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ABSTRACT 
Interactions between underwater sound and marine animals occur 
at various biological scales that strongly depend on the size of the 
animal with respect to acoustic wavelengths.  These effects range 
from subtle changes in behavior to various types of trauma that 
can result in temporary or permanent hearing loss, or tissue 
damage or even mortality.  For marine mammals, research to date 
has focused primarily on the effects of underwater construction 
noise, low and mid frequency sonar signals, and seismic airgun 
emissions. These sources cover a frequency range from 
approximately 100 to 10,000 Hz; however, data are limited in 
scope.  Moreover, since received sound depends both on the 
source characteristics and the transmission path, each situation 
must be independently evaluated.  
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1. INTRODUCTION 
Collectively marine mammals detect and produce sound over a 
frequency band spanning from less than 20 Hz to greater than 200 
kHz. They use sound for communication, detection of predators 
and prey, navigation, and identification of their habitats. Sound 
resulting from human activity is referred to as anthropogenic 
sound or noise. The largest contributor to anthropogenic ocean 
noise is believed to be commercial shipping, which accounts for 
over 90% of international commerce. Other sources, such as 
active military sonar and seismic air guns, affect smaller regions, 
but typically have relatively higher source levels.  

Mid-frequency sonar has been associated with several mass 
strandings of whales over the last 15 years. Mass stranding events 
during military exercises in the Bahamas in 2000 [1], and the 
Canary Islands in 2002 [2], each involving between 4 and 18 
whales, indicated that beaked whales are sensitive to mid-
frequency sonar operating in the 1 – 10 kHz bandwidth [1].  In 
these events about half of the stranded animals died, but the 
mechanisms that caused the animals to strand and created 
pathological traumas are unknown. Additional mass stranding 
events coincident with the use of mid-frequency sonar in the Haro 
Strait in 2003, and off the coasts of Hawaii in 2004 and North 

Carolina in 2005 involved other species, including harbor 
porpoises, melon-headed whales, and short-finned pilot whales, 
respectively. Subsequent examinations and necropsies of these 
animals indicated that beaked whales are most susceptible to 
acoustic trauma when exposed to mid-frequency sonar signals [6]. 

Beaked whales may also be sensitive to emissions from a seismic 
air gun array. A towed seismic air gun array emits acoustic pulses 
directed vertically downward that penetrate the seabed.  Refracted 
and/or reflected waves from different sediment layers are 
recorded by hydrophones on streamers towed behind the array 
and used to reconstruct a picture of the substrate below the 
seafloor.  Most all the acoustic energy in an air gun pulse is below 
1000 Hz; however, sound pressure level (SPL) and spectral 
content vary spatially depending on the local undersea 
environment. Two beaked whales stranded September 2002 in the 
Gulf of California in association with seismic air gun use on a 
research vessel.  

Almost all the species of whales associated with stranding events 
are toothed whales (odontocetes) rather than baleen whales 
(mysticetes).  Odontocetes have echolocation capabilities; this 
group also includes dolphins, porpoises and white whales. In 
general odontocetes have smaller bodies than mysticetes (which 
include blue, gray, humpback, minke, and right whales). 

2. EFFECTS OF SOUND ON HEARING 
Exposure to excessive sound energy may reduce hearing 
sensitivity by producing an elevated hearing threshold, also 
known as a threshold shift. If the hearing threshold returns to the 
pre-exposure level after a period of time, the shift is a temporary 
threshold shift (TTS).  If the threshold does not return to the pre-
exposure level, then it becomes a permanent threshold shift 
(PTS).   Through TTS experiments on captive animals, scientists 
have advanced understanding of the effects of sound on hearing in 
odontocetes and pinnipeds [3, 5, 11].  TTS in dolphins and white 
whales depends on the duration as well as SPL, and the onset of 
TTS correlates with sound exposure level (SEL) for several 
different types of sound sources. 

Finneran et al. [3] concluded that combining all available data 
indicates a SEL of 195 dB re 1 µPa2-s as a reasonable threshold 
for the onset of TTS in dolphins and white whales for signals of 
different durations and frequencies up to the low kilohertz range.  
In the absence of data for other species, these findings are often 
used as a baseline to estimate effects of sound on hearing in other 
whales. Currently, research efforts in hearing are focused on 
understanding the effects of masking signals, lengthy continuous 
exposures, and intermittent exposure and recovery to multiple 
pulses such as those emitted by active sonar or a seismic air gun. 
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3. EFFECTS OF SOUND ON BEHAVIOR 
Richardson et al. [13] provide the most comprehensive summary 
of short-term behavioral responses to sound by marine mammals 
for a number of different offshore industrial activities.  Changes 
in behavior attributed to underwater sound vary with age, sex, 
activity engaged in at the time of exposure (e.g., resting, foraging, 
socializing), perceived motion of the sound, and the nature of the 
sound source.  Two field studies with low frequency active (LFA) 
sonar signals (<500 Hz) indicated temporary changes in behavior 
of marine mammals.  Migrating gray whales avoided a stationary 
underwater sound projector playing back LFA sonar signals when 
the source was located in their migratory path off the California 
coast [12]. In the second study, Miller et al. [10] found that some 
humpback whales exposed to LFA signals made louder and 
longer songs during exposure.  But the song duration and 
loudness returned to normal levels immediately afterwards.  The 
long term significance of these changes in behavior is unknown. 

In the mid 1990’s advances in satellite tag technology enabled 
several large scale natural behavioral studies of marine mammals 
[9]. Satellite-monitored tags transmit a radio signal that allows 
tracking day-to-day movements of animals that migrate over tens 
of thousands of miles in the ocean each year.  This information 
has established previously unknown migratory corridors, feeding 
grounds, and movement patterns of several populations of whales. 
These data are critical for planning and mitigating any adverse 
impacts of sound-producing activities. 

