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Appendix A 

APPENDM A: 

REvlEW OF POTENTIAL IMPACTS OFAIRGUNSOUNDS 
ON AMUNE MAMMALS ' 

The following subsections review relevant information conceming the potential effects of airgun 
sounds on marine mammals. This information is included here as background for the briefer summary of 
this topic included in $ VI1 of the IHA Application. This background material is little changed from 
corresponding subsections included in IHA Applications and EAs submitted to NMFS during 2003 for 
other L-DE0 projects. Those documents concerned L-DE0 projects in the following areas: northem 
Gulf of Mexico, Hess Deep in the eastem tropical Pacific, Norway, Mid-Atlantic Ocean, Bermuda, 
Southeast Caribbean, and soutbem Gulf of Mexico (Yucatan Peninsula). Much of this information has 
also been included in varying formats in other reviews, assessments, and regulatory applications prepared 
by LGL Ltd., environmental research associates. Because this review is intended to be of general useful- 
ness, it includes references to types of marine mammals that will not be found in some specific regions. 

(a) Categories of Noise Effects 

The effects of noise on marine mammals are highly variable, and can be categonzed as follows 
(based on Richardson et al. 1995): 

1. 

2. 

3. 

4. 

5. 

The noise may be too weak to be heard at the location of the animal, Le., lower than the prevail- 
ing ambient noise level, the hearing threshold of the animal at relevant frequencies, or both; 
The noise may be audible but not strong enough to elicit any overt behavioral response, i.e., the 
mammals may tolerate it; 
The noise may elicit behavioral reactions of variable conspicuousness and variable relevance to 
the well being of the animal; these can range kom subtle effects on respiration or other behaviors 
(detectable only by statistical analysis) to active avoidance reactions; 
Upon repeated exposure, animals may exhibit diminishing responsiveness (habituation), or distur- 
bance effects may persist; the latter is most iikely with sounds that are highly variable in charac- 
teristics, unpredictable in occurrence, and associated with situations that the animal perceives as a 
threat; 
Any man-made noise that is strong enough to be heard has the potential to reduce (mask) the 
ability of marine mammals to hear naîural sounds at similar frequencies, including calls from 
conspecifics, echolocation sounds of odontocetes, and environmental sounds such as surf noise or 
(at high latitudes) ice noise. However, intermittent airam or sonar pulses could cause masking 
for only a small proportion of the time, given the short duration of these pulses relative to the 
inter-pulse intervals; 

By W. John Richardson and Vaierie D. Moulton, LGL Ltd., environmental research associates. 
Revised November 2003. 

Lamoni-Doherty Earth Observaiory IHA Applicaiion: &ifofAlaska, 2004 Page 91 



Appendix A 

6. Very strong sounds have the potential to cause temporary or permanent reduction in hearing 
sensitivity, or other physical effecîs. Received sound levels must far exceed the animal’s hearing 
threshold for any temporary threshold shift to occw. Received levels must be even higher for a 
nsk of permanent heanng impairment. 

@) Hearing Abiiities of Marine Mammais 

The hearing abilities of marine mammals are fùnctions of the following (Richardson et al. 1995; 
Au et al. 2000): 

1. Absolute hearing threshold at the frequency in question (the level of sound barely audible in the 
absence of ambient noise). 

2. Cntical ratio (the signal-to-noise ratio required to detect a sound at a specific fiequency in the 
presence of background noise around that frequency). 

3. The ability to localize sound direction at the fiequencies under consideration. 

4. The ability to discriminate among sounds of different frequencies and intensities. 

Marine mammals rely heavily on the use of undenvater sounds to communicate and to gain 
information about their surroundings. Experiments also show that they hear and may react to many man- 
made sounds including sounds made during seismic exploration. 

Toothed Whales 

Hearing abilities of some toothed whales (odontocetes) have been studied in detail (reviewed in 
Chapter 8 of Richardson et al. [1995] and in Au et al. [2000]). Hearing sensitivity of several species has 
been detennined as a function of frequency. The small to moderate-sized toothed whales whose hearing 
has been studied have relatively poor hearing sensitivity at frequencies below 1 kHz, but extremely good 
sensitivity at, and above, several kHz. There are at present no specific data on the absolute hearing 
thresholds of most of the larger, deep-diving toothed whales, such as the sperm and beaked whales. 

Despite the relatively poor sensitivity of small odontocetes at the low fiequencies that contribute 
most of the energy in pulses of sound from airgun arrays, the sounds are sufficiently strong that their 
received levels sometimes remain above the hearing thresholds of odontocetes at distances out to several 
tens of kilometers (Richardson and Würsig 1997). However, îhere is no evidence that small odontocetes 
react to airgun pulses at such long distances, or even at intermediate distances where sound levels are well 
above the ambient noise level (see below). 

The multibeam sonar operated fiom the Ewing emits pulsed sounds at 15.5 kHz. That fiequency is 
within or near the range of best sensitivity of many odontocetes. Thus, Sound pulses from the multibeam 
sonar will be readily audible to these animals when they are within the narrow angular extent of the 
transmitîed sound beam. 

Baleen Whales 

The hearing abilities of baleen whales have not been studied directly. Behavioral and anatomical 
evidence indicates that they hear well at frequencies below 1 kHz (Richardson et al. 1995; Ketten 2000). 
Baleen whales also reacted to sonar sounds at 3.1 kHz and other sources centered at 4kHz (see 
Richardson et al. 1995 for a review). Some baleen whales react to pinger sounds up to 28 ICHZ, but not to 
pingers or sonars emitting sounds at 36 kHz or above (Watkins 1986). In addition, baleen whales produce 
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sounds at frequencies up to 8 kHz and, for humpbacks, to >15 kHz (Au et al. 2001). The anatomy of the 
baleen whale inner ear seems to be well adapted for detection of low-frequency sounds (Ketten 1991, 
1992, 1994, 2000). The absolute sound levels that they can detect below 1 kHz are probably limited by 
increasing levels of natural ambient noise at decreasing fiequencies. Ambient noise energy is higher at 
low fiequencies than at mid frequencies. At frequencies below 1 kHz, natural ambient levels tend to 
increase wiîh decreasing frequency. 

The hearing systems of baleen whales are almost certainly more sensitive to low-frequency sounds 
than are the e m  of the small toothed whales. Thus, baleen whales are likely to hear airgun pulses faaher 
away than can small toothed whales an4 at closer distances, air-pn sounds may seem more prominent to 
baleen than to toothed whales. However, baleen whales have commody been seen well within the distances 
where seismic (or sonar) sounds wouid be detectable and yet often show no overt reaction to those sounds. 
Behavioral responses by baleen whales to seismic pulses have been documente4 but received levels of 
pulsed sounds necessary to elicit behavioral reactions are typically well above the minimum detectable 
levels (Malme et al. 1984, 1988; Richardson et al. 1986, 1995; McCauley et al. 2000a; Johnson 2002). 

Pinnipeds 

Undenvater audiogams have been obtained using behavioral methods for îhree species of phocinid 
seals, two species of monachid seals, two species of otariids, and the walrus (reviewed in Richardson et 
al. 1995: 2118, Kastak and Schusteman 1998, 1999; Kastelein et al. 2002). In comparison with 
odontocetes, pinnipeds tend to have lower best frequencies, lower high-frequency cutoffs, higher auditory 
sensitivity at low fiequencies, and poorer sensitivity at the best fiequency. 

At least some of the phocid (hair) seals have better sensitivity at low frequencies (Ci IcHz) than do 
odontocetes. Below 3&50 kHz, the heGng thresholds of most species tested are essentially flat d o m  to 
about 1 kHz, and range between 60 and 85 di3 re 1 pPa. Measurements for a harbor seal indicate that, 
below 1 kHz, its thresholds deteriorate gradually to -97 dB re 1 pPa at 100 Hz o(astak and Schusteman 
1998). The norîhern elephant seal (not an AtlanticiGulf of Mexico species) appears to have better under- 
water sensitivity than the harbor seal, at least at low frequencies (Kastak and Schusteman 1998, 1999). 

low fiequencies (e.g., 100 Hz) is poorer than for hair seals (harbor or elephant seal). 

The undenvater hearing of a walrus has recently been measured at fiequencies from 125 Hz to 15 
kHz (Kastelein et al. 2002). The range of best hearing was from 1-12 kHz, with maximum sensitivity (67 
dB re 1 pPa) occuning at 12 kHz (Kastelein et al. 2002). 

Sirenians 

For the oîariid (eared) seals, the high frequency cutoff is lower than for phocinids, and sensitivity at 

The hearing of manatees is sensitive at frequencies below 3 Hz. A West Indian manatee that was 
tested using behavioral methods could apparently detect sounds from 15 Hz to 46 kHz (Gerstein et al. 
1999). Thus, manatees may hear, or at least detect, sounds in the low-frequency range where most 
seismic energy is released. It is possible that they are able to feel these low-frequency sounds using 
vibrotactile receptors or because of resonance in body cavities or bone conduction. 

