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ABSTRACT 27 
 28 
Wind energy generation is important for combating human-induced climate change, but could 29 
represent a significant human-wildlife conflict. Birds may be impacted by collision mortality with 30 
wind turbines throughout the year, yet the relative vulnerability of species’ populations across their 31 
annual life-cycles has not been evaluated. Using GPS telemetry, we studied the movements of lesser 32 
black-backed gulls Larus fuscus from three UK breeding colonies through their annual cycle and 33 
modelled the distance travelled at altitudes between the minimum and maximum rotor sweep zone 34 
of turbines as an index of potential risk to existing wind farm installations. This surface was 35 
combined with wind turbine density (as an index of exposure) and the mathematical probability of 36 
collision with a turbine to evaluate spatio-temporal vulnerability. Potential risk was highest near to 37 
colonies during the breeding season, where a greater distance was travelled in areas also containing 38 
large numbers of turbines, resulting in high vulnerability. Vulnerability, however, was also high at 39 
some migration bottlenecks and key wintering sites where, despite a reduced potential risk, 40 
exposure to turbines was highest. Our methods can aid the wind farm planning process by: (1) 41 
providing potential risk maps that may inform wind farm placement, helping to minimise impacts; 42 
(2) identifying areas of high vulnerability to operational wind farms and where mitigation warrants 43 
exploration; (3) highlighting the importance of potential cumulative impacts of developments on 44 
species’ populations over international boundaries; and (4) informing on the conservation status of 45 
species at protected sites. Our methods are transferable and could help resolve other human-wildlife 46 
conflicts. 47 
 48 
 49 
Keywords: GPS telemetry, human-wildlife conflict, renewable energy, seabird 50 
  51 
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1. Introduction 52 
 53 
The need to mitigate for human-induced climate change has led to recent political consensus at the 54 
21st Conference of Parties of the UNFCCC, where agreement was reached to stem further increases 55 
in global temperatures below 2°C, with concerted effort to limit increases to 1.5°C (UNFCCC, 56 
2015). To meet such targets, many countries are therefore investing in clean renewable energy 57 
technologies, for which wind energy is a cost-effective and well-developed feasible solution for 58 
electricity generation (Kumar et al., 2016). However, wind farms may have negative impacts on 59 
biodiversity, ecosystems and populations of protected species (Schuster et al., 2015), resulting in an 60 
urgent need to appraise the potential vulnerability of species. 61 
 62 
A key potential effect of wind farms on airborne taxa such as birds and bats is collision mortality 63 
with turbines (Drewitt & Langston, 2006). Many airborne migratory species can cover large 64 
distances through the year, crossing international boundaries (Baerwald et al., 2014). As such, there 65 
is a need to understand and quantify the linkages between specific protected breeding populations 66 
and areas of high development where pressures may exist. While there has been a focus on impacts 67 
to protected site populations during the breeding season (e.g. Pearce-Higgins et al., 2009), many 68 
species may be at risk of impacts at other times of the year, notably, for some species of bats (Voigt 69 
et al., 2012, Zimmerling & Francis, 2016) and birds (Carrete et al., 2009), during migration. Recent 70 
studies have used tracking telemetry, such as GPS, to understand the overlap between spatial area 71 
use during these key periods and wind farms, for example using overlays with utilisation 72 
distributions (Watson et al., 2014, Wade et al., 2014, Thaxter et al., 2015, Palm et al., 2015, Mojica 73 
et al., 2016), as well as to assess habitat use and thus potential wind farm interactions (Watson et 74 
al., 2014, Reid et al., 2015, Pearse et al., 2016, Singh et al., 2016). However, the relative 75 
vulnerability of a species to collision through its whole annual cycle has not previously been 76 
examined.  77 
 78 
For species that are sensitive to collision, it is thus important to determine where they may be at 79 
greatest risk. Key determinants of collision risk include flight altitude relative to the vertical sweep 80 
of turbines blades, the speed of movement and overall temporal use of an area (Masden & Cook 81 
2016). Tracking telemetry offers a practical way of gathering data on flight height and flight speed, 82 
and, through assessment of space use, thus estimate potential collision risk (Reid et al., 2015, 83 
Cleasby et al., 2015). Yet such approaches are relatively uncommon and have not been brought 84 
together with information on the locations of wind farms to spatially map vulnerability to collision.  85 
 86 
Among marine bird species, the lesser black-backed gull Larus fuscus is considered particularly 87 
sensitive to collision with offshore wind turbines (Furness et al., 2013), recent work highlighting 88 
that a relatively high proportion (up to 34%) of individuals of this species may fly at turbine height 89 
(Johnston et al., 2014, Ross-Smith et al., 2016).  However, lesser black-backed gulls also frequently 90 
use inland habitats (Thaxter et al., 2015) and may travel hundreds of kilometres from breeding sites 91 
to wintering destinations (Klaassen et al., 2012; Shamoun-Baranes et al., 2017). A complete trans-92 
boundary assessment of potential conflicts with wind farms through the year and across all habitats 93 
is therefore necessary.  94 
 95 
This study uses the lesser black-backed gull as a case study to demonstrate how GPS telemetry can 96 
be used to redress a lack of consideration to trans-boundary issues in assessing the vulnerability of 97 
species to wind farms through the year. To achieve this, we tracked the movements of lesser black-98 
