
Citation: Fielding, A.H.;

Anderson, D.; Benn, S.; Taylor, J.;

Tingay, R.; Weston, E.D.; Whitfield,

D.P. Responses of GPS-Tagged

Territorial Golden Eagles Aquila

chrysaetos to Wind Turbines in

Scotland. Diversity 2023, 15, 917.

https://doi.org/10.3390/d15080917

Academic Editors: Michel Baguette,

Yunchuan Dai, Charlotte Hacker,

Yadong Xue and Yuguang Zhang

Received: 22 June 2023

Revised: 2 August 2023

Accepted: 5 August 2023

Published: 8 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Article

Responses of GPS-Tagged Territorial Golden Eagles Aquila
chrysaetos to Wind Turbines in Scotland
Alan H. Fielding 1, David Anderson 2, Stuart Benn 3, John Taylor 4, Ruth Tingay 5, Ewan D. Weston 1

and D. Philip Whitfield 1,*

1 Natural Research Ltd., Brathens, Aberdeenshire AB31 4BY, UK; a.h.fielding@gmail.com (A.H.F.);
ewan_weston@hotmail.com (E.D.W.)

2 Dave Anderson Ecology Ltd., Callander FK17 8EU, UK; dikanderson@googlemail.com
3 RSPB Scotland, Inverness IV2 3BW, UK; stuart@polarfox.myzen.co.uk
4 Forestry and Land Scotland, Lochgilphead PA31 8RS, UK; john.taylor@forestryandland.gov.scot
5 Wild Justice, 9 Lawson Street, Raunds, Northants NN9 6NG, UK
* Correspondence: phil.whitfield@natural-research.org

Abstract: Research on potentially adverse effects of wind farms is an expanding field of study and
often focuses on large raptors, such as golden eagles, largely because of their life history traits and
extensive habitat requirements. These features render them sensitive to either fatality (collision with
turbine blades) or functional habitat loss (avoidance through wariness of turbines). Simplistically,
avoidance is antagonistic to collision; although, the two processes are not necessarily mutually
exclusive in risk. A bird that does not enter a wind farm or avoids flying close to turbines cannot
collide with a blade and be killed. In the USA, collision fatality is implicated as the typical adverse
effect. In Scotland, avoidance of functional habitat loss appears more likely, but this depends in part
on the habitat suitability of turbine locations. Previous Scottish studies have largely concentrated on
the responses of GPS-tagged non-territorial golden eagles during dispersal. Several arguments predict
that territorial eagles may have lower avoidance (be less wary) of turbines than non-territorial birds.
Hence, we contrasted the responses of GPS-tagged non-territorial (intruding) and territorial eagles
to the same turbines at 11 operational Scottish wind farms. We show that territorial eagles rarely
approached turbines, but, as in previous Scottish studies of non-territorial birds, the spatial extent of
avoidance depended on the habitat suitability of both turbine locations and their wider surroundings.
Unexpectedly, we found that territorial eagles were apparently as wary as intruding non-territorial
conspecifics of the same turbines. Our results show that regardless of age or territorial status, Scottish
golden eagles largely avoided wind turbine locations, but this avoidance was conditional, in part,
on where those turbines were located. Responses to turbines were also strongly dependent on birds’
identities and different wind farms. We speculate on how widespread our findings of avoidance of
turbines by golden eagles are elsewhere in Europe, where there appear to be no published studies
showing the level of collision fatalities documented in the USA.

Keywords: human–wildlife conflicts; risk assessment; wind farm; raptor; GPS-telemetry; renewable
energy

1. Introduction

The global expansion of the wind energy industry continues apace [1–3]. There are
potentially beneficial effects of wind energy capture for biodiversity as a largely sustainable
and renewable source of energy supply mitigating human-induced climate change [4,5],
but there are environmental concerns [1,6].

Birds’ interactions with wind turbines are a concern, and research has often focused on
large raptors. This focus is largely on large raptors’ demonstrable or purported vulnerability
to collision with turbine blades [7–19].
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Large raptors also possess life history traits sensitive to additive mortality from anthro-
pogenic sources [20–22], notably in older individuals [7,23–28]. Alarms have been raised
on collision mortality potentially affecting population viability in several species [28–33].

Another potentially adverse effect is avoidance [34], including avoidance of turbine
arrays (wind farms) or individual turbines (macro- or meso-/micro-avoidance, respec-
tively: [34]), through disturbance and displacement [35–38] or wariness [39,40]. This can
produce functional habitat loss [35–40].

Despite an erstwhile predominance of recorded or assumed collision mortality, several
studies have nonetheless concluded avoidance as the main response of large raptors to
wind turbines, highlighting the consequential functional (indirect) habitat loss [37,39–44].
Functional habitat loss can incur serious impacts on large raptor populations. It may
potentially affect territory occupancy and reproductive output [45,46] in part because
individuals occur at low densities with extensive habitat requirements [47]. The significance
of any habitat loss to territorial birds will depend not just on the amount of lost habitat
but also on whether there is scope for compensatory territorial boundary reconfiguration
which will, in turn, depend on the adjacent landscape suitability and the proximity of
neighbouring pairs [46]. The use of key resources by migratory individuals may also be
affected detrimentally [37,42].

Simplistically, avoidance is antagonistic to collision. A bird that does not enter a
wind farm or avoids flying close to turbine blades cannot collide with a turbine blade
and be killed. The two processes are not necessarily mutually exclusive in risk, how-
ever [34,36,37,39–41]. The observed balance in risk between avoidance (towards func-
tional habitat loss) and collision (towards fatality) appears complex, involving several
factors [13,15,34,39,40]. Understanding these risk factors to predict the most likely ad-
verse impact is critical in environmental impact assessments of future wind farm propos-
als [38–40,48].

The golden eagle Aquila chrysaetos is well-studied in wind farm research. In North
America, the consensus is that both non-territorial and territorial birds are mostly vulnera-
ble to collision and consequent fatalities [7,14,15,18,19,28,49,50]. Avoidance may be more
likely in migrating eagles [42] through the use of different sources of wind energy uplift
to some resident birds [51,52]. First-year (juvenile) eagles at Altamont in California, USA
were less likely collision victims [28].

In Europe, the spatial coincidence between wind farm development and golden eagle
distribution has been described repeatedly [53–55]. To our knowledge, however, there are
no reports of golden eagle collision fatality rates from European wind farms comparable
to those from North America. Scottish studies empirically concluded avoidance as the
substantive response of golden eagles to wind turbines [39,40,56–58].

The risk of collision via proximity to turbines for non-territorial birds during natal
dispersal in Scotland was increased if turbines were placed in a more preferred habitat,
and at higher wind speeds, but not according to the age of turbines and their specifications
or birds’ age [39,40]. Given the number of turbines, the duration of their operation, and
their coincidence with the distribution of numerous eagles [40,53], however, reported
collision fatalities were very low [39]. In confirmation, a subsequent update (NatureScot
unpublished data) lists only five collisions over a 10-year period.