Based on measurements of evoked potentials, manatee hearing is apparently best around 1-1.5 kHz 
(Bullock et al. 1982). However, behavioral testing suggests their best sensitivity is at 6 to 20 kHz (Ger- 
stein et al. 1999). The ability to detect high fiequencies may be an adaptation to shallow water, where the 
propagation of low frequency sound is limited (Gerstein et al. 1999). 
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(c) Characteristics of Airgun Pulses 

Airguns function by venting high-pressure air into the water. The pressure signature of an individ- 
ual airgun consists of a sharp nse and then fall in pressure, followed by several positive and negative 
pressure excursions caused by oscillation of the resulting air bubble. The sizes, arrangement, and f h g  
times of the individual airguns in an array are designed and synchronized to suppress the pressure 
oscillations subsequent to the first cycle. The resulting downward-directed pulse has a duration of only 
10 to 20 ms, with only one strong positive and one strong negative peak pressure (Caldwell and Dragoset 
2000). Most energy emitted from airguns is at relatively low frequencies. For example, typical high- 
energy airgun arrays emit most energy at 10-120 Hz. However, the pulses contain some energy up to 
500-1000 Hz and above (Goold and Fish 1998). The pulsed sounds associated with seismic exploration 
have higher Peak levels than other industrial sounds to which whales and other marine mammals are 
routinely exposed. The only sources with higher or comparable effective source levels are explosions. 

The peak-to-Peak source levels of the 2- to 20-airgun arrays used by L-DE0 during various 
projects range from 236 to 263 dB re 1 pPa at 1 m, considering the frequency band up to about 250 Hz. 
These are the nominal source levels applicable to downward propagation. The effective source levels for 
horizontal propagation are lower. The only man-made sources with effective source levels as high as (or 
higher than) a large array of airguns are explosions and high-power sonars operating near maximum 
power. 

Several important mitigating factors need to be kept in mind. (1) Airgun arrays produce inter- 
mittent sounds, involving emission of a strong sound pulse for a small fraction of a second followed by 
several seconds of near silence. In contrast, some other sources produce sounds with lower peak levels, 
but their sounds are continuous or discontinuous but continuing for much longer durations than seismic 
pulses. (2) Airgun arrays are designed to transmit strong sounds downward through the seafloor, and the 
amount of sound transmitted in near-horizontal directions is considerably reduced. Nonetheless, they also 
emit sounds that travel horizontally toward non-target areas. (3) An airgun array is a distributed source, 
not a point source. The nominal source level is an estimate of the sound that would be measured from a 
theoretical point source emitting the same total energy as the airgun array. That figure is useful in 
calculating the expected received levels in the far field, i.e., at moderate and long distances. Because the 
air,- array is not a single point source, there is no one location within the near field (or anywhere else) 
where the received level is as high as the nominal source level. 

The sirengths of airgun puises can be measured in different ways, and it is important to know which 
method is being used when interpreting quoted source or received levels. Geophysicisîs usualiy quote peak-to- 
Peak levels, in bar-meters or dB re 1 pPa.m. The peak (= zero-to-Peak) level for the same pulse is typically 
about 6 dB less. In the biological literature, levels of received airgun pulses are o k n  descnbed based on the 
“average” or “root-mean-square” (mis) level over the duration of the pulse. The rms value for a given airgun 
pulse is typicaiiy about 10 dB lower than the Peak level and 16 dB lower than the peak-to-Peak value (Greene 
1997; McCauley et al. 1998,2000a). A fourîh measure that is sometimes used is the energy level, in dB re 
1 pPaz-s. Because the pulses are 4 s in duration, the numerical value of the energy is lower tban the rms 
pressure level, but the uni& are different Because the level of a given puise will differ substantiaiiy depending 
on which of these measures is being applied, it is imporîant to be aware which measure is in use when 
interpreting any quoted puise level. In the past, NMFS has commonly referred to rms levels when discussing 
levels of pulsed sounds that might “harass” marine mammals. 

Seismic sound received at any given point will arrive via a direct path, indirect paths that include 
reflection from the sea surface and bottom, and often indirect paths including segments through the 
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bottom sediments. Sounds propagating via indirect paths travel longer distances and often anive later 
than sounds arriving via a direct path. (However, sound traveling in the bottom may travel faster than that 
in the water, and thus may, in some situations, arrive slightly earlier than the direct arriva1 despite 
traveling a greater distance.) These variations in travel t h e  have the effect of lengthening the duration of 
the received pulse. Near the source, the predominant part of a seismic pulse is about 10 to 20 ms in 
duration. In comparison, the pulse duration as received at long horizontal distances can be much greater. 
For example, for one airgun array operating in the Beaufort Sea, puise duration was about 300 ms at a 
distance of 8 km (4.3 n.mi.), 500 ms at 20 km (10.8 n.mi.), and 850 ms at 73 km or 39.4 n.mi. (Greene 
andRichardson 1988). 

Another important aspect of sound propagation is that received levels of low-frequency underwater 
sounds diminish close to the surface because of pressure-release and interference phenomena that occur at 
and near the surface (Urick 1983; Richardson et al. 1995). Paired measurements of received aira- 
sounds at depths of 3 m (9.8 ft) vs. 9 m (29.5 ft) or 18 m (59 fi) have shown that received levels are 
typically several decibels lower at 3 m (Greene and Richardson 1988). For a mammal whose auditory 
organs are within 0.5 or 1 m (1.6-3.3 ft) of the surface, the received level of the predomhant low- 
frequency components of the airgun pulses would be fuaher reduced. In deep water, the received levels 
at deep depths can be considerably higher than those at relatively shallow (e.g., 18 m) depths and the 
same horizontal distance from the airguns (Tolstoy et al. 2004). 

Puises of underwater sound from open-water seismic exploration are oflen detected 5&100 km 
(27-54 ami.) &om the source location, even during operations in nearshore waters (Greene and Richard- 
son 1988; Burgess and Greene 1999). At those distances, the received levels are low-below 120 dE3 re 
1 pF’a on an approximate rms basis. However, faint seismic pulses are sometimes detectable at even 
greater ranges (e.g., Bowles et al. 1994; Fox et al. 2002). Considerably higher levels can OCCUT at 
distances out to several kilometers from an operating airgun array. 

(d) Masking Effects of Seismic Surveys 

Masking effects of pulsed sounds on marine mammal calls and other naturd sounds are expected to 
be limited, although there are few specific data on this. Some whales are known to continue calling in the 
presence of seismic pulses. Their calls can be heard between the seismic pulses (e.g., Richardson et al. 
1986; McDonald et al. 1995; Greene et al. 1999). Although there has been one report that sperm whales 
cease ca lhg  when exposed to pulses from a very distant seismic ship (Bowles et al. 1994), a ment  study 
reports that sperm whales off norihem Norway continued calling in the presence of seismic pulses 
(Madsen et al. 2002). Masking effects of seismic pulses are expected to be negligible in the case of the 
smaller odontocete cetaceans, given the intermittent nature of seismic pulses plus the fact that sounds 
important to them are predominantly at much higher frequencies than are airgun sounds. 

Most of the energy in the sound pulses emitted by airgun arrays is at low fiequencies, with 
strongest spectrum levels below 200 H z  and considerably lower spectrum levels above 1000 Hz. These 
low frequencies are m a d y  used by mysticetes, but generally not by odontocetes, pinnipeds, or sirenians. 
An industrial sound source will reduce the effective communication or echolocation distance only if its 
frequency is close to that of the marine mammal signal. If little or no overlap occurs between the 
industrial noise and the frequencies used, as in the case of many marine mammals vs. air,% sounds, 
communication and echolocation are not expected to be dismpted. Furthermore, the discontinuous nature 
of seismic puises makes significant masking effects unlikely even for mysticetes. 
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A few cetaceans are known to increase the source levels of their calls in the presence of elevated 
sound levels, or possibly to shift their peak fi-equencies in response to strong sound si,wls (Dahlheim 
1987; Au 1993; Lesage et al. 1999; Terhune 1999; reviewed in Richardson et al. 1995:2338 3648. 
These studies involved exposure to other types of anthropogenic sounds, not seismic pulses, and it is not 
known whether these types of responses ever occur upon exposure to seismic sounds. If so, these 
adaptations, along with directional hearing and preadaptation to tolerate some masking by natural sounds 
(Richardson et al. 1995), would al1 reduce the importance of masking. 

(e) Disturbance by Seismic Surveys 

Disturbance includes a variety of effects, including subtle changes in behavior, more conspicuous 
changes in activities, and displacement. In the terminology of the 1994 amendments to the MMPA, 
seismic noise could cause “Level B harassment of certain marine mammals. Level B harassment is 
defmed as “ ... disruption of behavioral patterns, including, but not limited to, migration, breaîhing, 
nursing, breeding, feeding, or sheltering.” 

