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Abstract 

Wind farms are known to trigger avoidance behaviour leading to habitat loss in some raptors. The 

recovery of the Spanish imperial eagle, Aquila adalberti, in Cadiz, a Spanish province with a high 

density of wind farms, is of concern. Macro-displacement was studied by comparing juvenile density 

between wind farms and control areas. Meso-displacement was studied comparing actual density in 

each 200 m interval of distance around turbines against a random distribution, assuming no-

avoidance, controlling for the influence of other environmental factors. We found no evidence of 

avoidance at macro scale. At meso-scale, using density method, we did not find any evidence 

supporting eagle avoidance behaviour. The study of avoidance behaviours is an ongoing topic that 

can help to improve conservation and management decisions, especially for species sensitive to the 

presence of wind farms and other threatening infrastructures in their habitats. 

Keywords: avoidance behaviour; dispersal period; Spanish imperial eagle; wind farm; wind turbine; 

raptors; density of locations 

 

1. Introduction 

Developing renewable energies has become a common strategy and effort across worldwide 

countries since it became fundamental to reverse the global change [1]. Wind of the oldest and most 

developed sources of renewable energy, [2,3] with an increase in production exceeding 20% annually 

over the last decade [4]. Fi�ing with the current environmental issue, wind facilities generate a low 

environmental impact by reducing environmental pollution and water consumption [5]. Despite 

environmental benefits, no energy source is fully ‘biodiversity-neutral’ and wind farms are no an 

exception. 

Three major impacts arise with the development of this kind of facilities: noise pollution [6], 

visual impact on the landscape, and effects on wildlife. Bats and birds are the most impacted taxa 

because, as flying animals, they are more prone to collide with the turbine rotor [7–11]. The bird 

population has undergone a substantial decline in the last century, mainly due to anthropogenic 

activities like illegal shooting [12] or accidents with man-made structures such as power lines [13–

15], buildings [16] or road networks [17]. This is the reason of the increasing concern about wind 

farms impact on birds [18–20] and bats [21–24], particularly on bird of prey populations [7,25]. Studies 

have identified a complex interaction between site-species-season factors emphasizing the raptor 

susceptibility to collide with wind turbines [7,8,26,27]. And as long-lived species with low 

reproduction rates and delayed maturation, raptors are sensitive to any individual removal likely to 

affect the population viability [28]. 

In addition to the threat of collision with rotor blades, wind farms can trigger a displacement 

effect on birds (functional habitat loss) leading to a low density of birds in the vicinity of wind energy 

facilities. Avoidance potentially decreases collision risk but, at the same time, would reduce 

substantially habitat availability for the specie. A lower breeding success in a White-tailed Sea eagle 
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population was found [29] in those pairs breeding near the turbines resulting in a decrease of the 

population growth. The displacement phenomenon happens at two scales, distinguished in macro- 

and meso-displacement. Macro-displacement is characterised by the avoidance of the entire wind 

farm and may result in a loss of suitable habitat or change in migratory paths leading to a decrease 

of energy stock and fitness [30,31]. Meso-displacements, described as the avoidance of individual 

turbines, may trigger changes in flight behaviour and loss of local resources [30]. The avoidance 

through wariness of turbines has been detected in several raptors’ species [25,32,33]. Alike collision, 

displacement pa�erns could be driven by the interaction of site-species-season factors [25,32,34]. 

However, inconsistent instances of avoidance phenomenon have been shown questioning the real 

functional loss of habitat [35,36]. 

Being the fifth country in wind energy production, Spain has a high density of wind farms [4]. 

At the same time, Spain is also known for its rich bird of prey populations, hosting the largest 

population of the Spanish imperial eagle Aquila adalberti, among others. Extremely threatened in the 

90’s and considered as one of the rarest bird of prey in the world, only 150 pairs were remaining 

when a recovery program starts including a massive retrofit of dangerous power poles and 

reintroduction projects [35,36]. 

Thanks to this and additional actions, the population is currently growing in the Iberian 

Peninsula with around 1,000 pairs in 2023 (Spanish Imperial Eagle Working Group, unpublished 

data). Nevertheless, this large raptor is still considered the most threatened in Europe [37]. As the 

population expands, there are strong concerns about the negative effects of wind farms on the 

recovery of the species. One of the most used dispersal areas of juvenile Spanish imperial eagles, the 

Cadiz province in southern Spain, is at the same time one of the areas with higher density of wind 

farms in the Iberian Peninsula. 

