
Responses of dispersing GPS-tagged Golden Eagles
(Aquila chrysaetos) to multiple wind farms across Scotland

Item Type Article

Authors Fielding, Alan H.; Anderson, David; Benn, Stuart; Dennis, Roy;
Geary, Matthew; Weston, Ewan; Whitfield, Philip

Citation Fielding, A. H., Anderson, D., Benn, S., Dennis, R., Geary, M.,
Weston, E., & Whitfield, D. P. (2022). Responses of dispersing
GPS�tagged Golden Eagles (Aquila chrysaetos) to multiple
wind farms across Scotland. Ibis, 164(2), 102-117. https://
doi.org/10.1111/ibi.12996

DOI 10.1111/ibi.12996

Publisher Wiley

Journal Ibis

Rights Attribution-NonCommercial 4.0 International

Download date 22/05/2023 10:05:51

Item License http://creativecommons.org/licenses/by-nc/4.0/

Link to Item http://hdl.handle.net/10034/625479

https://chesterrep.openrepository.com/cdr
http://dx.doi.org/10.1111/ibi.12996
http://creativecommons.org/licenses/by-nc/4.0/
http://hdl.handle.net/10034/625479


1 

Responses of dispersing GPS-tagged Golden Eagles Aquila chrysaetos to multiple wind farms across 

Scotland 

Alan H Fielding 
David Anderson 

Stuart Benn 

Roy Dennis 

Matthew Geary 

Ewan Weston 

Phil Whitfield 

Wind farms may have two broad potential adverse effects on birds via antagonistic 

processes: displacement from the vicinity of turbines (avoidance), or death through collision 

with rotating turbine blades. Large raptors are often shown or presumed to be vulnerable to 

collision and are demographically sensitive to additional mortality, as exemplified by several 

studies of the Golden Eagle. Previous findings from Scottish eagles, however, have 

suggested avoidance as the primary response. Our study used data from 59 GPS-tagged 

Golden Eagles with 28,284 records during natal dispersal before and after turbine operation 

< 1 km of 569 turbines at 80 wind farms across Scotland. We tested three hypotheses using 

measurements of tag records’ distance from the hub of turbine locations: 1) avoidance 

should be evident; 2) older birds should show less avoidance (i.e. habituate to turbines); and 

3) rotor diameter should have no influence (smaller diameters are correlated with a turbine’s

age, in examining possible habituation). Four GLMMs were constructed with intrinsic habitat 

preference of a turbine location using Golden Eagle Topography (GET) model, turbine 

operation status (before/after), bird age, and rotor diameter as fixed factors. The best GLMM 

was subsequently verified by k-fold cross-validation and involved only GET habitat 

preference and presence of an operational turbine. Eagles were eight times less likely to be 

within a rotor diameter’s distance of a hub location after turbine operation, and modelled 
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displacement distance was 70 m. Our first hypothesis expecting avoidance was supported. 

Eagles were closer to turbine locations in preferred habitat, but at greater distance after 

turbine operation. Results on bird age (no influence to 5+ y) rejected hypothesis 2, implying 

no habituation. Support for hypothesis 3 (no influence of rotor diameter) also tentatively 

inferred no habituation, but data indicated birds went slightly closer to longer rotor blades 

although not to the turbine tower. We proffer that understanding why avoidance or collision 

in large raptors may occur can be conceptually envisaged via variation in fear of humans as 

the “super predator” with turbines as cues to this life-threatening agent.  

Keywords: wind turbine, turbine -avoidance, displacement, collision risk, habituation, raptor, 

GPS-telemetry, fear 
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Despite the potentially beneficial effects of wind farms for biodiversity as a largely 

sustainable and renewable source of energy generation mitigating human-induced climate 

change (Lu et al. 2009, Leung & Yang 2012), there are environmental concerns (Saidur et 

al. 2011, Abbasi et al. 2014) and global expansions in wind farm development continue 

(GWEC 2015). Wind farms may have two broad potential adverse effects on birds via 

antagonistic and often mutually exclusive processes: displacement from the vicinity of wind 

farms or wind turbines (macro-avoidance or meso-avoidance, respectively: May 2015), or 

death through collision with rotating turbine blades (Madders & Whitfield 2006).  

Large raptors, or birds of prey, such as eagles and vultures Raptors or birds of prey, 

and several vultures (collectively termed “raptors” hereafter), are often considered to be 

particularly prone to collision with turbine blades (Hunt & Watson 2016, Hötker et al. 2017a, 

b, Watson et al. 2018a). This vulnerability to collision has population consequences because 

of sensitivity of life history traits to additive fatalities (Beston et al. 2016, Hunt et al. 2017) 

and resulting potential effects on population viability (Carrete et al. 2009, Bellebaum et al. 

2013, Hunt et al. 2017). The premise of collision mortality or lack of avoidance for raptors is 

frequently apparent e.g. Hull & Muir (2013), Smallwood (2013), Mojica et al. (2016), Balotari-

Chiebao et al. (2016), Péron et al. (2017); although Hunt & Watson (2016) and Marques et 

al. (2020) note exceptions. 

There is contrary evidence that avoidance of wind turbines may displace raptors from 

otherwise preferred habitat and so indirectly (functionally) constitute habitat loss (Madders & 

Whitfield 2006, Marques et al. 2020). This may create adverse impacts for resident territorial 

or younger dispersing raptors, and/or flight path disruption for migratory birds (de Lucas et 

al. 2004, Farfán et al. 2009, Garvin et al. 2011, Johnson et al. 2014, Villegas-Patraca et al. 