This observation shows the balance between avoidance and collision is not either/
or [36,37,39,41]. It is independently consistent, nevertheless, with the predominant reactions
of GPS-tagged dispersing Scottish golden eagles to the presence of turbines, to avoid flying
near them [39,40,56–58]. This evidence from movement behaviour included records of
spatial use before and after turbine presence [40].

Most Scottish studies have involved non-territorial eagles. Territorial eagles may not
show the same degree of avoidance as non-territorial dispersing birds because they are
more spatially constrained to a territory. Non-territorial birds have a greater capacity to
compensate for functional habitat loss by being able to utilise more areas free of turbines.
An inherent cost of wariness in avoiding turbines, which occupy intrinsically preferred
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habitats [40], should be greater for territorial birds. Moreover, despite no evidence suggest-
ing habituation in non-territorial eagles [40], repeated exposure to the same turbines may
favour habituation in territorial birds (see also [59]). This, again, could lessen avoidance re-
sponses so that collision may be more likely. Territorial birds also engage in flight displays,
pair interactions, and territory defence behaviours that may distract from their ability to
detect and respond to spinning turbine blades. We could expect, therefore, that territorial
birds differ in their reaction to turbines and are less wary.

The primary study objective was to examine the responses of territorial golden eagles
to operational wind farms in Scotland utilising GPS-telemetry data from tagged individuals,
to add to previous studies of non-territorial birds [39,40,57,58]. Underlying this objective,
we also sought to contrast the responses of territorial occupants against those of non-
territorial intruders to the same turbines, in the expectation (see above) that non-territorial
birds would be more wary of turbines. This accounted for any potential effects involving
different wind farms. Additionally, we considered the potential influence of the habitat
suitability of turbine locations and the surrounding habitat when this had been shown
previously to influence eagles’ proximity to operational wind turbines [39].

2. Methods
2.1. Study Species and Study System

Scotland is a wind energy-rich country [60] towards the northwestern extremity of
Europe covering 80,000 km2 with ambitious political targets for terrestrial wind farm
development [61,62]. Terrestrial wind farm construction began in the late 1990s, and by
2019, 3760 turbines were operating in 234 wind farms (11,839 MW across all substrates: [63]),
many in habitats potentially suitable for golden eagles [40,53]. The golden eagle has a
highly protective legislative status [64] that has created specific scrutiny in the planning of
Scottish wind farms [65].

Scotland supports over 500 resident territorial pairs of golden eagles [66] at globally
high densities in several western regions [66,67]. Territory densities in some eastern
regions are held below capacity by persistent illegal persecution associated with intensive
management for driven shoots of red grouse Lagopus lagopus scotica [26,58,68–70].

Golden eagles occupy upland habitats in Scotland which vary substantially in geology,
vegetation, topography, and climatic influences [67,70,71]. Through a warming influence of
the North Atlantic Current and an increased temperature lapse rate, characteristic upland
vegetation can be found near sea level in the west, closer to the Atlantic Ocean when,
further east towards continental influences, these are only recorded at higher altitudes.
Despite this geographic variability, a robust predictor of preferred spatial use involves a
simple topographic model combining measures of slope, distance to ridge, and altitude;
the Golden Eagle Topography (GET) model [72,73].

2.2. GPS-Tagging

All GPS tags were solar-charged models manufactured by MTI (Microwave Telemetry
Inc., Columbia, MD, USA), and their specifications and outputs are described elsewhere,
including use in previous studies of Scottish eagles [58,72,74–78].

Several birds were trapped as territorial occupants during the non-breeding season,
using remotely triggered bow nets at baited locations, assisted by surveillance at these
locations through ‘trail’ cameras that were ≥1 km from known active nest sites (as defined
by [79]). Captured birds were hooded immediately upon extraction from the net and were
processed away from the baited site. Processing time for ringing, colour-ringing, recording
plumage and biometrics, and harnessing the tag, was <45 min. Birds remained hooded
until just before release to allow for re-orientation to their surroundings. All trapped
individuals re-visited the same bait sites after being trapped, suggesting no aversion to
their trapping experience.

Birds tagged as territorial occupants were aged on plumage [80] together with infor-
mation from ringing and surveillance of turnover at focal territories (again, assisted by trail
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cameras). They were sexed on biometrics (e.g., [81]) and distinctive plumage in the hand,
which had been noted from images previously obtained by trail cameras at bait sites, since
both pair members usually utilised the bait location. In all cases, sex assignations were
confirmed by later observations of individuals’ behaviour, post-trapping camera imagery,
and when the pair were seen together.

Nestlings were tagged when 50–70 days old [82,83]. Nestlings were sexed on their
biometrics, supplemented by molecular techniques from an opportunistic sample, which
confirmed biometric assignations [75]. In addition, our wider study has documented over
40 birds tagged as nestlings which have later paired and settled on a territory [77]: in all
possible cases, visual observations have confirmed the allocated sex when first tagged.

Using 13 mm tubular Teflon Ribbon (Bally Ribbon Mills, Bally, PA, USA) sewed with
cotton or linen thread, all birds were fitted with a thoracic X strap harness [84,85], otherwise
called “crossover wing harness” [86] or “Garcelon-type harness” [87]. This method, and
others associated with tagging, were followed [85,88].

For all tagged birds, transmitter weights and harnesses were less than the 3% lower
recommended maximum body weight [89] (see also [90,91]). Our harness design and
tagging methods did not affect several raptors on survival or physical injuries, including
the golden eagle [87]. Tagging of Scottish eagles had no apparent adverse effects under
these metrics and others, including breeding productivity and territory occupation [58].

2.3. Data Inclusion Criteria

Criteria for inclusion in this study’s dataset were a minimum of 50 records of both
territorial and non-territorial dispersing individuals within 1 km of a wind farm’s tur-
bine [39,40] and within a territory with at least one tagged territorial occupant. Home
range boundaries of territorial birds overlapped with the outer limits of a wind farm. All
GPS-telemetry records were after wind farms had become operational. The methods used
to document wind farm locations, their specifications, and dates of operation are described
elsewhere [40]. These criteria created our study involving 11 wind farms (Table 1) located
mostly in the southwest Scottish Highlands (Figure 1).

Table 1. Wind farm characteristics. MW is the notional power output of all turbines; Diameter is
the diameter of the blades (m); Hub Ht is the height of the hub above ground level (m); mean GET
([72]; and see later text) is the mean Golden Eagle Topography model (GET) score (averaged over
100 m) for turbines in the wind farm, and Operational is the date the wind farm became operational.
Locations of the central point of the wind farms are given by Ordnance Survey coordinates (OS_X,
OS_Y) and latitude and longitude (see also Figure 1).