Autonomous governments are responsible of environmental impact assessment evaluation. On 

the mandatory environmental impact assessment, in Spain, the existence or not of previous locations 

of radio tagged eagles over the area is currently used as critical criterion to adopt a decision on 

viability of new installations, been negative in case any single location is over the proposed area, 

because the environmental administration considers that, due to avoidance behaviour, the eagles are 

going to abandoned the area if a wind farm is build there. These previous studies did not evaluate 3-

dimensional use of space around wind turbines (e.g., by including elevation/altitude of GPS 

relocations), but rather the 2-dimensional landscape surface around turbines (regardless of vertical 

space). For these reasons, we decide to analyze if we can demonstrate avoidance behavior in young 

eagles using the 2-D information. 

Furthermore, an a�empt to identify the key conservation areas for the Spanish imperial eagle 

across the Iberian Peninsula has been recently conducted, evaluating the potential impact of 

renewable energy facilities on the species and the infrastructure exclusion and development areas 

established under Directive (EU) 2023/2413 on the promotion of renewable energy. Again, the 2-D 

information was used for this purpose [38]. 

In this study, we investigated the response of dispersing juvenile of the Spanish imperial eagle 

to wind power facilities at both wind farm and turbine level. The analyses only involve data starting 

from the first of October of each juvenile, as we were only interested in the independent dispersal 

period of the juveniles, which starts around the age of 5 months [39]. Using high resolution GPS-

tracking data, we applied two different approaches to determine any avoidance behaviour of juvenile 

eagles during their dispersal period. First, we looked for a broader potential avoidance at the wind 

farm scale (macro-displacement), using an experimental design based on density comparison 

between wind farms and control areas. We conducted a habitat selection analysis trying to find any 

influence of wind farms among the explanatory variables. Second, to get a finer insight of the 

phenomenon around turbines (meso-displacement), we compared density of GPS-tracking locations 

and random locations at five different intervals of 200 m around turbines, totalling 1 Km. We 

hypothesize a lower density of eagles at wind farms areas over control areas under a phenomenon of 
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wind farm avoidance from juvenile eagles. Similarly, we expect lower density in the vicinity of the 

turbines, confirming the avoidance behaviour and a possible threshold effect [40]. 

2. Materials and Methods 

2.1. Study Area and Species 

The study took place in the province of Cadiz in the southwest Spain (36°21'34"N, 5°52'45"W) 

with 59 wind farms conforming 13 aggregations (Figure 1). The area is characterized by a mosaic of 

habitat types like scrublands, grasslands, and irrigated and non- irrigated fields [41], in a low 

mountain range (300 m approx.) with a dry-humid Mediterranean climate. It is also close to the Strait 

of Gibraltar, a very important pass where many bird species concentrate during their migration 

between Europe and Africa. 

 

Figure 1. Geographic location of the actual 13 aggregations of 59 wind farms (black polygons), 82 random areas 

with the average wind farm size (blue circles), and the 4,894 juvenile Spanish imperial eagle GPS locations (red 

dots) used in the study, in the province of Cadiz (southern Spain). 

The Spanish imperial eagle is a large, territorial and tree-nesting raptor of the Iberian Peninsula. 

While having a life span of 22 years approximately, its maturity is reach at 4-5 years and in optimal 

and stable condition, this species has an annual productivity of 0.75 chicks per pair [39]. The 

reproduction lasts from February to October with a hatching period in April-May. Nestlings start to 

fly at 60–85 days old but they disperse only between 125-160 days old, at the beginning of October. 

During this interval, the juveniles are not yet independent; they gradually explore areas and their 

flying skills while being fed by the adults [38]. The dispersal period is characterised by long-range 

exploratory movements and the rotatory use of temporary se�lement areas with frequent returns to 

the natal area [38]. Juvenile eagles select preferably open-habitats with dispersed Quercus spp, low 

level of human disturbance and high prey density (e.g. European rabbits Oryctolagus cuniculus) as 

dispersal areas [39]. 

