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1. Introduction 
The oceans are full of natural sounds creating soundscapes that provide essential 

information for marine fauna. Sounds with both biological and non-biological origins 

range from the 20-Hz song of the fin whale that was recorded by hydrophones deployed 

during the Second World War, to the characteristic acoustic signature of snapping 

shrimps and sea-urchins in reefs, to the sound of the wind and waves. Signals within these 

soundscapes indicate, for example, where larvae should settle during dispersal, whether 

a dangerous predator is approaching, and if a conspecific is a desirable mate. However, 

any sound can be considered as ‘noise’ when it masks, introduces ambiguity or 

equivocation in the reception and interpretation of signals of interest by animals, or when 

it induces harmful behavioural or physiological responses. Human activities such as 

blasting, pile-driving, seismic surveys, sonar and shipping have increasingly introduced 

noise into the marine environment, to the extent that noise is now considered a 

contaminant of emerging concern (CEC) in the oceans (Weis 2014). Unfortunately, while 

researchers are aware that anthropogenic noise pollution can have physiological, 

behavioural, and population-level effects in terrestrial wildlife, our understanding of the 

impacts of marine acoustic pollution is relatively rudimentary. This is a gap that must be 

addressed so that appropriate mitigation, conservation, and management measures can be 

designed to protect marine fauna. 

As the most obvious impact of noise pollution is auditory fatigue, current efforts to 

regulate noise pollution often focus on identifying the sound levels that produce 

measurable noise induced hearing loss (NIHL) in species of concern (e.g. Southall et al. 

2007). NIHL may present as either temporary or permanent threshold shifts (TTS and 

PTS, respectively), otherwise known as deafness. TTS is considered a low level impact 
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because baseline thresholds are recoverable. Thus, thresholds of safe exposure guidelines 

based on the onset of TTS have traditionally been viewed as adequate for the protection 

of marine fauna. It has been proposed that levels causing the onset of PTS can be used 

for defining safe exposure limits (Southall et al. 2007). This approach, implemented by 

some government agencies, has received critics by the scientific community (e.g. 

Toulgaard et al. 2014). Using TTS or PTS falls short because it does not consider that 

noise can induce a range of effects at levels tens of decibels lower than those causing 

TTS, including physiological stress responses which may result in observable aversive 

behaviours (Lucke et al. 2009; Tougaard et al. 2014, Miller et al. 2015). In some cases, 

these responses may lead to indirect mortality, described as death due to secondary effects 

of noise impacts, in contrast to direct mortality caused by noise-induced injuries 

(reviewed in Popper et al. 2014). For example, the most accepted scientific explanation 

for some mass mortalities of charismatic megafauna such as beaked whales and giant 

squid is anthropogenic noise pollution from naval sonar and seismic surveys, 

respectively, causing escape responses resulting in abnormal physiological processes with 

lethal consequences (Jepson et al. 2003; Cox et al. 2006; Guerra et al. 2011) (Figures 1 

& 4).  

Little is known about long term physiological effects of marine noise pollution in marine 

fauna. However, the potential for long term effects of noise acquire a greater conservation 

relevance when they affect reproductive success and, potentially, population stability 

(Kight and Swaddle 2011). In their recent review of how anthropogenic noise affects fish 

and turtles, Popper et al. (2014) used an integrative approach in their discussion of a wide 

range of sublethal, non-auditory impacts of noise pollution. Although this is an important 

step forward in terms of the management implications associated with marine acoustic 

pollution, the field still suffers from a general scarcity of data (Hawkins et al. 2014). This 
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is particularly true for long-term and/or cumulative effects of noise on genes, cells, tissues 

or physiological processes associated with stress responses, which can occur in the 

absence, or after the recovery, of hearing loss. An example of this is provided by 

experimental work on the effects of low frequency underwater noise on humans. Divers 

experienced short-term negative effects such as tingling and loss of tactile sensation 

caused by overexposure of the pressure-sensitive corpuscles of Paccini in the dermis, pain 

in the digestive system due to gas vibrations, and low or moderate TTS. This was in spite 

of some of the affected divers describing subjectively the received sound exposures as 

low level (Clark et al. 1996; Steevens et al. 1999). Most importantly, noise-exposed 

divers suffered short- and long- term neural damage expressed as headaches, dizziness, 

blurred vision and other symptoms apparently linked to effects in the vestibular system. 

These symptoms would probably pass unnoticed in experimental studies with laboratory 

or wild animals, underlying the potential for these studies to underestimate noise-effects.  
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Figure 1. Beaked whales are especially vulnerable to noise. Several mass mortalities have 

occurred in association to naval exercises using sonar or underwater blasts (Frantzis 2000; 

Jepson et al. 2003), such as these Cuvier’s beaked whales (Ziphius cavirostris) stranded 

in Greece. Photo © L. Aggelopoulos / Pelagos Research Institute. 

 

BOX 1: A primer on the physics of acoustics and noise pollution 
i) Frequency is the number of cycles per second (called Hertz, abbreviation -Hz-) in a 

sound wave. Sounds with lower frequency have a longer wavelength (the wavelength of 

a sound is given by the sound-speed divided by the frequency) and travel much farther 

than higher frequency signals in the water. This is because at very low frequencies the 

transmission loss by absorption is negligible (Urick 1983).  

The psychoacoustic property of sound related to frequency is pitch. The maximum range 

of frequencies that humans can hear and discriminate frequencies is 20 Hz to 20 kHz; 

sounds at frequencies below and above that range are named infrasonic and ultrasonic, 
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respectively. Animals tend to be most susceptible to hearing damage or behavioural 

responses when exposed to sounds within their most sensitive frequency range (Amoser 

and Ladich 2003, Tougaard et al. 2014)). However, animals can be affected by sounds 

out of this range also.  

ii) Rise time is the time from the start of a sound until it reaches its peak pressure, in msec, 

or the rate of increase to this peak pressure (decibels (dB)/s). Impulsive signals with a fast 

rise time are related to stronger non-habituating startle responses and have a higher 

potential to create barotraumas if the signal is of high enough intensity (McCauley et al. 

2003; Götz and Janik 2010).  

iii) Duty cycle and duration of exposure. Duty cycle is the proportion of time that the 

sound is “on”, for example, a sound comprising one 200 ms long pulse every second has 

a 20% duty cycle. Duration of exposure is the amount of time that animals experience the 

acoustic noise. There are a number of reasons why these two measures are not necessarily 

identical. For example, wildlife may move within hearing range midway through a noise 

event. Animals may be impacted by instantaneous high pressure waves but damage 

increases in a non-linear fashion with total acoustic energy received for a given type of 

sound stimulus (Kastelein et al. 2014; Casper et al. 2013, Halvorsen et al. 2012).  

iv) Sound pressure level (SPL) and sound exposure level (SEL). SPL = 20 

log10(pressure/reference pressure), where pressure and the reference pressure can be 

quantified in several ways: 

- Maximum: this can refer to the peak-to-peak (p-p) amplitude, i.e. the difference between 

the highest and lowest instantaneous pressure of the sound wave, or to the peak (0-peak) 

amplitude, i.e. the difference between the ambient pressure and the highest positive or 

negative peak of the wave.  



Physiological responses to noise. Chapter 9 in: Stressors in the Marine Environment. Oxford UP. In press.. 

7 
 

- RMS (root mean square) is an averaging measure (the standard deviation for continuous 

sounds) of the sound over a defined time window.  

In a continuous sinusoid sound wave, the SPL difference between 0-p and p-p is 6 

decibels, corresponding to a doubling of the pressure, and the RMS is 9 dB lower than 

the p-p. For transient sounds, the difference between RMS and p-p levels is usually higher 

but this depends on the averaging duration used for the calculation of RMS. To 

standardize this measure, the RMS averaging window should be chosen to include either 

90% or 97% of the signal’s energy, depending on the signal-to-noise ratio (Madsen 2005). 

Shorter windows result in measures closer to the maximum, while longer windows result 

in low RMS levels as they may include samples with little or no signal. This has resulted 

in some authors calling for fixed averaging windows (Tougaard et al., 2015).  

SEL is a measure of the acoustic energy of the signal. It can be calculated as 

20.log10(RMS pressure)+10.log10(duration). For transients it is common to provide the 

SEL of a single pulse (SELss) and of the entire duration of the exposure [cumulative SEL 

(SELcum)]. 

