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Abstract

:

Simple Summary


Wind farms are an alternative energy source mitigating environmental pollution. However, they can have adverse effects, causing an increase in mortality for wildlife through collision with wind turbines. In this work, we analysed the dead birds involved in wind farm collisions in Spain over a period of 16 years (2001–2016; full dataset: n = 3130) in order to better understand their propensity to collide with wind turbines. We found that the flight type was the most important variable to understand collision vulnerability, followed by seasonal movement type and the Spanish population. In addition, we observed that species with hovering, song-flights and active soaring flights are more susceptible to collisions with wind farms, and the seasonality of collisions depends on the seasonal movement types.




Abstract


Wind farms are an alternative energy source mitigating environmental pollution. However, they can have adverse effects, causing an increase in mortality for wildlife through collision with wind turbines. The aim of this study was to investigate the risks of bird collisions with wind turbines linked to species-specific variables. For this purpose, we have analysed the dead birds involved in wind farm collisions that were admitted to two rescue centres in Spain over a period of 16 years (2001–2016; full dataset: n = 3130). All the birds analysed in this study were killed by turbines in wind farms. We performed two linear models using all species and a reduced dataset (bird of prey and passerine having more than four collisions) that included group, seasonal movements, flight type, length, and the number of pairs for the Spanish and European populations. The coefficients and the percent of variance explained by each relevant variable were determined in the models and the real values were compared with predicted values to visualise the goodness of fit. We found that the flight type was the most important variable explaining 35% of the total variability for the model including all species and 29% for the reduced dataset respectively, followed by seasonal movement type (4%/17% respectively) and the Spanish population (4%/6%). Subsequent analyses suggested that species with hovering, song-flights and active soaring flights are more susceptible to collisions with wind farms, and that species showing partial migration have a significant peak of collisions across spring and autumn. The estimated species-specific collision index can help in modelling the theoretical risk of collision with wind turbines, depending on the species existing in the area and their predicted values of vulnerability, which is linked to flight types and seasonal movements.
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1. Introduction


Many species of vertebrates are experiencing significant population declines, and determining the causes can lead to take the most appropriate management actions [1]. While the main drivers are habitat loss, invasive species and climate change, there are specific problems that cause significant direct mortality on wild birds [2]. A notable proportion of vertebrate mortality results from direct anthropogenic sources (e.g., collisions with man-made structures or traffic casualties), and accurate mortality quantification is essential to inform policy decisions. The use of mortality estimates to assess whether a threat has a biologically important impact is critical for conservation [3].



Concerns about anthropogenically caused climate change have resulted in running out of fuel, and the development of renewable energy sources, mainly wind farms and solar technologies [4,5]. The development of recent technologies, such as wind energy, has positive and negative impacts: Wind farms are an alternative energy source mitigating environmental pollution. However, they can have adverse effects for wildlife, causing an increase in mortality through collision with wind turbines [4,5,6,7,8,9,10,11,12]. There are also other indirect effects on bird populations such as noise pollution, displacement, and a reduction of habitat availability around wind parks [13,14,15,16,17,18,19,20]. For instance, territories within 500 m from the turbines experienced significantly lower breeding success after the construction of wind farms [21]. Further, the impact of wind farms occurs both in large birds, such as raptors [22,23,24], as well as in small endangered birds, such as Dupont’s Lark (Chersophilus duponti) [25]. The associated influences of wind farms, especially the built of new power-lines and also the new roads, increase the probability of collisions on power-lines [26] and vehicle collisions [27] respectively.



Collision risk is related to bird characteristics (morphometric, behaviour, bird vision, flight speed and phenology) and wind turbine properties (including size, rotor speed and spatial distribution), as well as low visibility circumstances, landscape type and weather [28,29,30]. In order to adopt the corresponding damping measures, the advances in knowledge of the main factors influencing collision risk for avian fatality in wind farms, is considered a priority research topic. According to Marques et al. (2014) [29] the priority areas for research can be grouped into three main categories: (i) the risk characteristics for species, (ii) the site, and (iii) the wind farm features. Although the risk for bird collisions with wind turbines results from complex interactions between all these factors, the bird’s behaviour, a species-specific feature, is the more frequently reported [29].



However, there is still a lack of information on the underlying reasons for the different susceptibility to collisions among bird species. It is, therefore, necessary to change the scale of these studies to work at a species-specific level to unveil a clear relationship between predicted risk and the recorded bird mortality at wind farms [24]. Generally, studies have been carried out at a few wind farms or for a small number of species. However, to be able to make well-founded conclusions, it is necessary to carry out studies using a big dataset, including a high number of species and a large number of wind farms over a wide territory.



According to the Global Wind Energy Council data [31], Spain is the fifth-highest world producer of wind power (4.7%) after China, the USA, Germany, and India. In this study, we focused on the factors that make some species more susceptible to collisions in wind farms. We aimed to investigate in-depth, the risks linked to the species-specific factors, according to Marques et al. [29]. We have studied the dead birds who have collided with wind turbines in Castilla y León (Spain) for 16 years, with the specific aim of testing if the type of flight of the species can influence their mortality. We predicted that, especially for those flight types which are not only related with the mission of displacement, but that involve at the same time searching for food or mating, birds will be more sensitive to collisions. Finally, we try to develop a species collision risk index which can help in future modelling approaches depending on the species existing in the area.




2. Materials and Methods


2.1. Study Area and Materials


Castilla y León is the largest region in Spain and Europe with a surface of 94,222 km2. The centre of the region is a fairly flat area (plateau), which is surrounded by mountains (Figure 1). Within Spain, the administrative division Castilla y León has 243 wind farms with an amount of 5593 MW, representing 24.2% of the installed power in Spain [32]. At the beginning of the 21st century, the wind farms were mainly installed in the mountainous areas but, thanks to technological improvement, wind farms have recently been installed on the plains in the centre of the region. Due to the change, the installed turbines now affect not only birds from mountainous areas but all bird species.



