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ABSTRACT 

Numbers, sighting distances, and behavior of seals were studied during a 
nearshore seismic program off northern Alaska in July-September 1996. We 
observed from the seismic vessel for 885.6 h, including all periods (day and 
night) when airguns operated and many periods without airguns. Of 422 seals 
seen, 421 were seen in daylight; 91.8% were ringed seals, 7.3% were bearded 
seals, and 0.9% were spotted seals. About 79% were first seen within 250 m 
of the seismic boat, and sighting rate declined rapidly at lateral distances 
>50 m. During daylight, seals were seen at nearly identical rates (0.60-0.63/ 
h) during periods with no airguns firing, one airgun, and a “full-array” of 8- 
11 l2O-in3 airguns. However, seals tended to be farther away (P  < 0.0001) 
during full-array seismic. There was partial avoidance of the zone <150 m 
from the boat during full-array seismic, but seals apparently did not move 
much beyond 250 m. “Swimming away” was more common during full-array 
than no-airgun periods, but relative frequencies of five behaviors did not differ 
significantly among distance categories. Airgun operations were interrupted 
112 times when seals were sighted within safety radii (150-250 m). The 
National Marine Fisheries Service specified these radii in the Incidental Ha- 
rassment Authorization issued for the project; they are based on a 190 dB re 
1 pPa (rms) criterion for broadband received level. Methods for estimating 
numbers of seals potentially affected by the seismic program are described, 
and effectiveness of monitoring and mitigation is discussed. There is an urgent 
need for more data on effects of strong seismic pulses on seals. 
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In recent years arrays of airguns have been the usual source of the strong 
pulses of underwater sound used for open-water seismic surveys. Nominal 
source levels, pertaining to downward propagation, are typically 245-255 dB 
re 1 pPa-m (instantaneous peak). Several pulses are emitted per minute, usu- 
ally at uniform intervals. Received levels in the near field are high, but are 
less than expected from the nominal source level. This occurs because an array 
of airguns is not a point source, and because less sound propagates horizontally 
than downward (Caldwell and Dragoset 2000, Dragoset 2000). Nonetheless, 
in the Beaufort Sea, airgun pulses are often at least faintly detectable 50-100 
km away (Greene and Richardson 1988, Richardson et al. 1995, Greene 1997). 
Most emitted sound energy is at frequencies below 125 Hz. However, there 
is also some energy at higher frequencies. In shallow water it is often the 
components at 100-500 Hz that ate detectable farthest away. 

Reactions of pinnipeds to open-water seismic exploration are poorly docu- 
mented. An airgun caused an initial startle reaction among South African fur 
seals (Arctocephalus pusillus), but was ineffective in scaring them away (Anon- 
ymous 1975). Gray seals (Halichoerus grypus) exposed to noise from airguns did 
not react strongly (J. Parsons in G. D. Greene et al. 1985:283), but no details 
were given. Seals in the water sometimes tolerate strong noise pulses from 
scaring devices, especially if attracted to the area for feeding or reproduction 
(Richardson et al. 1995:304, 311; Reeves et al. 1996). The relevance of these 
observations to disturbance by a moving seismic vessel is uncertain. On-ice 
seismic exploration in wintedspring by the Vibroseis method may cause lo- 
calized displacement of some ringed seals, Phoca hispida (Kelly et al. 1988, 
Richardson et al. 1995:291). However, the circumstances and sounds associated 
with on-ice Vibroseis operations us. open-water airgun operations are very dif- 
ferent. 

Source levels of pulses from airgun arrays are high enough to raise concern 
about the possibility that they might cause temporary or even permanent 
hearing damage to marine mammals exposed at close range (Richardson et ul. 
1995:372, NMFS 1995, HESS 1999). However, there are no specific data on 
hearing damage from sequences of seismic pulses. 