4. BEHAVIORAL STUDIES IN THE WILD 
During the last decade many passive acoustic monitoring (PAM) 
tools have been developed that are useful for large scale natural 
behavioral studies. These include relatively low cost, hand-
deployable listening arrays and retrievable devices that are now 
widely used to assess the underwater acoustic environment and 
study animal movement and behavior. For example, the 
Autonomous Acoustic Recording Package (ARP) was developed 
at Scripps Institution of Oceanography [14].  These packages are 
mounted on the sea floor and provide continuous monitoring of 
whale migrations and regional populations for a year or more. 
ARPs have been deployed to record baleen whale sounds in the 
Bering Sea, Beaufort Sea, Gulf of Alaska, southern California, 
near the West Antarctic Peninsula, and near Hawaii.   
Controlled exposure experiments (CEE’s) are done in the wild by 
placing an acoustic data logger tag on one or more marine 
mammals and then exposing the animal to a known signal level.  
These tags are inexpensive, easily programmed, miniature sensor 
packages attached by suction cups to the body. The tags record 
sounds as received by the animal simultaneously with records of 
swimming and diving movements as well as social sounds or 
echolocation use by the animals themselves.  Acoustic data logger 
tags have been used to study the underwater behavior and calls of 
blue whales off the California coast and beaked whales in the 
Bahamas, Canary Islands, and Mediterranean Sea [4, 7].  Madsen 
et al. [8] used them to quantify sound received by foraging sperm 
whales from seismic air gun emissions in a CEE in the Gulf of 
Mexico.  

5. SUMMARY 
Effects of sound on marine mammals have been examined in the 
frequency range of about 100 to 10,000 Hz; however, there are 
many data gaps yet to be filled.  Current emphasis is on CEE’s to 
determine behavior in response to specific signals, the effect of 

background noise on communication and signal detection, and 
long term PAM to understand marine ecosystems. 

6. REFERENCES 
[1] D. I. Evans and G. R. England.  Joint interim report/Bahamas 

marine mammal stranding event of 15-16 March 2000, 
NOAA, U. S. Dept. of Commerce and U.S. Navy, 
Washington, DC, 2001 

[2] P. G. H. Evans, and L. A. Miller (Eds.).  Proceedings of the 
Workshop on Active Sonar and Cetaceans, European 
Cetacean Society 17th Annual Conference, Canary Islands, 
March 2003. 

[3] J. J. Finneran, D. A. Carder, C. E. Schlundt, and S. H. 
Ridgway.  Temporary threshold shift (TTS) in bottlenose 
dolphins (Tursiops truncatus) exposed to mid-frequency 
tones, J. Acoust. Soc. Am. 118: 2696-2705, 2005. 

[4] M. Johnson, P. T. Madsen, W. M. X. Zimmer, N. Aguilar de 
Soto, and P. L. Tyack.  Beaked whales echolocate on prey, 
Proc. Roy. Soc. London, B (Supplement) 271: S383-S386, 
2004. 

[5] D. Kastak, B. L. Southall, R. J. Schusterman, and C. 
Reichmuth Kastak.  Underwater temporary threshold shift in 
pinnipeds: Effects of noise level and duration, J. Acoust. Soc. 
Am. 118: 3154-3163, 2005. 

[6] D. R. Ketten.  Beaked whale necropsy findings for 
strandings in the Bahamas, Puerto Rico, and Maderia, 1999-
2002, Woods Hole Oceanographic Institute Technical Report 
WHOI-2005-09, Woods Hole, Massachusetts, 2005. 

[7] P. T. Madsen, M. Johnson, N. Aguilar de Soto, W. M. X. 
Zimmer, and P. Tyack.  Biosonar performance in foraging 
beaked whales (Mesoplodon densirostris), J. Exp. Biol. 208: 
181-194, 2005. 

[8] P. T. Madsen, M. Johnson, P. J. O. Miller, N. Aguilar de 
Soto, J. Lynch, and P. Tyack.  Quantitative measures of air-
gun pulses recorded on sperm whales (Physeter 
macrocephalus) using acoustic tags during controlled 
exposure experiments, J. Acoust. Soc. Am. 120: 2366-2379, 
2006. 

[9] B. R. Mate, B. A Lagerquist, and J. Calambokidis.  
Movements of North Pacific blue whales during the feeding 
season off southern California and their southern fall 
migration, Mar. Mam. Sci. 15(4): 1246-1257, 1999. 

[10] P. Miller, N. Biassoni, A. Samuels, and P. Tyack. Whale 
songs lengthen in response to sonar, Nature 405: 903, 2000. 

[11] P. E. Nachtigall, J. L. Pawloski, and W. W. L. Au. 
Temporary threshold shifts and recovery following noise 
exposure in the Atlantic bottlenose dolphin (Tursiops 
truncatus), J. Acoust. Soc. Am. 113: 3425-3429, 2003. 

[12] National Research Council (NRC).  Ocean Noise and Marine 
Mammals, National Academy Press, Washington, DC, 2003. 

[13] W. J. Richardson, C. R. Greene, C. I. Malme, and D. H. 
Thomson.  Marine Mammals and Noise, Academic Press, 
San Diego, California, 1995. 

[14] S. Wiggins.  Autonomous acoustic recording packages 
(ARPs) for long-term monitoring of whale sounds, Mar. 
Tech. Soc. J. 37(2): 13-22, 2003.  

 