This study analysed birds which have been killed by wind turbines and been admitted to two rescue centres in Castilla y León. All the specimens were found dead under wind turbines after colliding with them in wind farms, and were collected by the companies that carry out the official monitoring and by environmental agents until their arrival at the rescue centers of the environmental department. The monitoring of bird mortality at the foot of each wind turbine was carried out along the line of the wind turbines, with an impact of 100 m. on each side and with a search effort of 20 min per wind turbine covered on foot. The precise places, the date and the state in which the remains of birds were found was noted, immediately notifying the environmental department of Junta de Castilla y León to proceed with the collection by its personnel. In addition, the coordinates of the place were taken by GPS. Once there, a veterinarian thoroughly examined the specimens and confirmed their death due to a collision with the wind turbines. For more information about the region and the organisation of wildlife rehabilitation centres in Castilla y León, see Balmori (2019) [33].



A database was prepared including the scientific name, date, group, seasonal movements, IUCN red list category, flight type, and length, as well as the number of Spanish and European population (pairs) of the dead birds arriving at these rescue centres for 16 years (2001–2016). The sex data of some specimens were also included.



Seasons were defined considering the week number of collisions; being 49–53 and 1–8 winter, 9–22 spring, 23–35 summer, 36–48 autumn. For the seasonal movement type of each species, three categories were considered: aestival, sedentary and partial migration. Aestival is a species which only remains in Europe in spring and summer, and winters south of the Sahara Desert (long-distance migrants crossing the Sahara, e.g., the Short-toed Snake Eagle Circaetus gallicus). Wintering species in the Iberian Peninsula that remain throughout all the year are considered sedentary, e.g., the Golden Eagle (Aquila chrysaetos). Pre-Saharan migrants, that usually make shorter and more variable displacements than trans-Saharan migrants, are considered partially migrants (short-distance migrants, not crossing the Sahara, e.g., the Eurasian Sparrowhawk Accipiter nisus). The Iberian Peninsula receives many European pre-Saharan migrants (partially migrants) in winter. However, there were species with several categories and, in those cases the predominant category in the Iberian Peninsula was considered, following Peterson et al. (1973) [34].



Each species was classified according to his predominant flight type, within the following categories: flapping, active soaring, passive soaring, hovering, song-flights, and high-speed. Since some species have several flight types and use different flight speeds [35], the flight type considered more typical of the species was selected. For instance, in Common Kestrel (Falco tinnunculus) the predominant flight types are flapping and hovering, but hovering was selected. Similarly, in Skylark (Alauda arvensis), the predominant flight types are flapping and songflights, but songflights was selected.



For size, the length of each species (measurement between the tip of the bill and the tip of the tail) following Mullarney et al. (2000) [36] was used. In cases where a range of lengths existed within the same species or there was a size differences between sexes, the mean value was used. For each species, the number of breeding couples from Spanish and European populations was obtained following Heath and Hagemeijer (2000) [37].




2.2. Statistical Analyses


Linear models were created in order to detect factors influencing the number of collisions occurring in every species. First, a model including all species was constructed. In addition, we also fit another model using a smaller dataset in order to corroborate the most important predictors (see below and also ANOVA analyses). This second linear model included only bird of prey and passerine having more than four collisions. These groups accounted for the large majority of collisions and the purpose was determining more in-depth patterns in these cases avoiding anecdotal data. In addition, the Griffon Vulture (Gyps fulvus) was the species with the highest number of collisions (n = 1901). Due to its high number of collisions, this species was not included in the second model to avoid bias, but was considered independently. Finally, a total of 29 out of 101 species belonging to the Bird of prey and Passerine groups remained in the second model.



Quantitative variables were log10 transformed for normalizing values distributions and the test assumptions both for the linear regression (linear relationship and homoscedasticity of residuals) and the ANOVA analyses (|skeweness and kurtosis| < 1, homoscedasticity) were checked. We performed a stepwise model selection by Akaike Information Criterion (AIC) in R software [38], including the following variables, without considering interactions: taxonomic order or group (for detecting potential phylogenetic influence), seasonal movements, flight type, length, and the number of couples for the Spanish and European populations. Sex was not included in the model due to the few sexed specimens. The stepwise algorithm search was performed in both directions (backward and forward) and the model selected only relevant predictors to estimate the number of collisions. Once we knew the important predictors, the coefficients and the percent of variance explained by each relevant variable were determined by the linear model, and real values were compared with predicted values to visualize the goodness of fit. The functions were applied to the species used to construct the model. Based on the result of the model including all the species, we obtained a species collision risk index.



A two-way ANOVA was also performed with the two more important predictors selected by the model. Furthermore, repeated-measures ANOVA was carried out to study the collision seasonality and to relate it to the seasonal movement type of the different species.





3. Results


During the 16 years of the study period, a total of 3130 specimens belonging to 101 bird species died by collisions with wind turbines in Castilla y León. The total number of collisions and their seasonality along with the other data for each species are included in Table 1.



