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Abstract 5 
Wind energy is an important sector of the renewable energy market. Observations of bat 6 

fatalities at wind farms raise concern about impacts to biodiversity, particularly amid projections 7 

of wind energy build-out. We investigated how continued wind energy development in the 8 

United States and Canada, as well as adoption of measures to reduce bat fatality rates, influence 9 

the population viability of the hoary bat (Lasiurus cinereus). Our model included uncertainty 10 

about population size and dynamics as well as future wind energy development. Results indicate 11 

that current levels of wind energy build-out may have already caused substantial population 12 

declines. Under our lowest-risk scenario of high maximum growth rate and low wind energy 13 

build-out, the median simulated population of 2.25 million hoary bats experienced a 50% decline 14 

by 2028. We show that risks of decline and extinction may still be mediated with rapid adoption 15 

of measures to reduce bat fatalities. We find that levels of fatality reduction shown to be 16 

achievable in empirical studies of fatality minimization, by turbine curtailment, may be sufficient 17 

to manage risks. Simulations of population trends suggest that declines exceeding 5% per year 18 

support fatality reduction to manage extinction risk. Importantly, both the risks and the level of 19 

fatality reduction necessary to manage them were highly uncertain. Population size remains the 20 

most critical data gap to determining population viability of hoary bats. Studies to empirically 21 

determine baseline estimates of population size and trends over time remain urgently needed to 22 

inform conservation action.  23 

Keywords 24 
renewable energy, migratory bats, density-dependence, population viability, management 25 

 26 

 27 

Introduction 28 
Rapid growth of installed wind energy generation capacity around the world has been driven by 29 

domestic and international approaches to emissions reductions (Gu and Zhou 2020; IRENA 30 

2019) and is a key component of the global energy transition strategy to limit the impacts of 31 

climate change (Gielen et al. 2019). In the United States and Canada, sustained wind energy 32 

development has been encouraged by a combination of public policy and market forces (NEB 33 

2018; USEIA 2020). Despite its benefits, however, wind energy development must contend with 34 

immediate and local environmental impacts, including habitat loss and direct mortality of 35 

wildlife (Allison et al. 2019; Arnett et al. 2007). Wind turbines are known to kill a variety of 36 

wildlife species, including birds and bats (Katzner et al. 2016; Thaxter et al. 2017). High rates of 37 

observed bat fatalities at wind turbines have raised conservation concern (Arnett et al. 2007; 38 

Kunz et al. 2007; Rydell et al. 2010) and motivated research efforts to identify contributing 39 

factors (Cryan 2008; Cryan et al. 2014) as well as strategies to minimize fatalities (Arnett et al. 40 

2013a; Arnett et al. 2011; Hayes et al. 2019). Continued global expansion of wind energy 41 

requires research to guide evidence-based conservation targets to manage risks to sensitive taxa. 42 

 43 

In North America, three bat species that perform long-distance seasonal migrations (hoary 44 

bats, Lasiurus cinereus; eastern red bats, Lasiurus borealis; and silver-haired bats, Lasionycteris 45 
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noctivagans) comprise an estimated 72-79% of bat carcasses reported in post-construction 46 

surveys at wind energy facilities (estimate depends on dataset AWWI 2020; Thompson et al. 47 

2017), and make up the majority of bat fatalities at wind farms except in the southwestern United 48 

States (AWWI 2020). The hoary bat is the most widespread species among carcasses recorded 49 

during post-construction monitoring at wind farms in the United States and Canada (present in 50 

95% of monitoring studies in the U.S., AWWI 2020) as well as the most prevalent (31-38% of 51 

all carcasses, depending on dataset, Arnett and Baerwald 2013; AWWI 2020; Thompson et al. 52 

2017). Despite the accumulation of fatality monitoring data and advances in fatality estimation 53 

methods (Dalthorp et al. 2018), a lack of empirical data on population size and underlying 54 

demographic rates for hoary bats and other affected species has limited the determination of 55 

population-level risks (Frick et al. 2017). 56 

 57 

Fatality rates of bats, most often measured as fatality per megawatt (MW) of generation 58 

capacity, can be reduced by increasing the minimum wind speed at which turbines become 59 

operational given a strong association of higher fatalities on nights with low wind speeds (< 6 60 

m/s) (Arnett et al. 2008; Arnett et al. 2011; Arnett et al. 2013b; Berthinussen et al. 2021). The 61 

effect of turbine curtailment varies among bat species. While the fatality reduction generally 62 

increases with the cut-in wind speed, the achieved reduction of a given curtailment regime has 63 

differed among experiments. For instance, cut-in speeds of 4.5-5.5 m/s were associated with a 64 

60% reduction in hoary bat carcass detections compared with controls at the Fowler Ridge wind 65 

farm in Indiana in 2010 (Good et al. 2011) and an 85% reduction in 2011 (Good et al. 2012). 66 

Meta-analysis of curtailment studies suggests an exponential decrease in fatality rate with 67 

increases in the cut-in speed above 3 m/s, a typical minimum wind speed for energy generation.  68 

A 5 m/s cut-in was associated with a mean fatality reduction for hoary bats of 48% (95% CI = 69 

24-64% Whitby et al. 2021). Adoption of operational curtailment in North America has been 70 

limited by its potential impact on energy generation and research continues on optimization (e.g., 71 