backed gulls from three protected breeding colonies through their annual cycle using a GPS 99 
platform that facilitated the collection of data over long timescales (Bouten et al., 2013). We 100 
considered the three-dimensional use of areas by lesser black-backed gulls over the course of the 101 
year; specifically, using a grid-based approach, we modelled distance travelled (thus combining 102 
data on flight speed and temporal use of an area) within a bespoke collision risk window (minimum 103 
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and maximum rotor sweep zone; thus considering the flight altitude of birds) to approximate 104 
‘potential risk’ to collision with turbines as a continuous surface. This risk surface was then 105 
combined with the probability of collision for lesser black-backed gull (Band 2000), and 106 
information on the density of terrestrial and marine wind turbine locations, i.e. ‘exposure’ to wind 107 
farms, to assess annual spatio-temporal ‘vulnerability’.   108 
 109 
2. Materials and Methods 110 
 111 
2.1. Capture and attachment of GPS devices 112 
 113 
Fieldwork was conducted at three UK colonies within Special Protection areas at which lesser 114 
black-backed gull is a breeding feature: Orford Ness (52°4’N, 1°33’E), South Walney (54°40’N, 115 
3°14’W), hereafter ‘Walney’, and Skokholm (51°41’N, 5°16’W) – see Appendix S1 for more 116 
information. Long-life GPS tags (Bouten et al., 2013) were attached to 25, 24 and 25 breeding adult 117 
lesser black-backed gulls at each site respectively to collect data on the geographic position and 118 
altitude of birds. Each tag included a GPS sensor, a microcontroller with a 4Mb flash-memory, an 119 
accelerometer, a solar panel, a battery, a battery charger, and a radio transceiver. The GPS devices 120 
used were a mixture of three types: (1) 13.5 g (62x25x11 mm, n = 20 and 10 birds at Skokholm and 121 
Walney respectively) (2) 15.5 g (62x31x13.5 mm, n = five birds each at Skokholm and Walney), 122 
(3) 18.5 g (62x31x13.5 mm, n = 9 birds at Walney and 25 birds at Orford Ness). The total weight 123 
(device plus harness) was no more than 21 g (< 3% body mass, mean weight of adults captured: 124 
Orford Ness, 851±85 g, range: 710–955 g; Walney, 813±100 g, range: 660-990 g; Skokholm, 125 
798±89 g, range: 670-1010 g). Two-way wireless VHF data communication allowed data to be 126 
downloaded remotely to a field-based laptop, and new sampling protocols to be uploaded. An on-127 
board local clock synchronised to give a date-time stamp for each GPS fix. GPS locations were 128 
recorded every 5-10 minutes during the breeding season (ca. May to August), and every 30-60 129 
minutes at other times of the year (Appendix S1). 130 
 131 
2.2. Data manipulation 132 
 133 
Tracking periods in this study were between June 2010 and August 2015 for birds from Orford 134 
Ness and between May 2014 and August 2015 for birds from Walney and Skokholm. To facilitate 135 
comparison between colonies, we considered data for each individual from after its initial breeding 136 
season capture (2010 or 2011 for birds from Orford Ness, 2014 for birds from Walney and 137 
Skokholm) through to the end of the breeding season the following year (defined as the end of 138 
August) (Table 1 and Appendix S1). We included a full second breeding season, rather than 139 
restricting data to an exact year, to: (1) maximise the data available for birds from Walney and 140 
Skokholm, and (2) to avoid spurious cut-offs in the dataset for each bird. This necessitated a 141 
random effect of bird ID in analyses (see below).  142 
 143 
We used a grid-based approach (20 x 20 km grid squares, hereafter ‘squares’) to assess the species’ 144 
relative potential risk and subsequent vulnerability to collision across its annual range. In addition 145 
to avoidance behaviour of wind farms and turbines, the flight altitude of birds relative to the vertical 146 
sweep of turbines blades, their flight speed, and temporal use of an area have the greatest influence 147 
on collision risk (Masden & Cook, 2016). We therefore initially investigated the intensity of area 148 
use, summarised as the flux of birds per square (Fig. 1), mean flight speed and altitude per square 149 
(Fig. S1.1). Ground speed was used to distinguish periods that birds were in flight (>4 km.h−1), 150 
from other behaviours such as resting (≤4 km.h−1) (Shamoun-Baranes et al. 2011). A digital 151 
elevation model (Farr et al. 2007) was used to correct for topographical variations to provide an 152 
adjusted metric of altitude above ground surface (onshore land or offshore sea). Potential risk to 153 
collision was then estimated as a combined metric of these parameters by calculating the distance 154 
travelled per square within bespoke collision risk windows (CRW) per square, based on wind farms 155 
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that were operational or under construction at those locations. For this purpose, a point location 156 
dataset of wind turbine locations was used (The Wind Power, 2015) to derive mean minimum and 157 
maximum blade tip heights above ground level (onshore) or mean sea level (offshore) per cell 158 
representing CRW boundaries. Where no wind farms occurred in squares we determined mean 159 
CRWs for onshore (41±14 to 116±26 m) and offshore (29±8 to 135±29 m) squares, based on the 160 
mean lower and upper rotor sweep heights for onshore and offshore turbines. Travel speeds of ≥4 161 
km/h were used to categorise flight, based on perceived minimum speeds to sustain airborne 162 
movement (Shamoun-Baranes et al., 2011) and paths between GPS fixes were interpolated (to 10 s 163 
intervals) to ensure complete coverage across the grid. The number of wind turbines per square was 164 
summed to evaluate the intensity of wind farm activity.  165 
 166 
2.3. Analysis 167 
 168 
We used General Additive Mixed-effects Models (GAMMs) to produce modelled surfaces of 169 
distance travelled (km) in the CRW (d) per square (i) to approximate potential risk: 170 
 171 