First, a model including all the species registered was adjusted and a total of three of the studied variables were included by AIC in the stepwise regression. Flight type was the most important variable, explaining 35% of the total variability, followed by seasonal movement type (4%) and the Spanish population (4%). The function: “Predicted number of collisions (log 10) = 0.31 + 0.28 * Flight type_Active soaring-0.67 * Flight type_Flapping + 1.01 * Flight type_Hovering + 1.03 * Flight type_Passive soaring + 0.16 * Flight type _Songflights + 0.06 * Movements_Aestival + 0.29 * Movements_Partial migration + 0.11 * Spanish population (log10 + 1)”, was applied to the whole dataset of 101 species in order to estimate the predicted number of collisions. For instance, if we consider the Wood Lark (Lullula arborea) case (with Sonflights, Partial migration and a Spanish population of 900,000 individuals), the Predicted number (log10) = 0.31 + 0.16 (Flight type_Songflights) + 0.29 (Movements_Partial migration) + 0.11 * log10 (900,000 + 1) (Spanish population) will result in a log10 value of 1.41 (that is, 26 individuals; note that the slight difference with table values is due to decimal rounding performed in the model coefficients). The model (R2 = 0.43; p < 0.001) predicted the real number of collisions for all the species quite accurately (Figure 2a). Further, we have developed a species collision risk index based on the result of the model including all the species (predicted value, Table 1).



The same three variables were included by AIC in the stepwise regression in the second model adjusted with the reduced dataset. Flight type was the most important variable, explaining 29% of the total variability, followed by seasonal movement type (17%) and the Spanish population (6%). The function: “Predicted number of collisions (log 10) = 0.23 + 0.54 * Flight type_Active soaring + 0.03 * Flight type_Flapping + 0.98 * Flight type_Hovering + 0.32 * Flight type _Songflights + 0.45 * Movements_Aestival + 0.52 * Movements_Partial migration + 0.09 * Spanish population (log10 + 1)”, was applied to the 29 species used to construct the model. The model (R2 = 0.52; p = 0.017) predicted the real number of collisions for the reduced subset of species used to construct the model quite accurately (Figure 2b).



The two-way ANOVA performed with the two most important predictors included in the regression model (flight type and seasonal movement type) for the 29 selected species showed differences between the flight types (F value = 3.177, df = 4, p = 0.039), supporting the importance of this predictor on the probability of collisions with wind turbines. Tukey post-hoc pairwise comparisons did not reveal meaningful differences between specific groups due to the fact that the p-value is adjusted for multiple comparisons. Low sample sizes in the different groups might have also affected the power of the tests. However, the model suggested that species with hovering, song-flight and active soaring flight types were most affected by collisions, while flapping and high-speed species showed a lower number of collisions (Figure 3).



The repeated measures ANOVA for the 29 selected species to study the relationship between collision seasonality and seasonal movement type, showed that some seasons have a greater amount of collision than others (F value = 8.730, df = 3, p < 0.001) and that collisions in every season interact to some extent with the seasonal movement type (F value = 2.431, df = 6, p = 0.033) following predictions (Figure 4). Tukey contrasts revealed that species showing partial migration have a significant peak of collisions across spring and autumn. Finally, the results also indicated that sedentary species collide much less in summer compare to the former and suggested that aestival species have the most collisions during summer and autumn.



The sex was obtained for only a very few specimens, and was not included in the model. However, it is interesting to note that for Skylarks, a bird with song-flight, the five sexed specimens available were all males (n = 103 collided). In the rest of species with sex information, no differences between sexes were detected.




4. Discussion


The most important species-specific factors influencing the probability of colliding with wind turbines appear to be the flight type, which influenced the vulnerability of each species, and the seasonal movements, which influenced the period of accidents. The abundance of each species also influenced the number of collisions but to a lesser extent. We have developed a species collision risk index based on the result of the model including all the species and tested it against observed data showing an acceptable fit.



The large dataset of birds available in this study has allowed us to investigate the main species-specific factors according to Marques et al. (2014) [29] influencing the risk for collisions with wind turbines. Since Castilla y León is a large region, this makes it an ideal place to investigate this aspect, which is not possible in studies with a narrower spatial scope.



It is important to note that other species from monospecific families removed from the reduced dataset to avoid statistical noise also suffer a high number of collisions, for example Swifts (Apus apus) (n = 123) and Partridges (Alectoris rufa) (n = 43). The flight height of the swifts searching for aeroplankton possibly influences these results. The importance of the flight height of the species has also been demonstrated in other works [35]. Bat mortality at wind turbines may also be linked to high-altitude feeding on migrating insects that accumulate at the turbine towers [39]. In studies carried out with marine species, it has been shown that, in addition to low maneuverability, fast flight is also an important risk factor [14]. The reasons for the high vulnerability of Partridges should be studied more deeply but its high population size and habitat preferences may contribute to this vulnerability.



4.1. Flight Type


According to the results of this study, flight type is the most important factor in determining the probability of a bird to collide. For instance, species with hovering, song-flights and active soaring flight types are more susceptible to collisions with wind farms, although differences between species depending on their seasonal movements also could be found. For partially migrating species, the three flight types mentioned showed a higher risk of collision with wind turbines. For aestival species, active soaring is the flight type with a higher risk.



Flight type, when associated with hunting and foraging strategies, seems to play an important role in collision risk with wind turbines [29]. Certain flight types, like soaring and hovering, are more suitable for looking for food. Hunting raptors, when they are on the lookout for prey, do not perceive the risk and, hence, collide [29]. On the other hand, the song-flight type is done to attract females. According to the results of this study, when the bird focuses his attention on foraging or partner attraction, collisions are more likely to occur.




4.2. Seasonality


The patterns of risky flights have a temporal component and the deaths are concentrated in specific seasons [40]. In this study, considering the evolution of impacts through the year, it is remarkable that spring and autumn are the seasons with the most collisions. We have shown that aestival species have the most collisions during summer and autumn, while partial migration species have the peak of collisions across spring and autumn. This result is expected as a consequence of the movements performed by many migratory species, and is also found in other studies [28,41,42,43]. The location of wind farms in migration areas may cause higher mortality rates [44,45], and passerine species appear to be at the greatest risk of colliding during spring and autumn migrations [28]. The rapid expansion of wind farms in northern Spain urgently requires preventive measures to protect migratory species in particular [45].



