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Abstract

With the increase in wind turbines, bird collisions have developed as a potential hazard. In

the federal state of Brandenburg, Germany, despite the on-going mitigation efforts of

increasing the distances of wind turbines from the breeding areas of the more severely

affected populations of red kites (Milvus milvus), the additional detrimental influences on the

buzzard populations (Buteo buteo) have added to the challenges for wind power expansion.

Using data on the regional distribution of the buzzards, along with their carcass detections

around the wind turbines (WTs), we aimed to better understand their collision distribution

patterns in relation to their habitat use patterns to predict their exposure to collision risk

using boosted regression trees (BRTs). Additionally, we integrated the developed collision

potential map with the regional density map of buzzards to identify areas of increased strike

susceptibility in turbine installations. Our study showed that the buzzard collisions were pri-

marily concentrated at the turbines situated at sensitive distances from the edges of water-

courses (>1000 metres), as well as those along the edges of grasslands (>750 metres), in

the green open areas around/areas with minimal settlements (750 metres-1750 metres),

and along the edges of bushlands (>1500 metres), together explaining 58% of the variance

in their collision distribution. Conclusively, our study is applicable to conservation because it

demonstrates the identification of potential collision areas along with the causes of the colli-

sions, in addition to demonstrating the benefits of incorporating a species collision dataset

as a proxy for species presence into species distribution models to make informed manage-

ment decisions to eventually combat biodiversity loss.

Introduction

Brandenburg is of particular interest in the context of Germany’s ambitious aims of transform-

ing energy production towards modes of renewable energy generation in the coming decades
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[1]. With the aim of reducing CO2 emissions by 80–95% by the year 2050 compared to the

level in 1990, the interim target is a 40% reduction by 2020, coupled with a share of 35% from

renewables [2, 3]. In Brandenburg, wind energy in particular has been increasingly explored as

a main source of renewable energy, leading to the widespread construction of wind farms in

the state. On the other hand, this growing production of wind energy has been accompanied

by the emergence of new conservation issues, in particular, the collision of birds through direct

impacts with the turbine structures [4–9]. The mortality due to direct collisions has been iden-

tified as a major threat, especially for the large, soaring raptors, being most prone and vulnera-

ble to collision [10–14]. In addition, these species are also characterized by long generation

times and low reproductive rates, making them highly sensitive to any increase in mortality

[15]. Several studies on the demographic effects of wind turbine fatalities have revealed that

mortality due to wind turbines may reach levels that can threaten local populations, e.g. the

Egyptian Vulture (Neophron percnopterus) in southern Spain [8], the Golden Eagle (Aquila
chrysaetos) in the USA [16], and the Red Kite (Milvus milvus) in Germany [17]. Apart from

this, the indirect effects; by means of the loss of nesting and foraging habitats add to the con-

servation concerns [18].

Wind energy in Brandenburg to be specific, has already had the highest energy capacity

amongst the other installed renewables in the state [19–24]. However, with the increase in the

numbers of wind turbines, the mortality of birds from collisions has simultaneously developed

as a potential hazard in the state as well [17, 25–29]. Moreover, it is becoming increasingly dif-

ficult to identify suitable sites for installations of additional turbines in the region as the satura-

tion point has already been achieved [30]. Therefore, the deployment of additional wind

turbines in the state requires precise predictions of the bird strike susceptibilities to reduce

bird collisions.

Over recent decades, environmentalists and managers have normally argued against the

installation of wind farms in areas with high densities of birds. They make the simplistic

assumption that the higher the abundance of individuals of a given species is at a particular

site, the higher their susceptibility for collision with wind energy structures installed at that

particular site [31, 32]. This assumption has been readily challenged by many researchers,

since their findings show that the pre-construction bird abundances and the observed num-

bers of carcasses as a measure of the post-construction bird collisions through detections are

not closely related [12, 33, 34]. The German State Bird Conservancies have also additionally

developed recommendations in terms of the distances of wind turbines to such important bird

areas as well as to the breeding sites of different species of birds [35]. In general, turbine site

selection follows these recommended minimum distance of wind turbines to the breeding

areas of sensitive bird species based on species-specific telemetry studies, collision data, spatial

functional analyses, long-term observations and expert assessments [35]. Researchers also rec-

ommend a range of verification distances around wind farms that take into account areas in

which there could be a high probability for a bird species to occur. These spaces can be derived

from flight corridors, preferred hunting grounds of juveniles and breeding adults, roosting

sites, certain landforms that cause favourable thermal conditions or other significant habitats

for the species [35].

For the federal state of Brandenburg, a major challenge for further expansion of wind

energy production has been their negative effects on the breeding populations of red kites

(Milvus milvus) [17]; Bellebaum et al. applied a model based on systematic searches for colli-

sion carcasses around wind turbines and estimated that in Brandenburg, at least 308 red kites

are killed annually due to collisions with their structures alone. With more than 50% of the

world population found here, Germany has a greater national responsibility for their conserva-

tion than for that of any other bird species [17, 36, 37]. However, in Brandenburg, in addition
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to the red kites, other species also have a high conservation importance, e.g., the lesser spotted

eagle (Aquila pomarina), great bustard (Otis tarda) common buzzard (Buteo buteo), and the

white-tailed sea eagle (Haliaeetus albicilla) [35].

