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ABSTRACT

The installation of automatic detection systems (ADSs) on operating wind energy facilities is a mitigation measure to reduce
bird collisions. The effectiveness of an ADS depends on a combination of parameters, including the detection distance of
the bird, its flight speed, and the time to complete the chosen action (e.g., turbine shutdown). We created a web application,
Eoldist, to calculate cautionary detection distances required by an ADS, using bird flight speed and turbine shutdown time
as input parameters. We compiled a database of the flight speeds of 168 Western Palearctic birds from a review of scien-
tific literature supplemented by an analysis of unpublished GPS-tracking datasets. To estimate turbine shutdown time, we
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conducted 137 field trials of experimental shutdown at seven wind farms and found that the duration to reach residual rotor

speeds of 3 or 2 rotations per minute (rpm) was respectively 32.2 or 38.8s on average. Based on this data, Foldist allows

the user to select a species from the database, wind turbine characteristics, and a residual rotor speed (3 or 2rpm); it then
calculates the time to reach the selected threshold and provides a distribution curve for the cautionary detection distance
needed to prevent collision. This article includes examples of cautionary detection distances required for several species to
demonstrate the sensitivity of key input parameters. Eoldist is freely available and should help the wind energy industry, ADS

suppliers, and environmental agencies to define requirements for ADS bird detection that are compatible with the biology of

the target species.

1 | Introduction

A crucial requirement for the energy transition is the develop-
ment of renewable energies such as wind power [1]. However,
this emerging infrastructure can have negative impacts on bio-
diversity [2]. One impact is the loss of natural habitats; for ex-
ample, frightened or disturbed animals can avoid infrastructure
sites [3, 4]. Another is that flying animals such as birds and bats
often collide with wind turbine blades or towers [5-7]. These
impacts may ultimately threaten the viability of affected popu-
lations [8], a concern that is growing with the sharp rise in the
number of wind energy facilities (hereafter WEFs) worldwide
[9-11]. This makes it urgent to find solutions to reduce negative
impacts and ensure that the wind industry develops in a way
that minimizes harm to biodiversity.

To reduce the risk of collision, WEF operators can install an
automatic detection system (ADS) near or on a turbine mast.
An ADS operates through the remote detection and identi-
fication of “bird targets.” Different types of technology are
used to detect birds, including radar or optical (including
thermal) cameras, sometimes used in combination [12, 13].
Large birds (or flocks) can be detected at distances up to 8 km
with radar ADS, but with optical ADS, detection distances
rarely exceed 1km for large birds such as eagles and around
600m for smaller species [12, 13]. Once a target has been
detected, identified, and its trajectory analyzed by the ADS
[14, 15], several types of actions can be triggered: a scare sig-
nal (usually auditory) to prompt individuals to change their
trajectory and move away from a turbine, the slowing down
or stopping of the turbines to minimize the risk of collision,
or doing nothing. Yet ADS effectiveness in reducing collisions
has rarely been scientifically investigated, a notable excep-
tion being a study of a specific type of ADS in North America
[16]. Field evidence has shown that at some WEF, significant
numbers of collisions still occur even after an ADS has been
installed on every turbine (e.g., [8, 17]), and very few studies
rigorously quantified the reduction in collision rate [18]. The
reasons why an ADS fails to prevent some collisions are not
well known and are likely to be multifactorial: (1) technical
problems, such as failure of the ADS, problems in the trans-
mission of orders between the ADS and the turbine, and (2)
methodological problems, such as difficulties of detection or
classification by the ADS (related to the type of bird, the phys-
ical surroundings—such as topography and vegetation—the
orientation of the sun, the weather) that delay the detection
of birds, and the too slow deceleration of turbines. Therefore,

in some situations, an ADS simply cannot prevent a collision
because it does not trigger a reaction fast enough.

The effectiveness of an ADS is inherently based on a combina-
tion of the detection distance of a bird, its flight speed and trajec-
tory, and the time taken to complete the chosen action (emitting
a scare signal or shutting down the turbine). In this study, we
focused on turbine shutdown. As a precautionary principle, we
chose the hypothesis of a worst-case scenario of a bird flying
at constant speed in a straight line towards the wind turbine
(as changes in direction would induce a delay in arriving at the
turbine, hence increasing time required to stop the turbine and
decreasing detection distance). In this case, we define the cau-
tionary detection distance D as provided in Equation (1):

D= [Tshutdown* Vbird] + Lblade (1)

where D varies according to bird flight speed V,, ,, turbine
blade length L, ,,, and the total time to shutdown T, . ..
[19]. Note that we assumed that birds can arrive from all di-
rections towards the turbine, and we included turbine blade
length in Equation (1) in order to define the radius of the
sphere where collisions may occur; hence, this radius must be
added to the detection distance. The parameter T, ..., 1S the
sum of three components: the time of the ADS to detect and
classify a bird target T, ,, the time to send the shutdown
order to the wind turbine control center (Supervisory Control
and Data Acquisition [SCADA] system) Tignar and the time
to slow the turbines T,,,, to a speed that is no longer a risk
for the bird. For example, if a bird is detected at a distance
of 200m and is flying at 20ms~1, it will cover the distance to
the turbine in 10s if it follows a direct linear trajectory to the
turbine. If it is detected at 400 m, it will cover this distance in
20s, thus doubling the time available to slow down/stop the
blades. However, if the blade deceleration time is 30s, the bird
would need to be detected at 600 m to effectively prevent the
collision. This means that there may be situations when the
collision risk cannot be fully reduced because (i) the bird flies
too fast and/or (ii) the turbine shutdown is too slow. In such
cases, even the most sophisticated ADS would be useless if it
was unable to detect the bird at a sufficient distance. It is thus
of prime importance for ADS stakeholders to have accurate
information about the required detection distance for relevant
bird species in order to trigger a reaction in time. So, our ob-
jective was to highlight the necessity to consider these two
components (bird speed and shutdown time) and the resulting
cautionary detection distance before investing in a costly ADS.
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In Equation (1), the source of the variability of D is related to
Ly 1oder Tenutdowne @0d bird flight speed V,, .. Turbine deceleration
time T,,,,, has rarely been studied, but we hypothesized that it
is likely to depend on (i) initial rotation speed (which depends
directly on wind speed in synchronous turbines or indirectly in
asynchronous wind turbines), (ii) blade length (long blades have
more inertia than short blades), and (iii) pitch rate of the blade
(which spins the blades in the opposite direction of the wind to

initiate a braking effect).