2014, Hunt & Watson 2016, Dohm et al. 2019, Marques et al. 2020). Inconsistent results on 

avoidance as opposed to collision risk suggest that raptors’ responses are variable and 

complex, and may be species, population, breeding status, age, time- or site-specific (Hull et 

al. 2013, Marques et al. 2014, May 2015, Watson et al. 2018b). 



4 

The Golden Eagle Aquila chrysaetos has received substantial research attention over 

its relationship with wind farms (e.g. Fielding et al. 2006, Martínez et al. 2010, Katzner et al. 

2012), because of its apparent vulnerability to turbine blade strikes (Watson et al. 2018a), 

demographic sensitivity to additive mortality in older birds (Whitfield et al. 2004a, Hunt et al. 

2017), and its legislatively protected status across much of its Northern Hemisphere 

distribution (e.g. EC 2009, Pagel et al. 2013). This attention was initially prompted, and 

continued, by research at the Altamont Pass Wind Resource Area (APWRA) in California, 

USA; a particularly large facility where hundreds of Golden Eagles have been killed by 

collision (Hunt et al. 1999, 2017, Hunt 2002, Smallwood & Thelander 2008, Smallwood et al. 

2009, Watson et al. 2018a). 

While not explicitly studied, avoidance of APWRA’s turbine arrays appears minimal 

via displacement (Hunt 2002, Madders & Whitfield 2006, Whitfield 2009, Watson et al. 2018a 

cf Santos et al. 2020), although Hunt et al. (1995) recorded higher densities of eagles in 

adjacent grassland without turbines. Many other USA installations have recorded Golden 

Eagle collisions, and if not apparently approaching the fatality levels at APWRA, they may 

imply a widespread absence of avoidance (Erickson et al. 2002, Pagel et al. 2013, 

Smallwood 2013, USFWS 2016, Hunt & Watson 2016, Lonsdorf et al. 2018, Watson et al. 

2018a). Johnston et al. (2014) noted, however, a displacement response to a wind farm in 

western USA through increased migratory flight altitude. Katzner et al. (2012) documented 

how it may be easier for migratory eagles to fly above turbines than for resident or ‘local’ 

birds.  

Several other studies of Golden Eagles have presumed collision with turbine blades 

(Tapia et al. 2009, Katzner et al. 2012, Johnston et al. 2013, Sandgren et al. 2014, Watson 

et al. 2014, Péron et al. 2017). There are models to predict collision rates of Golden Eagles 

(Whitfield 2009, New et al. 2015). By contrast, in Scotland a resident Golden Eagle pair may 

have been displaced wholesale from an operational wind farm (Walker et al. 2005). Whitfield 

& Fielding (2017) also found that GPS-tagged birds during dispersal were rarely recorded 

close to turbines in Scotland. 
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Maturation of the wind energy industry increases prospects for more longitudinal 

examinations of raptors’ interactions with turbines, including habituation to avoidance (Dohm 

et al. 2019, 2020, Santos et al. 2020). Any habituation (Blumstein 2016) is relevant to 

understanding the drivers of turbine avoidance, and for future wind farm development (Dohm 

et al. 2020, Santos et al. 2020). In practice, wind farm planning consents are typically sought 

under an assumption that baseline conditions will persist for the lifespan of the proposed 

development: 25 y in Scotland. Habituation to turbines may shift the balance between the 

two fundamental potential adverse effects: displacement/avoidance and collision risk. 

Thereby the two effects’ relative impacts may change over the period of operation and hence 

influence the assessed suitability of a proposal. 

The wind energy industry’s maturation has also seen construction of wider- spaced, 

taller turbine towers with longer blade lengths. This change invites the question of whether 

birds behave differently towards turbines of different sizes (Barclay et al. 2007, Marques et 

al. 2014). This has practical implications if, for example, birds are more disturbed by smaller 

more tightly spaced arrays than more modern taller models, with wider spacing (Fielding et 

al. 2006). Taller turbines with greater rotor diameters may cause more collision fatalities 

(Smallwood & Thelander 2005). Findings based on older small turbines may not be 

applicable to larger turbines (Smallwood & Karas 2009) which constitute current and future 

wind farm proposals. 

In this paper we utilise GPS data from 59 GPS-tagged Golden Eagles monitored 

during dispersal where there was the potential to interact with 569 turbines at 80 wind farms 

across Scotland. We tested an overarching hypothesis, based on previous research in 

Scotland (Walker et al. 2005, Haworth Conservation 2012, Whitfield & Fielding 2017), that 

tagged Golden Eagles are displaced from operational wind turbines i.e. show avoidance. 

Direct study of habituation can be difficult (Blumstein 2016) and research involving 

wind turbines is no exception (Stewart et al. 2007, Dohm et al. 2019, 2020, Santos et al. 

2020). A habituation hypothesis would predict that older birds should be less prone to 

avoidance. Therefore we tested this prediction by examining birds’ distance to turbines by 
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their age. This test also has implications for eagle survival in population modelling, through 

age-effects in risk of collision mortality (Dahl et al. 2013, May 2015): first-year Golden Eagles 

were less prone to collision at APWRA (Hunt 2002). 

Our third hypothesis was that eagles do not react differently towards turbines of 

different dimensions (Barclay et al. 2007) and so our prediction was that eagles’ distance to 

turbines did not differ with rotor diameter. Smaller turbines are typically older, potentially 

confounding this association. Santos et al. (2020) inferred that if habituation occurs then 

avoidance should be less likely at older facilities. If there is a learning or experience 

component to avoidance involving neophobia (Marques et al. 2020), however, younger birds’ 

inexperience would reduce the likelihood of their response being driven by an installation’s 

age rather than turbine size. 