It has been suggested that, due to their knowledge of the terrain, resident birds would be less prone to collision with structures [7]. However, comparable data on collision rates for resident birds is lacking [29]. According to the results of this study, sedentary species collide mostly in spring and winter, possibly because they make more movements in these periods, although to a lesser degree than migratory species. In some studies, resident populations have more collisions than migratory species [41], but this is probably due to the bias produced by a large number of collisions of a single species. For instance, the Griffon Vulture (although in this study is considered a partial migratory species and is removed from the reduced dataset) accounted for most of the collisions.




4.3. Species and Group


Raptors are considered the most vulnerable bird species for collisions in wind farms [28,36,41,46]. However, according to the result of this study, the bird group (passerines, raptors, etc.) does not play an important role regarding the collision risk with wind turbines.



In this work, the Griffon Vulture was the most affected species. The high susceptibility of Griffon Vultures to wind farms has already been described in other works [41,46], and their vulnerability may be a result of its flight pattern, the search for food in flight, and its large size and reduced maneuverability [44]. Therefore, this species may be causing a bias in the studies done so far by increasing the mortality of raptors by a single species. Griffon Vulture collisions occur throughout the year, but especially in spring and autumn. The increase in collisions in these periods can be explained by the increase of movements during the breeding season, a possible increased need to search for food, and immature bird dispersal in autumn.



Another species highly susceptible to collisions are the Kestrels, and this happens with both American (Falco sparverius) [28], and European species, Common Kestrel (Falco tinnunculus) [40]. Its hovering flight and concentration on prey probably influence its high mortality [29], as already discussed.



As we have pointed out, the models in this study quite accurately predicted the real number of collisions for the total number of species, and for the reduced subset of species studied. Analyses performed in this study show essential factors that should be taken into account when developing environmental impact studies associated with wind farms. Specific measures towards the identification of more vulnerable species, particularly those with higher predicted values, could help in choosing the location for wind turbines or restrict their activity the months of the year in which the largest amount of collisions occur. These actions could decrease the number of collisions for species most affected by wind farms.



Taking into account the IUCN Red List of Threatened Species, and with the results predicted by the model, the endangered species most at risk for collisions are: Cinereous Vulture (Aegypius monachus), Red Kite (Milvus milvus) (both near threatened according to IUCN), and Egyptian Vulture (Neophron percnopterus) (endangered).




4.4. Abundance and Size


Another factor traditionally considered important for the number of collisions, is the abundance of the species, although, as has been verified in this study, flight-related factors are more important than abundance [29]. Collision fatality of raptors in wind farms does not depend on their abundance [46]. In our models, the number of couples from the Spanish population explained 4% of the variability whereas the European population was not relevant. This factor can help explain the high mortality for the Griffon Vulture and the Common Kestrel, since these species represent large populations with a complete distribution on the Iberian Peninsula. Additionally, in Castilla y León, there are colonies of Griffon Vulture in several of the canyons on the main rivers, and the presence of nearby colonies is a risk factor as has been shown with Seagulls [41] and Lesser Kestrels [47].



According to the results of the model in this study, size does not seem to be an important explanatory factor on bird collisions and these results go against the knowledge that exists so far [29]. As discussed before, it could be that the griffon vulture has produced a bias due to the large number of collisions and its big size.




4.5. Sex


A sex bias on wind collision has already been found in previous works [29]. In a study from Portugal, the 22 Skylark carcasses collected revealed a higher incidence of adult males (90%), suggesting the occurrence of a sex differential mortality [48]. The carcasses were mainly found between April and May, within the breeding season, when Skylark males perform their characteristic song-flights. In this study, the Skylark was a species that collided frequently (n = 103), and had one of the highest predicted values in the model (32.1). Also, from five sexed specimens in this study, all were males. On the other hand, sex-biased collision mortality in Common Terns (Sterna hirundo) reflects differences in foraging frequency between males and females during egg-laying and incubation [49].




4.6. Modelling Approaches to Quantify the Theoretical Risk of Collision in Wind Farms and Ways to Avoid it


The results of this study can help in future modelling approaches by providing improvements in knowledge of factors influencing collision and quantifying the theoretical risk of collision in wind farms depending on the species existing in the area and their predicted values linked to flight types and seasonal movements. For many years, modelling approaches to quantify the theoretical risk for collision have been developed [31,35]. The Band model, a valuable tool for impact assessment, is widespread in the UK [50]. However, birds’ behaviour is poorly understood and this can have a large effect on the model outputs [35].



There are good technical documents that could help for the adoption of measures to avoid damage to wildlife at wind farms [5,29,51,52,53]. The location of wind farms is still the most effective measure to avoid bird fatalities [29,54,55,56]. Unlike other non-natural causes of bird mortality, wind farm fatalities can be lowered by powering down or removing risky turbines and by placing them outside critical areas for endangered birds [6]. The spatial distribution and aggregation of some threatened species should be used as criteria for environmental planning [23]. The use of selective stopping techniques for turbines with the highest mortality rates can help to mitigate the impacts of wind farms on birds, with a minimal effect on energy production [22].




4.7. Limitations of this Study


In the human dimension of finding, catching and transporting dead birds to a rescue centre there are some assumptions necessary to let the database reflect true turbine mortality. The dead-injured ratio, the ability of an injured bird to draw attention to people, the abundance of people in the neighborhood of windfarms and the abundance of local predators might negatively affect injured numbers and biases from such data can affect the results in different ways [57]. These problems can happen especially for the small species that may have high numbers not reported or not found. On the other hand, species may be more prone to occur in some areas than others, so site-specific (orientation, location etc.) and wind farms features, are also important explanatory factors when investigating the causes of collisions with wind turbines that have not been analysed in this work [58].