In contrast, bird flight speeds have been widely studied and
are known to be affected by several factors. They depend on
(1) bird morphology (including wingspan, wing area, body
mass, wing loading—that is, the ratio between the last two
parameters—and wing shape) [20-22]; (2) type of flight (flap-
ping, gliding, soaring, hovering, and the proportion of these in
a bird's flight patterns, which varies between species) [23]; (3)
environmental conditions (including mainly wind speed and
direction, which also affect D through its effect on T, 0.
as well as altitude, which affects air density) [24-26]; and (4)
flight context (the speed during local flights may be different
from that in migratory flights because the bird's needs and
motivation are different) [27]. An overview of factors affecting
bird flight speeds is provided in ESM 01. Given the many fac-
tors influencing a bird's flight speed, there is great variability
between species, between individuals within a species, and
according to the seasonal context. This makes it very import-
ant to consider the range of possible flight speeds for a given
species when studying the ideal detection distance to reduce
its risk of collision with turbines.

The goal of this study was to objectively assess the detection dis-
tance needed for an ADS to react in time, providing robust, reli-
able, and useable information for stakeholders to make relevant
decisions. Based on data from a variety of sources and collected
in the field, we developed a web application (Eoldist, an acronym
combining the French word “éolienne” (wind turbine) and “dis-
tance”) that calculates detection distances for specific turbine
characteristics and bird species. The focus was on onshore WEF
and thus on terrestrial bird species. To this end, we compiled a
database of flight speed ranges for 168 species (from all orders
of Western Palearctic avifauna) through a search of published
literature, supplemented with analyses of tracking data from
partners, or computed theoretical flight speeds derived from
aerodynamic theory [22]. We estimated turbine shutdown time
T udown DY conducting field experiments at seven WEF. This
allowed us to identify the parameters driving shutdown time,
including blade length, type of machine (synchronous vs. asyn-
chronous), and wind speed. After developing the application, we
tested it on calculations for a set of bird species to analyze the ef-
fect of different parameters on cautionary detection distance D.

2 | Methods

To estimate cautionary detection distance D (see Equation 1
in Section 1), it is necessary to get an accurate distribution of
bird flight speed V,, , and an estimate of turbine shutdown time
T

shutdown*

2.1 | Bird Flight Speed (V,,,,)
2.1.1 | Flight Speed Measurement Methods

Most studies about bird flight (e.g., [20]) report “airspeed” values,
that is, the relative speed at which the bird is moving through
the air mass (also called “relative wind,” with the bird in flight
as the reference). Airspeed is actually the most important factor
for aerodynamics computing [22]. However, for the purpose of
determining cautionary detection distances for birds approach-
ing wind turbines, the reference point for estimating bird speed
must not be the bird in the air flow but rather be the turbine, that
is, a fixed point on the ground. The bird flight speed relative to
a fixed point on the ground is called “groundspeed.” Therefore,
using groundspeed makes more sense in the context of an obsta-
cle fixed on the ground, such as a wind turbine, while for colli-
sions with aircraft moving in the same airflow as birds, airspeed
would be better suited. Depending on the availability of bird
speed data for a given species, we preferentially used ground-
speed values where available, and secondarily, airspeed (assum-
ing that in the absence of wind, airspeed and groundspeed are
identical and that bird speeds have chances to be recorded both
in tailwind and in headwind).

There are three main tools to estimate the flight speed of tracked
birds. One of these, radar, can be used to track bird movements
day and night; it has mainly been used during migratory peri-
ods [28-30]. Another is an instrument called an ornithodolite,
which combines binoculars with a laser rangefinder, inclinom-
eter, and digital magnetic compass; it can record the positions
of a bird in flight in a 3D space in real time [31]. This portable
tool has been used to measure the flight speeds of birds in local
and migratory flights [32, 33]. Published data from both radar
and ornithodolite are reported as airspeeds (actually measur-
ing groundspeed but correcting for wind speed and direction a
posteriori). Another tool is satellite telemetry, in which birds are
tagged with miniature GPS receivers that record 3D geograph-
ical position at regular timestamps, as well as instantaneous
groundspeed [34]. Satellite telemetry allows bird flight behavior
to be recorded independently of the observer's position through-
out the year, during local and migratory flights. In our study,
data collected by all these tools (GPS telemetry, radar, or orni-
thodolite) was grouped under the category “observed” speeds.

Airspeeds can also be computed using aerodynamic theory
using the Flight program [22], which can predict the flight
speed of a species as a function of its mass, wingspan, and
wing area. For species that use flapping flight, it is possible to
predict the flight speed that allows the bird to expend the least
energy per unit of time (V,, , or “minimal power speed”) and
the speed that allows it to cover the largest distance travelled
per energy expended (V, , or “maximum range speed”). For
gliding species, it is also possible to predict the flight speed
that minimizes the bird's loss of altitude per unit of distance
travelled (V, o Or “best glide speed”). Gliding birds can also
use an “optimal speed” (Vopt) that maximizes cross-country
speed by adjusting the gliding speed to the rate of ascent
during soaring phases [22, 35]. In their local movements, birds
generally fly at speeds close to or slightly above Vi (ng for
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soaring/gliding species), while they generally choose V,,,, (Vopt
for soaring/gliding species) when they need to maximize the
distance travelled during long migratory flights [36]. Flight
speeds estimated using aerodynamic computing are airspeed
and are referred to as “theoretical” flight speeds in the Eoldist
application.

