and within wind farm-avoidance rates as shown in equation 3 (adapted from 225 

Equation 2).  226 

(1 – Total Avoidance Rate) = (1 – Macro-Avoidance) x (1 – Meso-Avoidance) x (1 – Micro-Avoidance) 227 

(Eq. 2)  228 

(1 – Total Avoidance Rate) = (1 – Macro-Avoidance) x (1 – Within-wind farm avoidance) (Eq. 3)  229 

Equations 2 and 3 can accommodate situations where birds are attracted at a macro- or meso-scale. 230 

Within these formulae, a value of 1 relates to total avoidance, a value of 0 relates to neither 231 

avoidance nor attraction and values less than 0 relate to attraction (i.e. -0.1 would relate to a 10% 232 

increase), meaning the avoidance rate is reduced when birds are attracted to the wind farm or 233 

individual turbines. 234 

235 
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3. Results  236 

3.1 Macro-avoidance – barrier effects 237 

Overall there was limited evidence of macro-avoidance as an apparent consequence of barrier 238 

effects for the five priority species (Table 1). Systematic panoramic scans of densities of birds in 239 

flight within and around the Egmond aan Zee wind farm in the Netherlands revealed a macro-240 

avoidance rate of 0.64 for northern gannet (n=81) and 0.18 for gull spp combined (Krijgsveld et al., 241 

2011). Using a combination of radar and laser range finders at Horns Rev, a macro-avoidance rate of 242 

0.84 was calculated based on the numbers of tracks of migrating gannets (n=74) which did not enter 243 

the wind farm (Skov et al., 2012). The same study also reported an avoidance rate of 0.56 for large 244 

gulls (n=84) and 0.69 for kittiwakes (n=11). An earlier study at the same wind farm reported that out 245 

of 126 tracks representing 268 individual migrating gannets, none of these entered the wind farm. 246 

For migrating gulls (herring, great black-backed, little and kittiwake, 442 tracks out of a total of 461 247 

did not enter the wind farm — although as neither species or size of flock were reported, the 248 

avoidance rate cannot be estimated (Petersen et al., 2006). However, in these studies data were 249 

collected during the post-construction period only and caution should therefore be applied when 250 

interpreting their significance in the absence of pre-development data. Furthermore, data collection 251 

also tended to be focused on outside the breeding season and the extent to which this information 252 

is relevant to birds when they are tied to their colonies is unclear. 253 

 254 

3.2. Macro-avoidance – displacement 255 
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From studies of displacement, macro-avoidance was estimated for northern gannet using ship based 256 

surveys at the Blighbank wind farm in Belgium (Vanermen et al., 2015) – a rate of 0.85 (Table 1) – 257 

and at the Alpha Ventus wind farm in Germany – a rate of 0.92 –although this study was based in an 258 

area where gannets densities were low (Welcker and Nehls, 2016). As before, whether these data 259 

are representative of behaviour during the breeding season is uncertain as the majority of the data 260 

were from the non-breeding season(Vanermen et al., 2013). Of the remaining studies, one reported 261 

displacement at two wind farms (Leopold et al., 2013) and another three reported no response of 262 

northern gannet, possibly as a result of low densities of birds being present pre- and post-263 

construction (Mendel et al., 2014; Natural Power, 2014; Petersen et al., 2006). An aerial based 264 

survey at Greater Gabbard in the UK estimated an avoidance rate of 0.95 (APEM 2014) during the 265 

autumn passage period and based on the post construction period only. An additional study of three 266 

GPS-tagged northern gannets also indicated that they avoided entering wind farms (Garthe et al., 267 

2017). 268 

 269 

One study reported great black-backed gulls as being attracted to offshore wind farms (Welcker and 270 

Nehls, 2016), whilst the others reported no response (i.e. no attraction to or displacement from). For 271 

lesser black-backed gulls the evidence for macro-avoidance was equivocal with studies reporting 272 

attraction, displacement and no response to the wind farms. A recent study of GPS-tagged lesser 273 

black-backed gulls suggests that while individuals may differ in their response to offshore wind 274 

farms, overall the species did not consistently exhibit displacement or attraction (Thaxter, Ross-275 

Smith, et al. 2017). Herring gull largely showed no response to wind farms with the notable 276 
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exception at Blighbank and Alpha Ventus where attraction effects were reported (Vanermen et al., 277 

2015; Welcker and Nehls, 2016) possibly linked to increased roosting opportunities provided by the 278 

wind farm (the same effect was observed for lesser black-backed gulls at the same site). Black-279 

legged kittiwake showed both displacement effects and no response to wind farms. 280 