METHODS 

Study area and species 

Scotland is a small country (c. 80,000 km2) on the north-western edge of temperate Europe, 

composed of a wide range of land forms and with numerous islands predominantly on its 

western edge. It is a wind energy-rich European country (Troen & Petersen 1998). The 

Scottish Government has ambitious targets for reliance on renewable energy sources, 

notably generation from terrestrial wind farms (Scottish Government 2016). 

Scotland hosts a relatively large population of Golden Eagles (c. 500 pairs: Hayhow 

et al. 2017) and territorial birds are year-round residents (Watson 2010). Young eagles, after 

departing their natal territory, often travel thousands of kilometres during the subsequent 

dispersal (transience) phase, almost always remaining within Scotland (Watson 2010, 

Weston 2014, Whitfield & Fielding 2017) on a non-migratory basis (cf higher latitude 

populations: Kochert & Steenhof 2002). The natal dispersal phase (or juvenile dispersal: 

Ferrer 1993, Whitfield et al. 2009, Weston et al. 2013) may last several years (Watson 

2010). 
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GPS satellite tagging 

We tagged Eeagles were tagged as nestlings. Transmitters were fitted when nestlings were 

50 - 70 days old, as judged by plumage (Hoechlin 1976, Peterson 1997). Nestlings weighed 

between 3.4 and 5.0 kg at tagging and transmitter weights and harnesses were less than the 

3 % lower recommended maximum of body weight (Phillips et al. 2003) and the higher 

recommendation of 4 % (Kenward 2001) (see also Kenward 2001, Sergio et al. 2015). 

Nestlings were sexed on their biometrics, supplemented by molecular techniques from an 

opportunistic sample, which confirmed biometric assignations (Weston et al. 2018). Tagging 

locations were widespread across the species’ Scottish distribution (Whitfield & Fielding 

2017): further information is provided in Appendix S1. 

Four tag models were deployed, most manufactured by MTI (Microwave Telemetry 

Inc., Columbia, MD, USA): 

• 105 g (lithium) battery powered GPS transmitters (LC4 PTTs) (n = 21, deployment 

years 2007 - 2014). Transmitters took one GPS fix per day at 12 noon and transmitted every 

10 days. Transmitters were suggested at 2.5 years battery life by MTI. 

• 70 g solar powered GPS/Argos transmitters (PTTs) (n = 79, deployment years 2007 - 

2015). GPS fixes and transmissions cycles adjusted by pre-programmed fix rate and 

transmission schedule (duty cycle): maximum fix rate was hourly during daylight hours. 

Longevity of transmitters was suggested at ≥ 3 years by MTI. 

• 70 g solar powered GPS/GSM transmitters (PTTs) (n = 27, deployment years 2014 - 

2018). Transmission is over the mobile phone (GSM) network and GPS fix rate is dependent 

on battery charge (dynamic adjusted fix rate dependent on battery charge from 1 per minute 

to 1 every 2 hours). Transmissions are attempted to GSM network twice daily. Longevity of 

transmitters was suggested at ≥ 3 years by MTI. 

• 95 g solar powered GPS/GSM transmitters (PTTs) (n = 11, deployment years 2016 - 

2018): manufactured by Movetech Telemetry, Norfolk, UK. Fix intervals were 1 second to 48 

hours with a stated spatial accuracy ± 20 m. 
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All transmitters were fitted using a harness of 13 mm Teflon Ribbon (Bally Ribbon 

Mills, Bally, PA, USA) using a ‘X harness method’, otherwise described as a “crossover wing 

harness” (Thaxter et al. 2016). Harnesses had a breakaway feature by stitching through 

ribbons with either cotton or linen thread at the central point over the sternum (Kenward 

1987, 2001) intended to remain attached for the minimum expectation of a 3 – 5 year natal 

dispersal period (Urios et al. 2007, Watson 2010). 

All birds were tagged under appropriate licences granted by Scottish Natural 

Heritage (SNH) and the British Trust for Ornithology (BTO). Satellite tagging should not have 

adverse effects on study individuals (Sergio et al. 2015, 2018). We have found no evidence 

of adverse effects of tagging in our studies, under physiological, behavioural or demographic 

evaluations (Whitfield & Fielding 2017). 

Accuracy of GPS PTT tag location records is given by MTI as ± 18 m horizontally and 

± 22 m vertically (although fixes are liable to be more accurate practically: Byrne et al. 2017). 

MTI’s generic values for data accuracy involve varying HDOP (Horizontal Dilution of 

Precision) and VDOP (Vertical Dilution of Precision) values per fix. Lower HDOP and VDOP 

values as thresholds for records’ inclusion in analyses enhance data precision and accuracy. 

Hence, we removed values > 3.5 in keeping with the 50-m pixel resolution of our habitat 

preference predictions (Fielding et al. 2020; and see later) and to enhance the location 

precision when dealing with specific turbine locations and rotor dimensions. We also 

excluded records (n = 466: 1.4 % of records) if altitude data were unavailable or potentially 

inaccurate (> 6 km). Finally, records between sunset and sunrise were excluded (n = 1,396: 

4.9 % of records) using Thieurmel & Elmarhraoui (2019) because it was assumed birds 

would be roosting at this time and interactions with turbines were improbable. 

Nestlings were tagged between 2007 and 2018 and records processed up to mid-

October 2019. Analysed data only involved records during natal/juvenile dispersal, beginning 

after birds had dispersed from their natal territory and before they had settled on a 

prospective breeding territory (Fielding et al. 2020). There were 2,744,667 records from 114 

tagged birds during dispersal. 
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From the pool of tagged birds telemetry data were further screened by only including 

horizontal (2-D) records < 1 km of a wind turbine location. In examinations of avoidance 

behaviour it is necessary to include only those records at distances where birds may show 

reaction to turbines rather than indifference. Santos et al. (2020) questioned Dohm et al. 

