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1 Abstract 

During the last decades the problems caused by anthropogenic sound and noise in 

oceans have been recognized in public, by governments, and military. With the use of 

active sonar, different choices can be made to minimize the risk of damaging or 

disturbing marine mammals. For this purpose knowledge of sonar disturbance is 

crucial.  There are methods for time or area planning, i.e. when and where to use 

active sonars, to avoid marine mammals.  The purpose of this work is to find 

information in literature on marine mammal behaviour reactions to the sound of sonar 

pings, and to evaluate which of two different behavioural models used in risk 

assessment programs, the “varying response” model and the “avoidance” model, is 

more correct to use. Main focus is on sonars and marine mammals residing in 

Sweden, i.e. the harbour porpoise, grey seal, harbour seal and ringed seal. Behavioral 

results from other research areas such as bycatch, environmental, and strandings, 

together with other sound sources than sonars and other species, provide a broader 

picture of the situation in noisy oceans. For the harbor porpoise the “avoidance” 

model works well. It is a very shy species, which flees fast and far when it comes in 

contact with new things. With the seals however the “avoidance” model is probably 

less good, since their responses to sonar differ rather much. Hence, for these taxa we 

recommend to use the “various” model that takes into account such varying 

responses. 

2 Introduction 

Oceans are full of noise (Kumagai 2006). Natural sound sources have been there all 

the time and marine life is adapted to it. Anthropogenic sound and noise are fairly 

new and affect marine life (Southall et al. 2007).  Noise disturbance can be as 

masking of natural functions (Soto 2006), changed behavior (Finneran et al. 2000, 

Kastelein et al. 2011), and result in physical impact on hearing and body organs 

(Johansson 2012). Mass strandings have received much recent attention and publicity 

(Parsons et al. 2008, Dolman et al.  2011) and have led to a great deal of research 

being focused on what may have caused these strandings (Wright and Parsons 2011, 

Kumagai 2006) (Weilgart 2006, Evans and Miller 2004). During the last decades the 

problems caused by anthropogenic sound and noise in oceans have been recognized in 

public, by governments, and military. Human underwater activity is an intrusion to 

marine mammal life and in particular the use of active sonar has been in focus, this 

because a number of marine mammal mass strandings have occurred in connection 

with military excercises using high-power, mid-frequency active sonar (Parsons et al 

2008, Dolmanet al. 2011, Weilgart 2006, Evans and Miller 2004, Norman et al.  2004, 

Nowacek et al. 2007, Tyack et al.  2006). Discussions regarding mass stranding have 

gone to the fullest extent in that a U.S. court has ordered the U.S. Navy to review their 

practices and produce an environmental plan in order to get permission to expand 

their sonar activities (Zirbel et al.  2011, Dalton 2003).  

Different sources of anthropogenic noise are investigated with respect to the response 

from animals. Our main focus here is naval/military sonar but we also report on 

behavioural responses to other sound sources with similar sound pressure levels or 

frequency range. 

Sonar is short for SOund Navigation And Ranging. It is based on active transmission 

of a sound pulse, and analysis of the echoes returning from an object/target hit by the 

sound pulse. The two-way transmission time provides information on the distance to 

the target, and the frequency content and time function of the echo provides 
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information on the size, material and shape of the target. This is the principle for 

cetacean echolocalization as well as for man-made sonar systems and echosounders. 

Active man-made sonar uses a variety of ping types and frequencies. UK Naval sonar 

uses 1Hz - 1 kHz for low frequency active sonar (LFAS) and 100Hz-10 kHz for mid-

frequency active sonar (MFAS)  (Dolman et al. 2009, OSPAR 2009). Swedish navy 

sonars use frequencies above 20 kHz (Kastelein et al.  2013-1). 

Seal bombs (TNT) are used to scare seals away from equipment. They are depth 

bombs that explode under water and creates a flash of light and loud sounds below 1 

kHz with sound pressure level (SPL) about 190 dB re 1 Pa at 1m. (Jefferson and 

Curry 1996, Evans and Miller 2004). 

Acoustic deterrent devices, ADDs, and acoustic harassment devices, AHDs, differ in 

output source levels and frequency range.   

Low-level ADDs or pingers, are primarily designed to displace animals temporarily 

from a fishing net, to avoid entanglement. Typical ADDs vary a lot but most stay in 

the ultrasonic frequency range or operate in the pure-tonal around 10 kHz (possibly 

with harmonics) and variable, broad spectral 20-120 kHz with source level, SL, below 

150 dB re 1 Pa at 1 m (Shapiro 2009). Another examples are from Teilmann et al.  

(2006) with signals of 100 kHz to 140 kHz, 200 ms long, SL of 153 dB re 1 Pa at 

1m and the experimental set up of Kastelein et al. ( 2008) using pure tone signal of 70 

kHz or 120 kHz and different signal durations.  