 281 

3.3. Macro-avoidance – combining all effects 282 

For the species considered in this review, there was evidence that northern gannet exhibit macro 283 

avoidance. At this stage, we believe the lower of the available values, 0.64 (Krijgsveld et al., 2011), is 284 

an appropriate macro-avoidance rate for northern gannet. This is based on a precautionary 285 

approach given that estimates were often based on small  sample sizes  leading to limited power to 286 

detect change combined with most data being collected outside the breeding season. In contrast, 287 

based on the studies we identified, none of the gull species appear to show a consistent response to 288 

wind farms. In the absence of consistent evidence, we are unable to recommend a suitable macro-289 

avoidance rate for gulls.  290 

 291 

3.3. Horizontal meso-avoidance 292 

Meso-avoidance is likely to reflect the anticipatory or impulsive evasion of individual turbines. We 293 

identified four studies in which the distribution of birds or flight paths within a wind farm were 294 

quantified. Using radar, Krijgsveld et al. (2011) and Skov et al. (2012) found strong evidence of 295 

horizontal meso-avoidance of individual turbines. Krijgsveld et al. (2011) reported that the density of 296 
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birds within 50m of a turbine was 66% of the density elsewhere in the wind farm. Assuming that, in 297 

the absence of turbines, birds would be expected to be evenly distributed across the area of the 298 

wind farm, this reflects a meso-avoidance rate of 0.34. It is likely that this figure reflects an 299 

underestimate of total meso-avoidance as it is based on data collected using horizontal radar and 300 

will, therefore, include birds flying above or below the turbines thus not at risk of collision. Skov et 301 

al. (2012) found a stronger response, with none of the 408 large gulls they recorded passing within 302 

50m of a turbine. However, the primary purpose of this analysis was to collect information 303 

describing species flight heights rather than their proximity to turbines. Tracks from radar suggested 304 

some birds may approach the turbines more closely. Using visual observations, Janoska (2012) 305 

recorded only 23 out of 917 gulls passing within 75m of a turbine, reflecting a meso-avoidance rate 306 

of 0.975. By contrast, also using visual observations, Everaert (2008) reported no significant 307 

difference in the number of gulls passing within 100m of a turbine (or its proposed site) between 308 

pre- and post-construction periods, possibly reflecting the location of the site on a flight line 309 

between a roost and a foraging/loafing area. These studies suggest that gulls may have a strong 310 

horizontal meso-avoidance of turbines, but that this may be site or context specific. Whilst the data 311 

in the studies described above are informative, it should be noted that they are not sufficiently 312 

robust to allow firm conclusions to be drawn about the likely magnitude of any meso-avoidance. 313 

 314 

In addition to the studies described above, several studies reported anecdotal evidence describing 315 

how the relative location of the turbines may influence the distribution of birds within a wind farm. 316 

Petersen et al. (2006) provided evidence to suggest that birds may be more likely to respond to 317 
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turbines as the number of turbine rows they passed increased, suggesting stronger avoidance 318 

towards the middle of the wind farm than at the edge. Similarly, Winkelman (1992) noted that there 319 

were fewer collision victims towards the centre of a wind farm. These data suggest that the strength 320 

of any horizontal meso-avoidance may vary with distance from the wind farm centre. There was also 321 

evidence from three sites – Horns Rev, Alpha Ventus and Egmond aan Zee – to suggest that birds 322 

respond to the operational status of turbines, with higher densities recorded when turbines were 323 

not operational, although this effect may be more noticeable at night (Krijgsveld et al., 2011; Mendel 324 

et al., 2014; Petersen et al., 2006; Schulz et al., 2014).  325 

 326 

3.4 Vertical meso-avoidance 327 

We identified three sites at which the proportions of birds of different species at rotor-swept height 328 

could be compared pre- and post-construction – Barrow (Barrow Offshore Wind Limited, n.d.), 329 

Gunfleet Sands (GoBe Consultants Ltd., 2012; NIRAS Consulting, 2011) and Robin Rigg (Natural 330 

Power, 2013) – and a fourth – Egmond aan Zee (Krijgsveld et al., 2011) – where flight heights were 331 

compared inside and outside a wind farm (Table 2). Across these sites, there was no consistent 332 

pattern indicating an increase or decrease in the proportion of birds at rotor-swept height in 333 

response to the presence of a turbine. However, given the extremely limited evidence, no firm 334 

conclusions can be drawn about the extent or direction of any vertical meso-response in any species 335 

of marine birds. Furthermore, where flight heights are estimated by observers by eye, it should be 336 

noted that any comparison may be confounded by the fact that heights are easier to estimate once 337 

turbines have been installed as they offer fixed reference points of known height. 338 
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3.5. Micro-avoidance 340 

Micro-avoidance reflects a last second action to avoid collision and, may be thought of as an escape 341 

response (May, 2015). We identified 17 sites at which visual observations of the interactions 342 

between birds and turbines had been reported (Table 3). Over the course of these studies, only two 343 

collision events were directly observed, the first involving a flock of four common eider Somateria 344 

mollisima at a single turbine at the Utgrunden Offshore Wind Farm in Sweden and the second, a 345 

passerine or bat at Nysted Offshore Wind Farm in Denmark (Desholm, 2006; Pettersson, 2005). 346 