Underwater SPL is reported as dB re 1 µPa where the nature of the measure (pp or rms) 

should be noted, while SEL is reported as dB re 1 µPa2s.  Madsen (2005) describes how 

a sperm whale click with the same SPLp-p as a longer duration sonar ping can have 1000 

times (~30 dB) lower SEL. This exemplifies the importance of appropriately describing 

sound signals.  

v) Noise damage may be produced by the pressure component and/or by the particle 

motion component of the sound wave. The amplitude of the pressure component is given 

by the height of the wave, while particle velocity is dictated by the movement of each 

particle due to the pressure wave. In a free medium and while in the far field of an acoustic 

source, i.e., at distances greater than several wavelengths, where the sound can be 
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considered a point source (Urick 1983), the pressure (p) and particle velocity (v) 

components of the sound wave are related as p = v*z, where z is the characteristic 

impedance of the medium (1.5×10^6 Rayls in seawater), so the magnitude of particle 

velocity can in some ideal cases be inferred from a pressure measurement. In the near 

field of the acoustic transducer, this relationship no longer holds and animals will likely 

experience higher particle motions than would be expected at the same pressure level in 

the far field. This is relevant if levels of particle motion in the near field are sufficient to 

rupture tissues even when pressure levels may not be as high, and should be considered 

in laboratory experiments. 

vi) Differences in the acoustic impedance of air and water and in the reference levels 

chosen to report measures in these two media (20 µPa in air and 1 µPa in water), mean 

that a signal with the same intensity (i.e. the product of pressure and particle velocity) in 

air and water will have a far-field SPL that is 62 dB higher in water than in air. This is 

why it is incorrect to compare the sensation level of underwater sounds with terrestrial 

noises, such as jets taking off. While correcting for the 62 dB difference may suffice to 

compare sound levels in air and water with respect to the potential mechanical damage of 

the sounds, there are many reasons to be cautious. The acoustic sensitivity of marine 

animals may be adapted to the high acoustic impedance of water and thus these animals 

may be more sensitive than expected. Also, the range of effects of some intense sound 

sources, such as underwater explosions, is magnified in water. For these reasons, it is 

incorrect to simply add 62 dB to a measurement in air and perform direct comparisons of 

sound levels in aquatic and terrestrial environments when studying the effects of noise on 

fauna. 

BOX 1 ENDS 
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2. Effects of noise on the hearing system 
Noise exposure may cause noise-induced hearing loss associated with either temporary 

or permanent threshold shifts (TTS or PTS) in the sensitivity of an animal to all or part of 

its sonic frequencies. PTS results from non-recoverable damage to hair cell bodies or to 

their mechano-sensory cilia (Liberman and Dodds 1984). There is no loss of hair cells in 

TTS, although there may be swelling and damage to the sensory cilia. PTS may result 

from repetitive events causing TTS or be produced by a single exposure to intense sound. 

TTS can be produced by: i) metabolic exhaustion caused by long noise exposures; ii) 

mechanical damage produced by exposure to intense sound waves; or iii) a combination 

of both of the above (Slepecky et al. 1982). Hair cell damage may be at the level of the 

sensory cilia (kinocilia or stereocilia), or at the level of the cell-body, or both.  

Noise exposure may lead to loss of cilia or changes in their structure and rigidity, which 

can be reversed in some cases. For example, Solé et al. (2013) found indications of 

replacement of kinocilia in cephalopods, and the replacement of stereocilia has been 

observed in fish (Popper and Hoxter 1984; McCauley et al. 2003), in the organ of Corti 

of mammals, and in the inner ear and organ of Corti of birds (Corwin and Cotanche 1988). 

Birds, reptiles, amphibians and fishes spontaneously undergo hair cell regeneration 

following hair cell loss due to either acoustic or ototoxic trauma. In contrast, dead hair 

cells do not recover in the auditory or in the vestibular systems of terrestrial mammals. 

Instead, the dead hair cells are replaced by supporting cells which prevent leaking 

endolymph from contacting the spiral neurons and causing axonal degeneration (Raphael 

2002). In some cases hair cell replacement in mammals may be induced by exogenous 

growth hormone treatments (Sun et al. 2011). Noise may cause cell necrosis (including 

swelling and rupture of the membrane), and cell apoptosis (programmed cell death 

including chromatin condensation and rupture of the cell body). In terrestrial mammals, 

Hu et al. (2000) proposed that apoptosis is related to more intense sound exposures. 
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Removal of apoptotic cells by macrophages reduces the release of cytotoxic substances 

to the tissue and thus mitigates swelling, which is involved in the observed increasing 

degeneration of the sensory epithelium with time after noise exposure. This delayed 

damage has been observed in terrestrial mammals as well as in cephalopods (Solé 2012) 

and fish (Hastings et al. 1996; McCauly et al. 2003).  

An additional mechanism causing delayed damage is noise-induced sensorineural hearing 

loss due to delayed death of neurons. In terrestrial mammals noise-induced loss of spiral 

ganglion cells, i.e. the afferent neurons innervating the hair cells of the cochlea, can 

appear months after exposure and progress for years (Kujawa and Liberman 2009). Noise 

exposure can result in degeneration of the dendrites of the spiral ganglion cells 

innervating the inner hair cells (Figure 2). In mice, the loss of synaptic connections 

between the cochlear nerve and the hair cells happens within 24 hrs, but the subsequent 

death of the affected neurons may not occur for months or sometimes even for a year or 

more. The process is selective and the first affected dendrites are those involved in hearing 

in noisy conditions; this means that neural damage raises supra-thresholds of sensitivity 

and, thus, the ability to detect signals in complex acoustic environments. For this reason, 

the damage is not detected by usual measures of threshold shifts–behavioural assays or 

auditory brain response (ABR) techniques—because TTS and PTS are measured in quiet 

environments—i.e. they evaluate the minimum sound pressure level that an animal is able 

to detect for a given frequency or frequency band.  

Delayed noise-induced sensorineural hearing loss, as described above, was only recently 

identified experimentally in mice (Kujawa and Liberman 2009); damage was produced 

by exposure to one octave band (8-16 kHz) at 100 dB re 20 µPa SPL for 2 hrs. This did 

not produce PTS, but resulted in strong TTS (20-40 dB). Surprisingly, stereocilia bundles 

appeared normal when this TTS was recorded, suggesting that TTS was caused by 
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swelling or metabolic exhaustion and not by mechanical damage to the cilia. Moreover, 

while neural damage worsened with time, the mice returned to their pre-trial hearing 

thresholds. These results are is important to note because they show that sensorineural 

hearing loss may be present in the absence of the indicators usually employed to identify 

hearing effects, such as damage to sensory cilia or TTS. Further, these findings challenge 

previous assumptions about the recovery of noise-damaged neural terminals. The later 

were based on initial observation of vacuolization or swelling of cochlear nerve terminals 

after noise exposure, and the absence of these in the long term. Unfortunately, as is often 

the case for research on marine fauna, this work was not as detailed as necessary to show 

the full extent of noise effects; for example, there were no neural counts or long-term 

monitoring.  

Recently, swollen and vacuolized terminals of afferent neurons were found in 

cephalopods exposed for 2 hrs to low-frequency sound (50-400 Hz) at approximately 160 

dB re 1 µPa RMS (175 dB peak; the particle velocity of the sound exposure received by 

the animals is unknown) (Solé 2012). While the study did not investigate delayed dendrite 

degeneration, the observation of neural swelling suggests that we cannot dismiss the 

possibility that sensorineural hearing loss may have occurred, albeit unnoticed, in the 

noise-exposed cephalopods—or in fish from previous experiments where noise exposure 

resulted in extensive damage to hair cell bundles (e.g. McCauley et al. 2003).  
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 Figure 2. Noise-induced loss of synapses and degeneration of the spiral ganglion cells 

innervating hair cells of mice. Courtesy of Kujawa and Liberman (2009). These effects 

were first evidenced in terrestrial fauna, but damage to afferent dendrites of the hair cells 

has also been observed in cephalopods (Solé 2012).   

 

2.1 Invertebrates  

Very little is known about hearing in the more than 170,000 described species of marine 

invertebrates (not counting protistas) (Groombridge and Jenkins 2000; Bouchet 2006), 

and this lack of knowledge extends to the potential impacts of noise on their acoustic 

sensitivity. Invertebrates have mechanoreceptors facilitating the detection of particle 

motion in the surrounding medium. In most cases it is unknown if the animals translate 

the vibration sensation to what we understand as auditory signals, but they certainly use 

the information encoded in the hydrodynamic sound wave.  

Most studies to date have focused on cephalopods where statocyst organs are responsible 

for hearing and balance. Statocysts are contained in a cavity within the cranial cartilage. 