High-level AHDs or seal scarers, use SL’s high enough to cause pain, but not harm 

(Jefferson and Curry 1996) and are used to keep seals away from fishing gear. AHDs 

are needed because seals are more motivated to approach the fishing gear, to eat the 

fish. AHDs produces irregular wideband acoustic pulses within the seal's hearing 

range (12-17 kHz) between 5 and 30 kHz with source levels above 170 dB re 1 Pa at 

1 m (Shapiro 2009). . 

Echosounders, e.g. used to look for fish or explore the seabed, transmit variable 

frequencies depending on system and application, as illustrated in figure 1.  

 

Figure 1. Echosounders  (from Cochrane  N.A., (1996)). 

Industrial impulse noise from pile driver hammers, i.e. impulsive sounds generated 

when steel monopile foundations for offshore wind turbines is driven into hard sand 

in shallow water, has high sound pressures, SPL 235 dB re 1 Pa at 1 m, and can be 
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as loud as SPL 131 to 135 dB re 1 Pa  measured 1km away.  Sound pressure levels 

were measured over the frequency range of 50–26 000 Hz and were highest for center 

frequencies 200–800 Hz and progressively falling due for loss over distance for 

frequencies 12.8–25.6 kHz (David 2006).  

Behavioral response from ship noise is also investigated (Ellison et al. 2011, OSPAR 

2009) as well as from the noise produced by seismic surveys with airguns (Harris 

2001). Nominal SPL for airguns, for downward propagation, is typically 245 to 255 

dB re 1 Pa  at 1m. Most emitted sound energy is at frequencies below 125 Hz with a 

safety radius of 150-250 m based on a 190 dB re 1 Pa  criterion for broadband 

received level. A single airgun or a set of 8-11 airguns are used.   

Although physical injuries caused by anthropogenic noise (e.g. permanent hearing 

loss) usually appear at very high energy levels, behavioral response and masking 

appear at much lower levels (Kastelein et al. 2000, 2006, 2008, 2011). Over time 

research has changed direction from physical impact to behavioral changes and focus 

now specifically on behavioral response. Even though direct response to a sonar ping 

is easier to evaluate it is necessary also to evaluate long term behavior changes as a 

result of disturbances. If the animals are driven out of their natural habitat, are forced 

to stop their foraging, or are disturbed at sensitive locations for breeding, it is a 

serious intervention in their natural life. Immediate impact of disturbance is e.g. when 

young animals are separated from their parent, a potentially life-threatening condition. 

Also population survival may be impaired if animals are prevented from access to 

breeding areas or cannot search for food undisturbed. 

Impairment of marine mammals’ welfare by marine active sonar is a growing 

international concern. Different agreements exist for the implementation of detailed 

conservation plans for cetaceans; ACCOBAMS (Agreement on the Conservation of 

Cetaceans in the Black Sea Mediterranean Sea and Contiguous Atlantic Area) is 

dealing with the protection of marine mammals in the Mediterranean  whilst 

ASCOBANS (Agreement on the Conservation of Small Cetaceans of the Baltic, 

North East Atlantic, Irish and North Seas) focus on the protection and conservation of 

Northern Europe's small whales, dolphins and porpoises (ASCOBANS 2009). 

According to the Marine Environment Directive (DIRECTIVE 2008) all marine 

ecosystems within EU shall have a good environmental status; USA and Australia 

have similar directives (Finneran and Jenkins 2012). The EU Marine directive 

includes all marine waters within the EU. Although this Directive does not apply to 

military activities in war, in peacetime the directive includes a recommendation also 

for the Navy with regards to the use of active sonar. Citing one paragraph in the 

directive; "Introduction of energy, including underwater noise, is at levels that do not 

affect the marine environment in a negative way”, this leaves the member states with 

no other option than to investigate how sonars affect marine mammals. Of special 

interest for Sweden is the local species; harbor seal (Phoca vitulina; Naturvårdsverket 

2011b), gray seal (Halichoerus grypus; Naturvårdsverket 2011c), ringed seal (Pusa 

hispida; Naturvårdsverket 2011d), and porpoises (Phocoena phocoena; 

Naturvårdsverket 2011a).  

With the use of active sonar, different choices can be made to minimize the risk of 

disturbing or damaging marine mammals. For this purpose knowledge of how sonar 

might affect or act on cetaceans is crucial. This is partly depending on the species, 

some are always under water (porpoise) or partially under water (seals). There are 

different methods used to moderate the potentially negative effects of military sonars 

on the life of marine mammals. One is time or area closure, i.e. when and where to 
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use active sonars, to avoid affecting marine mammals or affecting them during 

sensitive periods, another is the use of different technical solutions e.g. soft start (or 

‘‘ramp-up”) where the sound pressure levels are gradually increased over time; and 

yet another is to visually or acoustically monitoring animal groups, and avoid 

transmitting the sound in the presence of the animals, in order to keep a safe zone 

around the sonar or other noise sources (Dolman et al  2009).  