Whilst it should be noted that collisions may have occurred between observation periods, the 347 

number of birds observed interacting with turbines without colliding suggests that collisions are 348 

likely to be rare events (Table 3). 349 

 350 

Of the studies we identified, only six provided sufficiently detailed descriptions of birds’ interactions 351 

with wind turbines to characterise micro-avoidance (Table 3; Desholm 2005; Krijgsveld et al. 2011; 352 

RPS 2011; Schulz et al. 2014; Thaxter, Ross-Smith, et al. 2017; Wild Frontier Ecology 2013), although 353 

these reflected significant effort across multiple sites. Despite this effort, there were very few 354 

records of birds flying close enough to turbines to require micro-avoidance. Indeed, Desholm (2005) 355 

did not record any birds passing within 20m of a turbine. Similarly, a detailed analysis of two GPS-356 

tagged Lesser Black-backed Gulls indicated that these birds significantly avoided entering the turbine 357 

rotor-swept area (Thaxter, Ross-Smith, et al. 2017). Across the remaining studies only 59 birds were 358 

recorded as passing close to the turbine rotor-swept area, of which 54 were recorded as taking 359 

action to avoid the rotor-swept area (Table 3). The data for micro-avoidance would appear to be 360 
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consistent with those reported above for meso-avoidance, suggesting that a last second escape 361 

reflex may be required relatively rarely as, within a wind farm, avoidance behaviour is driven by a 362 

high level of anticipatory or impulsive evasion. However, given the differences in the species 363 

recorded interacting with turbines and the relatively low number of birds recorded, it is difficult to 364 

draw firm conclusions about the extent of micro-avoidance behaviour.  365 

3.6. Within-wind farm avoidance 366 

We identified nine coastal sites (Table 3) from which data describing the recorded number of 367 

collisions were available from the same time periods as estimates of the total number of birds 368 

passing through turbine rotor-swept areas. Based on the data presented in the studies highlighted in 369 

Table 3, it was possible to calculate species-specific within-wind farm avoidance rates for herring gull 370 

and lesser black-backed gull, as well as rates for small gulls (e.g. black-legged kittiwake), large gulls 371 

(e.g. great black-backed gull) and all gulls (Table 4) but not for northern gannet. 372 

These analyses confirmed that within-wind farm avoidance rates were likely to be very high (> 0.99) 373 

(Table 4). Avoidance rates were similar between species with rates of 0.9959 for herring gull and 374 

0.9982 for lesser black-backed gull. We also estimated group-specific avoidance rates of 0.9921 for 375 

small gulls (birds identified as little, common or black-headed gulls), 0.9956 for large gulls (those 376 

identified as lesser black-backed, herring or great black-backed gull or described as large gull spp.) 377 

and 0.9893 for all gulls (those identified to species level or described as large gull, small gull or gull 378 

spp.).  379 

Whilst the level of precision expressed by these values may seem excessive, it should be noted that 380 

it is the non-avoidance rate (1-avoidance) which is incorporated in the collision risk model. When 381 
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presented to four decimal places, the non-avoidance rates typically had 2 significant figures (table 4), 382 

which we feel reflects a reasonable level of precision. The difference between an avoidance rate of 383 

0.995 and 0.9959 would result in an 18% increase in the collision rate predicted from the CRM. We 384 

would also argue that this level of precision is justified given the estimated level of uncertainty 385 

surrounding each value (Table 4).  386 

 387 

3.7. Recommended total avoidance rates 388 

Evidence suggests that the response of gulls to turbines at a macro scale may be highly variable. 389 

Consequently, at present, we consider all gull species (including kittiwake) to have an average 390 

macro-avoidance rate of zero. Few studies were available with which to draw conclusions about 391 

meso- and micro-avoidance in gulls. Consequently, the total avoidance rates for gulls can be 392 

considered to be equal to the within-wind farm avoidance rates. However, the evidence base for 393 

macro-avoidance in gulls was limited meaning it was not possible to produce robust estimates of 394 

uncertainty surrounding macro-avoidance rates. Therefore, when combining macro- and within-395 

wind farm avoidance rates, we are not able to give an estimate of uncertainty surrounding the total 396 

avoidance rate. Additionally, given the limited evidence base for macro-avoidance, we present the 397 

total avoidance rate to three, rather than four, significant figures and round down in order to be 398 

precautionary. We recommend total avoidance rates of 0.998 for lesser black-backed gull and 0.995 399 

for herring gull. Based on flight behaviour and morphology, we believe it is reasonable to include the 400 

great black-backed gull in the large gull spp. grouping, and the black-legged kittiwake in the small 401 
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gull spp. grouping. We therefore recommend total avoidance rates of 0.995 and 0.992 respectively 402 

for these species.  403 

 404 

Fewer data were available to support a total avoidance rate for northern gannet. However, given the 405 

evidence of strong macro-avoidance of wind farms, it was felt that the total avoidance rate was 406 

unlikely to be below that obtained for all gulls. Consequently, a rate of 0.989 is recommended for 407 

northern gannet. 408 

 409 

4. Discussion  410 

May (2015) suggests that alertness is likely to increase with decreasing distance to turbines, meaning 411 

birds are more likely to take action as they get closer to a turbine. We believe our review supports 412 

this hypothesis as, despite significant survey effort, we uncovered very little evidence of birds 413 

approaching turbines close enough to be at risk of collision. Of those that did, a high proportion 414 

were recorded taking last-second action to avoid collision, termed an escape response by May 415 

