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Executive Summary and Recommendations

This report provides a complete summary of what is known about basic hearing capabilities in
birds in relation to the characteristics of noise generated by wind turbines. It is a review of
existing data on bird hearing with some preliminary estimates of environmental noise and wind
turbine noise at Altamont Pass, California, in the summer of 1999. It is intended as a resource in
future discussions of the role that hearing might play in bird avoidance of turbines.

The main body of this report describes hearing measurement in birds, the effects of noise on
hearing, and the relationship between avian hearing and the general noise levels around wind
turbines. The main body is followed by four appendices. Appendix A is a table organized by
species which provides a comprehensive bibliography of the literature on hearing in the quiet
(audiograms) in birds, followed by Appendix B which provides plots of the audiograms from 49
species of birds that have been tested to date. Similarly, a bibliography of the literature on how
birds hear in noise is given in a table in Appendix C, with corresponding plots of masked
auditory thresholds in Appendix D.

There are a number of long-standing myths about what birds can or cannot hear. One myth is
that birds hear better at high frequencies than do humans or other mammals. Another myth is
that birds have exceptionally acute hearing. A considerable amount of work over the past 50
years has repeatedly shown that neither of these notions is true. When hearing is defined as the
softest sound that can be heard at different frequencies, birds on average hear less well than
many mammals, including humans.

Birds hear best between about 1 and 5 kHz. Acoustic deterrents or “scarecrow” devices are not
generally effective because birds habituate to them and eventually ignore them completely.
Devices that purport to use sound frequencies outside the hearing range of humans are most
certainly inaudible to birds as well because birds have a narrower range of hearing than humans
do. A review of the literature on how well birds can hear in noisy (windy) conditions suggests
that birds cannot hear the noise from wind turbine blades as well as humans can. In practical
terms, a human with normal hearing can probably hear a wind turbine blade twice as far away as
can the average bird.

Some wind turbine blades whistle due to blade defects. Depending on the sound level of the
whistle produced from a blade defect and the level of the background noise, blade whistles may
help birds avoid turbine blades. Because turbine noise and wind noise are predominantly low
frequency, almost all the contribution to an overall sound pressure level reading [e.g., 65 dB(A)
SPL], comes from frequencies below 1 — 2 kHz. This means that adding an acoustic cue in the
region of best hearing for birds (2 — 4 kHz) would add almost nothing to overall sound pressure
level but might help birds hear the blades. The existence of blade defects that produce whistles
suggests that minor modifications to the acoustic signature of a turbine blade, in the form of
whistles, could make blades more audible to birds and at the same time make no measurable
contribution to overall noise level.

It is entirely possible, however, that as birds approach a wind turbine, especially under high wind
conditions, they lose the ability to see the blade (because of motion smear) before they are close



enough to hear the blade. The hypothesis that louder (to birds) blade noises result in fewer
fatalities is untested. Making the necessary noise measurements and comparing fatalities at
turbines with noticeable whistles with those having no whistles provide one test of this
hypothesis.



Hearing in Birds in Quiet and in Noise

The sense of hearing in animals may be studied using anatomical, physiological, and behavioral
approaches, and each method has advantages and disadvantages. Hearing is traditionally and
most generally defined as the behavioral response to sound involving the whole, awake
organism. The data presented below are almost completely from behavioral or psychoacoustic
procedures, which are the most direct and most appropriate means of assessing an animal’s
hearing capabilities. In a few cases, data are considered from physiological approaches in which
there is strong evidence that the particular methods used correlate well with other (behavioral)
estimates of absolute sensitivity and hearing range. In addition to hearing threshold curves or
audibility curves, behavioral data are presented on how well birds hear in noise — a condition that
is more relevant to the problem of detecting wind turbine noise than is absolute threshold or
threshold in the quiet.

Avian Audibility Curves — Absolute Thresholds and Bandwidths

The minimum audible sound pressure that can be detected at frequencies throughout an animal’s
range of hearing defines the audibility curve. This is the most basic measure of hearing and one
most people are familiar with from having their own hearing tested. Over the past 50 years,
behavioral audibility curves have been collected for 39 species of birds, and this database can be
extended by another 10 species of birds by including data from physiological recordings. The
references to these papers are given in Appendix A. Birds were typically tested at frequencies
between about 0.5 to 10.0 kHz, but all birds were not tested at exactly the same frequencies
across these studies. The data for each species were fit with a polynomial function to provide a
continuous curve describing the minimum audible sound pressure over the range of hearing for a
particular species. This function was not selected for any theoretical reasons but simply because
it provided the best fit to the most data nearly all the time. These audibility curves for each
species are given in Appendix B. Summary data in each audiogram figure in Appendix B give
the lowest intensity heard (best intensity), the frequency at which hearing is best (best
frequency), the bandwidth of the audiogram 30 dB above the best frequency/lowest intensity, the
low and high frequency limits of hearing (the frequencies at which thresholds are 30 dB above
the best intensity), and the midfrequency of the audiogram (the midpoint between the low and
high frequency limits of hearing on a log scale).

Species Differences in Audibility Curves

For a rough idea of the variation among species, average audibility curves are shown for three
groups of birds: the Passeriformes (songbirds), the evolutionarily older orders of birds
constituting many of the non-Passeriformes (Anseriformes, Caprimulgiformes, Casuariformes,
Charadriiformes, Columbiformes, Falconiformes, Galliformes, and Psittaciformes), and a rather
special group of birds that are nocturnal predators, the Strigiformes (Tytonidae and Strigidae). A
complete list of the common names of the species tested is given in Appendix A. Roughly equal
numbers of species have been tested behaviorally in each of these three broad groups of birds.
Summarizing the data this way provides an idea of the variation in hearing sensitivity among
birds. In general, there is less variation in hearing sensitivity among birds than among members
of other vertebrate groups.