The present work is done as a part of the project “Skydd av marint liv vid användning 

av aktiv sonar” (Protection of marine life in connection with the use of active sonar) 

at Swedish Defence Research Agency FOI (Johansson 2012). This project is a part of 

the EDA (European Defence Agency) project “Protection of Marine Mammals”, 

PoMM, a collaboration between Sweden, Germany, Norway, the Netherlands, Italy 

and the UK. This project deals with, among other tasks, the building of a common 

database on marine mammals in European waters, and the development of methods 

for classification and/or detecting marine mammal vocalizations. In addition to this 

international commitment the FOI project also aims at building knowledge specific 

for Swedish conditions (Johansson 2012). Methods for time or area planning has to 

take the welfare of marine life into considerations and therefore several countries 

have developed simulation programs to support the planning of military operations in 

order to show necessary/suitable respect for the environment. Sigg (2013) has 

evaluated two tools. These tools work with different effects from sonar, such as 

Temporary Threshold Shift (TTS) and Permanent Threshold Shift (PTS), i.e. different 

levels of hearing impairments. The programs estimate the degree of influence by 

modeling the transfer and distribution of sound, i.e., by performing the same 

calculations as done by a tactical support system for active sonar. They model the 

density of animals of different species in the area, their sensitivity to the transmitted 

pulses and their reaction. The threshold for eliciting escape behavior, avoidance, or 

other behavioral responses to the sonar signals is species specific. Risk estimates are 

based on a model of behavior that assumes that an animal reacts to the transmitted 

sonar signals in some way. Based on this, a calculated risk for PTS and TTS is 

obtained. There are distinct differences between the risk calculation algorithms used 

in the two programs evaluated; ERMC (BAE Systems, UK) and SAKAMATA (TNO, 

the Netherlands) (Sigg 2013). Both of the programs takes into account the behavioral 

reactions to a sonar ping. The first model, called the “various” model, assumes that 

when the animal perceives a sonar pulse, they may exhibit a variety of behaviors 

according to the pulse strength and the individual animal, taxa, age, sex, previous 

experience and current activities. The second tool, called the “avoidance” model, 

assumes that all animals are affected in the same way, i.e. when the sound pulse is 

stronger than a threshold all animal moves away from the sound source. This 

threshold can vary between species and ping type. 

The purpose of this work is to find information in the scientific literature on marine 

mammal behaviour reactions to sonar pings and other anthropogenic noise, and to 

evaluate which of the two risk assessment models used in the evaluated programs is 

more correct to use with marine mammals in Swedish waters. Main focus is on 

military sonars.  

3 Method 

This review is made solely by compiling information published in scientific literature. 

Articles are searched for in data bases available at the library of Linköping 

University: ScienceDirect is searched with the following key words: marine mammal, 
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seal, cetacean, dolphin, whale, porpoise, behavior effect, noise, naval sonar, and in 

Pubmed in which the search profile (marine[All Fields] AND mammal[All Fields]OR 

cetacean[All Field]) AND sonar[All Fields] AND behaviour[All Fields]) was used. 

As introduction and motivation to the work, project presentations and FOI reports are 

used (Johansson 2012; Sigg 2013). In some cases references found in the articles have 

been further investigated.  Focus has been on finding information as input to a 

suitable model for marine mammal behaviour responses to naval/military sonar pings.  

4 Results 

In this section the result from the literature survey is presented. First a table of the 

sound sources presented above, it is compiled from the literature. Second we present 

information on marine mammal hearing. This because the relation between hearing 

range, noise bandwidth and SPL (received level) is connected to possible behavioral 

response.  Thereafter the behavioral responses are presented sorted by animal.   

 

Table 1 Sound source characteristics. 

Sound Sound pressure 
level (SPL) 
(dB re 1 μPa) 

Bandwidth 
(Hz) 

Duration 
(ms) 

ref 

TNT(0,5-50kg) 272 - 287Peak 2 - 1000  ~ 1 - 10 (Jefferson and 

Curry 1996, Evans 

and Miller 2004). 

Pile driving 228 Peak / 
243 – 257 P-to-P 

20 ->20 000 50 (David 2006). 

Military sonar low- 
frequency (LFAS 

215 Peak 100 - 500 600 - 1000 (Dolman et al. 

2009, OSPAR 

2009) 

Military sonar mid-
frequency MFAS 

223 - 235 
Peak 

2800 - 8200 500 - 2000 (Dolman et al. 

2009, OSPAR 

2009) 

Swedish navy 
sonars  

214-220 20 000 --500000 <1 -1000 (Kastelein et al.  

2013-1). 