(2019) on potentially including birds’ records at distances where turbines may not be 

influential (but see Dohm et al. 2020). Our choice of 1 km as a cut-off was a precautionary 

maximum based on previous studies of Scottish Golden Eagles’ displacement and 

disturbance distances (Walker et al. 2005, Whitfield et al. 2008a).  

Birds’ ages were taken from date of tagging. While there was some variation by days 

of age since hatch in that date (see above) this was immaterial when we were primarily 

interested in an age classification by months and years.  

Preferred space use predictions 

Turbine locations may be avoided or not used because they are not in habitat (which 

includes air space) preferred by Golden Eagles and hence we included a measure of habitat 

preference in analyses. We used the Golden Eagle Topography (GET) model (Fielding et al. 

2020) to predict space use by Golden Eagles independent of the presence of turbines. GET 

essentially provides a topographically based surrogate for the availability of orographic 

winds, which have repeatedly been found as influential in habitat selection studies of Golden 

Eagle and other large soaring raptors (Fielding et al. 2020). ‘GET scores’ range from 1 – 10 

and a GET 6 score is a switch point in preference, so that GET 6+ indicates increasingly 

preferred habitat. Because a GET score has three components (altitude, slope and distance 

to ridge) it is possible, for example, for a GET 6+ score to involve a relatively low preference 

for altitude, but relatively high preference for slope and distance to ridge. Hence, even low 

altitude areas may have an overall preference revealed by their GET scores. 

A GET score for each turbine location, and hence the indicative eagle preference, 

was derived from the mode of the 50 m pixel containing the turbine tower and the four 



10 

surrounding pixels. For tag records, the GET score in the underlying 50 m pixel was also 

calculated. 

Golden Eagles avoid commercial plantation forests in Scotland (Whitfield et al. 2001, 

2007a, 2008b) and wind turbines can be constructed in such plantations. Therefore, our 

analyses and testing of the avoidance hypothesis could potentially be confounded by such 

coincidence. Nevertheless, we did not include this factor because its influence was 

considered small, when there were relatively few (< 1 %) tag records < 1 km from turbines 

within plantations. 

Wind farm data 

Data on wind turbine locations and the date at which wind farms became operational, were 

obtained from multiple sources: SNH wind farm database 

(https://gateway.snh.gov.uk/natural-spaces/index.jsp); Department for Business, Energy and 

Industrial Strategy (DfBEIS) Renewable Energy Planning Database 

(https://www.gov.uk/government/publications/renewable-energy-planning-database-monthly-

extract) and extensive web searches. Turbine locations were verified using 

contemporaneous Sentinel 2 satellite images. Turbine characteristics and operational dates 

not included in the DfBEIS database were found by web searches. The ground elevation of a 

turbine was obtained using a GIS and Ordnance Survey OpenData 50 m DEM data 

(https://www.ordnancesurvey.co.uk/business-government/products/terrain-50). The cut-off 

date for wind farm data collation was 15 March 2019. 

Dates of wind farm construction were often unavailable and when available would 

often be unrepresentative of when turbines were erected: dates of ‘first operation’ were 

frequently available and were used. In dividing wind turbine data between pre- and post-

operation, therefore, we had to include construction during the pre-operation period since 

construction is obligatory before operation. Disturbance in the construction phase may 

displace other bird species away from the site (Pearce-Higgins et al. 2012) and Golden 

Eagles are probably particularly susceptible to such disturbance (Whitfield et al. 2008a). In 

https://gateway.snh.gov.uk/natural-spaces/index.jsp
https://www.gov.uk/government/publications/renewable-energy-planning-database-monthly-extract
https://www.gov.uk/government/publications/renewable-energy-planning-database-monthly-extract
https://www.ordnancesurvey.co.uk/business-government/products/terrain-50
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pre- and post-operation comparisons for testing the avoidance hypothesis, this made our 

test conservative.  

Turbine operational status 

If a tag record was earlier than the date at which the wind farm became operational, or the 

wind farm was under construction, it was assigned to a pre-operational class (n = 3,518). 

Records after the wind farm operational date were assigned to a post-operational class (n = 

24,810). 

Distance to turbines and turbine dimensions 

Where wind turbines vary in their dimensions, set distance measures which do not account 

for such variation can be inappropriate when examining potential turbine avoidance across 

many facilities. Turbine dimensions therefore needed to be involved in analyses. As 

expected, hub (tower) height, rotor diameter and first operation date were all significantly 

correlated (r > 0.7) so that smaller towers had smaller rotor diameters and were older in 

operation. We used rotor diameter as a measure of turbine dimensions to test our turbine-

size avoidance hypothesis (third hypothesis: Introduction) which also served as correlative 

proxy for the age of the turbine. 

Given the significant correlations, we used distance from a tag record to the turbine 

hub location as our measure of proximity to the turbine. Hub location in the distance metric is 

also fixed, whereas distance to blade tips can vary with prevailing wind – affecting rotor 

orientation - and the approach direction of flying birds. (The potential influence of blade 

length was included as a variable in analyses via rotor diameter measures: see below.) We 

nevertheless also conducted alternative analyses using distance to blade tip as the proximity 

measure. Flying birds can avoid wind turbines in 3-D (e.g. Johnson et al. 2014, Marques et 

al. 2020) so if only horizontal distance measures are used to assess avoidance (e.g. Pearce-

Higgins et al. 2009) a bird flying ‘across’ but well above a turbine array could incorrectly be 

deemed to be ‘close’ to a turbine location in 2-D. 
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Telemetry records’ distances to turbine hubs were calculated in 2- and 3-dimensions. 