The median audibility curves for these three groups of birds are shown in Figure 1. These curves
illustrate the general trends reported in earlier reviews (Dooling 1980, 1982, 1992). Birds hear
best at frequencies between about 1
and 5 kHz, with absolute sensitivity
often approaching 0-10 dB SPL at the
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100 L | Nocturnal predators can detect softer
sounds in general than either
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than non-Passeriformes, and non-
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spectral limit of "auditory space"
available to a bird for vocal
Frequency (kHz) communication extends from about
0.5 to 6.0 kHz (the frequency range or
bandwidth 30 dB above the most
Figure 1. Median audiograms from all birds. See Appendix sensitive POint of the typical aUdlblllty
for references. Passeriformes = 20 species, Strigiformes = curve). The long-term average power

13 species, Other Non-Passeriformes = 15 species.

spectrum of most bird vocalizations
falls well within this frequency region, and there tends to be a correlation between hearing
sensitivity at high frequencies and the highest frequencies contained in the species’ vocalizations
(Dooling 1980, 1982; Dooling, Lohr, and Dent 2000).

There are some well-known exceptions to this homogeneous picture of avian hearing. Common
pigeons (Columbia livia) may have an unusual auditory sensitivity to very low frequency sounds
(Quine 1978; Yodlowski 1980). By some estimates they may be almost 50 dB more sensitive
than humans in the frequency region of 1-10 Hz (Kreithen and Quine 1979). The absolute
auditory sensitivity of nocturnal predators, such as barn owls (7yfo alba) and great horned owls
(Bubo virginianus) are another exception. Absolute thresholds are unusually low and are
probably driven more by the predatory lifestyle of these birds than anything else (Konishi 1973a,
b; Van Dijk 1973; Dyson, Klump, and Gauger 1998).

Birds are unusual among vertebrates in the remarkable consistency of their auditory structures
and in their basic hearing capabilities, such as absolute thresholds and range of hearing. It is
intriguing to consider whether the characteristics of the audibility curves of different orders of
birds are related to other biological parameters, such as a bird’s size. Center frequency and high-
frequency cutoff are significantly and inversely correlated with a bird’s size and weight. Perhaps
the simplest explanation for these trends is that body size puts a constraint on the low-frequency
sensitivity of small birds. Figure 1 shows that the region of lowest thresholds for birds is



between 1 and 5 kHz, at which hearing thresholds range from —10 dB to about 20 dB SPL.
Hearing sensitivity falls off at the rate of about 15 dB/octave below 1 kHz and about 3540
dB/octave above about 3 kHz.

The Significance of Poor High- and Low-Frequency Hearing in Birds

Compared to most mammals, including humans, birds do not hear well at either high or low
frequencies. At the high-frequency end of the audiogram, even with the exceptions noted earlier,
there are no cases in which birds hear at frequencies higher than about 15 kHz. The significance
of the restricted high-frequency hearing range in birds is that it is impossible to design an
acoustic deterrent for birds that is inaudible to humans. Acoustic “scarecrow” devices on the
market purporting to use ultrasonic energy (i.e., above 20 kHz) as a deterrent are producing
noises that are simply inaudible to birds. Generally, birds also do not hear as well as mammals,
including humans, at low frequencies. The significance of poor low-frequency hearing in birds
is that the bulk of the energy generated by wind turbines is at lower frequencies (less than 1-2
kHz). This means that even in the quiet, a bird would need to be much closer to a wind turbine
in order to hear it than would a human. For example, the human threshold at 1 kHz is about 5 dB
SPL, and the average bird threshold at 1 kHz is about 20 dB SPL. Because sound pressure levels
decrease by the inverse square law at a rate of 6 dB for every doubling of distance, a human (all
other things being equal, such as no masking noise) would likely be able to hear the 1-kHz
component of a wind turbine at a much greater distance than the average bird.

Noise Levels, Spectra, and Decibels — Overall Noise Level Versus Spectrum Level

Engineers and environmental scientists concerned with noise generated by a source (e.g., a wind
turbine) often measure the total noise level in dB(A) SPL. This gives an overall sound pressure
level of noise extending from a little below 1 kHz to about 10 kHz. For instance, a sound
pressure level of 65 dB(A) SPL means all the energy within this frequency region, summed
together, equals 65 dB(A) SPL. The “A” weighting on a sound level meter is particularly useful
for estimating effects on humans because it is a filter shaped roughly like the human audiogram.

Another way of describing noise would be to report the energy in each cycle which when
summed across the entire bandwidth of the noise (from 1 kHz to 10 kHz) would equal a sound
pressure level of 65 dB(A). Scientists who study auditory masking (i.e., how one sound
interferes with the hearing of another sound) use such a convention for describing noise levels
and signal-to-noise levels at threshold as shown below. Auditory scientists typically measure
noise levels in terms of power per Hertz (or power per cycle). The per-cycle energy distribution
in a noise is referred to as the spectrum level of noise. It is very different from the more familiar
broadband measure of noise that one obtains from a sound level meter that is set, for example, to
the “A-weighting” scale. The spectrum level reflects the amount of energy in a single frequency,
while the typical sound level meter reflects the total amount of energy summed over the entire
range of frequencies, from a few hundred Hertz to 10 kHz. If the noise is relatively flat, the
difference between these two measures is about 40 dB. The spectrum level is arrived at by
subtracting 10 times the log of the bandwidth (or 40 dB) from the overall noise level (65 dB). In
this case, in which the overall noise level registering on a sound level meter is 65 dB SPL, the
spectrum level (i.e., energy in a single cycle of noise) is roughly 40 dB lower than this, or about



25 dB SPL, assuming the energy is equally distributed across the entire band.

This difference is relevant because overall sound pressure level readings from a sound level
meter are used to describe the noise generated by a wind turbine blade, but the auditory system is
only concerned with frequencies in the noise immediately surrounding the signal. The two are
not the same. The spectrum level is the correct measure to use in estimating how close a bird
must be to a turbine blade before it can hear it against a background of environmental (wind)
noise. The spectrum level of noise is always lower than the overall level of noise. The spectrum
level in the region of the signal is the most useful in calculating signal-to-noise ratios and
estimating whether a sound is detectable in noise.

