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Abstract Recently, to help curb anthropogenic climate change and fossil fuel depletion, there 12 

has been a rapid increase in the number of wind farms being built worldwide. However, the 13 

construction of wind farms in the foraging areas of raptors or along the routes of migratory 14 

birds raises concerns about avian collisions and habitat loss. Here, we present an additional 15 

situation in which avian collisions may present a problem. That is, when wind farms are built 16 

between roosting and foraging areas of overwintering migratory birds, the bird flocks are forced 17 

to pass through the farm each morning and evening. Indeed, at the Awara Wind Farm in Fukui 18 

Prefecture, Japan, approximately three thousand White-fronted Geese Anser albifrons frontalis 19 

inhabit the site where the installation of 10 wind turbines has recently been completed. The 20 

collision risk posed by these turbines may affect the goose population. However, few studies 21 

have examined the effects of wind farms on the flight patterns of geese, making it difficult for 22 

stakeholders to achieve a consensus. The purpose of this study was to evaluate the avian 23 

collision risk for geese at the Awara Wind Farm. A collision model based on goose avoidance 24 

behavior was developed to estimate collision mortality, and an applied potential biological 25 

removal (PBR) analysis was used to determine the maximum allowable collision mortality 26 

(ACM) to maintain a sustainable goose population. The estimated annual collision mortality 27 

was 0–2 geese, whereas the allowable collision mortality was 75 geese per year, suggesting that 28 

the collision risk is sufficiently small for the population to persist. We also include a discussion 29 

of an adaptive management plans for regulating wind turbine operations when the actual 30 

collision mortality exceeds the socially acceptable level.  31 
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Introduction 34 

 The installation of renewable energy facilities is increasing throughout the world in an 35 

effort to curb anthropogenic climate change and fossil fuel depletion. In Japan, the total number 36 

of wind turbines and total amount of energy produce by wind power had reached 1,517 towers 37 

and 1,854 MW, respectively, by March 2009 (NEDO 2009).  38 

 Despite an international consensus that wind energy is a positive development, wind 39 

turbines impact the environment and its inhabitants, especially birds and bats. The major 40 

potential risks that wind farms pose to birds are habitat loss, turbine collision, and disturbance 41 

(Langston & Pullan 2003; Desholm et al. 2006; Drewitt & Langston 2006). However, in Japan, 42 

there is a lack of empirical evidence with regard to the impact of avian collisions with wind 43 

turbines, which has made it difficult for stakeholders to achieve a consensus on the issue. 44 

Therefore, we evaluated the potential risk of avian collision at the recently completed Awara 45 

Wind Farm in Fukui Prefecture, Japan. Mitigation measures that can be taken by wind farms to 46 

maintain sustainable populations of birds are then discussed.  47 

 Wind farms are often in habitats that are suitable for birds and their migration routes 48 

because open landscapes provide good wind conditions for turbines. Therefore, numerous 49 

studies have investigated the risks of collision and disturbance of migratory birds on wind 50 

farms. For example, Desholm and Kahlert (2005) reported that less than 1% of ducks and geese 51 



fly close enough to turbines to risk collision, although a larger proportion of birds fly through 52 

wind farms at night than during the daytime. The majority of studies on collision mortality have 53 

reported low mortality for migratory birds (e.g., Smallwood & Thelander 2004; Pendlebury 54 

2006). On the other hand, Larsen and Madsen (2000) showed a significant reduction in habitat 55 

use by Pink-footed Geese Anser brachyrhynchus when wind farms were constructed close to 56 

foraging areas, reporting that the avoidance distances from wind farms with turbines in lines 57 

and in clusters were approximately 100 m and 200 m, respectively. However, the present study 58 

does not focus on habitat loss, given that the proposed Awara Wind Farm is located sufficiently 59 

far from roosting and foraging areas (Fig. 1).  60 

 Estimating avian collision risk is important for developing a management strategy and 61 

establishing a consensus among stakeholders. Mechanistic models can help predict avian 62 

collision risk with turbines at a given location. Desholm et al. (2006) developed a framework 63 

for a collision model that considered flight frequency and avoidance behavior. Hydro Tasmania 64 

(2004) and Band et al. (2007) proposed predictive collision models for the collision mortality of 65 

migratory geese. However, their models assumed a direct positive relationship between 66 

mortality and abundance and did not account for avoidance behavior. Avoidance rates have 67 

been estimated at 95% or higher in most case studies (Chamberlain et al. 2006; Band et al. 68 

2007). Seasonally migrating birds also frequently show avoidance behavior around wind 69 

turbines (Desholm & Kahlert 2005; Pendlebury 2006). Although many studies highlight the 70 

necessity of considering avoidance behavior in a collision model (Langston & Pullan 2003; 71 



Chamberlain et al. 2006; Desholm et al. 2006; Band et al 2007; Kikuchi 2008; Lucas et al. 72 