(2015). In a behavioural context, this suggests that most avoidance action is likely to be caused by 416 

functional habitat loss or anticipatory or impulsive evasion, rather than a last second escape reflex. 417 

There was also evidence to suggest that the avoidance rate may vary in relation to both the position 418 

of a turbine in an array and whether or not turbines are operational (Krijgsveld et al., 2011; Mendel 419 

et al., 2014; Petersen et al., 2006; Schulz et al., 2014; Winkelman, 1992), a conclusion consistent 420 

with the predictions made by May (2015). Such responses highlight the ability of some species, 421 

particularly gulls, to adapt to the presence of wind turbines.  422 
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 423 

4.1. Use of avoidance rates in collision risk models 424 

Previous guidance of the use of avoidance rates in CRMs was that 0.98 should be considered the 425 

default value for seabirds (Scottish Natural Heritage, 2010). Whilst significant gaps in knowledge 426 

remain, this review highlights that, for the species most likely to be affected by collision, avoidance 427 

rates are estimated to exceed 0.99. Whilst this may seem a trivial difference, it will result in the 428 

predicted collision rate being more than halved. These avoidance rates are applicable to models 429 

such as Band (2012), as well as others including the models of Tucker (1996) and Eichhorn (2012). 430 

However, care must be taken when using these avoidance rates in models which account for the 431 

vertical distribution of birds when estimating the probability of collision (e.g. the Extended Band 432 

Model Band, 2012). Accounting for the vertical distribution of birds will reduce the number of 433 

collisions predicted in the absence of avoidance as the number of birds within the central, and more 434 

risky part of the rotor-swept area will be reduced (Johnston et al., 2014). Consequently, within-wind 435 

farm avoidance rates suitable for use with models such as the extended Band model (Band, 2012), 436 

which do account for vertical distribution, are likely to be lower than those suitable for use with 437 

simpler models. At present, insufficient data are available with which to estimate robust avoidance 438 

rates for use in the extended Band model for most species. However, with ongoing data collection in 439 

the offshore environment, for example through the UK Offshore Renewables Joint Industry Project 440 

(Davies et al., 2013), it is to be hoped that this review will help inform for the collection of 441 

appropriate data in future.  442 

 443 
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4.2. Limitations 444 

At present, our recommended avoidance rates only consider horizontal avoidance. We identified 445 

some evidence suggesting birds may alter their flight altitudes when within a wind farm in order to 446 

reduce collision risk (Table 2). However, this evidence was inconclusive and further studies are 447 

required in order to fully understand vertical avoidance behaviour. Technological advancements, for 448 

example, the availability of radar (Kunz et al., 2007; Skov et al., 2016; Ward et al., 2016) and GPS tags 449 

(Corman and Garthe 2014; Garthe et al. 2017; Thaxter, Ross-Smith, et al. 2017) which can collect 450 

detailed information about the movement patterns of individual birds may mean these data could 451 

be collected in the near future. Combining horizontal and vertical avoidance rates in order to derive 452 

a three-dimensional avoidance rate is unlikely to be straightforward as birds may employ both 453 

strategies at the same time, meaning simple formulae like equation 2 are unlikely to be appropriate. 454 

However, approaches such as that used with GPS tracking data by Thaxter et al. (2017) may prove 455 

valuable.  456 

 457 

Within wind farms (i.e. at meso- and micro-scales) a lack of data from the offshore environment is an 458 

issue, particularly in relation to northern gannet. Whilst data from terrestrial sites are informative 459 

about how birds may interact with individual turbines, evidence suggests that flight behaviour may 460 

differ between onshore and offshore environments (Corman and Garthe, 2014; Ross-Smith et al., 461 