There has been debate regardmg how substantial a change in behavior or mammal activity is 
required before the animal should be deemed to be “taken by Level B harassment”. NMFS has recently 
stated that 

“ ... a simple change in a marine mammal’s actions does not always rise to the level of disruption of 
its behavioral patterns. . .. If the only reaction to the [human] activity on the part of the marine 
mammal is within the normal repertoire of actions that are required to cany out that behavioral 
pattern, NMTS considers [the human] activity not to have caused a disruption of the behavioral 
pattern, provided the animal‘s reaction is not otherwise significant enough to be considered 
disruptive due to lengh or severity. Therefore, for example, a short-term change in breaîhing rates 
or a somewhat shortened or lengthened dive sequence that are within the animal’s normal range 
and that do not have any biological significance (i.e., do no disrupt the animal’s overall behavioral 
pattern of breathing under the circumstances), do not rise to a level requiring a small take author- 
ization.” ( N W S  2001, p. 9293). 

Based on this guidance from NMFS, we assume that simple exposure to sound, or brief reactions 
that do not disrupt behavioral patterns in a potentially significant manner, do not constitute harassrnent or 
“taking”. By potentially significant, we mean “in a manner that might have deleterious effects to the 
well-being of individual marine mammals or their populations”. 

Even with this guidance, there are difficulties in defining what marine mammals should be counted 
as “taken by harassment”. For many species and situations, we do not have detailed information about 
their reactions to noise, including reactions to seismic (and sonar) pulses. Behavioral reactions of marine 
mammals to sound are difficult to predict. Reactions to sound, if any, depend on species, state of 
mattuity, experience, current activity, reproductive state, time of day, and many other factors. If a marine 
mammal does react to an underwater sound by changing its behavior or moving a small distance, the 
impacts of the change may not be significant to the individual let alone the stock or the species as a 
whole. However, if a sound source displaces marine mammals from an important feeding or breeding 
area for a prolonged period, impacts on the animals could be significant. Given the many uncerîainties in 
predicting the quantity and types of impacts of noise on marine mammals, it is common practice to 
estimate how many mammals were present wiîhin a particular distance of industrial activities, or exposed 
to a particular level of industrial sound. This likely overeshates the numbers of marine mammals that 
are affected in some biologically important manner. 
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The d e f ~ t i o n s  of “taking” in the US. Manne Mammal hotection Act, and its applicability to 
various activities, are presently (autumn 2003) under active consideration by the U.S. Congres. Some 
changes are likely. Also, the U S .  National Marine Fishenes Service is considering the adoption of new 
criteria conceming the noise exposures that are (and are not) expected to cause “takes” of various types. 
Thus, for projects subject to US.  jurisdiction, changes in procedures may be required in the near future. 

The sound cnteria used to estimate how many marine mammals might be disturbed to some 
biologically-important degree by a seismic program are based on behavioral observations during studies 
of several species. However, information is lacking for many species. Detailed studies have been done 
on humpback, gray and bowhead whales, and on nnged seals. Less detailed data are available for some 
other species of baleen whales, sperm whales, and small toothed whales. 

Baleen Whales 

Baleen whales generally tend to avoid operating airguns, but avoidance radii are quite variable. 
Whales are often reported to show no overt reactions to airgun pulses at distances beyond a few 
kilometers, even though the airgun pulses remain well above ambient noise levels out to much longer 
distances. However, baleen whales exposed to strong noise pulses from air,gns often react by deviating 
f?om their normal migration route andor intenupting their feeding and moving away. Some of the main 
studies on t h i s  topic are the following: Malme et al. 1984, 1985, 1988; Richardson et al. 1986, 1995, 
1999; Ljungblad et al. 1988; Richardson and Malme 1993; McCauley et al. 1998, 2000a; Miller et al. 
1999. 

Prior to the late 1990s, it was thought that bowhead whales, gray whales, and humpback whales al1 
begin to show strong avoidance reactions to seismic pulses at received levels of about 160 to 170 dü re 
1 pPa rms, but that subtle behavioral changes sometimes become evident at somewhat lower received 
levels. Recent studies have shown that some species of baleen whales (bowheads and humpbacks in 
particular) may show strong avoidance at received levels somewhat lower than 160-170 dü re 1 @a rms. 
The observed avoidance reactions involved movement away 6om feeding locations or statistically 
significant deviations in the whales’ direction of swimming andor migration corridor as they approached 
or passed the sound sources. In the case of the migrating whales, the observed changes in behavior 
appeared to be of little or no biological consequence to the animals-they simply avoided the sound 
source by displacing their migration route to varying degrees, but within the natural boundaries of the 
migration corridors. 

Humpback WhaZes.-McCauley et al. (1998,2000a) studied the responses of humpback whales off 
Westem Australia to a full-scale seismic survey with a 16-airgun 2678-in3 array, and to a single 20 in3 
airgun with source level227 dB re 1 @am @-p). They found that the overall distribution of humpbacks 
migrating through their study area was unaffected by the full-scale seismic program. McCauley et al. 
(1998) did, however, document locaiized avoidance of the array and of the single gun. Avoidance reac- 
tions began at 5-8 km (2.7-4.3 ami.) from the array and those reactions kept most pods about 3 4  km 
(1.6-2.2 n.mi.) from the operating seismic boat. Observations were made from the seismic vessel, from 
which the maximum viewing distance was listed as 14 km (7.6 n.mi.). Avoidance distances with respect 
to the single airgun were smaller but consistent with the results from the full array in terms of the received 
sound levels. Mean avoidance distance f?om the airgun corresponded to a received sound level of 140 dü 
re 1 pPa rms; this was the level at which humpbacks started to show avoidance reactions to an approach- 
ing “*un. The standoff range, Le., the closest point of approach of the airgun to the whales, corres- 
ponded to a received level of 143 dü mis. The initial avoidance response generaliy occurred at distances 
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of 5-8 km (2.7-4.3 n.mi.) from the airgun array and 2 km (1.1 n.mi.) from the single gun. However, 
some individuai humpback whales, especially males, approached within distances 10MOO m (328-13 12 
fi), where the maximum received level was 179 dB re 1 pPa rms. 

Humpback whales summering in southeast Alaska did not exhibit persistent avoidance when 
exposed to seismic pulses from a 1.64-L (100 in3) airgun (Mahne et al. 1985). Some humpbacks seemed 
“startled” at received levels of 15&169 dE3 re 1 P a .  Malme et al. (1985) concluded that there was no 
clear evidence of avoidance, despite the possibility of subtle effects, at received levels up to 172 re 1 pPa 
on an approximate rms basis. 

Bowhead WhaZes.-Bowhead whales on their summering grounds in the Canadian Beaufort Sea 
showed no obvious reactions to pulses from seismic vessels at distances of 6 to 99 km (3-53 n.mi.) and 
received Sound levels of 107-158 dB on an approximate rms basis mchardson et al. 1986); their general 
activities were indistinguishable from those of a control group. However, subtle but statistically signif- 
icant changes in s u r f a c i n g - r e s p i e  cycles were evident upon statistical analysis. Bowheads 
usually did show strong avoidance responses when seismic vessels approached within a few kilometers 
(-3-7 km or 1.6-3.8 n.mi.) and when received levels of airgun sounds were 152-178 dB mchardson et 
al. 1986, 1995; Ljungblad et al. 1988). in one case, bowheads engaged in near-boîtom feeding began to 
tum away from a 30-airgun array with a source level of 248 dB re 1 pPa-m at a distance of 7.5 km 
(4 n.mi.), and swam away when it came within about 2 km (1.1 n.mi.). Some whales continued feeding 
until the vessel was 3 km (1.6 n.mi.) away. Feeding bowhead whales tend to tolerate higher Sound levels 
than migrating whales before showing an overt change in behavior. The feeding whales may be affected 
by the sounds, but the need to feed may reduce the tendency to move away. 

Migrating bowhead whales in the Alaskan Beaufort Sea seem more responsive to noise pulses from 
a distant seismic vessel than are summering bowheads. In 199G98, a partially-controlled study of the 
effect of Ocean Bottom Cable (OBC) seismic sweys  on westward-migrating bowheads was conducted in 
late summer and autumn in the Alaskan Beaufort Sea (Miller et al. 1999; Richardson et al. 1999). Aerial 
surveys showed that some westward-migrating whales avoided an active seismic s w e y  boat by 20-30 
km (10.8-16.2 n.mi.), and that few bowheads approached within 20 km (10.8 n.mi.). Received Sound 
levels at those distances were only 116135 dE3 re 1 pPa (nns). Some whales apparently began to deflect 
their migration path when still as much as 35 km (19 n.mi.) away from the airguns. At times when the 
airguns were not active, many bowheads moved into the area close to the inactive seismic vessel. 
Avoidance of the area of seismic operations did not persist beyond 12-24 h after seismic shooting 
stopped. These and other data suggest that migrating bowhead whales are more responsive to seismic 
pulses than were summering bowheads. 