A statolith is suspended in the cavity and its motion stimulates the sensory epithelium 

with hair cells covering the inner wall of the cavity. There is a linear gravity-acceleration 
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sensor, the macula-statolith system, and a crista-cupula system sensitive to angular 

accelerations. In the apex of the hair cells there are long kinocilia, which are highly motile 

special cilia, surrounded by shorter microvilli. Extensive statocyst damage has been 

observed in giant squid (Architeuthis dux) found in a mass-stranding that coincided with 

seismic explorations (Guerra et al. 2004, 2011). This inspired experimental work on four 

species of coastal cephalopods (Sepia officinalis, Loligo vulgaris, Illex coindetii, and 

Octopus vulgaris). Damage to the sensory epithelium was produced by exposure to two 

hours of low-frequency sweeps at 100% duty cycle (André et al. 2011; Solé 2012; Solé 

et al. 2013) (Figure 3). Specifically, this noise regime resulted in morphological damage 

to the kinocilia and the hair cell bodies. Kinocilia were either lost, bent, or fused, while 

cell swelling ruptured the cell membrane and resulted in partial or complete extrusion of 

the cell contents. Apoptotic cells were found in the damaged sensory epithelium. Other 

effects of noise exposure included cell vacuolization, mitochondrial damage, and 

alteration of the surface of the endoplasmic reticulum. Hypertrophy and vacuolization of 

the afferent dendrites were also observed.  
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Figure 3. Electron microscope images of the macula crista of the statocyst organ of 

common cuttlefish (Sepia officinalis). Left: non-exposed sensory epithelia (a) and hair 

cell with organized cilia (c). Right: damaged cilia and hair cell bodies showing holes 

marking sites of extrusion of the cytoplasm (b); disorganized cilia and vacuolized cell 

body (d). Images courtesy of Solé (2012) and André et al. (2011).  

 

2.2 Fish 

Noise may affect fish hearing by damaging the vestibular system, the lateral line, or the 

swim bladder—the last of which may tear or rupture in response to intense sound 
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exposure (Popper and Hastings 2009; Casper et al. 2013). Effects on hair cells of the inner 

ear have been observed in several fish species exposed to tones over 180 dB re 1 µPa 

(Hastings et al. 1996), or to seismic pulses (e.g. pink snapper, Pagrus auratus) (McCauly 

et al. 2003). Sensory cilia are constantly replaced in fishes (Popper and Hoxter 1984), and 

hair cells can also recover (Smith et al. 2006). However, McCauly et al. (2003) observed 

that the damage in the epithelium of the inner ear in pink snapper 58 days after exposure 

to seismic pulses was more extensive than the damage observed 18 h after exposure. This 

pattern, where the extent of acoustic injury to the sensory epithelium is positively related 

to time after exposure, is similar to the response shown by cephalopods (Solé 2012) and 

terrestrial mammals (Kujawa and Liberman 2009), and seems to be caused by delayed 

effects of swelling and excitotoxicity in the cells.  

Immediate TTS after noise exposure has also been recorded, for example, in both goldfish 

(Carassius auratus) and catfish (Pimelodus pictus) examined in studies using auditory 

brain response (ABR) techniques (Amoser and Ladich 2003). Recovery of 6-20 dB after 

TTS has been observed in freshwater species (rainbow trout and salmon) within 24 hours 

(Popper et al. 2005). In contrast with this fast recovery, others species, such as fathead 

minnow (Pimephales promelas), had not recovered even two weeks after exposure 

(Scholik and Yan 2002). This variability in both the level of impact and the recovery time 

is caused by differences in sound exposure and in the sensitivity of the species at the 

frequencies of the exposure. This is influenced by the eco-physiological adaptations of 

the species, in terms of how they use sound and the extent to which they experience 

ambient noise in their habitat. This explains why differences in vulnerability to noise are 

observed even between species with similar anatomical adaptations for sound detection. 

For example, Amoser and Ladich (2003) found variations in hearing loss and recovery 

time between two otophysine species exposed to the same acoustic stimuli. Otophysine 
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fishes have specialized hearing, as they are able to detect the pressure component of sound 

because of a chain of Weberian ossicles connecting their swim bladder to the inner ear. 

These differences in hearing loss may reflect differences in the behaviour and 

ecophysiology of the species: The less impacted species lives in a noisier habitat and does 

not use acoustic signals for communication. To account for the variability in the 

vulnerability of the species, it has been proposed that thresholds of hearing damage are 

corrected by the sensitivity of the species (dBht) or of groups of species clustered by their 

anatomic characters influencing noise effects (presence/absence of swim bladder and 

connections between this and the ear) (reviewed in Popper et al. 2014). 

 

2.3 Turtles 

To our knowledge, there are no studies on noise-induced hearing loss for sea turtles. The 

avian and reptilian middle ear is a columellar system, a single bone instead of the ossicular 

chain of mammals. This limits the sensitivity of birds and reptiles to signals with 

frequencies up to not much more than 10 kHz (Saunders et al. 2000). Aquatic turtles are 

sensitive to low frequencies, with a hearing range from some 50 to 1200 Hz (Lavender et 

al. 2012) and higher sensitivity from 100 to 700 Hz (Ridgway et al. 1969; Bartol et al. 

1999; Martín et al. 2012). 

 

2.4 Marine mammals 

The structure of the inner ear and neural innervations of the auditory system are shared 

between terrestrial and aquatic mammals. Thus, it is possible to extrapolate from the many 

previous studies on terrestrial mammals in order to predict the mechanisms of impact of 

noise exposure on aquatic mammals. In terrestrial mammals, high amplitude and fast rise 

blasts result in increased pressure of the cerebro-spinal fluid that can, in turn, cause 
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ruptures of the tympanic, oval and round window membranes, and lead to the breakage 

or detachment of hearing ossicles (Henderson et al. 2008). Similar injuries have been 

observed in humpback whales exposed to underwater blasts (Ketten et al. 1993).  

Most studies on the effects of noise on marine mammals have aimed to uncover the 

acoustic characteristics (e.g., level, frequency, duty cycle) responsible for the onset and 

recovery of hearing after TTS. Usually, behavioural or ABR assays are used on a limited 

number of captive animals which may have performed psychoacoustic tests for many 

years. Unfortunately, these experiments are not designed to evaluate whether the animals 

experience sensory-neural damage from the current experiment or suffer from cumulative 

impacts of the many experiments performed over each animal’s lifetime (e.g. Kujawa and 

Liberman 2009). Furthermore, it is not always clear whether the responses are influenced 

by behavioural and/or physiological habituation/sensitization to previous acoustic tests; 

however, strong aversive reactions of captive cetaceans subjected to several noise 

exposure experiments (Finneran et al. 2002) suggest that animals are, at least, able to 

remember previous exposures.  

It is not possible to study PTS in marine mammals because of ethical constraints. The 

onset of PTS is assumed to be some 15-20 dB above the onset of TTS, and TTS has been 

studied in a range of cetaceans and pinnipeds exposed to different types of sound 

(reviewed in Southall et al. 2007). However, Kastelein et al. (2013a) found that higher 

levels above onset of TTS were required to cause PTS to harbour seals (Phoca vitulina). 

The largest TTS reported for marine mammals (23 dB) was caused by exposing captive 

bottlenose dolphins to 3 kHz tones. The exposures were 4-128 s long, with 100 to 200 dB 

re 1 µPa SPL and 106-218 dB SEL (Finneran et al. 2014). These authors found that the 

level of TTS was better predicted by SPL and duration than by SEL, because at the same 

total energy received (same SEL value), longer exposures produced higher TTS. The 



Physiological responses to noise. Chapter 9 in: Stressors in the Marine Environment. Oxford UP. In press.. 

18 
 

influence of the duration of noise exposure on the extent of hearing damage had been 

observed before (e.g. 40 versus 20 min in pinnipeds, Schusterman et al. 2000). TTS may 

not manifest until an animal has been exposed to a series of sound pulses (Kastelein et al. 

2013b) increasing both the duration and the total energy received by the animal.  

Other factors add complexity to models predicting the onset and extent of TTS; for 

instance, TTS is also affected by variations in inter-pulse interval (Kastelein et al. 2014). 

This may be due in part to the ability of animals to protect their hearing system from 

expected or repetitive intense sound exposure. Pre-exposure conditioning exerts a 

protective effect over the mammalian inner ear. In terrestrial mammals there is growing 

evidence that cholinergic and dopaminergic control by the efferent feedback from the 

olivocochlear system (OC) modulates the excitability of the auditory nerve. OC fibres 

protect nerve dendrites from excitotoxicity and also reduce TTS and PTS (Darrow et al. 

2007, Rajan 1988, Reiter and Liberman 1995). This type of hearing protection may 

influence the result of studies on masked-hearing TTS (MTTS) in marine mammals. 

MTTS experiments measure TTS in response to a test signal played either while the focal 

animal is exposed to masking noise that removes fluctuations in background noise during 

the experiment (e.g. Schlundt et al. 2000, Finneran et al. 2002), or while the animal is 

experiencing TTS from a previous exposure (Lucke et al. 2009). Masking noise itself 

may induce a rise in the hearing threshold, which is interpreted as a defence mechanism 

in the ear. But this has the potential to effectively “mask” the TTS induced by the test 

signal. For example, Finneran et al. (2000) exposed bottlenose dolphins (Tursiops 

truncatus) and beluga whales (Delphinapterus leucas) to masking noise and found 

hearing thresholds 20 dB above the published values for these species. The continuation 

of the experiment included exposures to pulses simulating explosions with max (p-p) 

levels of SEL 188 dB re 1 µPa2 s. These exposures did not exceed a MTTS of 6 dB in the 



Physiological responses to noise. Chapter 9 in: Stressors in the Marine Environment. Oxford UP. In press.. 