While the distance-based recommendations may help to protect spatially restricted species

populations, the challenges differ for species like buzzards, because unlike their counterparts,

buzzards occur almost everywhere in the state, making future turbine installations in Branden-

burg particularly challenging [38].

Therefore, to develop conflict reduction strategies for a wide-ranging species, we examined

the collision potential and the strike susceptibility of buzzards across the state. Using the

ensemble method of boosted regression trees (BRTs), which is a combinational algorithm

based on statistical and machine-learning techniques, that has relatively recently been applied

to the world of species distribution modelling [39, 40]. First, we used this method to develop a

spatially explicit collision distribution model for the species across the state by means of long-

term carcass data detected around turbines in relation to distances to different land use types.

With buzzards occurring almost everywhere in the state, the purpose of this study was also to

identify distances of wind farms to different land use types where there is a particularly high

risk of collision. Second, these critical areas were further compared to the regional densities of

buzzards to generate an actual strike susceptibility model across the study region.

We expect our strike susceptibility model to be applicable at the turbine deployment sites and

our working methodology to be applicable only for a case-by-case review, taking into account

the different land use types, their included features, the distances to the edges of these features

and detailed information regarding the target species. Since the study predominantly focuses on

buzzards and only on “direct” collisions with the wind turbine structures, it captures only one of

the many ecological impacts of wind energy infrastructures. Therefore, the authors would like to

clearly and understandably state that despite the usefulness of their study for regional planning

processes, our collision distribution and strike susceptibility models are neither a substitute for

detailed population monitoring nor for site-specific Environmental Impact Assessments (EIAs)

in the course of project planning and while interpreting the results of our study and it is highly

necessary to adjust our recommendations made for buzzards according to the specific situations

present in different study regions and to the specific situations present in these study regions.

The best approach is not to expect our models to be an ultimate endpoint but instead to follow it

as a guide for consultation within limited resources and should not be used as a sole decision-

making tool for the selection of suitable wind turbine sites in the federal state.

Materials and methods

Study area

The federal state of Brandenburg in north eastern Germany covers an area of 29,500 km2 (Fig

1A) with a population density of only 85 people per km2 [1]. Brandenburg has a currently

installed wind energy capacity of 5.5 GW [41] and is regarded as the world’s apical region for

wind energy development [42, 43]. Over recent decades, wind energy development has been

rapidly paced in the state, driven by economic imperatives and aided by the sparse population

density, which has led to the widespread construction of wind farms. WT structures have con-

tributed substantially to the landscape of Brandenburg and have subsequently emerged as a

new cause of bird loss [44, 45].

Carcass search data

Spatially limited, non-uniform carcass search data of birds were available from 69 of the exist-

ing 562 windfarms (Mean: 5 functional turbines per windfarm, excluding the dismantled
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windfarms and wind turbines) in parts of the study region for the period 2000 to 2015 [17, 44].

From the 122 detections of exclusively buzzards, from the total number of carcasses detected,

the spatial coordinate information of only these specific turbines, that reported the casualties

was extracted for the purpose of our study. All carcass detections were limited by spatiotempo-

ral inconsistencies related to researcher efficiencies due to the biases associated with the

persistence times of the carcasses across the varieties of substrates [46].The largest influence

although came from the differences in monitoring efforts, which ranged from only one control

to many frequently and regularly controlled turbines [44] (Fig 1B). The pseudo-absence data

were also biased by similar fallacies but were still numerically dominant over the presence data

available across the controlled wind farms. Therefore, for the purposes of our study, we down-

sized the pseudo-absence data and excluded the carcass search detections of birds belonging to

the same taxonomic family as that of buzzards (i.e. Accipitridae) using the spatial coordinate

information only from the turbines with detections of other bird groups, making neither the

presence nor pseudo-absence data dominant over the other. We also ignored the estimated

Fig 1. (A) Spatial locations of functional wind turbines and the wind turbines with detected Buzzard collisions in the study region of Brandenburg, Germany. (B)

Number of controls per the assessed wind turbines in the study region of Brandenburg, Germany.

https://doi.org/10.1371/journal.pone.0227698.g001

Strike susceptibilities and collision patterns of birds at wind turbine structures

PLOS ONE | https://doi.org/10.1371/journal.pone.0227698 January 24, 2020 4 / 25

https://doi.org/10.1371/journal.pone.0227698.g001
https://doi.org/10.1371/journal.pone.0227698


numbers of birds discovered in each detection and solely used the spatial coordinate informa-

tion of each of the turbines where the carcasses were detected.

Distance to edge-based land use variables (DELV)

The detailed database of land use data provided by the Biotope Type and Land Use Mapping

Project of the State of Brandenburg of 2011 [47] was processed using the included features in

the 12 major land use classes (Table 1) to avoid the greater degrees of inconsistencies and lack

of information associated with the successive subordinate classes [44] (Fig A in S1 File). The

different types of land use classes were separated; the features of each of the individual land use

class were transformed to polylines and pre-processed individually to create Euclidean dis-

tances at a cell resolution of 100 metres for the whole study area with ESRI-ArcGIS version

10.1. A resolution of 100 metres was chosen to find a compromise between accuracy, the size

of the raster maps, and the available computer memory or processing time. Additionally, rec-

ommendations to policymakers are rarely based on data with a resolution below 100 metres.