The collisions with wind farms may also be influenced by behaviour associated with a specific age [29]. In this work, it has not been possible to verify the importance of age in collisions due to the absence of this data, but we predict that young birds are more vulnerable due to lack of experience and knowledge of the territory.



The dataset used for this work was a small part of the animals that die in the field, since many of them may not be found [59], or due to detection bias and loss of carcasses from scavenging [60]. On the other hand, it is possible that some specimens have arrived at the rescue centres a few weeks after the collision has occurred, although such cases should be anecdotal and should not have influenced the seasonally patterns observed. Finally, the population data to estimate the abundance of the different species in this study is the number of breeding couples [40]. However, there are species that winter but do not breed in the Iberian Peninsula, and in these cases its reproductive population is zero couples.





5. Conclusions


Flight type and seasonal movements explain the accidents in wind farms in a relevant way. The flight type influences the vulnerability of each species, and the seasonal movements influence the period of accidents. The abundance of each species also influences the number of collisions but to a lesser extent. Species with hovering, song-flights and active soaring flights are more susceptible to collisions with wind farms, although differences between species could also be found based on their seasonal movements. According to the results of this study, for the flight types in which the bird focuses his attention to foraging or partner attraction, collisions are more likely to occur. The results of this study can help in modelling the theoretical risk of collision with wind turbines, depending on the species existing in the area and their predicted values of vulnerability, which is linked to flight types and seasonal movements, in a similar way to that already proposed in previous studies [61].
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Figure 1. Zoom-in to the Iberian Peninsula showing the country borders and the administrative division Castilla y león (Spain) in the center of the region. The dots represent the indicative distribution of wind turbines (4291) installed at the end of this study. The map was generated using QGIS 3.16 in WGS 84 reference system (top) and ETRS89/UTM zone 30N projection (bottom). 
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Figure 2. Estimated values (log10) for the number of collisions predicted by the formulas (x-axis) and real values (y-axis) for all species included in the model ((a); R2 = 0.43) and the reduced dataset of 29 species ((b); R2 = 0.52). Regression line and 95% confidence intervals are shown with a dark line and grey shadow. Baseline levels for each factor (High-speed for the “Flight type” predictor and Sedentary for the “Movements” predictor) have a coefficient of 0. 






Figure 2. Estimated values (log10) for the number of collisions predicted by the formulas (x-axis) and real values (y-axis) for all species included in the model ((a); R2 = 0.43) and the reduced dataset of 29 species ((b); R2 = 0.52). Regression line and 95% confidence intervals are shown with a dark line and grey shadow. Baseline levels for each factor (High-speed for the “Flight type” predictor and Sedentary for the “Movements” predictor) have a coefficient of 0.



[image: Birds 04 00007 g002]







[image: Birds 04 00007 g003 550] 





Figure 3. Graph showing the boxplots for the two-way ANOVA assessing the number of collisions (log10) for species depending on flight types and movements. 
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Figure 4. Depiction of repeated measures ANOVA assessing the number of collisions through the year (log10 + 1) depending on each species movement. Species sharing movements are displayed using boxplots for each season. Tukey contrasts significance codes are included for relevant pairwise comparisons: ‘**’ 0.01, ‘*’ 0.05. 
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Table 1. Birds species that collided with wind turbines over 16 years (2001–2016) from two rescue centres in Spain. The Table shows the group, seasonal movement type, IUCN category, flight type, length, Spanish population, European population, the total number of collisions, collision seasonality, and predicted values of collisions obtained with the linear model including all the species. The 29 species used in the reduced dataset are indicated with asterisks beside the predicted values obtained.
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	Species
	Group
	Seasonal Movement Type
	IUCN Category
	Flight Type
	Length
	Spanish Population
	European Population
	Number of Collisions
	Spring
	Summer
	Autumn
	Winter
	Predicted Values





	Accipiter gentilis
	Bird of prey
	Sedentary
	Least concern
	Flapping
	53
	2650
	155,000
	1
	0
	1
	0
	0
	1.1



	Accipiter nisus
	Bird of prey
	Partial migration
	Least concern
	Flapping
	32
	3500
	330,000
	19
	8
	4
	3
	4
	2.2 *



	Aegypius monachus
	Bird of prey
	Sedentary
	Near threatened
	Passive soaring
	107
	1100
	1400
	3
	1
	2
	0
	0
	48.4



	Alauda arvensis
	Passerine
	Partial migration
	Least concern
	Songflights
	17
	4,000,000
	40,000,000
	103
	37
	26
	22
	18
	32.1 *



	Alectoris rufa
	Galliforme
	Sedentary
	Least concern
	Flapping
	34
	2,600,000
	3,300,000
	43
	11
	5
	16
	11
	2.3



	Anthus campestris
	Passerine
	Aestival
	Least concern
	Flapping
	17
	520,000
	1,000,000
	4
	3
	0
	1
	0
	2.2



	Anthus pratensis
	Passerine
	Partial migration
	Near threatened
	Flapping
	15
	0
	15,000,000
	6
	2
	1
	0
	3
	0.9 *



	Anthus spinoletta
	Passerine
	Partial migration
	Least concern
	Flapping
	16
	24,000
	450,000
	1
	1
	0
	0
	0
	2.7



	Anthus trivialis
	Passerine
	Aestival
	Least concern
	Flapping
	15
	350,000
	26,000,000
	1
	0
	0
	1
	0
	2.1



	Apus apus
	Apodiforme
	Aestival
	Least concern
	High-speed
	18
	525,000
	7,500,000
	123
	30
	27
	35
	31
	10.4



