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Abstract

In this paper we describe the masking of pure tones in humans and birds by man-made noises and
show that similar ideas can be applied when considering the potential effects of noise on fishes, as
well as other aquatic vertebrates. Results from many studies on humans and birds, both in the field
and in the laboratory, show that published critical ratios can be used to predict the masked
thresholds for pure tones when maskers consist of complex man-made and natural noises. We
argue from these data that a single, simple measure, the species critical ratio, can be used to
estimate the effect of man-made environmental noises on the perception of communication and
other biologically relevant sounds. We also reason that if this principle holds for species as diverse
as humans and birds, it probably also applies for all other vertebrates, including fishes.
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INTRODUCTION

Noise is ubiquitous, and man-made (or anthropogenic) noise is increasing in many
environments due to increases in transportation and the exploration for and exploitation of
energy sources. While humans and animals are adapted to deal with natural levels of
ambient noise, increased ambient noise levels from human activites can potentially have a
variety of adverse effects. These could include noise-induced hearing loss and auditory
system damage, temporary hearing loss (called Temporary Threshold Shift or TTS), and
masking of communication and other important biological sounds (e.g., Adler et al. 1992;
Buck et al. 1984; Clark 1991; Le Prell et al. 2012; Miller 1974; Ryals et al. 1999). Increased
noise can also cause behavioral and/or physiological changes such as increased stress, sleep
loss, and hormonal changes (Miller 1974; Brumm 2004). Moreover, in water, high intensity
signals can damage non-auditory tissues (e.g., Cudahy & Parvin 2001; Halvorsen et al.
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2012a) and result in death, although death has rarely been documented except when animals
are exposed to very high intensity impulsive sound (e.g., Caltrans 2001).

While relatively little is known about the effects of man-made sounds on fishes, a good deal
may be inferred about the potential effects, and approaches to the study of those effects,
from the wealth of data available from humans and laboratory animals (Buck et al. 1984;
Clark 1991; Le Prell et al. 2012; Miller 1974; Passchier-Vermeer & Passchier 2000). For
example, we surmise that a similar range of adverse effects found in humans and other
mammals occurs in birds (e.g., Slabbekoorn et al. 2010; Francis & Barber 2013; Dooling &
Blumenrath 2014) and probably other animals, including fishes. However, it has been
difficult to reach a clear consensus on the causal relationships between man-made noise
levels and these various adverse effects in fishes (see Popper & Hawkins 2012).

One difficulty in understanding the effects on fishes, or any nonhuman animal, is that while
most humans have very similar auditory capabilities and sensitivities, the same is not true
for all species or even for closely related species (e.g., Dooling 1982; Dooling et al. 2000;
Fay 1988; Ladich & Fay 2013). Thus, sound sources that may have negative consequences
for one species may not have similar consequences for another. Another problem is that it is
sometimes difficult in animal studies, and in particular for terrestrial species, to definitively
identify noise as the principal source of non-auditory effects, such as stress-related
behavioral or physiological effects. This is the case since noise is usually accompanied by
other visual, tactile, or olfactory stimulation that might also have negative impacts (Forman
et al. 2002; Foppen & Reijnen 2004). Thus a causal relationship between stimulus and effect
is often not clear. Still another issue is the lack of specificity and the inherently overlapping
nature of the different auditory and non-auditory effects of noise. The general effects of
noise, and the relationships among these effects, vary with distance from the noise source

(Fig. 1).

We think it is useful to delineate four overlapping categories of the effects of noise on
humans and animals: (1) hearing damage, including permanent threshold shift (PTS), and
other non-auditory tissue damage from exposure to very loud sounds; (2) temporary
threshold shift (TTS) from acoustic overexposure; (3) masking of communication signals or
other important environmental sounds; and (4) changes in behavior or other physiological
responses to noises (e.g., changes in hormone levels, stress responses, lack of sleep). At least
for the first three of these, direct auditory effects strongly depend on the level and duration
of noise exposure which is generally, although not always, correlated with the proximity of
the listener to the noise source.

Close to the noise source, where the sound levels are generally highest, non-auditory tissue
damage, hearing damage, TTS, and masking, as well as behavioral and physiological effects,
may occur simultaneously. At greater distances from the noise source, where noise levels are
lower, the more drastic effects are reduced. However, even at these distances noise exposure
may be of sufficient duration or intensity to cause TTS in which hearing thresholds are
considerably elevated for a sustained period of time. At even greater distances from the
noise source, where sound levels would be even lower, damage and TTS may no longer be a
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problem, but noise above the ambient level could cause masking, interfering with the
organism’s ability to hear communication signals or other important sounds.