2.1.2 | Flight Speed Data

To build the flight speed database, our aim was to collect flight
speed values for at least one species for each of the 27 orders of
birds present in the Western Palearctic. As a first step, we used
the Web of Science and the Google Scholar search engines with
the following keywords: speed*, bird*, avian, flight. In a second
step, we used the Movebank database (http://www.movebank.
org) to search for any species missing after our literature review.
We then asked data owners to share GPS-tracking data for addi-
tional species or periods for flight speeds not found in publica-
tions. We analyzed tracking data by distinguishing contexts of
migratory and local movement (see ESM 02). We defined “mi-
gration” as medium- to long-distance movements, including mi-
gratory and dispersal flights in juvenile individuals, and “local”
as short-distance movements such as foraging flights, transits
between a feeding area and the colony, and courtship or hunting
flights. In a third step, for species with no published data or no
GPS-tracking data, we computed theoretical flight speed using
the Flight program [22].

We used instantaneous groundspeed (i.e., measured directly
by the GPS tag or radar at short time intervals of 1-3s), while
values of speed averaged between subsequent intervals (typ-
ically>1min intervals) were discarded because of possible
bias [25]. Average migration speeds, generally recorded at in-
tervals of several minutes, hours, or days, are unsuitable to
describe the range of groundspeeds required for the purpose
of this study [37].

As flight groundspeed can be highly variable (see ESM 01),
our goal was not to provide a single estimate of average flight
speed but a frequency distribution of flight speeds reflecting
heterogeneity in conditions and among conspecifics. For this
purpose, we retrieved mean flight speed (+SD) from the lit-
erature or our data analysis. To get an average flight speed
value when several estimates were available from the litera-
ture, EolDist uses the following procedure: (1) an overall (em-
pirical) distribution is generated using a parametric bootstrap
based on the distribution (point estimate + confidence inter-
val) of each estimate from the literature (assuming a normal
distribution); (2) the average of that empirical distribution is
then reported as the average flight speed value. Because the-
oretical calculations of flight (air)speed are not associated
with a SD, we applied a generic coefficient of variation (CV)
that corresponded to the average CV estimated from species
tracked by GPS or radar.

2.2 | Turbine Shutdown Time (T, ,10..n)

To shut down a turbine, an ADS triggers the blades to spin
against the wind (pitch rate), resulting in slow, smooth braking.

The calculation in Equation (1) requires estimates for turbine
shutdown time T, . . data that is generally not available.
Therefore, we conducted specific field experiments to mea-

sure this.

2.2.1 | Field Protocol

We designed a simple experimental protocol that volunteer
WEF operators carried out in summer 2021 in France. Each
operator involved in a field test had to record turbine rotation
speed, then trigger a shutdown and record decelerating rota-
tion speed, measured in rotations per minute (rpm) every 1s
or every 5s, during 90s. Experimenters recorded both the in-
trinsic parameters of the wind turbine and the environmental
parameters likely to affect T, . (namely, the wind speed).
The intrinsic parameters were blade length (L,,,,), nacelle
height, and type of turbine. Wind turbines are divided into
two main types according to whether the architecture of their
electrical generator is synchronous or asynchronous. A syn-
chronous generator has a direct mechanical drive between the
hub of the turbine and the generator. An asynchronous gen-
erator requires operation at a rated speed of several hundred
revolutions per minute, which requires the use of a gearbox
between the rotor and the generator. Data about pitch rate was
not known by operators, so it was not recorded. The environ-
mental parameters were the initial wind speed and direction,
recorded continuously in the wind turbines. We requested
that each experiment should be performed 10 times for each
possible turbine model and for three wind classes (< 10, 10-20,
and >20ms™).

2.2.2 | Statistical Analysis

We hypothesized that the probability of turbine shutdown
(i.e., decelerating below a certain threshold) before 90s and
T utdown Were likely to be influenced by the following vari-
ables: type of turbine (synchronous or asynchronous), height
of the nacelle, length of the blades, initial wind speed (at the
time of shutdown), and initial rotation speed of the rotor (mea-
sured in rpm). We performed analyses with uncorrelated vari-

ables only.

In a first step, we modelled the probability that the residual rotor
speed reached a given threshold between the initiation of the
rotor stop command by the turbine command center (SCADA)
and the end of the test (t=905) as a function of the explanatory
variables selected from the correlation analysis (ESM 03). Two
thresholds of residual rotor speed (3 and 2 rpm) were tested (con-
sistent with discussions with WEF operators and environmental
agencies).

In a second step, we estimated the time needed for the rotor to
reach the residual rotation speed (conditional to the fact that this
threshold had been reached during the 90s of the test) from a
linear model (LM) based on a normal distribution of the data
and an identity link. This duration was modelled as a function
of different explanatory variables tested separately, as well as ad-
ditively and in interaction. The objective was to identify which
variable(s) significantly influenced the rotor deceleration time
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set they explained.

A backward stepwise model selection, based on the Akaike
information criterion (AIC), allowed the best model to be se-
lected for each residual rotation speed tested, in other words,
to highlight the explanatory variable(s) that best described the
variability in the dataset. We used the best model to predict
values and the SD of T, ..., according to the input explana-
tory variables.