Di = s(xi yi, Ji) + r(bi) + ɛ [1] 172 
 173 

An isotropic smooth term (s) for longitude and latitude (x and y) was allowed to vary by Julian date 174 
(J) facilitating predictions across space and time. Models were specified using a Tweedie error (ɛ) 175 
distribution (Tweedie 1984), deemed the best fitting model (index parameter, p = 1.3). A random 176 
term for bird ID r(bi) was included to account for pseudo-replication. A high degree of spatial and 177 
temporal resolution was specified by varying the k parameter as the dimension of the basis for the 178 
penalised regression smooth term (Wood, 2006). Due to computational limitations, two separate 179 
spatial models were specified for each colony (Appendix S2): (A) fine-scale spatial resolution 180 
(space k = 200, time k = 5); (B) fine-scale temporal resolution (space k = 25, time k = 100).  These 181 
models were then used to assess spatial and temporal patterns in potential risk and vulnerability, 182 
respectively. Predictions were then generated for all squares within the spatial range of birds from 183 
each colony, for all Julian dates. To produce total surfaces across the year, model A predictions 184 
were summed across Julian date and to describe model error, we calculated the Relative Standard 185 
Error (RSE, standard error/mean) for each square. To produce finer-scale temporal trends, 186 
predictions from model B were summed across squares for each Julian date (Appendix S2). For 187 
both models, risk predictions (Di) were then multiplied by the number of wind turbines per square 188 
(Ni), to account for greater vulnerability for exposure to more turbines. However, we further 189 
incorporated the probability of collision (Pi), based on the Band (2000), model accounting for 190 
different probabilities of collision with different sized turbines based on the mean turbine size per 191 
square. A final vulnerability index (Vi) was therefore specified as: 192 
 193 

Vi = Di x Pi x Ni [2] 194 
 195 

scaling linearly from 0 to 1 in relation to the maximum value per square. Model B vulnerability 196 
scores were examined over Julian date in relation to stages of the annual cycle (Klaassen et al., 197 
2012). Here, we define the ‘non-breeding period’ as the portion of the year outside of the breeding 198 
season, including migration to and from ‘wintering’ sites. Stages of the annual cycle were therefore 199 
defined by: (i) departure from the nest site, (ii) return the following spring, and for birds leaving the 200 
UK during the non-breeding period: (iii) departure from last UK roost/stopover site (during autumn 201 
migration), (iv) arrival at first wintering site, and (v) departure from last wintering site (spring 202 
migration) (Table 1, Appendix S1). Data manipulation and mapping were conducted using R 3.3.2 203 
(R Core Team, 2016), and spatial analyses using R package ‘mgcv’ (Wood, 2006). 204 
  205 
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3. Results 206 
 207 
3.1. Sample sizes of tracked birds per colony  208 
 209 
Data were obtained from 24 of the 25 birds tagged at Orford Ness during the first breeding season 210 
after tagging (2010 or 2011) and for 18 over the subsequent non-breeding periods and into the 211 
following breeding seasons (Table 1; see Table S1.1 for information across all years 2010-2015). 212 
Data were obtained from all 24 and 25 birds from Walney and Skokholm respectively through the 213 
2014 breeding season data and for 16 and 20 birds respectively through the 2014/15 non-breeding 214 
period and into the 2015 breeding season (Table 1). 215 
 216 
3.2. Area usage 217 
 218 
A total of 11%, 19% and 45% birds from Orford Ness, Walney and Skokholm respectively left the 219 
UK directly after the breeding season for overseas destinations (Table 1). Other birds that left the 220 
UK did so after remaining for part of the non-breeding period in the UK (61%, 44% and 40% birds 221 
from Orford Ness, Walney, and Skokholm, respectively, Table 1). The remaining proportions of 222 
birds (28%, 38% and 15% respectively) remained in the UK throughout the non-breeding period 223 
(Table 1, see also Table S1.1). For birds from Orford Ness, the migration corridor was concentrated 224 
between the Isle of Wight and Channel Islands whereas for birds from Walney and Skokholm, 225 
corridors were located progressively further west (Fig. 1). For all colonies, corridors crossed 226 
northern France converging in northern Spain, increasing in concentration along the coasts of Spain 227 
and Portugal, although inland routes were also utilised. Overseas wintering destinations included 228 
Portugal, central/southern Spain, and northern/western Morocco, but stretched between Mauritania 229 
(Orford Ness) in the south and northern France (Skokholm) and Ireland (Walney) in the north.  230 
 231 
3.3. Potential risk to collision 232 
 233 
Results of models A and B for each colony, representing potential risk, are shown in Table 2. The 234 
deviance explained was greatest for Orford Ness, and least for Walney, however, all models 235 
performed well, with values ranging from 47.6% to 60.7% for model A and 43.3% to 55.2% for 236 
model B. Mean flight speed and altitude varied spatially, with faster speeds over open oceans and 237 
higher flight altitudes inland (Fig. S1.1). GAMMs revealed significant spatio-temporal variation in 238 
distance travelled in the CRW (spatio-temporal smooth term, P < 0.001) and between individuals 239 
(random effect for bird ID, P < 0.001, Table 2). Potential collision risk hotspots were noted around 240 
breeding colonies and wintering areas, as well as inland areas along flyways for each colony (Fig. 241 
2). The RSE distribution indicated greatest model uncertainty towards the edges of the prediction 242 
gird, and in areas used infrequently (Fig. 2). 243 
 244 
3.4. Vulnerability to collision 245 
 246 
Vulnerability to collision was high for areas near to the colony (Fig. 3) during breeding (Fig. 4, 247 
Table 3); at that time a large distance was travelled in the CRW in squares with high wind turbine 248 
density, most notably for birds from Walney that used offshore areas containing several operational 249 
wind farms. For birds from Skokholm, vulnerability was also high due to the presence of onshore 250 
turbines within an area used by all birds close to the colony. Vulnerability also peaked around 251 
onshore wintering areas north of Lisbon, Portugal and in Andalusia, southern Spain (Figs. 3 and 4). 252 
The northern coasts of Spain and Portugal were primarily used for a limited time during migration; 253 
however, the region of Galicia, Spain contains a relatively high density of onshore wind turbines 254 
(maximum per square, 473 turbines), and hence vulnerability was also high in this area, with peaks 255 
equal to those seen during breeding (Figs. 3 and 4). Further clusters of high vulnerability were seen 256 
at the wintering destinations of birds from Orford Ness, in particular (Fig 3); consequently, 257 
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vulnerability for birds from this colony outside the breeding season was greater and more sustained 258 
(Fig 4). 259 
 260 