Hayes et al. 2019) as well as the development of alternative technologies such as ultrasonic 72 

acoustic deterrents (Arnett et al. 2013a). Converting fatality minimization research into 73 

widespread practice is greatly impeded by the lack of information on what level of fatality 74 

reduction is deemed necessary or sufficient. However, mounting concern about the potential for 75 

population-level impacts to hoary bats (Davy et al. 2020; Frick et al. 2017; Rodhouse et al. 2019) 76 

and the consequences of regulatory protection for a species with a transcontinental range and 77 

broad habitat associations have elevated a sense of urgency to quantify risk and identify 78 

strategies to mitigate impacts. 79 

 80 

In response to the need to assess the potential impact of turbine-related fatalities on the 81 

hoary bat population, the United States Fish and Wildlife Service initiated an expert elicitation to 82 

establish a range of plausible population sizes and demographic parameters. This provided 83 

estimated ranges of key parameters to project hoary bat population dynamics with turbine-related 84 

fatality to provide the first estimates of potential population-level impact of observed fatalities at 85 

wind turbines for the hoary bat population in North America (Frick et al. 2017). That modeling 86 

effort found mortality from wind turbines was sufficient to cause rapid and steep decline of 87 

hoary bat populations under certain conditions. However, installed wind energy capacity has 88 

nearly doubled since 2014, highlighting the need to address how continued growth of wind 89 

energy development may influence risk to populations. Furthermore, there is a need to identify 90 

fatality reduction targets to manage risk. 91 
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 92 

We extend the modeling approach used by Frick et al. (2017) to determine risk to hoary bat 93 

populations from anticipated growth of the wind energy sector in the United States and Canada 94 

through 2050. We address four questions, (1) How will continued build-out of land-based wind 95 

energy capacity in the United States and Canada affect the risk of population decline or 96 

extinction of hoary bats? (2) How much fatality reduction at wind energy facilities is necessary 97 

to manage population-level impacts? (3) How would the approximately 50% reduction in fatality 98 

rate associated with operational curtailment below wind speeds of 5 m/s (Whitby et al. 2021) 99 

change risk to hoary bat populations? and (4) Are population trends over time useful for 100 

informing fatality minimization targets for risk management?  We parameterized stochastic 101 

models to predict the trajectory of hoary bat populations through 2050 that incorporated 102 

uncertainty about mean fatality rates and variability in population growth rates using an 103 

integrated model of mortality and a density-dependent model of population growth rate. We 104 

generate probabilistic outcomes to assess the risk of population decline or extinction associated 105 

with estimated levels of mortality from two projected build-out scenarios of continued 106 

development of wind energy facilities in the United States and Canada. Our study characterizes 107 

the range of possible targets for minimizing fatality rates that lower risk to the population given 108 

broad uncertainty about population size and dynamics as well as future wind energy capacity 109 

build-out. We use the risk analysis framework to assess the potential benefit of adopting an 110 

intervention such as curtailing turbines below 5 m/s, which is expected to reduce hoary bat 111 

fatalities by nearly half. Lastly, we explore how efforts to estimate trends in hoary bat 112 

populations, in the absence of estimates of total population size, can help inform risk 113 

management. 114 

 115 

 116 

Methods 117 
 118 

Population model 119 

We used a model of population growth for the hoary bat that included demographic sensitivity to 120 

sources of additional mortality similar to models of fisheries under harvest pressure (Pascual et 121 

al. 1997). The model’s form corresponds to Beverton-Holt density-dependence (Beverton and 122 

Holt 1957) with an additional mortality term, 123 

 �� = ���� �1 + 
�
� ���� − 1��

�� 1 − ���, Eq. 1 124 

where λt is realized population growth rate at time t, λmax is the maximum population growth rate, 125 

Nt is abundance at time t, K is the carrying capacity in the absence of additional mortality, and mt 126 

is additional mortality at time t. In the absence of additional mortality, a stable equilibrium 127 

abundance, N* = K, exists if the population can grow (λmax > 1) and K is positive. If λmax = 1, Eq. 128 

1 collapses to the density-independent model described by Frick et al. (2017). We explored a 129 

range of maximum population growth rate, from a low of λmax = 1 to a high of λmax = 1.18, the 130 

highest value of population growth rate from the Frick et al. (2017) elicitation. We used the 131 

expert elicitation estimates of abundance as indicative of carrying capacity. Equilibrium 132 

abundance, N*, declines linearly as m increases, such that 133 

 �∗ = � �1 −� ����
������

� Eq. 2 134 
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for λmax > 1. Thus, hoary bat equilibrium abundance, when one exists, declines with the 135 

introduction of turbine-related mortality. Conversely, reducing mortality from collisions with 136 

wind turbines causes the model equilibrium to recover toward K. With λmax = 1, no equilibrium 137 

exists. In this case, trajectories were limited by a ceiling an order of magnitude above initial 138 

abundance. 139 

 140 

We projected abundance using lognormal temporal variability in expected growth rate and 141 

turbine-related mortality, 142 

 �� = ���� �1 + 
�
� ���� − 1��

��
1 − ���������, Eq. 3 143 

where ε1t and ε2t are uncorrelated lognormal random deviates for wind farm mortality and 144 

maximum population growth rate, respectively, each with mean = 1 and a 10% coefficient of 145 

variation. To minimize any truncation error, variation was applied to the smaller of m or 1 – m. 146 

 147 

Mortality from wind turbines 148 

Our model of mortality from wind turbines assumed that fatalities of hoary bats are proportional 149 

to the megawatts (MW) of installed capacity, as in earlier studies (Arnett and Baerwald 2013; 150 