There is a considerable amount of data on these effects for humans and some terrestrial
animals, but far fewer data on marine mammals (e.g., Southall et al. 2007) and fishes (e.g.,
Popper & Hastings 2009; Normandeau Associates 2012; see also Popper & Hawkins 2012).
However, given the well-documented and long history of adverse consequences of elevated
noise on humans and other animals, including hearing loss, masking, stress, behavioral and
physiological changes, sleep disturbances, and changes in feelings of well-being (Miller
1974), it is likely that there is a similar range of effects in other species, including fishes and
other aquatic animals.

Masking effects from increased noise in the environment

Noise may be particularly intrusive when it interferes with the perception of complex sounds
and the communication abilities of animals and humans in their natural environments. Here,
communication is meant in its broadest sense of gathering critical information for the well-
being, health, and preservation of both individuals and populations. This includes the ability
(for some species) to convey meaning through the use of sound, to be able to localize and
identify important events and entities in the near or far environment (such as predators, prey,
and conspecifics), and interpret the status and health of those entities. All of these functions
of hearing may be negatively impacted by other irrelevant sounds (i.e., noise) that have
acoustic characteristics with some commonalities with the signals of interest (Dooling &
Blumenrath 2014).

The effects resulting from masking of complex sounds is particularly challenging to assess
in animals. Most of what we know about the effects of masking, especially on complex
sounds such as communication signals, comes from laboratory studies on humans using
precise psychophysical approaches. Personal experiences provide important additional data -
one need only think of the difficulty of conversing in a noisy restaurant to understand the
consequences of masking for speech communication. For humans, then, there is a tight
correspondence between laboratory measures of masking and problems associated with
communicating against a background of noise.

Clearly, it is much more difficult for humans to accurately experience or measure the
auditory world of an animal or the effect of noise on that animal’s acoustic communication.
In contrast to the situation with most animals, humans, and to a large degree birds, can be
tested relatively easily using rigorous, well-established psychophysical procedures. Birds are
particularly easy to train by operant conditioning and they make excellent subjects for
psychoacoustic studies. Consequently, we now have useful data from a large number of
avian species.

Birds, like humans, are also a highly vocal vertebrate group. We have a considerable amount
of psychophysical data on masking in birds, including the masking of communication
signals. The data show remarkable similarities in masking between humans and birds.
Perhaps what has been learned about hearing loss and masking by noise in humans and birds
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can inform our approaches to understanding the effects of noise on fishes and other animals
such as amphibians and reptiles (both in and out of water).

Noise exposure in humans has been studied extensively for decades, leading to a
considerable number of governmental regulations on acceptable noise levels in industry and
in the environment (e.g., Le Prell et al. 2012; National Institute of Occupational Safety and
Health 1998). Excessive noise is a public health hazard that often produces significant and
permanent loss of hearing function (Rabinowitz 2012). The effects of various sources of
hearing impairment are additive and cumulative: exposure to noise concurrently with
exposure to industrial solvents or other environmental pathogens results in more hearing loss
than either source of damage alone (e.g., Morata & Johnson 2012). Further, the normal
aging process in humans typically results in some loss of hearing, which can be exacerbated
and accelerated by exposures to excessive noise (e.g., Bielefeld 2012). The functional
deficits resulting from significant hearing impairment include psychological and social
isolation as communication with family, friends, co-workers, and others is disrupted.
Impaired hearing can also be dangerous as the individual may be unaware of alerting sounds
of impending danger or other warning signals. We can expect these latter two effects to be
disruptive in similar ways for animals that rely extensively on acoustic communication.