Gray WhaZes.-Mahe et al. (1986, 1988) studied the responses of feeding gray whales to pulses 
from a single 100 in3 airgun off St. Lawrence Island in the northem Bering Sea. They estimated, based on 
small sample sizes, that 50% of feeding gray whales ceased feeding at an average received pressure level 
of 173 dB re 1 pF’a on an (approximate) rms basis, and that 10% of feeding whales interrupted feeding at 
received levels of 163 dB. Mahne at al. (1986) estimated that an average pressure level of 173 dB 
occurred at a range of 2.6 to 2.8 km (1.4-1.5 n.mi.) from an airgun array with a source level of 250 dB (0- 
pk) in the northem Bering Sea. These fmdings were generally consistent with the results of experiments 
conducted on larger numbers of gray whales that were migrating along the Caiifomia Coast. Malme and 
Miles (1985) concluded that, during migration, changes in swimming pattern occurred for received levels 
of about 160 dB re 1 pPa and higher, on an approximate llfls basis. The 50% probability of avoidance 
was estimated to occur at a CPA distance of 2.5 km (1.3 n.mi.) from a 4000-in3 array operating off central 
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Califomia (CPA = closest point of approach). This would occur at an average received Sound level of 
about 170 dB (rms). Some siight behavioral changes were noted at received Sound levels of 140 to 160 
dB (rms). 

There was no indication that Westem gray whales exposed to seismic noise were displaced from 
their overall feeding grounds near Sakhalin Island during seismic progams in 1997 (Würsig et al. 1999) 
and in 2001. However, there were indications of subtle behavioral effects and (in 2001) localized avoid- 
ance by some individuals (Johnson 2002; Weller et al. 2002). 

Rorquals.-Blue, sei, fui, and m i n k e  whales have occasionally been reported in areas ensonified 
by airgun pulses. Sightings by observers on seismic vessels off the U.K. from 1997 to 2000 suggest that, 
at times of good sightability, numbers of rorquals seen are similar when airguns are shooting and not 
shooting (Stone 2003). Although individual species did not show any significant displacement in relation 
to seismic activity, al1 baleen whales combined were found to remain significantly further from the 
airguns during shooting compared with periods without shooting (Stone 2003). Baleen whale pods 
sighted fiom the ship were found to be at a median distance of about 1.6 km (0.9 n.mi.) from the array 
during shooting and 1.0 km (0.5 n.mi.) during periods without shooting (Stone 2003). Baleen whales, as 
a group, made more fiequent alterations of course (usually away from the vessel) during shooting 
compared with periods of no shooting (Stone 2003). In addition, fdse i  whales were less likely to remain 
submerged during periods of seismic shooting (Stone 2003). 

Discussion und Conclusions.-Baleen whales generally tend to avoid operating airguns, but 
avoidance radii are quite variable. Whales are often reported to show no overt reactions to airgun pulses 
at distances beyond a few kilometers, even though the airgun pulses remain well above ambient noise 
levels out to much longer distances. However, recent studies of humpback and especially migrating 
bowhead whales show that reactions, including avoidance, sometimes extend to greater distances than 
documented earlier. Avoidance distances often exceed the distances at which boat-based obseryers can 
see whales, so observations from the source vessel are biased. 

Some baleen whales show considerable tolerance of seismic pulses. However, when the pulses are 
strong enough, avoidance or other behavioral changes become evident. Because the responses become 
less obvious with diminishing received sound level, it has been difficult to determine the maximum 
distance (or minimum received Sound level) at which reactions to seismic become evident and, hence, 
how many whales are affected. 

Studies of gray, bowhead, and humpback whales have determined that received levels of pulses in the 
16G170 dB re 1 @a rms range seem to cause obvious avoidance behavior in a substantial fraction of the 
animals exposed. In many areas, seismic pulses diminish to these levels at distances ranghg fiom 4.5 to 
14.5 km (2.4-7.8 n.mi.) from the source. A substantial proportion of the baleen whales within this distance 
range may show avoidance or other strong disturbance reactions to the seismic may. 

Data on short-term reactions (or lack of reactions) of cetaceans to impulsive noises do not necessarily 
provide information about long-term effects. It is not hown whether impulsive noises affect reproductive 
rate or distribution and habitat use in subsequent days or years. Gray whales continued to migrate annually 
along the West Coast of North America despite intermittent seismic exploration (and much ship traffic) in 
that area for decades (Appendix A in Malme et al. 1984). Bowhead whales continued to travel to the eastem 
Beaufort Sea each summer despite seismic exploration in their summer and autumn range for many years. 
Bowheads were often seen in summering areas where seismic exploration occmed in preceding summers 
fichardson et al. 1987). They also have been observed over penods of days or weeks in areas repeatedly 
ensonified by seismic pulses. However, it is not known whether the same individual bowheads were 
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involved in these repeated observations (within and between yem) in strongly ensonified areas. It is also 
not known whether whales that tolerate exposure to seismic pulses are stressed. 

Toothed Whaies 

Little systematic information is available about reactions of toothed whales to noise pulses. Few 
studies similar to the more extensive baleen whale/seismic puise work summarized above have been 
reported for toothed whales, and none similar in size and scope to the studies of humpback, bowhead and 
gray whales mentioned above. However, systematic work on sperm whales is underway. 

Delphinids and Similur Species.- Seismic operators sometimes see dolphins and other small 
toothed whales near operating airgun arrays, but in general there seems to be a tendency fo- most 
delphinids to show some limite; avoidance of operating seismic vessels. Authors reporting cases of small 
toothed whales close to the operating air,ms have included Duncan (1985), Arnold (1996), and Stone 
(2003). When a 3959 in3, 18-airgun array was f h g  off Caiifomiq toothed whales behaved in a manner 
similar to that observed when the airguns were silent (Arnold 1996). Most, but not all, dolphins often 
seemed to be attracted to the seismic vessel and floats, and some rode the bow wave of the seismic vessel 
regardless of whether the guns were fring. However, in Puget Sound, Dall's porpoises observed when a 
6000 in', l2-16-airaw array was firing tended to be heading away kom the boat (Calambokidis and 
Osmek 1998). 

Goold (1996a,b,c) studied the effects on common dolphins, Delphinus delphis, of 2D seismic 
s w e y s  in the Irish Sea. Passive acoustic sweys  were conducted from the "guard ship" that towed a 
hydrophone 180-m aft. The results indicated that there was a local displacement of dolphins around the 
seismic operation. However, observations indicated that the animals were tolerant of the sounds at 
distances outside a 1-km (0.5 n.mi.) radius from the guns (Goold 1996a). Initial reports of larger-scale 
displacement were later shown to represent a normal autumn migration of dolphins through the area, and 
were not attributable to seismic sweys  (Goold 1996a,b,c). 

Observers stationed on seismic vessels operating off the United Kingdom from 1997-2000 have 
provided data on the occurrence and behavior of vanous toothed whales exposed to seismic pulses (Stone 
2003). Dolphins of various species often showed more evidence of avoidance of operating airgun arrays 
than has been reported previously for small odontocetes. Sighting rates of white-sided dolphins, white- 
beaked dolphins, Lugenorhynchus spp., and al1 small odontocetes combined were significantly lower 
during penods of shooting. Except for pilot whales, al1 of the small odontocete species tested, including 
killer whales, were found to be significantly fazther from large airgun arrays during penods of shooting 
compared with penods of no shooting. Pilot whales showed few reactions to seismic activity. The 
displacement of the median distance kom the array was -0.5 km (0.3 n.mi.) or more for most species 
groups. Killer whales also appear to be more tolerant of seismic shooting in deeper waters. 

For al1 small odontocete species, except pilot whales, that were sighted during seismic surveys off 
the United Kingdom in 1997-2000, the numbers of positive interactions with the survey vessel (e.g., bow- 
nding, approaching the vessel, etc.) were si,~ficantly fewer during penods of shooting. Al1 small 
odontocetes combined showed more negative interactions ( e g ,  avoidance) during penods of shooting. 
Small odontocetes, including white-beaked dolphins, Lugenorhynchus spp., and other dolphin spp. 
showed a tendency to swim faster during periods with seismic shooting; Lugenorhynchus spp. were also 
observed to swim more slowly during penods without shooting. Significantly fewer white-beaked 
dolphins, Lugenorhynchus spp., harbor porpoises, and pilot whales traveled towards the vessel andor 
more were traveling away from the vessel during periods of shooting. 

Lamoni-Doherty Earth Observaiory IHA Application: G u ~ o / A I m h ,  2004 Page 100 



Appendix A 

Captive botilenose dolphins and beluga whales exhibit changes in behavior when exposed to strong 
pulsed sounds similar in duration to those typically used in seismic surveys (Finneran et al. 2000, 2002). 
Finneran et al. (2002) exposed a captive bottlenose dolphin and white whale to single impulses from a 
watergun (80 in3). As compared with airgun pulses, water gun impulses were expected to contain propor- 
tionally more energy at higher frequencies because there is no significant gas-filled bubble, and thus little 
low-frequency bubble-pulse energy (Hutchinson and Detrick 1984). The captive animals sometimes 
vocalized after exposure and exhibited a reluctance to station at the test site where subsequent exposure to 
impulses would be implemented (Finneran et al. 2002). Similar behaviors were exhibited by captive 
bottlenose dolphins and a white whale exposed to single undenvater pulses designed to simulate those 
produced by distant undenvater explosions (Finneran et al. 2000). It is uncertain what relevance these 
observed behaviors in captive, trained marine mammals exposed to single sound pulses may have to free- 
ranging animals exposed to multiple pulses. In any event, the animals tolerated rather high received 
levels of sound (pk-pk level>200 dB re 1 p.Pa) before exhibiting the aversive behaviors mentioned above. 