Another critical concept when considering signal levels, noise levels, and bandwidths of noise is
that of the decibel. Because it is the logarithm of a ratio between two sound powers or pressures,
decibels do not add in a simple way. In other words, summing two pure tones of 60 dB SPL
does not result in a single pure tone of 120 dB SPL. By the same token, adding energy at a
single frequency (e.g., 2 kHz) in a broadband noise (e.g., from 0.1 kHz to 10 kHz or 9,899 other
frequencies) has little effect on the overall SPL measurement. That is because energy is summed
over the entire band of noise so that the contribution of the 2 kHz component becomes very
small indeed. These issues are relevant to the discussion below.

Masking — the Effect of Noise on Signal Detection

Absolute auditory sensitivity is, by definition, the minimum sound pressure level that can be
heard in the quiet. 1t should be obvious that in normal everyday life — for humans or other
animals — hearing is taking place against a background of noise. For animals, this background
noise is usually environmental noise from a variety of sources, including wind, other animal
vocalizations, and anthropogenic sources. It should come as no surprise that auditory scientists
have spent a great deal of effort investigating the effect of noise on hearing a signal (i.e.,
masking) not just in humans but in many other animals, including a number of bird species. The
present concern is with estimating at what distance a bird can hear the noise of a wind turbine
blade in a background noise consisting predominantly of wind noise. There are no direct field
data available on this point, but there are data from controlled masking conditions in the
laboratory that can be used to provide estimates. Data from two kinds of masking experiments
are described below that are particularly relevant for detecting wind turbine blades in a noisy
environment.

Detection of tones in noise

Measuring pure tone thresholds in broadband noise is the simplest kind of masking experiment.
In such an experiment, auditory scientists use the spectrum level (not overall sound pressure
level) when describing the level of noise that masks a signal. This is because they know that it is
the noise in the frequency region of a signal that is most important in masking the signal—not
noise at more distant frequency regions. In a typical masking experiment, the ratio between the
power in a pure tone at threshold and the power per Hertz (spectrum level) of the background
noise is called the critical ratio.



Critical Ratio (dB)

Critical ratio data have now been obtained
* * * * behaviorally for 14 species of birds, including
songbirds, non-songbirds, and even nocturnal
predators. Figure 2 shows the critical ratio
functions for 14 species of birds. Eleven of these
species (all but the barn owl, budgerigar, and great
tit) show a similar pattern, and these data are
shown as an average. This average curve follows
quite closely the typical pattern of approximately a
2-3 dB/octave increase in signal-to-noise ratio that
is characteristic of these functions in mammals,
including humans (the 3 dB/octave slope is shown
by a dotted line in Figure 2). In both mammals
and birds, this orderly increase is related to the
mechanics of the peripheral auditory system
.5 L 1 1 1 1 1 (Békésy 1960; Greenwood 1961a, b; Buus, Klump,
025 05 1 2 4 8 Gleich, and Langemann 1995). But there are some
Frequency (kHz) exceptions among birds, namely the budgerigar,
barn owl, and the European bird, the great tit.
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Figure 2. Masking functions for 14 species of
birds. For the average bird, a signal in the region T practical terms, what this curve describes is the

of 2-3 kHzleT:f :)? fhzesr;ﬁ?s:iaggnigﬁz_sPec"um level in decibels above the spectrum level of the

background noise that a pure tone must be in order

to be heard. For the average bird (the solid curve
in Figure 2), a pure tone in the region of 3 kHz must be at least 28 dB above the spectrum level
of noise in order to be detected. This is not the case for the budgerigar, the great tit, or the barn
owl. For the human, the same pure tone need only be about 22 dB above the spectrum level of
noise to be heard. This difference in masked thresholds of 6 dB is significant when considered in
terms of the decrease in sound pressure with distance. Because of the inverse square law, this
difference represents approximately a doubling of distance; a human can still detect a sound in
noise at twice the distance the typical bird can. A complete set of critical ratio functions is
shown in Appendix D for the 14 species for which they have been measured. Knowing the
signal-to-noise ratio at threshold for a bird allows predictions about how far away a sound can be
heard in a noisy background.

Detection of noise in noise

Just as noise can mask a tone, it can also mask another noise. There are actually two ways of
doing this experiment. One is to determine how much a noise has to be increased in level in
order to detect the increase. Another approach determines the level required of a second noise
added to an original noise so that the second noise is just detectable. Experiments to determine
how much the level of a noise needs to be increased to be detected have been done in humans,
and the answer is about 0.5-1.0 dB (Miller 1947). Similar data are available in the form of
modulation transfer functions for three species of birds: the budgerigar, the starling, and the barn
owl (Dooling, Lohr, and Dent, 2000). Without going into the details of this test, it is clear that
all three species can hear about a 1.5-dB change in level of flat, broadband noise. So, here again



is an example of human acoustic discrimination abilities being slightly better than those of birds.
For humans, a noise needs to be about 0.5 dB greater than the background noise to be detected,
while birds require an added noise to be at least 1.5 dB above the background noise to be
detected.

In summary, the thresholds from these two types of auditory tests— the critical ratio and the
threshold for masking of one noise by another— are the relevant thresholds to use when
estimating how far away a bird can hear a wind turbine blade against a background of
environmental noise. Table 1 shows the signal-to-noise levels that must be exceeded for a bird
to detect different types of signals—either pure tones or a broadband noise.

Table 1. Signal/Noise (S/N) in dB to Be Exceeded for Detection of Tones and
Noise for an Average Bird (Solid Line in Figure 2)

Signal 1 kHz 2 kHz 3 kHz 4 kHz Noise
S/N (dB) 24 dB 27 dB 28.5dB 30 dB 1.5dB

Environmental Noise Versus Wind Turbine Noise

On a brief visit to the Altamont Pass wind farms in California in the summer of 1999, ambient
noise levels and the noise generated by several different wind turbine types were measured.
Wind was only moderate during these sampled days, and overall levels were about 70 dB(A)
SPL +/- 5 dB, with the spectral distribution of energy in the noise corresponding well with what
is typically found in the literature. Wind noise and turbine blade noise are predominantly low
frequency and have very similar spectra. For the few wind turbines sampled, measurements
indicate the blades of the turbine moving through the air have roughly the effect of increasing the
sound pressure level equally across the spectrum. Figure 3 (left) shows an example of a
spectrum for a particularly noisy vertical axis turbine. In this case, at 10 m (33 ft) from the base
of the turbine, the blade noise is about 10 dB above the ambient noise level. Detecting noise in
noise is similar to the auditory test described above. By the inverse square law, sound pressure
level decreases by 6 dB with every doubling of distance. When the noise due to the turbine
blade decreases to within 1.5 dB of the level of the ambient wind noise, the blade cannot be
heard by a bird (though it could still be heard by a human). In this case of a wind turbine without
a blade defect, blade noise, which is broad spectrum (as is wind noise), simply adds to the
background noise fairly evenly across the spectrum.