Wind Farm Turbines MW Diameter Hub Ht Mean GET Operational OS_X OS_Y Lat Long

A’Chruach 21 48.3 90 80 5.6 29 June 2016 192809 697756 −5.334 56.128
Allt Dearg 12 10.8 52 55 7.4 25 Sept 2012 182397 676545 −5.484 55.933
An Suidhe 23 19.3 48 56 6 04 Aug 2010 200860 708210 −5.213 56.225

Beinn an Tuirc 46 30 71 65 5.4 23 Dec 2001 174373 636250 −5.579 55.568
Beinn an Tuirc

Phase 2 16 43.7 82 59 6.5 01 Sept 2014 175350 630739 −5.559 55.519

Beinn an Tuirc
Phase 3 14 50 112 70 5.5 28 Oct 2021 173561 633440 −5.590 55.542

Beinn Ghlas 14 7.8 44 35 7.6 25 June 1999 197855 725785 −5.274 56.381
Blary Hill 14 28 101 93 5.6 01 Jan 2020 171379 636571 −5.627 55.569

Carraig Gheal 20 46 93 65 5.9 31 Aug 2013 197244 720675 −5.280 56.335
Cruach Mhor 35 33.3 52 45 5.4 31 Jan 2004 203712 687583 −5.151 56.041

Stronelairg 66 228 115 73 5.9 11 Dec 2018 252205 803549 −4.440 57.099
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Mhor; 11 Stronelairg (see also Table 1). The backdrop shows outputs at a 50 m pixel scale from the 
Golden Eagle Topography (GET) model, as a robust proxy of golden eagle habitat preference, keyed 
to 1–10 values, with 6+ values indicating the switch point towards increasing preference (see main 
text). 
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‘across’, but well above, a turbine array would incorrectly be deemed to be close to a tur-
bine location, falsely suggesting no avoidance. Three-dimensional distances were derived 
geometrically using the closest 2D distance and the difference in above-ground altitudes 
between telemetry records and the turbine hub. A line joining sequential locations may 
pass closer to a turbine than either of the line’s endpoints. We constructed lines for all 
record pairs separated by a maximum of 60 s. Approximating the flight segment as a 
straight line does not allow for micro-avoidance of turbines [34], so distances to turbines 
were likely to be conservatively low. We restricted the time interval to 60 s to minimise 
this potential error. We found the minimum 2D distances from these lines to the nearest 

Figure 1. Locations of the 11 study wind farms. 1 A’ Chruach; 2 Allt Dearg; 3 An Suidhe; 4 Beinn
an Tuirc; 5 Beinn an Tuirc 2; 6 Beinn an Tuirc 3; 7 Beinn Ghlas; 8 Blary Hill; 9 Carraig Ghael;
10 Cruach Mhor; 11 Stronelairg (see also Table 1). The backdrop shows outputs at a 50 m pixel scale
from the Golden Eagle Topography (GET) model, as a robust proxy of golden eagle habitat preference,
keyed to 1–10 values, with 6+ values indicating the switch point towards increasing preference (see
main text).

The data inclusion criteria allowed records from 33 GPS-tagged eagles recorded within
1 km of these 11 wind farms (Table 2). The source of these records involved six birds tagged
as territorial occupants, three birds tagged as nestlings which later settled on a territory [77],
and 24 birds tagged as nestlings which were documented within the study’s territories as
intruding non-territorial birds during dispersal (Table 2).
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Table 2. Tagged bird data. ID (bold is a dispersing non-territorial bird that later settled); First and Last are the first and last record dates. For birds tagged in the nest,
dates are given for dispersal and settlement (if has happened yet); Status is the tag’s status at the last record date (SNMF—stopped no malfunction fate, an assumed
illegal killing); Records (locations within 1 km of a turbine); All is the total number of tag records whilst the bird was territorial or dispersing.

ID SEX First Last Dispersed Settled Status Records All

Territorial birds
102 F 30 Nov 2015 04 July 2021 SNMF 3760 88,398
816 M 01 Mar 2017 06 Nov 2022 Still tracking 28,618 442,963
991 M 09 Feb 2018 09 Nov 2021 Still tracking 24,712 496,576
992 F 25 Jan 2019 13 Feb 2020 Died—natural 439 10,409
925 F 27 June 2017 29 Oct 2022 27 Feb 2018 26 Sept 2022 Still tracking 3463 258,127
996 M 20 Feb 2021 02 Dec 2021 SNMF 14,650 99,379
1025 M 26 June 2018 14 Sept 2022 20 Jan 2019 10 Sept 2021 Still tracking 502 398,978
1031 M 02 July 2018 30 Oct 2022 01 Apr 2019 06 Sept 2021 Still tracking 152 173,301
1157 F 07 Feb 2021 03 Mar 2023 Still tracking 4921 239,532

Non-territorial birds
100 M 22 June 2014 08 Nov 2022 04 Feb 2015 22 Mar 2019 Still tracking 693 45,618
582 F 07 July 2016 08 Nov 2022 07 Nov 2016 02 Mar 2021 Still tracking 848 31,955
584 M 03 July 2015 08 Nov 2022 12 Apr 2016 16 Oct 2021 Still tracking 1415 130,405
810 F 29 June 2016 20 Jan 2020 08 Mar 2017 Stopped—malfunction 223 103,953
811 F 29 June 2016 08 Nov 2022 16 Jan 2017 Still tracking 890 253,944
812 M 29 June 2016 08 Nov 2022 12 Dec 2016 Still tracking 50,608 383,400
925 F 27 June 2017 29 Oct 2022 27 Feb 2018 26 Sept 2022 Still tracking 6518 246,110
930 M 04 July 2017 28 Oct 2022 15 Mar 2018 Still tracking 5703 311,021
933 F 07 June 2019 29 Oct 2022 19 Sept 2019 20 Apr 2022 Still tracking 568 275,210
997 F 28 Feb 2021 02 Mar 2023 28 Feb 2021 20 Oct 2022 Died—natural 478 85,073
1023 F 15 June 2018 09 May 2021 03 Jan 2019 SNMF 2796 201,250
1025 M 26 June 2018 14 Sept 2022 20 Jan 2019 10 Sept 2021 Still tracking 55,047 348,593
1030 F 07 July 2018 24 Oct 2021 28 Oct 2018 19 Apr 2021 Still tracking 1522 139,709
1031 M 02 July 2018 30 Oct 2022 01 Apr 2019 06 Sept 2021 Still tracking 995 191,410
1075 M 04 July 2019 29 July 2020 23 Oct 2019 Stopped—malfunction 239 60,266
1078 F 20 June 2020 08 Nov 2022 25 Jan 2021 Stopped—malfunction 574 193,416
1092 M 27 June 2019 29 Oct 2022 01 Nov 2019 Still tracking 7645 169,591
1093 M 06 July 2021 29 Oct 2022 05 Nov 2021 Still tracking 123 71,099
1096 F 04 July 2019 29 Oct 2022 30 Oct 2019 SNMF 80 242,738
1099 F 01 July 2020 29 Oct 2022 13 Feb 2021 Still tracking 1737 161,798