Observations of odontocete responses (or lack of responses) to noise pulses from undenvater explosions 
(as opposed to airgun pulses) may be relevant as an indicator of odontocete responses to ves. sirong noise 
puises. During the 1950s, small explosive charges were dropped into an Alaskan river in attempts to scare 
belugas away fiom Salmon. Success was !.imited (Fish and Vania 1971; Frost et al. 1984). Small explosive 
charges were ‘hot always effective” in moving bottlenose dolphins away fiom sites in the Gulf of Mexico 
where larger demolition blasts were about to occur (Klima et al. 1988). Odontocetes may be attracted to fish 
killed by explosions, and thus attracted rather than repelled by “scare” charges. Captive false killer whales 
showed no obvious reaction to single noise pulses fiom small(l0 g) charges; the received level was -185 dE3 
re 1 P a  (Akmatsu et al. 1993). Jefferson and Curry (1994) reviewed several additional studies that found 
limited or no effects of noise pulses from s d  explosive charges on killer whales and other odontocetes. 
Aside from the potential for TïS, the tolerance to these charges may indicate a lack of effect or the failure to 
move away may simply indicate a sfronger desire to eat, regardless of cixcumstances. 

Beuked cvhuZes.-There are no specific data on the behavioral reactions of beaked whales to seismic 
surveys. Most beaked whales tend to avoid approaching vessels of other types (e.g., Würsig et al. 1998). 
They may also dive for an extended period when approached by a vessel (e.g., Kasuya 1986). It is likely 
that these beaked whales would n o d y  show strong avoidance of an approaching seismic vessel, but d i s  
has not been documented explicitly. Northem bottlenose whales sometimes are quite tolerant of slow- 
moving vessels (Reeves et al. 1993; Hooker et al. 2001). However, those vessels were not emitting airgun 
pulses. 

There are increasing indications that some beaked whales tend to strand when naval exercises, 
including sonar operation, are ongoing nearby (e.g., Simmonds and Lopez-Jurado 1991; Frantzis 1998; 
NOAA and USN 2001; Jepson et al. 2003; see also the “Strandings and Mortality” subsection, later). 
These strandings are apparently at least in part a disturbance response, although auditory or other injuries 
may also be a factor. Whether beaked whales would ever react similarly to seismic surveys is unknown. 
Seismic s w e y  sounds are quite àifferent from those of the sonars in operation during the above-cited 
incidents. There has been a recent (Sept. 2002) stranding of Cuvier’s beaked whales in the Gulf of 
California (Mexico) when the L-DE0 vessel Maurice Ewing was conducting a seismic survey in the 
general area (e.g., Malakoff 2002). Another stranding of Cuvier’s beaked whales in the Galapagos 
occurred during a seismic survey in April2000; however “There is no obvious mechanism that bridges 
the distance between this source and the siranding site” (Gentry 2002). The evidence with respect to 
seismic surveys and beaked whale strandings is inconclusive, and NMFS has not established a link 
between the Gulf of Califomia stranding and the seismic activities (Hogarth 2002). 
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Sperm Whyhales.-All three species of sperm whales have been reported to show avoidance reac- 
tions to standard vessels not emitting airgun sounds (e.g., Richardson et al. 1995; Würsig et al. 1998). 
Thus, it is to be expected that they would tend to avoid an operating seismic survey vessel. There are 
some limited observations suggesting that sperm whales in the Southem Ocean ceased calling during 
some @ut not ail) times when exposed to weak noise pulses from extremely distant (>300 km or 162 
ami.) seismic exploration (Bowles et al. 1994). This “quieting” was suspected to represent a disturbance 
effect, in pari because sperm whales exposed to pulsed man-made sounds at higher frequencies often 
cease calling (Watkins and Schevill 1975; Watkins et al. 1985). Also, sperm whales in the Gulf of 
Mexico may have moved away from a seismic vessel (Mate et al. 1994). 

On the other han4 recent (and more extensive) data from vessel-based monitoring programs in 
U.K. waters suggest that sperm whales in that area show little evidence of avoidance or behavioral 
disruption in the presence of operating seismic vessels (Stone 2003). These spes  of observations are 
difficult to interpret because the observers are sîationed on or near the seismic vessel, and may under- 
estimate reactions by some of the more responsive species or individuals, which may be beyond visual 
range. However, the U.K. results do seem to show considerable tolerance of seismic surveys by at least 
some sperm whales. Also, a men t  study off northem Norway indicated that sperm whales continued to 
call when exposed to pulses from a distant seismic vessel. Received levels of the seismic puises were up 
to 146 dB re 1 pPa pk-pk (Madsen et al. 2002). Similarly, a study conducted off Nova Scotia that 
analyzed recordings of sperm whale vocalizations at various distances from an active seismic program did 
not detect any obvious changes in the distribution or behavior of sperm whales (McCall Howard 1999). 
An experimental study of sperm whale reactions to seismic surveys in the Gulf of Mexico is presently 
undenvay (Caldwell 2002; Jochens and Biggs 2003), along with a study of the movements of sperm 
whales with satellite-iinked tags in relation to seismic surveys (Mate 2003). During two controlled 
exposure experiments where sperm whales were exposed to seismic pulses at received levels up to 148 dB 
re 1 pPa, there was no indication of avoidance of the vessel or changes in feeding efficiency (Jochens and 
Biggs 2003). The received sounds were measured on an “rms over octave band with most energy” basis 
(F‘. Tyack, pers. c o r n .  to LGL Ltd.); the broadband rms value would be somewhat higher. Although the 
sample size ffom the initial work was small (four whales during two experiments), the results are 
consistent with those off northem Norway. 

Conclusions.-Dolphins and porpoises are often seen by observers on active seismic vessels, 
occasionally at close distances (e.g., bow riding). However, some studies, especially near the U.K., show 
localized avoidance. in contrast, recent studies show little evidence of reactions by sperm whales to 
airgun pulses, contrary to earlier indications. 

There are no specific daîa on responses of beaked whales to seismic surveys, but it is likely that 
most if not al1 species show strong avoidance. There is increasing evidence that some beaked whales may 
Strand after exposure to strong noise from sonars. Whether they ever do so in response to seismic survey 
noise is unknown. 

Pinnigeds 

Few studies of the reactions of pinnipeds to noise ftom open-water seismic exploration have been 
published (for review, see Richardson et al. 1995). However, pinnipeds have been observed during a 
number of seismic monitoring studies in recent years. Monitoring studies in the Beaufort Sea during 
1996-2001 provide a substantial amount of information on avoidance responses (or lack thereof) and 
associated behavior. Pinnipeds exposed to seismic surveys have also been observed during recent seismic 
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surveys along the USWW. Some limited data are available on physiological responses of seals exposed 
to seismic sound, as studied with the aid of radio telemetry. Also, there are data on the reactions of 
pinnipeds to vanous other related types of impulsive sounds. 

Early observations provided considerable evidence that pinnipeds are often quite tolerant of strong 
pulsed sounds. During seismic exploration off Nova Scotia, grey seals exposed to noise from airguns and 
linear explosive charges reportedly did not react strongly (J. Parsons in Greene et al. 1985). An airgun 
caused an initial startle reaction among South AEcan fur seals but was ineffective in scaring them away 
from fishing gear (Anonymous 1975). Pinnipeds in boîh water and air sometimes tolerate strong noise 
pulses from non-explosive and explosive scaring devices, especially if atûacted to the area for feeding or 
reproduction (Mate and Harvey 1987; Reeves et al. 1996). Thus, pinnipeds are expected to be rather 
tolerant of, or habituate to, repeated underwater sounds from distant seismic sources, at least when the 
animals are strongly attracted to the area. 

In the United Kingdom, a radio-telemetry study has demonstrated short-term changes in the behav- 
ior of harbor (=common) seals and grey seals exposed to airgun pulses (Thompson et al. 1998). In this 
study, harbor seals were exposed to seismic pulses fiom a 90 in3 array (3 x 30 in3 airguns), and behavioral 
responses differed among individuals. One harbor seal avoided the array at distances up to 2.5 km (1.3 
n.mi.) from the source and only resumed foraging dives afîer seismic stopped. Another harbor seal 
exposed to the same small airgun array showed no detectable behavioral response, even when the array 
was withk 500 m (1641 fi). Al1 grey seals exposed to a single 10 in3 airam showed an avoidance 
reaction. Seals moved away from the source, increased swim speed and/or dive duration, and switched 
&om foraging dives to predominantly transit dives. These effects appeared to be short-term as al1 grey 
seals either remained in, or retumed at least once to, the foraging area where îhey had been exposed to 
seismic pulses. These results suggest that there are interspecific as well as individual differences in seal 
responses to seismic sounds. 