Echosounders 235 Peak Variable 5 - 10 ms Cochrane  N.A., 

(1996) 

Airgun array 260 - 262P-to-P 10 – 100 000 30 - 60 (Harris 2001). 

Acoustic deterrent 
/harassment 
devices 

132 - 200 Peak 5000 -30 000 Variable 15 – 500 
ms 

(Shapiro 2009) 

(Jefferson and 

Curry 1996) 

 

Functional hearing limits for different marine mammals are listed by Finneran and 

Jenkins (2012) and  Nedwell et al. (2004). Information on cetacean hearing can also 

be found in (Mooney et al. 2012). Information on the animal’s hearing ability is vital 

to the understanding of the reactions to sound. LF cetaceans such as humpback whale 

hear in the range of 7 Hz – 22 kHz. Most delphinid species have a U-shaped 

audiogram (fig 2), with a hearing range between from 150 Hz to 160 kHz, with best 

hearing in the 20-120 kHz range, while porpoises hear between 200 Hz and 180 kHz, 

with best hearing around 130 kHz. Phocids or “true seals,” hear between 75 Hz – 30 

kHz in air and 75 Hz – 75 kHz in water (best hearing 20-30 kHz; fig 2), Otariids or 

”eared seals” hear 100 Hz – 35 kHz in air and 100 Hz – 50 kHz in water (ref?). These 

boundaries are approximate; there are differences between species within the same 

families. Figure 2 show audiograms for Grey seal and Harbour Porpoise to illustrate 

the differences in hearing ability. The different curves for each species are from 
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different measuring methods. Audiograms can be obtained by behavioral studies and 

by measuring the electrical brain activity, so called auditory brainstem response 

(ABR). An easy to read, non-technician friendly explanation of underwater acoustic 

measurements and units can be found in (Chapman 1998). 

 

Figure 2. Audiogram of Gray seal (left) and Porpoise (right) (from Nedwell et al. 

2004). Note the different level of scale on vertical axis.  

 

4.1 Behavioral response to underwater sound 

Effects of anthropogenic noise can vary depending on noise generating system, sound 

pressure levels(SPL) and environment among other things. Effects can be divided into 

masking, behavioral disturbance, hearing loss (TTS and PTS), discomfort, injury, 

death (OSPAR, 2009). In this section we present the behavioral response findings 

from the literature review sorted by species. 

4.1.1 Cetaceans 

Mysticeti (baleen whales) 

Baleen whales have only been studied in the wild, by visual observations in 

combination with acoustic recordings. Male humpback whales (Megaptera 

novaeangliae) changed their vocal behavior when exposed to LFAS (low frequency 

active sonar) at SPL max 150 dB re 1 Pa at 1 m. On average, the songs were 29% 

longer during LFAS playbacks. The duration of the songs returned to normal after 

exposure. The limited effect on the duration of the song suggests that humpback 

whales sang longer songs during LFAS transmissions to compensate for acoustic 

interference (Miller et al.  2000). Regarding fishing gear alarms of various sorts, 

Jefferson and Curry (1996) reported that the number of humpback whales found 

entangled in fishing gear was inversely proportional to the amount of noise made by 

the net. 

Clark and Altman (2006) analyzed acoustic recordings made during naval sonar 

exercises. They found that there was an increased chance of detecting sound from fin 

whale (Balaenoptera physalus) during periods when there were no LFAS broadcasts 

than during periods of broadcasting. This may have been due either to the whales 

decreased vocal activity in response to LFAS transmissions or the effect of applying 

the rules described in the mitigation protocol, i.e. pushing the whales out of the area 

before transmitting the LFAS, or a combination of these two (Clark and Altman 

2006).  
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Blue whales (Balaenoptera musculus) vocalization response to MFAS (mid frequency 

active sonar) sources was studied by Melcón et al. (2012). Blue whales were less 

likely to communicate when MFAS was active. This decrease was more pronounced 

at higher received SPLs, i.e., when the source was closer to the animal. The animals 

showed no diurnal variation in the response to the sonar or vessel noise (Melcon et al. 

2012). Croll et al. (2001) studied blue whales foraging behavior when exposed to 

LFAS, and found no effect even though  received levels were estimated to be over 

140 dB re 1 Pa. It was assumed that the diving behavior of the blue whales was more 

strongly linked to changes in eating habits and food supply than to the sound 

disturbance (Croll et al. 2001). 

Odontoceti (toothed whales)  

Long-finned pilot whales (Globicephala melas) and sperm whales (Physeter 

macrocephalus) were tagged with a so called D-tag for a free swimming controlled 

sound exposure study (Sivle et al.  2012). The D-tag is a recording device attached to 

the whale by a suction cup and is storing information on 3-D movements and sound 

generation. Analysis of the tag data showed that both species had normal deep 

foraging dives under MFAS exposure, while during the LFAS exposures, long-finned 

pilot whales performed fewer deep foraging dives and some sperm whales changed to 

shallower and shorter dives without foraging. 