2.2. Data Collection 
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From 2015 to 2019, a total of 48 nestling imperial Spanish eagles (24 males, 24 females) were 

equipped with GPS-GSM transmi�ers at 40 to 70 days old. Solar-powered transmi�ers from 

Microwave, Ecotone and E-obs companies were used and a�ached to birds with a Teflon harness 

with a breast-rupture point. The total weight of tag plus harness did not exceed a maximum of 3% of 

young total body mass at fledging [41]. Sex and age were determined by means of morphometric 

measurements and confirmed by molecular analysis using blood samples [38]). Transmi�ers were 

programmed to record GPS coordinates every 30- or 60-minutes during day time. The monitoring 

period ended up with a database of 83,358 spatial points at 25th of May 2020, date of the last record. 

The analyses only involve data starting from the first of October of each juvenile, as we were only 

interested in the independent dispersal period of the juveniles, which starts around the age of 5 

months. In addition, only one record per day and individual (at 12 am) was kept to avoid spatial 

autocorrelation between locations. At noon, we expect that eagles are not resting and express diurnal 

activities related to dispersal behaviour, being a time where the soaring flight are common. The final 

analysis comprised 4, 894 spatial data from 37 individuals after filtering out all non-flight sections. 

2.3. Macro-Displacement 

We identified and georeferenced 831 turbines locations in the Cadiz province, belonging to 59 

wind farms, using public datasets provided by Red Eléctrica de España [43]. At the broad wind farm 

level, facilities areas were delimited by adding a 1 km–buffer zone around turbines to account for 

any influence of turbine occurrence on the immediate surrounding. We set a 1 km buffer based on 

previous studies on the distance at which the influence of wind facilities continues to cause 

disturbance and displacement to raptors [29]. It resulted in 13 distinct wind turbines aggregation 

areas, with a mean surface of 28 km2 (± 6.38). For comparison purposes we used 82 control areas with 

the same mean surface of the actual wind farm areas, and randomly located within the known 

dispersal area of the species in the Cadiz province. In each area, the relative density of locations was 

assessed and categorized as wind farm (WF) or control (C) levels of treatment. 

2.4. Meso-Displacement 

The analysis at turbine scale was based on the comparison between the densities of eagle 

locations assessed at five different concentric intervals of 200 m wide around each individual turbine 

up to a distance of 1 km. Under a non-avoidance scenario, we expect a constant density value and 

hence no differences of density across distance intervals. 

As the occurrence of young dispersers could be related to habitat type, human activity and 

topography [44], we controlled for these factors in both macro and meso analysis. Using the Corine 

Land Cover 2018 vectorial dataset [46], we grouped landscape categories into nine habitat types, 

though only five of them were used according to their biological relevance: forest, non-irrigated field, 

grassland, shrubland, and irrigated field. The percentage of these five habitat types was determined 

for each WF and C zone. At turbine level, this percentage was calculated for each 200-m wide buffer 

interval in the 13 wind farms. In both models, the human activity was derived from the night light 

intensity recorded by the Earth Observation Group, since it is considered as a strong proxy for human 

activity and potential disturbances [47]. We used the average night light recorded from 2015 to 2020 

from the Global Nigh�ime Light Map “VIIRS Nigh�ime Light (VNL) V2” [46]. Concerning the 

topography, we used a raster map of slopes (5x5 km) provided by the CMAyOT to calculate the mean 

slope per areas and intervals [37]. The software QGIS (v 3.16.7) was used to elaborate spatial data sets 

of locations and predictors. 

2.5. Statistical Analysis 

We applied Generalized Linear Models (GLMs) to check for macro-displacement at wind farm 

scale. We used density of locations within the 1 km-buffer areas as the response variable after log-

transformation due to the right-skewed data distribution in order to apply a normal distribution. The 
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factor treatment comparing actual wind farms (WF) versus control random areas (C) was included 

as the predictor of interest in the models together with the percentage of each five main habitat 

categories, mean slope, and night-light intensity as a proxy of human activity. 