For ease of interpretation, the created Euclidean distances were given either a negative or a

positive sign to denote the distances inside and the distances outside, respectively, of the fea-

ture of a particular land use class [44]. Distance distributions of turbines under the functional

wind turbine (pre-existing/with buzzard collision events/without buzzard collision events),

approved and proposed wind turbine (to be installed) categories along the 12 DELVs under

consideration (Fig B in S1 File).

Methods

Boosted regression trees

For the explanation and predictions of the collision patterns of the buzzards at wind turbines

(WTs) against the distances of the turbines to the edges of various land use types, this study

utilized the ensemble method of boosted regression trees (BRTs). BRTs is a machine-learning

technique and builds on the concepts of decision trees and gradient boosting [39, 48, 49].

BRTs have recently gained popularity due to several advantages over traditional, frequentist

statistical methods [50]. They offer high predictive accuracies and good interpretability of

results, do not tend to overfit [51], are robust against missing data and collinearity of predic-

tors, and are able to handle non-linearity and interaction effects [39, 48, 49].

Table 1. Distance to edge-based land-use variables (DELVs) used as predictors in the Federal State of Brandenburg, Germany.

Variable Description Coverage (%) Variable

Acronym

Bushlands Deciduous bushes, field bushes, tree-lined roads, tree groups and riparian woods 0.79 B

Fields Plow lands, arable lands and other farmlands 35.11 F

Forests_forestry Forests and commercial forests 35.51 FF

Flowing_watercourses Streaming waters, springs, small flowing rivers and channels 0.39 FW

Green_areas_settlements Biotopes of green areas and open spaces including parks, gardens and village greens 1.66 GS

Grass_forbs Meadows, pastures, grasslands, lawns and forb areas 16.37 GF

Ruderal_areas Anthropogenic raw soil sites and ruderal areas with or without very few vegetation 0.26 RA

Shrublands Dwarf shrubs, heathlands and conifer bushes 0.35 S

Special_biotas Special biotopes including valleys, plantations, commercial gardens and tree nurseries 0.87 SB

Settlements_structures Buildings, roads, paths, traffic and industrial areas, railroads and village like developments 5.73 SS

Still_watercourses Still waters, lakes, small waterbodies, reservoirs, ponds and mine waters 2.21 SW

Wetlands Mosses, swamps, sedges and peat cutting sites 0.73 W

https://doi.org/10.1371/journal.pone.0227698.t001

Strike susceptibilities and collision patterns of birds at wind turbine structures

PLOS ONE | https://doi.org/10.1371/journal.pone.0227698 January 24, 2020 5 / 25

https://doi.org/10.1371/journal.pone.0227698.t001
https://doi.org/10.1371/journal.pone.0227698


Our response variable was the buzzard collisions, which were measured as the presence/

pseudo-absence of buzzard carcasses around the wind turbine structures and the presence and

detections of other birds through the carcass search (belonging to the taxonomic family of

Accipitridae) around wind turbine structures as pseudo-absence data. Our predictor variables

were the distances of the wind turbines to the edges of the 12 major land use classes considered

(Table 1; Fig A in S1 File).

BRTs consist of two algorithms: regression trees (models that relate the response to the

DELV predictors by recursive binary splitting) and boosting (adaptive method combining

many of the simple models fitted iteratively in a forward stage-wise fashion to give improved

predictive performance) [39]. Four parameters are important for calibrating BRTs: (bg) bag

fraction, (tc) tree complexity, (lr) learning rate, and (nt) number of trees. The bag fraction

specifies the share of data that is randomly withheld while fitting the model (i.e., each single

tree), thereby introducing stochasticity and avoiding overfitting. The tree complexity defines

the maximum order of interactions between predictors in each single tree. The learning rate

reduces the contribution of each single tree to the entire model and can be interpreted as a

penalizing parameter. The number of trees determines the number of single decision trees

included in the model and represents the model complexity [50, 52].

We used the dismo package [53] in R [54] to implement our model and the function gbm.

step, with the (tc) fixed at 12 (equivalent to the number of predictor variables; DELVs), the (lr)
varied between 0.05 and 0.0005, and a default (bf) of 0.5 [48] to fit the models, ideally, at least

1000 trees were performed, as recommended by Elith et al. [39] was used along with the cus-

tom code [39] to generate BRT models of the collision potential for buzzards across the federal

state. The model fit and predictive performances were balanced to reduce overfitting by jointly

optimizing the nt, lr, and tc [39].

To determine the optimal number of DELVs that contributed to the response, we first ran a

full model with all 12 DELVs in which a relative importance was assigned to each predictor

DELV. Second, we ran another simplified model with only the highly contributing DELVs

from the full model (optimal set), followed by an assessment of the response against each of

Table 2. The relative contributions (%) of the (DELV) predictor variables for BRT full and simplified models.

Developed with cross-validation on data from 332 sites and a tree complexity of 12 and 10 respectively. The full model

was fitted with 12 predictors and least contributing 2 were removed and the simplified model was fit with the remain-

ing 10 predictors; Figs C1 and C2 in S1 File.