Frick et al. 2017), but applied this proportionality at a time scale much shorter than a year, 151 

resulting in an instantaneous per capita rate effect on population growth of -aCt, where Ct is 152 

installed capacity in year t and a is an interaction term and is much smaller than the annual 153 

mortality rate. Annual mortality was then found by integrating over one year, leading to an 154 

expression familiar from the Nicholson-Bailey predator-prey model (Murdoch et al. 1985): 155 

 �� = 1 − ��� � , Eq. 4 156 

where e is the base of the natural logarithm. In our context, m equates to the probability of a 157 

hoary bat encountering and being killed by a turbine over the course of a year, assuming 158 

encounters occur at random.  159 

 160 

Mortality was scaled to installed capacity by solving Eq. 4 for a under 2012 conditions. If 161 

N2012 and F2012 are abundance and the number of fatalities in 2012, respectively, then the per 162 

capita probability of surviving wind farms in 2012, s2012, is 1 – F2012 / N2012. Taking installed 163 

capacity in that year to be C2012, 164 

 ! = �
 "#$"

ln'�(���, Eq. 5 165 

where ln is the natural logarithm. Substituting Eq. 5 into Eq. 4, mortality becomes 166 

 �� = 1 − '�(���
 �  "#$")

. Eq. 6 167 

We used Eq. 6 to adjust mortality over the course of scenarios in which installed capacity, Ct, 168 

increased over time. Our model did not explicitly track geographic variation in hoary bat fatality 169 

rates, which are known to vary regionally (Arnett and Baerwald 2013; AWWI 2020). The 170 

assumption that turbine-related mortality rates scale with total installed capacity therefore 171 

implicitly also assumes that the geography of future build-out will follow historical patterns. It 172 
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also implies that the population is well-mixed among regions, an assumption supported by large-173 

scale genetic homogeneity in the continental hoary bat population (Russell et al. 2015). 174 

 175 

 176 

Uncertainty in the base fatality rate used to compute s2012 was captured by drawing 177 

estimates from a normal distribution corresponding to the 95% confidence interval for all 2012 178 

bat fatalities (summed over all installed capacity) given in Arnett and Baerwald (2013), scaled by 179 

the frequency of hoary bats among fatalities scored in that study (38%) and 2012 installed 180 

capacity in the United States and Canada (66,268 MW, AWEA and CANWEA). The base 2012 181 

fatality rate had a mean (standard deviation) of 1.7 (0.3) hoary bats per MW, respectively. Each 182 

model projection used a single random draw from the fatality distribution to compute 2012 183 

survival given the scenario’s population size.  184 

 185 

Wind energy build-out scenarios  186 

Market forecast models indicate varying levels and tempos of build-out of the wind energy sector 187 

over the next 30 years. We developed two build-out scenarios, termed high and low. The high 188 

scenario projected 318.3 GW of installed land-based wind energy capacity by 2050 in the United 189 

States based on the 2015 Wind Vision report (USDOE 2015) and 24 GW by 2040 in Canada 190 

(NEB 2018). We assumed Canadian installed capacity additions would continue at their 2040 191 

rate, reaching 26.5 GW by 2050 and resulting in total capacity projection of 345 GW by 2050. 192 

The low build-out scenario used a market forecast of 80% less additional land-based 193 

development in the United States after 2020 than called for in the Wind Vision report, assuming 194 

tax policy and competing energy prices would make wind energy uncompetitive (USEIA 2020). 195 

The Canadian projection was unchanged in the low-buildout scenario, leading to a forecasted 196 

total installed capacity of 165 GW in 2050. By the end of 2020, the United States had already 197 

reached 118 GW (www.eia.gov), leaving only 20 GW of further development before the low 198 

build-out end-point is reached.  199 

 200 

Quantifying the effect of continued build-out of land-based wind energy capacity on population 201 

decline and extinction risk to hoary bats 202 

We projected dynamics from 2012 through 2050 under the high and low build-out scenarios. 203 

Initial population size and baseline population growth rate were based on the ranges developed 204 

by expert elicitation (Frick et al. 2017). We treated this uncertainty as non-probabilistic. Initial 205 

population sizes included the minimum (1 million), median (2.25 million) and maximum (10 206 

million) of expert opinions on “most likely” abundance and for an initial abundance of 4 million, 207 

as a midpoint between the median and maximum values from expert opinions. Mean population 208 

growth rate was set either at replacement (λ = 1) or the highest expert opinion, (λ = 1.18). The 209 

monotonicity of risk as a function of population growth rate implies that results for all possible 210 

intermediate values would fall between these extremes. 211 

 212 

We defined two metrics to summarize risk at each time step. The first, population decline 213 

risk, measured the proportion of model simulations falling by at least 50% of their initial 214 

abundance. The second metric, extinction risk, scored the proportion of simulations falling below 215 

a quasi-extinction threshold of 2,500 individuals. Simulations were run in R (R Core Team 2020) 216 

using base libraries. Probabilities were summarized from 10,000 replicates of each combination 217 

of population size and population growth rate. Code is available from the authors upon request. 218 
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 219 

Estimating fatality reduction targets to manage decline and extinction risk to hoary bats 220 