Miller et al.  (2011) studied the behavioral effects of killer whales (Orcinus orca), 

sperm whales, and long-finned pilot whales when exposed to naval sonar signals in 

Norwegian waters. Each experiment was performed with multiple exposures, with 1-2 

kHz (LFAS) and 6-7 kHz (MFAS) upsweep signals. Some animals were also tested 

with silent approach, conducted as a control for the possible effect of the vessel 

approach itself, and some with 1-2 kHz down-sweep echosounder signals. Each tested 

whale was tagged with a D-tag and was also the focal animal for visual tracking. The 

project collected baseline data for each tagged subject, and implemented a controlled 

sound exposure regime in which a realistic sonar source started operating at a distance 

of 6-8 km from the animal, increasing to maximum source level through a ramp-up 

procedure. The source then approached the subject, creating a “worst-case scenario” 

by making turns always towards the subject. At 1 km distance, the source stopped the 

approach, and passed and moved away from the subject and then ceased the 

transmissions about 5 minutes after the point of closest approach. The comprehensive 

results presented in the report include detailed observations to examine whether and 

how the behavior may have been affected when each subject was subjected to such a 

controlled exposure of sonar sounds. The whales showed a large number of changes 

in behavior during these sonar exposures. Mostly the animals chose to avoid the 

sound source or move away from the path of the source. At one point the unexpected 

effect was that a killer whale calf was separated from the herd. Also changes in diving 

and surfacing behavior was seen in some cases, and details on diving behavior 

differed by species. Similar conclusions hold for changes in the acoustic behavior. 

Changes tended to be less during periods with quiet sonar.  

Tyack et al. ( 2011) documented Blainville’s beaked whales (Mesoplodon 

densirostris) in a sea area where sonar is used regularly. Behavioral responses were 

investigate by using two methods, one monitoring the direct whale responses to naval 

exercises of tactical MFAS over several days, another one  using an experimental 

approach with playbacks of simulated sonar and whales tagged with D-tags. Both 

experiments showed that beaked whales stopped their echolocation during deep 

foraging dives and instead moved away from the sound source when exposed to 
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sonar. During sonar exposure the whales maintained a distance of 16 km from the 

sonar source and did not return to the original area until after 2 to 3 days. The results 

suggest that such evasive actions and disruption of foraging behavior can occur at 

exposures below the previously known levels of disturbance. The received SPLs 

collected by the D-tag with such behavioral responses were between undetected to 

142 dB re 1  Pa and ceased clicking were detected at received levels of 138 dB re 1  

Pa.  Previous studies showed that D-tagged Cuvier’s beaked whales (Ziphius 

cavirostris) and Blainville’s beaked whales made foraging dives deeper and longer 

than expected when exposed to sonar (Tyack et al., 2006).   

McCarthy et al. (2011) studied Blainville’s beaked whales concerning the number of 

vocalizing groups in connection with foraging and their distribution during multi-ship 

MFAS operations.These surveys were carried out by using existing data routinely 

recorded during military exercises. Reduced phonic/acoustic activity in the whales 

was observed during active sonar exercises and increased vocal activity was observed 

when the sonar transmissions stopped. Received sound levels for several groups of 

whales were calculated and indicated that the animals continued to eat when exposed 

to sonar at levels as high as 157 dB re 1 Pa. Possible explanations were given for 

this decrease in vocalization, either the animals had moved outside the area but 

continued to vocalize, or the animals went silent during the military operations. These 

results are consistent with those of Clark and Altman (2006) for fin whale. Another 

possible explanation for the findings of McCarthy et al. (2011) may be that masking 

has occurred, i.e. whale sound is drowned out by the sond produced by multi-ship 

MFAS operations and that the system could not detect whale vocalizations because of 

the noise (Soto 2006).  

Carretta et al. (2008) report that pingers (acoustic deterrent devices) are extremely 

efficient to prevent bycatch of beaked whales in driftnets. Such bycatch dropped to 

zero when pingers were put on to the nets. Cox et al. (2007) found that even though 

these alarms (details not specified in the reference) were moderately effective in 

reducing bycatches of marine mammals, there was no significant change in the 

number of dolphin near the net when the alarms were turned on or off. On the other 

hand, according to Bordino et al.  (2002), dolphins responded well to the intensions of 

the use of pingers (Dukane Netmark 1000 emitted a multi-harmonic signal centered at 

10 kHz every four seconds, with a source level of 132 dB re 1 Pa at 1 m)  to keep the 

mammals from the net, meaning that dolphins avoid pingers. The reason for these 

somehow contradictory results can be that the alarms, seal scareres and pingers 

operate at different frequencies and SPL.  