4. Discussion 261 
 262 
4.1. Risk and vulnerability of lesser black-backed gulls to collision 263 
 264 
This study sought to redress a lack of focus on wider-scale trans-boundary movements of species 265 
and consequently their potential vulnerabilities to the global expansion in wind farm development. 266 
Using a case study of the lesser black-backed gull, we provide a quantitative assessment of the risk 267 
and vulnerability to collision with wind farms across the annual cycle of a species.  268 
 269 
The potential interaction between breeding lesser black-backed gulls and offshore wind farms was 270 
previously known to peak during the early chick-rearing period, when adults make greater use of 271 
offshore areas foraging for their chicks (Thaxter et al., 2015). This study confirmed that the 272 
potential risk and in turn the vulnerability of this species to collision was notably high during 273 
breeding, a time when the adult population is constrained to central place foraging restrictions, and 274 
thus the movements of a large number of individuals are concentrated into a relatively small area. 275 
However, vulnerability to collision also showed peaks of similar magnitude across the non-breeding 276 
period, despite a smaller overall potential risk outside the breeding season. Vulnerability was high 277 
in some areas in Galicia used on migration, and wintering areas such as Lisbon and Malaga, due to 278 
a greater likely exposure to the effect of collision (here assessed through number of turbines per 279 
square). Galicia has been an area of significant exploitation of wind energy in Europe (Tapia et al., 280 
2009) and consistently has one of the highest wind farm energy regional outputs in Spain (Wind 281 
Power, 2015). 282 
 283 
Wind farms can have potentially significant meta-population impacts for species with large home-284 
ranges (Carrete et al., 2009). Therefore, approaches that consider the full range of areas and habitats 285 
that species use throughout annual cycle are crucial to identifying impacts on populations through 286 
further consideration of population demography. Our study builds on previous studies that have 287 
mapped risk during specific periods of the year, including migration (Mojica et al., 2016), winter 288 
(Pearse et al., 2016) or breeding (Watson et al., 2014, Singh et al., 2016). A trait-based assessment 289 
of species’ collisions with onshore wind turbines revealed that, on balance, migratory bird and bat 290 
species are potentially more at risk of collisions than more sedentary resident species (Thaxter et al., 291 
2017); the lesser black-backed gull was identified within the top 95% percentile of mean 292 
vulnerability predictions within this assessment (Thaxter et al., 2017), while previous studies have 293 
also highlighted the high sensitivity of this species to collision (e.g. Furness et al., 2013). Many 294 
seabirds are migratory and, as k-selected species characterised by low fecundity and late ages of 295 
maturity, will also be most sensitive to the impact of additional mortality from wind farms (Saether 296 
& Bakke, 2000, Niel & Lebreton, 2005). Our study, however, did not aim to assess population-level 297 
effects, which would require additional demographic modelling (Beston et al., 2016). Lesser black-298 
backed gulls in this study were also highly variable in their migratory strategy and as a species have 299 
become increasingly less migratory and more sedentary since the mid-twentieth century (Newton 300 
2007). Nevertheless, the high vulnerability identified in some areas of the flyway is potentially of 301 
conservation concern. Gulls are also known to enter offshore wind farms (Petersen et al., 2006), and 302 
are recorded in carcass searches at coastal or onshore turbines (Newton & Little, 2009). Fine-scaled 303 
assessment of actual mortality at locations where vulnerability is greatest would thus be valuable.  304 
 305 
 306 
 307 
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4.2. Limitations 308 
 309 
Although comprehensive, our study has some limitations necessitating some caution in interpreting 310 
our mapped outputs. First, the analysis was performed at a 20 x 20 km resolution as a trade-off for 311 
mathematical computations. As such, it is possible that vulnerability could have been over-312 
emphasised in coastal grid squares where movements of birds were restricted to the coast, but where 313 
there were wind farms located on nearby inland hills and ridges; however, examination of original 314 
tracks indicated that the movements of birds in such grid squares were not restricted to the coast and 315 
thus that the grid-based methodology and scale did not produce spurious results. Nevertheless, our 316 
results are most useful for approximating wider-scale vulnerability rather than demonstrating direct 317 
connectivity to specific local wind farms. Second, the potential risk calculated here, although 318 
related to factors rendering a species more vulnerable to collision, is primarily reflective of the flux 319 
of movement through an area. Previous study, however, has shown that collision rates do not 320 
necessarily increase linearly in relation to densities (de Lucas et al., 2008), and as such the location 321 
of our vulnerability hotspots may not necessarily equate to maximal impacts. Third, the spacing, 322 
size and layout of individual wind farms will also play a part in collision risk, although it should be 323 
noted that within the final calculation of vulnerability, the probability of collision incorporated 324 
turbine specific details, such as rotor lengths and turbine speed. Finally, as indicated earlier, our 325 
study does not aim to assess population-level effects, nor does it account for the potential for the 326 
species to habituate to wind farms (e.g. Foden et al., 2013).    327 
 328 
4.3. Wider methods to quantify wind farm wildlife-interactions, risk and vulnerability 329 
 330 
The potential interactions between wildlife and wind farms for migratory species can be informed 331 
by reviews of likely dispersal and movement patterns of species. For birds, reviews of ring recovery 332 
data (Furness, 2015) can be used to infer routes of travel. For bats, stable isotope analysis of 333 
carcasses recovered under onshore turbines has been used to trace migratory routes (Baerwald et al., 334 
2014). These methods can be used to build up a picture of migratory pathways and thus potential 335 
areas of vulnerability to wind farms but may not always determine the precise provenance of 336 
individuals and thus the populations at risk. Where feasible, however, GPS telemetry can provide 337 
such data using movements of animals at a fine spatial resolution, making it a very practical way of 338 
assessing wildlife-wind farm interactions for specific populations (Noguera et al., 2010, Reid et al., 339 
2015, Mojica et al., 2016, Pearse et al., 2016). For example, as with the present study, Pearse et al., 340 
(2016), used a grid-based approach to assess area use of Sandhill Cranes Antigone canadensis and 341 
then their vulnerability to collision with wind turbines. That study and that of Watson et al., (2014) 342 
also investigated habitat utilisation through resource selection functions to better understand 343 
potential wind farm interactions, although only for parts of the annual cycle. More refined 344 
movement modelling using dynamic Brownian Bridge movement Models (Kranstauber et al., 2012) 345 
has also been used to examine migratory movements of Bald Eagles Haliaeetus leucocephalus in 346 
north America (Mojica et al., 2016) and waterfowl for the Central Asian and East Asian-347 
Australasian Flyways (Palm et al., 2015). These movement modelling methods build upon time-348 
static approaches to estimating space use (e.g. Wade et al., 2014, Thaxter et al., 2015), allowing for 349 
a simple overlay of wind farms occurring within percentiles of the utilisation distribution within the 350 
flyway (Mojica et al., 2016). Spatially-explicit maps of sensitivity, risk and vulnerability are natural 351 
extensions of simpler overlay approaches, that can be constructed from a variety of datasets of 352 
distribution and area use in combination with data on species sensitivity, population and 353 
conservation status (see for example Bright et al. 2008, Noguera et al. 2010, Watson et al. 2014, 354 
Thaxter et al. 2017, Birdlife International 2018). Our maps of risk and vulnerability offer an 355 
alternative and complementary means of scoping areas of potential conflict across the annual cycle, 356 
using elements of behaviour specifically relevant to collision risk modelling, i.e. flight altitude, 357 
flight speed and temporal area use (Cleasby et al., 2015, Masden & Cook 2016).  358 
 359 
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4.4. Conclusions 360 
 361 
Our findings can aid the management and conservation of species through spatial planning in 362 
several ways. First, our potential risk maps may be a useful first step to inform the siting of 363 
individual wind farms, e.g. within larger-scale strategic environmental assessments (see, for 364 
example, Reid et al. 2015, Bright et al. 2008, Birdlife International 2018). Limiting the development 365 
of wind farms in areas that have bottlenecks or along important flyways for sensitive species of 366 
volant taxa is an important strategy for reducing their potential impacts on biodiversity. The 367 
identification of such areas also highlights where more intensive study might be warranted, for 368 
example, within impact assessments, through more detailed analysis of tracking data and resource 369 
use. Second, our vulnerability maps can help identify areas where the collision risk at operational 370 
wind farms may be greatest for particular populations and thus where mitigation measures can be 371 
explored further. Such measures may include adjusting the cut-in speed of turbines (the threshold 372 
wind speed for start-up, e.g. Arnett et al., 2010) and defining turbine shut-down periods (de Lucas 373 
et al., 2012), which may help reduce the numbers of collisions for certain species. Third, our study 374 
highlights the importance of considering cumulative impacts of wind farm developments on 375 
species’ populations. Understanding linkages between protected sites and multiple areas of potential 376 
risk is of prime importance for ensuring renewable energy development takes place in a sustainable 377 
manner. Lastly, assessing through-the-year vulnerability of species from specific colonies facilitates 378 
a better understanding of the risks that different populations may face, and can therefore help 379 
inform the conservation status of feature species at designated sites. The methods employed in this 380 
study are transferable for use on other mobile taxa where there is potential for human-wildlife 381 
conflict to exist. With an ever-expanding global renewable energy footprint, methods that permit a 382 
holistic conservation of species throughout their range and annual cycle are sorely needed.   383 
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Table 1. Sample sizes of birds tagged in each year cohort, and numbers of birds with data available 537 
during breeding and non-breeding periods; hyphens ‘-’ indicate no information gathered. ‘Max’ 538 
refers to the maximum number of birds providing data across all years. For non-breeding periods, 539 
the numbers of birds are split by those departing directly overseas (‘Non-UK wintering 540 
destination’), those departing overseas after remaining for a time in the UK (‘Wintering destination 541 
UK and non-UK’), and those solely remaining in the UK during the non-breeding period. Numbers 542 
in italics refer to sample sizes relating to the first year of data per bird used in analyses; see Table 543 
S1.1 for full data for birds from Orford Ness across all years. 544 
 545 