The difference here between wind noise and wind noise plus noise generated by the turbine blade
(vertical axis) in our example is about 10 dB at about 10 m (33 ft) from the base of the turbine.
We want to know how far away we have to move before the blade noise becomes inaudible
against the background of wind noise. This kind of an auditory problem is the equivalent of
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Figure 3. (left) shows the spectrum of a vertical axis turbine recorded 10 m (33 ft) from the blade. Solid line is
the spectrum level in of the noise in between blade sweeps (ambient noise level) and the dotted line is the
spectrum level when the blade is nearest the sound level meter. Figure 3 (right) shows the spectrum of noise
generated by a Danwin tubular turbine recorded 15 m (49 ft) from the blade (solid line). Dotted line is the
ambient noise level in the vicinity of the turbine.

asking how much a broadband noise must be incremented before one can detect the increment.
These values are available for humans, several mammals, and three species of birds.

Several wind turbines also had blade defects. These blades produced a high-frequency whistle.
An example from a relatively quiet Danwin turbine (low level of broadband blade noise) with a
blade defect is shown in Figure 3 (right). The figure shows the whistle due to the blade defect is
about 18 dB above the background noise, but the whistle noise level is actually 28 dB above the
spectrum level because of the way the spectrum was calculated. Interestingly, the energy in this
whistle falls in the region of best hearing in birds of 2-5 kHz. This might provide a
serendipitous test of whether birds collide with wind turbines because they cannot hear them
above the background noise. All other things being equal, turbines with whistling blades should
experience fewer avian collisions than turbines without whistling blades.

In the case of the whistling blade, the blade whistle is nearly a pure tone and is being heard
against a background of broadband noise. In terms of the auditory tests described above, this is
equivalent to the critical ratio experiment in which one measures the level of a tone just audible



Blade/Ambient noise ratio in dB

above the spectrum level of noise. Again, for humans, other mammals, and a number of species
of birds, there are laboratory data that bear directly on this issue. The results from these tests
form the basis of the predictions made in this report.

The spectra in these figures are independent, and relative comparisons are not appropriate. For
instance, the relative noise levels generated by vertical axis versus Danwin turbines is not
known, and every blade defect does not produce the same kind of whistle. These two particular
spectra are presented only because they represent the extremes of what were sampled (a noisy
vertical axis versus a quiet Danwin with a whistle). They are used here simply to provide a
concrete example of the factors to consider in estimating the distance at which a bird can hear a
turbine blade.

Detectability of Wind Turbine Blade Noise

Using the two cases described above, we can estimate the distance at which wind turbine blade
noise would become inaudible to birds. First we consider the vertical axis turbine in which the
blade noise has a similar spectrum to that of wind noise. Using as our reference point a sound
pressure level reading 10 m (33 ft) from the base of the tower, the noise due to the turbine blade
is about 10 dB above the background noise when the overall background noise level is about 70
dB(A). The level of turbine noise decreases 6 dB with every doubling of distance plus about 5
dB/100 m (328 ft) in excess attenuation. Figure 4 shows the decrease in S/N ratio with
increasing distance from the blade for three different overall noise levels. On the ordinate is the
signal-to-noise or blade/ambient noise ratio in dB (the dotted line represents a S/N ratio of 1.5
dB, which is just detectable by the
average bird). On the abscissa is
the distance at which blade noise is

(Flowind vertical axis - "egg beater”) to be determined. The parameter is

30 ' ' ' ' ' ' the ambient (wind) noise level
60 measured in dB(A) SPL. As one
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Figure 4. Decrease in S/N ratio with increasing distance from the
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S/N ratio) decreases according to
the inverse square law, but the
ambient noise level (the
denominator of the S/N ratio)
remains constant. So, for the 70
dB(A) SPL overall ambient noise
level, at 25 m (82 ft) from the base
of the turbine, the noise from the
blade is less than 1.5 dB above the
background noise (i.e., the bird’s
signal-to-noise level at masked
threshold). At this point, the blade
noise would be inaudible to birds
but still audible to humans. Higher
and lower ambient noise levels



Whistle/Ambient noise ratio in dB

have a dramatic effect on the hearing distance. If the overall ambient noise (wind) level is
increased 10 db to 80 dB(A) SPL, the blade noise would not become audible to a bird until it was
within less than 10 m (33 ft) of the blade. Since the value of 1.5 dB for detecting noise in noise
has been shown to be identical in budgerigars, starlings, and barn owls — three very unrelated
species — it is likely to hold true for all birds.

In the case of the whistling blade on the Danwin turbine, we can estimate how far away a bird
can hear the whistle by using the critical ratio or tone-masked-by-noise example described
above. Figure 5 shows the distance from the wind turbine blade under these wind conditions at
which the blade whistle would become inaudible to the typical bird. On the ordinate is whistle-
to-noise ratio and the abscissa is distance (from the base of the turbine) in meters. The parameter
is overall ambient noise level measured in dB(A) SPL. Taking the case shown in Figure 3
(right), the spectrum of the ambient (wind) noise is about the same level as the spectrum of the
Danwin turbine without the whistle (i.e. the solid and dotted lines are on top of one another
except for the peaks in the solid line caused by the whistle) at 10 m (33 ft) from the base of the
turbine. This is in part because of the height of the Danwin turbine, which makes the actual
distance to the blade greater [i.e., the hypotenuse of a right triangle or about 15 m (49 ft) in this
case]. At this point 15 m (49 ft) from the blade, the whistling blade noise just becomes audible
above the background level of the
noise and the wind turbine noise.
Because the noise spectrum level is 10
dB lower than that shown earlier in
Figure 3, the whistle centered around 3

60 \ Bird's S/N ratio at threshold kHz here is actually about 28 dB above
- : the spectrum level of the background
noise. From what we know of bird
critical ratios, this is already on the
edge of detectability for the typical bird
(i.e., it is at the typical bird’s signal-to-
noise ratio at masked threshold.)