2.3 | Building the Eoldist Web Application

Using this data, we used the Shiny package in R Studio to de-
velop an application that calculates the cautionary detection
distance D using Equation (1). The application includes three
sub-programs: one calculates a range of flight speeds for the
referenced bird species, the second the turbine shutdown time
according to different parameters related to the wind turbine,
and the third the detection distance needed for that species.
Graphically, the application is organized in two sections, one for
each sub-program. Under each section, a left panel allows the
user to choose the calculation parameters, and the results are
represented graphically in the right panel (see Figure 1).

2.3.1 | Integration of Flight Speed

In the “Flight speed” sub-program, the user goes to “Enter
bird data” in the left panel to select the bird species and flight
context (migration or local flight) from the database of 168
species presented, which displays the mean (+SD) flight
speed of the species. The top right panel displays the probabil-
ity distribution of flight speeds, that is, the range of possible
flight speeds of the species in the flight context chosen by the
user. This distribution was built from the observed or theo-
retical average flight speed values (+ SD) (as explained above)
of the species in the chosen flight context using a normal dis-
tribution. When more than one type of data is available for
a species, the observed speeds are prioritized over the theo-
retical speeds. The type(s) of data used (groundspeed for GPS
recording, airspeeds for radar, ornithodolite, and theoretical
computations) and the average speed (& SD) of the species are
displayed below the graph.

2.3.2 | Integration of Turbine Shutdown Time

While data is lacking about T}, ., , and T, gnal® after discussions
with ADS manufacturers and WEF operators, we considered
that the values for these parameters are generally extremely
short. McClure, Martinson, and Allison [12] found a classifi-
cation time of 0.2s for one specific type of ADS (Identiflight).

Hence, to be conservative, we set T, ;.. and Tsign 1 At 1s each,
and thus Tshutdown = Tbrake+ 2.

Using the data from our field tests for turbine shutdown time

T utdown: the second sub-program allows the user to choose

the values of the parameters used to compute the average tur-

bine shutdown time T, ... (£SD) to reach a residual rotation

speed. Under “Enter wind turbine data,” the user enters the val-
ues of the four parameters on which T, . is modelled (see
Section 3): (i) type of machine (type of turbine:synchronous or
asynchronous); (ii) blade length (parameter used to model tur-
bine deceleration time and also included in Equation (1); based
on the data collected in the field protocol for WEF operators, the
current range of possible values for blade length is between 35
and 56 m for synchronous machines, and between 40 and 63m
for asynchronous machines); (iii) mean initial wind speed (from
an average wind speed of 5, 10, or 15ms~! on which the rotor
deceleration time is modelled; see Section 3); and (iv) residual
rotation speed (from 1, 2, or 3rpm) to calculate the time required
to reach this threshold (i.e., rotor speed equal to or lower than
this threshold) once the stop command is issued. The formula
for converting an angular velocity (N) expressed in rpm into a
linear velocity (V) at the blade tip expressed in meters per sec-
ond (ms™) is the following: V = % + N with r the blade length
of the turbine.

The output of the second sub-program is the turbine shutdown
time Ty, .50mn (-€.» turbine deceleration duration) in seconds.

If the user has independently measured T, ..., at @ particu-
lar WEF, we added the possibility to manually enter a value for
T that by-passes the previous calculation based on tur-

shutdown
bine features and wind speed.

2.3.3 | Cautionary Detection Distance Sub-Program (D)

Using the parameters previously estimated (V,,,, and T, 0.
Eoldist then calculates the cautionary detection distance D for
the species. This distance is displayed graphically in the bot-
tom right panel as the cumulative distance D for the species in
the chosen flight context (local or migration) according to the
percentage of detected flights of the species. This percentage of
detected flights is defined by the user with the slider above the
graph. The higher the percentage of detected flights, the more
accurate the range of possible flight speeds of the species (i.e.,
minimizing the right-tail of the frequency distribution of flight
speeds). The user can vary the percentage of detected flights in
5% step increments.

2.4 | Examples of Cautionary Detection Distance D

2.4.1 | Effect of Type of Flight, Turbine Characteristics,
Wind Speed, and Residual Rotation Speed

As a first example, we calculated D for a species highly im-
pacted by collisions in our study area: the lesser kestrel
(Falconaumanni). We used the parameters for a WEF in
southern France at which all turbines are equipped with an
ADS, yet collisions are still regularly recorded [8]. The WEF
combines two types of asynchronous machines: one with a
mast height of 56m and blade length of 35m, and a second
with a mast height of 78 m and blade length of 41 m. We ran
calculations for local flights and migratory flights, with two
residual rotation speeds (3 and 2rpm). All calculations were
performed with an initial wind speed of 10ms~ and a flight
detection threshold of 95%.
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FIGURE1 | Screenshot of the Foldist application, parameterized for a lesser kestrel (Falco naumanni) in local flight (top left panel) at a wind ener-
gy facility with asynchronous machines with 35-m blades, an initial wind speed of 10m s~ and a residual rotation speed of 3rpm (bottom left panel).
The program first displays a frequency distribution of flight (ground)speeds for the species, calculated from source data (top right panel). Underneath
this, the program calculates the estimated turbine shutdown time and displays the cumulative cautionary detection distance curve (bottom right

panel). On this curve, a dotted line indicates the precise cautionary detection distance in relation to the percentage of detected flights (here 95% of

detected flights results in a cautionary detection distance of 315m).

In a second example, we studied the effect of initial wind speed,
blade length, and type of machine on D for a lesser kestrel in
local flight. We ran calculations for three initial wind speeds
(5, 10, and 15ms™!) for synchronous machines with blade
lengths between 35 and 50m and for asynchronous machines
with blade lengths between 45 and 60m.