Colony Cohort 
Number 

tagged 
Year 

Breeding 

season 

data 

Non-

breeding 

data 

Non-UK 

wintering 

destination 

Wintering 

destination 

UK and 

non-UK 

Wintering 

destination 

UK only 

Orford Ness 2010 11 2010 10 6a 2 4 0 

   2011 5a 3 2 1 0 
 2011 14 2011 14 12 0 7 5 

   2012 12 10 0 5 5 
   Max 24 18 2 11 5 

Walney 2014 24 2014 24 16 3 7 6 

  - 2015 16 - - - - 
   Max 24 16 3 7 6 

Skokholm 2014 25 2014 25 20 9 8 3 

  - 2015 20 - - - - 
   Max 25 20 9 8 3 
a One bird was recovered during the 2010/11 non-breeding period providing some non-breeding data but no additional 546 
breeding season information the following year (Thaxter et al., 2015). 547 
 548 
  549 
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Table 2. Model parameter estimates, used to produce a final surface of potential risk based on 550 
distance travelled in flight within the collision risk window (CRW): (1) spatial assessment across 551 
the year and (2) temporal assessment across the range extent of each colony. 552 
 553 

Model 

resolution 
   Orford Ness Walney Skokholm 

A. Spatial  Intercept Estimate -6.53 -6.63 -6.57 
   SE 0.08 0.09 0.08 
   t -82.74 -72.73 -84.22 
   P <0.001 <0.001 <0.001 
 te(Longitude,Latitude,julian) Edf 480.49 455.26 464.13 
   Ref.df 639.39 614.61 622.94 
   F 183.99 173.45 230.66 
   P <0.001 <0.001 <0.001 
 s(bird ID) Edf 1.66 12.28 14.86 
   Ref.df 17.0 15.00 18.00 
   F 77.55 83.37 71.67 
   P <0.05 <0.001 <0.001 
 Deviance explained  47.6% 54.72% 60.74% 
 Scale  11.31 12.94 15.08 