19 
 

dolphins or 7 dB in the belugas, although the authors argue that these values may have 

been influenced by previous TTS from the masking noise.  

Both the occurrence of, and recovery from, TTS vary according to the characteristics of 

the sound exposure, the extent of TTS, and the auditory sensitivity of each species 

(Finneran et al. 2002; Kastelein et al. 2013a). Lucke et al. (2009) found that harbour 

porpoises experienced high TTS levels of 15 dB after exposure to single seismic pulses 

with a SEL of 166 dB re 1 µPa2 s. This was experienced at 4 kHz in spite of the low 

frequency characteristic of seismic pulses. Karstelein et al. (2015) observed TTS at 4-8 

kHz in the same species, but not at frequencies below or above these. The results of these 

two studies are explained by the ototopic configuration of the mammal cochlea, which 

results in TTS at frequencies of higher sensitivity within the spectrum of the noise 

exposure. In addition, higher level exposures elicit TTS at higher frequencies. This has 

been observed in terrestrial mammals and also in bottlenose dolphins experiencing TTS 

at test frequencies above those of the fatiguing signal (Nachtigall et al. 2004, see also 

Finneran et al. 2014). Many studies on noise effects describe the sound exposure using a 

frequency weighting to account for the different sensitivity of the species in the spectral 

range; this is called mammal weighting in the case of marine mammals (Southall et al. 

2007).  

 

2.5 Seabirds  

Diving birds may be exposed to underwater noise when feeding and to airborne noise 

when nesting in their colonies. To our knowledge, there are no studies on the effects of 

underwater noise on the hearing of seabirds. However, there are many records of noise-

induced damage to the hair cells in the basilar papilla of terrestrial birds (e.g. Nakagawa 

et al., 1997; Hu et al., 2000). Birds are able to replace hair cells of their cochlea and 
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vestibular system (Corvin and Cotanche 1988) and thus may be more resilient to auditory 

damage than mammals. 

 

3. Mechanical stress and barotrauma 

Impulsive sounds such as industrial or military underwater explosions, seismic pulses for 

geophysical exploration, or pile driving may induce barotrauma and mechanical stress in 

the tissues due to high pressure differences created by fast rise sound waves (Casper et 

al. 2013). Popper et al. (2014) summarize two main mechanisms inducing barotrauma: i) 

formation of bubbles due to changes in solubility of the gases in the blood, which may 

result in gas emboli with rupture of blood vessels and organic damage; ii) cavitation and 

resonances in naturally occurring air bubbles and cavities, such as the swim bladder, 

producing mechanical stress in the surrounding organs and tissues with eventual rupture 

of the swim bladder. Intense sound waves may dislocate or rupture ossicular bones and 

tear tissues (e.g. Klima et al. 1988; Casper et al. 2013) due to mechanical forces such as 

cavitation and to other effects such as increased pressure of the cerebrospinal liquid (e.g. 

Ketten et al. 1983). Underwater detonation magnifies the blasting effect of explosives. 

For example, while accidental in-air detonation of fireworks produce burnings, 

underwater detonations have caused brain trauma and life-threatening lung haemorrhages 

(Nguyen et al. 2014).  Barotrauma will occur at high received sound levels usually found 

in the vicinity of powerful sound sources, at ranges dependent of the source level and the 

transmission properties of the medium. It is important to further understand the 

mechanical effects of noise and consider these effects in environmental law. Current 

legislation on the environmental impact assessment of activities producing intense 

impulsive noises with the potential of causing barotrauma is variable among nations, and 
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does not provide free access of information in most countries in the case of naval exercises 

and some industrial activities.  

 

3.1 Invertebrates 

Two atypical mass-strandings involving nine giant squids were associated with seismic 

surveys co-occurring in nearby underwater canyons where this species concentrates 

(Guerra et al. 2004, 2011). Two specimens suffered extensive multiorganic damage to 

internal muscle fibres, gills, ovaries, stomach and digestive tract (Figure 4). Other squids 

were probably disoriented due to extensive damage in their statocysts. The authors 

propose that squids without signs of barotrauma may have died by asphyxiation if they 

floated towards the surface while disorientated: Moving from deep, cold waters to 

warmer, shallower waters will cause oxygen desaturation because hemocyanin, the 

oxygen carrier protein in cephalopods, has lower affinity for oxygen at higher 

temperatures (requiring temperatures below 10ºC to reach P50 or 50% oxygen saturation 

of the hemocyanin) (Brix et al. 1994).  

There are two enigmatic aspects of the reported damage to the circular and radial muscle 

fibres of the mantle in this giant squid: The damage was clearly localized in a discrete 

area of the mantle, and the collagen tunics that surround the musculature were intact 

(Figure 4). This can be due to complex patterns of sound radiation and particle velocity 

in the interfaces of tissues with different densities and elastic properties. Damage to the 

mantle was found in the individual suffering the most severe barotrauma, suggesting that 

this animal might have been swimming within a zone of convergence (Urick 1983) of the 

seismic sound waves reflected by the sea-surface/seafloor, and possibly by the walls of 

the steep underwater canyons in the area where the seismic survey took place. The 

variability in the extent of barotrauma experienced by different individuals stranding at 

the same time, in coincidence with the same seismic survey, underlines the difficulties 
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inherent in predicting noise-induced damage to animals in the wild. Here, some giant 

squid suffered direct mortality from barotrauma, while the death of others seemed to be 

caused by indirect effects of physiological and behavioural responses to noise exposure.  

 

Figure 4. Atypical mass stranding of giant squid (Architeutix dux) after a seismic survey. 

The necropsy showed multiorganic damage. Rupture of the internal muscular fibres of 

the mantle can be observed, surprisingly concentrated in a discrete area 43 cm long and 

not affecting the external collagenous tunic of the mantle (Guerra et al. 2004, 2011). 

Images from A. Guerra and A. González (CSIC).  

 

 3.2 Fish 

Explosive removal of oil platforms has been related to mortality of thousands of 

individuals of several fish species (Gitschlag and Herczeg 1994). Subsequent necropsies 

of impacted animals found minor to severe damage in the abdominal organs and gas 

bladders (Klima et al. 1988).   

Physostomous fishes have a pneumatic channel connecting the swim bladder and the 

oesophagus. These fishes can rapidly control the volume of air in the swim bladder by 
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gulping or exhaling air. A rapid reduction of air volume in response to noise-exposure is 

the likely explanation for the lower level of acoustic trauma found in a physostomous 

species (Chinook salmon Onhorhynchus tshawytscha) as compared to a physoclistous 

fish lacking a pneumatic channel (hybrid striped bass: white bass Morone chrysops × 

striped bass Morone saxatilis) (Casper et al. 2013). The majority of modern fishes, 

Teleosts, are physoclistous.  

The severity of acoustic trauma varies with size for a given species and sound exposure. 

Yelverton et al. (1975) found lower mortality in larger fishes exposed to underwater 

blasts. In contrast, Casper et al. (2013) found that in hybrid striped bass exposed to 

simulations of pile driving pulses at close ranges, larger animals suffered more intense 

acoustic barotrauma. The authors hypothesize that a larger swim bladder may produce 

increased vibrations and, therefore, greater mechanical stress in the surrounding tissues. 

The exposed bass suffered damage classified as “mortal injury”, such as a ruptured swim 

bladder and renal haemorrhaging, and also damage classified as “moderate injury”, such 

as extensive tissue haemorrhages and hematomas. These fishes were exposed to very high 

sound levels up to 213 dB re 1µPa2s SELcum. Fishes were held in captivity during 

recovery, and throughout this period, the number of injuries per large fish decreased 

(Figure 5). However, for small fish the number of injuries decreased and then increased 

throughout the recovery period—a pattern attributed to delayed development of liver 

hematomas. The authors argue that recovery in a laboratory setting, free of predators and 

with a secure food supply, may not be indicative of the chances of recovery in the wild, 

as discussed by Popper et al. (2014) and Aguilar de Soto (2015). Behavioural monitoring 

of impacted fish did not reveal a tendency towards abnormal swimming or abnormal 

control of buoyancy in fish that had previously experienced acoustic trauma (Casper et 



Physiological responses to noise. Chapter 9 in: Stressors in the Marine Environment. Oxford UP. In press.. 

24 
 

al. 2013). This indicates that absence of behavioural responses does not necessarily mean 

absence of physical damage.  

 

 

Figure 5. Examples of injuries from noise-induced barotrauma in hybrid striped bass: A) 

control fish showing a healthy swim bladder; B) HSB: herniated swim bladder; C) RSB: 

ruptured swim bladder; D) kidney haemorrhages; E) healed swim bladder. Images 

courtesy of Casper et al. (2013).   