10220 M 24 June 2018 10 Sept 2019 19 Feb 2019 Died—natural 1413 76,812
57106 F 16 July 2010 26 June 2014 13 Nov 2010 Stopped—malfunction 338 10,200
107140 F 25 June 2012 24 June 2017 21 Jan 2013 Stopped—malfunction 99 9875
129005 M 01 July 2013 01 Mar 2023 06 Nov 2013 26 Jan 2016 Still tracking 209 3291
129007 21 June 2015 12 Dec 2016 25 Feb 2016 Died—natural 54 1434
129015 F 27 June 2014 11 June 2016 14 Nov 2014 SNMF 73 2904
148633 F 26 June 2015 01 Mar 2023 09 Feb 2016 Still tracking 62 9393



Diversity 2023, 15, 917 7 of 24

2.4. Distance of Telemetry Records to Turbines

The closest distance from a tag record, or flight line, to the nearest turbine hub location
was our measure of an eagle’s proximity to a turbine [39,40]. Flying birds may avoid wind
turbines in 3D [37,39,40,42], and if horizontal distances are used, a bird flying ‘across’,
but well above, a turbine array would incorrectly be deemed to be close to a turbine
location, falsely suggesting no avoidance. Three-dimensional distances were derived
geometrically using the closest 2D distance and the difference in above-ground altitudes
between telemetry records and the turbine hub. A line joining sequential locations may
pass closer to a turbine than either of the line’s endpoints. We constructed lines for all
record pairs separated by a maximum of 60 s. Approximating the flight segment as a
straight line does not allow for micro-avoidance of turbines [34], so distances to turbines
were likely to be conservatively low. We restricted the time interval to 60 s to minimise this
potential error. We found the minimum 2D distances from these lines to the nearest turbine
hubs and used these distances if they were less than the distance from either of the end
locations. The 3D distance to a turbine hub was calculated as for a single point except that
the altitude for a flight line, at its closest point to a turbine, was given by the altitudes of its
composite consecutive start and end records weighted by the relative length of the line at
its closest 2D pass location.

2.5. Intrinsic Habitat Preference

Turbine locations may be avoided not because of the presence of a turbine but because
the turbine is not in the habitat (including air space) preferred by golden eagles. Inherent
habitat preference was an important influence in golden eagles’ response to turbines during
natal (juvenile) dispersal [39,40]. Hence, we included a measure of habitat preference in
the analyses. We used the Golden Eagle Topography (GET) model [72] to predict space use
by eagles independent of the presence of turbines. GET provides a topographically based
surrogate for the availability of orographic winds, which have repeatedly been found as
influential in habitat selection studies of golden eagles and other large facultative/obligate
soaring raptors [72]. ‘GET values’ range from 1 to 10, and a GET 6 value is a switch point
in preference so that GET 6+ indicates an increasingly preferred habitat.

The GET model was not developed for territorial adults but for non-territorial birds
during natal dispersal [72]. The model, nevertheless, also has a high predictive capacity for
GPS-tagged territorial birds [73]. Agreement between predicted GET values and observed
use from GPS-telemetry in 14 territorial eagles was, on average, 96% (range 87–100%,
per territorial bird) in correctly identifying preferred habitat across 50 m pixels within
territories [73]. Therefore, GET was used to estimate habitat preference in all eagles. Further
details of affirmative testing of GET for range-holding territorial birds are in Appendix A.

Mean GET values were estimated using 100 m buffers around all 50 m land pixels
within 1 km of turbines included in the study. We used mean values, rather than pixel
point values, to better characterise the GET landscape in the vicinity of a tag location or
a turbine tower. We calculated the difference in mean GET values, of the pixels at the
locations, (tag—turbine GET values) for each record. A positive difference indicates that
a bird was in a more topographically suitable habitat than the nearest turbine and vice
versa. If eagles select a habitat with higher GET values it should be expected that, in
general, the distance to a turbine will reduce as the difference in GET values becomes
increasingly negative, indicating that the habitat is more suitable around the turbine than
it is around a bird’s current location. If this is true, a model with distance-to-turbine as
the response variable and the difference in GET values as the predictor should have a
significant positive coefficient.

2.6. Random Points

If birds are excluded by the outer turbines of wind farms, there will be fewer records
than expected inside wind farms [39]. The perimeter of a wind farm was described by
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a concave polygon constructed manually from the turbine locations plus a buffer equal
to the radius of the turbine blade in that wind farm. Any records inside this polygon
are notionally inside the wind farm, but a wind farm has a 3D structure and birds could
be over a wind farm but not inside it. A bird record was classed as being inside a wind
farm if it was within the wind farm in 2D space and lower than the altitude of the turbine
hub plus the turbine diameter. We used turbine diameter rather than turbine radius as a
precautionary estimate of the number of records within a wind farm [39,40].

To estimate the total number of records expected within a wind farm, in 2D space, we
used the random points tool from the vector research tools menu in QGIS v3.28.0 [92] to
generate random points at a density of ~5.0 ha−1 in each of the wind farm’s 1 km buffers.
As birds could be outside of wind farms in 3D space whilst being inside in 2D space,
the proportion of random points inside a wind farm needs to be adjusted, otherwise, it
will exaggerate differences between birds and random points. The number of random
point records inside a wind farm was reduced by the proportions of bird records inside a
wind farm in 3D space, compared with those inside the wind farm in 2D space. Separate
adjustments were made for territorial and dispersing birds.

In addition to counting the records inside and outside of the wind farms, we also
calculated summary statistics of the GET values for these random point locations. This
enabled us to visualise the distribution of GET values as a robust surrogate for habitat
preferences at these randomly selected locations.

In a refinement, we considered only those bird and random locations over topographi-
cally preferred habitats, which was defined as locations with a GET score of six or more
([72]; see earlier). This refined pruning exercise examined if any use vs. availability dif-
ferences through the random point method erred to a feature of avoidance rather than
discrepancies in habitat suitability (proportionally, inside, and outside wind farms). A
smaller proportional use of random locations inside wind farms, even in preferred habitats,
would indicate that birds were responding to the presence of turbines and not to any
differences in preferred habitats which may come about if, for example, wind farms were
constructed in less preferred habitats for eagles.