For meso-displacement we applied Generalized Linear Mixed Models (GLMMs) to look for 

avoidance behaviour at turbine level. Density of locations within each concentric 200-m distance 

interval from turbines (up to 1 km) in wind farm areas was the response variable, whereas the radial 

interval (i.e. from 0-200 m to 800-1000 m) was the main fixed predictor of interest together with the 

five habitat types, mean slope and night-light intensity, as in the previous GLMs for macro-

displacement. GLMMs included wind farm identity, turbine identity and bird identity as random 

effects. 

Predictor variables were previously standardized in order to allow for direct variable 

comparison, and assumptions of heteroscedasticity, variable independence and collinearity were also 

tested in all cases using R (v. 4.1.1.; R Core Team). For all analyses, we built an initial set of models 

with all the possible combinations of predictors and performed a subsequent model selection by 

using the Akaike Information Criterion adjusted for small sample size (AICc). We selected models 

with a difference of AICc (∆AICc) lower than two in relation to the most plausible model with the 

lowest AIC. Then, we performed model-averaging on the subset of selected models to obtain 

averaged coefficients, standard errors (SE) and confidence intervals (CI), accounting for model 

uncertainty. Analyses were performed using the packages lme4 and MuMin in R (v. 4.1.1.). 

Significance level was set at α = 0.05. 

3. Results 

3.1. Macro-Displacement 

At the wind farm scale, the average density of locations of juvenile Spanish imperial eagles 

during their dispersal period in the province of Cadiz was 5.17 ± 1.74 loc/km2 in wind farm areas 

versus 4.6 ± 0.75 loc/km2 in random control areas. Contrary to expectations, density is higher in wind 

farm area but these slight differences were not supported by the analysis, so the relative use of areas 

close to wind farms (i.e. 1 km radius buffer) was comparable to the expected use under a random 

distribution of areas (Table 1; Figure 1). This result points to a non-avoidance behaviour of young 

eagles at least at the macro-scale of wind farms. In relation to environmental covariates, only night-

light intensity and non-irrigated fields were supported in the model selection (Table 2). Juvenile 

eagles tended to avoid areas highly illuminated at night and thus with higher human activity, 

whereas they preferred non-irrigated traditional crops (e.g. cereal crops) probably with higher prey 

density. 

Table 1. Macro-displacement scale. Subset of models with a ∆AICc < 2 selected by the model averaging to explain 

the best the density of locations at macroscale. Predictors are Treatment (T), non-Irrigated Fields (nIF), Grassland 

(G), Irrigated Fields (IF), Human activity (HA), Shrubland (S), Topography (To), and Woody Fields (WF). 

Predictors AICc ∆AICc W 

Density ~ nIF + G + IF + HA  230.46 0.00 0.09 

Density ~ nIF + G + HA 230.46 0.00 0.09 

Density ~ nIF + HA 230.50 0.04 0.09 

Density ~ nIF + HA + S + To 230.94 0.48 0.07 

Density ~ nIF + G + HA + S 231.34 0.88 0.06 

Density ~ T + nIF + G + HA 231.55 1.09 0.05 

Density ~ T + nIF + G + IF + HA  231.60 1.14 0.05 

Density ~ nIF + G + HA + S + To  231.68 1.22 0.05 

Density ~ nIF + G + HA + WF 231.80 1.34 0.05 

Density ~ T + nIF + HA  231.93 1.47 0.04 

Density ~ nIF + HA + To 232.01 1.55 0.04 
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Density ~ nIF + G + IF + HA + WF  232.15 1.58 0.04 

Density ~ nIF + IF + HA  232.06 1.60 0.04 

Density ~ nIF + G + IF + HA + S  232.15 1.69 0.04 

Density ~ nIF + HA + S 232.24 1.78 0.04 

Density ~ nIF + HA + WF  232.26 1.80 0.04 

Density ~ nIF + F + G + IF + HA 232.30 1.84 0.04 

Density ~ nIF + F + HA 232.30 1.84 0.04 

Density ~ nIF + G + IF + HA + To 232.33 1.87 0.03 

Density ~ nIF + F + G + HA 232.40 1.94 0.03 

Table 2. Macro-displacement scale. Summary statistics of the full model-averaging performed on the GLM 

subset with ∆AIC < 2 comparing location density of juvenile Spanish imperial eagle between control and wind 

farm areas in the province of Cadiz (southern Spain). Averaged coefficient estimates, standard errors (SE) 95% 

confidence intervals, relative variable importance (VI), and p-values are shown for the predictors retained. 