Some recent open-water seismic programs in US. waters have been con- 
ducted under Incidental Harassment Authorizations (IHAs), as provided for 
by the 1994 amendments to the Marine Mammal Protection Act (NMFS 
1996~). An IHA allows disturbance of small numbers of marine mammals if 
no serious injuries or deaths are expected, impacts on the stocks will be neg- 
ligible, no unmitigable adverse impacts on subsistence uses are expected, and 
monitoring is done to confirm these predictions. Received levels that might 
cause injury (e.g,, hearing damage) are uncertain. Since 1995, IHAs issued for 
high-energy seismic surveys in California and Alaska have required immediate 
interruption of airgun operations when pinnipeds were seen within the esti- 
mated 190 dB re 1 pPa (rms) radius (e.g., NMFS 1995, 19966). The rms level 
of a seismic pulse is the average broadband level during the duration of the 
pulse (see Methods). 

During the summer and autumn of 1996, BP Exploration (Alaska) Inc. and 



HARRIS ETAL.:  SEALS AND SEISMIC SURVEYS 797 

its seismic contractor Northern Geophysical of America Inc. conducted a 3- 
dimensional (3-D) seismic survey in shallow, nearshore waters of the Alaskan 
Beaufort Sea near Prudhoe Bay. Ringed seals are common in the area. Bearded 
seals (Erignathzls barbatus) and a few spotted seals (Phoca largha) are also pres- 
ent. None of these species is listed as endangered, threatened, or a strategic 
stock (Hill and DeMaster 1998). This seismic program was conducted under 
the provisions of an IHA (NMFS 19966,~). We stationed marine mammal 
observers aboard the source vessel to monitor the numbers and reactions of 
seals and other marine mammals, and to call for the airguns to be shut down 
when mammals were seen within a specified radius. For seals, this was the 
190 dB re 1 pPa (rms) radius. Levels and characteristics of the sound pulses 
were also measured (Greene 1997). This paper describes the observations of 
seals near the seismic operation, and discusses the monitoring and mitigation 
implications. 

METHODS 

Study Area and Season 

Seismic exploration occurred on 49 of 57 d from 24 July to 18 September 
1996. Seismic surveys were suspended when wind speed exceeded -65 km/ 
h, when there was too much ice for operations, and for other logistical reasons. 
Drifting ice pans were present at most times, usually covering 1%-5% of the 
surface but occasionally up to 20%. New ice began to form after 11 September. 

Up to 8 August seismic operations were -30 km east of Prudhoe Bay near 
the McClure Islands, mainly in a lagoon inshore of the barrier islands (water 
depths 3-8 m). Thereafter, seismic operations occurred 10-50 km northwest 
of Prudhoe Bay, from 0 to 13 km offshore of the barrier islands (water depths 
3-17 m). 

Seismic Operations and SoundJ 

This 3-D seismic program employed a conventional array of airguns as the 
energy source, but used the Ocean Bottom Cable (OBC) method to receive 
seismic data. The receiving hydrophones were in a series of six 5.9-km cables 
placed parallel to shore (and to one another) on the ocean bottom. In contrast 
to the more typical “streamer surveys,” a seismic vessel conducting an OBC 
survey does not tow any hydrophone streamers. The OBC method allows use 
of a smaller source vessel and smaller-radius turns. However, support vessels 
are needed to deploy and retrieve receiver cables. 

The source vessel was a 27-m tugboat, the Pt. Barrow, powered by two 
diesel engines totaling 2,100 hp and driving two propellers in nozzles. The 
source vessel moved back and forth at 7-9 kmih along source lines 7.3 km 
long. Source lines were oriented perpendicular to shore and to the OBCs, and 
were spaced 330 m apart. 

The airgun array consisted of 11 Bolt 1900LX airguns, each of 120 in3, for 
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a total array volume of 1,320 in3 or 21.6 litres. At times, seismic work con- 
tinued with fewer than 11 operating airguns. We considered an array of 8- 
11 operating airguns to be a “full array”; 2-7 operating guns were a “partial 
array.” The guns were suspended from floats and positioned in a 5 X 5-m 
array. Most guns were at the relatively shallow depth of 3.5 m, as required 
for work in shallow waters. Nominal gun pressure was 2,000 psi (13.8 MPa). 
All airguns fired simultaneously, with the usual interval between shots being 
15-18 sec (44 m). 