2008), to date, the avian avoidance factor has never been included in data-based models for 73 

estimating the number of bird–turbine collisions. The collision model used in this study 74 

incorporates two types of avoidance behaviors: the avoidance of the wind farm in general and 75 

that of individual turbines. 76 

 It is important to evaluate the collision risk on population persistence. Carrete et al. 77 

(2009) evaluated the effect of wind farms on a population of Egyptian Vultures Neophron 78 

percnopterus taking into account survival rate and collision mortality. Shimada and Matsuda 79 

(2008) proposed an adaptive management model to estimate uncertain bird strikes as the basis 80 

for maintaining population by controlling the operation rate of wind turbines according to 81 

collision mortality and population size. However, no study has estimated the allowable 82 

collision mortality (ACM), defined as the degree to which a population can be sustained 83 

relative to the number of collision mortalities incurred. Potential biological removal (PBR) 84 

analysis was applied, which has been used for conserving endangered marine mammals (Wade 85 

1998), to determine the ACM for this population. The PBR was developed to identify 86 

populations subject to human-induced mortality that could lead to depletion, taking into 87 

account the uncertainty of the available information (Wade 1998). 88 

 Finally, we evaluated the effect of temporarily shutting down some turbines on the 89 

wind farm, an option that is likely important for the establishment of a consensus, on both avian 90 

mortality and wind power generation. Temporary shutdown would be an effective mitigation 91 



measure if collision risk is higher than that deemed acceptable (Hydro Tasmania 2004). When 92 

the collision risk increases based on the seasonal activity patterns of birds (Smallwood et al. 93 

2009) or inclement weather conditions such as strong winds or dense fog (Percival 2004), 94 

temporary shutdown may be a sensible tradeoff between bird collision and complete loss of 95 

power generation for the wind farm (Smallwood et al. 2009). An adaptive management 96 

scenario that takes into account the ACM as well as the behaviors of White-fronted Geese and 97 

business risk was devised. 98 

 99 

MATERIALS AND METHODS 100 

1) Study area 101 

The study was conducted at the future site of the Awara Wind Farm at the northwest end of Lake 102 

Kitakatako in the Fukui Prefecture, central Japan. It is situated between Lake Katanokamoike (a 103 

goose roosting area) and Sakai Plain (a foraging area; Fig. 1). Ten turbines (each producing 2 104 

MW with a 40-m blade length, 75-m hub height, and a three-blade rotor) were installed in the 105 

wind farm, which will start commercial operations in February 2011 (Green Power Awara Co., 106 

Ltd. 2009).   107 

 Lake Katanokamoike was designated by the Ramsar Convention as an important 108 

roosting area for White-fronted Geese wintering in Japan. The geese remain at the lake for 109 

approximately 6 months (October to March) and forage mainly on the Sakai Plane, moving 110 

between the two areas in the morning and evening. The wintering geese population at Lake 111 



Katanokamoike has comprised approximately 3000 birds since 2002 (Fig. 2). The population 112 

decreased before the hunting ban in 1971 and has gradually recovered since the 1980s 113 

(Takeshita & Kurechi 2000). 114 

 115 

2) Bird survey 116 

Although environmental impact assessments of wind farms are not a requirement of the 117 

environmental impact assessment law of Japan, the frequency of bird passage and evaluation of 118 

collision risk were surveyed to establish a consensus among stakeholders who are concerned 119 

about bird collisions. The company that owns the wind farm conducted meetings for this reason. 120 

The survey was conducted from January to March 2006 and from November 2006 to March 121 

2007 during the goose wintering periods at the planned site including Lake Kitakatako. Visual 122 

observations were conducted in the morning and evening by expert bird watchers and three 123 

video cameras (Fig. 3). Experts made observations on four and 10 mornings (from 1 h before to 124 

2 h after sunrise), and three and 10 evenings (from 2 h before to 1 h after sunset) in the winter 125 

seasons of 2005/06 and 2006/07, respectively. They also traced the flight trajectories of flocks 126 

and estimated flock sizes. Observation via video camera was conducted on 38 mornings (from 127 

30 min before to 90 min after sunrise) and 38 evenings (from 90 min before to 30 min after 128 

sunset) in the 2006/07 winter season to determine the frequency and size of flocks passing by 129 

the planned site. Experts collected data on population size, flight trajectory, height, and speed. 130 

The range of observed flight height was categorized as <30 m, 30–110 m and >110 m. The site 131 



area is surrounded by open landscape, which enabled observers to obtain precise data.  132 

 Knowledge of avoidance rates on a wind farm is imperative for evaluating collision 133 

risk given that the avoidance rate may significantly reduce the collision risk. Desholm and 134 

Kahlert (2005) analyzed the flight trajectories of water birds (mainly Common Eider Somateria 135 

mollissima and geese) using a radar system on a wind farm and investigated the effect of 136 

avoidance behavior on collision risk by comparing the frequencies of passage through the wind 137 

farm before and after the farm was constructed.  138 

 139 

3) Collision Model 140 

It was assumed that the collision risk depends on the number of birds in flight at a given time at 141 

the planned site. The collision model included the probabilities of passing through the planned 142 

site (P1), within the height of the rotor disk (P2), within the area of the rotor disk (P3), and the 143 

probability of colliding with blades (P4) as the geese were migrating in the morning and 144 

evening. The collision model also included avoidance behavior data (Fig. 4).  145 