Off California, visnal observations from a seismic vessel showed that California sea lions "typically 
ignored the vessel and array. When [they] displayed behavior modifications, they often appeared to be 
reachg visually to the sight of the towed array. At times, California sea lions were atûacted to the array, 
even when it was on. At other times, these animals wouid appear to be actively avoiding the vessel and 
array. " (Arnold 1996). In Puget Sound, sighting distances for harbor seals and California sea lions tended 
to be larger when airguns were operating; both species tended to orient away whether or not the airguns 
were firing (Calambokidis and Osmek 1998). 

Monitoring work in the Alaskan Beaufort Sea during 1996-2001 provided considerable 
information regarding the behavior of seals exposed to seismic pulses (Harris et al. 2001; Monlton and 
Lawson 2002). These seismic projects usually involved arrays of 6 to 16 airguns with total volumes 560 
to 1500 in3. The combined results suggest that some seals avoid the immediate area around seismic 
vessels. In most survey years, ringed seal sightings tended to be faaher away from the seismic vessel 
when the air-gms were operating then when they were not (Moulton and Lawson 2002). However, these 
avoidance movements were relatively small, on the order of 100 m (328 ft) to (at most) a few hundreds of 
meters, and many seals remained within 100-200 m (328-656 ft) of the trackline as the operating airgun 
array passed by. Seal sighting rates at the water surface were lower during airgun array operations than 
during no-air-gm periods in each survey year except 1997. 

The operation of the airpn array had minor and variable effects on the behavior of seals visible at 
the surface within a few hundred meters of the array. Tne behavioral data indicated that some seals were 
more likely to swim away from the source vessel during penods of airgun operations and more likely to 

Lamoni-Doherty Eartk Observaioiy IHA Application: GuifofAlaska, 2004 Page 103 



Appendix A 

swim towards or parallel to the vesse1 during non-seismic penods. No consistent relationship was 
observed between exposure to airgun noise and proportions of seals engaged in other recognizable behav- 
iors, e.g. “looked” and “dove”. Such a relationship might have occurred if seals seek to reduce exposure 
to strong seismic pulses, given the reduced airgun noise levels close to the surface where “looking” 
occurs (Moulton and Lawson 2002). 

in summary, visuai monitoring from seismic vessels has shown only slight (if any) avoidance of 
airguns by pinnipeds, and only slight (if any) changes in behavior. These studies show that pinnipeds freq- 
uently do not avoid the area within a few hundred meters of an operating airgun array. However, initial 
telemetry work suggests that avoidance and other behavioral reactions may be stronger than evident to date 
fiom visual studies. 

( f )  Hearing Impairment and Other Physical Effects 

Temporary or permanent hearing impairment is a possibility when marine mammals are exposed to 
very strong sounds, but there bas been no specific documentation of t h i s  in the case of exposure to sounds 
from seismic surveys. Current W S  policy regardmg exposure of marine mammals to high-level 
sounds is that cetaceans and pinnipeds should not be exposed to impulsive sounds exceeding 180 and 190 
dB re 1 @a (rms), respectively (NMFS 2000). Those cntena have been used in establishing the safety 
(=shutdown) radii planned for numerous seismic surveys. However, those criteria were established 
before there was any information about the minimum received levels of sounds necessary to cause audit- 
ory impairment in marine mammals. As discussed below, 

the 180 dB cntenon for cetaceans is probably quite precautionary, i.e., lower than necessary to 
avoid Temporary Threshold Shifî (TTS) let alone permanent auditory injury, at least for 
delphinids. 

the minimum sound level necessary to cause permanent hearing impairment is higher, by a 
variable and generally unknown amount, than the level that induces barely-detectable TTS. 

the level associated with the onset of TTS is often considered to be a level below which there is 
no danger of permanent damage. 

Several aspects of the monitoring and mitigation measures that are now ofîen implemented during 
seismic survey projects are designed to detect marine mammals occuning near the airgun array, and to 
avoid exposing them to sound pulses that might cause hearing impairment. in addition, many cetaceans 
are likely to show some avoidance of the area with ongoing seismic operations (see above). in these 
cases, the avoidance responses of the animals themselves will reduce or avoid the possibility of hearing 
impairment. 

Non-auditory physical effects may also occur in marine mammals exposed to strong undenvater 
pulsed sound. Possible types of non-auditory physiological effects or injuries that might (in theory) occur 
include stress, neurological effects, bubble formation, resonance effects, and other types of organ or tissue 
damage. It is possible that some marine mammal species (i.e., beaked whales) may be especially suscep- 
tible to injury and/or stranding when exposed to strong pulsed sounds. 

Temporary Threshold Ship (TTS) 

TTS is the mildest form of heanng impairment that can occur during exposure to a strong sound 
(Kryter 1985). While experiencing TTS, the hearing threshold nses and a sound must be stronger in order 
to be heard. TTS can last from minutes or hours to (in cases of strong TTS) days. The magnitude of TTS 
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depends on the level and duration of noise exposure, among other considerations (Richardson et al. 1995). 
For sound exposures at or somewhat above the TTS threshold, hearing sensitivity recovers rapidly after 
exposure to the noise ends. Only a few data on sound levels and durations necessq to elicit mild TTS 
have been obtained for marine mammals, and none of the published data concem TTS elicited by 
exposure to multiple pulses of sound. 

Toothed whuZes.-Ridgway et al. (1997) and Schlundt et al. (2000) exposed bottlenose dolphins 
and beluga whales to single 1-s pulses of undenvater sound. TTS generally became evident at received 
levels of 192 to 201 di3 re 1 pPa rms at 3, 10, 20, and 75 kHz, with no strong relationship between 
frequency and onset of TTS across this range of frequencies. At 75 kHz, one dolphin exhibited TTS at 
182 dB, and at 0.4 kHz, no dolphin or beluga exhibited TTS afîer exposure to levels up to 193 dS 
(Schlundt et al. 2000). There was no evidence of permanent hearing loss; al1 hearing thresholds retumed 
to baseline values at the end of the study. 

Finneran et al. (2000) exposed bottlenose dolphins and a beluga whale to single undenvater pulses 
designed to generate sounds with pressure wavefoms similar to those produced by distant undenvater 
explosions. Pulses were of 5.1 to 13 milliseconds (ms) in duration and the measured frequency spectra 
showed a lack of energy below 1 kHz. Exposure to those impulses at a peak received SPL (sound 
pressure level) of 221 di3 re 1 @a produced no more than a slight and temporas. reduction in hearing. 

A similar study was conducted by Finneran et al. (2002) using an 80 in3 water gun, which generat- 
ed impulses with higher Peak pressures and total energy f lues  than used in the aforementioned study. 
Water gun impulses were expected to contain proportionally more energy at higher frequencies than 
airgun pulses (Hutchinson and Detrick 1984). “Masked TTS” (MTTS) was observed in a beluga after 
exposure to a single impulse with peak-to-Peak pressure of 226 dE3 re 1 pPa, Peak pressure of 160 H a ,  
and total energy flux of 186 dE3 re 1 @a2 * s. Thresholds retumed to within 2 dB of pre-exposure value 
-4 min after exposure. No MTTS was observed in a bottlenose dolphin exposed to one pulse with peak- 
to-Peak pressure of 228 dB re 1 @a, equivalent to Peak pressure 207 kPa and total energy flux of 188 dB 
re 1 @a2- s (Fimeran et al. 2000, 2002). In this study, TTS was defmed as occurring when there was a 
6 di3 or larger increase in post-exposure thresholds; the reference to masking W T S )  refers to the fact 
that these measurements were obtained under conditions with substantial @ut controlled) background 
noise. Pulse duration at the highest exposure levels, where MTTS became evident in the beluga, was 
typically 10-13 ms. 

The data quoted above al1 concem exposure of mal1 odontocetes to single pulses of duration 1 s or 
shorter, generally at frequencies higher than the predominant frequencies in airgun pulses. With single 
short pulses, the TTS threshold appears to be (to a first approximation) a function of the energy content of 
the puise (Finneran et al. 2002). The degree to which fais generalization holds for other types of signals 
is unclear OJachtigall et al. 2003). In parîicular, additional data are needed in order to determine the 
received sound levels at which small odontocetes would start to incur TTS upon exposure to repeated, 
low-frequency pulses of airgun sound with variable received levels. Given the results of the afore- 
mentioned studies and a seismic pulse duration (as received at close range) of -20 ms, the received level 
of a single seismic pulse might need to be on the order of 210 dB re 1 @a rms (-221-226 di3 pk-pk) in 
order to produce bnef, mild TTS. Exposure to several seismic pulses at received levels near 200-205 dEi 
(rms) might result in slight TTS in a small odontocete, assuming the TTS threshold is (to a first 
approximation) a function of the total received pulse energy. Seismic puises with received levels of 200- 
205 dB or more are usually restricted to a radius of no more than 100 m (328 ft) around a seismic vessel. 