The 3-D distance was obtained by trigonometry using the 2-D distance and the difference in 

above ground altitudes of the record and turbine hub. 

Statistical analyses 

We used turbine location GET score, pre-post operational status, rotor blade diameter and 

bird (tag) age as predictors (fixed effects) of the 3-D distance between tag record locations 

and turbine locations. Our data contained repeated records from the same wind farms and 

birds and these were likely to violate the assumption of independent y-values (Zuur et al. 

2007, 2013). Therefore, we used a linear mixed model (GLMM) with wind farm identity and 

the identity of individual birds as random effects in all models (normal errors with identity 

link). We fitted four potential models, starting with the base model (GET score, pre- or post-

operation status) and added rotor diameter and bird age together and individually. We used 

both the lowest Akaike’s Information Criterion (AIC) and Bayesian Information Criterion (BIC) 

scores to select the best model from this candidate set.  We used the lme function from the 

nlme package (3.1-145), in program R (3.6.1) (R Core Team 2019, Pinheiro et al. 2020). 

Once the best model was identified, k-fold cross-validation was used to assess 

performance, by evaluation from data not used to derive model coefficients (e.g. Boyce et al. 

2002). Following a test-to-training ratio of 10 %, the data were partitioned into ten subsets, or 

folds (i.e. k = 10), of approximately the same size using a random number generator. Each 

fold was treated, in turn, as a validation set for a model derived using the remaining k − 1 

folds. Each record has a prediction of its distance from the nearest turbine location when 

part of the validation set. Residuals were obtained for the validation cases by comparing 

predicted 3-D distances to the hub with actual 3-D distances. 

RESULTS 

There were 28,328 location records involving 69 tagged birds < 1 km of a turbine tower 

during daylight hours. Ten tags (44 records) were excluded because they had < 10 records, 
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leaving a final sample of 28,284 records from 59 tags. Birds were aged between 72 and 

2,087 days on the record date (median 627 days, interquartile range 380 – 857 days). 

Eighty wind farms (34 % of those in Scotland) had tag records < 1 km of a turbine 

(569 turbines out of a possible 1,854 turbines in the 80 wind farms) (Fig. 1). Information on 

our study’s wind farms and composite turbines is in Appendix S21. First date of turbine 

operation was 1 September 1997 to 15 March 2019 (n = 506) plus others that were under 

construction at our cut-off date (n = 63). The range in all rotor diameters was 32 m to 150 m 

(mean 82.9 m, sd 18.4 m) and, for turbines with a tag record within 1 km, the range was 32 

m to 115 m (mean 87.4 m, sd 20.2 m). Before and after a turbine became operational there 

were 3,518 and 24,810 records, respectively. 

Measured as a 2-D distance, 94 of 24,810 records (0.4 %) were within one rotor 

blade diameter of the hub of an operational turbine while before operation 122 of 3,518 

records (3.5 %) were within one rotor diameter distance. Measured as a 3-D distance, 23 of 

24,810 records (0.1 %) were within one rotor diameter of the hub of an operational turbine 

location, while before operation 29 of 3,518 records (0.8 %) were within this same distance. 

These statistics indicated that the probability of a bird being within a rotor blade diameter’s 

distance of a turbine hub location (double that at which collision could occur) was 

approximately eight times less after a turbine started operating.  

The best of the four GLMMs, as judged by BIC values, had two fixed effects: the 

turbine location’s GET score (GETturb) and the presence of an operational turbine at the 

location (Postop) (Table 1). This model had the second lowest AIC score but was considered 

to have equal support with the ‘best’ performing model (ΔAIC < 2; Burnham & Anderson 

2002). Bird (tag) age and rotor blade diameter were insignificant predictors in all models and 

were present as fixed factors in the three poorest (rejected) models, either separately or 

together (Table 1, Fig. 2). Using distance to blade tip, rather than distance to turbine hub, 

made no difference to our results (Appendix S32). For bird (tag) age there was also no 

relationship between the mean age of tagged birds when cast against the mean distance to 

turbine hubs (R2 = 0.014). 
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As expected, birds were recorded increasingly closer to turbine locations when the 

underlying preference for the location’s habitat increased. This proximity, however, was 

reduced by the presence of an operating turbine at those locations (Fig. 3). After turbines 

began operating there were proportionately very few records within 115 m (the widest rotor 

blade diameter in analyses: double the maximum distance where collision could occur) (Fig. 

3).  

With the best model identified (Model 1: Table 1), k-fold cross-validation obtained 

independent predictions and residuals for each fold. The numbers of pre- and post-

operational records in each fold were similar (ranges 332 – 385 for the pre-operational group 

and 2,371 – 2,541 for post-operational group). Overall mean residuals for the validation 

cases were all small and similar (range -6.3 to +6.4 m). Mean residuals tended to be larger 

for the pre-operational cases (range -27.4 to +16.6 m) compared with the post-operational 

cases (-8.9 to +5.6 m). 

Mean values of the coefficients from the k-fold models were close to those in the full 

model: intercept 830.4 sd = 3.64; Postop factor -68.7 sd = 2.32 and GETturb factor -19.1 sd 

= 0.46. These similarities and the small mean residuals for the validation cases verified the 

full model (Model 1: Table 1). 

Thus, according to the k-fold models the displacement effect of an operational turbine 

is approximately 70 m from the turbine hub location. As the GET score increases tag records 

become increasingly closer to turbines at a rate of 19 m for each unit increase in the GET 

score. With a mean intercept at 830 m, even at GET 10 (most preferred habitat) the mean 

distance was not close to a turbine. 