2016) potentially affecting how birds respond to turbines and therefore avoidance rates. Whilst we 462 

have attempted to minimise the impact of this by focussing on data collected from coastal locations, 463 

some differences may remain, notably in relation to flight height and speed (Corman and Garthe, 464 
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2014; Ross-Smith et al., 2016; Spear and Ainley, 2008). Birds tend to fly higher over land than 465 

offshore and, there is also a greater tendency for them to fly at altitudes within the rotor-swept area 466 

of turbines in the terrestrial environment (Corman and Garthe, 2014; Ross-Smith et al., 2016). This 467 

greater potential exposure to turbine blades means that collision rates in the terrestrial environment 468 

may be greater than is the case offshore. Seabird flight speed can be strongly influenced by weather 469 

conditions, particularly wind strength and direction (Shamoun-Baranes and van Loon, 2006; Spear 470 

and Ainley, 2008), potentially affecting their manoeuvrability and ability to respond to obstacles. As 471 

wind conditions can differ markedly between the onshore and offshore environments, this is likely 472 

to have implications for collision risk. However, at present insufficient data are available to enable us 473 

to understand in which direction this may influence collision risk. 474 

 475 

The within-wind farm avoidance rates presented here are higher than those derived by Everaert 476 

(2014). This may partly reflect the broader range of sites covered by our review, especially as some 477 

of the sites covered in Everaert (2014) appear to have particularly high collision rates. In particular 478 

Everaert (2014) highlights the proximity of one wind farm to a breeding colony as a key reason for a 479 

high collision rate. This highlights the importance of considering site-specific variation in avoidance 480 

behaviour, which we have attempted to capture by estimating confidence intervals around our 481 

within-wind farm avoidance rates. However, even when we estimate within-wind farm avoidance 482 

rates from similar data, the values derived as part of our review differ from those presented by 483 

Everaert (2014) (Table S3). A key reason for this is that, in order to ensure data were consistent with 484 

those collected elsewhere, we have only considered data where no spatial or temporal extrapolation 485 
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was required in order to combine collision and flight activity data. We recognise that there are a 486 

number of ways in which avoidance rates can be derived, and that small differences in the way some 487 

parameters are derived (i.e. passage rate), and biases due to survey technique, can strongly 488 

influence the final estimated avoidance rates. This is undesirable as it can increase uncertainty in the 489 

consenting process, increasing costs for those involved. For this reason, we strongly suggest that 490 

authors provide detailed calculations showing how the rates presented have been estimated in 491 

order to enable readers to come to an informed decision about the results (see Table S3). 492 

 493 

To date, there has been little consideration of factors which are likely to influence avoidance 494 

behaviour and to what extent there is seasonal- or site-specific variation in the offshore context. 495 

Avoidance rates for non-seabird species at onshore wind farms have been reported to vary by site 496 

and even within wind farms (Garvin et al., 2011), as well as by season, whether birds are resident or 497 

migrants and the relative distance to the wind farm from roost sites or nest locations (Campedelli et 498 

al., 2014). It is apparent, therefore, that the magnitude of any avoidance behaviour is likely to be 499 

linked to the ecological importance of a site to a species at a given point in time, and how it is being 500 

used. Seabirds act as central place foragers during breeding (Stephens and Krebs, 1986; Thaxter et 501 

al., 2012). This may manifest itself in spatial differences in behaviour, dependent upon whether the 502 

area covered by an offshore wind farm is used for active foraging or for commuting between 503 

foraging grounds and the breeding colony. Such behavioural differences may be associated with 504 

varying levels of collision risk and avoidance behaviour. There may also be a temporal element to 505 

avoidance behaviour. Stage-dependent changes in foraging behaviour between the incubation and 506 
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early chick-rearing period have explained the change in spatial overlap with offshore wind farms 507 

(Thaxter et al., 2015). The presence of newly fledged birds in the population towards the end of the 508 

breeding season may also affect avoidance rates as these naive individuals may unintentionally 509 

engage in riskier flight behaviour (Henderson et al., 1996). Individual seabirds may also show 510 

consistency in their preferred foraging areas (Irons, 1998; Soanes et al., 2013) or have limited 511 

alternative habitats available. Where wind farms overlap with these preferred foraging areas, 512 

displacement may be less likely and macro-avoidance rates therefore lower for these individuals. 513 

These studies suggest that there are likely to be both spatial and temporal elements to avoidance 514 

behaviour for seabirds, neither of which have yet been properly quantified. There is also some 515 

evidence to suggest that group size and social interactions can influence the likelihood of collision 516 

and hence by association, the avoidance behaviour of birds (Croft et al., 2013). Other factors which 517 

influence collision risk have also been reviewed extensively (Marques et al. 2014; May et al. 2015; 518 

Thaxter, Buchanan, et al. 2017; Wang et al. 2015) and include aspects of: species characteristics 519 

(morphology, flight behaviour, sensory perception, phenology); site features (landscape, food 520 

availability, weather); and wind farm features (type of turbines and design of array). 521 

 522 

4.3. Future data collection — displacement and functional habitat loss 523 

Whilst this study has advanced our understanding of avoidance behaviour of seabirds in relation to 524 

offshore wind farms, a number of significant gaps in knowledge remain. Collecting the data 525 

necessary to quantify avoidance behaviour in relation to offshore wind farms can be extremely 526 

costly and therefore requires well designed studies involving both industry and regulators (e.g. 527 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Davies et al. 2013). The cost and challenging nature of these studies means that it is important to 528 

utilise robust analytical approaches that make the most of any data collected. 529 