The airgun array used in this project was low-powered by modern standards, 
and the shallow gun depth also reduced the effective source level. The mea- 
sured effective source level for horizontal propagation was -222 dB re l pPa- 
m (rms), 230 dB re 1 FPa-m (instantaneous peak), and 236 dB.re 1 pPa-m 
or 6.3 bar-meters peak-to-peak (Greene 1997). This was well below the ex- 
pected source level for vertical (downward) propagation, 242 dB re 1 pPa-m 
(instantaneous peak) or 26.4 bar-m. The rms received levels from the 1 1-gun 
array diminished to 200, 190, 180, and 160 dB re 1 pPa (rms) at ranges not 
exceeding, respectively, 44 m, 257 m, 1,020 m, and 4,900 m. More typically, 
those levels were attained at ranges of 31, 240, 960, and 3,600 m (Greene 
1997). 

Different workers have used varying procedures in measuring source and 
received levels of airgun sounds, making it difficult to compare results. Pro- 
cedures and terminology used here are those of Greene (1997), which have 
also been used by McCauley e t  a/. (1998). The rms pulse levels quoted here 
are broadband (10-4,000 Hz) sound pressure levels averaged over the duration 
of the pulse. Duration was defined as the time interval including 90% of the 
pulse energy, i.e., from the time when the 5th to the time when the 95th 
percentile of the energy was received. In this study rms received levels averaged 
-10 dB lower than the instantaneous peak level and -16 dB lower than the 
peak-to-peak level, all measured in dB re 1 pPa. The rms levels averaged -15 
dB higher than the total pulse energy, measured in dB re 1 pPa2-s (Greene 
1997). 

At times, a single airgun was used to localize positions of the bottom cables. 
It usually fired at intervals of -8 sec (22 m) along shot lines parallel to the 
OBCs. Also, a single airgun or partial array (2-7 airguns) often operated while 
the source vessel turned from one line to the next. The received levels from a 
single airgun diminished below 190 dB re 1 pPa (rms) within several meters 
of the source (Greene 1997). 

Whenever airgun operations began after an interruption of more than 1-2 
min, the number of guns being fired was increased (“ramped up”) progressively 
over about 3-4 min. The ramp-up procedure varied. Sometimes one additional 
airgun began firing every 20 sec until all guns were firing. At other times, 
one gun fired for the first minute, 2 guns for the 2”d minute, 4 guns for the 
3rd, 8 guns for the 4th, and then all 11 guns. 

Observation ProcedureJ 
Watches were conducted from the source vessel in 4-h shifts by a team of 

2-3 biologists plus one Inupiat observer. An observer was on watch during 
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all periods with airgun operations (585.5 h), and during many periods when 
the source vessel was underway but not shooting seismic (300.1 h). A second 
observer was also on watch 5%-10% of the time. 

Whenever shooting was underway, or was expected to begin within the next 
30 min, the on-duty observer watched continuously for mammals. Observa- 
tions were from the glass-enclosed wheelhouse-the highest useable vantage- 
point (eye level -7.5 m above water). There was a 360” view with only minor 
obstructions toward the stern. The airgun array was towed -30 m behind the 
observer. The observer scanned around the vessel using unaided vision and 7 
X 50 Fujinon FMTRC-SX binoculars. Although the observer scanned all 
around the boat, effort was concentrated in a 180” arc ahead and to the sides 
because one objective was to detect seals before they were within 150-250 m 
of the airguns (see Shutdown Procedures, below). A reticle in the binoculars 
was used to measure depression angle relative to the horizon, and thus distance. 
Also, a Bushnell Lytespeed 400 laser rangefinder with 4X optics was used to 
test and improve the observers’ abilities to estimate visually the distances to 
objects in the water. It did not provide direct measurements of distances to 
seals. 

Daylight was continuous until mid-August, but thereafter the duration of 
darkness increased rapidly, reaching almost 9 h/night by 18 September (civil 
twilight counted as daylight). At night the observer used the 7 X 50 binoc- 
ulars and a BushnelUITT Night Ranger 250 binocular night vision device 
(NVD) with up to 6X optics. No seals were detected via this “Generation 
2+” NVD. The one seal seen at night was sighted 60 m away in a floodlit 
area during full-array seismic. Overall, the observers’ abilities to detect marine 
mammals were severely reduced at night. Also, we had no method for de- 
tecting or tracking seals that were below the surface. 