Predictor

DELV (Acronym)1
Full

Model

Simplified Model

FW 11.7 12.5

S 10.3 11.2

SB 10.1 10.5

SW 10.0 11.1

RA 9.6 9.8

GAS 9.1 9.4

SS 8.7 8.9

B 8.1 9.1

FF 7.4 8.5

GF 7.3 8.8

W 4.2

F 3.6

1Acronyms corresponding to the predictor variables are described in Table 1.

https://doi.org/10.1371/journal.pone.0227698.t002
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them individually. We compared the goodness of fit among the models and evaluated the

goodness of fit of our models using 10-fold cross-validated ROC AUC values (Receiver Oper-

ating Characteristic Area Under the Curve). [55], and the percent deviance in the cross-valida-

tion (CVdev) was also explained [52, 56] for the full and the simplified models.

We further assessed the influence of each predictor in explaining the collision patterns by

calculating their relative importance in the model (number of times a variable is selected in a

tree, weighted by the squared improvements, and averaged over all trees) [49]. Finally, we pre-

dicted the collision potential map for the entire study area using the model. The predictive

map of the collision potential of the buzzards at the WTs (CP) was generated using the simpli-

fied model against the optimal set of DELVs. The predictive score of the collision potential

ranged between 0 and 1 for each grid, according to the DELV characteristics of the grid cell

and the model’s fitted functions. The predictive maps were validated using the test data, and

their predictive capacity was determined using the AUC, sensitivity (true positive rate), and

1-specificity (false positive rate) [52].

Regional breeding pair density and strike susceptibility

The regional density atlas of buzzards [57] was used to assess the areas of higher strike suscep-

tibility within the assessed potential collision zones. The density map represented the number

of breeding pairs (BPs) of buzzards in terms of 6 classes (i.e., BP). 1 BP, 2–3 BP, 4–7 BP, 8–20

BP, 21–50 BP, 51–150 BP) based on the paper sheet contour system of the topographical maps

TK25. Most areas in Brandenburg harbour 8–20 or 21–50 BPs of buzzards on average, with

lower densities commonly occurring in the fringes of the state that partly belong to its terri-

tory. The higher density areas that were categorized as having 51–150 BPs occurred mostly in

the south-eastern districts of Spree-Neiße and Oberspreewald-Lausitz. For the purpose of our

study, we particularly used the lower-class border of the available buzzard BP data in the state.

Therefore, the lower-class border of the highest possible class of BP of buzzards available in the

study area was 51 BPs. Following Torres et al [52], we calculated the strike susceptibility of

buzzards at wind turbines by multiplying the assessed collision potential for the state of Bran-

denburg with the lower class borders of the BP of buzzards, signifying their relative density

across the state using the Raster calculator function in ArcGIS version 10.1 [58].

Maximum Breeding Pair Density ðBPDmaxÞ ¼ 51

Relative Breeding Pair Density ðBPDrelÞ ¼

Observed Breeding Pair Density ðBPDobsÞ=Maximum Breeding Pair Density ðBPDmaxÞ

ð1Þ

BPDrel ¼
BPDobs

BPDmax

Strike Susceptibility ðSCÞ ¼

Collision Potential ðCPÞ � RelativeBuzzard Density ðBPDrelÞ � 100

ð2Þ

SC ¼ CP � BPDrel � 100 ð3Þ

The formula provides the strike susceptibility for buzzards at wind turbine structures and

considers both the buzzard density and the influence of the landscape on collision probability.

Using the potential strike susceptibility, we performed a spatial assessment of the number of

existing wind turbines, number of approved wind turbines and number of proposed wind tur-

bines within the assessed areas in the state [59].
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Results

The performance measures of the BRT model showed that the full model using all 12 DELVs,

with a tree complexity (tc) of 12 and a default bag fraction (bf) of 0.5, fitted 1100 trees (nt) at a

learning rate (lr) of 0.005. After the initial full model development, we further simplified the

model to reduce the model complexity by sequentially dropping the least important variable

with a test drop of up to 2 DELVs [39]. Between the full model and the simplified model, only

10 relatively highly influential DELVs were selected for the subsequent run of the algorithm

(Table 2; Figs C1 & C2 in S1 File). Therefore, the simplified model at a tree complexity (tc) of

10 with the same default bag fraction (bf) of 0.5 fitted the ideally required number of trees (nt)
of 1300 at a faster learning rate (lr) of 0.005. The performance of the simplified model was

assessed and compared with the full model using the cross-validation running a random data-

set using 30% of the occurrence points to test the model. Both models performed very well at

predicting the outcomes within the training data set and resulted in satisfactory cross-valida-

tion deviance (Table 3).

Although the validation test of the simplified model indicated a relatively low true positive

rate (sensitivity = 0.51) compared to that of the full model (sensitivity = 0.69), both maintained

low false-positive rates (1-specificity = 0.01 and 0.02, respectively); correspondingly, the overall

discrimination of the simplified model (AUC = 0.88) was relatively equivalent to that of the

full model (AUC = 0.86) (Table 3).