Lamonz-Doherry Earth Observatory IHA Application: GuifofAlaska, 2004 Page 105 



Appendix A 

Baleen WhaZes.-There are no data, direct or indirect, on levels or properties of Sound that are 
required to induce TTS in any baleen whale. 

Pinnipeds.-TTS thresholds for pinnipeds exposed to brief pulses (either single or multiple) have 
not been measured. Two Califomia sea lions did not incur TTS when exposed to single bnef pulses with 
received levels (rms) of-178 and 183 dû re 1 $a and total energy fluxes of 161 and 163 dû re 1 $a2- s 
(Finneran et al. 2003). However, prolonged exposures show that some pinnipeds may incur TTS at some- 
what lower received levels than do small odontocetes exposed for similar durations. For sounds of 
relatively long duration (20-22 min), Kastak et al. (1999) reported that they could induce mild TTS in 
Califomia sea lions, harbor seals, and northem elephant seals by exposing them to undenvater octave- 
band noise at frequencies in the 100-2000 Hz range. Mild TTS became evident when the received levels 
were 60-75 dB above the respective hearing thresholds, Le., at received levels of about 135-150 dB. 
Three of the five subjects showed shifts of -4.W.9 dû and al1 recovered to baseline hearing sensitiviiy 
within 24 hours of exposure. Schusterman et al. (2000) showed that TTS thresholds of these seals were 
somewhat lower when the animals were exposed to the sound for 40 min than for 20-22 min, confirming 
that there is a duration effect in pinnipeds. There are some indications that, for corresponding durations 
of sound, some pinnipeds may incur TTS at somewhat lower received levels than do small odontocetes 
(Kastak et al. 1999; Ketten et al. 2001; cJ Au et al. 2000). 

Likelihood of Zncurring TTS.-A marine mammal within a radius of <100 m (<328 ft) around a 
typical amay of operating airguns might be exposed to a few seismic pulses with levels of =O5 dû, and 
possibly more pulses ifthe mammal moved with the seismic vessel. 

As shown above, most cetaceans show some degree of avoidance of seismic vessels operating an 
airgun array. It is uniikely that these cetaceans would be exposed to airgun pulses at a sufficiently high 
level for a sufficiently long period to cause more than mild TTS, given the relative movement of the 
vessel and the marine mammal. However, TTS would be more iikely in any odontocetes that bow-ride or 
othenvise linger near the airguns. While bow-nding, odontocetes would be at or above the surface, and 
thus not exposed to strong sound pulses given the pressure-release effect at the surface. However, bow- 
riding animals generally dive below the surface intermittently. If they did so while bow-riding near 
airguns, they would be exposed to strong Sound pulses, possibly repeatedly. If some cetaceans did incur 
TTS through exposure to airgun sounds in this manner, this would very likely be a temporary and rever- 
sible phenomenon. 

Some pinnipeds show avoidance reactions to airguns, but their avoidance reactions are not as 
strong or consistent as those of cetaceans (see above). Pinnipeds occasionally seem to be attracted to 
operating seismic vessels. As previously noted, there are no specific data on TTS thresholds of pinnipeds 
exposed to single or multiple low-frequency pulses. It is not known whether pinnipeds near operating 
seismic vessels, and especially those individuals that linger nearby, incur significant TTS. 

NMFS (1995,2000) concluded that cetaceans should not be exposed to pulsed undenvater noise at 
received levels exceeding 180 dû re 1 pPa (rms). The corresponding limit for pinnipeds has been set at 
190 dû. These sound levels are not considered to be the levels above which TTS might occur. Rather, 
they are the received levels above which, in the view of a panel of bioacoustics specialists convened by 
NMFS before TTS measurements for marine mammals started to become available, one could not be 
certain that there would be no injurious effects, auditory or othenvise, to marine mammals. As discussed 
above, TTS data that have subsequently become available imply that, at least for dolphins, TTS is 
unlikely to occur unless the dolphins are exposed to airgun pulses stronger than 180 dû re 1 @a rms. 
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It has been shown that most large whales tend to avoid ships and associated seismic operations. In 
addition, ramping up airgun arrays, which is standard operational protocol for many seismic operators, 
should allow cetaceans to move away fiom the seismic source and to avoid being exposed to the full 
acoustic output of the airgun array. [Three species of baleen whales that have been exposed to pulses 
from single airguns showed avoidance (Maime et al. 1984-1988; Richardson et al. 1986; McCauley et al. 
1998, 2000a,b). This strongly suggests that baleen whales will begin to move away during the initial 
stages of a ramp-up, when a single airgun is fired.] Thus, whales will likely not be exposed to high levels 
of air,- sounds. Likewise, any whales close to the trackline could move away before the sounds from 
the approaching seismic vesse1 become sufficiently strong for there to be any potential for TTS or other 
hearing impairment. Therefore, there is little potential for whales to be close enough to an airgun array to 
experience TTS. Furthemore, in the event that a few individual cetaceans did incur TTS through 
exposure to air,- sounds, this is a temporas. and reversible phenomenon. 

Permanent Threshold Shvt (PTS) 

When PTS OCCUIS, there is physical damage to the sound receptors in the ear. In some cases, there 
can be total or partial deafhess, while in other cases, the animal has an impaired ability to hear sounds in 
specific frequency ranges. Physical damage to a mammal’s hearing apparatus can occur if it is exposed to 
sound impulses that have very high Peak pressures, especially if they have very short nse times ( t h e  
required for sound pulse to reach peak pressure kom the baseline pressure). Such damage can result in a 
permanent decrease in fimctional sensitivity of the hearing system at some or al1 frequencies. 

There is no specific evidence that exposure to pulses of airgun sound can cause PTS in any marine 
mammal. However, given the possibility that mammals close to an airgun array might incur TTS, there 
has been speculation about the possibility that some individuals occuning very close to airguns might 
incur TTS (Richardson et al. 1995, p. 372fn. 

Single or occasional occurrences of mild TTS are not indicative of permanent auditory damage in 
terrestrial mammals. Relationships between TTS and PTS thresholds have not been studied in marine 
mammals but are assumed to be similar to those in humans and other terrestrial mammals. The low-to- 
moderate levels of TTS that have been induced in captive odontocetes and pinnipeds during recent 
controlled studies of TTS have been confmed to be temporary, with no measurable residual PTS (Kastak 
et al. 1999; Schlundt et al. 2000; Finneran et al. 2002; Nachtigall et al. 2003). However, very prolonged 
exposure to sound strong enough to elicit TTS, or shorter-tem exposure to sound levels well above the 
TTS threshold, can cause PTS, at least in terrestrial mammals m e r  1985). in  terrestrial mammals, the 
received Sound level from a single non-impulsive sound exposure must be far above the TTS threshold for 
any risk of permanent hearing damage (Kryter 1994; Richardson et al. 1995). For impulse sounds with 
very rapid nse times (e.g., those associated with explosions or ,mfke), a received level not greatly in 
excess of the TTS threshold may start to elicit PTS. Rise times for airgun pulses are rapi4 but less rapid 
than for explosions. 

Some factors that conhibute to onset of PTS, at least in terrestrial mammals, are as follows: 

0 exposure to single very intense sound, 

repetitive exposure to intense sounds that individually cause TTS but not PTS, and 

recurrent ear infections or (in captive animals) exposure to certain drugs 

Cavanagh (2000) has reviewed the thresholds used to define TTS and PTS. Based on this review 
and SACLANT (1998), it is reasonable to assume that PTS might occur at a received sound level20 dB 
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or more above that inducing mild TTS. However, for PTS to occur at a received level only 20 dB above 
the TTS threshold, the animal probably would have to be exposed to a strong sound for an extended 
period, or to a strong sound with rather rapid nse time. 

Sound impulse duration, Peak amplitude, nse time, and number of pulses are the main factors 
thought to determine the onset and extent of PTS. Based on existing data, Keîten (1994) has noted that 
the cntena for differentiating the sound pressure levels that result in PTS (or TTS) are location and 
species-specific. PTS effects may also be influenced strongly by the health of the receiver’s ear. 

Given that marine mammals are unlikely to be exposed to received levels of seismic pulses that 
could cause TTS, it is highly unlikely that they would sustain permanent hearing impairment. If we 
assüme that &he TTS threshold for exposire to a senes ûf seismic pulses may be on the order of 220 dB re 
1 p.Pa (pk-pk) in odontocetes, then the PTS threshold might be as high as 240 dB re 1 @a (pk-pk). In the 
units used by geophysicists, this is 10 bar-m. Such levels are found oniy in the immediate vicinity of the 
largest airguns (Richardson et al. 1995:137; Caldwell and Dragoset 2000). It is very unlikely that an 
odontocete would remain within a few meters of a large airgun for sufficiently long to incur PTS. The 
TTS (and thus PTS) thresholds of baleen whales and pinnipeds may be lower, and thus may extend to a 
somewhat greater distance. However, baieen whales generally avoid the immediate area around operating 
seismic vessels, so it is unlikely that a baleen whale could incur PTS fiom exposure to airgun pulses. 
Pinnipeds, on the other hand, often do not show strong avoidance of operating airguns. 