2.4.2 | Effect of Percentage of Detected Flights

In a third example, we studied the effect of the percentage
of detected flights on D. We used two species of similar body
mass (~10kg) and similar average groundspeed, the Bewick's
swan (Cygnus columbianusbewickii) and the griffon vulture
(Gyps fulvus). Bewick's swans use only flapping flight, result-
ing in a groundspeed with little variance (15.2+0.7ms™),
while griffon vultures are specialists of soaring/gliding
flight, resulting in a groundspeed with large variation
(15.3+5.3ms™"). All calculations were computed for birds
in local flights with an initial wind speed of 10ms™' and for
an asynchronous machine with a blade length of 45m and a
residual rotation speed of 3rpm. We varied the percentage of
flights detected between 25% and 95%.

2.4.3 | Effect of Blade Length and Shutdown Time
for Protected Species

Finally, we investigated the effect of two parameters (residual rota-
tionspeedand T, ..)onDfor 10bird species ofhigh conservation
concern in France or Europe [38]: red-backed shrike (Laniuscollu-
rio), Montagu's harrier (Circuspygargus), red kite (Milvus milvus),
common swift (Apusapus), black stork (Ciconia nigra), little bus-
tard (Tetraxtetrax), white-tailed eagle (Haliaeetusalbicilla), griffon
vulture (G. fulvus), common snipe (Gallinagogallinago), and com-
mon eider (Somateria mollissima). These species were also selected
as they represent a large gradient of sizes and masses (from the
30-g red-backed shrike to the 10-kg griffon vulture), as well as a
large gradient of flight types (from the flapping flight of ducks and
waders to specialists of gliding such as raptors) and of flight speeds
(from the Montagu's harrier flying at an average 6.4ms™! to the
common eider at 18.5ms™"). We performed calculations for these
species with two asynchronous wind turbine models: one with a
blade length of 45m (typical of current turbines), and one with a
blade length of 63 m (the largest blade length available, expected to
be commonly used in the coming years for repowering WEF). We
used two thresholds of decelerating rotation speed: 3rpm for the
45-m blades (corresponding to a linear speed of 51kmh~! at blade
tip) and 2rpm for the 63-m blades (corresponding to a similar lin-
ear speed of 50kmh~! at blade tip). All calculations were computed
for birds in local flights, with an initial wind speed of 10ms~ and
95% of flights detected.

3 | Results
3.1 | Bird Flight Speeds

The literature review allowed the compilation of flight speeds
for 140 species, estimated with radar (135 species), ornithodo-
lite (32 species), satellite, and GPS telemetry (5 species) (some
species had been recorded with several methods). This data
was mostly recorded during migration (88% of studies). Using
the Movebank database, we collected groundspeed data for
31 additional species. For 17 species (belonging to 15 fami-
lies and 5 orders) for which there was no published data or
GPS tracking, we computed the theoretical airspeed using the
Flight program.

In total, we built a database for 168 species (ESM 04). The
groundspeed in local flights ranged from 6.3ms™'+0.2 SD for
Montagu's harrier (C.pygargus) in local (hunting) flights to
21.4+2.4 SD ms™! for the mallard (Anasplatyrhynchos). The
groundspeed in migratory flights ranged from 6.7ms='+1.0 SD
for both the Eurasian siskin (Carduelisspinus) and Eurasian jay
(Garrulusglandarius) to 22.1 +4 SD m s~! for the common scoter
(Melanitta nigra).

3.2 | Turbine Shutdown Time T, .
Overall, 137 experimental shutdowns were performed at seven
WEF. The analysis of correlations between the five potential ex-
planatory variables (ESM 03) resulted in the selection of three vari-
ables for modelling rotor shutdown probability and T, ;. ..,: blade
length, initial wind speed, and machine type (synchronous vs.
asynchronous). The other variables (nacelle height and initial tur-
bine rotation speed) were too correlated (see ESM 03) with these
three variables to be tested simultaneously in the models.

The probability that the residual rotation speed was <2rpm
was related to blade length and initial wind speed (ESM 03).
For the turbines that reached the 3 or 2 rpm values before 90s,
once the shutdown command was initiated at the SCADA,
it took an average of 32.2s+13.5 SD [range 15-55s] and
38.8s+14.5 SD [range 15-65s] for the residual rotation speed
to reach 3 and 2rpm, respectively. Modelling of the T, ...,
for the 3- and 2-rpm thresholds showed that machine type,
blade length, initial wind speed, and the interaction of the
latter two variables significantly affected the time required
to reach these residual rotation speeds. These variables ex-
plained 57% and 49% of the variance in the dataset for the 3-
and 2-rpm thresholds, respectively.

The time for the rotor to decelerate and reach the 3- and 2-rpm
thresholds was longer when blade length was longer (Figure 2A),
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when wind speed was higher (Figure 2B), and if the machine
was asynchronous (Figure 2C). The significant interaction be-
tween turbine blade length and initial wind speed implied that
for a given initial wind speed, the rotor decelerated differently
depending on the blade length. In the presence of a 5ms~! wind,
T utdown Was identical, whatever the blade length. But in the
presence of wind between 10 and 20ms™, the longer the blade
length, the longer the time needed for the rotor to reach the re-
sidual rotation speed.

3.3 | Examples of Cautionary Detection Distances

3.3.1 | Effect of Type of Flight, Turbine Characteristics,
Wind Speed, and Residual Rotation Speed

For the first case study with the lesser kestrel, T, .. of asyn-
chronous turbines with a 35-m blade length varied between 18
and 23s according to the residual rotation speed threshold cho-
sen (2 or 3rpm) (Table 1). Similarly, for asynchronous turbines
with a 41-m blade length, T,,, 0., Was increased by 10s. In a
local flight context, D varied between 315-360m for the 35-m
blades and 435-490m for the 41-m blades (Table 1). In a migra-
tory context, lesser kestrels fly on average at a speed 146% faster
than in local flight, resulting in an increase in D of 135% for the
35-m blades and 137% for the 41-m blades (Table 1). A screen
view of one calculation from the Eoldist application is shown in
Figure 1.