 530 

Studies of displacement/attraction have typically used Before-After-Control-Impact (BACI) survey 531 

design (Stewart-Oaten et al., 1986) but have been hampered by inadequate survey design notably 532 

gaps in spatial or temporal coverage and inappropriate choice of control sites (Marine Management 533 

Organisation, 2014). Recently developed approaches, such as Before-After-Gradient (BAG) analyses 534 

are increasingly used to assess the impacts of wind farms with the focus on collecting data over 535 

much more extensive areas around the wind farm site starting in the pre-construction period 536 

(Jackson and Whitfield, 2011; Mackenzie et al., 2013; Marine Management Organisation, 2014; May, 537 

2015). By incorporating environmental covariates  (e.g. sea surface temperature, tidal cycles) to help 538 

describe spatial and temporal variation in seabird distributions and abundance at sea, further 539 

changes associated with the construction and operation of wind farms can be more accurately 540 

attributed (Mackenzie et al., 2013), and therefore better inform macro-avoidance rates. Species 541 

assumed to be at risk of displacement (Furness et al., 2013), tend to have estimates of avoidance 542 

based largely on data collected at the macro-scale. In the case of species for which displacement is 543 

not perceived to be a significant issue, for example gulls, there is often less focus on data collection 544 

at this scale, meaning the macro level response to wind farms is often less well understood. By 545 

focussing data collection on the scale perceived to be most relevant for the species concerned, there 546 

is a risk that avoidance behaviour at other spatial scales is overlooked. Whilst this is primarily an 547 
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issue for data collected using observational surveys, it may also be an issue for data collected using 548 

radar depending on the range over which the system operates.  549 

 550 

To help to provide a better evidence base for macro-avoidance, future analyses should distinguish 551 

between birds in flight and those on the water, as only those in flight are at risk of collision. Ideally, 552 

such studies should also incorporate measurements of flight altitude so that birds flying above, or 553 

below, the collision risk window can be excluded from subsequent analyses. However, in collecting 554 

these data a key consideration needs to be whether the survey has sufficient power to detect 555 

change between the pre- and post-construction periods. The power to detect change is related to a 556 

variety of factors including the frequency of, and area covered by, the surveys as well as inherent 557 

spatial and temporal variability in seabird distribution and relative abundance (Maclean et al., 2013; 558 

Pérez Lapeña et al., 2010). This is a particular issue where the pre-construction population of a 559 

species is small, and is always likely to be an issue where baseline sampling has not taken account of 560 

statistical power for detection of change. This exacerbates the risks of a change in the number of 561 

birds using a site either giving the false impression of a significant effect (false positive response) or 562 

where no change is found, the results are wrongly interpreted as a lack of response to the presence 563 

of the wind farm by the particular species (false negative response). A recent review (Marine 564 

Management Organisation, 2014) of post-consent monitoring of offshore wind farms concludes that 565 

the power to detect such changes by existing studies is likely to be low and the responses of seabirds 566 

to wind farms may have been incorrectly quantified. Careful consideration must also be given to 567 

biases associated with survey methodology. In particular, data collected from different platforms 568 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

(e.g. visual aerial surveys vs digital aerial surveys) can give very different estimates of abundance 569 

(Buckland et al., 2012). Consequently, when estimating macro-avoidance based on displacement as 570 

functional habitat loss, it is important to ensure that the data used to do so are directly comparable. 571 

 572 

Ideally, the effect size and associated confidence intervals should always be reported as standard in 573 

the results of ecological studies (Masden et al., 2015; Nakagawa and Cuthill, 2007). However, of the 574 

studies we considered, only Vanermen et al. (2015) and Natural Power (2014) did so in respect to 575 

the studies of displacement and attraction. If these practices were adopted as standard when 576 

measuring avoidance behaviour, not only would it make it more straightforward to quantify 577 

avoidance rates and compare across studies, it would also give us an understanding of the 578 

uncertainty and variability surrounding these rates. 579 

 580 

4.4. Future data collection — anticipatory or impulsive evasion 581 

Radar can be deployed in order to investigate anticipatory or impulsive evasion of wind farms or 582 

turbines. However, deriving species-specific avoidance rates from data collected in this way can be 583 

challenging given the difficulty of identifying species from radar tracks. Where species-specific 584 

macro-avoidance rates have been derived using radar, this has been possible because the majority 585 

of tracks could be assigned to a single species (e.g. during mass migration events when only a few 586 

species are represented; Desholm and Kahlert, 2005; Petersen et al., 2006). However, recent studies 587 

have demonstrated effective use of radar monitoring in combination with visual observations in 588 