The highly influential predictor variables according to both models were the distances to

the edges of the watercourses, shrublands and special recreational parks and biotas, which

together accounted for approximately 45% of the total variance in the simplified model and

approximately 40% of the total variance in the full model. Among the other predictors, the dis-

tances between 1–2 km to the edges of the green and open areas around settlements (mean

contribution: approximately 9.2%) contributed highly to both models. The distances to the

edges of the special recreational parks and biomes up to approximately 4 km had high contri-

butions to both the models (mean contribution: approximately 10%), followed by the distances

to the edges of bushlands up to 1 km, which also showed substantial contributions (mean:

approximately 8.6%). The vicinities of the open grasslands and areas with forb communities

(between 0 and 500 metres) also contributed to the higher collision potential revealed by both

models (mean contribution: approximately 8.05%), whereas the distances to fields contributed

the least (less than 3%) (Fig 2).

Table 3. Characteristics of the BRT Full and Simplified models and their predictive performance as evaluated on the test data, within a cross validation. Both mod-

els developed with cross-validation on training data, learning rate of 0.005, using variables listed in Table 2.

Model No. of

Sites

No. of

DELVs

Tree

Complexity

(tc)

Learning

Rate

(lr)

Number of Trees

(nt)
Highest DELVs %

Contribution1

�CV dev

(%)

AUC Validation

(Sensitivity,

1-Specificity)

Full 331 12 12 0.005 1100 FW (11.7) 21(0.97) 0.86 (0.69, 0.02)

S (10.3)

SB (10.1)

SW (10.0)

Simplified 331 10 10 0.005 1300 FW (12.5) 23(0.92) 0.88 (0.51, 0.01)

S (11.2)

SW (11.1)

SB (10.5)

� Mean, with standard errors in brackets
1Acronyms corresponding to the predictor variables are described in Table 1.

https://doi.org/10.1371/journal.pone.0227698.t003
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The extent of the pairwise interactions between the DELVs was also calculated; among all

interactions, substantial pairwise interactions were found between the distances to the edges of

the special recreational parks, biomes and settlements and the structures (variable interac-

tion = 0.58). In addition, the distances to the edges of the green areas around settlements also

showed relatively higher interactions with the distances to the edges of flowing watercourses

(variable interaction = 0.53) and to the edges of the special recreational parks and biomes (var-

iable interaction = 0.51). The variable indices of these interactions were further used for plot-

ting their interactions to analyse the combination of the distances between the specific pairs

with the highest strike risks (Fig 3, Fig 4 & Fig 5).

We also predicted the collision potentials for buzzards at the wind turbine structures to the

DELV-based map of Brandenburg (Fig 6) using the predict function in the ’raster’ package

(version 2.0–12) [60] of R [54] and spatially calculated the strike susceptibility using these pre-

dicted collision potentials and the density of buzzards in the region [57] (Fig 7).

Fig 2. Fitted functions produced by boosted regression trees of collision potentials for buzzards at wind turbine structures

depicting the marginal effect of collision possibility (y-axes) by each DELV. Contribution of each DELV is given in brackets.

Rug plots show distribution of the data across distances of DELV’s in meters and are used as a measure of confidence across

the shapes of the fitted functions. Signs denoting (+) are distances outside the edge of the land use variables and (-) are

distances inside the edge of the land use variables.

https://doi.org/10.1371/journal.pone.0227698.g002
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Our analyses suggest that the majority of the habitats predicted to have higher collision

potentials are less susceptible to strikes (Fig 8) and that the collision potentials face relatively

higher strike susceptibility (> 60%) at only some locations. In parts of the districts of Ober-

spreewald-Lausitz, Uckermark and Havelland, the predicted higher collision potential areas

overlapped with significant densities of buzzards [57] (strike susceptibilities > 80%).

Moreover, we can see that buzzard pair density was higher in NE, NW, South, and West of

Berlin area (Fig 7) and in Fig 1, we can see that WTs are in dense clusters in NE, NW and West

of Berlin area and more equally spaced in the South. We found that functional wind turbine

density coincided with the density of collision events towards the NW of the state (Figs 9 and

10).

Additionally, the spatial count of the number of approved and proposed wind turbines (Fig

11) [58] to be deployed in these highly susceptible zones were also detected, and found to be

merely 0.29% (4 turbines) of the total (1343 turbines) in the planned phases of wind energy

development projects (Table 4).

Discussion

Previous studies based on systematic searches of collision carcasses of birds around wind tur-

bine structures, have not only estimated the number of birds dying as a result, but also

highlighted the seasonal changes between the detections (i.e., collisions in the first place itself).

Numerous studies have analysed the impacts of turbine- and the wind park overall- parameters

Fig 3. BRT 2-way: Interaction plot for distances to the edges of special biotas and the edges of settlements and

structures; the most important interaction in the BRT 2-way model; interaction size = 0.58.

https://doi.org/10.1371/journal.pone.0227698.g003
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with respect to the individual turbines (tower height, rotor radius, rotor swept area, colour,

light) even the habitat parameters with respect to the positions of the turbines in the wind park

(land use, distance of woodlands or water bodies to the mast foot of the turbine) and finally

evaluated the accuracy of collision predictions of birds by assessing the success of future detec-

tions at the predicted locations [17, 26–29, 61–66].