Survey Effort 

Of the 885.6 h of observation, 751.9 h were in daylight and 133.7 h in 
darkness. There were 585.5 h of watches during airgun operations, including 
332.8 h when 8-11 airguns were firing (“full array”) and 105.2 h with a 
single airgun. This paper emphasizes daylight observations during full array, 
single airgun, and no airgun conditions, which were the most common (Table 
1 >. 

Data Recorded 

The observer recorded, on a data sheet, information about watch times, 
vessel location/speed/heading, seismic status (full array, partial array, etc. ), and 
environmental conditions (visibility, wind, sea state, ice cover). For each mam- 
mal sighted, we recorded species, number, sighting cue, bearing and distance 
from boat when first sighted, seal heading, initial and subsequent behavior, 
and seismic status. Initial behavior categories were dive, swim (directed), mill, 
thrash, look, and unknown. Seals that “milled” swam sedately in a limited 
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Table 1 .  Observation hours, seal sighting rates, and number of airgun shutdowns 
under different seismic states. 

Single Partial Ramp 
No guns gun array Full array up Testing Total 

Observation hours 
Daylight 262.3 75.3 72.1 269.2 26.7 26.3 751.9 
Darkness 37.8 9.9 14.4 63.6 4.8 3.2 133.7 

Total 300.1 105.2 86.5 332.8 31.5 29.4 885.6 
Seals seen in daylight 

Number 164 57 17 168a 15 0 421” 
Seals/hour 0.63 0.60 0.24 0.63 0.56 0 0.56 

No. of shutdowns NIA 17 5 70 17 3 112 

a One additional seal was seen at night with the full airgun array operating. 

area with no consistent direction of movement. Seals that “thrashed” plunged 
below the surface head-first in a particularly vigorous way, often accompanied 
by a splash. Seals that “looked” floated at the surface and faced the source 
vessel. Subsequent behavior categories were no change, dive, swim away, swim 
toward, swim parallel, look, and other (with description). 

The seal’s radial distance from the source vessel was estimated visually and, 
usually, determined more accurately using the reticle binoculars. Distance and 
bearing were measured from the observer location in the wheelhouse, -30 m 
ahead of the airgun array. 

Shutdown Procedures 

The IHA required that the airgun array be shut down immediately when 
a seal was seen within, or about to enter, a safety zone around the source 
vessel. The safety radius was the distance within which received levels of 
seismic pulses were expected to be 1190 dB re 1 pPa (rms). Up to 30 August, 
the designated safety radius was 150 m-the predicted 190 dB radius for the 
full array. Underwater sound measurements taken near the full array during 
August 1996 showed that, at times, the received level was 2 1 9 0  dB out to 
-250 m (Greene 1997). On 30 August, the safety radius was increased to 
250 m for full or partial array operations. It remained 150 m for one-airgun 
work, although the actual 190 dB radius around one airgun was <<150 m 
(Greene 1997). 

When a seal was seen within the safety radius, the airguns were shut down, 
normally within 3-5 sec ( i e . ,  usually either no shots or one shot between the 
sighting and the shutdown). A total of 112 shutdowns occurred because of 
seals sighted within or near the safety zone. Procedures after a shutdown 
varied. Sometimes the source vessel circled (diameter -400 m), beginning a 
ramp-up halfway around the circle if the seal was not resighted, and returning 
to the original course along the source line with gun(s) firing. On other oc- 
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casions, the vessel continued along the source line (missing shot points) and 
began firing when the seal was beyond the safety zone. The IHA did not 
require suspension of seismic operations during times with poor visibility or 
at night, and work continued during such periods. 

RESULTS 

Detection of  Seals 

A total of 422 seals were seen by observers on the source vessel-421 during 
751.9 h of daylight observations but only one at night (133.7 h). Of the 331 
seals identified, 304 (91.8%) were ringed seals, 24 (7.3%) were bearded seals, 
and three (0.9%) were spotted seals. The 421 seals seen in daylight involved 
381 separate sightings; 23 sightings consisted of groups of 2-5 seals. All seals 
except one were in the water, although many were near ice pans or amidst 
new ice. The only dead or injured seal noted was a ringed seal carcass on an 
ice pan with polar bear (Urszls maritimus) tracks. 