We tested the effect of wind speed, type of machine, and
blade length on D for lesser kestrels in local flight. At a wind

speed of 5ms™, T, ... varied mostly according to the type

of machine (longer with asynchronous machines than syn-
chronous), but not with blade length (slope close to zero).
Therefore, D was not strongly affected by blade length but was
~130% larger for asynchronous machines (Figure 3). The ef-
fect of blade length was more pronounced at wind speeds of
10ms~! (larger slope coefficients) (Figure 3). The difference in
machine type was minor (< 5%) at 10 m s~! and was reversed at
15ms~! (asynchronous machines shut down faster at 15ms™1,
hence resulting in a 10% decrease in D).

3.3.2 | Effect of Percentage of Detected Flights

When choosing a median threshold of flights detected (50%), es-
timates of D were similar at 610-615m for both Bewick's swan
and the griffon vulture (Figure 4). For the swan, whose variance
in groundspeed is low, the range of D varied between 565 and
725m for, respectively, 25% and 95% of flights detected. For the
vulture, whose variance in groundspeed is high, the range of D
varied between 450 and 1020 m for, respectively, 25% and 95% of
flights detected.

3.3.3 | Effect of Shutdown Time

The first set of calculations was for an asynchronous machine
with a blade length of 45m and an initial wind speed of 10ms™.
With a residual rotation speed of 3rpm (corresponding to a
linear speed at the blade tip of 51kmh™), T, . would take
33.8s+2.4. With a threshold of 95% of flights detected, D for
these species would range from 370 m for Montagu's harrier to
1020 m for the griffon vulture (Figure 5).
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For larger wind turbines (asynchronous machine, 63-m blade),
applying a conservative precautionary principle with a resid-
ual rotation speed of 2rpm (to stay within the limit of a linear
blade tip speed corresponding to 50kmh™'), calculations give a
T outdown Of 09-95%3.3. With a detection threshold of 95%, D al-
most doubled for all species. Thus, to protect almost all flights of
Montagu's harriers, they would have to be detected at 650 m, and

griffon vultures at 1915m (Figure 5).
4 | Discussion
Eoldist is an interactive dashboard (developed using the Shiny

package in R) that calculates the cautionary detection distance
D required to effectively shut down wind turbines to reduce

collision risks for a selected species. It is freely available online,
both in English (https://shiny.cefe.cnrs.fr/en_Eoldist/) and in
French (https://shiny.cefe.cnrs.fr/Eoldist/). It includes a data-
base of bird flight speeds and a statistical model to predict tur-
bine shutdown time.

4.1 | Bird Flight Speed

The user can choose from 168 bird species included in the
application for which flight speeds have either been docu-
mented or estimated with aerodynamic and morphological
models. This bird flight speed database is currently limited to
Western Palearctic species, as the application was developed
in the framework of the French Reduction of Avian Mortality

TABLE1 | Effect of flight context and blade length for detection distance of a lesser kestrel.
Fllght speed Tshutdown Tshutdown

Flight (mean + SD; Blade (mean +SD; in s) (mean +SD; in s) D (m) at D (m) at

context inms™) length (m) toreach 3rpm toreach 2rpm 3rpm 2rpm

Local 7.7+1.8 35 18.9+3.7 23.2+4.4 315 360
41 28.7+2.7 33.2+£3.2 435 480

Migratory 11.3+2.8 35 18.9+3.7 23.2+4.4 425 490
41 28.7x2.7 33.2+3.2 595 670

Note: Estimates of cautionary detection distances D for the lesser kestrel (Falconaumanni) at a wind energy facility including two types of asynchronous turbines, in

a context of local flight or migratory flight. Two residual rotation speeds (3 and 2rpm) were tested and resulted in different shutdown times T

hutdown &0d cautionary

detection distances. All simulations were computed with an initial wind speed of 10ms~! and a flight detection of 95%.
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in Operating Wind Energy Facilities (MAPE) research pro- possible by the miniaturization of GPS tags, allowing them to
gram (https://mape.cnrs.fr/) funded by French agencies and  be deployed on smaller species. In addition, the database can
WEF companies operating in France. In coming years, it is be updated by integrating flight speeds measured for birds
likely that more flight speeds will be published on birds made from other continents.
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resulting in a turbine shutdown time of 35.2+2.1s.
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Two key features of the database and the web application are
the integration of the frequency distribution of flight speeds
and the flight context. In reviewing the numerous intrinsic
and external factors that can affect flight speed (ESM 01), we
assumed that variation in flight speed for a given species is
almost as important as its average speed. Theoretical knowl-
edge on the mechanics of avian flight demonstrates that birds
can choose between a limited range of airspeeds to stay air-
borne [22]. In the context of collisions with static anthropic
infrastructure, the important referential is not the air mass in
which the bird moves, but the ground where the infrastruc-
ture is installed; the movements of the air mass can contribute
to increasing or decreasing flight speed relative to the ground
and the infrastructure concerned [25]. Thus, it is crucial that a
bird's groundspeed and natural variations in speed are taken
into account rather than only airspeed, as is common in large-
scale studies of bird flight aerodynamics (e.g., [29, 30]).