(Danwin tubular turbine)
50 L] L] L] L] L] L]

40 A

These two examples describe how one
would estimate the distance at which
turbine blade noise becomes audible to
a bird. They also represent somewhat
of a best case from the bird’s
Distance (m) perspective because the level of
ambient noise (70 dB(A) SPL) was
quieter than normal given that the

Figure 5. Decreasing S/N ratio as a function of distance from wind velocities were described to us as
the blade. For an overall ambient noise level of 70 dB, blade mild to moderate. One would expect

whistle reaches 28 dB above the spectrum level of the noise
(the threshold of detection for the average bird) at a distance of

higher ambient noise levels with

about 15 m (49 ft) from the blade. At greater distances, blade higher wind VelOCiFYa WhiCh would
whistle is masked by ambient noise. decrease the detection distance

dramatically. In fact, in all cases in
which ambient noise levels reach 80
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dB(A) SPL (probably fairly typical), detection is not possible at distances greater than 10 m (33
ft). To point out the obvious, for flying birds, this would certainly represent a hazard.

The S/N ratio of 28 dB shown here is for the typical (average) bird detecting a 3-kHz pure tone
in noise. It is taken from the average critical ratio function shown in Figure 2 and Table 1.
Critical ratio functions for 14 species of birds are given in Appendix D. The first Figure in
Appendix D shows that, as a group, birds attain signal-to-noise ratio of about 20 — 28 dB in the
frequency region of 14 kHz. Critical ratio values from these plots can be used directly in
understanding Figure 5. To take one example, the song sparrow critical ratio at 3 kHz is about
25 dB. This would suggest that song sparrows could hear blade noise out to about 25 m (82 ft)
against an ambient noise level of 70 dB (A) SPL.

Object Localization Versus Acoustic Deterrents

The above review of the hearing capabilities of birds in the quiet and in noise suggests a new
way to think about the role of hearing in the avoidance of wind turbine blades. The traditional
way of thinking about the use of sound and the role of hearing in keeping animals away from
areas or structures is that the sound should function as an acoustic deterrent. Acoustic deterrents
are promoted as an auditory stimulus or set of stimuli that are so aversive that animals avoid the
area completely. In the case of birds, acoustic deterrents do not work for two reasons. First,
even though loud noises, explosions, alarm calls, and other complex sounds have been promoted
over the years as acoustic deterrents, birds habituate to such stimuli. It cannot be stated too
strongly that none of these acoustic strategies have proven effective over the long term. The all
too common observation of birds foraging and nesting near busy airport runways provides an
example of such a failure.

The second reason that acoustic deterrents are typically seen as an attractive solution is the
possibility of using sounds outside the range of human hearing. In the case of birds, this is
simply impossible because the range of bird hearing is narrower than the range of human
hearing. Any sound audible to birds will also be audible to humans. Thus, as attractive as the
notion of an acoustic deterrent outside the range of human hearing is, it is not possible in the case
of birds because birds cannot hear outside the range of human hearing.

So does the literature on bird hearing offer any possible solutions for the problem of bird
collisions with wind turbines? Birds (and most other vertebrates) use their hearing as they use
their vision —to locate objects in space. This is apparent in the case of vision, but somewhat less
so with audition. Thus, we tend to think of solutions to the wind turbine collision problem
differently in the two domains. As an example, it seems quite reasonable to entertain painting
wind turbine blades with different patterns to make them more visible to birds under the
assumption that birds will not collide with something they can see. In the parlance of sensory
biology, this manipulation increases the perceptual contrast between the background and the
object so that the object may be more easily detected. Oddly enough, the role for hearing is
typically and almost exclusively considered in the context of an acoustic deterrent—not as part
of the normal, multisensory process of object localization. It is worthwhile to consider the
acoustic parallel to the visual case (i.e. increasing the perceptual contrast between ambient noise
and blade noise). This is especially important because most objects we localize are both seen
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and heard with the two sensory systems working in concert. It might be fruitful to think of
hearing as playing the same role as vision in enabling a bird to avoid colliding with a moving
object such as a wind turbine blade.

This review of avian hearing is intended to provide a set of considerations for determining
whether birds can hear wind turbine blades and estimating the distances at which detection might
occur. As a general rule of thumb, noise produced by wind turbine blades is probably less
audible to birds than humans. This gives one a sense of the problem faced by birds. It is entirely
possible that as a flying bird approaches a wind turbine, especially under high wind conditions, it
loses the ability to see the blade (due to motion smear) before it is close enough to hear the blade.
If it could both see and hear the blade it needs to avoid, the number of collisions should decrease.
The underlying assumption here is simply that birds are less likely to collide with something they
can see and hear than something they can only see (or cannot see or hear). The
recommendations in the following section suggest ways to approach this issue.

Recommendations

1) Experiment with “whistles” by placing them on blades of turbines with a known history
of fatalities. This approach controls for other variables, such as location, vegetation, prey
abundance, etc. The whistle-to-noise ratio should be sufficient to be heard by birds— an
estimate can be obtained from data in this report.

2) Systematically measure the spectrum and the level of blade and ambient noises at
selected locations—particularly those with high fatalities—to define the existing acoustic
problem.