Seals were first sighted at estimated radial distances of 2-1,491 m from the 
wheelhouse (Fig. 1A). However, only 70 (19.3%) of 362 daylight sightings 
at known distances were beyond 250 m. Distances were not determined for 
19 sightings. Part of the reduction in sightability beyond 250 m occurred 
because observers concentrated on searching for seals within or near the safety 
radius (150 m or 250 m). Also, two types of evidence showed that the ob- 
servers missed many seals within 250 m: (1) The numbers of daylight sight- 
ings in the various 50-m annuli out to 250 m were generally similar (Fig. 
1A) even though the areas of those annuli increased with increasing distance. 
(2) The number of daylight sightings declined rapidly at lateral distances 
beyond 0-50 m (Fig. 1B). Detectability also undoubtedly varied with glare, 
sea state, and ice cover. 

Sighting Rates and Distances 

During daylight, seals were seen at nearly identical rates during periods 
with no guns firing (0.63 seals/h), one gun firing (O.GO/h), and full array firing 
(0.63/h)-the three common seismic categories (Table 1). 

Absolute sighting rates at different distances should be interpreted with 
caution because (1) the areas under observation at the three distances were not 
equal, and (2) sightability decreased with increasing distance. However, it is 
appropriate to compare sighting rates at a given distance under different seis- 
mic states, the pattern of change in sighting rate with increasing distance, 
and the median sighting distances. 

The daytime sightings tended to be farther from the seismic vessel during 
full-array seismic than during no-seismic or single-gun seismic periods (Fig. 
2). The sighting rate within 150 m was higher during no-seismic and one- 
gun seismic (0.37 and 0.34 seals/h) than during full-array seismic (0.21 seals/ 
h). The sighting rate declined with increasing distance during no-seismic and 
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A Radial Distance 
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Figure 1. Numbers of seal sightings during daylight by 50-m distance intervals 
from source vessel, based on approximate bearing and distance from vessel when seal 
was first sighted. (A) Radial distance from vessel (n = 362). ( B )  Lateral distance from 
vessel's trackline (n = 240). 

single-gun seismic, but not with full-array seismic (Fig. 2). Sighting rates in 
the >250 m distance category were lower with no seismic or single-gun 
seismic (0.10 and 0.07 sealsih) than with full-array seismic (0.17ih). Consistent 
with these patterns, the median sighting distance was significantly greater 
with full-array seismic than no seismic (Mann-Whitney U = 8,408, n = 150 
UJ. 161 sightings; P < 0.0001). The mean sighting distance was 234 m with 
full array seismic w. 144 m with no seismic. 

These results suggest that seals tended to avoid at least the zone closest to 
the boat (< 150 m) during full-array seismic, possibly combined with a ten- 
dency to come to (or spend more time at) the surface at greater distances. 
There was no such indication during single-gun seismic. Seals apparently did 
not move much beyond 250 m, as the sighting rate at all ranges combined 
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No Guns One Gun Full Array 
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Fzgzlre 2. Numbers of seals observed per hour of daylight observation by seismic 
state and distance category. “All Distances” category includes a few seals at undeter- 
mined distances (z.e., not included in any specific distance category) 

was the same with full-array seismic as with no seismic (O.63/h; Fig. 2). 
Seismic operations did not cause many (if any) seals to desert the general area 
of operations. 

Some seals did not move outside the 150-m zone around the operating full 
array. During daylight, we saw 5 5  seals in those conditions (0.21 sealsih). Seals 
were not seen behind the source boat near the airguns when airguns were in 
operation, but were often seen just ahead of, or alongside, the vessel. The 
closest seal sightings under various seismic states, as measured from the wheel- 
house, were as follows: 16 m during full-array seismic, 30 m during partial 
array, 12 m during ramp up, and 20 m during single gun. 

The distributions of seals, when first seen, were nearly symmetrical on the 
port and starboard sides. The majority of the seals seen were to the front and 
sides of the vessel (85% with no seismic; 89% with full-array seismic). This 
pattern reflects the fact that the observers concentrated their search for seals 
ahead and to the sides of the approaching boat. 