Table 1 lists the symbols and parameters of the collision model. In the model, P2 146 

represents the frequency of geese passing through the site within a height of 35–115 m, which 147 

was the planned height of the rotor disk. However, given that the turbine height was changed 148 

after the survey was completed, the frequency was recalculated from the normal distribution 149 

obtained by frequencies of geese passing within heights of <30 m, 30–110 m, and >110 m.  150 

 The model assumed that geese migrate between the roosting and foraging areas twice a 151 



day, 180 days per year (6 months). Si/S represents the frequency of birds passing through the 152 

planned site, where Si is the number of observations of birds flying over the planned site, and S 153 

is the total number of observations. Ni/N represents the probability of a bird’s passing through 154 

the planned site per occurrence, where Ni is the average number of birds that flew over the 155 

planned site, and N is the population size at Lake Katanokamoike. Therefore, the probability of 156 

a bird passing over the planned site was: 157 

 )/)(/(1 NNSSP ii= . (1) 158 

 The height of flight was categorized as <35 m, 35–115 m, or >115 m. The probability 159 

of a bird passing through at a 35–115 m height was: 160 

 FFP v /2 = , (2) 161 

where F is the number of flocks, and Fv is the estimated flight frequencies between 35–115 m 162 

height, as shown in Table 1. 163 

 The probability of a bird passing within the area of the rotor disk was: 164 

 csr BBTP /3 = , (3) 165 

and Bc, Bs, and Tr are defined in Table 1. It was assumed that wind turbines were installed in two 166 

rows of five turbines each. 167 

 Tucker (1996) and Band et al. (2007) estimated the probability of avian collision with 168 

blades without consideration of avoidance behavior, denoted here by P4. The equation used by 169 

Band et al. (2007) was:  170 
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 ξ = l if α < l/w and ξ = αwf if α > l/w, 173 

where r is the distance from the center of the rotor where a bird passes through or collides; α is 174 

the angle of invasion to the blade, p(r) is the probability density function indicating that a bird 175 

passes through or collides at a distance r. The definitions of the remaining symbols used in Eq. 176 

(4) are shown in Table 1. 177 

 The Band et al. (2007) equation was used to obtain P4 using the characteristics of the 178 

birds and wind turbines shown in Table 1. P1 and P2 represent the front of the planned site, and 179 

P3 and P4 represent the front of an individual turbine. Let Tc be the number of turbines in a row, 180 

and the collision probability within the entire planned site is given by 1 – (1 – P3P4) Tc. The 181 

estimated collision rate without avoidance behavior, denoted by Cn, was given by: 182 

 ])1(1[ 4321
cT

n PPPPC −−= . (5) 183 

 To evaluate avoidance probability with avoidance behavior for the planned site as well 184 

as individual turbines, the method of Desholm and Kahlert (2005) was applied. They evaluated 185 

the Nysted Offshore Wind Farm in Denmark, which comprises 72 turbines in nine rows of eight 186 

turbines (Tc
*) each. The distance between the rows (Dr) is 480 m, and the distance between 187 

turbines within a row (Dc) is 850 m. The avoidance probability in front of the wind farm was 188 

given by:  189 

 )/(1 pof PPA −= , (6) 190 

where Pp is the probability that a flock would enter the planned site during the pre-construction 191 



period, and Po is the probability that a flock would enter the planned site during operation. Let 192 

Df be the distance between a bird flock and the nearest turbine tower, and the probability of a 193 

flock flying within Df of at least one turbine is given by: 194 

 
*

)]/2)(1(1[1 cT
rftc DDAP −−−= , (7) 195 

where At is the probability of a flock not flying within Df of a turbine tower, i.e., the avoidance 196 

probability per turbine. Hence, At is given by:  197 
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Substituting P1 and P3 in Eq. (5) by (1 – Af)P1 and (1 – At)P3, respectively, the collision rate with 199 

avoidance behavior, denoted by Ca, is given by: 200 
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The per capita collision probability in a wintering season without and with avoidance behavior, 202 

denoted by Pn and Pa, is given by: 203 

 pT
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where Tp is the number of passages per year (~360). If geese do not form a flock when they pass 205 

through the wind farm, an individual could still collide with a turbine. Therefore, It was 206 

assumed that x (= N•) is a number of bird collisions in a given year, obtained by the following 207 

binomial probability distribution: 208 
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where N• is Nn or Na, and P• is Pn or Pa if avoidance behavior is ignored or incorporated, 210 

respectively.  211 



 212 

4) Allowable Collision Mortality 213 

 It is necessary to evaluate the potential impact of a wind farm on population viability 214 