B. Temporal Intercept Estimate -6.66 -6.85 -6.78 
   SE 0.08 0.09 0.07 
   t -89.06 -78.16 -94.93 
   P <0.001 <0.001 <0.001 
 te(Longitude,Latitude,julian) Edf 1223.63 1218.40 1142.14 
   Ref.df 1651.82 1643.25 1534.43 
   F 110.29 134.87 155.51 
   P <0.001 <0.001 <0.001 
 s(bird ID) Edf 13.92 12.52 15.15 
   Ref.df 17.00 15.00 18.00 
   F 146.11 227.65 136.32 
   P <0.001 <0.001 <0.001 
 Deviance explained  43.28% 50.63% 55.16% 
 Scale  5.77 4.93 7.29 

 554 
  555 
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Table 3. Timing of movements of birds, presented as medians with minimum and maximum ranges 556 
of dates for each activity. Data used in the analysis are for the first year of data after tagging until 557 
the end of the second breeding season (see Appendix S1) and averages were taken across 558 
individuals; see also Table S2.2 for values for birds from Orford Ness for the full 2010-2015 period. 559 
 560 

Activity  Orford Ness 2010-11 (n = 

6); 2011-2012 (n = 12) 

Walney 2014-15 (n = 

16) 

Skokholm 2014-15 (n = 

20) 

Nest departure 22 Jul (30 Jun-12 Aug)  05 Aug (19 Jul-26 Aug)  05 Aug (06 Jul-29 Aug)  
UK departure 22 Oct (07 Aug-04 Dec)  28 Oct (16 Aug-04 Dec)  15 Oct (08 Jul-01 Dec)  
Winter arrival 20 Oct (17 Aug-12 Jan)  04 Nov (21 Aug-22 Dec) 18 Sep (09 Jul-10 Dec)  
Winter 
departure 14 Mar (28 Feb-01 Apr)  18 Mar (02 Mar-05 Apr)  05 Mar (19 Feb-28 Mar)  
Nest arrival 19 Mar (17 Feb-11 Apr)  22 Mar (20 Feb-19 Apr)  11 Mar (08 Feb-13 Apr)  

 561 
  562 
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 563 
 564 
Figure 1 Movements of birds through the year as GPS tracks, and the flux of movement, depicted 565 
as number of birds per square. 566 
  567 
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 568 
 569 
Figure 2 Modelled surfaces for birds from Orford Ness, Walney and Skokholm showing relative 570 
distance travelled within the CRW, and Relative Standard Error (RSE) for all surfaces (see section 571 
2.3). 572 
  573 
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(a) 574 