	Apus melba
	Apodiforme
	Aestival
	Least concern
	High-speed
	22
	5850
	165,000
	1
	0
	1
	0
	0
	6.2



	Apus pallidus
	Apodiforme
	Aestival
	Least concern
	High-speed
	17
	2200
	28,000
	2
	0
	0
	1
	1
	5.6



	Aquila chrysaetos
	Bird of prey
	Sedentary
	Least concern
	Active soaring
	86
	1230
	9000
	16
	6
	0
	5
	5
	8.6 *



	Ardea cinerea
	Pelecaniforme
	Partial migration
	Least concern
	Flapping
	93
	1510
	180,000
	1
	1
	0
	0
	0
	2.0



	Asio flammeus
	Bird of prey
	Partial migration
	Least concern
	Flapping
	37
	3
	70,000
	2
	1
	0
	0
	1
	1.0



	Asio otus
	Bird of prey
	Partial migration
	Least concern
	Flapping
	34
	5700
	450,000
	1
	1
	0
	0
	0
	2.3



	Bubo bubo
	Bird of prey
	Sedentary
	Least concern
	Flapping
	65
	560
	28,000
	3
	2
	0
	1
	0
	0.9



	Burhinus oedicnemus
	Caradriforme
	Partial migration
	Least concern
	Flapping
	42
	26,000
	100,000
	1
	0
	1
	0
	0
	2.7



	Buteo buteo
	Bird of prey
	Partial migration
	Least concern
	Active soaring
	52
	5250
	850,000
	81
	23
	20
	30
	8
	19.8 *



	Caprimulgus europaeus
	Caprimulgiformes
	Aestival
	Least concern
	Flapping
	26
	100,000
	535,000
	2
	1
	0
	1
	0
	1.9



	Carduelis cannabina
	Passerine
	Partial migration
	Least concern
	Flapping
	13
	2,500,000
	14,500,000
	27
	12
	4
	10
	1
	4.5 *



	Carduelis carduelis
	Passerine
	Partial migration
	Least concern
	Flapping
	13
	1,850,000
	16,000,000
	5
	1
	1
	2
	1
	4.4 *



	Ciconia ciconia
	Ciconiforme
	Aestival
	Least concern
	Active soaring
	103
	7901
	140,000
	5
	1
	4
	0
	0
	12.2



	Ciconia nigra
	Ciconiforme
	Aestival
	Least concern
	Active soaring
	98
	210
	7900
	1
	0
	1
	0
	0
	8.1



	Circaetus gallicus
	Bird of prey
	Aestival
	Least concern
	Active soaring
	65
	1900
	9900
	22
	3
	9
	7
	3
	10.4 *



	Circus aeruginosus
	Bird of prey
	Partial migration
	Least concern
	Active soaring
	49
	500
	70,000
	2
	1
	1
	0
	0
	15.1



	Circus cyaneus
	Bird of prey
	Partial migration
	Least concern
	Active soaring
	50
	350
	26,500
	2
	1
	1
	0
	0
	14.5



	Circus pygargus
	Bird of prey
	Aestival
	Least concern
	Active soaring
	45
	4100
	38,000
	20
	7
	9
	3
	1
	11.3 *



	Clamator glandarius
	Cuculiformes
	Aestival
	Least concern
	Flapping
	37
	60,000
	65,000
	1
	0
	0
	1
	0
	1.8



	Coccothraustes coccothraustes
	Passerine
	Partial migration
	Least concern
	Flapping
	17
	4500
	1,500,000
	1
	0
	1
	0
	0
	2.2



	Columba livia
	Columbiformes
	Sedentary
	Least concern
	Flapping
	32
	2,140,000
	13,000,000
	3
	2
	0
	1
	0
	2.3



	Columba palumbus
	Columbiformes
	Partial migration
	Least concern
	Flapping
	40
	220,000
	11,500,000
	2
	1
	0
	1
	0
	3.4



	Corvus corax
	Passerine
	Sedentary
	Least concern
	Flapping
	60
	75,000
	830,000
	1
	0
	0
	0
	1
	1.6



	Corvus corone
	Passerine
	Sedentary
	Least concern
	Flapping
	48
	425,000
	13,000,000
	3
	1
	2
	0
	0
	1.9



	Coturnix coturnix
	Galliforme
	Partial migration
	Least concern
	Flapping
	17
	380,000
	1,600,000
	3
	0
	0
	2
	1
	3.7



	Cuculus canorus
	Cuculiformes
	Aestival
	Least concern
	Flapping
	34
	230,000
	2,700,000
	1
	0
	1
	0
	0
	2.0



	Delichon urbica
	Passerine
	Aestival
	Least concern
	Flapping
	14
	2,150,000
	21,000,000
	21
	6
	2
	4
	9
	2.6 *



	Emberiza cia
	Passerine
	Sedentary
	Least concern
	Flapping
	16
	1,400,000
	2,600,000
	2
	0
	0
	1
	1
	2.2



	Emberiza cirlus
	Passerine
	Sedentary
	Least concern
	Flapping
	16
	650,000
	2,800,000
	1
	1
	0
	0
	0
	2.0



	Emberiza citrinella
	Passerine
	Partial migration
	Least concern
	Flapping
	16
	155,000
	80,000,000
	1
	1
	0
	0
	0
	3.3



	Erithacus rubecula
	Passerine
	Partial migration
	Least concern
	Flapping
	13
	2,100,000
	100,000,000
	23
	9
	4
	9
	1
	4.4 *



	Falco columbarius
	Bird of prey
	Partial migration
	Least concern
	High-speed
	30
	0
	46,000
	3
	0
	1
	0
	2
	3.9



	Falco naumanni
	Bird of prey
	Aestival
	Least concern
	Active soaring
	30
	6500
	15,000
	77
	12
	34
	26
	5
	11.9 *