On similar lines, by means of our study; we also aimed to better understand such collision

distribution patterns of birds in relation to the placements of individual turbines along the var-

ious habitat use patterns around different land use types. Our endeavour was to develop con-

flict reduction strategies via medium of avoidance distances to direct collisions for wide-

ranging species. We used this powerful tool of boosted regression trees (BRTs), which is a

combinational algorithm based on statistical and machine-learning techniques, for giving gen-

eral guidelines on wind power plant planning in relation to the most important landuse type

variables for birds, by producing a spatially explicit map predicting their collision risk across

the landscape on turbine installations. We limited the scope of our study only to that of the

common buzzard (Buteo buteo) to predict the exposure of the collision risks to buzzards at

wind energy structures. Careful site selection is crucial to reduce the risk of collision, especially

in species such as the buzzard which does not seem to actively avoid wind turbine. Our study

predicted the spatial patterns of wind turbine collision risks to buzzards by assessing relation-

ships between the actual spatial occurrence of collision fatalities and bird behaviours in terms

of proximities or distant preferences to different habitat features of multiple landuse types. By

using the long-term carcass search data of buzzards detected around turbines; in relation to

Fig 4. BRT 2-way: Interaction plot for distances to the edges of green areas around settlements and the edges of

watercourses; the second most important interaction in the BRT 2-way model; interaction size = 0.53.

https://doi.org/10.1371/journal.pone.0227698.g004
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the distances of these turbines to the different land use types, we developed a spatially explicit

collision distribution model for the species across the state. Additionally, the assessed collision

risk areas were further compared to the regional densities of buzzards to generate their actual

strike susceptibility on turbine installations across the region.

Before discussing our findings, we would like to emphasize again that our study does not

rely on systematically collected, spatiotemporally homogenous bird collision data from the

wind turbine structures, but on opportunistic data collected. Therefore, although our records

cover a wide area, we do not know if the search regime was comparable across the study region

and collected with uniform search efforts and comparable search protocols. These limitations

biased the results in terms of the probability of the A.) carcass persistence times due to scaven-

ger and predator activities and B.) the detection inadequacies of the researcher, with varying

efficiencies across different substrates and species of birds involved [45]. Resulting in lack of

true pseudo-absence data, which in turn led to weak and partial inferences from the predictor

variables. These limitations were not unique to our study; species modelling procedures

involving home range estimations, distribution evaluations and movement assessments face

similar challenges regarding data issues [67–70]. These limitations should be kept in mind

when interpreting the results of our study. Yet, we rule out that the carcass search operations

data was biased towards wind turbines, because the all the dead bird carcasses were reported to

the regional authorities and not just wind turbine collision fatalities.

Fig 5. BRT 2-way: Interaction plot for distances to the edges of special biotas and the edges of green areas around

settlement; the third most important interaction in the BRT 2-way model; interaction size = 0.51.

https://doi.org/10.1371/journal.pone.0227698.g005
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Fig 6. Spatial Collision Potential Model for Buzzards at WTs in the study region of Brandenburg, Germany.

https://doi.org/10.1371/journal.pone.0227698.g006
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Analysing the spatial information alone, we found that the density of collision events was

higher in areas with higher densities of wind turbines, this effect was predominant in areas

with higher regional population densities particularly (Figs 7, 9 and 10). This implies that colli-

sions are correlated with WT density, synonymous with studies showing wind turbine densi-

ties as strong predictors of collisions, affirming the synergistic effects of wind turbine density

by amplifying collision events [71], especially in areas with high buzzard density. Therefore,

WT density is a critical predictor of collision, and it would have great implications on the colli-

sion risks in dense population areas. Moreover, combining collision events densities and

regional species densities allowed for better predictions of collision risks (Fig 8). These results

indicate that considering a combination of data on wind turbine densities along with collision

events and regional population densities allows for improved assessments of collision distribu-

tion and strike susceptibilities at large spatial scales for wide-ranging birds, such as such large

raptors. Therefore, our results support and encourage the use of models that use combina-

tional data as a tool for the analysis of collision potential on larger spatial scales, as has been

already done for many other bird species [7, 72–74].

However, the authors would like to clearly and understandably state that despite the useful-

ness of their study for regional planning processes, our collision distribution and strike suscep-

tibility models are neither a substitute for detailed population monitoring nor for site-specific

Environmental Impact Assessments (EIAs) in the course of project planning. While interpret-

ing the results of our study it is highly necessary to adjust our recommendations made for buz-

zards according to the specific situations present in different study regions.

The recent shift in focus regarding the deleterious effects of wind turbines from red kites to

buzzards, despite the equivalent number of collisions at WTs over the years, buzzards were not

considered in the planning criteria earlier [26] because their widespread population makes

them seven times as common as red kites in Germany [75]. Prohibitions to planning wind tur-

bines with regard to species protection mostly consider species facing detrimental influences

at their local population levels and exclude species that are common and widespread; colli-

sion-based losses are not considered a serious conservation issue for these species, e.g., the

common buzzard [76]. However, currently in the state of Brandenburg, the inclusion of the

buzzard-only criteria in the spatial planning of the turbine locations is also becoming increas-

ingly important due to the consequential forecasted decline in the population of the species

[26, 38]. Moreover, as the species is also known to occur almost everywhere in the state, select-

ing the lowest risk options for turbine deployment is the only strategically sound method for

the continued expansion of wind power in the state.