(e.g., collision risk and habitat loss) and to assess environmental risk. Shimada and Matsuda 215 

(2008) used PBR analysis as an indicator of the impact of a wind farm on a bird population. 216 

PBR is defined as: 217 

 rFRNPBR maxmin 2
1

= , (12) 218 

where Nmin is the minimum population estimate, Rmax is the maximum net productivity level, 219 

and Fr is a recovery factor of 0.1, 0.5, or 1 for endangered, vulnerable, or common species, 220 

respectively (Wade 1998). The assumption of the ACM theory includes all types of 221 

human-induced mortality. We assumed that human-induced mortality refers only to collision 222 

mortality because we are not aware of any other major factors affecting the survival this species. 223 

The validity of this value is discussed later.  224 

 225 

RESULTS 226 

1) Parameter Estimation 227 

The observation was conducted for 52 mornings and 51 evenings in total. Flocks flew over the 228 

planned site only twice per day, and the average flock size flying over the planned site was 229 

approximately 200 birds. These data indicate that the main pathway of White-fronted Geese is 230 

via Lake Kitakatako rather than through the planned site. The observed frequencies of passages 231 



within heights of <30 m, 30–110 m and >110 m were 8, 105, and 20, respectively. The mean 232 

height and its standard deviation of the best-fit model for these frequencies were 78.0 and 38.9 233 

m, respectively. The predicted frequency of passages within a height of 35–115m was 80.2%.  234 

A collision model was developed with four phases and two avoidance behaviors to 235 

predict the annual collision mortality of geese at the proposed Awara Wind Farm. P1, P2, P3, and 236 

P4 were estimated at 0.11%, 80.2%, 13.4%, and 9.4%, respectively. The frequency of 237 

White-fronted Geese flying over the planned site was surveyed in the 2005/06 and 2006/07 238 

winter seasons.  239 

 Desholm and Kahlert (2005) suggested that the types of avoidance behaviors had a 240 

large effect on the collision rate and estimated Af and At to be 88.9% and 92.2%, respectively.  241 

 242 

2) Estimated collision mortality and ACM 243 

 The collision risk when assuming avoidance behavior was sufficiently low but still 244 

positive (see Table 2). The probability of no collision occurring in a year was 54.4 % (= (1 – 245 

Pa)N), and the expected number of collisions was 0–2 at the 95% confidence level. When 246 

avoidance behavior was ignored, the expected number of collisions was 52–84.  247 

 PBR based on Nmin, Rmax, and Fr was applied to obtain the ACM. N and Rmax were 248 

estimated to equal 3507 and 0.092, respectively, by regression analyses using data for the 249 

growth of the goose population at Lake Katanokamoike (Fig. 2). Nmin is usually given by the 250 

20th percentile of a log-normal distribution based on N; therefore, the Nmin used in this study was 251 



3266. The value of Fr was 0.5 because White-fronted Geese are designated as a vulnerable 252 

species in Fukui Prefecture and a Natural Monument species in Japan. The PBR at Lake 253 

Katanokamoike was estimated at 75.4 using Eq. (12). This implies that collision events are 254 

allowable until mortality reaches 75.4 geese per year. The estimated collision mortality would 255 

be low and would not likely have a significant impact on the population of White-fronted Geese 256 

if the geese indeed avoided the wind farm as assumed.  257 

 258 

DISCUSSION 259 

Turbine collision and the potential disturbance of daily migration were of great concern for this 260 

geese population because a proposed wind farm was planned for an area between a major 261 

roosting and a major foraging area. In addition, the roosting area at Lake Katanokamoike is 262 

protected under the Ramsar Convention. The collision model developed here will be useful to 263 

estimate the avian collision risk at future wind farms. The frequency of passage, flight behavior, 264 

weather, and topography around the wind farm as well as the seasons must be considered 265 

because collision mortality does not simply increase with abundance (Lucas et al. 2008). With 266 

regard to flight behavior, our collision model assumed two types of avoidance behaviors: 267 

avoidance of the wind farm in general and avoidance of individual wind turbines after birds 268 

entered the farm. Desholm and Kahlert (2005) considered avoidance behavior using survey 269 

data of geese and ducks for a wind farm in a migration route. Raptors, for example, such as 270 

Burrowing Owls Athene cunicularia hypugaea flew close to operating turbine blades and 271 



perched on the turbine (Smallwood et al. 2007). Conversely, geese tended not to enter the wind 272 

farm between turbines arranged in a cluster (Larsen & Madsen 2000), and the percentage of 273 

flocks entering the wind farm decreased significantly from pre-construction to initial operation 274 