Variables where previously standardized to the same scale. No differences between WF and C areas (Treatment) 

were found. 

Predictors Estimates SE CI VI p-value 

Intercept 1.2846 0.0838 [1.1180 ; 1.4512] - <0,001 *** 

Human activity -0.7108 0.1751 [-1.0588 ; - 0.3627] 1.00 <0,001 *** 

Nonirrigated field 0.4774 0.1888 [0.1025 ; 0.8522] 1.00 <0.01 * 

Grassland 0.0791 0.1547 [-0.2264 ; 0.3847] 0.37 0.6115 

Shrubland -0.1271 0.2413 [-0.6027 ; 0.3483] 0.35 0.6002 

Topography 0.0712 0.1982 [-0.3197 ; 0.4621] 0.23 0.7211 

Treatment -0.0434 0.1415 [-0.3228 ; 0.2359] 0.16 0.7604 

Irrigated field 0.0221 0.0927 [-0.1611 ; 0.2055] 0.13 0.8127 

Forest -0.0002 0.0433 [-0.0863; 0.0858] 0.06 0.9952 

3.2. Meso-Displacement 

Due to the configuration of wind farms with multiple nearby turbines, the areas around 

individual turbines tend to overlap with distance and the increasing surface levels off at a certain 

distance threshold (Figures 2 and 3). Differences in density of eagle locations within the five 200-m 

wide intervals (i.e. from the turbine up to 1 km) were not supported by the model selection (Table 3; 

Figure 4). Therefore, young eagles did not show avoidance behaviour at meso-scale and displayed 

an occupation pa�ern similar across intervals of distance from turbines in the study area, even after 

accounting for environmental predictors of habitat occupation. Likewise, none of the predictors of 

habitat, human activity or topography was either supported (Table 4). 
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Figure 2. Design of the meso-scale experiment with the 200 m wide intervals around turbines of a wind farm in 

the province of Cadiz in south of Spain. 

 

Figure 3. Meso-displacement. Distribution of density of locations at each interval around turbines from the 13 

wind farms aggregations in the province of Cadiz southern Spain with the actual distribution of the eagle 

locations (A) and with a random distribution (B). 

 

Table 4. Meso-displacement scale using density of locations. Summary statistics of the full model-averaging 

performed on the GLM subset with ∆AIC < 2 comparing density of eagle locations per interval of distance from 

wind turbines of wind farms in the province of Cadiz (southern Spain). Averaged coefficient estimates, standard 

errors (SE) 95% confidence intervals, relative variable importance (VI), and p-values are shown for the predictors 

retained. Variables where previously standardized to the same scale. No differences between WF and C areas 

were found. 

Table 3. Meso-displacement scale. Subset of models with a ∆AICc < 2 selected by the model 

averaging to explain the best density of locations at meso scale.  

 

Predictors AICc ∆AICc W 

Null 63.57 0.00 0.41 
Density ~ Topography 64.69 1.12 0.23 
Density ~ Shrubland 64.97 1.40 0.20 
Density~ Non-irrigated fields 65.50 1.39 0.16 
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Predictors Estimates SE CI VI p-value 

Intercept 0.5154 0.1138 [0.2879 ; 0.7430] -   <0.001 *** 

Topography -0.0731 0.1690 [-0.4070 ; 0.2606] 0.22 0.155 

Non irrigated fields 0.0542 0.1315 [-0.2052 ; 0.3138] 0.20 0.119 

Shrubland -0.0380 0.1189 [-0.2733 ; 0.1972] 0.15 0.233 

4. Discussion 

Contrary to our hypothesis at the macro-scale, we found that juvenile Spanish Imperial Eagles 

do not avoid wind farm areas. Preference or lack of a�raction to specific habitats is more likely to 

explain the dispersal pa�ern of juveniles at this level. At meso-scale, we found no support to an 

avoidance behaviour. Traditional avoidance studies used distance, namely the distance from eagle’s 

locations to the closest wind turbine, typically inside a 1 km radius [25,32,40]. When some avoidance 

behaviour occurs, then a decrease in frequency of locations close to the turbine is expected, otherwise 

a homogeneous distribution of distances to turbines is typically assumed [33]. However, the number 

of locations of tagged eagles is a function of the surface considered and not of the distance. The shape 

of the expected frequency of locations with distance will follow a strong initial increase followed by 

a plateau, mimicking a spurious avoidance effect 

In order to avoid this artefact and to account for the increasing surface with distance, we used 

density of locations per area (i.e. total 1 km buffer or 200-m wide intervals) instead of distance. Under 

no avoidance behaviour, the expected random distribution of densities would fit a constant value, 

whereas with an avoidance phenomenon a true decreasing density in nearby distance intervals 

would be expected. 