Our choice of using groundspeed rather than airspeed al-
lows us to incorporate all situations when birds fly head-
wind, crosswind, tailwind, and in still air. It has been shown
that birds generally prefer using tailwind during migration
[39-41], hence groundspeeds may be increased, and that is
what we generally observed when comparing values for mi-
gratory versus local flight in Eoldist. Yet in some situations
migratory birds may cross air layers with headwind close to
the ground (particularly in mountain areas) before reach-
ing better wind conditions at higher altitudes (e.g., [42-44].
Migration can start in tailwinds but end up in headwinds; see,
for example, [45]. Furthermore, when large birds take off, they
always fly headwind to improve lift and increase airspeed and
then eventually change direction to fly tailwind (e.g., in shags
Phalacrocoraxaristotelis, [46]). So, in the first hundred meters
above ground (below or within the rotor swept height), wind
support can be different than at higher heights. Using only
airspeed and full tailwind as the main hypothesis to estimate
D would thus be quite restrictive and potentially leading to de-
cision errors regarding the distance needed to shutdown wind
turbines to prevent (most) collisions. Using groundspeed,
our estimate of D incorporates all environmental factors that
modulate this speed. We nevertheless implicitly assume that
windspeed distribution at the turbine location is similar to the
windspeed distribution at the location where birds have been
recorded.

Flight context can also result in differences in a bird's flight
speed. Previous studies have shown differences in flight speed
between local flights and migratory flights (e.g., [27, 47])
and also between pre- and post-nuptial migrations [30, 48].
Whereas birds that use flapping flight have a limited range of
flight speeds, species that use soaring/gliding flight can typ-
ically alternate between slow speeds when soaring and fast
speeds when gliding [35, 49]. Consequently, the variance in
flight speed is typically larger in soaring/gliding species than
in flapping species. This in turn has implications for D when
varying the percentage of flights detected: for species with
larger groundspeed variance, D greatly increased because of
the extended “upper-tail” of the distribution when applying
the precautionary principle of 95% of flights detected (as in our
example of Bewick's swan and the griffon vulture: Figure 5).

4.2 | Shutdown Time Experiments

To our knowledge, wind turbine deceleration time triggered by
an ADS has not been investigated in the literature. We found only
a few engineering papers describing emergency shutdowns and
their effects on the blades and generator [50, 51]; these studies in-
dicate that emergency shutdowns take between 5 and 15s and can
severely alter wind turbine structure. This explains why engineers
are reluctant to apply rapid emergency shutdowns regularly to pre-
vent bird collisions, preferring smoother and slower shutdowns by
spinning the blades against the wind.

This lack of data meant that we had to perform our own field ex-
periments with the help of volunteer WEF operators. These ex-
periments concerned mainly asynchronous machines. It should
be noted that the asynchronous machines tested had longer blade
lengths than the synchronous turbines tested, resulting in a con-
founding factor in the analysis. In addition, very few tests were
performed in wind conditions>10ms™, and of these, most were
performed on synchronous machines. The results of the following
analyses should thus be interpreted with caution due to these im-
balances in experimental conditions. Improving this estimate of
T utdown 1S OUT Priority, and we will thus update Eoldist as soon as
we get improved estimates. Hopefully this publication may facili-
tate future collaboration, providing an opportunity to repeat the
experiment in additional WEF and more turbine types and more
wind conditions.

The turbine shutdown time tests conducted showed that, overall,
synchronous wind turbines can be shut down 5-10s faster than
asynchronous wind turbines. The average T, ... to reach the
threshold values of 3 and 2rpm were 32 and 39s, respectively.
However, these values depended on the blade length, the ini-
tial wind speed, and especially on the interaction between these
two variables. Our analyses showed, for example, that winds of
10ms™ and large blades could increase T, ..., to values of 50s
and even to almost 100s for wind speeds of 15ms™'. The issue of
extended shutdown times is further deepened by the fact that birds
may travel faster in these windy conditions (if tailwind), thus high-
lighting a limitation in the effectiveness of ADS. The pitch rate,
that is, the speed at which blades are spun against the wind to de-
celerate the rotor, was certainly an important but missing factor to
model Ty, ;0. @0d the lack of this value in the models could po-
tentially explain the relatively large residual variance we obtained.
Improving pitch rate to make blades spin more quickly may be a
promising way to reduce T and improve the mitigation of
bird collisions.

hutdown

If a user lacks knowledge about T, ,....» E0ldist offers a solu-
tion for estimating turbine shutdown time solely on the basis
of wind and turbine characteristics. If a user has more precise
knowledge of T, ..., at @ particular WEF, it is also possible to
manually enter a value for Ty, ,;,.,,- This feature makes Eoldist
flexible and adaptable to the wide range of situations currently
encountered in WEF.

4.3 | Concluding Remarks

The Eoldist application allows a user to modify two important
parameters (see below) in determining what distance a species
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of bird needs to be detected in order to avoid collision by trigger-
ing a turbine shutdown. These two parameters can have a very
significant effect on the output, and they depend as much on
policy and societal choices as on bird biology.

The first parameter is the wind turbine's residual speed after a
shutdown order, which is never equal to Orpm in case of a shut-
down to avoid bird collision, in contrast to an emergency shut-
down. Wind turbine manufacturers generally consider a turbine
to be “shut down” when it rotates at a residual speed of<2 or
3rpm [52]. However, the longer the blades, the greater the linear
speed at the tip of the blade; for a 60-m-long blade, the blade tip's
linear speed is equal to 50kmh~! at a rotation speed of 2rpm.
The risk of collision thus cannot be completely eliminated even
when wind turbines are considered “stationary” according to
the criteria currently in force. Our example with the lesser kes-
trel (Table 1) illustrates how applying a more restrictive thresh-
old (2rpm instead of 3rpm) increases T and consequently
increases the D required.

hutdown

The second parameter is flight detection, which the user can se-
lect at a threshold between 5% and 95%. If a threshold of 50% is
chosen, Eoldist will estimate a D that should detect a bird and
have enough time to shut down the turbine in 50% of cases,
based on the frequency distribution of bird groundspeeds. But
is such a threshold ethically tolerable for rare and protected
species because it implies that in 50% of cases, these birds will
risk collision? Environmental laws protecting species in many
western countries prohibit a single mortality. This would make
it necessary to use a higher threshold (e.g., 95%) to calculate a
more conservative D for a protected species to comply with the
legislation in force. Our general advice would be to increase the
threshold for rare and highly protected species (in which every
casualty may lead to local population extinction) and decrease
it for more common species, with a lower protection level, in
which a few casualties would not threaten the local population.
Our case studies with swans and vultures illustrate how much
D can increase when applying the precautionary principle of a
threshold of 95% of detected flights. This effect was more pro-
nounced for species with large variance in flight speed, which is
typical of large soaring/gliding birds such as raptors and storks.