2.7. Statistical Analyses

Our data contained repeated records from the same wind farms and birds, and these
will violate the assumption of independent y-values [93,94]. Therefore, we used R version
4.2.3 [95] within RStudio ([96]; version 2023.03.0 + 386 “Cherry Blossom”) and the lme4
package [97] to perform linear mixed effects analyses with wind farm identity and bird
identity as random effects and the distance to the nearest turbine as the response variable.
Random effects were assumed to have both random intercepts and slopes because including
only random intercepts tends to inflate the Type I error rate [98], and there was no reason to
believe that the response to differences in GET values would be the same for all individuals
and wind farms. Two fixed effects were investigated: class (territorial range holder or
dispersing non-territorial) and the difference in mean GET values.

Four models were tested: a null model containing only the random effects, two models
with one of the fixed effects, and a final model with both fixed effects. Residual plots were
investigated visually for evidence of obvious deviations from homoscedasticity or normal-
ity. p-values were obtained by likelihood ratio tests of a model (using log-likelihood to
maximize the fit) with the effect(s) in question against a model containing only the random
effects or a model with one less predictor. We divided the amount of observed variation
explained by the best model (judged as the model showing the largest improvement over
the null model containing only random factors plus the AIC values [99,100]) into a marginal
coefficient of determination (deviance attributable to the fixed factors), and a conditional
coefficient of determination which included the deviance attributable to both fixed and
random factors.
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3. Results
3.1. Descriptive Statistics

Both bird classes (territorial and non-territorial intruders) were rarely recorded close
to turbines at any of the 11 wind farms (Table 3). Although there were differences between
wind farms (Figure 2), even the closest mean approach distance (368 m for dispersing birds
at Blary Hill) was a considerable distance from a potential turbine tip which has a radius
of 50.5 m from the hub. If 2.5% quantiles are considered, the closest distance was 100 m
by a territorial bird at Beinn Ghlas, where the turbine radius was only 22 m (Table 3). The
mean approach distance was greater for territorial birds (656 m v 572 m), but there was
considerable overlap with non-territorial birds (95% empirical confidence limits 152–998 m
for territorial birds and 175–979 m for non-territorial birds).

Table 3. Descriptive statistics for distances (m) from bird records to the nearest turbine hub.
q0.025 and q0.975 show 2.5% and 97.5% quantiles. Number of records is given by n, and class
differentiates between intruding non-territorial birds (NT) and territorial range holders (T).

Wind Farm Mean min sd q0.025 q0.975 n Class

A’Chruach 719 117 268 246 1162 2183 NT
734 75 190 324 998 24,915 T

Allt Dearg 659 88 232 244 1050 947 NT
671 204 238 255 1041 128 T

An Suidhe 641 61 254 179 997 7485 NT
620 48 265 154 989 28,835 T

Beinn an Tuirc 636 28 111 415 985 453 NT
633 83 284 150 1151 60 T

Beinn an Tuirc 2 689 63 234 204 1010 549 NT
776 73 218 281 1003 1337 T

Beinn an Tuirc 3 645 53 281 170 991 1028 NT
527 88 260 160 973 1859 T

Beinn Ghlas 755 131 198 304 1002 1365 NT
603 26 276 100 996 18,985 T

Blary Hill 368 52 244 158 923 542 NT
440 188 205 236 892 53 T

Carraig Ghael 762 103 243 264 1000 1014 NT
753 128 221 187 1002 593 T

Cruach Mhor 804 39 218 253 1168 864 NT
688 62 269 172 1086 3796 T

Stronelairg 559 49 234 173 968 124,494 NT
693 104 261 180 999 502 T

Twenty-point four percent (22,472/110,267) of random points were “inside” wind
farm boundaries in 2D space. Only 3.4% (mean % per bird, sd 3.91%, range 0.4–12.9%)
of territorial bird records were “inside” wind farms from 2D data, and this reduced to
1.3% (mean % per bird, sd 1.68%, range 0–4.7%) after adjustment for 3D measures. After
adjusting the random points, using the proportion of territorial bird records inside 3D space
(790/1725 = 0.458), the number of random points inside wind farms reduced to 10,292 or
9.3% of the total. Therefore, the proportion of territorial bird records inside the wind farms’
3D volumes was considerably smaller than the proportion of random points.

For non-territorial birds, inside wind farms on 2D measures, the comparable percent-
age of records was slightly larger than for territorial birds, 5.9% (mean % per bird, sd 5.99%,
range 0.4–19.5%), or 4.0% (mean % per bird, sd 5.85%, range 0–18.7%) when adjusted for
3D measures. After adjusting the random points, using the proportion of dispersing bird
records inside 3D space (20,198/21,065 = 0.959), the number of random points inside wind
farms’ 3D volumes reduced to 21,55 or 19.5% of the total. The proportion of non-territorial
bird records inside wind farms’ 3D volumes was again considerably smaller than that of
random points, but the difference was less than that for territorial birds.
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Figure 2. Examples of GPS records of territorial birds at three study wind farms (turbine locations
as blue crosses). Upper panel A’Chruach, middle panel An Suidhe, lower panel Beinn Ghlas (see
Figure 1 for wider geography and Table 1 for geographic coordinates). Delineated areas with diagonal
blue lines show large freshwater bodies (lochs). The backdrop from white to pale blue through pink to
increasing intensity of red illustrates GET model values (0–10), with the switch to red (and increasing
intensity of red) reflecting predicted preferred habitat (6+) with increasing preference intensity.
Records of eagles within the wind farm (3D) are shown with black stars. Black lines show connections
between consecutive territorial birds’ records (<1 km as a cut-off, illustratively) for birds whose
territorial boundaries enveloped the respective wind farms. See main text and Table 3 for disparity of
record numbers within and out with the study’s wind farms.
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Descriptively, these results suggest that bird records of both classes inside wind
farms were lower than expected if they were randomly distributed. This was against
additional expectations that territorial birds could show less evidence of being wary of
turbine locations. The range of percentages of records inside the wind farm highlights the
importance of differences between individuals which is also highlighted by the statistical
model (Section 3.2). The tagged eagle with the second highest proportion of records inside
a wind farm, as a non-territorial bird, was the same individual with the highest proportion
of records inside a wind farm for a territorial bird after later settling on a territory (tag
1025 consequently appears in both data sets, Table 2).

Restricting the analyses to only those locations over topographically preferred habitats
did not change the interpretation. In 2D space, 15.5% (5089/32,768) of the random points
were inside wind farm boundaries while only 3.9% (mean % per bird, sd 4.54%, range
0.0–12.2%) of territorial bird records were “inside” wind farms, and this reduced to 1.8%
(mean % per bird, sd 3.04%, range 0–9.1%) after adjustment for 3D measures. After
adjusting the random points, using the proportion of territorial bird records inside 3D space
(790/1725 = 0.458), the number of random points inside wind farms reduced to 10,292 or
9.3% of the total. Therefore, the proportion of territorial bird records inside the wind
farms’ 3D volumes was considerably smaller than the proportion of random points. This
magnitude of difference suggested that territorial birds’ responses to turbines were more
likely due to the presence of turbines, rather than less preferred habitat within wind farms.