For each build-out scenario, we systematically explored the effect of fatality reduction on decline 221 

and extinction risk over initial population sizes ranging from 1 to 10 million hoary bats, in 222 

increments of 0.25 million, at low and high growth rates. Fatality reductions were modeled as a 223 

reduced baseline rate of fatalities per MW. The model was agnostic about the mechanism by 224 

which fatality rate was reduced. All new MW capacity additions were assumed to adopt fatality 225 

reduction strategies beginning in 2021. Adoption by existing capacity was assumed to increase 226 

linearly to 100% over a 10-year period beginning in 2021. 227 

 228 

For a target of reducing fatalities by a proportion, γ, and a level of adoption, pt in year t, 229 

baseline mortality was calculated by modifying Eq. 5, 230 

 !� = �
 "#$"

ln*1 − ��(��1 − +,��-, Eq. 7 231 

where m2012 is turbine-related mortality in 2012. We recorded the minimum fatality reduction, to 232 

whole-percentage precision, necessary for less than a 50% chance of a 50% decline and, 233 

separately, less than a 1% chance of quasi-extinction. 234 

 235 

Estimating the change in risk to hoary bat populations of a simulated industry adoption of  236 

curtailing turbines below wind speeds of 5 m/s  237 

The fatality minimization achieved by operational curtailment of wind turbines has been tested 238 

for a variety of cut-in wind speeds. Meta-analysis of these studies suggests that blanket adoption 239 

of a 5 m/s cut-in speed would achieve an expected 48% reduction in hoary bat fatalities per MW, 240 

with a 95% confidence interval of (24%, 64%) (Whitby et al. 2021). This estimate is useful for 241 

illustrating how a given conservation action might affect population-level risk for hoary bats, 242 

particularly for its quantification of uncertainty. Coincidentally, the anticipated 48% reduction in 243 

fatality aligns closely with the 47.8% reduction in final installed generation capacity of the low 244 

build-out scenario, providing a case of comparable ultimate mortality reduction through 245 

curtailment or reduced wind energy development. We used the estimated distribution of fatality 246 

reduction at 5 m/s cut-in to explore the potential impact on risk over time under high and low 247 

build-out scenarios. For fatality reduction γ, the empirical distribution of ln(1 – γ) was 248 

approximately symmetric. We modified each population projection’s fatality rate with a single 249 

random draw of 1 – γ from a lognormal distribution with mean -0.67 and standard deviation 0.19, 250 

yielding a mean and 95% confidence interval of γ = 0.48 (0.26, 0.65). Hence, the distribution of 251 

risk produced by the model included uncertainty about the actual level of fatality reduction 252 

achieved. 253 

 254 

Relating simulated population trends to inform targets for fatality reduction 255 

Population size estimates have been difficult to obtain for hoary bats (Korstian et al. 2014). 256 

However, trend information has been obtained in regional studies using acoustic detections 257 

(Rodhouse et al. 2019) or wind farm fatality data (Davy et al. 2020). The NABat program aims 258 

to assess trends at broader spatial scales (Reichert et al. 2021). We explored using the risk 259 

assessment modeling framework to facilitate decision-making with population trends rather than 260 

population size. Trends were measured as the geometric mean annual percentage decline in 261 

hoary bat abundance projected by our population model from the beginning of 2012 to the end of 262 

2020 (log-linear regressions produced similar results). We generated 10,000 replicate trends at 263 

high and low population growth rates across all initial population sizes and estimated the fatality 264 
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reduction necessary to manage extinction risk associated with these trends by simulating 265 

population growth under the high build-out scenario at varying fatality reduction levels from 266 

2021 through 2050. For each initial abundance in 2012, the population model produced a range 267 

of trends through 2020. We used the 2.5% and 97.5% quantiles of projected abundance in 2020 268 

to assess minimization targets to manage the risk of extinction by 2050. For the lowest initial 269 

abundance in 2012 (1 million hoary bats), we assessed minimization targets at 10 additional 270 

quantiles. 271 

 272 

 273 

Results 274 

Projected mortality in 2050 275 

Our model projected mean annual turbine-related mortality in 2050 under the high build-out 276 

scenario at 46%, 23%, and 6% for initial population sizes of 1, 2.25, and 10 million, respectively. 277 

Under the low build-out scenario, mean 2050 mortality at those initial abundance levels was 278 

reduced by roughly half to 26%, 12%, and 3%, respectively. Simulated 5 m/s curtailment had an 279 

effect similar to build-out reduction, yielding 2050 mortality levels of 27%, 13%, and 3% under 280 

high build-out at the three benchmark initial population sizes, respectively. 281 

The effect of wind energy build-out on population decline and extinction risk to hoary bats  282 

Simulations of risk over time indicated that fatality at wind energy facilities can significantly 283 

impact the hoary bat population but that risk is highly uncertain. With a high initial abundance of 284 

10 million hoary bats, mean declines by 2050 were 32-70% under high build-out and 17-50% 285 

under low build-out, depending on population growth rate. Across initial abundance levels, the 286 

probability of a 50% decline ranged from 0.01 to 1.0 with a median year ranging from 2016 to 287 

beyond 2050 (Table 1). At low initial abundance, mortality rates were sufficiently high to drive a 288 

50% reduction in the hoary bat population before 2019 regardless of the strength of the density-289 

dependent demographic response or build-out scenario (Fig. 1a,b), suggesting realized 290 

population declines of more than 9% annually. Demography influenced decline risk at high 291 

initial abundances. For instance, with an initial abundance of 10 million hoary bats, population 292 

growth rate made the difference between a median year of decline prior to or beyond 2050. 293 

Differences in build-out had generally smaller qualitative effects on risk (Fig. 1a,b), only 294 

affecting whether decline was expected within the 30 year time horizon at intermediate 295 

population sizes and high population growth rate (Table 1). 296 

 297 

The probability of extinction by 2050 ranged from 0.0 to 1.0 and was highly sensitive to 298 

initial abundance. Extinction risk existed only for initial population sizes less than about 3.25 299 

million. If there were 1 million hoary bats in 2012, then the population was expected to fall 300 

below the quasi-extinction threshold within the next 20-30 years under the high build-out 301 

scenario (Fig. 1c). Lower build-out delayed extinction risk and increased the influence of 302 

demography, yielding a larger range of uncertainty at the lowest initial population size (Fig. 1d), 303 

but still produced up to a 97% chance of extinction by 2050. The slower population decline 304 

under low build-out translated to a reduced maximum initial population size for extinction risk, 305 