(Desholm & Kahlert 2005). Overall, the avoidance probability of raptors in their habitat is 275 

notably lower than that of geese along migration routes. When developing a collision model for 276 

raptors, it might be better to evaluate the time spent in the neighborhood of wind farms rather 277 

than the frequency of passage.  278 

 The estimated collision risk considering avoidance behavior, based on unverified 279 

assumptions and limited data, was 0–2 individuals per year (95% CI of Na in Table 2). One 280 

assumption of the model is that flocks fly through all sections of the wind turbines (Tc = 5) even 281 

though they might actually only cross a corner or a portion of the wind farm. In addition, the 282 

model assumed that birds would fly head on into rotor disks and that the turbines would be in 283 

constant operation. These are major factors that could lead to overestimation of collision 284 

mortality.  285 

If 10 turbines were placed in one straight row, Na and Nn would be 0.61 and 67.8, 286 

respectively, and the predicted collision mortality would not change significantly with the 287 

conformation of turbines. Desholm and Kahlert (2005) did not consider the vertical reach of 288 

turbine blades or that birds may fly below or above a turbine’s reach. These assumptions may 289 

also result in overestimation of the calculated collision risk. On the other hand, the collision risk 290 

would increase under poor visibility (Desholm & Kahlert 2005) or strong wind (Barrios & 291 



Rodríguez 2004; Smallwood et al. 2009). However, it was observed that White-fronted Geese 292 

often did not visit Sakai Plain in such adverse weather conditions. Finally, except during bad 293 

weather conditions, avoidance behavior might reduce the collision risk, as birds may avoid 294 

flying through bad weather conditions during seasonal migration (Newton 2007). 295 

 The calculated PBR may not represent a low enough agreeable threshold of collision 296 

risk among stakeholders. For example, the former mayor of Kaga City argued that only a 297 

collision risk of zero would be acceptable. This suggests that the purpose of calculating the 298 

collision risk is not simply to maintain the local population. Given that White-fronted Geese are 299 

listed as Near Threatened in Japan as well as Least Concerned in the IUCN Redlist and that the 300 

population has been undergoing rapid recovery (Fig. 2), the recovery factor Fr was set to 1, 301 

producing a PBR of 150.9, which is larger than the PBR when Fr = 0.5. However, even if this 302 

species were considered endangered, i.e., Fr = 0.1, the PBR would be only 15 individuals per 303 

year. PBR should include all human-induced mortality. However, the rates of other causes of 304 

mortality, such as collision with electric cables, buildings, and cars, are not known. If the effect 305 

of avoidance behavior is assumed as described above, the expected collision mortality caused 306 

by the wind farm is much smaller than the PBR. Therefore, the expected collision mortality is 307 

not a primary factor in population extinction risk. 308 

 The goal of developing a collision risk model is not only to estimate mortality level, 309 

but also to evaluate the impacts on the population and help to devise a management strategy for 310 

the wind farm. PBR was developed to identify populations subject to human-caused mortality 311 



that could lead to depletion (Wade 1998). PBR has been used to guide management practices of 312 

marine mammals and is designed to take into account the uncertainty of available information 313 

and provide an appropriately conservative estimate (Wade 1998). Although the immigration for 314 

Rmax at Lake Katanokamoike was ignored, the growth rate of the White-fronted Goose in Japan 315 

(Rmax = 0.11: S. Moriguchi, unpublished) shows the same tendency as the value in this study. 316 

 It is necessary for stakeholders to come to a consensus on the wind farm construction 317 

and management plan. If the actual collision mortality exceeds the socially acceptable level, or 318 

if White-fronted Geese change their habitat from Lake Katanokamoike, the collision risk 319 

should be reduced by controlling the operation rate of the wind turbines. Three ways to reduce 320 

collision risk include shutting down wind turbines 1) when a large flock flies over the wind 321 

farm, 2) when any flocks fly over the wind farm in the morning or evening, or 3) every 322 

morning and evening during the wintering season.  323 

 Because birds flock and pass over Lake Kitakatako at predictable times within 30–90 324 

min of sunrise and sunset, the above conservation measures are feasible and should not lead to 325 

substantial loss in power generation or profit. Specifically, the cost of shutting down 10 turbines 326 

for 30 minutes each day throughout the half year is 7.2 million yen under the following 327 

conditions: the price of electrical power is 10 yen/kWh, the maximum output power is 2,000 328 

kW/turbine, and the operation rate is 20%. In addition, an effective management strategy 329 

should consider adjusting the operation rate with respect to actual mortality obtained by 330 

successive monitoring (Shimada & Matsuda 2008). Because the Awara Wind Farm is planned 331 



for an open landscape, it would be relatively easy to locate bird carcasses to determine the 332 

actual number of avian collisions in the future.  333 

 Conservation measures such as temporary shutdowns may increase business risk and 334 

discourage the future development of wind power plants. Shimada and Matsuda (2008) 335 

provided an adaptive risk management assessment that takes operation control and 336 

conservation measures into account. Matsuda et al. (1999) described the importance of 337 

falsifiability when building a management strategy. Follow-up monitoring is essential for 338 

accurate future estimations. It is important that the wind power project adopt further 339 

conservation measures as discussed above if the actual risk exceeds the socially acceptable 340 

level.  341 

 Climate change could lead to major declines in populations of long-distance migratory 342 

birds as a result of a temporal mismatching between the seasonal activities of avian predators 343 

and their prey (Both et al. 2006). Thus, there is a risk trade-off in wind power generation 344 

between avian collisions and greenhouse gas emissions. This study emphasizes the importance 345 

of risk evaluations for the adaptive management procedures of wind power projects. 346 