 

Bolle et al. (2012) exposed larvae of common sole (Solea solea) to a similar regime of 

simulated pile-driving pulses. Exposed stage 2 larvae had a 50% reduction in survivorship 

than larvae in the control group. The difference in mortality was not significant, though 

this may have been influenced by the experiment’s relatively small sample size. The 
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larvae were exposed to very high pressure levels of 206 dB re 1µPa2s SELcum (100 

strikes of a 186 dB re 1µPa2s SEL). In contrast, a single discharge of a relatively small 

airgun (with peak RL up to 232 dB re 1Pa) resulted in a significant increase in the 

mortality of early stage trout (Salvelinus namaycush) embryos located at very short 

distances (0.1 m) from the noise source (Cox et al. 2012). Increased mortality was not 

observed in more advanced embryos of other salmonid species subjected to the same 

treatment. These conflicting patterns underline the complexity of noise-effect studies; 

both species and ontogenetic stage appear to impact vulnerability to the same stimulus.  

 

3.3 Marine turtles 

The only information on noise-induced barotrauma in turtles is related to blasting 

activities for oil platform removal. In the Gulf of Mexico, turtle strandings appear to 

increase during periods of higher blasting activity in the Gulf of Mexico (Klima et al. 

1988). These strandings were recorded at radius of up to several km from the removal 

locations. Postmortem examination showed that some turtles had no tissue damage 

characteristic of shock blasts, while other individuals showed signs consistent with 

impacts from underwater explosions. This included bloated carcasses, lung haemorrhage, 

and ruptures of the heart atria. The analysed individuals, Kemp’s ridley (Lepidochelys 

kempii) and loggerhead (Dermochelys coriacea) turtles, were members of a group of 51 

turtles stranded after blasting (n = 22 blasts in 17 days).  

Captive turtles (from a recovery centre) were experimentally exposed to a platform 

removal involving up to four simultaneous blasts of 23-kg buried charges. The turtles were 

located at distances of 230 to 900 m from the platform, resulting in estimated received 

levels from 221 to 209 dB re 1 µPa. Immediate responses varied among animals and 

included the following: temporal unconsciousness of most of the turtles exposed at the 
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largest distances; evertion of the cloacal lining through the anal opening at the closest 

distance; dilation of blood vessels at the base of the throat and flippers, leading to a pink 

coloration that lasted for 3 weeks. The turtles were kept in captivity until apparent full 

recovery, but it is unknown if the animals would have recovered without assistance. 

 

3.4 Marine mammals 

Barotrauma has been found in whales and dolphins exposed to underwater blasts during 

naval exercises or industrial activities. In 2011, three long-beaked common dolphins 

(Delphinus capensis) were killed by underwater explosions used for military training 

(Danil and Leger 2011). Acute fracture of the right tympanic plate and disruption of the 

ossicles was observed in one individual. The dolphins had intravascular gas bubbles in 

several tissues and acute haemorrhages were observed in the lungs, trachea, oesophagus, 

and in the acoustic fat along the mandible. In the Gulf of Mexico, dolphin mortalities 

have been related in some cases with underwater blasts for removal of oil platforms, 

including the stranding of 40 bottlenose dolphins (Tursiops truncatus) who were 

impacted by the same short period of disturbance that also affected the turtles mentioned 

in the preceding section (Klima et al. 1988). Nearly 40% of the stranded dolphins were 

smaller than the usual length at birth for this species and were thus considered foetuses 

or neonates. This suggests that their deaths may have not been caused directly by 

barotrauma, but by a stress response of the mothers resulting in premature birth.  

Surprisingly, at least some marine mammals in some contexts may not leave an area in 

spite of receiving noise exposures causing serious barotrauma. Humpback whales 

(Megaptera novaeangliae) exposed to industrial underwater explosions (typical levels of 

150 dB re 1 µPa measured at 1 mile from the source) were observed to continue their use 

of the affected area without significantly altering their surface behaviours (n = 71 whales 

sighted in 19 days) (Lien et al. 1993). However, local fishermen reported unusually high 
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net collision rates by humpback whales and two animals abnormally re-collided with the 

fishing gear and died. When the ears of these whales were analysed, there was evidence 

of mechanical trauma such as bilateral periotic fractures, rupture of the round window, 

disruption of the ossicular chain in the middle ear and disruption and sero‐sanguinous 

effusion of peribullar spaces (Ketten et al. 1993). These observations are consistent with 

blast injury symptoms in humans, where victims sustain damage from massive, 

precipitous increases in cerebrospinal fluid pressure. 

Many studies assume that lack of behavioural responses can be indicative of a lack of 

internal damage. Disturbed animals are expected to protect themselves from 

physiological or mechanical damage via avoidance responses. The studies above show 

that this is not true in all cases, which might be explained here by site fidelity driven by 

the evolutionary adaptation of some marine mammals to specific breeding and foraging 

areas.   

 

3.5 Seabirds 

Diving seabirds will be at higher risk of noise impact from underwater sources if they are 

attracted to feed on dead or disoriented fish in the vicinity of intense impulsive noise 

sources such as seismic arrays, pile driving, or explosives. For example, Gitschlag and 

Herczeg (1994) estimated 63,500 dead fish due to explosive removal of oil platforms in 

the Gulf of Mexico in 1993. The authors only quantified fish found floating at the surface. 

Seabirds may be attracted to this easy source of food, but underwater blasts damage birds. 

This was shown in a series of experiments performed by Yeverton (1973). He reported 

lethal effects in ducks closer than 12 m to experimental blasts of one pound of TNT. These 

birds had extensive pulmonary haemorrhage, ruptured livers and kidneys, as well as 

coronary air embolism. Half of the ducks had ruptured air sacs and eardrums. Sublethal 

effects included coma, respiratory alterations, and an inability to control their movement. 
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Surviving ducks appeared to recover after 14 days. Birds at longer distances were not 

strongly affected by the blasts. More recently (2006), an underwater detonation from 

military training activities resulted in 70 western grebes (Aechmophorus occidentalis) 

being accidentally killed by subsequent sequential detonations in the same training 

exercise (Danil and Leger 2011). Ten of the 70 western grebes impacted were necropsied, 

verifying primary blast injury as cause of death. 

 

4. Stress responses 
 
There are studies showing primary (e.g. plasma cortisol), secondary (e.g. blood glucose 

and haematological measures), and tertiary (e.g. growth, behaviour and mortality) stress 

responses related to noise exposure in a range of marine fauna. Lethal and sub-lethal 

effects may occur as direct consequences of noise exposure, or indirectly due to 

behavioural responses induced by noise stimuli. These may result in animals stranding, 

demonstrating disorientation behaviour, reducing their foraging efficiency or disrupting 

other biological functions important for homeostasis. Stress may have effects on the 

immune and reproductive systems via hormonal pathways involving the release by the 

adrenal medulla of catecholamines (epinephrine, nor-epinephrine, dopamine), and the 

release of gluco/mineral corticoids from the pituitary-hypothalamic axes (Romano et al. 

2004). Stress responses may be short-term, such that individuals can, in many cases, make 

a complete recovery; however, they may also cause long-term effects and thus have the 

potential to influence population dynamics if exposure is chronic or affects a significant 

portion of the population. 

4.1. Invertebrates 

Noise can alter the reproduction, growth and development of marine invertebrates and 

these effects are probably explained by stress responses. This was observed initially in 
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aquarium-dwelling brown shrimp (Crangon crangon) exposed to ambient noise of some 

30 dB higher than normal at 25-400 Hz (Lagardere 1982; Regnault and Lagardere 1983). 

Noise-exposed shrimps consumed less food but increased their metabolic rate (higher 

rates of oxygen consumption and ammonia excretion) within a few hours of the start of 

the exposure. Ammonia is generated via oxidation of the amino group which is removed 

when proteins are converted to carbohydrates to provide energy; thus, these two results 

indicate that noise-stressed shrimp were utilising higher levels of energy. The imbalance 

between energy gain and energy expenditure was associated with reduced body growth 

in the noise-exposed animals as compared to control individuals. The results were 

significant for both sexes, but particularly obvious among females. Noise-exposed groups 

had also lower reproductive rates (50% vs. 80%) and fewer egg-bearing females (70% vs. 

92%). This indicates that the noise-stressed individuals may not have had the resources 

necessary for reproduction (Lagardere 1982; Regnault and Lagardere 1983). Shrimps did 

not seem to habituate throughout the experiment. 

In larval Dungeness crabs (Metacarcinus magister, previously Cancer magister), 

however, there were no significant differences in survival nor in time-to-moult between 

a control group and a group exposed to a single pulse from a seven-airgun array, even at 

the higher received level of 231 dB re 1µPa (Pearson et al. 1994). Other crustacean larvae 

seem more sensitive to noise, as significant differences in time-to-moult were recorded in 

crab larvae exposed to playbacks of noise from tidal turbines (Pine et al. 2012). 