2.25 million, a level at which the high build-out scenario produced up to a 40% chance of 306 

extinction by 2050.  307 

 308 
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Fatality reduction targets necessary to manage population decline and extinction risk to hoary 309 

bats 310 

The target reduction of fatality rates to manage risk was sensitive to initial abundance, 311 

demography, and build-out, spanning the full range from 0 to 100% for decline risk (Fig. 2a) and 312 

0 to 90% for extinction risk (Fig. 2b). Management of decline risk was particularly sensitive to 313 

the strength of compensatory population growth. If the initial population size of hoary bats was 314 

less than about 4 million bats, declines of 50% or more occurred prior to the adoption of fatality 315 

reduction measures and could not be mitigated if the population did not exhibit compensatory 316 

dynamics (Table 2). Even at the largest population size considered (10 million bats), the model 317 

indicated a fatality reduction target over 60% in the absence of compensation (Table 2). With 318 

high population growth (λmax =1.18), fatality reduction was only required to manage decline risk 319 

at initial population sizes below 4-6 million, depending on build-out (Fig. 2a). With high growth 320 

rate and low build-out, conditions with the lowest average risk of decline, minimization targets 321 

still ranged as high as 75%. 322 

 323 

Management of extinction risk required fatality reductions ranging from 0 to 90% (Table 2, 324 

Fig. 2b). The initial size of the hoary bat population was the primary determinant of whether 325 

minimization was required (Fig. 2b). Within the narrow range of initial population sizes 326 

exhibiting extinction risk, fatality minimization targets were highly sensitive to abundance. 327 

Conversely, the minimum population size that would be protected from extinction risk was 328 

relatively insensitive to the choice of fatality minimization target. For instance, a 20% reduction 329 

in fatality rate per MW installed capacity would address extinction risk in a population of at least 330 

2.5 million hoary bats, while an 80% reduction would manage risk for a population of 1.25 331 

million. Uncertainty about demography and build-out produced a large range of fatality 332 

minimization targets for management of extinction risk at the lowest initial abundance tested 333 

(Table 2). 334 

 335 

Change in risk to hoary bat populations of a simulated industry adoption of curtailing turbines 336 

below wind speeds of 5 m/s  337 

With mean long-term fatality reductions drawn from a distribution (mean = 48%, 95% CI = 26-338 

65%), the range of probabilities of 50% declines included or exceeded 0.5 in all high build-out 339 

scenarios (Fig. 3a) but fell below 0.5 under low build-out with high initial population size 340 

(Fig.3b). Low build-out simulations with high population growth rate illustrated the potential for 341 

recovery after fatality minimization, evidenced by temporary decreases in decline risk after 342 

adoption (Fig. 3b). Extinction risk was absent in simulations with initial populations of at least 343 

2.25 million, regardless of build-out (Fig. 3c,d). Under the most conservative scenario, initial 344 

abundance of 1 million hoary bats and no compensatory dynamics, a simulated 5 m/s cut-in 345 

shifted the median year of extinction from 2033 to 2040 under high build-out and from 2038 to 346 

just beyond 2050 in the low build-out scenario (Fig. 3c,d). Uncertainty in the simulated effect of 347 

curtailment below wind speeds of 5 m/s did not alter its expected effect on risk. 348 

 349 

Utility of population trends to inform targets for fatality reduction 350 

Simulated population trends between 2012 and 2020 varied substantially, even within population 351 

types defined by initial abundance and maximum population growth rate. For instance, replicates 352 

of populations starting with 1 million hoary bats in 2012 displayed over 30% variation around 353 

their mean annual decline rates of 16 and 10 percent for the low and high population growth 354 
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rates, respectively (density plots, Fig. 4a). In contrast, the fatality reduction target for managing 355 

extinction risk showed little variation within population types (e.g., lines, Fig. 4a), suggesting 356 

that trend information is an imprecise indicator of management needs. However, patterns in the 357 

simulation data suggested coarse relationships between population trend information and 358 

minimization targets. Fatality reduction targets ranged from 0 to 25% for populations showing no 359 

decline (Fig. 4b). When expected (mean) rates of decline were greater than 5% per year (heavy 360 

curves, Fig. 4b), some level of fatality reduction was required to manage extinction risk 361 

regardless of maximum population growth rate (Fig. 4b). When projected annual rates of decline 362 

exceeded 12%, the minimum fatality reduction target increased rapidly and the uncertainty in 363 

fatality reduction target decreased.  364 

 365 

The width of the shaded areas in Figure 4b were a function of our choice of confidence limits, 366 

the uncertainty of estimated 2012 total fatality, and assumptions including environmental 367 

variability and the rate of and extent to which fatality reduction measures were adopted. The 368 

upper bounds of the shaded areas were imposed artificially by restricting simulations to a 369 

minimum initial abundance of 1 million hoary bats; lower initial abundance would produce 370 

greater mean rates of decline and higher minimization targets. 371 

 372 

 373 

Discussion 374 

 375 
This study examined the risk of hoary bat decline or extinction posed by fatalities at wind farms 376 

in the United States and Canada. We extended previous modeling (Frick et al. 2017) by assessing 377 

risk on a shorter timeline, incorporating projections of continued wind energy development, 378 

considering compensatory population dynamics, and exploring the range of fatality minimization 379 

targets necessary to manage risk. Our findings, taken at a gross level, indicate clearly that the 380 

current fatality rate of hoary bats at wind energy facilities in the United States and Canada poses 381 

a risk to the population. Of particular concern, turbine-related mortality may plausibly be high 382 

enough to have already caused a substantial decline. However, management of the risk of decline 383 

or extinction over the next 30 years remains possible through timely adoption of measures that 384 

reduce fatality. Our results incorporate and reflect broad uncertainties about the status and 385 

population dynamics of hoary bats as well as future wind energy development in North America. 386 