Buzzards in general, have not shown any appreciable changes across their distribution

range in Brandenburg compared to their estimated range since the mid-1990s [77], they have

also not indicated avoidance behaviours with regard to wind energy structures [78]. They

often approach the wind park within a few metres and use the transformers or the railings of

the stairs as raised hides, making courtship flights and rare hunting flights at the hub height or

above the rotors [79]. Apart from the target species, the future of wind power expansion in the

state may also be unlikely, i.e. any striking changes to its spatial plan due to the innumerable

number of deciding factors influencing the locations of wind turbines. As expected, the

deployment of new wind turbines in most cases would either be near the vicinity of the existing

turbines, adding to the output of a pre-existing wind farm, or be replaced with repowering the

old wind turbines [58]. In addition to this, as our study region is in the North Eastern Ger-

many, that has not experienced any strong land conversions over the recent decades [80], we

can assume that our analyses based on the landuse type variable against the placement of tur-

bines should not bias our results.
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Fig 7. Regional densities of Buzzards in the study region of Brandenburg, Germany.

https://doi.org/10.1371/journal.pone.0227698.g007
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Buzzards are also area-sensitive species that occupy almost all habitats in the cultural land-

scape as long as there are suitable tree populations or artificial heights that function as breeding

and nesting locations, as they prefer the use of several kinds of synonymous high natural and

artificial perches [81–85], commonly at the edges of forests [84, 86, 87]. This preference has

been attributed to the ease of access to the nests and to a need of unobstructed view of the sur-

rounding landscape [84]. Therefore, maintaining a minimum distance to the fringes of the for-

ested areas, woods surrounded by fields, tree groups and individual trees in bushlands and

special recreational parks and biomes is an important planning consideration for the location

of wind turbines to avoid possible collisions. Carcasses have been detected near wind turbines

situated up to 750 m and 2000 m from the edges of these land use types (Fig 2).

In addition, preventative measures, to the degree that they are possible through design and

effective area usage, are also recommend for the deployment of wind turbines in areas with

prey attraction in the direct vicinity of the planned locations. This could include avoiding fal-

low lands, green and open grasslands or shrublands near the locations, as the amount of grass-

land and the amount of dry land are parameters strongly related to vole-hole density [87].

Although a direct connection to agricultural use does seem to exist as hunting buzzards fre-

quently prefer fields without vegetation; it can be assumed that higher vegetation limits food

visibility in an area, and thus lower and less vegetation is more favourable for food acquisition

[83, 88]. Suggesting, it is essential to avoid the unintentional creation of attractive food habitats

at the mast foot of the turbines due to the construction of small paved paths to access the

Fig 8. Strike susceptible locations for Buzzards at WTs in the study region of Brandenburg, Germany.

https://doi.org/10.1371/journal.pone.0227698.g008
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Fig 9. Functional wind turbine density in the study region of Brandenburg, Germany.

https://doi.org/10.1371/journal.pone.0227698.g009
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Fig 10. Buzzard collision events density in the study region of Brandenburg, Germany.

https://doi.org/10.1371/journal.pone.0227698.g010
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Fig 11. Spatial locations of the to-be deployed wind turbines in their approved and proposed phases of development in Brandenburg, Germany.

https://doi.org/10.1371/journal.pone.0227698.g011

Table 4. Turbines in the approved and proposed phases of development in the federal state of Brandenburg

planned across the Buzzard strike susceptibility zones.

Approved Turbines Buzzard strike susceptibility at WTs No. of Turbines %

0% -20% 856 92.14

21% - 40% 67 7.21

41% - 60% 2 0.21

61% - 80% 3 0.33

81% -100% 1 0.10

Proposed Turbines Buzzard strike susceptibility at WTs No. of Turbines %

0% -20% 382 92.27

21% - 40% 32 7.72

41% - 60% 0 0

61% - 80% 0 0

81% -100% 0 0

https://doi.org/10.1371/journal.pone.0227698.t004
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turbines. The creation of such open areas, which have a higher edge density of greater accessi-

bility to the potential prey base (e.g., small mammals), is widely known to increase the collision

risk for the species. Additional affinities to open areas are also attributed to the promotion of

courtship behaviour [83, 89].

Apart from agricultural fields, buzzard collisions also showed no affinities towards distances

from watercourses. Buzzards do not select nest sites near open waters; neither the distance to

the path of the watercourses influence the buzzard nest-site selection [84]. The carcasses

detected at the wind turbines were situated farther than 2500 m from the borders of the flow-

ing watercourses but closer in comparison from the borders of still watercourses; between 300

m and 1750 m (Fig 2).

The carcasses detected at the wind turbines primarily situated at distances closer to the

edges of green and open areas around settlements (Fig 2), recommend that wind turbine plan-

ning should include a free approach and departure-based technique in such areas. With dis-

tances particularly between 750 m and 1750 m from the borders of green areas around

settlements to be specifically avoided, i.e. avoidance of raised areas adjoining areas with open

landscapes serving as possible hunting grounds, which would ultimately reduce collision risks

in these areas, especially during breeding, because buzzards prefer the vicinity of their feeding

areas to be in close proximity to their nesting hides [90–92].