3) It might be cost-effective and valuable to supplement recommendation 2 with informal
judgments by field census workers of how far away they can hear a turbine blade (i.e.,
how many paces from the turbine base) to get a sense of the dimensions of the problem.
The typical bird would need to be half again as close to the blade as a human would to
hear it.
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Appendix A: Bibliography of Hearing in Birds

ORDER COMMON NAME GENUS and SPECIES IAUDIOGRAM REFERENCES
IAnseriformes (1) 1 Mallard Duck IAnas platyrhynchos Trainer, 1946
IApodiformes (1) 2  |Australian Grey Swiftlet Collocalia spodiopygia Coles, Konishi, & Pettigrew, 1987
Caprimulgiformes 3 Oilbird Steatornis caripensis Konishi & Knudsen, 1979
Casuariiformes (1) #4 Emu Dromaius novaehollandiae |[Manley, Koeppl, & Yates, 1997
Charadriiformes (1) 5 Plains Wanderer Pedionomus torquatus Pettigrew & Larsen, 1990
Trainer, 1946; Heise, 1953; Stebbins, 1970; Harrison &
Columbiformes (1) 6 [Pigeon Columbia livia Furumoto, 1971; Hienz, Sinnott, & Sachs, 1977;
Goerdel-Leich and Schwartzkopff, 1984
Falconiformes (2) |7 |American Kestrel Falco sparverius Trainer, 1946
8 European Sparrowhawk IAccipiter nisus Trainer, 1946; Klump, Kretzschmar, & Curio, 1986
Galliformes (4) 9  |Bobwhite Quail Colinus virgianus Barton, Bailey, & Gatehouse, 1984
10 |Chicken Gallus gallus Saunders & Salvi, 1993
11 |Japanese Quail Coturnix coturnix japonica Eg;ﬁggﬁlg‘ agggggﬁggﬁyals’ 1993; Niemiec,
12 |Turkey Meleagris gallopavo Maiorana & Schleidt, 1972
Passeriformes (20) (13 |American Robin ITurdus migratorius Konishi, 1970
14 Blue Jay Cyanocitta cristata Cohen, Stebbins, & Moody, 1978
15 |Brown-Headed Cowbird Molothrus ater Hienz, Sinnott, & Sachs, 1977
16 |Bullfinch Pyrrhula pyrrhula ISchwartzkopff, 1949
17 |Chipping Sparrow Spizella passerina Konishi, 1970
18 |Common Canary Serinus canarius Okanoya & Dooling, 1985; 1987
19 |Common Crow Corvus brachyrhynchos Trainer, 1946
. . Kuhn, Muller, Leppelsack, & Schwartzkopff, 1982; Doolin
20 [European Starling Sturnus vulgaris Okanbya, D’own?r?g, & HL]Ise, 1986 TrairF:e;, 1946 9,
21 |Field Sparrow Spizella pusilla Dooling, Peters, & Searcy, 1979
22 |Fire Finch Lagonosticta senegala Lohr & Dooling, 1999
23 |Great Tit Parus major Langemann, Gauger, & Klump, 1998
24 |House Finch Carpodacus mexicanus Dooling, Zoloth, & Baylis, 1978
25 |House Sparrow Passer domesticus Konishi, 1970
26 |Pied Flycatcher Ficedula hypolueca lAlexandrov & Dmitrieva, 1992
27 |Red-Winged Blackbird /Agelaius phoeniceus Hienz, Sinnott, & Sachs, 1977
28 [Slate-Colored Junco Junco hyemalis Konishi, 1970
29 [Song Sparrow Melospiza melodia (Okanoya & Dooling, 1987; 1988
30 [Swamp Sparrow Melospiza georgiana (Okanoya & Dooling, 1987; 1988
31 |Western Meadowlark Sturnella neglecta Konishi, 1970
32 |Zebra Finch [Taeniopygia guttata Okanoya & Dooling, 1987
Psittaciformes (3) |33 [Bourke's Parrot Neophema bourkii Dooling, Park, & Okanoya, unpublished data
Saunders & Dooling, 1974; Dooling & Saunders, 1975; Saunders,
34 Budgerigar Melopsittacus undulatus Rinte_lman, & Bock, 1_979; Saunders & Pallone, 1980; Okaqoya &
Dooling, 1987; Hashino, Sokabe, & Miyamoto, 1988; Hashino &
Sokabe, 1989
35 |Cockatiel Nymphicus hollandicus (Okanoya & Dooling, 1987
Strigiformes (13) 36 |African Wood Owl Strix woodfordii Nieboer & Van der Paardt, 1977
37 |Barn Owl Tyto alba Konishi, 1973a; Dyson, Klump, & Gauger, 1998
38 |Brown Fish Owl Ketupa zeylonensis I\Van Dijk, 1973
39 [Eagle Owl Bubo bubo \Van Dijk, 1973
40 |Forest Eagle Owl Bubo nipalensis I\Van Dijk, 1973
41 |Great Horned Owil Bubo virginianus Trainer, 1946
42 |Long Eared Owl IAsio otus I\Van Dijk, 1973
43 [Mottled Owl Strix virgata I\Van Dijk, 1973
44 |Scops Owl Otus scops I\Van Dijk, 1973
45  [Snowy Owl Nyctea scandiaca I\Van Dijk, 1973
46 [Spotted Wood Owl Strix seloputo I\Van Dijk, 1973
47 [Tawny Owl Strix aluco I\Van Dijk, 1973
48 |White-Faced Scops Owl Otus leucotis I\Van Dijk, 1973

Taken from Dooling, Lohr, and Dent (2000).
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Appendix B: Absolute Threshold Curves (Audiogram Plots)
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Australian Grey Swiftlet (Collocalia spodiopygia
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Oilbird (Steatornis caripensis)

Best Intensity (dB SPL) = 20.31

Best Frequency (kHz) = 2.00

Low Frequency Limit (kHz) = 0.49

High Frequency Limit (kHz) = 5.71
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Emu (Dromaius novaehollandiae)

Best Intensity (dB SPL) = 17.39
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Plains Wanderer (Pedionomus torquatus)
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Pigeon (Columbia livia)

Best Intensity (dB SPL) = 16.90

n Best Frequency (kHz) = 1.41
Low Frequency Limit (kHz) = 5.67
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American Kestrel (Falco sparverius)
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European Sparrowhawk (Accipiter nisus)
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Chicken (Gallus gallus)