Austrohelice crassa and Hemigrapsus crenulatus megalopae experienced significant (≥18 

hours) increases in the median time to metamorphosis (TTM) when exposed to either 

simulated tidal turbine or sea-based wind turbine sound. In contrast, median TTM 

decreased by approximately 21–31% when individuals were subjected to natural habitat 

sound.  



Physiological responses to noise. Chapter 9 in: Stressors in the Marine Environment. Oxford UP. In press.. 

30 
 

The apparent contradiction in the larval responses from different species of crabs may be 

due, among other things, to the experimental set-up (wild versus laboratory, one pulse 

versus a continuous exposure), the biology of the species, or the characteristics of the 

sound treatment. Pine et al. (2012) argue that the spectral content of the exposures were 

more influential than the sound pressure levels.   

Cellular and humoral immune responses of marine invertebrates to noise have also been 

examined. In the European spiny lobster (Palinurus elephas), exposure to sounds 

resembling shipping noise in the laboratory affected various haematological and 

immunological parameters considered to be potential health or disease markers in 

crustaceans (Celi et al. 2014). Noise exposed lobsters showed a decreased total 

haemocyte count (THC) and phenoloxidase (PO) activity in the haemolymph, while 

haemolymphatic protein concentration and heat shock protein 27 (Hsp27) expression in 

haemocyte lysate increased significantly  These responses had been related with stress in 

previous studies and indicate that noise acts as a stressor for lobsters. 

In molluscs, recent studies have shown delayed and abnormal development as well as an 

increase in mortality rates in eggs and larvae of two species. New Zealand scallop larvae 

(Pecten novazeangliae) exposed to playbacks of seismic pulses in the laboratory showed 

significant developmental delays and 46% developed body abnormalities (Aguilar de 

Soto et al. 2013).  The number of eggs of sea hares (Stylocheilus striatus) that failed to 

develop at the cleavage stage, as well as the number that died shortly after hatching, were 

significantly higher in a group exposed to boat noise playback compared to playback of 

ambient noise (Nedelec et al. 2014). The sound pressure levels received by the animals 

in these experiments may be encountered in the wild, although the particle velocity was 

higher than expected for the same SPL levels in the far field. Malformations appeared in 

the most advanced developmental stage (D-veliger) examined in the scallops, perhaps 
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due to the cumulative exposure attained by this stage or to a greater vulnerability of D-

veliger to sound-mediated physiological or mechanical stress. The authors proposed two 

mechanisms leading to the development of bulges and other abnormalities in the scallop 

D-larvae: morphogenetic changes mediated by homeobox genes, which are implicated in 

cell stress responses (e.g. oxidative, thermal, hydric stress) including mediating tumour 

control or progression; or a process of system-wide calcium deregulation, which has been 

linked to noise-induced physiological stress in pregnant rats exposed to noise, giving birth 

to offspring with greater fluctuating asymmetry or lower dental calcification (reviewed in 

Kight and Swadle 2011). But many other explanations are possible. Nedelec et al. (2014) 

discuss other potential mechanisms explaining the increased mortality of sea-hare larvae, 

such as disrupted tissue formation, tissue damage, or altered gene expression due to 

barotrauma or stress. 

Squid (Sepioteuthis australis) exposed to seismic pulses from a single air-gun showed 

signs of stress such as significant increases in the number of startle and alarm responses, 

with ink ejection in many cases, increased activity, and changing position in the water 

column (Fewtrell and McCauley 2012); successive shots elicited fewer alarm responses. 

These patterns may have been caused by hearing loss from the first exposure, habituation, 

or exhaustion. These explanations may also explain why captive squid became immobile 

after being exposed to low-frequency noise in tanks (Solé 2012).  

4.2 Fish 

An early study by Banner and Hyatt (1973) observed increased mortality in fish eggs and 

embryos of Cyprinodon variegatus and Fundulus similis (sheepshead minnow / longnose 

killifish) exposed to ambient noise levels raised by 15 dB re 1 µPa. The surviving fry had 

slower growth rates. A significant decrease in the survival of anchovy (Engraulis mordax) 

eggs was observed after air-gun exposure (Holliday et al. 1987). It is difficult to resolve 
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if these effects are due to barotrauma, physiological stress or a combination of both. The 

same applies to early experiments of Rucker (1973) showing an increased mortality of 

trout (Salmo clarkii) and salmon (Oncorhynchus tshawytscha) eggs exposed to shock 

waves. The lethal effects of sound were apparently restricted to the embryonic stages of 

the species. Other experiments have not shown effects in the hatching success of eggs, 

fry survival, or fry length/weight  after exposure in the laboratory to intermittent 

playbacks of boat recordings in a lake fish (Neolamprologus pulcher) (Bruintjes and 

Radford 2014).  

Sub-lethal effects of noise-induced stress are varied and can influence growth and 

condition. Seahorses (Hyppocampus erectus) exposed for one month to louder aquarium 

noise (123-137 dB re 1µPa RMS versus 111-120 dB in the control group) had a lower 

weight and condition than the control group (Anderson et al. 2011). This was associated 

with a higher heterophil-to-lymphocyte ratio (H: L) and greater cortisol levels, consistent 

with a stress response. Noise-exposed seahorses were also significantly more affected by 

kidney parasites. Higher plasma cortisol and glucose levels were also found in the 

goldfish (Carrasius auratus), a hearing specialist, when kept in conditions of high noise 

exposure (white noise, 160-170 dB re 1 μPa) in comparison with a control group kept at 

110-125 dB re1μPa (Smith 2004). Air-gun noise was also reported to induce stress 

response in captive fish (Santulli et al. 1999). 

Fewtrell and McCauley (2012) observed signs of anxiety in pink snapper and striped 

jack/trevally (Pseudocaranx dentex) exposed to single shots of a seismic air-gun. These 

responses increased linearly with level of exposure from received levels of 147 dB re 

1µPa2s. Fish seemed to respond to noise with a standard anti-predator behaviour in these 

species, swimming towards the bottom, even though noise levels were approximately 12 

dB higher at the lower end of their large holding tank. Air-gun signals may also cause 
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vestibular damage to the ears, resulting in displayed aberrant and disoriented swimming 

behaviour (McCauley et al. 2003).  

A more subtle effect of noise is loss of attention and ability to concentrate. This has been 

shown primarily in terrestrial mammals (Theakston 2011), but also in marine fauna where 

noise reduced performance solving foraging tasks among three-spined sticklebacks 

(Gasterosteus aculeatus) (Purser and Radford 2011). More information is necessary to 

learn about the development of this response in case of chronic exposure and how this 

might affect foraging efficiency and thus fitness.  

4.3. Turtles 

Stress responses to noise are not well studied in reptiles and amphibians. Experimental 

exposure to traffic noise in White’s treefrogs (Litoria caerulea) resulted in significantly 

higher levels of corticosterone and lower sperm counts and viability than in frogs exposed 

to control playbacks of conspecific chorus sound at the same level (Kaiser et al. 2015). 

Although we are not aware of studies measuring physiological indicators of noise-

induced stress in marine reptiles, there are records of behavioural indications. Captive 

turtles exposed to seismic pulses of 174-189 dB re 1 µPa2s showed behavioural signs of 

stress such as a tendency towards faster and more erratic swimming during air-gun noise 

than during control periods, as well as startle responses (O’Hara and Wilcox 1990, 

McCauley et al. 2000). In the wild, startle responses and diving (suggestive of avoidance) 

in response to airguns shots from a seismic survey were observed in loggerhead turtles 

(Caretta caretta) (DeRouter and Larbi Doukara 2012) but not in olive ridley sea turtles 

(Lepidochelys olivacea) (Weir 2007). 
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4.4. Marine mammals 

Stress responses may have lethal effects in some extreme cases, for example when they 

elicit behaviours that alter the normal functioning of physiological mechanisms required 

to survive. This seems to explain the mass mortalities of beaked whales stranded with 

gas/fat emboli when exposed to submarine-detection naval sonar (Jepson et al. 2003, 

Fernández et al. 2005). Whales had severe and diffuse congestion and haemorrhages, 

especially around the acoustic jaw fat, ears, brain, and kidneys (Figure 6). Most 

researchers agree that a “fight or flight”-type stress response is responsible for the deaths 

of whales following noise disturbances (Cox et al. 2006). Interruption of foraging and 

avoidance at high speed has been found in different species of beaked whales subject to 

playbacks of naval sonar at 1/3rd octave RMS received levels as low as 89-127 dB re 1 

µPa (Tyack et al. 2011; DeRuiter et al. 2013; Miller et al. 2015). A Cuvier’s beaked whale 

was observed interrupting a deep foraging dive during the passage of a large ship that 

caused a 15-dB increase in noise at the same ultrasonic click frequencies as those utilized 

by hunting whales (Aguilar de Soto et al. 2006). This resulted in the noisy dive containing 

half of the number of prey capture attempts recorded in other dives.  