Human studies provide important additional insights

Humans know from personal experience that noise in the environment does not need to be
S0 intense as to cause either permanent or temporary loss of auditory function in order to
produce significant difficulty in the ability to communicate or hear important environmental
sounds. Laboratory studies in humans focused on this issue typically are carried out by
asking subjects to respond to a speech signal, such as words or isolated sentences, in the
presence of noise with a variety of characteristics for clinical assessment of hearing
disorders or for an understanding of how speech and other sounds are processed in the
auditory system. The approach is often to either distort the acoustic characteristics of speech
or to determine which aspects of a noise (level, frequency content, intermittency, etc.) result
in more or less disruption of the target sound perception. For both clinical and basic research
applications, the starting measurement usually is the relative levels of target and masking
noise that result in accurate perception 50% of the time, a measure that is sometimes
referred to as the Speech Reception Threshold (SRT). Note that the SRT is not the relative
level that will allow communication to occur, but it is a metric that can be used to compare
speech communication across individual listeners and in the presence of different types of
speech and noise. In fact, the exact definition of the SRT is somewhat arbitrary and may be
defined by an investigator as any value between 0 and 100% correct perception of speech
against a background of a particular noise. Regardless of the definition chosen, the relative
intensities of speech and noise (i.e., the signal-to-noise ratio, SNR) may be reported at
equivalent performance levels (percent correct perceptions) across listeners and conditions.
As the SNR increases, communication in the presence of background noise gets
progressively easier.

The ability to communicate, or to determine that two sounds are different (e.g., from two
different speakers or two different words) or to detect that a sound of some kind is present
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(the least complex perceptual task) improves with increasing SNR levels. The relationship
between SNR level and accuracy of perception for each of these tasks (i.e., communication,
discrimination, detection) differs depending on the spectral and temporal characteristics of
the background noise.

Greatest masking of communication signals like speech occurs when the frequency spectra
of the speech signal and the noise are very similar. Auditory processing in most vertebrates,
including some aquatic vertebrates, is based on the concept that the auditory system operates
like a series of overlapping band pass filters laid out across the audible spectrum for a given
species. According to this concept, a signal can only be heard if its level within a given
frequency band is proportional to the level of the masker within that bandwidth (Fletcher
1940). This so-called “power spectrum model” of hearing, also means that masker energy in
frequency regions outside a “critical band” of frequencies around the signal frequency do
not significantly interfere with perception of the target signal. Though the data from fish are
limited, in practical terms this means that the spectrum and the levels of both the man-made
noise and the signal the animal is trying to hear are the critical variables for determining
how detrimental a certain noise is for an animal.

To facilitate comparisons across species and sound environments, the critical masking
bandwidths estimated for different animals have been transformed into a signal-to-noise type
metric called the “critical ratio” where proportional constant between the signal level and the
noise level within the critical band is equal to 1. In other words, the critical ratio is defined
as the level within an internally-based (i.e., within the animal’s auditory system) band of the
signal that is equivalent to the level of the masker sound within a similar bandwidth. The
critical ratio metric may be considered as that combination of signal and noise that produces
an internal SNR of 0 dB. Critical ratios differ among species due to differences in auditory
anatomy and physiology. Animals that hear relatively well in noise (i.e., have good
frequency resolution) will have smaller critical ratios while poorer listeners in noise will
have large critical ratios and experience more masking. Critical ratios specified at a
particular frequency region can vary as much as 10 dB or more across species.

For humans, the SNR at which about 50% of speech may be correctly identified in steady
state noise is about =5 dB (i.e., the masking noise is about 5 dB greater in intensity than the
speech) (Festen & Plomp 1990). To increase identification performance to about 75%
correct, the SNR would have to improve such that the noise is only 3.5 dB greater than the
speech, and for identification performance of 90% correct, the noise level must be only 2 dB
greater than the speech. Another way to think of this is that taking simple detection as the
perceptual case with the lowest SNR, an increase in the SNR of about 2 dB would support a
discrimination of two different sounds, and a further increase of 2 dB would allow some
degree of identification. For speech to be heard at a level that would allow clear
communication (or the accurate perception of environmental sounds),a signal-to-noise ratio
of about 15 dB would be required (noise 15 dB below the level of the speech: Franklin et al.
2006). In a noisy restaurant, for example, the SNR is likely to be well into the negative
range (i.e., noise level much higher than the target speech level), such that conversation is
strained for both talkers and listeners. As a consequence, clear and easy communication is
not possible.
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Parallel laboratory studies on masking in birds

One might reasonably ask whether the relationship between different levels of perception
and SNR is a general phenomenon or is only true for humans. Studies have been conducted
in birds that are similar to the human studies described (Dooling et al. 2009; Lohr et al.
2003). Masking studies in birds, like those in humans, have shown that the most important
acoustic feature for masking a signal is the level of the noise with energy in the frequency
region of the signal. Noise falling outside of the frequency band of the signal contributes far
less to masking. Most laboratory studies estimating the effects of noise on signal detection
use continuous noises with precisely defined bandwidths, intensities, and spectra.