In the analyses restricted only to preferred habitat locations, the percentage of records
from non-territorial birds inside wind farms in 2D space was similar to that for territorial
birds, 4.2% (mean % per bird, sd 4.79%, range 0.3–14.1%), or 3.1% (mean % per bird, sd
4.59%, range 0.0–13.7%) when adjusted for 3D measures. After adjusting the random points,
using the proportion of dispersing bird records inside 3D space (10,975/11,483 = 0.96), the
number of random points inside wind farms’ 3D volumes reduced to 4885 or 15.0% of
the total. Therefore, as with the full data set, the proportion of non-territorial bird records
inside wind farms’ 3D volumes was smaller than that of random points and similar to that
for territorial birds.

GET values also did not suggest subjectively that this substantial difference in random
vs. empirical records inside wind farms was due to locational disparities in underlying
habitat preference (Table 4). Data on GET values again suggest little difference between
territorial and non-territorial birds’ records, either inside or outside wind farms. Outside of
wind farms, there were indications that both classes of birds were prone to select areas of
higher habitat preference compared with random locations (Table 4).

Table 4. Descriptive statistics for Golden Eagle Topography (GET) model values from across all
study wind farms according to several metrics. In a potential range of 0–10 values, the switch point
indicating increasing preference is 6+ (Methods). Differentiation between inside and outside of wind
farms is described in Methods.

GET Values

Metric Mean sd Range

Turbine locations 5.9 1.35 3.0–9.2
Random points: inside 5.7 1.21 3.0–9.8

Random points: outside 6.3 1.64 0.3–10.0
Non-territorial birds: inside 6.3 1.26 3.0–9.8

Non-territorial birds: outside 7.9 1.64 0.6–10.0
Territorial birds: inside 6.3 1.25 3.0–9.1

Territorial birds: outside 7.4 1.38 0.3–10.0

3.2. Analytical Statistical Results

Summaries of the four model structures are given in Table 5, and Table 6 shows
the model comparison results. The model comparison results suggest that birds’ ‘class’
(territorial or non-territorial) did not improve the model fit, compared with the null model
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(m0 v m1, p = 0.255: Table 6). This confirmed that approach distances to the same turbines,
by territorial range holders and intruding non-territorial birds, did not have a statistically
significant difference.

Table 5. Summary outputs of the four analytical models (see Methods). m0 was the null model,
containing only random effects; m1 included the fixed effect of ‘class’ (birds’ class as territorial or
non-territorial); m2 included the fixed effect of GET model (surrogate for habitat preference), and m3
included both ‘class’ and ‘GET’ as fixed effects. Intercept column shows model coefficients with 95%
CLs in parentheses.

Model AIC Intercept Class GET Marginal R2/Conditional R2

m0 3063751 538.3 (455.7–620.8) 0.000/0.378
m1 3063751 535.7 (453.1–618.4) 6.4 (−4.6–17.4) 0.000/0.377
m2 3056509 505.1 (420.2–589.9) 24.2 (−5.4–53.7) 0.019/0.430
m3 3056509 508.5 (423.9–593.0) −8.9 (−19.8–2.1) 24.2 (−5.6–54.0) 0.019/0.433

Table 6. Model comparisons (see Table 5 for model structures and terminology on fixed effects). npar
is the number of parameters.

Model Fixed Effects npar AIC Log-Likelihood Deviance X2 df p (>X2)

m0 none 4 3063751 −1531871 3063743
comparing with m0 (null model)

m1 class 5 3063751 −1531871 3063741 1.295 1 0.2551
m2 GET 9 3056509 −1528246 3056491 7251.6 5 <0.0001
m3 class and GET 10 3056509 −1528244 3056489 7254.1 6 <0.0001

comparing with m1 (class model)
m3 class and GET 10 3056509 −1528244 3056489 7252.8 5 <0.0001

comparing with m2 (GET model)
m3 class and GET 10 3056509 −1528244 3056489 2.5197 1 0.1124

However, including the GET difference predictor resulted in a significant improvement
in the model fit (m0 v m2, p < 0.001) (Table 6). Although the model with both fixed effects
improved the fit compared with the null model (m0 v m3, p < 0.001), adding class (birds’
territorial status) did not improve the model compared with the single predictor GET
difference model (m2 v m3, p = 0.112). Conversely, adding GET difference to a model
containing class (birds’ territorial status) improved the model compared with the class-only
model (m1 v m3, p < 0.001).

The best model (via AIC and model comparisons) was, therefore, the model containing
the difference in GET scores as a single fixed effect (Table 6). The difference in GET scores
(averaged over 100 m) was significantly associated with the distance from an eagle to the
nearest turbine (χ2 = 7251.6, p < 0.001), increasing the distance by ~24 m ± 15.1 m (standard
errors) for every unit increase in the GET value difference (Table 6).

Although the model including the GET difference had a significantly improved fit
compared with the null model, the extra deviance explained by the GET difference was
small compared with that explained by the random factors (Table 6). The marginal co-
efficient of determination (deviance attributable to the fixed factors) was 1.9% (marginal
R2) compared with 43.0% (conditional R2) for the conditional coefficient of determina-
tion (Table 5). Therefore, although significant, the GET difference fixed effect added little
additional explanation to the change in distance to a turbine when compared with that
explained by the two random factors: the identity of the eagle (independent of territorial
occupancy class) and the wind farm.

4. Discussion

We found that territorial eagles did not differ significantly from non-territorial eagles
in their approach distances to the same wind turbines at 11 wind farms. Their response, con-
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sistent with previous research in Scotland (only on dispersing non-territorial eagles: [39,40])
was suubstantially avoidance that was conditional on the relative attractiveness of habitat
adjacent to and within the wind farm.

In the present study, through focusing on territorial eagles, we did not have the benefit
of comparing eagles’ use of a wind farm location before and after the turbines’ operation,
as was available previously for non-territorial eagles [39,40]. Such before and after data
give greater assurance that any paucity of eagle records within a wind farm or close to its
turbines is due to the turbines and not any intrinsic difference in habitat suitability where
turbines were placed. A conclusion towards avoidance, rather than wind farms being in
less suitable habitats, however, was supported by only including pruned random and eagle
use locations in preferred habitat locations. Additional support to this conclusion was also
provided by the habitat preference scores inside and outside wind farms (Table 4).