 575 
(b) 576 

 577 
 578 
Figure 3 (a) Distribution of individual wind farms, and gridded summaries of the number of wind 579 
farms and turbines per square; (b) annual vulnerability per square. 580 
  581 
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 582 
 583 
Figure 4 Mean temporal trends in estimated vulnerability across the year for birds from (a) Orford 584 
Ness, (b) Walney and (c) Skokholm, with error expressed as ±1 SE, with phases of the annual cycle 585 
shown (see also Table 2, Appendix S1). Also shown are the distribution of dates for movements to 586 
and from the ‘colony’, ‘winter’ sites, and for when birds ‘left UK’, expressed as solid lines 587 
(minimum, maximum) and filled circles (median) and dashed lines for intervening 588 
periods;‘overlaps’ between phases, e.g. where some birds had arrived at wintering areas and others 589 
were still in transit, are also shown.  590 
  591 
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Additional supporting information may be found in the online version of this article at the 592 
publisher’s website: 593 
 594 
Appendix S1 Study sites, tag attachment and sample sizes. 595 
 596 
Table S1.1 Sample sizes of birds tagged and numbers of birds with data available during breeding 597 
and non-breeding periods for Orford Ness across all years (2010-2015); hyphens ‘-’ indicate no 598 
information gathered. ‘Max’ refers to the maximum sample of birds providing data across all years; 599 
within-year numbers include both 2010 and 2011 tagging cohorts (see Table 1 for more details). For 600 
non-breeding periods, the numbers of birds are split by those departing directly overseas (‘Non-UK 601 
wintering destination’), those departing overseas after remaining for a time in the UK (‘Wintering 602 
destination UK and non-UK’), and those solely remaining in the UK during the non-breeding 603 
period.  604 
 605 
Table S1.2 Arrival dates back to the colony for birds using over-wintering sites solely in the UK 606 
compared to those using also using sites in non-UK destination countries. 607 
 608 
Figure S1.1 Gridded spatial distribution of: (a) mean speed in flight and (b) mean altitude for all 609 
birds from Orford Ness, Walney and Skokholm. 610 
 611 
Appendix S2 Data utilisation and the modelling process. 612 
 613 
Table S2.1 Average timing of movements across all individuals and years for birds from Orford 614 
Ness; averages were taken first for individual birds across years and then across individuals. 615 
 616 
Figure S2.1 Spatial distributions of data for birds from Orford Ness, based on all data across all 617 
years available (2010 – 2015) depicting: (a) movements of birds through the year as GPS tracks, (b) 618 
flux of movement, as numbers of birds per square, and gridded spatial distribution of (c) mean 619 
speed in flight and (d) mean altitude across birds. 620 
  621 
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Appendix S1 Study sites, tag attachment and sample sizes. 622 
 623 
Study sites 624 
 625 
The lesser black-backed gull is a feature species of: the Alde-Ore Estuary Site of Special Scientific 626 
Interest (SSSI) a component part of the Alde-Ore Estuary Special Protection Area (SPA), the South 627 
Walney and Piel Channel Flats SSSI, a component part of the Morecambe Bay and Duddon Estuary 628 
SPA, and the Skokholm Island SSSI, part of the Skomer, Skokholm and the Seas off Pembrokeshire 629 
/ Sgomer, Sgogwm a Moroedd Penfro SPA. For simplicity, we refer to the South Walney colony as 630 
‘Walney’ throughout this appendix. Lesser black-backed gulls have declined at Orford Ness within 631 
the Alde-Ore Estuary SSSI/SPA (1998-2002: 23,000 Apparently Occupied Nests (AONs), 2010-632 
2012: 550-640 Apparently Occupied Territories (AOTs), Walney (1998-2002: 19,487 AONs, 2014: 633 
2,312 AONs) and Skokholm (1985-1988: 3,531 AONs, 2014: 1,565 Apparently Incubating Adults 634 
(AIAs) (Mitchell et al., 2004, Marsh 2013, Skokholm Bird Observatory 2014, JNCC Seabird 635 
Monitoring Programme database (http://jncc.defra.gov.uk/smp/ [accessed 12/09/2016]), Cumbria 636 
Wildlife Trust Pers. Comm.).  637 
 638 
Capture and tag attachment details, and potential tag effects 639 
 640 
At Orford Ness during 2010, 11 birds were captured during incubation using a walk-in wire mesh 641 
trap and tags were attached using leg-loop harnesses (n = 3 birds, Rappole & Tipton, 1991), Teflon 642 
body harnesses with a central breast strap (n = 4 birds), or a Teflon wing-harness with loops under 643 
the wing (n = 4 birds) (see Thaxter et al., 2014, 2016). During 2011, a further 14 lesser black-644 
backed gulls were tagged using a Teflon wing harness. During 2014, 24 tags were attached to birds 645 
at Walney and 25 tags to birds at Skokholm using a Teflon wing harness. Birds were also fitted with 646 
individually identifiable colour-rings for subsequent identification in the field. In all cases, birds 647 
returned to their nest after tagging. 648 
 649 
The potential effects of tags and harnesses on breeding productivity were assessed through 650 
approximately weekly checks of nests during the breeding season and, on survival between 651 
consecutive years, through associated re-sightings of colour-ringed birds (see Thaxter et al., 2016). 652 
Departure from the colony at the end of each season indicated that post-breeding dispersal took 653 
place as normal. The attachment methods used had no discernible effect on the behaviour of birds 654 
either during the breeding season, as shown through comparisons of productivity between tagged 655 
and untagged control birds, or during non-breeding as shown through normal apparent survival rates 656 
of tagged birds (Thaxter et al., 2016).  657 
 658 
Sample sizes of tracked birds per colony at Orford Ness 659 
 660 
To facilitate comparison between colonies, we considered data for each individual from after its 661 
initial breeding season capture (2010 or 2011 for birds from Orford Ness, 2014 for birds from 662 
Walney and Skokholm) through to the end of the breeding season the following year (defined as the 663 
end of August) (see Table 1). For birds from Orford Ness, Table S1.1 presents information across 664 
all years 2010-2015 for combined cohorts within study years. Twenty-four birds from Orford Ness 665 
provided breeding season data between 2010 and 2015 (11 tagged in 2010, 14 in 2011, Table 1) and 666 
18 of these provided non-breeding period data (Table 1); two of these for four consecutive non-667 
breeding periods, three for three non-breeding periods, nine for two non-breeding periods and the 668 
remaining four for a single non-breeding period (Tables 1 and S1.1).  669 
 670 
  671 
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Table S1.1. Sample sizes of birds tagged and numbers of birds with data available during breeding 672 
and non-breeding periods for Orford Ness across all years (2010-2015); hyphens ‘-’ indicate no 673 
information gathered. ‘Max’ refers to the maximum sample of birds providing data across all years; 674 
within-year numbers include both 2010 and 2011 tagging cohorts (see Table 1 for more details). For 675 
non-breeding periods, the numbers of birds are split by those departing directly overseas (‘Non-UK 676 
wintering destination’), those departing overseas after remaining for a time in the UK (‘Wintering 677 
destination UK and non-UK’), and those solely remaining in the UK during the non-breeding 678 
period.  679 
 
Year Number 

tagged 
Breeding 

season data 

Non-
breeding 

data 

Non-UK 
wintering 

destination 

Wintering 
destination 

UK and 
non-UK 

Wintering 
destination 

UK only 

2010 11 10 6 2 4 0 
2011 14 20 15 2 8 5 
2012 - 15 12 1 5 5 
2013 - 12 6 1 3 2 
2014 - 6 2 0 1 1 
2015 - 2 - - - - 
Max 25 24 18 2 11 5 

 680 
Complexities of data presentation for timing of movements 681 
 682 
In this study, we examined stages of the annual cycle for each bird (Klaassen et al., 2012). For all 683 
birds, we defined breeding and non-breeding periods by date of arrival and departure from the 684 
breeding colony. For birds that made clear migration movements out of the UK, we were able to 685 
define the period from leaving the last major UK roost/stopover site and arrival at the first main 686 
wintering site on autumn migration, the period from leaving their last wintering site and arriving 687 
back at the colony on spring migration. However, as discussed above, a proportion of birds 688 
remained in the UK overwinter, some in the local area surrounding the breeding colony, hence 689 
‘departure from last UK roost site’ was not applicable and clear autumn and spring migration 690 
phases were not identifiable. This mixture of non-breeding strategies for lesser black-backed gulls, 691 
and the inability to define clear phases for all birds should be borne in mind when interpreting dates 692 
in Tables 3 and Fig. 4. For instance, arrival at breeding sites was typically 27-31 days earlier for 693 
birds remaining in the UK, compared to birds arriving back from wintering destinations abroad 694 
(Table S1.2). Consequently, the earliest departure from wintering sites for birds that wintered 695 
abroad was later than the earliest arrival dates of birds back to the colony for birds that wintered in 696 
the UK. These periods of overlap are represented by the green coloured bars in Fig. 4.  697 
 698 
Table S1.2 Arrival dates back to the colony for birds using over-wintering sites solely in the UK 699 
compared to those using also using sites in non-UK destination countries. 700 
 701 
Colony Non-UK (range, N) UK (range, N) Mean Difference (days) 