To evaluate the effect of masking noise on bird communication, we used an approach that
integrates the spectrum and level of the masking noise, the bird’s hearing in quiet and noise,
the spectrum and level of a signaling bird’s vocalizations, and the acoustic characteristics of
the environment (Dooling et al. 2009; Dooling & Blumenrath 2014). The model assumes
that the spectrum and amplitude (level) of the noise and the signaler’s vocalization are both
known at the location of the receiving animal. These values can either be measured directly
or they can be estimated by applying signal attenuation algorithms to both the noise source
and the signals of the sender. The algorithms adjust the spectra and level of the noise and of
the signal as if they were transmitted over distance and through different habitats (e.g.,
meadows, forests) between communicating birds. The challenge for the receiver is to hear
the signal in the presence of noise. This is dependent on the species-specific auditory
capabilities of the receiver, such as how well it hears in noise (i.e., its critical ratio), and the
signal-to-noise ratio at the receiver’s location. Using a human parallel, the model also
incorporates the notion that different auditory behaviors (e.g., communicating comfortably
versus just being able to detect that something was said) require different SNRs. We know
from empirical studies, using highly controlled psychophysical methodologies in the
laboratory, that birds require about a 2-3 dB higher SNR to discriminate between two
vocalizations than to just detect the presence of a vocalization. And they require a further
increase in the SNR of 2-3 dB in order to recognize a vocalization rather than to simply
discriminate between two vocalizations. While it cannot be directly measured in animals,
birds and other animals are likely to require a significant improvement in SNR to support
effortless communication in the presence of background noise, just as humans require a
fairly large increment in SNR to allow comfortable and seamless communication (Franklin
et al. 2006).

What does this mean for birds in their natural environment exposed to excessive levels of
man-made noise? Figure 2 shows the effect of traffic noise on four different auditory
behaviors based on the median bird critical ratio function. The specific case illustrated is for
a background noise level at the location of the listening bird of 60 dB(A) — a level typical of
traffic noise measured roughly 300 meters from a busy six-lane highway (Dooling &
Popper2007). This example assumes the calling bird is vocalizing at a peak sound pressure
level of 100 dB re 20 pPa through an open area, and the vocalization is affected by excess
attenuation (beyond the loss due to spherical spreading) of 5dB/100 meters. In this noise, a
comfortable level of communication between two birds requires a distance between them of
less than 60 meters. Recognition of a bird vocalization by the receiver can still occur at
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greater inter-bird distances up to about 220 meters. Discrimination between two
vocalizations is possible at inter-bird distances up to 270 meters. And finally, simple
detection of another bird’s vocalization can occur at distances up to 345 meters in this noise.

The distance values computed for a 60 dB(A) level of man-made noise (Fig. 2) can be used
to construct a receiver-centric map of distances corresponding to the four different auditory
communication behaviors (Fig. 3). Communication distance between the sender (calling
bird, along the periphery) and the receiver (listening bird, at the center) is represented as the
radius for the concentric circles defining the boundaries of each of the four levels of
communication. While any increase in the ambient noise level by contributions from man-
made sources could affect acoustic communication, which auditory behaviors are affected
depends on the noise level. In figure 3, the inner circle represents the case where the sender
is closest to the receiver. This represents a signal-to-noise ratio that is sufficiently large
(based on humans listening to speech) to allow the sender and receiver to communicate
comfortably. As the sender moves away from the receiver, the signal level drops and SNR
decreases for the receiver. At this level of separation, the receiver can no longer
communicate comfortably but can recognize a sender’s different vocalizations. If the sender
moves even further away, the receiver can still discriminate between two vocalizations but
cannot reliably recognize them. Finally, at the outer perimeter, the signal level at the
receiver results in such a low signal-to-noise ratio that the receiver can detect only that some
kind of a sound has occurred. The distance over which masking from man-made noise
sources occurs can be quite large. This schematic provides a way of estimating and
quantifying the risk to acoustic communication for birds at different distances from a noise
source.

The results discussed above are generated assuming a constant, flat spectrum noise such as
used in the laboratory (e.g., a relatively continuous, constant spectrum and intensity). The
principle is based on the notion that noise in frequencies immediately surrounding the signal
frequencies is most effective in masking the signal. This is quite easy to calculate from
continuous, flat spectrum noise. But the same principle works for birds in the laboratory
even when more complex noises are used, such as those produced by a helicopter,
snowmobile, or chain-saw (Dooling, unpublished data). Even though the spectrum may be
steeply sloping from low to high frequencies, it is still the energy in the frequency region
surrounding the signal frequencies that determines the masking threshold level for birds
(Dooling et al. 2013). A core element and general predictor across species of the effect of
masking is the SNR in the spectral region of the signal, whether involving simple signals
and noises, or complex, natural signals and complex natural or man-made noises. This
general principle also operates across humans and other land animals with both simple and
complex sounds. We suggest that this principle will also apply to fishes and other aquatic
animals.