There was an expectation that avoidance could be less for territorial birds. This
expectation included greater constraints on habitat availability (including spatial use)
imposed by territoriality so that the preferred habitat around wind turbines would be
proportionately more valuable. Moreover, repeated exposure to the same turbines, through
spatial constraints, combined with (typically) the greater age of territorial birds could
increase the prospect of habituation in territorial birds. Behavioural differences imposed by
territoriality could also lead to closer approaches to turbine blades.

Despite this expectation, we found no evidence for closer approaches towards turbines
by territorial eagles. Rather, while not significant, the analytical results erred towards non-
territorial birds being more prone to closer approaches to the same turbines. Predominantly,
therefore, the main impact of wind turbines on territorial eagles in Scotland—as in non-
territorial conspecifics—was functional habitat loss through avoidance of displacing birds
from otherwise suitable habitats.

However, in keeping with previous studies based only on non-territorial Scottish
eagles [39,40], we found that the degree of territorial birds’ avoidance was conditional
on the attractiveness of both the immediate habitat surrounding turbines and turbines’
locations in a wind farm. Despite the primary overarching tendency towards avoidance
and functional habitat loss, the risk of collision (proxied by approach distances to turbine
blades) increased when turbines were in locations of and surrounded by preferred habitats.

Thus, the two primary potentially adverse effects (collision vs. avoidance) are not
“either/or” but represent antagonistic extremities on a continuum [34,37,39–41]. Different
species, populations, and individuals may occupy different places on this continuum,
which may shift according to the stage of the life cycle, time, or several other factors [13,34].

On such factors, the present study showed that individual birds’ behaviour and
different wind farms were strongly influential on eagles’ proximity to wind turbines. The
locations of individual turbines and wind farms have been documented previously as
influential in studies of griffon vultures Gyps fulvus by dint of collision fatalities coinciding
with modelling of topographic and weather-related drivers [101,102]. This Spanish vulture
research prefaces our findings from Scottish golden eagles; although, the prospect of
collision appears higher in the Spanish vultures, likely because of different species’ flight
modes [39].

Previous Scottish studies found no suggestion that non-territorial golden eagles
changed their response to wind turbines with temporal exposure, either via their age
or the age of the turbines [40]. The present study also confirmed that there was no evidence
of territorial birds’ habituation in their responses to turbines (see also [38,44,103]). While
we did not examine the age of birds per se explicitly, it was implicit in the comparisons
between territorial and dispersing birds, since the former were typically older (Table 2)
and incurred greater repeated exposure to the same turbines, several of which had been
operational for many years (Table 1).

Our finding that territorial golden eagles in Scotland typically avoid wind turbines
begs the question of whether this may affect their choice of nest sites or their occupation or
re-occupation of formerly vacant territories which now include wind farms. Subjectively,
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there appears to be no discernible effect. For example, within the present study, nest
sites were used or newly established which were 1.9 km and 1.5 km away when there
were no closer alternatives nearer wind farms (A’Chruach and Cruach Mhor wind farms,
respectively: Table 1, Figure 2). Re-occupation of vacant territories by tagged birds has
occurred despite the proximity of wind farms (e.g., Beinn Ghlas: Table 1, Figure 2).

Anecdotally, despite a presumptive planning guideline for Scottish wind farms to
be discouraged within the ‘core’ of a territory (i.e., within 3 km of nest sites: [73]), to
our knowledge, nine pairs with at least one tagged partner have established nest sites or
new territories involving nests located within 2 km of an operational wind farm. In the
larger non-tagged population, there are further examples, though several will not have
been documented, with the closest nest 125 m from the nearest turbine (R. Reid personal
communication). Intriguingly, it appears that while Scottish territorial golden eagles are
wary of most turbines and so avoid them, this does not necessarily transfer to their choice
of nest sites as regards ‘disturbance distance’ or apparently ‘accepting’ them as (typically)
largely unsuitable locations within their home range.

The present study re-affirms and expands on an apparent difference between the
response to wind turbines by golden eagles in Scotland [39,40,56–58] and in the
USA [7,14,15,18,19,28,49]. Previous speculation on this difference suggested that eagles
could be more wary of turbines in Scotland because of greater historical and contemporary
persecution by humans, rendering it beneficial to survival if any novel anthropogenic
feature of the environment (such as wind turbines) is avoided [39,40]. There may also be
planning differences if Scottish turbines are less often consented to in highly preferred eagle
habitats, but this seems highly unlikely—at least in recent years (post-initial wind farm
installations at Altamont in California) with increasing knowledge—given the enhanced
protected status of the golden eagle in the USA (e.g., [14]).

Elsewhere in mainland Europe, there have been several studies highlighting the
overlap between golden eagle distribution and potential wind farm development
e.g., [54,55,104]. These studies typically emphasised the potential adverse impact of col-
lision mortality, following from earlier USA findings. To our knowledge, however, we
are unaware of any subsequent European study which has subsequently confirmed the
collision mortality rates documented in the USA. The apparent absence of any empirical
study of golden eagles at post-operational wind farms in mainland Europe, or any reporting
of fatality rates (other than incidental records) in the peer-reviewed literature, is curious
and may have several causes. It deserves further attention and outputs, especially when
(for example), in some regions of Spain, monitoring of collision fatalities is mandatory [48].

In Scotland, golden eagle and wind farm development overlap in distribution was
similarly prefaced [53] and has subsequently been reported on ([39,40], present study). In
Scotland, the response to the coincidence of wind farm development and golden eagle
distribution is primarily avoidance but does not exclude the possibility of collision in some
circumstances. Records of collision fatalities are correspondingly rare (Introduction) despite
a marked overlap between eagle distribution and substantial movements with wind farm
distribution. However, it is important to caveat conclusions from studies such as [53]
because the measure of what constituted suitable eagle habitat was a broad measure, but
satellite tracking data show that quite fine-scale characteristics of the habitat are important
in determining the movements of eagles; for example, see the flight lines in Figure 2.

In conclusion, while our results show that territorial eagles were like non-territorial
eagles in substantively avoiding wind turbines, there were clearly common factors that may
lead to greater prospects of collision, supporting those outlined previously [39,40]. The
primary factor was if turbines were in highly preferred habitats surrounded by similarly
highly preferred habitats.

In wind farm design planning, attempts to avoid such habitat would not only be
beneficial by way of reducing prospective collision risk—even if fundamentally unlikely
in Scotland—but would also reduce the functional habitat loss through avoidance. Such
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considerations based on habitat are not new at wider landscape scales (e.g., [31–33]) or at
local installation scales [105], or specific turbine scales [101,102].

Our study emphasises the importance of wind farm design to include a focus on
specific turbine locations and to identify prospective potential effects appropriately. In this
respect, we recommend the involvement of the GET model for golden eagles and other
facultative soaring large raptors (when it can be readily transferred: [72])—given a persistent
finding of its predictions on habitat preference influence in informing proximity to turbine
locations. For several large raptors, similar models to GET could provide an empirically
based tool by which potential wind farm sites can be assessed and by which designs on
specific turbine locations can be adjusted to avoid the potentially most problematic areas.