Finneran et al. (2000) examined the effects of distant underwater explosions on the 

hearing sensitivity of one captive and trained beluga (Delphinapterus leucas) and two 

captive and trained bottlenose dolphins (Tursiops truncatus) by exposing them to 

impulsive underwater sounds. The impulse noise was designed to simulate distant 

underwater explosions. Behavioral changes indicating impact on masked thresholds 

for underwater hearing was demonstrated at exposures equivalent to 500 kg TNT at a 

distance of 1.9 km [sic!] for the beluga whale and equivalent to 5 kg TNT at 9.3 km for 

the dolphins (Finneran et al. 2000). 

Houser et al. (2013) performed a controlled study using a large sample of trained 

bottlenose dolphins and a simulated tactical sonar signals. The study was performed 

in a 9.1 × 18.3 m netted enclosure where the dolphins performed their trained duty 

when exposed to the sonar signals. The dolphins habituated to the exposure quickly as 

long as the received SPLs was not higher than 160 dB re 1 Pa. When the received 
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SPLs was increased to 175 dB re 1 Pa and above no habituation could be observed 

and no dolphin completed the requested trained behavioral sequence when exposures 

reached 185 dB re 1 Pa. 

The normal acoustic behavior of Harbor porpoises (Phocoena phocoena) is described 

by Carlström (2005) and Clausen et al. (2011). The Harbor porpoise is considered to 

be a shy species that rather avoids vessels and are hard to observe in the wild. 

Frequencies from standard sonars are often within the hearing range of porpoises and 

some fishfinder ehosounders use pulses almost identical to porpoise sonar clicks 

(Naturvårdsverket 2011a).  

Brandt et al. (2013) studied wild porpoise reactions to seal scarers (Lofitech 

(www.lofitech.no) through passive acoustic monitoring using C-POD recordings in 

the German North Sea. The seal scarer emitted 0.5 s long pulsed signals at a main 

frequency of 14 kHz with weak harmonics and SL (source level) 189 dB re 1Pa at 

1m and repetition rate randomized in the range of 0.6 s to 90 s) C-PODs are 

ultrasound loggers collecting tonal clicks and record the time, duration, center 

frequency and other features of each click. The experiment showed that the seal 

scarers had a significant deterrent effect on porpoises up to 7.5 km away (equivalent 

to a received SPL of about 113 dB re 1Pa), much longer than previously reported. 

Harbor porpoise reactions to Dukane NetMark ™ 1000 (10 kHz, 132 dB re 1Pa at 1 

m) pingers were studied by Cox et al. (2001). It was shown that the probability of 

porpoise presence within 125 m from a pinger fell initially when pingers were turned 

on, but then increased to equal to the control after 10-11 days. These results indicate 

that the porpoise habituated to this kind of pinger.  

Kastelein et al.  (2006) exposed a striped dolphin (Stenella coeruleoalba) and a 

Harbor porpoise, both kept in the same sea pen, to the sound of a XP-10 experimental 

acoustic alarm. The alarm produced 0.3s tonal signals randomly selected from a set of 

16 with fundamental frequencies between 9 and 15kHz, with a constant pulse interval 

of 4.0s (duty cycle 8%) and a SL range of 133-163dB re 1Pa at 1m. The effect of the 

alarm was assessed by comparing the animal breathing rate and their surfacing 

positions relative to the transducer during the test periods with those during the 

baseline period. The striped dolphin showed no reaction to the alarm in these trials. 

The porpoise responded to the alarm with avoidance and increased respiration rate. 

Based on the audiogram of this specific striped dolphin and published porpoise 

audiograms, together with the general noise levels during the experiment, it was 

concluded that both animals must have heard the alarm clearly. This study indicated 

that odontocetes are not equally affected by anthropogenic noise. In a previous study 

with two porpoises and the same alarm the porpoises responded heavily on the alarm 

by swimming away and by increase the respiratory rate (Kastelein et al.  2000). The 

results for the porpoise are consistent with those of Teilmann et al.  (2006) although 

using a different sound, with a pulse duration of 200ms in the frequency band from 

100 kHz to 140 kHz, and with those of Kastelein et al.  (2008), although they used 

pure tone signals of 70 or 120 kHz with different signal durations. 