Best Intensity (dB SPL) = 7.37

n Best Frequency (kHz) = 1.41
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Japanese Quail (Coturnix coturnix japonica)

Best Intensity (dB SPL) = 1.40

n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.47
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Turkey (Meleagris gallopavo)

Best Intensity (dB SPL) = 15.43
Best Frequency (kHz) = 2.00

Low Frequency Limit (kHz) = 0.29
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Center Frequency (kHz) = 1.22
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American Robin (Turdus migratorius)

Best Intensity (dB SPL) = 7.49

n Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) = 0.34
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Blue Jay (Cyanocitta cristata)
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Brown-headed Cowbird (Molothrus ater)

Best Intensity (dB SPL) = 11.50

Best Frequency (kHz) = 2.83

Low Frequency Limit (kHz) = 0.35

High Frequency Limit (kHz) = 8.50

Center Frequency (kHz) = 1.72

30 dB Bandwidth (kHz) = 8.15
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Bullfinch (Pyrrhula pyrrhula)

Best Intensity (dB SPL) =-0.50
Best Frequency (kHz) = 2.83

Low Frequency Limit (kHz) = 0.48
High Frequency Limit (kHz) = 10.20
Center Frequency (kHz) = 2.21

30 dB Bandwidth (kHz) = 9.72
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Chipping Sparrow (Spizella passerina)

Best Intensity (dB SPL) = 2.06

n Best Frequency (kHz) = 4.00
Low Frequency Limit (kHz) = 0.59
High Frequency Limit (kHz) = 12.90
Center Frequency (kHz) = 2.75

n 30 dB Bandwidth (kHz) = 12.31
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Common Canary (Serinus canarius)

Best Intensity (dB SPL) = 15.98

n Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) = 0.47
High Frequency Limit (kHz) = 9.37
Center Frequency (kHz) = 2.08

n 30 dB Bandwidth (kHz) = 8.90
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Common Crow (Corvus brachyrhynchos)

Best Intensity (dB SPL) = -16.41
Best Frequency (kHz) = 2.00

Low Frequency Limit (kHz) = 0.47
High Frequency Limit (kHz) = 4.57
Center Frequency (kHz) = 1.46

30 dB Bandwidth (kHz) = 4.10

0.25 0.5 1 2 4 8
Frequency (kHz)

B-19




120

100

80

60

40

Threshold in dB SPL (re 20 ppa)

20

European Starling (Sturnus vulgaris)

Best Intensity (dB SPL) = 8.00

n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.23
High Frequency Limit (kHz) = 6.43
Center Frequency (kHz) = 1.20

n 30 dB Bandwidth (kHz) = 6.20
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Field Sparrow (Spizella pusilla)

Best Intensity (dB SPL) = 9.61

n Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) = 0.32
High Frequency Limit (kHz) = 8.65
Center Frequency (kHz) = 1.65

n 30 dB Bandwidth (kHz) = 8.33
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Fire finch (Lagonosticta senegala)

Best Intensity (dB SPL) = 10.89

n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.50
High Frequency Limit (kHz) = 6.49
Center Frequency (kHz) = 1.79

n 30 dB Bandwidth (kHz) = 5.99
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Great tit (Parus major)

Best Intensity (dB SPL) = 3.07

n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.32
High Frequency Limit (kHz) = 8.17
Center Frequency (kHz) = 1.60

n 30 dB Bandwidth (kHz) = 5.02
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House finch (Carpodacus mexicanus)

Best Intensity (dB SPL) = 14.55

n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.44
High Frequency Limit (kHz) = 6.00
Center Frequency (kHz) = 1.61

n 30 dB Bandwidth (kHz) = 5.56
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House Sparrow (Passer domesticus)

Best Intensity (dB SPL) = -8.31

n Best Frequency (kHz) = 1.41
Low Frequency Limit (kHz) = 0.29
High Frequency Limit (kHz) = 4.55
Center Frequency (kHz) = 1.13

n 30 dB Bandwidth (kHz) = 4.27
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Pied Flycatcher (Ficedula hypolueca)

Best Intensity (dB SPL) = 11.70

Best Frequency (kHz) = 2.83

Low Frequency Limit (kHz) = 0.44

High Frequency Limit (kHz) = 7.34

Center Frequency (kHz) = 1.79

30 dB Bandwidth (kHz) = 6.90
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Red-winged Blackbird (Agelaius phoeniceus)

Best Intensity (dB SPL) = 11.85
Best Frequency (kHz) = 2.83

Low Frequency Limit (kHz) = 0.33
High Frequency Limit (kHz) = 8.20
Center Frequency (kHz) = 1.64

30 dB Bandwidth (kHz) = 7.87
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Slate-colored Junco (Junco hyemalis)

Best Intensity (dB SPL) =-5.29

n Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) = 0.68
High Frequency Limit (kHz) = 8.25
Center Frequency (kHz) = 2.36

n 30 dB Bandwidth (kHz) = 7.57
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Song Sparrow (Melospiza melodia)
Best Intensity (dB SPL) = 4.98
Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) = 0.33
High Frequency Limit (kHz) = 8.76
Center Frequency (kHz) = 1.69
30 dB Bandwidth (kHz) = 8.43
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Swamp Sparrow (Melospiza georgiana)
Best Intensity (dB SPL) = 6.05
n Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) = 0.37
High Frequency Limit (kHz) = 9.00
Center Frequency (kHz) = 1.82
n 30 dB Bandwidth (kHz) = 8.63
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Western Meadowlark (Sturnella neglecta)

Best Intensity (dB SPL) = -3.06

n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) =0.37
High Frequency Limit (kHz) = 5.55
Center Frequency (kHz) = 1.42

n 30 dB Bandwidth (kHz) = 5.18
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Zebra Finch (Taeniopygia guttata)
Best Intensity (dB SPL) = 17.98
n Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) = 0.44
High Frequency Limit (kHz) = 8.24
Center Frequency (kHz) = 1.89
n 30 dB Bandwidth (kHz) = 7.81
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Budgerigar (Melopsittacus undulatus)