The extent of missing information and the sensitivity of risk to this information prevents a 387 

succinct recommendation for fatality minimization level. As has been noted for over a decade 388 

(BWEC 2018; Frick et al. 2017; Kunz et al. 2007), reducing uncertainty about population size is 389 

key to understanding how fatality at wind farms influences population viability for this species. 390 

However, our modeling suggests retrospective population trend information could help 391 

determine whether extinction risk is moderate or severe. 392 

 393 

Consideration of future wind energy development increased the assessment of risk to hoary 394 

bats but highlighted that timely adoption of minimization practices at wind energy facilities 395 

could delay or prevent declines that could trigger the need for regulatory protection. Holding 396 

installed wind energy at 2014 levels, Frick et al. (2017) found populations capable of 18% 397 

annual growth would not be at risk of decline in 50 years or extinction in 100 years. In contrast, 398 

we found that continued additions of wind energy generation capacity meant a population 399 

capable of 18% annual growth is at risk of decline and extinction in under 40 years. Importantly, 400 
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risks could be addressed by technically achievable fatality minimization measures over most of 401 

the parameter space explored. Simulation of operational curtailment below wind speeds of 5 m/s, 402 

a measure expected to reduce fatality by 48% (Whitby et al. 2021), indicated slower future 403 

declines and reduction of extinction risk at all but the smallest initial population sizes. 404 

 405 

Our approach of focusing on the impact of a known stressor is consistent with IUCN Red 406 

List status assessment guidelines, which allow a minimum status classification to be achieved 407 

even under large uncertainty (IUCN 2012). Under our lowest-risk scenario of high maximum 408 

growth rate and low wind energy build-out, the median simulated population of 2.25 million 409 

hoary bats experienced a 50% decline by 2028. IUCN Red List criterion A4d, focusing on past 410 

and future decline, would classify such a population as Endangered if its generation time was 5-6 411 

years, a range that is plausible for hoary bats. The full range of purported hoary bat abundance 412 

produces all levels of classification from Critically Endangered to Least Concern under the 413 

lowest-risk scenario. A focus on the median level of 2.25 million level is supported by IUCN 414 

guidance not to use extreme or “worst case” values, though variation in evidentiary attitudes 415 

leaves classification open to interpretation (IUCN 2019). Importantly, wind energy is likely not 416 

the only stressor on hoary bat populations. Threats such as a decline in abundance of insect prey 417 

(Sánchez-Bayo and Wyckhuys 2019) and habitat loss and degradation from land-cover change 418 

across North America may also pose population-level risk (Frick et al. 2020; Weller 2008). 419 

Incorporating other stressors in our assessment would decrease projected population viability 420 

over a larger range of possible hoary bat abundance and increase minimization targets, but also 421 

reduce the dependence between viability and wind energy development. 422 

 423 

Hoary bat population size remains the most important knowledge gap obscuring guidance 424 

on overall risk and how much fatality reduction is necessary. We used a range of likely 425 

abundance developed by expert elicitation from Frick et al. (2017), but empirical basis for 426 

estimating a plausible minimum population size for hoary bats is a top research priority. Progress 427 

toward an estimate has been challenging. The most concrete efforts, estimation of genetic 428 

effective population size, have so far either been inconclusive (Korstian et al. 2014) or offered 429 

dramatically varying assessments (Pylant et al. 2016; Sovic et al. 2016). The continental-scale 430 

North American Bat Monitoring Program (NABat) has made recent progress in compiling data 431 

from multiple sources to estimate population size for bats in North America from acoustic 432 

detections (Reichert et al. 2021).  433 

 434 

In the absence of a population estimate, trend information may be useful in guiding hoary 435 

bat conservation. Indirect evidence for regional declines in hoary bat abundance has been found 436 

in studies of occupancy in the northwestern United States (Rodhouse et al. 2019) and fatality 437 

rates at wind farms in the Great Lakes region of Canada (Davy et al. 2020), both of which 438 

showed strong downward trends since 2010. However, analysis of mist-netting data in 439 

Saskatchewan, Canada, found only weak support for a decline (Green et al. 2021). It may be 440 

possible to estimate a population trend from fatality monitoring data from wind farms across the 441 

U.S.A. and Canada, though statistical rigor is difficult to achieve due to the nature of the dataset 442 

(Huso and Dalthorp 2014); wind farms are non-randomly distributed in the landscape, use 443 

different turbine designs, and are typically only monitored for 1-3 years after construction. 444 

NABat’s probabilistic sample design provides an opportunity to overcome some of these 445 
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limitations with robust estimation of population trends over large spatial extents (Loeb et al. 446 