Following results, young Spanish imperial eagles give no sign of avoidance neither at wind farm 

scale nor at turbine scale. From a conservational point of view, this a positive outcome for this 

threatened species. Indeed, this means that wind farms in Cadiz region do not represent a hindrance 

to the recovery and expansion of this species population, which is already well underway [37]. The 

cohabitation between the Spanish eagle species and wind infrastructures seems possible, provided 

that regulations for the construction and operation of wind farms are properly enforced [7,8,11] and 

that conservation efforts devote to eagles continue. Indeed, wind farm development policies 

combined with recommended and implemented mitigation measures, seems to be effective in the 

conservation of this and other species [11]. Other human-induced threaten factors are much more 

relevant for non-se�led juvenile dispersers, especially electrocution on pylons of distribution power 

lines [15]. Although the extensive correction of dangerous pylons in the last decades has notably 

reduced the associated mortality risk [36], making it a good example of effort and way forward to 

follow. Hence, the importance of these regulations and actions in the current population increase 

should not be overlooked or neglected under the pretext of a successful recovery, especially because 

only one mortality event due to collision against wind turbine have been recorded. While few, this 

event should not be minimised, especially on a sensitive population and species like the Spanish 

imperial eagle. 

5. Conclusion 

When some avoidance behaviour occurs, then a decrease in frequency of locations close to the 

turbine is expected, otherwise a homogeneous distribution of distances to turbines is typically 

assumed [25,32,33,40]. Traditional avoidance studies used distance, namely the distance from eagle’s 

locations to the closest wind turbine, typically inside a 1 km radius [25,32,40]. When some avoidance 

behaviour occurs, then a decrease in frequency of locations close to the turbine is expected, otherwise 

a homogeneous distribution of distances to turbines is typically assumed [33]. However, the number 

of locations of tagged eagles is a function of the surface considered, and not of the distance. If we use 

distances to the turbines, a spurious increase is expected, causes surface is increasing according, 

including more and more locations and showing a decrease of locations when closing to the turbine. 
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The shape of the expected frequency of locations with distance will follow a strong initial increase 

followed by a plateau, mimicking a spurious avoidance effect. A substantial proportion of the 

literature shown this weakness [29,32,33,50]. 

The reason why some birds avoid wind turbines is still unclear. The fact that birds are displaced 

far beyond the areas occupied by the physical infrastructure of wind-power plants could be a 

consequence of neophobia, as turbines do not belong to their natural environment, but it could also 

be a consequence of earlier negative experiences, such as birds being caught in the airflow around 

turbines, or even witnessing fatalities of conspecifics [33,50]. The avoidance of turbines varies 

considerably among soaring species, their life stage and their annual cycle; thus, the range of 

influence of wind turbines found in some studies is not necessary replicable in other contexts. 

One interesting conclusion is that, on the mandatory environmental impact assessment, the 

existence or not of previous locations of radio tagged eagles over the area is currently used as critical 

criterion to adopt a decision on viability of new installations, been negative in case any single location 

is over the proposed area, because the environmental administration considers that the eagles are 

going to abandoned the area if a wind farm is build there. Nevertheless, as we have demonstrated, 

there is no scientific evidence for this criterion but the opposite. We believe these findings are relevant 

to future research on displacement effects of human infrastructures but also for the correct 

interpretation of past research, based on unadjusted distances from turbines, instead of density of 

locations. The study of avoidance behaviours is an ongoing topic and therefore these methodological 

details can help to be�er understand this phenomenon and to improve conservation and 

management decisions, especially for species sensitive to the presence of wind farms and other 

threatening infrastructures in their habitats. 
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