DISCUSSION 

Results supported our overarching hypothesis that dispersing Golden Eagles show 

avoidance toward (displacement from) operational wind turbines, as in earlier indications 

from Scotland (Walker et al. 2005, Haworth Conservation 2012, Whitfield & Fielding 2017). 
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We rejected our second hypothesis that birds would habituate to turbines because, taking 

bird age as a proxy for individuals’ exposure to wind farms, older birds did not fly closer to 

turbine locations. This finding is tempered by the range of dispersing birds’ ages (0.2 to 5.7 y 

after tagging as nestlings). Unlike the results from APWRA in California (Hunt 2002), in 

Scotland there was no apparent difference between different ages of sub-adult eagles in 

susceptibility to collision risk, as this risk appeared negligible across all ages. 

Santos et al. (2020) suggested that if habituation occurs avoidance should be weaker 

at older facilities. We found that rotor diameter (strongly correlated with turbine operation 

date) did not influence a birds’ proximity to turbines i.e. birds showed no differences in their 

proximity to a turbine hub regardless of rotor diameter. This result is also tempered by the 

age range of tagged birds and hence their experience of any wind farm, regardless of its 

novelty. 

An absence of rotor dimensions’ influence on tagged birds’ 3-D distance from turbine 

hubs supported the prediction from our third hypothesis. This result suggested that young 

eagles did not perceive locations of larger modern turbines as more or less threatening, 

despite the wider spacing between modern turbines (Fielding et al. 2006). Our results further 

suggested that young eagles should probably not substantially differ in response to a wind 

farm over the course of its operation; or if old turbines are replaced by larger models during 

re-powering. Since more modern turbines have longer blades, however, this indicated that 

birds went closer to the (greater) rotor swept volumes of more modern (taller) towers. At 

APWRA, Smallwood & Thelander (2005) found that Golden Eagle collision fatalities were 

disproportionately associated with taller towers with greater rotor diameters. 

Our result that rotor diameter did not affect proximity may indicate further that 

avoidance was more a reaction to a turbine’s tower, rather than its blades. Macro-avoidance 

and/or meso-avoidance (May 2015), which was our substantive finding, should not be 

confused with micro-avoidance (May 2015) which involves birds’ avoidance of moving rotor 

blades if they were potentially to fly through their sweep when in close proximity (e.g. within 

an array: Dahl et al. 2013, Schaub et al. 2020). Micro-avoidance is probably relevant to 
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Golden Eagles elsewhere (Whitfield 2009, New et al. 2015) but apparently rarely relevant in 

young Scottish birds, as judged by the intercept of our models (830 m distance) and the 

marked shortage of records even within a distance of twice the rotor sweep of the largest 

turbines (Fig. 3).  

A compendium of coordinated studies of several raptor species at many wind farms 

across Germany (Hötker et al. 2017a) concluded that “birds of prey are not or hardly 

disturbed or displaced by wind turbines. Instead they collide disproportionately often with 

wind turbines in comparison to their abundance” (Hötker et al. 2017b). Research on the 

same species elsewhere in Europe have also suggested a lack of avoidance (Dahl et al. 

2012, 2013, Urquhart & Whitfield 2016, Sansom et al. 2016, Hernández-Pliego et al. 2015) 

as have, implicitly, European studies of other raptors (Lekuona & Ursua 2007, Carrete et al. 

2009, Ferrer et al. 2012, Vasilakis et al. 2016, 2017). The documented or implicitly assumed 

absence of avoidance for other raptors is evident from southern Africa (Rushworth & Krüger 

2014, Reid et al. 2015, Murgatroyd et al. 2021), Australia (Hull et al. 2013) and USA 

(Erickson et al. 2002, Hoover & Morrison 2005, Smallwood & Thelander 2008, Smallwood et 

al. 2009, Pagel et al. 2013, Smallwood 2013, Hunt & Watson 2016, USFWS 2016, Watson 

et al. 2018a, b). 

Similarly, several studies, notably in USA, have found or presumed that Golden 

Eagles are susceptible to collision, inferring minimal or no meso- or macro-avoidance 

(Erickson et al. 2002, Hunt 2002, Smallwood et al. 2009, Tapia et al. 2009, Martínez et al. 

2010, Katzner et al. 2012, Johnston et al. 2013, Sandgren et al. 2014, Pagel et al. 2013, 

Smallwood 2013, USFWS 2016, Hunt & Watson 2016, Watson et al. 2014, New et al. 2015, 

Péron et al. 2017, Lonsdorf et al. 2018, Watson et al. 2018a). 

By contrast, we found that dispersing Golden Eagles avoided (were displaced by) 

operational wind turbines. GPS-tagged eagles were eight times less likely to be within one 

rotor diameter distance from turbine hub locations after turbines became operational. 

According to the best GLMM and validation models avoidance occurred at about 70 m from 

the turbine hub. However, many of our pre-operational data included the construction phase 
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which, while conservative to our hypothesis test, could underestimate the displacement 

distance if Golden Eagles were disturbed by turbine construction (Haworth Conservation 

2012, Pearce-Higgins et al. 2012) as well as operation. It is likely, nevertheless, that a 500 m 

displacement distance assumed in Scotland is too precautionary for Golden Eagles, 

especially when arbitrarily based (McLeod et al. 2002). 