  347 

 348 

ACKNOWLEDGMENTS 349 

We sincerely thank Drs Y. Shimada, M. Suda, T. Amano, N. Yamaguchi, H. Okamura, H. 350 

Higuchi, H. Matsuda, S. Moriguchi, H. Tajiri, H. Nakawatase, anonymous reviewers, and 351 



members of the Ecological Risk Management Laboratory at Yokohama National University for 352 

valuable comments on an earlier version of the manuscript. This study was supported in part by 353 

a JSPS Global COE Program (Eco-Risk Asia) grant. 354 

 355 

REFERENCES 356 

Band W, Madders M & Whitfield DP (2007) Developing field and analytical methods to assess 357 

avian collision risk at wind farms. In de Lucas M, Janss GFE, & Ferrer M (ed) Birds 358 

and Wind Farms: Risk Assessment and Mitigation. pp 259–275. Quercus, Madrid, 359 

Spain.  360 

Both C, Bouwhuis S, Lessells CM & Visser ME (2006) Climate change and population declines 361 

in a long-distance migratory bird. Nature 441: 81–83. 362 

Carrete M, Sánchez-Zapata JA, Benítez JR, Lobón M & Donázar JA (2009) Large-scale 363 

risk-assessment of wind-farms on population viability of a globally endangered 364 

long-lived raptor. Biological Conservation 142: 2954–2961. 365 

Chamberlain DE, Rehfisch MR, Fox AD, Desholm M & Anthony SJ (2006) The effect of 366 

avoidance rates on bird mortality predictions made by wind turbine collision risk 367 

models. Ibis 148: 198–202. 368 

Desholm M, Fox AD, Beasley PDL & Kahlert J (2006) Remote techniques for counting and 369 

estimating the number of bird-wind turbine collisions at sea: a review. Ibis 148: 76–89. 370 

Desholm M & Kahlert J (2005) Avian collision risk at an offshore wind farm. Biology Letters 1: 371 



296–298. 372 

Drewitt AL & Langston RHW (2006) Assessing the impacts of wind farms on birds. Ibis 148: 373 

29–42. 374 

Green Power Awara Co., Ltd. (2009) About the wind power project in Awara city, Fukui 375 

Prefecture. (in Japanese) 376 

Hydro Tasmania (2004) Musselroe wind farm development proposal and environmental 377 

management plan second supplement: revised avian impact assessment. Available at: 378 

http://www.environment.tas.gov.au/_downloads/Musselroe%20Second%20Suppleme379 

nt.pdf. (Accessed 18 Feb 2008). 380 

JPec Co., Ltd. (2006a) The survey report on winter birds of the wind power project in Awara 381 

city, Fukui Prefecture (phase-1). February, 2006. (in Japanese)  382 

JPec Co., Ltd. (2006b) The survey report on winter birds of the wind power project in Awara 383 

city, Fukui Prefecture (phase-2). March, 2006. (in Japanese)  384 

JPec Co., Ltd. (2007) The survey report on winter birds of the wind power project in Awara city, 385 

Fukui Prefecture, in FY2007. April, 2007. (in Japanese)  386 

Kikuchi R (2008) Adverse impacts of wind power generation on collision behavior of birds and 387 

anti-predator behavior of squirrels. Journal for Nature Conservation: 44-55. 388 

Langston RHW & Pullan JH (2003) Windfarms and Birds: An analysis of the effects of 389 

windfarms on birds, and guidance on environmental assessment criteria and site 390 

selection issues. Report written by BirdLife International on behalf of the Bern 391 



Convention. RSPB, Sandy, UK. 392 

Larsen JK & Madsen J (2000) Effects of wind turbines and other physical elements on field 393 

utilization by Pink-footed Geese (Anser brachyrhynchus): a landscape perspective. 394 

Landscape Ecology 15: 755–764. 395 

Lucas M, Janss GFE, Whitfield DP & Ferrer M (2008) Collision fatality of raptors in wind 396 

farms does not depend on raptor abundance. Journal of Applied Ecology 45: 397 

1695–1703. 398 

Matsuda H, Kaji K, Uno H, Hirakawa H & Saitoh T (1999) A management policy for Sika Deer 399 

based on sex-specific hunting. Popul Ecol 41: 139–149. 400 

NEDO (2009) Transition of installed wind energy capacity in Japan. Available at: 401 

http://www.nedo.go.jp/library/fuuryoku/pdf/02_dounyuu_suii.pdf (in Japanese). 402 

(Accessed 10 May 2010). 403 

Newton I (2007) Weather-related mass-mortality events in migrants. Ibis 149:453–467. 404 