Best Intensity (dB SPL) = 0.80

n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.36
High Frequency Limit (kHz) = 5.97
Center Frequency (kHz) = 1.45

n 30 dB Bandwidth (kHz) = 5.62
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Cockatiel (Nymphicus hollandicus)

Best Intensity (dB SPL) = 8.60

n Best Frequency (kHz) = 1.41
Low Frequency Limit (kHz) = 0.22
High Frequency Limit (kHz) = 5.22
Center Frequency (kHz) = 1.08

n 30 dB Bandwidth (kHz) = 5.00
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African Wood Owl (Strix woodfordii)

Best Intensity (dB SPL) =-13.40
Best Frequency (kHz) = 2.40

Low Frequency Limit (kHz) = 0.33
High Frequency Limit (kHz) = 7.90
Center Frequency (kHz) = 1.60

30 dB Bandwidth (kHz) = 7.58
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Barn Owl (Tyto alba)

Best Intensity (dB SPL) =-16.20

n Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) =0.32
High Frequency Limit (kHz) = 12.00
Center Frequency (kHz) = 1.95

n 30 dB Bandwidth (kHz) = 11.68
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Brown Fish Owl (Ketupa zeylonensis)

Best Intensity (dB SPL) =-1.60

n Best Frequency (kHz) = 1.00
Low Frequency Limit (kHz) = 0.08
High Frequency Limit (kHz) = 4.00
Center Frequency (kHz) = 0.57

n 30 dB Bandwidth (kHz) = 3.92
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Eagle Owl (Bubo bubo)

Best Intensity (dB SPL) = -23.48
n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.21
High Frequency Limit (kHz) = 6.52
Center Frequency (kHz) = 1.18
n 30 dB Bandwidth (kHz) = 6.31
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Great Horned Owl (Bubo virginianus)

Best Intensity (dB SPL) = 4.31
Best Frequency (kHz) = 0.71

Low Frequency Limit (kHz) = 0.03
High Frequency Limit (kHz) = 4.15
Center Frequency (kHz) = 0.35

30 dB Bandwidth (kHz) = 4.12
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Long Eared Owl (Asio otus)
Best Intensity (dB SPL) = -25.05
Best Frequency (kHz) = 2.83
Low Frequency Limit (kHz) = 0.41
High Frequency Limit (kHz) = 8.06
Center Frequency (kHz) = 1.81
30 dB Bandwidth (kHz) = 7.65
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Mottled Owl (Strix virgata)

Best Intensity (dB SPL) = -9.54

n Best Frequency (kHz) = 1.41
Low Frequency Limit (kHz) = 0.06
High Frequency Limit (kHz) = 8.20
Center Frequency (kHz) = 0.72

n 30 dB Bandwidth (kHz) = 8.14
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Scops Owl (Otus scops)
Best Intensity (dB SPL) =-14.29
n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.34
High Frequency Limit (kHz) = 6.65
Center Frequency (kHz) = 1.50
n 30 dB Bandwidth (kHz) = 6.31
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Snowy Owl (Nyctea scandiaca)
Best Intensity (dB SPL) = -25.25
Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.63
High Frequency Limit (kHz) = 5.88
Center Frequency (kHz) = 1.91
30 dB Bandwidth (kHz) = 5.26

0.25 0.5 1 2
Frequency (kHz)

B44




120

100

80

60

40

Threshold in dB SPL (re 20 ppa)

20

| | |
Spotted Wood Owl (Strix seloputo)

Best Intensity (dB SPL) =-17.89

n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.21
High Frequency Limit (kHz) = 6.55
Center Frequency (kHz) = 1.17

n 30 dB Bandwidth (kHz) = 6.34
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Tawny Owl (Strix aluco)

Best Intensity (dB SPL) = -24.62
n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.22
High Frequency Limit (kHz) = 6.62
Center Frequency (kHz) = 1.19
n 30 dB Bandwidth (kHz) = 6.41
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White-faced Scops Owl (Otus leucotis)

Best Intensity (dB SPL) = -23.26
n Best Frequency (kHz) = 2.00
Low Frequency Limit (kHz) = 0.28
High Frequency Limit (kHz) = 6.04
Center Frequency (kHz) = 1.29
n 30 dB Bandwidth (kHz) = 5.76
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Appendix C: Bibliography of Masked Thresholds

Order Common Name Genus and Species Critical Ratio References
Columbiformes (1) | 1 Pigeon Columba livia Hienz and Sachs, 1987
Passeriformes (20) | 2 Brown-Headed Cowbird Molothrus ater Hienz and Sachs, 1987
3 Common Canary Serinus canaries Okanoya and Dooling, 1987
4 European Starling Sturnus vulgaris Okanoya and Dooling, 1987; Dooling, et al.,
5 Fire Finch Lagonosticta senegala Lohr and Dooling, 1999
6 Great Tit Parus major Langemann, Gauger, and Klump, 1998
7 Red-Winged Blackbird Agelaius phoeniceus Hienz and Sachs, 1987
8 Song Sparrow Melospiza melodia Okanoya and Dooling, 1987
9 Swamp Sparrow Melospiza Georgiana Okanoya and Dooling, 1987
10 | Zebra Finch Taeniopygia guttata Okanoya and Dooling, 1987
Dooling and Saunders, 1975; Dooling and
L . . Searcy, 1979; Hashino and Sokabe, 1989;
Psittaciformes (3) 11 Budgerigar Melopsittacus undulatus Hashino, et al., 1988: Okanoya and Dooling,
1987; Saunders, et al., 1979
12 | Cockatiel Nymphicus hollandicus Okanoya and Dooling, 1987
13 | Orange-fronted Conure Aratinga canicularis Wright and Dooling, 2000
Strgiformes (1) 14 | Barn Owl Tyto alba Dyson, Klump, and Gauger, 1998
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Appendix D: Plots of Masked Threshold Curves

14 Species of Birds
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Cockatiel (Nymphicus hollandicus)
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Orange-fronted Conure (Aratinga canicularis)
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Brown-headed Cowbird (Molothrus ater)
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