Another experiment on a male porpoise in an outdoor pool was conducted by 

Kastelein et al.  (2013-2). This study measured the porpoise’s response to naval sonar 

at 25 kHz.  The sound types used were frequency modulated (FM 25.5-24.5 kHz), 

continuous wave (CW) and a combination of these (Combo). These signals were 

presented to the animal at three different SL’s in random order.  The behavioral 

parameters used to quantify the porpoise’s responses to the sound sequences were 

respiratory rate, distance from the transducer, swimming speed, and how many times 
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it jumped out of the water. Reactions by increased respiration rate was shown at SL 

125 dB re 1  Pa at 1m FM, 118 dB re 1  Pa at 1m  CW and Combo, by increased 

swimming speed at SPL 125 dB re 1  Pa at 1m FM, 136 dB re 1  Pa at 1m CW 

and118 dB re 1 Pa at 1m Combo. Jumping started at SPL 125 dB re 1 Pa at 1m 

FM, 118 dB re 1 Pa at 1m CW and Combo. To determine whether habituation or de-

sensitization had occurred during the 30-minutes trials, the data were analyzed 

separately for three ten-minute section of each trial, by examination the respiratory 

rate. After each session, the animal's behavior returned to normal immediately  

A study by Sivle et al.  (2012) showed that killer whales can alter their dive behavior 

by switching from deep foraging dives to shallow travel dives when exposed to LFAS 

(1-2 kHz) and MFAS (6 -7 kHz) signals. If the killer whales were travelling when the 

sonar was turned on, there were no changes in dive behavior. 

 

4.1.2 Pinniped 

Phocidae  Earless seals, 

Kvadsheim et al. (2010) performed controlled exposure experiments on captive 

hooded seals (Cystophora cristata). The seals were tagged with data loggers; heart 

rate receiver and logger HRX/HTR and depth-time recorder MK9, (Wildlife 

Computers, Redmond, WA, USA.) in addition to activity loggers (Actiwatch, 

MiniMitter, Bend, OR, USA) to store swimming speed. Then they were released into 

a large net pen in the sea. The sonar exposures presented to the animals were mixed 

"soft start"(consisting of a series of 1-s sonar pulses every 10 s (duty cycle 10%), 

gradually increasing in pressure level from SPL 134 to 194 dB re 1 Pa at 1 m) and 

"slow start" (consisting of a series of 1-s signals at 194 dB re 1 Pa SPL  at 1 m with 

increasing duty cycles from 1% (100-s signal interval) to 10% (10-s signal interval) in 

10 min) to simulate sonar signals between 1-7 kHz at source levels of 134-194dB 

RMS re 1 Pa at 1m. Inside the pen the SPL was 10-27 dB below the source level. 

The seals responded initially with avoidance when exposed to received SPL over 160-

170 dB re 1 Pa. Emotional activation during sonar exposure was detected by the 

increase in heart rate(above normal) at the surface, but the lack of effect on heart rate 

during diving showed that physiological capacity of bradycardia remained intact 

during the sonar exposure. 

(Kastelein et al.  2013-1) examined the behavior of two seals in a large quiet pool 

when subjected to sonar sound with a frequency of around 25 kHz. The sensitivity of 

the harbor seal to such sonar is expected to be relatively high because it is within the 

most sensitive hearing frequency range of harbor seals (Kastelein et al., 2009a, b;. 

2010). Behavioral responses were recorded as no response, a slightly increased time 

in the water, increased number of jumps out of the water, and increased swimming 

speed. The animals' discomfort threshold was determined by exposing them to signal 

sequences at three received SPLs. The signals were either FM 25.5-24.5 kHz, CW, or 

Combo. Mainly FM caused significant behavioral responses to received levels above 

125 dB re 1 Pa. The CW and Combo sounds caused only minimal response. The 

results showed that the CW and Combo sound types should be preferred as sonar 

signals in order not to disturb this species. 

Observations during seismic surveys with airguns showed behavioral responses of 

ringed seals (Pusa hispida). In full array firings, 18% of 143 observed seals looked 

what happened, 2% were approaching, 5% swam alongside the boat trails, 36% dived 



 12 

and 39% swam away from the airgun blast. No seals were seen within 150 meters of 

the ship under full seismic array exposures and this may be due to the mitigation 

protocols which governs when and how to do experiments with respect to wildlife. 

(Harris 2001) 
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5 Discussion 

This literature review deals with how marine mammals change their behavior when 

exposed to anthropogenic sounds. The review focuses on sonar, but information from 

research on other sound sources is also included, since it widens the perspective and 

the understanding of variations in the behavioral responses.   

The problem with by-catch mitigation is that it relies on the animals changing their 

behavior in order to avoid being entangled (Hodgson et al. 2007). What motivates the 

present report is to find scientific facts on how to adapt the sonar signals and the use 

of sonar to do the opposite, i.e. to minimize the negative effects on the animals, and 

therefore we need to know how the different animals respond to sonar (Sigg 2013). 

The behavioral changes we have seen in the articles in this survey are avoidance 

behavior and changed vocalizations, both aborting vocalizations and increasing 

whistling, and modified respiratory rate and diving patterns. One can, in some cases, 

assume that modified feeding behavior is due to masking effects but also to prey 

being affected by the noise (Weilgart 2006,  Croll et al. 2001; David 2006).  