2015; Reichert et al. 2021). 447 

 448 

Simulated short-term population trends from our model suggested several rough 449 

benchmarks that may be useful in supporting management decision-making without an estimate 450 

of population size. If no annual trend of decline can be statistically determined, a fatality 451 

reduction target of 25% is precautionary. Decline rates between 0 and 5% per year could be 452 

viewed as only supporting a precautionary attitude toward extinction risk management. This 453 

zone lies to the left of the mean trends exhibited by populations with appreciable extinction risk 454 

in Figure 4b. For annual declines between 5 and 10%, a more reactionary attitude to risk appears 455 

warranted given that this range is typical for populations at risk, even in simulations with high 456 

growth rate. However, the uncertainty in appropriate minimization target in this middle range 457 

remains high. Rates of decline in excess of roughly 10% per year unambiguously indicate the 458 

need for some level of fatality reduction, corresponding to the zone of Figure 4b where the 459 

minimum reduction target becomes greater than zero. Finally, any trend greater than 15% per 460 

year would indicate a fatality minimization target of at least 50%. 461 

 462 

In addition to population size, uncertainty about population dynamics and wind energy 463 

development limited our characterization of risk to hoary bat populations. The capacity for 464 

compensatory population growth in bats is not well-understood. However, the stabilizing effect 465 

of compensatory population growth up to 18% per year was not a panacea for reducing risk in 466 

our model and therefore did not qualitatively alter the assessment that risk exists and may require 467 

management actions. Likewise, the pace of wind energy development, which derives its 468 

uncertainty from variable market forces influenced by policy (USEIA 2020), had nuanced rather 469 

than qualitative effects on risk. Assuming that the per-MW impact of wind energy development 470 

on hoary bat survival would otherwise remain unchanged in the future, our results indicate 471 

population-level risks even under our more conservative scenario of build-out through 2050.  472 

 473 

It is striking that operational curtailment below wind speeds of 5 m/s had the same effect as 474 

reducing future build-out by eighty percent. Relying on lower build-out to avoid wildlife impacts 475 

contradicts current goals for renewable energy adoption and ignores current trends in annual 476 

increases in installed capacity. For example, the largest increase on record in the United States 477 

for installed capacity occurred in 2020 with 14 GW (www.eia.gov). Wind energy is an important 478 

and growing source of renewable energy around the world and part of efforts to lower carbon 479 

emissions from energy production (Gielen et al. 2019). Biodiversity conservation is also a global 480 

priority (Secretariat of the Convention on Biological Diversity 2020). Solutions that allow 481 

continued growth of renewable energy development without risking loss of biodiversity are 482 

available but require rapid implementation. 483 

 484 

Strategies for minimizing bat fatalities at wind turbines include both operation curtailment 485 

and ultrasonic deterrents (Berthinussen et al. 2021). Ultrasonic acoustic deterrents are still 486 

largely in a phase of technological research and development. Field tests have demonstrated total 487 

bat fatality reductions ranging from as low as 20% (Arnett et al. 2013a) to over 70% (Weaver 488 

2019), but have shown possible benefits for hoary bats (Romano et al. 2019). Unlike acoustic 489 

deterrents, operational curtailment affects energy generation (Hayes et al. 2019; Martin et al. 490 

2017), but has been shown to be broadly effective at reducing bat fatalities (Berthinussen et al. 491 
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2021; Whitby et al. 2021). The rate of fatality reduction achieved by curtailment generally 492 

increases with the cut-in wind speed (Arnett et al. 2013b). A test of curtailment at a site with 493 

high bat fatality found an average 85% reduction in hoary bat fatality with cut in speeds of 5 m/s 494 

or more (Table 9 in Hein et al. 2014). While results for given cut-in speeds are variable, this 495 

level of efficacy suggest the potential to address extinction and decline risk over much of the 496 

range of hoary bat population sizes we assessed. The cost of lost energy production hinders 497 

adoption of curtailment by wind energy companies and motivates research into optimized, or 498 

“smart”, curtailment. Current research into smart curtailment includes systems that can detect 499 

and respond to the presence of bats locally (Hayes et al. 2019) or trigger curtailment using 500 

statistical models that relate fatality risk to conditions either at the wind farm (Martin et al. 2017; 501 

Weller and Baldwin 2012) or in the region (Good et al. 2020).  Curtailment practices at wind 502 

energy facilities in the United States are regionally variable and currently implemented primarily 503 

via Habitat Conservation Plans and Technical Assistance Letters by the United States Fish and 504 

Wildlife Service in regions where bat species that are federally protected by the Endangered 505 

Species Act occur (e.g. Indiana bats, Myotis sodalis). Determining policy and market incentives 506 

for industry-wide adoption of turbine-level fatality minimization measures remains a major 507 

challenge. 508 

Finally, a reduction in the mean rate of fatalities per MW of installed wind energy 509 

generation capacity could be achieved with strategies focused at scales beyond individual 510 

turbines. The distribution of bat fatality rates among wind facilities is highly skewed, with 75% 511 

of facilities reporting fewer than five bat carcasses per MW per year. Sites with higher fatality 512 

rates are over-represented in the Midwest and Northeast regions of the United States (AWWI 513 

2020), implying that the geographic distribution of future wind energy build-out will affect 514 

population-level risk. A meaningful next step in our risk assessment modeling would be to 515 

consider predicted regional patterns of wind energy development. Meanwhile, a greater 516 

understanding of site-level determinants of fatality rate within regions is needed (Allison et al. 517 

2019). While convenience samples of fatality monitoring data suggest site effects on bat fatality 518 