Finally, our field experiments revealed that T, .. was highly
correlated to blade length and initial wind speed. With the
current trend of increased blade length to achieve higher per-
formance and energy output when repowering old WEF or plan-
ning new WEF [53], we can hypothesize that T, ., . will also
increase if future wind turbines are built using the same prin-
ciples and materials. Eoldist allows the prediction of the effect
of such a blade length increase on D. In the case of the lesser
kestrel (Figure 3), we found that doubling the blade length re-
sulted in a two- to threefold increase in D, depending on initial
wind speed. When comparing a set of 10 bird species of various
sizes (Figure 5), the same pattern holds true. By increasing blade
length from 45 to 63m, Ty;,,4,.,, doubled, and consequently D
increased by several hundred meters. For example, to protect al-
most all Montagu's harriers (small) and griffon vultures (large),
they would have to be detected at 650 and 1915m, respectively,
with the 63-m blades, and at 370 and 1020m, respectively, for
45-m blades. This raises the question of the technical feasibility
of detecting birds at such distances. Current ADS technologies,

which mainly rely on optical cameras, can certainly detect these
species at the distances estimated for 45-m blades, but probably
not at that estimated for the 63-m blades. In the only optic-based
ADS scientifically assessed to date, the mean detection dis-
tance of large eagles was 793m (2.5 and 97.5 percentiles =269~
1191 m); other birds were detected at 383 m on average [12]. For
the golden eagle (Aquilachrysaetos) in local flight for turbines
corresponding to those described by McClure, Martinson, and
Allison [12] (L;,4,=50m, assuming asynchronous machines
and wind speed of 10ms™), Eoldist estimated a D of 945m at
a detection threshold of 95%, which is compatible with the de-
tection values reported above. Increasing detection distances
can be achieved by using long focal lenses, which are however
difficult to combine with the wide-angle coverage needed to de-
tect birds from any direction and height. At the moment, only
an ADS using radar is likely to be able to detect smaller birds at
distances of more than 1000m together with a wide-angle cov-
erage [13]. For migratory corridors, where bird flight trajectories
are predictable, another option to increase D would require in-
stalling ADS not in the WEF but a few hundred meters ahead
of the WEF.

While detecting birds at further distances should help reduce
collision risk, this would be at the expense of energy produc-
tion. In Eoldist, as a precautionary principle, we assumed that
the target bird follows a straight-line trajectory towards the
wind turbine with no reaction in this trajectory (e.g., no behav-
ioral response to a noise deterrent). However, increasing detec-
tion distance and triggering shutdown earlier may increase the
likelihood that birds change direction for any reason while the
turbine is decelerating, hence making the shutdown useless and
therefore costly. Improving bird collision mitigation while main-
taining high energy production without frequent turbine shut-
downs will require better classification algorithms that quickly
and reliably identify risky trajectories that justify shutdown and
those where shutdown is not required.

The trajectory of birds in relation to the rotor plane may also
affect their approaching groundspeed and the way to estimate
D. Assuming that the rotor plane is always perpendicular to
the wind direction (necessary for maximal energy produc-
tion), if collisions always occur with tailwind while birds fly
in the same direction as the wind, it would be best to use the
sum of airspeed and wind speed and remove blade length from
Equation (1). If collisions always occur when birds fly cross-
wind, that is, perpendicular to wind direction and parallel
to the rotor plane, then Equation (1) should remain as it is,
including blade length, and using either groundspeed or air-
speed would yield similar results for estimating D. The reality
probably lies in-between, and it is likely that there is a mix of
bird trajectories (between these two extreme cases) that can
lead to collisions with turbines. However, to our knowledge,
there is no published study on bird trajectories before colli-
sions, relative to wind direction and rotor plane. Also, avoid-
ance behavior may change according to trajectory and wind
support, as shown in Black kites (Milvus migrans) that dis-
play higher avoidance behavior for wind perpendicular to the
rotor [54]. With such a gap of knowledge, using a precaution-
ary principle, we thus preferred using overall groundspeed,
including blade length in Equation (1), to account for every
possible trajectory and wind direction.
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In conclusion, the calculations performed with Eoldist show
how much work remains to be done by the agencies in charge
of protecting biodiversity and by the wind turbine industry as
a whole to define turbine shutdown speeds and flight detection
thresholds that are compatible with the regulatory protection of
birds while remaining within limits that are technically achiev-
able by ADS suppliers. The planned increase in size of wind tur-
bines (both onshore and offshore) is likely to greatly increase
the risk of collision if technical solutions are not found to (1) in-
crease the detection distance of ADSs or improve the algorithms
to better predict trajectories at risk, and/or (2) improve braking
to greatly reduce turbine shutdown time. Because increasing
detection distances with wide-angle coverage is problematic, it
would probably be more efficient to improve turbine decelera-
tion time in order to reduce cautionary detection distance. In the
meantime, Eoldist can help stakeholders determine where local
conditions of WEF and/or focal species warrant the installation
of an ADS to reduce collisions and where local conditions make
detection at a reasonable distance problematic or unlikely to be
achieved, making the deployment of an ADS inefficient in re-
ducing collision risks.
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