Behuvior 

Seals in the water were difficult to observe for extended periods because of 
their small sizes, often-brief surfacings, and the need to maintain a watch for 
other seals. Consequently, behavioral observations were brief. Figure 3 shows 
the percentages of all seals seen in a given seismic state that were classified as 
exhibiting each behavior. For example, of those sighted when the full array 
was firing and for which behavior was recorded (n = 143), 18% looked, 2% 
approached, 5 %  swam parallel to the boat’s track, 36% dove, and 39% swam 
away (Fig. 3). 
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m Full Array 

Figure 3. Frequencies of various types of seal behavior during full array (n = 143 
seals), single airgun (n = 51), and no airgun (n = 155) Conditions, with all distances 
combined. For each seismic state, bars show percentages of seals that showed each type 
of behavior. 

All distances combined-All five behaviors were seen during each of the three 
common seismic states (Fig. 3). For each of those seismic states, the most 
commonly recorded behaviors were dive and swim away. Looking occurred at 
intermediate frequency; approaching and swimming parallel to the boat’s track 
were uncommon. Overall, the frequencies of the various behaviors were not 
significantly different under different seismic states (x2 = 11.57, df = 8, P 
= 0.17). However, during full-array seismic, proportionally fewer seals dove 
or approached and more swam away as compared with no seismic and single- 
gun seismic. 

Distance effectcts-When the vessel was underway with no guns firing, the 
overall frequencies of the five behaviors were not significantly related to dis- 
tance (Fig. 4A; x2 = 5.86, df = 8, P = 0.66). However, the frequency of 
swimming away diminished with increasing distance, and the frequency of 
looking increased. 

If proximity to airgun operations causes some seals to swim away, as the 
sighting distance data suggest, we would expect to see differences in the 
proportional frequencies of some behaviors for seals sighted at various distances 
under full array conditions. Swimming away would be expected to be more 
common for seals close to the operating airgun array. Also, seals might also 
reduce exposure to strong airgun sounds by remaining at the surface (see 
Discussion). If so, frequency of diving might be low within 150 m, and fre- 
quency of surface behaviors such as looking might be higher. 

With full-array seismic, distance did not seem to have major effects on the 
frequencies of the five behaviors (Fig. 4B; x2 = 6.98, df = 8, P = 0.54). The 
frequencies of swimming away and looking were not strongly related to dis- 
tance. Seals swimming away underwater were, of course, not visible. Most 
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F i g w e  4. Frequencies of various seal behaviors in each of three distance categories 
when source vessel was underway with (A)  no airguns firing, and ( B )  full array firing. 
For each distance category, bars show percentages of seals that showed each behavior. 
In (A), n = 91, 39 and 23 seals for <150 m, 150-250 m, and >250 m. In (B), n = 
53, 47 and 30 seals, respectively. 

seals dove or swam away at all distances. However, swimming away was more 
common at all distances during full-array seismic than with no seismic (Fig. 
4B us. A). Also, approaching was not seen within 150 m of the vessel during 
full-array seismic, and swimming parallel became somewhat more common as 
initial sighting distance increased (Fig. 4B).  

DISCUSSION 
Seal Responses and Tolerance 

Overall, seals did not react dramatically to seismic operations insofar as we 
could see. Seals remained in the general area as airgun operations continued. 
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Only a fraction of the seals swam away, and even this avoidance was apparently 
quite localized. 

A total of 422 seals were seen from the source vessel during the 1996 
seismic surveys: 91.8% ringed seals, 7.3% bearded seals, and 0.9% spotted 
seals. Of these, 169 seals were seen during periods of full-array seismic, most 
within 500 m of the airgun array. Overall, vessel-based observers saw seals at 
nearly identical rates regardless whether no airguns, a single airgun, or 8-11 
airguns (full array) were firing. Received levels of noise pulses from the full 
array were 2 1 8 0  dB re 1 pPa (rms) out to a radius of about 1 km when 
measured at least a few meters below the surface (Greene 1997). Therefore, 
most if not all seals seen from the source vessel during full-array seismic were 
exposed to pulses with levels above 180 dB when they dove. Despite this, 
many seals showed little or no obvious avoidance and no obvious tendency to 
avoid diving. We could not observe behavior while the seals were below the 
surface. However, many seals remained near the trackline as the operating 
airguns approached, and those seals that did move away apparently did not 
move beyond visible range (a few hundred meters at most). 