Pendlebury C (2006) An appraisal of “A review of goose collisions at operating wind farms and 405 

estimation of the goose avoidance rate” by Fernley J, Lowther S & Whitfield P. BTO 406 

Scotland, University of Stirling, Stirling. 407 

Percival S (2004) Ornithological assessment: assessment of effects on Greenland 408 

White-fronted Geese and Hen Harriers, 2003. Proposed wind farm at Largie Estate, 409 

Argyll and Bute environmental impact assessment. EcoGen Projects Ltd.  410 

Shimada Y & Matsuda H (2008) Risk management model of birds and a wind farm. Jpn J Cons 411 



Ecol 12: 126–142. (in Japanese with English abstract). 412 

Smallwood KS, Rugge L & Morrison ML (2009) Influence of behavior on bird mortality in 413 

wind energy developments. Journal of Wildlife Management 73: 1082–1098. 414 

Smallwood KS & Thelander CG (2004) Developing methods to reduce bird mortality in the 415 

Altamont Pass Wind Resource Area. Final Report by BioResource Consultants to the 416 

California Energy Commission, Public Interest Energy Research-Environmental Area, 417 

Contract No. 500-01-019, Sacramento, California, USA. Available at: 418 

http://www.energy.ca.gov/pier/final_project_reports/500-04-052.html. (Accessed 18 419 

Feb 2008). 420 

Smallwood KS, Thelander CG, Morrison ML & Rugge LM (2007) Burrowing Owl mortality in 421 

the Altamont Pass Wind Resource Area. Journal of Wildlife Management 71: 422 

1513-1524. 423 

Svensson L, Grant PJ, Mullarney K & Zetterström D (1999) Collins Bird Guide: The Most 424 

Complete Field Guide to the Birds of Britain and Europe. Harper Collins, London. 425 

Takeshita N & Kurechi M (2000) What will happen to the birds? In Domoto A, Iwatsuki K, 426 

Kawamichi T & McNeely J (ed) A Threat to Life: The Impact of Climate Change on 427 

Japan’s Biodiversity. pp 127–135. Tsukiji-Shokan Publishing Co., Ltd., Japan and 428 

IUCN, Gland, Switzerland and Cambridge, UK.  429 

Tucker VA (1996) A mathematical model of bird collisions with wind turbine rotors. Journal of 430 

Solar Energy Engineering 118: 253–262. 431 



Wade PR (1998) Calculating limits to the allowable human-caused mortality of cetaceans and 432 

pinnipeds. Marine Mammal Science 14: 1–37. 433 

Wild Bird Society of Japan (1999) Annual Report of Kaga City Kamoike Observation Center 434 

1999. Wild Bird Society of Japan, Tokyo, Japan. (in Japanese). 435 

Wild Bird Society of Japan (2000) Annual Report of Kaga City Kamoike Observation Center 436 

2000. Wild Bird Society of Japan, Tokyo, Japan. (in Japanese). 437 

Wild Bird Society of Japan (2001) Annual Report of Kaga City Kamoike Observation Center 438 

2001. Wild Bird Society of Japan, Tokyo, Japan. (in Japanese). 439 

Wild Bird Society of Japan (2002) Annual Report of Kaga City Kamoike Observation Center 440 

2002. Wild Bird Society of Japan, Tokyo, Japan. (in Japanese). 441 

Wild Bird Society of Japan (2003) Annual Report of Kaga City Kamoike Observation Center 442 

2003. Wild Bird Society of Japan, Tokyo, Japan. (in Japanese). 443 

Wild Bird Society of Japan (2004) Annual Report of Kaga City Kamoike Observation Center 444 

2004. Wild Bird Society of Japan, Tokyo, Japan. (in Japanese). 445 

Wild Bird Society of Japan (2005) Annual Report of Kaga City Kamoike Observation Center 446 

2005. Wild Bird Society of Japan, Tokyo, Japan. (in Japanese). 447 

Wild Bird Society of Japan (2006) Annual Report of Kaga City Kamoike Observation Center 448 

2006. Wild Bird Society of Japan, Tokyo, Japan. (in Japanese). 449 

Wild Bird Society of Japan (2010) Research report on the flight condition of White-fronted 450 

Geese around Lake Kitakatako. Available at: 451 



http://www.wbsj.org/nature/hogo/others/fuuryoku/shiryo100927_09.pdf (in Japanese). 452 

(Accessed 14 Oct 2010). 453 

 454 



Fig. 1. Map of the study area and the planned Awara Wind Farm showing the positions of 10 455 

turbines.  456 

 457 

Fig. 2. The population size of White-fronted Geese at Lake Katanokamoike in wintering season. 458 

The solid line represents the exponential regression curve (R2 = 0.88, n = 21) from observation 459 

data denoted by circles. The dotted lines indicate 95% confidence interval. Data source: 460 

“Annual Report of Kaga City Kamoike Observation Center” by Wild Bird Society of Japan 461 