The discovery of gas/fat emboli in beaked whales stranded in relation to naval sonar led 

to the hypothesis that these species may suffer decompression sickness in certain 

circumstances (Fernández et al. 2005). There is still a good deal of uncertainty over how 

air-breathing deep-diving mammals cope with the challenging problem of gas 

management (Hooker et al. 2011).  The long periods that beaked whales spend at depth 

(Tyack et al. 2006) increase the potential risk of accumulating nitrogen in slow absorbing 

tissues such as fat. However, lung compression during dives limits gas interchange with 

the blood while cetaceans are at depth (Ridgway 1979). Aguilar de Soto (2006) argues 

that beaked whales usual ascent rate from deep dives is slow at depth, but not near the 
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surface, when cetaceans re-expand their lungs. It is unknown how nitrogen may return 

from the tissues to the blood flow before the expansion of the lungs enables passive 

diffusion of gases from the blood to the lungs and thus reduces nitrogen partial pressure 

in the blood. This creates an enigma: how the deep slow ascent behaviour of beaked 

whales might function for progressive gas interchange as the slow ascent of human divers 

to prevent decompression sickness. Solving this enigma requires a consideration of the 

changes in tissue-gas affinity with temperature and research into the potential role of 

intra-muscular and intra-bone lipids in nitrogen regulation. However, other functions of 

the slow deep ascent are possible, such as predator avoidance (Aguilar de Soto et al. 

2012). 

 

Figure 6. Lesions found in beaked whales stranded in relation to naval exercises using 

submarine-detection sonar: haemorrhages due to intravascular bubbles (emboli) in the 

lower jaw and cerebral cortex, and gas-bubble like dilatations in the liver. Images courtesy 

of Fernández et al. (2005). 
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There are inherent challenges in the monitoring of short and long-term responses of free-

swimming cetaceans to sound sources. Essential anatomo-pathological information is 

gathered when animals strand and die, but even in these cases it is often difficult to 

identify without ambiguity the original cause of the stranding and the mechanisms of 

death. Gas/fat emboli found in beaked whales provided exceptional diagnostic evidence 

linking mortalities of these species to noise exposure (Jepson et al. 2003, Fernández et al. 

2005). Beaked whales (Ziphiidae) perform surprisingly deep and long dives for their size, 

and they show a stereotyped diving pattern which is very different from those recorded 

for other cetaceans (Tyack et al. 2006). This may explain why other cetacean species do 

not seem to develop gas/fat emboli syndrome in response to sonar exposure. However, 

many other species, such as harbour porpoises, long- and short- finned pilot whales 

(Globicephala melas, G. macrorhynchus), melon-headed whales (Peponocephala 

electra), dwarf sperm whales (Kogia sima) and long- and short- beaked common dolphins 

(Delphinus capensis, D. delphis) have stranded in large numbers or risk stranding by 

entering shallow areas in temporal and spatial association with naval activities in past 

years (reviewed in Jepson et al. 2013). A systematic review of potential causes eliciting 

these strandings points to naval exercises as the most likely cause of the behavioural 

responses leading to stranding, but there is not enough baseline information to be certain. 

In these cases cetaceans may be rescued and returned to sea or die on the beach due to 

drowning or pathological consequences of the stranding-stress process. If the initial cause 

of the stranding is a panic response from acoustic sources used in the naval exercises, this 

suggests that non-stranding animals exposed offshore may suffer stress responses with 

unknown consequences. Some whales seem to survive (Claridge 2013) while others 

apparently die at sea. This was evidenced in a beaked whale mass stranding coinciding 

with naval exercises using sonar more than 100 km offshore, where animals arrived to 



Physiological responses to noise. Chapter 9 in: Stressors in the Marine Environment. Oxford UP. In press.. 

37 
 

the beach well after death but showed the same pathologies found in sonar-related atypical 

strandings (Fernández et al. 2004, 2005).   

Mortalities or aberrant behaviours of marine mammals have been recorded in temporal 

coincidence with other intense sound sources, such as seismic pulses, but the lack of a 

comprehensive analysis of the circumstances of these events, and the pathologies of the 

animals, prevents firm conclusions about a cause-effect relationship. As in the case of 

sonar, beaked whales are the main taxa involved in the mortalities, with several mass 

strandings of ziphiids recorded in coincidence with seismic surveys (Castellote and 

LLorens 2013). Also, a pantropical striped dolphin with aberrant behaviour was observed 

to sink motionless near a ship performing a seismic survey (Gray and Van Waerebeek 

2011). The dolphin entered in this apparently akinetic state after a period of intense 

swimming maintaining the hea out of the water, interpreted as an intent to avoid acoustic 

exposure.  

Other stress responses of marine mammals to noise are more benign. Tagged North 

Atlantic right whales (Eubalaena glacialis) interrupted foraging when exposed to novel 

alarm sounds but did not react to playbacks of ship noise (Nowacek et al. 2004). This 

lack of an observable short-term behavioural response is surprising given that ship noise 

is known to increase chronic stress in this species. This was evidenced in a long-term 

study of right whales in the Bay of Fundy (Canada) showing significantly lower baseline 

levels of stress-related faecal hormone metabolites (glucocorticoids) after a reduction in 

shipping resulted in a 6 dB decrease of background noise in the study area at frequencies 

below 150 Hz (Rolland et al. 2012)  

Other indications of noise-induced stress in marine mammals are changes in heart rate 

(HR). This was first observed in a beluga exposed to playbacks of noise from 140 to 160 
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dB for 1, 3, or 10 min, at frequencies from 19 to 108 kHz. The onset of noise coincided 

with a dramatic HR increase to 100 beats/min. Tachycardia was sometimes replaced by 

bradycardia during 10-min-long exposures (Lyamin et al. 2011). Further work by the 

same authors (Lyamin et al. 2015) observed inter-individual variability in responses and 

suggested that young or naïve animals may be more susceptible than older individuals. 

While a young naïve animal showed a startle response to noise exposure, with a heart rate 

increasing up to 210% above baseline level, in older individuals the onset of noise caused 

both a decrease in heart rate (to as low as 5 beats min-1) and apneas, resembling the diving 

response.  

Exposure of a captive harbour porpoise to playbacks of pile-driving pulses (SEL 146 dB 

re 1 µPa2 s) during several one-hour sessions was related to an increase in level of exertion 

and anxiousness of the animal, evidenced by higher swimming speed, respiration rate 

(increased by some 7%), and number of jumps (Kastelein et al. 2015). These effects might 

be lessened in the wild if the animals leave the area, for example as observed by Tougaard 

et al. (2009). However, avoidance is also considered a stress response--one with potential 

ecological consequences--and the physiological responses of the escaping animals were 

not measured in these studies.   

Stress may have consequences in the functioning of the immune system. A beluga and a 

bottlenose dolphin kept in captivity had an increase in stress indicators such as the release 

of catecholamines (beluga) and a reduction in monocytes and increase in aldosterone 

(bottlenose dolphin) after exposure to a single pulse of a seismic airgun (198 to 226 dB 

re 1µPa) or a single 3 kHz pure tone of 1 s with levels ranging from 130 to 201 dB re 

1µPa (Romano et al. 2004). Monocyte decrease has been identified as a consequence of 

stress in humans (Weisse et al. 1990) and aldosterone is a better indicator of stress in 

cetaceans than cortisol (Thomson and Geraci 1986). 
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4.5. Seabirds 

There are no studies about reactions of diving birds to underwater noise, but there are 

records of strong behavioural reactions of seabirds to airborne noise. The most dramatic 

example is when approximately 7,000 king penguins (Aptenodytes patagonicus) died 

from asphyxiation because of a stampede. Brown et al. (1990) concluded that the most 

likely explanation for this event was a strong alarm response to the approach of a large 

aircraft flying at low altitude (250 m) near the colony. Most of the dead penguins were 

chicks and in this case immediate effects and population-level effects are clearly 

correlated even when the noise elicited a stress (escape) response that was not directly 

lethal.  

Other responses in penguin colonies were reported by Wilson et al. (1991). Aircraft 

caused Adélie penguins (Pygoscelis adeliae) to panic at distances greater than 1000 m, 

and 3 days’ exposure to a helicopter inhibited birds that had been foraging from returning 

to their nests, caused bird numbers in the colonies to decrease by 15%, and resulted in an 

active nest mortality of 8%. A reduction in the response of king penguins to flights above 

their colony as a controlled exposure experiment progressed suggests that some animals 

may habituate with time (Hughes et al. 2008). 

Escape or startle responses were observed also in crested terns (Sterna bergii) exposed to 

helicopter and fixed-wing aircraft noise, although only in part of the colony. For the same 

received level, birds were more sensitive to the noise produced by the helicopter (Brown 

1990). Noise may also provoke a response in birds in flight. Gollop et al. (1974) showed 

that, when presented with gas compressor station noise, individual snow geese altered 

their flight direction (61% of which made adjustments of more than 90 degrees). In 

addition, snow goose flocks avoided landing in response to decoys while in the presence 

of such noise. Brant and Canada geese were also observed taking flight after aircraft flew 

over their colonies (Ward et al. 1999). 
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It is unknown if diving birds are as sensitive to underwater noise as to airborne sound. 