order to be able to identify more complex suites of species moving in and around wind farms (Skov 589 
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et al., 2012). Ideally these studies should also aim to collect data on the vertical distribution of birds 590 

and in-flight changes in behaviour (e.g. flight speed and turning angles). 591 

 592 

4.5. Future data collection — escape response 593 

In order to collect data describing micro-avoidance, carefully designed experiments and analyses are 594 

required. Approaches such as the use of turbine mounted cameras (Desholm, 2005) may be suitable, 595 

but must be capable of detecting abrupt changes in flight direction and/or altitude. Given that 596 

micro-avoidance behaviour is likely to be an extremely rare event, careful consideration must be 597 

given to ensure that any methods used have the necessary statistical power to estimate robust 598 

avoidance rates.  599 

 600 

5. Conclusions 601 

Our study assesses the evidence for avoidance behaviour in five key seabird species, perceived to be 602 

at particular risk of collision, at three different spatial scales. We have demonstrated how the 603 

different types of data which have been collected fit within the framework for describing avoidance 604 

behaviour developed by May (2015). Whilst we have done this in the context of offshore wind farms, 605 

this approach is also likely to be applicable to other situations where collision risk is likely to be an 606 

issue, for example in relation to tidal turbines.  607 

 608 
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Lack of data on avoidance behaviour has been acknowledged as an issue for some time 609 

(Chamberlain et al., 2006). As the wind industry has developed both onshore and offshore, the 610 

evidence base has developed. This review summarises the evidence that has been collected to date 611 

and represents a significant step forward by presenting estimates of avoidance behaviour for five 612 

seabird species. It is important to acknowledge that these values are largely based on data from 613 

coastal, rather than offshore locations. However, in our opinion, this remains the best available 614 

evidence with which to quantify avoidance behaviour in seabirds. Significant knowledge gaps remain 615 

and key areas to be addressed include distinguishing between vertical and horizontal avoidance and 616 

gaining a better understanding of how seasonal and spatial processes may influence avoidance 617 

behaviour. This is particularly important given the rapid growth of the offshore wind sector and the 618 

potential for the cumulative impacts of collisions from multiple wind farms on species and 619 

populations of concern (Brabant et al., 2015; Busch and Garthe, 2017). 620 
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Table 1  Summary of key studies of barrier effects, displacement and attraction for the five priority species (B = barrier effects; D = displacement; A = 904 

attraction and NR = no response). Black filled cells indicate species which were not covered by that particular study. Where given, estimated rates are either 905 

those reported in the study concerned or, derived from published effect sizes. 906 
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Northern 

gannet 

D B  

(1.00) 

 B 

 (0.64) 

B  

(0.86) 

D D NR NR D 

(0.95) 

D 

(0.85) 

D  

(0.92) 

Lesser black-

backed gull 

     D NR D   A 

(-4.25) 

 

Herring  

gull 

A  NR   NR NR  NR  A 

(-8.4) 

A 

(-1.79) 

Great black-

backed gull 

     NR NR  NR  NR A  

(-2.00) 

Black-legged 

kittiwake 

    B  

(0.69) 

NR D D NR  NR NR 

Gulls (Larus 

spp.) 

   B 

(0.18) 

B  

(0.56) 
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Table 2 Vertical meso-avoidance rates obtained for the five priority species and for birds classified as 909 

unidentified gulls from comparisons of the number of birds at rotor height pre- and post-910 

construction, or the number of birds at rotor height inside and outside a wind farm. Values of 0 911 

reflect no increase or decrease in the proportion of birds at rotor height, values >0 reflect a decrease 912 

in the proportion of birds at rotor height (avoidance) and values <0 reflect an increase in the 913 

proportion of birds at rotor height (attraction). 914 

 Barrow 

(Barrow 
Offshore Wind 
Limited, n.d.) 

Egmond aan 

Zee 

(Krijgsveld et 
al., 2011) 

Gunfleet 

Sands 2010/11 

(GoBe 
Consultants 
Ltd., 2012; 
NIRAS 
Consulting, 
2011) 

Gunfleet 

Sands 

2011/12 

(GoBe 
Consultants 
Ltd., 2012; 
NIRAS 
Consulting, 
2011) 

Robin Rigg 

(Natural Power, 
2013) 

Northern 

gannet 

-0.59 0.49    

Black-legged 

kittiwake 

-0.41 0.20 -0.47 0.05 -1.00 

Lesser black-

backed gull 

0.72 attraction -0.44 0.00  

Herring Gull 0.35 No change -0.02 0.11 -8.00 

Great black-

backed gull 

0.28 avoidance -0.75 -0.53 -0.67 

“small” gulls  -0.26    

“large” gulls  no change    

Gull spp. -0.85 avoidance -1.98 -1.13  

 915 
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Table 3 Data sources used to estimate micro-avoidance and within-wind farm avoidance rates for marine species. Rows in bold indicate sites from which 916 

data were used to derive within wind farm avoidance rates.  917 

Wind Farm (citation) Survey 

Method 

N Hours 

observations 

N 

Turbines 

Covered 

N Birds 

recorded 

during point 

counts 

Reported 

Fatalities 

(N collisions 

directly 

observed) 