Seals that remained near the trackline as the operating airguns passed re- 
ceived a sequence of about 45 pulses from the time the source vessel was 1 
km away and approaching until it was 1 km away and moving away. (The 
usual shot interval was 44 m.) These seals received additional strong pulses as 
the full array was towed along the adjacent seismic lines (spaced 330 m apart), 
and weaker pulses when the vessel was operating on lines >1  km away. 

Seals were often seen within 150 m even during full-array seismic. This, 
plus the similar overall sighting rates with and without seismic, indicates that 
seals did not vacate the region around the approaching seismic vessel. How- 
ever, the median distances of the observed seals were significantly greater (P  
< 0.0001) with full-array seismic than no seismic (means 234 m VJ. 144 m, 
respectively). Sound levels received from the full array typically diminished by 
-3 dB from 144 m to 234 m (Greene 1997). Thus, the horizontal avoidance 
reaction by the average seal resulted in only a slight reduction in sound ex- 
posure during dives. 

An alternative potential explanation for the distributional observations 
might be that seals close to the source boat (<150 m away) behaved in ways 
that made them less detectable during full-array seismic than at other times. 
Seals often dive when exposed to disturbance. However, if anything, we ex- 
pected that seals might spend more time at the surface when close to the 
seismic vessel (“vertical avoidance”). Received levels of low-frequency under- 
water sounds diminish as the receiver approaches the surface because of the 
pressure-release or “Lloyd mirror” phenomenon (Urick 1983, Richardson et al. 
1995). For example, Greene and Richardson (1 988) found that measured levels 
of airgun sounds at depth 3 m averaged 7 dB less than the simultaneous levels 
at depths 9 and 18 m. The reduction would exceed 7 dB for a seal closer to 
or especially at the surface. To achieve that much reduction in received sound 
level by swimming horizontally away, a seal 10s or 100s of meters from the 
airguns would have to travel a much greater distance. 
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Most seals within a few hundred meters of the seismic vessel would have 
been exposed to many pulses as the vessel approached and/or traveled along 
nearby seismic lines. Thus, most seals would have had an opportunity to learn 
that received levels diminish rapidly as the seal approaches the surface. Despite 
this, there was no clear tendency for diving to be less common, or for looking 
(a surface behavior) to be more common, in seals close to the operating airgun 
array. Also, although the frequency of various behaviors was not significantly 
different under different seismic states (P = 0.17), swimming away was some- 
what more common with full-array us. no seismic, and approaching was less 
common with full-array seismic, especially within 150 m (Fig. 3, 4). 

Thus, the differences in apparent distribution with full-array VJ. no seismic 
were probably mainly a result of local horizontal avoidance by some seals. 
However, avoidance reactions were not universal even within 150 m. Given 
the similar overall sighting rates with and without full-array seismic, avoid- 
ance was probably limited to a radius of a few hundred meters. Within that 
distance, received sound levels below the surface were well above 180 dB re 
1 pPa (rms), and sometimes > l90  dB. 

Full-array seismic influenced the local distribution of seals within a few 
hundred meters of the source vessel, and (in some cases) may have affected 
their behavior. In contrast, when a single 120 in3 airgun was in use, seal 
numbers, distribution, and behavior were similar to those when seals were 
exposed to the source vessel without airgun operations. The difference between 
the full-array and single-airgun results is at least partly understandable on the 
basis of the large differences in the received levels (see Methods). 

Estimated “Take by Harassment” 

The Incidental Harassment Authorization (IHA) under which the seismic 
program was conducted authorized disturbance (“take by harassment”) of small 
numbers of seals, but did not authorize serious injuries or deaths (NMFS 
1996blc). This study was conducted, in part, to satisfy the IHA’s requirement 
to estimate how many seals were harassed. The following describes some pos- 
sible ways of making such estimates. 