Orford Ness (2010-11, 2011-12) 26/03 (16/03-11/04, 13*) 25/02 (17/02-16/03, 5) 30 
Walney (2014-15) 02/04 (12/03-19/04, 10) 03/03 (20/02-10/03, 6) 31 
Skokholm (2014-15) 16/03 (27/02-13/04, 17) 17/02 (08/02-27/02, 3) 27 

* One bird for Orford Ness in 2010, recovered prior to arrival back at colony (Thaxter et al., 2014) 702 
 703 
In addition, the precise dates of departure from last known UK wintering sites were unknown for 704 
some birds; this was due to data gaps when tag batteries became too low during the non-breeding 705 
period when birds were still in the UK. Consequently, dates of departure from the UK were only 706 
precisely known for some birds that over-wintered abroad (n = 10, 8 and 8 birds at Orford Ness 707 
(first-year data), Walney and Skokholm, respectively). In addition, not all birds used a roost site in 708 
the UK before arriving at a wintering destination outside the UK (Table 1 and S1.1). These 709 
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complexities explain why the median date of UK departure was apparently after that of the arrival at 710 
the first wintering site for birds from Orford Ness and Skokholm in Table 3 and Fig. 4.   711 
 712 

  713 
 714 
Figure S1.1 Gridded spatial distribution of: (a) mean speed in flight and (b) mean altitude for all 715 
birds from Orford Ness, Walney and Skokholm. 716 
 717 
 718 
  719 
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Appendix S2 Data utilisation and the modelling process. 742 
 743 
Spatio-temporal models: structure and computational issues 744 
 745 
Due to computational limitations it was not possible to run a single model with the desired degrees 746 
of freedom necessary for both fine-scale spatial and temporal resolution. This was due to the 747 
number of 20 km grid squares modelled for each colony (Orford Ness = 2723, Walney = 2638, and 748 
Skokholm = 2397), and the need for each square to have a value, even if zero, for all 365 Julian 749 
dates. In the temporal dimension, over-smoothing resulted in marked peaks in potential risk and 750 
vulnerability outside of breeding becoming underrepresented. Therefore, a compromise was taken 751 
to compute two separate models for birds from each colony, assessing potential risk (distance 752 
travelled in the CRW) and vulnerability using two resolutions: (1) a fine-scale spatial resolution and 753 
(2) a fine-scale temporal resolution. These models were then used to assess spatial and temporal 754 
patterns in potential risk and vulnerability, respectively. For each model, we specified k parameters 755 
in the model using function mgcv:bam (Wood, 2006) in R (R Core Team, 2016); for example for 756 
model 2: 757 
 758 
model <- bam(dist.CRW ~  759 
 te(longitude, latitude, julian, bs=c("tp","cc"), d=c(2,1), k=c(25,100)) + 760 
 s(bird, by=dum, bs = "re"),  761 
 data=data, 762 
 family=Tweedie(p=1.3, link = power(0))) 763 
 764 
We also specified a ‘by’ variable dummy interaction term with the random effect of ‘bird’ to 765 
facilitate predictions across birds in the final outputs by setting the dummy term to zero (Wood 766 
2006). The structure of the tensor product smooth was specified as a thin plate regression spline 767 
(‘tp’) for the xy spatial dimension and a cyclic cubic regression spline (‘cc’) for the circular variable 768 
of Julian date (Wood 2006). A Tweedie model error structure was used based on model diagnostic 769 
assessments.  770 
 771 
  772 
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The effect of using one year versus all years’ data for birds from Orford Ness 773 
 774 
Additional data were available for some birds from Orford Ness that came back to the colony in 775 
years subsequent to their first return. To avoid bias in the assessment of area use towards these birds 776 
inherent when including longer spans of data, we modelled potential risk and estimated relative 777 
vulnerability using the first year of data only for each bird, i.e. 2010-11 and 2011-12 (see Tables 1 778 
and S1.1), so as to match the span of data for birds from Walney and Skokholm and thus facilitate 779 
comparison between colonies. For completeness, we also investigated patterns for Orford Ness 780 
using all the available data. As expected, total area coverage was greater (20 squares, one year = 781 
2723, all years = 3159), typified, for example, by an interesting outward migration track that was 782 
made by one bird down the Cornish peninsula (Fig. S2.1 and Table S2.1). However, given that 783 
lesser black-backed gulls were site faithful in migration routes and wintering sites (C. Thaxter et al., 784 
unpublished data), the key findings and conclusions regarding potential risk and vulnerability were 785 
no different when using the complete dataset than when using a single year of data from each bird.   786 
 787 
Table S2.1 Average timing of movements across all individuals and years for birds from Orford 788 
Ness; averages were taken first for individual birds across years and then across individuals. 789 
 790 

Activity Orford Ness 2010-15 

Nest departure 13 Jul (15 Jun-09 Sep)  
UK departure 10 Oct (16 Jul-04 Dec)  
Winter arrival 15 Nov (9 Aug-12 Jan)  
Winter departure 08 Mar (17 Feb-01 Apr)  
Nest arrival 18 Mar (17 Feb-11 Apr)  

 791 
 792 



27 
 

 793 
 794 
Figure S2.1 Spatial distributions of data for birds from Orford Ness, based on all data across all 795 
years available (2010 – 2015) depicting: (a) movements of birds throughout the year as GPS tracks, 796 
(b) flux of movement, as numbers of birds per square, and gridded spatial distribution of (c) mean 797 
speed in flight and (d) mean altitude across birds. 798 
 799 
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