(e.g., Davy et al. 2020; Thompson et al. 2017), a clearer picture could be gained through further 519 

standardization of monitoring methods (Conkling et al. 2020) and systematic monitoring at 520 

existing facilities (Huso and Dalthorp 2014). Recent research also suggests that the fundamental 521 

unit of fatality rate, fatalities per power manufacturer-rated generation capacity (nameplate 522 

capacity) ignores variation in actual power generation and fatality rate among turbines (Huso et 523 

al. 2021), which is likely to have both site-level and regional effects. Ultimately, a multi-scale 524 

approach to cumulative impact management for hoary bats at wind facilities is likely to strike the 525 

best balance between the competing goals of sustainable energy production and biodiversity 526 

conservation. 527 

 528 

 529 
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Tables 699 
 700 

Table 1. Projected probability and median year of a 50% decline in hoary bat abundance in the 701 

U.S.A. and Canada over a range of initial population sizes at two levels of future wind energy 702 

development. Ranges reflect uncertainty in population growth rate (range = 1 to 1.18).  703 

 704 

  Decline Risk 

Measure 

Initial 

Abundance 

(Millions) Low Build-out High Build-out 

Probability 

1 1.00 1.00 

2.25 0.90 – 1.00 1.00 

4 0.30 – 0.98 0.93 – 1.00 

10 0.01 – 0.62 0.12 – 0.87 

Median 

Year 

1 2016 - 2018 2016 - 2018 

2.25 2021 - 2028 2021 - 2025 

4 2026 - >2050 2025 - 2035 

10 2043 - >2050 2036 - >2050 

 705 

Table 2.  Target reduction of bat fatalities occurring at wind turbines to manage risk of hoary bat 706 

decline or extinction in the U.S.A. and Canada for a range of population sizes. Targets to manage 707 

risk equate to reduction levels that result in < 50% chance of the population declining by 50% by 708 

2050 (decline risk) and reduction levels that result in < 1% chance of extinction by 2050 709 

(extinction risk).  Range of target reductions depends on the underlying assumption of the 710 

maximum annual population growth rate (range = 1 to 1.18) used in the population model 711 

projections. Note that fatality reductions sufficient to manage extinction risk will still allow 712 

decline.  713 

 714 

  Target Reduction of Bat Fatalities (%) 

Risk Type 

Abundance 

(Millions) 

Low Build-out 

λ = 1.18 to 1.0 

High Build-out 

λ = 1.18 to 1.0 

Decline 

1 75 - 100* 88 - 100* 

2.25 35 - 100* 66 - 100* 

4 0 - 93 38 - 98 

10 0 - 30 0 - 63 

Extinction 

1 24 - 79 59 - 90 

2.25 0 0 - 39 

4 0 0 

10 0 0 

*For low initial population sizes and low population growth, decline risk could not be managed 715 

even with 100% future fatality reduction. 716 
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 717 

Figures 718 
 719 

 720 

 721 

Figure 1.  The probability of population decline or extinction over time for hoary bat populations 722 

exposed to projected mortality without fatality reduction at wind farms in the U.S. and Canada 723 

under high and low build-out scenarios. Shaded regions denote intervals of risk at three initial 724 

abundances. Each interval is commensurate with a range of expert opinions on likely population 725 

growth rate, with �max set to 1 and 1.18 at the left and right boundaries of the shaded region, 726 

respectively. (a) Decline risk under high build-out. (b) Decline risk under low build-out. (c) 727 

Extinction risk under high build-out. (Populations initiated with 10 million individuals exhibited 728 

no risk of extinction by 2050.) (d) Extinction risk under low build-out. (Populations initiated 729 

with either 2.25 or 10 million individuals exhibited no extinction risk by 2050.) 730 

  731 
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 732 

 733 

 734 
 735 

 736 

Figure 2.  Proportional reduction in fatality rate needed to manage (a) the risk of population 737 

decline or (b) extinction across a range of initial population sizes. Shaded regions represent the 738 

interval of risk commensurate with a range of expert opinions on likely population growth rate, 739 

with �max set to 1 and 1.18 at its right and left boundaries, respectively, and a scenario of future 740 

wind energy build-out. Darker region indicates overlap of build-out scenario outcomes.  741 
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Figure 3. The probability of population decline or extinction over time for hoary bat populations 749 

with a 48% mean reduction in mortality based on assuming a universal adoption of curtailment 750 

to 5 m/s cut-in speed at wind farms in the U.S.A. and Canada by 2030. Shaded regions denote 751 

intervals of risk at three initial abundances. Each interval is commensurate with a range of expert 752 

opinions on likely population growth rate, with �max set to 1 and 1.18 at its left and right 753 

boundaries, respectively. (a) Decline risk under high build-out. (b) Decline risk under low build-754 

out. (c) Extinction risk under high build-out. (d) Extinction risk under low build-out. Of the three 755 

initial abundances in the figure, only the lowest exhibited a risk of extinction by 2050 under 756 

simulated universal adoption of 5 m/s curtailment. 757 
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Figure 4. Fatality reductions necessary to manage hoary bat extinction risk over a range of 765 

simulated rates of population decline at two maximum population growth rates. (a) For 766 

simulations initialized with 1 million hoary bats in 2012, projected trends and attendant reduction 767 

targets. Shaded areas illustrate the distribution of trends (right axis) at each growth rate. Lines 768 

are fatality reduction targets (left axis) for the central 95% of trends at each growth rate. (b) 769 

Fatality reduction targets for trends simulated over a range of 2012 abundance levels from 1 to 770 

10 million hoary bats. Shaded regions cover the central 95% of trends at each initial abundance 771 

level, while heavier central curves indicate mean trends per abundance level. In both panels, the 772 

shaded circles mark the fatality reduction target for the mean annual rate of decline of 773 

populations starting with 1 million hoary bats. Only stable or decreasing trends are pictured. 774 
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