Although it is unlikely that airgun operations during most seismic surveys would cause PTS in 
marine mammals, caution is warranted given the limited knowledge about noise-induced hearing damage 
in marine mammals, particularly baleen whales. Commonly-applied monitoring and mitigation measures, 
including visual monitoring, course alteration, ramp ups, and power downs or shut downs of the airguns 
when mammals are seen within the “safety radii”, would minimize the aiready-low probability of 
exposure of marine mammals to sounds strong enough to induce PTS. 

(g) Strandings and Mortaiity 

Marine mammals close to undenvater detonations of high explosive can be killed or severely injured, 
and the auditory organs are especially susceptible to injury (Ketten et al. 1993; Ketten 1995). Airgun pulses 
are less energetic and have slower rise times, and there is no proof that they can cause senous injury, death, 
or stranding. However, the association of mass strandings of beaked whales with naval exercises ana in a 
recent (2002) case, an L-DE0 seismic survey, has raised the possibility that beaked whales may be 
especially susceptible to injury andor behavioral reactions that can lead to stranding when exposed to strong 
pulsed sounds. 

In March 2000, several beaked whales that had been exposed to repeated pulses from high intensity, 
mid-fiequency military sonars stranded and died in the Providence Channels of the Bahamas Islands, and 
were subsequently found to have incurred cranial and ear damage ( N O M  and USN 2001). Based on post- 
mortem analyses, it was concluded that an acoustic event caused hemorrhages in and near the auditory 
region of some beaked whales. These hemorrhages occurred before death. They would not necessanly 
have caused death or permanent hearing damage, but could have compromised hearhg and navigational 
ability ( N O M  and USN 2001). The researchers concluded that acoustic exposue caused this damage and 
higgered stranding, which resulted in overheating, cardiovascular collapse, and physiological shock that 
ultimately led to the death of the stranded beaked whales. During the event, five naval vessels used their 
ANISQS-53C or -56 hull-mounted active sonars for a penod of 16 h. The sonars produced narrow (<100 
Hz) bandwidth sisals at center fiequencies of 2.6 and 3.3 kHz (-53C), and 6.8 to 8.2 kHz (-56). The 

Lamont-Doheriy Earth Obsewatory IHA Application: GulfofAlaska, 2004 Page 108 



Appendix A 

respective source levels were usually 235 and 223 dE3 re 1 $a, but the -53C briefly operated at an unstated 
but substantially higher source level. The unusual bathymeûy and consûicted Channel where the strandings 
occurred were conducive to channeling sound. This, and the extended operations by multiple sonars, appar- 
ently prevented escape of the animals to the open sea. In addition to the strandings, there are reports that 
beaked whales were no longer present in the Providence Channel region after the event, suggesting that 
other beaked whales either abandoned the area or perhaps died at sea Palcomb and Claridge 2001). 

Other strandings of beaked whales associated with operation of military sonars have also been 
reporîed (e.g., Simmonds and Lopez-Jurado 1991; Frantzis 1998). In these cases, it was not determined 
whether there were noise-induced injuries to the ears or other organs. Another stranding of beaked 
whales (15 whales) happened on 24-25 September 2002 in the Cvary Islands, where naval maneuvers 
were taking place. A recent paper conceming the Canary Islands sîranding concluded that cetaceans 
might be subject to decompression injury in some situations (Jepson et al. 2003). If so, this might occur if 
they ascend unusually quickly when exposed to aversive sounds. Previously it was widely assumed that 
diving manne mammals are not subject to the bends or air embolism. 

It is important to note that seismic pulses and mid-frequency sonar pulses are quite different. 
Sounds produced by the types of airgun arrays used to profile sub-sea geological stmctures are broadband 
with most of the energy below 1 kHz. Typical militas. mid-fiequency sonars operate at frequencies of 2 
to 10 kHz, generally with a relatively narrow bandwidth at any one time (though the center frequency 
may change over time). Because seismic and sonar sounds have considerably different characteristics and 
duty cycles, it is not appropriate to assume that there is a direct connection between the effects of military 
sonar and seismic surveys on marine mammals. However, evidence that sonar pulses can, in special 
circumstances, lead to hearing damage and, indirectly, morîality suggests that caution is warranted when 
dealing with exposure of marine mammals to any high-intensity pulsed sound. 

As discussed earlier, there has been a recent (Sept. 2002) stranding of two Cuvier’s beaked whales 
in the Gulf of California (Mexico) when a seismic survey by the L-DEOiSJSF vesse1 FUV Maurice Ewing 
was undenvay in the general area (Malakoff 2002). The airgun array in use during that project was the 
Ewing’s 20-airgun 8490-in3 array. This might be a first indication that seismic surveys can have effects, 
at least on beaked whales, similar to the suspected effects of naval sonars. However, the evidence linking 
the Gulf of California strandings to the seismic surveys is inconclusive, and to this date is not based on 
any physical evidence (Hogarth 2002; Yoder 2002). The ship was also operating its multibeam bathy- 
metric sonar at the same time but, as discussed elsewhere, this sonar had much less potential than the 
aforementioned naval sonars to affect beaked whales. Althougb the link between the Gulf of California 
strandings and the seismic @lus multibeam sonar) survey is inconclusive, î h i s  plus the various incidents 
involving beaked whale strandings “associated with” naval exercises suggests a need for caution in 
conducting seismic surveys in areas occupied by beaked whales. 

(h) Non-auditory Physiological Effects 
Possible types of non-auditory physiological effects or injuries that might theoretically occur in 

marine mammals exposed to strong underwater sound might include stress, neurological effects, bubble 
formation, resonance effects, and other types of organ or tissue damage. There is no proof that any of 
these effects occur in marine mammals exposed to sound fiom airgun arrays. However, there have been 
no direct studies of the potential for air,% pulses to elicit any of these effects. If any such effects do 
occur, they would probably be limited to unusual situations when animals might be exposed at close 
range for unusually long periods. 
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Long-term exposure to anthropogenic noise may have the potential of causing physiological stress 
that could affect the health of individual animals or their reproductive potential, which in tum could 
(theoretically) cause effects at the population level (Gisiner [ed.] 1999). However, there is essentially no 
information about the occurrence of noise-induced stress in marine mammals. Also, it is doubtful that 
any single marine mammal would be exposed to strong seismic sounds for sufficiently long that signif- 
icant physiological stress would develop. This is particularly so in the case of seismic surveys where the 
tracklines are long andior not closely spaced, as is the case for most two-dimensional seismic surveys. 

Gas-filled sdmcîtues in marine animals have an inherent fundamentai resonance ffequency. If stim- 
ulated at thk frequency, the ensuing resonance could cause damage to the animal. There may also be a 
possibility that high Sound levels could cause bubble formation in the blood of diving mammals that in 
turn could cause an air embolism, tissue separation, and high, localized pressure in nervous tissue (Gisiner 
[ed.] 1999; Houser et al. 2001). A recent workshop (Gentry [ed.] 2002) was held to discuss whether the 
stranding of beaked whales in the Bahamas in 2000 might have been related to air cavity resonance or 
bubble formation in tissues caused by exposure to noise from naval sonar. A panel of experts concluded 
that resonance in air-filled structures was not likely to have caused this stranding. Among other reasons, 
the air spaces in m a h e  mammals are too large to be susceptible to resonant frequencies emitted by mid- 
or low-ffequency sonar; lung tissue damage has not been observed in any mass, multi-species stranding of 
beaked whales; and the duration of sonar pings is likely too short to induce vibrations that could damage 
tissues (Gentry [ed.] 2002). Opinions were less conclusive about the possible role of gas (nitrogen) 
bubble formatiodgrowth in the Bahamas stranding ofbeaked whales. Workshop participants did not rule 
out the possibility that bubble formatiodgrowth played a role in the stranding and participants acknow- 
ledged that more research is needed in this area. The only available information on acoustically-mediated 
bubble growth in marine mammals is modeling assuming prolonged exposure to Sound. 

As noted in the preceding subsection, a recent paper (Jepson et al. 2003) has suggested that 
cetaceans can at times be subject to decompression sickness. If so, this could be another mechanism by 
which exposure to strong sounds could, indirectly, result in non-auditory injuries and perhaps death. 

In summaq, very little is known ahout the potential for seismic survey sounds to cause either 
auditory impairment or other non-auditory physical effects in marine mammals. Available data suggest 
that such effects, if they occur at all, would be limited to short distances. However, the available data do 
not allow for meaningful quantitative predictions of the numbers (if any) of marine mammals that might 
be affected in these ways. Marine mammals that show behavioral avoidance of seismic vessels, including 
most baleen whales, some odontocetes, and some pinnipeds, are unlikely to incur auditory impairment or 
other physical effects. 
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