(1999; 2000; 2001; 2002; 2003; 2004; 2005; 2006). 462 

 463 

Fig. 3. Position and angle of three video cameras (a–c and A–C before and after 12 December 464 

2007, respectively), observation points by two or three expert bird watchers (Sts 1, 3–6), and 465 

the observation schedule in January, March, November, and December 2006 and February 2007. 466 

All points were used in the preliminary research. The table shows the adopted observation 467 

points for geese during each month of investigations. 468 

 469 

Fig. 4. Flow chart consisting of the four phases of the collision model of flight probability 470 

without avoidance behavior (i.e., P1, P2, P3 and P4) and with two types of avoidance probability 471 

denoted by the avoidance probability in front of the wind farm and per turbine in the wind farm 472 

(Af and At respectively). The model considers the repetition for after birds pass by one turbine, 473 

and Tc shows the total number of turbines in each row. 474 



Table 1. List of symbols and values used in the collision model for the planned wind farm. 475 

Symbol Meaning and where used Value 
Bc Cross-section area of the planned site with a height of 80 m and 

a width of 1,000 m 
80000 m2 

Bs Area swept by a rotor diameter of 82.6 ma 5359 m2 
F Number of flocks that fly over the planned site and Lake 

Kitakatako 
133b 

Si Number of observations that birds fly over the planned site See Table 2 
Fv Estimated flight frequencies at 35–115-m height 106.7 
N Estimated population size at Lake Katanokamoike 3507 
Nmin The 20th percentile of a log-normal distribution based on the 

population size at Lake Katanokamoike 
3266 

Ni Average number of birds that fly over the planned site See Table 2 
P1 Probability of passing through the planned site See Eq. (1) 
P2 Probability of passing within a height of 35–115 m See Eq. (2) 
P3 Probability of passing within the area of the rotor disk See Eq. (3) 
P4 Probability of colliding with blades while passing through a 

rotor disk 
9.4%  
by Eq. (4) 

S Number of observations See Table 2 
Tc Number of turbines in each row 5 
Tn Number of total turbines in the wind farm  10c 
Tp Number of passages per individual (in the morning and 

evening) in a year  
360 

Tr Number of turbine rows in the wind farm 2 
 
Parameters for P4 
f  Flight type (flapping = 1, gliding = 2/π) 1d 

R  Rotor radius 41.3 ma 
b  Number of blades 3a 
c  Maximum chord width 3 ma 
l  Average body length of 64–78cmd 0.71 m 

v  Average flight speed of outward (=59.1 km/h) and homeward  
(=56.2 km/h) journeys to foraging areae 16.0 m/s 

w  Wing span  1.45 md 
γ  Pitch angle of blade 0.021 rada 
ω  Rotation speed  2.02 rad/sa 
 
Parameters for avoidance behavior 
Af Avoidance probability in front of the wind farm See Eq. (6) 
At Avoidance probability per turbine in the wind farm See Eq. (8) 
Dc Distance between the turbines in a row (m) 850 mf 
Df Distance between a bird flock and the nearest turbine tower (m) 50 mf 
Dr Distance between rows (m) 480 mf 
Pc Probability of a bird flock flying within Df of a turbine tower 0.123f 
Po  Probability of a flock entering the wind farm during operation 0.045f 
Pp Probability of a flock entering the wind farm during 

pre-construction 
0.404f 

Tc
* Number of turbines in each row at Nysted Offshore Wind Farm 8f 



a 2 MW Permanent Magnet Synchronous Gearless Wind Turbine Generator by The Japan Steel 476 

Works, Ltd.  477 

b JPec Co., Ltd. (2006a; 2006b; 2007) 478 

c Green Power Awara Co., Ltd. (2009) 479 

d Svensson et al. (1999) 480 

e Wild Bird Society of Japan (2010) 481 

f Desholm and Kahlert (2005)  482 



Table 2. Collision risk estimate of White-fronted Geese on the future Awara Wind Farm with 483 

and without avoidance behavior 484 

Value Symbol Meaning No avoid Avoid 
Si Number of days flying over the planned site 2a 2a 
S Number of observations 103a 103a 
Ni Average number of birds that fly over the planned site200a 200a 
P1 Probability of passing through the planned site 0.11% 0.01% 
Cn, or Ca Collision rate without or with avoidance behavior 0.0054% 0.000048% 

Pn, or Pa 
Per capita collision probability in a wintering season 
without or with avoidance behavior 1.94% 0.017% 

Nn, or Na 
Number of bird collisions without or with avoidance 
behavior in a given year 68.0 0.61 

95% CI of N• 95% confidence interval of Nn or Na 52–84 0–2 

N• is Nn or Na. P1, Cn, and Ca, are obtained by Eqs. (1), (5), and (9). Pn and Pa are obtained by Eq. 485 

(10). Nn and Na, and its 95% confidence interval are obtained by Eq. (11). 486 

a JPec Co., Ltd. (2006a; 2006b; 2007) 487 
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