	Falco peregrinus
	Bird of prey
	Partial migration
	Least concern
	High-speed
	45
	1680
	9300
	9
	6
	1
	2
	0
	9.2 *



	Falco subbuteo
	Bird of prey
	Aestival
	Least concern
	High-speed
	32
	2500
	90,000
	11
	2
	4
	4
	1
	5.6 *



	Falco tinnunculus
	Bird of prey
	Partial migration
	Least concern
	Hovering
	34
	27,500
	370,000
	128
	41
	35
	44
	8
	128.0 *



	Ficedula hypoleuca
	Passerine
	Aestival
	Least concern
	Flapping
	13
	240,000
	10,000,000
	13
	3
	1
	8
	1
	2.0 *



	Fringilla coelebs
	Passerine
	Partial migration
	Least concern
	Flapping
	15
	4,500,000
	160,000,000
	3
	0
	1
	0
	2
	4.8



	Galerida cristata
	Passerine
	Sedentary
	Least concern
	Songflights
	18
	700,000
	4,600,000
	5
	1
	2
	2
	0
	13.6 *



	Galerida theklae
	Passerine
	Sedentary
	Least concern
	Songflights
	16
	1,500,000
	1,550,000
	6
	3
	0
	2
	1
	14.8 *



	Gallinago gallinago
	Caradriformes
	Partial migration
	Least concern
	Flapping
	26
	70
	6,400,000
	1
	1
	0
	0
	0
	1.4



	Garrulus glandarius
	Passerine
	Partial migration
	Least concern
	Flapping
	34
	800,000
	13,500,000
	3
	1
	0
	1
	1
	4.0



	Grus grus
	Gruiformes
	Partial migration
	Least concern
	Flapping
	107
	0
	67,000
	3
	2
	1
	0
	0
	0.9



	Gyps fulvus
	Bird of prey
	Partial migration
	Least concern
	Passive soaring
	102
	8074
	10,200
	1901
	693
	305
	518
	385
	117.8



	Hieraaetus pennatus
	Bird of prey
	Aestival
	Least concern
	Active soaring
	47
	3000
	5200
	58
	7
	18
	22
	11
	10.9 *



	Hirundo rustica
	Passerine
	Aestival
	Least concern
	Flapping
	19
	795,000
	26,000,000
	2
	0
	0
	0
	2
	2.3



	Jynx torquilla
	Piciformes
	Aestival
	Least concern
	Flapping
	17
	49,000
	550,000
	1
	0
	0
	0
	1
	1.7



	Lanius collurio
	Passerine
	Aestival
	Least concern
	Flapping
	17
	370,000
	4,500,000
	1
	0
	1
	0
	0
	2.2



	Lanius meridionalis
	Passerine
	Partial migration
	Least concern
	Flapping
	24
	225,000
	300,000
	1
	1
	0
	0
	0
	3.4



	Locustella naevia
	Passerine
	Aestival
	Least concern
	Flapping
	13
	275
	1,000,000
	1
	0
	0
	0
	1
	1.0



	Loxia curvirostra
	Passerine
	Sedentary
	Least concern
	Flapping
	16
	165,000
	2,000,000
	1
	1
	0
	0
	0
	1.7



	Lullula arborea
	Passerine
	Partial migration
	Least concern
	Songflights
	14
	900,000
	2,200,000
	46
	19
	6
	19
	2
	27.1 *



	Luscinia megarhynchos
	Passerine
	Aestival
	Least concern
	Flapping
	16
	1,100,000
	9,500,000
	1
	0
	1
	0
	0
	2.4



	Melanocorypha calandra
	Passerine
	Sedentary
	Least concern
	Songflights
	18
	2,200,000
	10,000,000
	19
	11
	2
	1
	5
	15.5 *



	Miliaria calandra
	Passerine
	Partial migration
	Least concern
	Flapping
	18
	2,800,000
	11,000,000
	16
	7
	2
	4
	3
	4.6 *



	Milvus migrans
	Bird of prey
	Aestival
	Least concern
	Active soaring
	53
	9000
	85,000
	19
	4
	9
	3
	3
	12.4 *



	Milvus milvus
	Bird of prey
	Partial migration
	Near threatened
	Active soaring
	67
	3700
	21,500
	99
	28
	7
	33
	31
	19.0 *



	Motacilla alba
	Passerine
	Partial migration
	Least concern
	Flapping
	18
	200,000
	15,000,000
	1
	0
	1
	0
	0
	3.4



	Neophron percnopterus
	Bird of prey
	Partial migration
	Endangered
	Active soaring
	60
	1350
	5000
	6
	0
	1
	2
	3
	16.9 *



	Oenanthe oenanthe
	Passerine
	Aestival
	Least concern
	Flapping
	15
	345,000
	9,000,000
	1
	0
	0
	1
	0
	2.1



	Otis tarda
	Gruiformes
	Sedentary
	Vulnerable
	Flapping
	90
	18,000
	29,500
	2
	1
	1
	0
	0
	1.3



	Parus major
	Passerine
	Partial migration
	Least concern
	Flapping
	14
	3,000,000
	110,000,000
	2
	0
	0
	0
	2
	4.6



	Passer domesticus
	Passerine
	Sedentary
	Least concern
	Flapping
	15
	9,600,000
	120,000,000
	2
	0
	0
	2
	0
	2.7



	Pernis apivorus
	Bird of prey
	Aestival
	Least concern
	Active soaring
	55
	1500
	125,000
	4
	0
	1
	2
	1
	10.1



	Petronia petronia
	Passerine
	Sedentary
	Least concern
	Flapping
	16
	1,000,000
	1,100,000
	12
	3
	2
	3
	4
	2.1 *