The solutions in all cases, primarily require additional efforts in collection of the resource

data. We recommend, a standardized monitoring protocol to be developed and applied prior

to installations to each wind turbine construction site on a monthly basis and for a time of at

least three years. Furthermore, the data from the Environmental Impact Assessment studies

should be made freely accessible for monitoring on regional (state) and nationwide monitor-

ing and research. However, post installations, there is usually relatively high-quality data for

birds of prey [29, 44] despite the afore mentioned limitations due to the greater persistence

times and the efficiencies of detection of their carcasses [45]. Therefore, for successful predic-

tions and adaption of planning directives in this field, Population Viability Analyses are highly

recommended [29]. In our study, the involved spatiotemporal variation was already high,

which pertained to the limitations of the subsequently higher costs of data collection associated

with labour requirements, further adding to the limitations. Analyses like the one we did can

support the spatial planning process on regional and federal scale if not also on national scale

by identification of areas with a lower risk for collision with the mentioned species. However,

more research and assessment must be done with different species as well e.g. application of

joint SDMs etc. These findings are particularly relevant for planners and policy makers. The

differential response of birds reported suggests that it is possible to locate wind farms and to

plan changes in land use in accordance with conservation interests. Depending on regional

conservation priorities, it may be possible to locate suitable wind turbine sites that might affect

species of lower conservation concern or even benefit those in need of conservation action.

Furthermore, consideration must be given to the ecological role of these species from a wider

ecological perspective.

Although we expect our approach to be applicable at the turbine deployment sites of the

given study region this methodology is applicable only for a case-by-case review, taking into

account the different land use types, their included features, the nearest distances to these fea-

tures and the detailed information regarding the target species. Since the study predominantly

focuses on buzzards and only on “direct” collisions with the wind turbine structures, it cap-

tures only one of the many ecological impacts of wind energy infrastructures. Therefore, the

authors would like to clearly and understandably state that this study cannot be a substitute for

an ecological impact studies at wind energy development projects. It is necessary to adjust our

recommendations made for buzzards according to the specific situations present in different
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study regions for different species in question. Nevertheless, the best approach is not to expect

the models to be an ultimate endpoint but instead to follow it as a guide for consultation within

limited resources and should not be used as a sole decision-making tool for the selection of

suitable wind turbine sites.

Supporting information

S1 File. Supporting figures.

Fig A in S1 File: Distance to edge presentations of land-use variables in the Federal State of

Brandenburg (Bose et al. 2018) R Development Core Team. 2013. R: A language and environ-
ment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN
3-900051-07-0. http://www.r-project.org/
1Acronyms corresponding to the predictor variables are described in Table 1.

Fig B in S1 File: Distance distributions of turbines under the functional wind turbine (pre-

existing/with buzzard collision events/without buzzard collision events), approved and pro-

posed wind turbine (to be installed) categories along the 12 DELVs under consideration.

Fig C in S1 File: (1) The relative contributions (%) of the (DELV) predictor variables for

BRT full and (2) simplified models. Developed with cross-validation on data from 332 sites and
a tree complexity of 12 and 10 respectively. The full model was fitted with 12 predictors and least
contributing 2 were removed and the simplified model was fit with the remaining 10 predictors.
1Acronyms corresponding to the predictor variables are described in Table 1.

(RAR)

Author Contributions

Conceptualization: Anushika Bose.

Data curation: Tobias Dürr.

Formal analysis: Anushika Bose.

Funding acquisition: Anushika Bose.

Investigation: Anushika Bose.

Methodology: Anushika Bose.

Project administration: Anushika Bose, Reinhard A. Klenke.

Resources: Anushika Bose, Tobias Dürr.
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28. Dürr T. Vogelunfälle an Windradmasten. Der Falke. 2011; 58: 498–501.

29. Grünkorn T, Diederich A, Poszig D, Diederichs B & Nehls G. Wie viele Vögel kollidieren mit Windener-
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37. Dürr T & Langgemach T. Populationsökologie Greifvogel- und Eulenarten. 2006; 5: 483–490.

38. Weinhold N. Neuer Problemvogel für die Windkraft. Erneuerbare Energien. 2016. Available from: http://

www.erneuerbareenergien.de/neuer-problemvogel-fuer-die-windkraft/150/434/92551/

39. Elith J, Leathwick JR & Hastie T. A working guide to boosted regression trees. Journal of Animal Ecol-

ogy. 2008; 77: 802–813. https://doi.org/10.1111/j.1365-2656.2008.01390.x PMID: 18397250

40. De’ath G. Boosted trees for ecological modeling and prediction. Ecology. 2007; 88: 243–251. https://

doi.org/10.1890/0012-9658(2007)88[243:btfema]2.0.co;2 PMID: 17489472

41. Ender C. Wind energy use in Germany- Status 31.12.2014. DEWI Magazine. 2015; 46: 26–37.

42. Quitter J. Brandenburg is world’s no.1 region for wind energy development. Wind Power Monthly. 2010.

Available from http://www.windpowermonthly.com/article/1029660/brandenburg-worlds-no1-region-

wind-energy-development

43. Walker B. Power places 1. Brandenburg. Wind Power Monthly. 2010. Available from: http://www.

windpowermonthly.com/article/1029660/brandenburg-worlds-no1-region-wind-energy-development
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64. Hötker H, Krone O & Nehls G. Greifvögel und Windkraftanlagen: Problemanalyse und Lösungsvorsch-
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