Mass strandings have received much attention and publicity in recent years (Parsons 

et al. 2008; Dolman et al. 2011) and this has led to a great deal of research focusing 

on what may have been the underlying causes.  Temporary or permanent hearing 

(TTS or PTS) loss or blast injury in connection with military LFAS and MFAS 

operations are suggested reasons for stranding (Weilgart 2006), other suggestions are 

induced stress in beaked whales and other marine mammals (Wright and Parsons 

2011).  Norman et al.  (2004) could not find any direct sign of acoustic trauma on 

dead stranded porpoises when dissected, but was not able to totally rule out the 

possibility that military sonar energy had caused the death of these animals. More 

recent research argue that these stranding are caused by extreme diving behavior 

leading to decompression problems. These extreme diving behavior are likely to 

result of an abnormal behavioral response to sonar, but the cause is unknown (Tyack 

et al. (2011). 

The results  of Clark and Altman (2006) that fin whales reduced vocalization during 

LFAS exposure agree with those of Melcon et al. (2012) for blue whale,  but are 

opposite to those of Miller et al. ( 2000) for humpback whales. The latter increased 

their singing during LFAS exposure. Long-finned pilot whales and sperm whales 

seemed to be undisturbed by MFAS (Sivle 2012). 

Some research have been based on experimental studies of captive marine mammals 

while other have studied reactions of free-ranging animals.  Inevitably environmental 

conditions and also results differ between such studies, but on the whole, the results 

are consistent. Controlled captivity experiments give more detailed data on physical 

responses that can be obtained in the wild.  Still, extrapolating behavior results from 

controlled studies on animals in captivity, to free-ranging wild animals should be 

done with caution (Kastelein et al.  2013-1). Laboratory experiments can be 

scientifically robust, but behavioral responses depend not only on hearing sensitivity, 

but also on many individual characteristics of the animals. It is also affected by the 

fact that the captive animals are in a different environment than their wild 

conspecifics, and is constrained so they cannot avoid a negative stimulus. Also 

experiments with captive animals are often restricted to few individuals who may 

become very familiar with the experimental situation and subject to repeated 

exposures. Götz and Janik (2010, 2011) analyzed how the acoustic startle reflex 

associated with stress and habituation effects and noted that in experiments with 

animals in captivity, where food is included in the context, seals habituate faster to 
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sound types presented with normalized received levels of 146 dB re 1Pa than for 

experiments on animals tested in the wild without food rewards. Food presentation, in 

addition to the fact that that the test animals are unable to flee, is the most likely 

explanation for the rapid habituation of the avoidance behavior observed in captive 

animals exposed to received levels of 135-144 dB re. 1 Pa,  

According to Hildebrand (2004) “Behavioral data must be collected in the wild in 

order to reveal potential effects”. Recent research using tagged wild animals is a way 

to go, but still often suffers from a low number of test animals (Miller et al. 2011; 

Tyack et al. 2011; Sivle et al. 2012; DeRuiter et al. 2013; Linnenschmidt et al. 2013).  

In-depth analysis of the data provided by Miller et al. (2011) showed that the free 

swimming killer whales, provided with D-tags, did not change their behavior when 

exposed to sonar below a received SPL of approximately 150 dB re 1  Pa, but for 

SPL above this the whales moved away from the sound source with speed.  This 

indicated that the ramp-up procedure recommended to make the animals move out of 

the area before dangerous levels are transmitted should start at these levels. This 

behavioral threshold level probably differs from species to species, and maybe 

between different specimens of the same species, due to different experiences to 

noise. Hence more knowledge from studying wild tagged animals is needed.  

For Swedish conditions the findings in the reviewed literature can be summarized as 

follows: 

1. The harbor porpoise tend to respond by escape to novel sounds, to acoustic 

deterrent and harassment sounds and to military sonars.  

2. Swedish earless seals, e.g. grey seal, harbor seal and ringed seal, are more 

varying in their response to sounds, and may approach, ignore or avoid even 

powerful acoustic harassment sounds. They show behavioral and 

physiological reactions to some military sonars but not to others. 

 

5.1 Conclusion 

The goal of this study was to determine which of the two models used for sonar 

exposure risk assessment are the most appropriate to use for a particular species. 

For the harbor porpoise the “avoidance model” works well. This is a very shy species 

and porpoises mostly flee fast and far when they come in contact with new things.  

For seals, however, the avoidance model is probably less good because seals respond 

in a variety of ways to sonar, some even approaching the source. Hence, using this 

model could cause damage to animals that do not behave as expected by the 

“avoidance” model. Since only one report of this survey indicate a percentage 

distribution between flight, approach and other reactions, we do not give a breakdown 

of the behavior into figures to put into a simulator. These results were also not 

responses to sonar but to impulse sound produced by airgun. 

For Swedish conditions, we recommend managers and the military to use the model 

that takes into account the specific response of the species of concern, i.e. the 

“avoidance” model with the harbor porpoise and the “various” model with seals. 
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