	Phoenicurus ochruros
	Passerine
	Partial migration
	Least concern
	Flapping
	14
	650,000
	4,500,000
	1
	0
	1
	0
	0
	3.9



	Phylloscopus bonelli
	Passerine
	Aestival
	Least concern
	Flapping
	11
	1,900,000
	2,600,000
	2
	0
	0
	1
	1
	2.6



	Phylloscopus collybita
	Passerine
	Partial migration
	Least concern
	Flapping
	11
	550,000
	80,000,000
	23
	9
	1
	9
	4
	3.8 *



	Phylloscopus trochilus
	Passerine
	Aestival
	Least concern
	Flapping
	12
	60
	100,000,000
	2
	0
	0
	0
	2
	0.8



	Pica pica
	Passerine
	Sedentary
	Least concern
	Flapping
	45
	700,000
	21,000,000
	1
	1
	0
	0
	0
	2.0



	Podiceps cristatus
	Podicipediformes
	Partial migration
	Least concern
	Flapping
	48
	2800
	800,000
	1
	0
	0
	0
	1
	2.1



	Prunella modularis
	Passerine
	Partial migration
	Least concern
	Flapping
	14
	700,000
	17,000,000
	1
	0
	0
	1
	0
	3.9



	Ptyonoprogne rupestris
	Passerine
	Partial migration
	Least concern
	Flapping
	15
	92,000
	300,000
	2
	0
	0
	1
	1
	3.1



	Regulus ignicapillus
	Passerine
	Partial migration
	Least concern
	Flapping
	10
	1,400,000
	4,100,000
	23
	14
	2
	7
	0
	4.2 *



	Regulus regulus
	Passerine
	Partial migration
	Least concern
	Flapping
	9
	370,000
	70,000,000
	2
	0
	0
	1
	1
	3.6



	Saxicola torquata
	Passerine
	Partial migration
	Least concern
	Flapping
	12
	500,000
	2,100,000
	3
	0
	0
	3
	0
	3.8



	Scolopax rusticola
	Caradriformes
	Partial migration
	Least concern
	Flapping
	35
	660,000
	2,200,000
	1
	0
	0
	0
	1
	3.9



	Serinus serinus
	Passerine
	Partial migration
	Least concern
	Flapping
	12
	5,300,000
	9,600,000
	2
	0
	1
	1
	0
	4.9



	Sturnus unicolor
	Passerine
	Sedentary
	Least concern
	Flapping
	21
	2,125,000
	2,800,000
	3
	0
	1
	1
	1
	2.3



	Sturnus vulgaris
	Passerine
	Partial migration
	Least concern
	Flapping
	21
	600,000
	80,000,000
	4
	0
	1
	2
	1
	3.9



	Sylvia atricapilla
	Passerine
	Partial migration
	Least concern
	Flapping
	14
	1,150,000
	30,000,000
	19
	4
	1
	10
	4
	4.2 *



	Sylvia borin
	Passerine
	Aestival
	Least concern
	Flapping
	14
	550,000
	14,000,000
	2
	1
	1
	0
	0
	2.3



	Sylvia communis
	Passerine
	Aestival
	Least concern
	Flapping
	14
	525,000
	15,000,000
	1
	0
	0
	1
	0
	2.2



	Sylvia hortensis
	Passerine
	Aestival
	Least concern
	Flapping
	15
	310,000
	350,000
	2
	0
	1
	1
	0
	2.1



	Sylvia melanocephala
	Passerine
	Sedentary
	Least concern
	Flapping
	14
	1,400,000
	4,000,000
	1
	0
	0
	0
	1
	2.2



	Sylvia undata
	Passerine
	Sedentary
	Near threatened
	Flapping
	14
	2,300,000
	2,500,000
	3
	2
	1
	0
	0
	2.3



	Turdus iliacus
	Passerine
	Partial migration
	Near threatened
	Flapping
	21
	0
	6,000,000
	1
	0
	0
	0
	1
	0.9



	Turdus merula
	Passerine
	Partial migration
	Least concern
	Flapping
	26
	4,100,000
	52,000,000
	4
	1
	0
	2
	1
	4.8



	Turdus philomelos
	Passerine
	Partial migration
	Least concern
	Flapping
	21
	300,000
	18,000,000
	4
	1
	1
	1
	1
	3.6



	Turdus viscivorus
	Passerine
	Partial migration
	Least concern
	Flapping
	28
	550,000
	2,800,000
	2
	1
	0
	1
	0
	3.8



	Upupa epops
	Upupiformes
	Aestival
	Least concern
	Flapping
	27
	600,000
	1,100,000
	1
	0
	0
	0
	1
	2.3
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 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/).






media/file4.png
a)

ra

—t
i

NMumber of collisions

1.5

21

b)

2.5 4

Number of collisions
< —

—
=
1

0.5 4






nav.xhtml


  birds-04-00007


  
    		
      birds-04-00007
    


  




  





media/file2.png





media/file5.jpg
ions

Number of col

204

1.5

1.0

204

1.5

1.0

204

1.5

1.0

fensey

2

Areluepes

T
Hovering

Song

T T T
ts Active soaring  Flapping  High-speed

Flight type






media/file3.jpg
w suosio0 o sequnN





media/file1.jpg





media/file7.jpg
Number of collisions.

15

10

o5

o0

partal migaton
Movements






media/file0.png





media/file8.png
Number of collisions

ey
o
|

o
o
1

0.0 o

3 spring
& summer
£ autumn
& winter

B

1
Aestival

I
Partial migration

Movements

Sedentary





media/file6.png
Number of collisions

m—

| | uonelBbiw enJed | | [eAnsey

Aleyuepesg

| | | | |
Hovering  Songflights Active soaring Flapping High-speed
Flight type