With the substantial response being avoidance (meso- or macro-avoidance: May 

2015), functional habitat loss, not collision risk, was the predominant adverse effect for the 

monitored eagles. In Scotland over 50 satellite tagged eagles have been recorded in 

proximity to 69 operational wind farms (Appendix S1 and S21) with no recorded collision 

fatalities in this sample (Whitfield & Fielding 2017, Fielding et al. unpublished data). As 

evidenced by the tracking data, several of these windfarms are likely to have many 

dispersing Golden Eagles in close proximity. 

Terrestrial wind farm construction in Scotland began in the late 1990s and by 2019 

3,760 turbines were operating in 234 wind farms (11,839 MW across all substrates: Scottish 

Renewables 2020), many in habitat potentially suitable for Golden Eagles (Fielding et al. 

2006, this study). Scotland holds over 1,000 territorial eagles (Hayhow et al. 2017) and 

substantially more non-territorial individuals (Whitfield et al. 2008b) using a relatively small 

extent (33,059 km2) of preferred habitat (Fielding et al. 2020). 

Despite this potentially high exposure to collision risk, over 20 years we and the 

relevant statutory body know of only three Golden Eagle collision fatalities in Scotland. With 

no coordinated national collision monitoring across every wind farm, this is undoubtedly an 

underestimate. Monitoring procedures in place at numerous wind farms, however, appear 

relatively robust for detecting large raptor carcasses such as Golden Eagle (Caryl et al. 

2016) which are relatively persistent (Smallwood 2007, Smallwood et al. 2010, Ferrer et al. 

2012, Urquhart et al. 2015) perhaps through lower palatability to scavengers (Urquhart et al. 

2015). Moreover, the same procedures have recorded several more fatalities of other raptors 

which are less common and by their distributions less exposed to wind farms, such as 

White-tailed Eagle Haliaeetus albicilla and Red Kite Milvus milvus (e.g. Urquhart & Whitfield 
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2016, Sansom et al. 2016); as consistently expected from elsewhere (e.g. Dahl et al. 2013, 

Hötker et al. 2017b).  

Much research on birds’ interactions with wind turbines begs a simple but important 

question: why do some birds show avoidance but others do not? In practical application, 

answering this question is critical to predicting impacts of wind farm proposals. Avoidance 

behaviour can include variability by many factors, including species, population, site, and 

stage in birds’ annual and life cycles (Hull et al. 2013, May 2015). Similarly, but 

antagonistically, collision risk can include variability by the same factors, and may result from 

a complex interaction between these and other factors such as availability or distribution of 

food (Marques et al. 2014). 

Much evidence for avoidance in large soaring raptors comes from migrating birds 

(Villegas-Patraca et al. 2014, Hunt & Watson 2016, Marques et al. 2020) including USA 

Golden Eagles (Johnson et al. 2014). External sources of wind energy to fuel flight can differ 

between migrating and resident Golden Eagles (Katzner et al. 2012, 2015). Functional loss 

of such energy sources through turbine avoidance can be a cost to migrating raptors 

(Marques et al. 2010). The energetic costs of avoiding wind turbines, however, are less for 

birds on migration than for year-round or seasonal residents (Masden et al. 2009, 2010). 

Villegas-Patraca et al. (2014) found more collision victims of resident than migratory species 

where numbers of passage migrants will have considerably exceeded those of residents. 

Soaring raptors on migration hunt less frequently than resident individuals (Bildstein 2006) 

and so costs of wariness through lost feeding opportunities will be less. 

The evolutionary ecology of fear (Blumstein 2006) may offer a useful conceptual 

framework in addressing the ultimate question of why turbine avoidance may or may not 

occur, in light of associated proximate factors (e.g. May 2015). This concept originated in 

flight/escape behaviours as anti-predator strategies with fearfulness typically proxied by flight 

initiation or alert distances in response to human approach (e.g. Stankowich & Blumstein 

2005). The motivational state manifested by fearfulness (wariness, or a shy-bold continuum: 
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Wilson et al. 1994) is considered adaptive (Blumstein 2006) and under natural selection 

(Møller 2010, Carrete et al. 2016). 

Fearfulness can be expressed via cost-benefit risk decisions (Ydenberg & Dill 1986, 

Blumstein 2006), with modelled benefits involving avoidance of being killed and costs being 

energetic through the escape response, and/or loss through avoidance of resource(s) e.g. 

airspace, feeding site, and risk of starvation (Lank et al. 2003, Parsons & Blumstein 2006, 

Díaz et al. 2013). 

Blumstein (2006) found that body size and age of first reproduction were important in 

increased wariness in bird species. As these traits apply to several large raptors, including 

Golden Eagles, which are often top predators, such enhanced wariness in these species 

implicitly indicates humans per se as the selective driver (see also Ciuti et al. 2012, Clinchy 

et al. 2016). 

Fearfulness towards humans in large raptors is probably also selectively influenced 

by the evolutionary history of persecution (especially killing) by humans and its 

contemporary selective reinforcement and maintenance (Clinchy et al. 2016). Expression of 

fear may involve cues of the life-threatening agent as well as the agent itself (Parsons & 

Blumstein 2006, Clinchy et al. 2016). Such cues to avoidance through fear of people may 

include wind turbines when such starkly novel environmental features are typically 

anthropogenic. 

In substantially finding avoidance our study was apparently at odds with evidence 

elsewhere (notably the USA), that has substantially found or presumed collision mortality in 

other Golden Eagle populations. Our conflicting results may be revelatory, nonetheless, 

within a conceptual framework of fear. On the selective costs of wariness, although results 

may be site-specific, at least at APWRA in USA attractive concentrations of prey within 

arrays (Smallwood & Thelander 2005) are not intrinsically obvious features (i.e. potential 

avoidance costs) of Scottish turbines due to different Scottish eagles’ prey species (Watson 

2010) and their behaviour at wind farms (e.g. Pearce-Higgins et al. 2012). On selection for 

wariness, unlike in the USA, historically Scottish Golden Eagles have expanded from a few 
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refuges which were unusually safe from widespread persecution in the 19th and early 20th 

centuries (Watson 2010, Evans et al. 2012, 2013). At this time the species was eradicated 

from Ireland (Evans et al. 2012) and persecution caused extinction of several other raptors in 

Scotland (Brown 1976). Current persecution also appears far higher in Scotland than in USA 

(Whitfield & Fielding 2017). 