Whether via GET [72], other vulnerability modelling [19,101,102], or robust empirical
assessment utilisation data, proposed specific turbine locations should be placed under
special scrutiny in the planning process for large raptors, as they can differ in potential effect
and impact (see also [50]). It is particularly important that proposed turbine locations with
high habitat preference (and with similar surroundings), and the outer turbine locations,
are evaluated as avoidance of these turbines on, for example, a ridge which could result in
additional habitat losses outside of the wind farm.

A key and generic international takeaway from the present and earlier studies of
Scottish golden eagles’ responses to turbines is that, if proposed turbines are in a highly
preferred habitat, then regardless of the base response to turbines (on the avoidance—
collision continuum), such locations should be problematic in wind farm planning. This
is because, if consented, they will either disproportionately increase the risk of greater
functional habitat loss or increase the risk of collision fatalities. The two outcomes differ in
their effects, but each has detrimental impacts.
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Appendix A

Does the GET model work for both territorial (range holding) and non-territorial
(dispersing) birds?

The answer to the above question is yes.
The GET (Golden Eagle Topography) model was developed explicitly for dispersing

non-territorial birds [72]. Below we test the robustness of the GET model when used
with territorial range holding birds and with new data for dispersing non-territorial birds
collected since the model was first developed. If the model performs well with these new
data, it is an indication that it is a robust approach to modelling potential habitat use by
golden eagles that could have greater utility in environmental impact assessments.

The robustness of the GET model was validated using tracking data collected later than
the cut-off date used in development of the GET model (1 February 2017–31 December 2021).
Training data for developing the GET model used data up to 1 January 2015 (146,116 records)
while testing data (173,032 records) used data between 1 January 2015 and 15 January 2017.
These tracking data are ‘new’ or involve validation data which played no part in the model’s
development or original testing.

There were:

• 1,711,876 records from 17 birds tagged as territorial range holding birds.
• 349,521 records from 27 tags of birds that have settled on a territory after being tagged

in the nest; some of which were sub-adult at settlement.
• 4,555,637 records from 99 tags from non-territorial birds during dispersal.

The mean GET score was determined for all 10 km squares in Scotland and for a subset
of squares which had satellite tracking records. Using its location, each tag record was
assigned to a 10 km square and the GET score at its recorded location. Dividing the sum of
tag GET scores by the number of tag records in a 10 km square gives the mean tag GET
score for that 10 km square. It is normal for tag GET means to be larger than landscape
GET means because golden eagles preferentially use those parts of a 10 km square with
higher GET scores (Fielding et al. 2020). Figure A1 shows that golden eagles were more
likely to be found in squares with higher mean GET scores. Note that the density tails off
increasingly towards 10 because 10 km squares cannot have a mean GET of 10 unless the
entire square is GET 10.

Figure A2 compares the GET densities of the landscape (black) against those for
dispersing (red) and settled (blue) birds. Both tagged birds’ distributions have a marked
right skew, i.e., tags selected parts of the 10 km squares with higher GET values. The skew
was most pronounced for terriorial birds (blue). This skew was predominantly apparent
after the previously documented switch point towards preference at GET 6 [72].

The density plots in Figures A1 and A2 take no account of the number of tag records
in a square which varied from 1 to 406,434 (square NN73: Ordnance Survey reference). The
mean tag count per 10 km square is 8745 records (interquartile range 70 to 6200). Figure A3
shows the distribution of the log of the number of tag records per 10 km square.

Bubble plots are scatter plots in which the size of the symbol is proportional to the
number of observations (Figure A4). Figure A4 shows bubble plots for all non-territorial
(dispersing) and territorial (range holding) birds’ mean GET scores, against the landscape
mean GET score for 755 10 km squares with tag records.
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The black diagonal lines in Figure A4 have a slope of 1 and an intercept of 0, i.e., the
expected trend if the mean tag score is identical to the square’s mean landscape GET score,
indicating no selection by the birds. The dotted red line also has slope of 1 but an intercept
of 1, i.e., an offset of 1, so points above this line are for 10 km squares in which tag records
have a mean GET score that is >1 more than the square’s mean landscape GET score.
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Figure A4. Bubble scatter plots of the relationships between a 10 km square’s landscape mean GET
score and the mean GET score of tag records in that square. The black diagonal line had a slope of
1 and an intercept of 0. The dashed red diagonal line had a slope of 1 and an intercept of 1.

Figure A4 illustrates several points:

• It is rare for the mean tag score to be less than the square’s landscape mean GET score,
i.e., points below the black diagonal line. None of those squares has many records.

• Non-territorial (dispersing) birds were rarely recorded in a 10 km square whose mean
landscape GET score was <5.

• Territorial (range holding) birds were very rarely recorded in a 10 km square whose
mean landscape GET score was <6.

• In most 10 km squares, even if the landscape men GET score was small, tags were
recorded in parts of those squares with the higher GET scores, i.e., they were above
the diagonal lines.

All three plots show the preference for higher GET scores, particularly in the range
holding territorial birds.

Figure A5 shows the same data as Figure A4 but differences (mean tag GET score – mean
landscape GET score) are plotted against the 10 km square mean landscape GET scores.
Positive differences occur when birds are preferentially selecting the parts of the 10 km
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squares with higher GET scores. No selection is indicated by the black horizontal line
where the difference is 0. Inevitably the differences get smaller as the mean landscape GET
score increases because it is impossible to obtain large differences when the maximum GET
value is constrained to be 10 or less.
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Figure A5. Differences (mean tag GET score – mean landscape GET score) are plotted against the
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Figure A6 shows the difference in GET scores with respect to the number of tag
records. The largest negative differences are all in 10 km squares with only a small number
of tag records. The trend, across all levels of the GET landscape, was for tags to have
GET scores that were, on average, approximately one greater than the landscape in the
square (Figure A6).

There is also a spatial element to the magnitude of negative differences (Figure A7).
Ten km squares with negative differences (mean tag GET < mean landscape GET) tend to
be on the periphery with small sample sizes.

There are two notable exceptions to the general trend, the first being at the head of
Glen Coe. This 10 km square contains the Buachaille Etive Mor and the Glen Coe ski
resorts and there will be increased human activity around these resorts, including at higher
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altitudes. The square has a mean GET score of 6.7 while the tag mean is a surprisingly low
6.0 from 4358 records.
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The second example is between Loch Monar and Loch Mullardoch, with a mean
landscape GET score of 7.9 and a tag GET mean of 7.4 (15,222 tag records). Despite being
lower, the tag GET score in this square is still a reasonably large value.
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