Behavioural interactions with turbines  

Alpha Ventus (Schulz et al., 
2014) 

Remote 
Camera 

8741 1 241 <1 (0) Of 14 objects reliably identified as birds, at 
least 12 had successfully passed through the 
rotor swept area of the turbine. Whilst 
collisions were assumed, none were directly 
recorded by the cameras  

Avonmouth 

(The Landmark Practice, 2013) 

Visual 108 3 5,616 1 (0)  

Blyth 

(Rothery et al., 2009) 

Visual 352 2 8,534 0 (0)  

Blyth Harbour 

(Newton and Little, 2009) 

Visual 93 9 791 1,410-1,8381 
(0) 

 

Boudwijnkanaal  

(Everaert, 2014) 

Visual 34 5-7
2
 1,847 12 (0)  

Bouin 

(Dulac, 2008) 

Visual 370 8 8,243 30 (0)  

De Put 

(Everaert, 2014) 

Visual 18 2 54 2 (0)  

Egmond aan Zee 

(Krijgsveld et al., 2011)3 

Visual  6 1,610 0 (0) Of 36 birds (2 lesser black-backed gulls, 4 
great black-backed gulls, 2 starlings, 28 
skylarks) recorded within 50m of a turbine, 
33 were recorded as being beyond the reach 
of the turbine blades 

Gneizdzewo (Zielinski et al., Visual 620 19 4,443 1 (0)  
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2012, 2011, 2010, 2008) 

Greater Gabbard  

(RPS, 2011) 

Visual 36 7 189 0 (0) 1 kittiwake noted making an evasive 
manoeuvre to avoid collision, no other birds 
reported close enough to turbines to require 
evasive manoeuvres  

Groettocht  

(Krijgsveld et al., 2011) 

Radar 39 7 6,825 5 (0)  

Haverigg (RPS, 2011) Visual 42 8 836 0 (0)  

Hellrigg (Percival, n.d., n.d.) Visual 74.5 4 26,638 1 (0)  

Kessingland (Wild Frontier 
Ecology, 2013) 

Visual 36 2 3,535 3 (0) 5 black headed gulls, 2 lesser black-backed 

gulls and 1 herring gull reported taking 

evasive action within 50m of turbines. No 

birds observed colliding  

Kleine Pathoweg (Everaert, 
2014) 

Visual 16 7 672 0 (0)  

Nysted (Desholm, 2005) Remote 
Camera 

476 1 55 0 (0) Despite potential to record birds interacting 
with turbines, no birds were recorded within 
20m of a turbine 

Oosterbierum (Winkelman, 
1992)3 

Radar  18 202,400 49 (0)  

Walney I, Walney II, West of 
Duddon Sands, Ormonde & 
Barrow Offshore Wind Farms 
(Thaxter et al., 2017b) 

GPS Tag 2112 270 2 0 (0) 2 lesser black-backed gulls spent 1.2% and 
2.7% of their time within a 3-dimensional 
rotor swept area around turbines, neither 
collided with the blades 

Waterkaaptocht  

(Krijgsveld et al., 2011) 

Radar 39 8 14,430 6 (0)  

Yttre Stengrund  

(Pettersson, 2005) 

Visual 219.5 5 404,146 4 (4)  

Zeebrugge (Everaert, 2014) Visual 43.7 4 2,491 7 (0)  
1 Extrapolated from mean annual collision rates corrected for corpses lost at sea or undetected by observers. 2 Five turbines covered in 2001, seven turbines 918 

in 2005.3Total time not stated. 919 
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Table 4 Within-wind farm avoidance rates for seabirds 920 

Species N birds observed 

(N collisions 

recorded) 

Non-avoidance rate Within-wind farm 

avoidance rate (± SD) 

Lesser black-backed gull 101,746 (2) 0.0018 0.9982 (±0.0005) 

Herring gull 546,047 (9) 0.0041 0.9959 (±0.0006) 

Small gull spp. 1,598,953 (42) 0.0079 0.9921 (± 0.0015) 

Large gull spp. 639,560 (14) 0.0044 0.9956 (± 0.0004) 

Gull spp. 2,567,124 (139) 0.0107 0.9893 (± 0.0008) 

 921 

 922 
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Highlights 

• Seabird collisions with turbines are seen as a key concern for the offshore wind industry 

• Understanding the extent to which seabirds avoid turbines is a key part of the impact 

assessment process 

• We synthesise the knowledge of seabird interactions with offshore wind turbines 

• We highlight that most avoidance behaviour is likely to take place away from the turbines 

• We identify the key remaining gaps in knowledge and discuss the most appropriate 

approaches to fill these gaps 
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