Fishes and environmental noise

Over the past decades it has become apparent that man-made noise also has the potential to
impact the lives of aquatic organisms, including sharks, bony fishes, marine turtles, and
marine mammals (reviewed in Southall et al. 2007; Normandeau Associates 2012; papers in
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Popper & Hawkins 2012). While there is strong evidence that very intense, and particularly
impulsive, sounds can damage tissues and potentially result in mortal effects (e.g., Bolle et
al. 2012; Casper et al. 2012, 20134, b; Halvorsen et al. 2012a, b; Hastings et al. 2008;
McCauley et al. 2003; Popper et al. 2005, 2007), far more fish are likely to be exposed to
sounds at some distance from the source where the intensity is lower that nearer the source
and any effects are likely to be behavioral rather than physical. Moreover, in addition to
behavioral effects resulting from impulsive sounds, it is also highly likely that general and
continuous increases in background sounds, such as those produced by shipping and other
wind farm operation may have behavioral effects on fishes. Effects may range from only
small, and inconsequential, changes in behavior to long-term effect on reproduction or
feeding. However, very little is known about potential behavioral effects of sound on fishes
(e.g., Slabbekoorn et al. 2010; Normandeau Associates 2012).

Still, it is clear that the basic questions on effects of man-made sound on fishes are the same
as for birds and mammals — do man-made sounds impact the fishes and cause PTS, TTS,
masking, or other behavioral effects (e.g., Slabbekoorn et al. 2010; Ladich 2013). Indeed, it
is reasonable to expect that sounds will impact fishes in much the same way as has been
described for birds, and terrestrial and marine mammals. We make this suggestion since
while the hearing mechanisms and capabilities of fishes differ somewhat from those of
mammals, fishes do exhibit many of the same basic auditory phenomena as found in birds
and mammals, including critical ratios (Fay & Megela Simmons 1999). Indeed, the potential
effects of man-made noise described above for humans, birds and other animals are likely to
be encountered in fishes (e.g., Slabbekoorn et al. 2010). Thus, the critical ratio may be a
valuable metric for comparing noise effects on fishes as well. In other words, if the general
principles described above hold for species as different as humans and birds (Figs. 1 — 3),
they are also very likely to hold for fishes. The relevant metric is the critical ratio, but
sufficient data are available for only a few species of fishes (Fay 1988; Ladich 2013).

We therefore argue that future studies in fishes should focus on many of the same questions
about detectability and effects on communication as discussed for birds and humans. In fact,
it is important that future studies of fishes and aquatic organisms take into consideration the
fact that these animals, just like their terrestrial relatives, rely on hearing for a major portion
of the sensory information they collect about the world around them (Fay & Popper 2012).
As a consequence, masking acoustic communication, which impacts the ability to detect,
discriminate, and understand behaviorally important sounds, can significantly affect an
aquatic animal’s fitness and survival. In fact, the critical issue in reaching a full
understanding of the effects of man-made sounds on fishes (and other animals) lies with
observations of the effects on their natural behavior.
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Figurel.
Noise level, distance, and potential effects on birds from a noise source (traffic noise). The

zones indicate distances over which specific effects will be experienced by a bird. In Zone 1
close to the noise source, potential effects include permanent threshold shift (PTS),
temporary threshold shift (TTS), and other behavioral or physiological effects. In Zone 4,
furthest from the noise source, we would expect only other effects. (Dooling & Popper
2007; Dooling & Blumenrath 2014).
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Figure2.

Relationship between traffic noise level and communication distances for detection,
discrimination, recognition, and comfortable communication between birds. These curves
are based on 100 dB source level of the vocalization, the listener’s masked threshold (here
the critical ratio for the average bird), and the habitat’s average excess attenuation (here an
open habitat with attenuation of 5 dB/100m) (modified from Dooling et al. 2009; Dooling &
Blumenrath 2014).
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Figure 3.
Schematic representation of the distances over which a listening bird can perceive a

vocalizing bird in 60 dB traffic noise. Circles represent the active auditory space for four
different types of perception: detection, discrimination, recognition, and comfortable
communication.
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