Despite current persecution in Scotland being largely restricted to some moors 

intensively managed for grouse shooting, a practice widespread in the eastern Highlands 

(Whitfield et al. 2004a, b, 2007b, 2008b, Whitfield & Fielding 2017), natal dispersal 

movements can maintain more widespread selection for fear of humans/cues. Dispersing 

eagles originating from parts of Scotland which are free of persecution can use areas where 

persecution occurs and be killed there (Whitfield et al. 2004b, 2008b, Whitfield & Fielding 

2017). 

A notable exception is the Outer Hebrides, a chain of islands on the northwest fringe 

of Scotland (Fig. 1) with perhaps the highest density of territorial Golden Eagles globally 

(Watson 2010, Hayhow et al. 2017) genetically isolated from the rest of Scotland (Ogden et 

al. 2015) and a recent history of minimal persecution (Whitfield et al. 2007b, 2008b, Whitfield 

& Fielding 2017). Competitive pressure to exploit limited resources is probably particularly 

high in this closed high-density population. With a likely lower genetic predisposition of 

wariness coupled with relatively inflated resource values through intense competition it is 

perhaps not surprising – if anecdotal – that separate pairs have unusually established new 

nest sites within 250 m of a wind farm and within 60 m of human habitation (R. Reid, pers. 

comm.). Turbine avoidance should be weaker here and hence collision risk higher. While 

also anecdotal, one of the three known collision victims in Scotland was recorded below one 

of the few wind turbines in the Outer Hebrides. 

There are several proximate associations with the likelihood of collision or meso-

/macro-avoidance (Marques et al. 2014, May 2015) and factors relating largely to micro-

avoidance can be indispensable to predicting collision probability (de Lucas et al. 2004, 

2012a, b). Nevertheless, understanding why turbine avoidance, or collision, is ultimately 
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more likely is critical to large raptor conservation and planning many wind farm 

developments. We proffer that understanding the “why” can usefully be conceptually 

envisaged via genotypic gradients and phenotypic cost-benefits in expression of fear of 

humans as the “super predator” with wind turbines as cues to this life-threatening agent. 
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Table 1. Summary statistics for the four candidate linear mixed models, examining 3-D 

distance of eagle tag records to the vicinity of a turbine location: GETturb = GET score at the 

turbine location, Postop = a binary value derived from the date when a wind farm became 

operational, Age = the tagged bird’s age since tagging date, and Diameter = rotor diameter 

of the operational turbine. In all models wind farm identity and bird identity were random 

factors, and there were 28,284 tag records, 80 wind farms and 323 turbine locations. 

Model Model summary 

df BIC AIC 

1 6 383810.5 383761.0 

Predictor Value se t P 

Intercept 831.33 18.07 46.00 < 0.001 

GETturb -19.09 1.08 -17.74 < 0.001

Postop -70.16 7.00 -10.02 < 0.001

df BIC AIC 
2 7 383817.5 383759.8 

Predictor Value se t P 

Intercept 917.08 62.11 14.77 < 0.001 

GETturb -19.07 1.08 -17.73 < 0.001

Diameter -1.03 0.72 -1.44 0.151 

Postop -70.78 7.02 -10.09 < 0.001

df BIC AIC 

3 7 383826.2 383768.5 

Predictor Value se t P 

Intercept 832.57 17.949 46.39 < 0.001 

GETturb -19.09 1.08 -17.75 < 0.001

Age -0.01 0.01 -1.37 0.170 



Postop -61.26 9.43 -6.50 < 0.001

df BIC AIC 

4 8 383833.4 383767.4 

Predictor Value se t P 

Intercept 915.47 61.63 14.85 < 0.001 

GETturb -19.07 1.08 -17.73 < 0.001

Age -0.01 0.01 -1.33 0.184 

Diameter -1.00 0.72 -1.40 0.162 

Postop -62.15 9.45 -6.57 < 0.001



Figure legends 

Figure 1. The locations of wind farms ≥ two turbines in Scotland (100 km grid) as of 15 

March 2019, excluding Northern Isles of Orkney and Shetland: black circles show facilities 

with GPS-tagged eagle record(s) within 1 km; grey triangles show those with no GPS-tagged 

eagle records within 1km. 

Figure 2. The relationship between bird age (days since tagging as nestling) and distance to 

an operational turbine location (upper plot), and between rotor diameter and distance to an 

operational turbine location (lower plot). Solid trend line = mean distance; 95 % CL within 

grey shading. Dashed horizontal line = 500 m distance. 

Figure 3. The relationship between GET score (10 = most intrinsically preferred habitat) at a 

turbine location and measured distance of GPS-telemetry records from that location, before 

(upper plot) and after (lower plot) a turbine had started operating there. Solid trend line = 

mean distance; 95 % CL within grey shading. Dashed horizontal line = 500 m distance; 

dotted line = 115 m distance, the study’s widest rotor diameter away from a turbine hub 

location (i.e. double the maximum blade length). Italicised numbers above each plot’s GET 

score give scores’ n in telemetry records, and; above the dotted 150 m line, the subset of 

each score’s n within 115 m distance.  
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