Penguins seem to be especially vulnerable to noise and they spend long periods foraging 

at sea and diving to forage.  If underwater noise elicits avoidance responses from preferred 

feeding areas, this would have the potential of reducing foraging efficiency, thereby 

potentially reducing survival and fitness.  

4.6. BOX 2: Can animals survive physiological effects of noise? Differences in 

laboratory and field conditions. 

 Animals exposed to noise and allowed to recover in the laboratory are fed and free of 

predators in an environment with clean filtered water reducing the probability of 

infections. In the wild the picture is very different: i) disoriented or weak animals are easy 

prey; ii) reduced foraging abilities limit the energy stores available for recovery, and iii) 

animals may be more prone to sickness if the acoustic exposure elicited a stress response 

depressing the immune system. 

5. Conclusions 

Although we do not have a full tally of the marine animals impacted by anthropogenic 

noise pollution annually, the number is likely to be significant; the World Health 

Organization recently estimated that amongst humans alone, more than a million years of 

our collective health are lost every year as a result of the negative impacts of noise (Smith 

1991; Theakston 2011). Documenting and measuring the effects of our activities are 

important first steps toward applying mitigation measures that reduce the impacts of 

anthropogenic noise not only on humans, but also the fauna with which we share both 

terrestrial and marine habitats.  

The studies described in this review are just the tip of the iceberg in terms of what we 

need to know; further, while they show some important trends that are useful for making 
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management decisions, there are also some conflicting patterns (e.g. strong behavioural 

responses indicating stress at very low received sound levels versus no behavioural signs 

of large physiological damage; high inter and intra-species variability in the vulnerability 

to physiological effects versus inter-taxa commonality in mechanisms of noise induced 

damage). This complexity in quantifying dose-effect mechanisms of noise damage 

challenges our understanding and thus the management of the impact of acoustic 

pollution.  

Some inter-taxa similarities in the basic mechanisms by which noise impacts a variety of 

faunal features and processes include neuroendocrine, immune, and reproductive 

systems; development; metabolism; cardiovascular health; stress pathways; and gene 

integrity (as reviewed in Wright et al. 2007; Kight and Swaddle 2011). Although these 

effects have been studied mainly in terrestrial fauna, a growing body of research suggests 

that at least some of these findings may also be applicable to marine fauna. For example, 

both terrestrial mammals and cephalopods experience noise-induced damage to neural 

terminals innervating sensory hair cells (Kujawa and Liberman 2009; Solé 2012). In 

terrestrial mammals, this results from glutamate excitotoxicity; the evolutionarily basal 

origins of glutamate suggest that it may drive noise-induced excitotoxicity in other 

animals, also. This emphasizes how comparative analyses on mechanisms of noise effects 

can yield results that are broadly applicable across the animal kingdom (e.g., Wright et 

al. 2007). That said, it is also true that the same acoustic stimuli are either known, or 

suspected, to have vastly different impacts on focal animals depending on species, gender, 

age, life stage, and individual identity (Regnault and Lagardere 1983; Cox et al. 2006; 

Anderson et al. 2011, Aguilar de Soto et al. 2013). Thus, while it may be possible to 

generalize some results, we must be cautious about doing so too extensively.  
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Similar physiological responses to noise are most likely when it produces barotrauma (a 

simple mechanical effect of high amplitude/fast rise pressure waves) or acts as a stressor 

(activating hormonal pathways that are often shared amongst many species) (Wright et 

al. 2007). On the other hand, heterogeneity in responses to noise is expected for many 

reasons. Species-specific adaptations to ambient noise levels in the habitat may result in 

different tolerances of, or sensitivities to, introduced noise, while ontogenetic processes 

may make particular species, age classes, or sexes more susceptible to noise pollution, 

either for behavioural reasons (e.g. noise interferes with a young animal’s ability to use, 

detect, or learn acoustic cues important for its development; Schroeder et al. 2012) or for 

molecular/genetic reasons (e.g. noise induces variations in gene expression, as recently 

observed in mice cochlea; Gratton et al. 2011). 

In summary, we are confronted with two main avenues by which noise can impact 

animals, both with potential population-level effects: bottom-up responses, where 

genetic, cellular, and physiological level responses affect the individual; and top-down 

effects, where these base mechanisms of response are modulated by the behavioural 

ecology and Grinnellian niche (Grinnell 1917) of an animal--i.e. the sum of the 

adaptations of an individual and species for a given “lifestyle”, with specific habitat 

requirements. It is important to note that these two modes of influence are not mutually 

exclusive; rather, they interact and may modulate each other (Figure 7). However, while 

we should expect bottom-up responses/mechanisms to mainly be a function of the 

received sound and, therefore, to be shared across many taxa, top-down responses will 

vary according to the behavioural traits of the animal, and thus should be expected to 

show more variation both within and among species. It is important to recognize these 

two avenues modulating noise impact because bottom-up mechanisms enable us to make 

broad predictions of mechanisms of noise effects applicable to many taxa; for instance, a 
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stressing noise is very likely to depress the immune system. In contrast, learning about 

top-down mechanisms contributes to our understanding of the complexity of responses 

to noise and prevents biases in our interpretation of diverse observations. For example, it 

is intriguing that noise-sensitive beaked whales are resident in areas holding naval 

exercise ranges (Claridge 2012) when they have strong aversive reactions to naval sonar 

(Tyack et al. 2011; Miller et al. 2015), resulting in mass strandings in some cases (Jepson 

et al. 2003). The answer may lay in the high site-fidelity of the affected species. However, 

differences in the population structure of beaked whales resident in a naval exercise range 

and in a nearby area indicate that individuals staying in a noisy area may suffer long-term 

population-level consequences (Claridge 2012). 

 

Figure 7. Interactions among ‘top-down’ (driven by environment, behaviour and ecology) 

and ‘bottom-up’ (genetic, cellular, and physiological) mechanisms can explain why 

certain species or individuals are especially vulnerable to noise despite the fact that there 

are large inter-taxa similarities in the basic biochemical and physiological pathways of 

noise damage.   
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Behavioural flexibility may enable some species or individuals to mitigate the negative 

impacts of noise—though avoidance of noisy areas may be associated with potential 

fitness costs, depending on the scale of the displacement and the availability of alternative 

habitats with similar resources. Avoidance may, however, be impeded by factors such as 

site fidelity, territoriality, or physical ability (or lack thereof) to move. When animals stay 

in areas of chronic noise pollution they may change their behaviours (e.g. alter their 

vocalizations; Kight and Swaddle 2015) and physiological parameters (e.g. experience 

shifts in peak cortisol levels) to cope with stress and masking, and so thrive in noisy areas 

that offer abundant resources, as observed in urban house sparrows (Crino et al. 2013) 

but not in tits (Schroeder et al. 2012). This species-specific selective adaptation to noise 

and other types of pollution favours opportunistic species and may reduce richness and 

biodiversity in an area. Species may not leave a noisy area but carry chronic stress and 

decreases to fitness (Barber et al. 2010; Kight et al. Swaddle 2012; Schroeder et al. 2012; 

Claridge 2013). Even temporary exposures to stressors in early life stages may have later 

fitness consequences (Blas et al. 2007). 

It is important to note that the characteristics of each animal’s response to anthropogenic 

noise regimes will also be influenced by spatial and temporal variations in exposure to 

acoustic pollution. Some sources of noise—such as ship engines—are mobile, whereas 

others—such as pile-driving equipment—are static; some may be problematic year-round 

(e.g. well-used cargo and recreational boat routes), while others are associated with only 

periodic activity (e.g. seasonal fisheries). These environmental factors, as well as details 

of the physical nature of the active acoustic space in which each focal animal lives, should 

be taken into consideration when evaluating physiological responses to noise pollution 

regimes. 
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Though further research is required to more fully understand the physiological impacts 

of noise on marine fauna, the studies performed to date clearly justify the application of 

mitigation measures such as ship quieting techniques, bubble curtains for pile driving, 

seismic vibrators, and thermal and acoustic detection techniques for marine mammals. 

Future researchers should aim to design projects that will yield information that can be 

used by engineers to streamline current technology or develop new methods that are more 

economical, protect a wider array of species,  have benefits over a larger portion of the 

habitat, and/or work more efficiently. It would also be valuable to understand ways by 

which we might alter our temporal or spatial use of marine habitats so as to protect 

particularly vulnerable individuals or species—for example, those that are in the midst of 

a breeding season, or are at an especially sensitive life stage. The oceans offer humans an 

invaluable reservoir of biodiversity and food resources; thus, measures to reduce the 

impact of underwater acoustic pollution will benefit wildlife and humans alike. 
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