Direct counts-It is not known whether seismic pulses can cause injury to 
the auditory or other systems of seals. However, based largely on extrapolation 
from studies in terrestrial mammals (Richardson et al. 1995:372ff ), the IHA 
required suspension of seismic operations when seals were within the estimated 
190 dB re 1 pPa (rms) radius. This was initially estimated as a radius of 150 
m around the full array. Sound measurements during August 1996 showed 
that, at 150 m, the actual received level was sometimes as high as 195 dB re 
1 pPa (rms) (Greene 1997). Some seals seen within the 150-250-m annulus 
were exposed to received levels of 190-195 dB (rms). Before 30 August airgun 
operations were not necessarily suspended in these cases. After 30 August a 
shutdown radius of 250 m was used. Both before and after 30 August seals 
often were not seen until they were well within the shutdown radius. These 
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seals were exposed to strong sound pulses if they were below the surface just 
before the time of sighting, when airgun operations were interrupted. 

During daylight 128  seals were first sighted within 250 m during full- 
array, partial array, or ramp-up operations, and thus were potentially exposed 
to strong sounds at least briefly. During single-airgun operations, an additional 
32 seals were seen within the 150-m radius defined (very conservatively) as 
the safety radius around one airgun. Measured levels 150 m from the single 
airgun were almost always <175 dB re 1 pPa (rms) (Greene 1997). Another 
33 seals were estimated to have been present within these radii during night- 
time seismic operations, assuming that the numbers present at night were the 
same as during the day. Thus, -193 seals would have been detectable within 
the final safety radii if all seismic operations had been conducted during day- 
light. This total no doubt includes some resightings of the same individual 
seals along adjacent seismic lines. 

Indirect estimates based on density-The detectability of seals diminished rap- 
idly with increasing distance from the seismic vessel, and we undoubtedly did 
not see all seals that were within 250 m of the vessel’s trackline (Fig. 1B). 
The observed rate of decline in sightings with increasing lateral distance was 
similar to that shown by Leopold et al. (1997) in a vessel survey of harbor 
seals (Phoca vitalina). The minimum density of seals in our study area, based 
on the numbers seen within 50 m of the trackline when seismic operations 
were not underway, was 0.30 seals/km2. This figure can be used to derive more 
realistic estimates of “take by harassment,” although it does not allow for the 
unknown number of unseen seals within 50 m of the trackline. 

Seismic operations in 1996 totaled about 3,787 km of airgun array opera- 
tions and 884 km of single-gun work. Based on these figures, the respective 
250-m or 150-m safety radii, and the minimum density of 0.30 seals/km2, 
we estimate that at least 648 seal “takes” occurred during the entire seismic 
program. This assumes that all seals occurring within the safety radii, or that 
moved out of those areas as the seismic vessel approached, were “taken by 
harassment.” Because of the proximity of adjacent seismic lines, and the over- 
lapping grids of full-array VS. single airgun lines, many seals would be “taken” 
more than once. The total area surveyed in 1996, including a 250-m buffer 
around the outside, was about 629 km2. Based on the minimum density of 
0.30 seals/km2, -189 different seals may have been “taken by harassment” 
during the project. 

Recently, NMFS (1999) indicated that the zone of influence of airgun 
sounds for marine mammals should be considered to include the area where 
received levels exceed 160 dB re 1 pPa. The 160 dB (rms) level has no known 
special significance for seals; it is the approximate rms level above which some 
baleen whales show obvious avoidance reactions to seismic pulses (Richardson 
et al. 1995). In this study the received level sometimes was 2 1 6 0  dB re 1 
pPa (rms) at distances out to 4.9 km from the full array. The total area of 
water within 4.9 km of the regions surveyed in 1996, excluding areas “shad- 
owed” by intervening barrier islands, was about 1,348 km2. The minimum 
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estimated number of seals within that area, assuming 0.30 seals/km*, would 
be 404 seals. 

Management Implications 

This study showed that arctic seals (mainly ringed seals) exhibit no more 
than localized avoidance of an approaching seismic vessel. Many remain close 
enough to a seismic line to be exposed to received levels exceeding 190 dB 
re 1 pPa (rms) when they dive. During daytime some of these seals can be 
seen by an observer aboard the seismic vessel, whereupon seismic operations 
can be interrupted. However, many seals within 250 m of the vessel apparently 
are not seen. Some reduction in the proportion of the nearby seals that are 
missed is possible if more than one observer is on duty (LGL Ltd., unpublished 
data). However, logistics, living space, and financial constraints often make it 
difficult to provide two on-duty observers on a 24-h per day basis. Also, if a 
larger array of airguns were used, the safety radius would need to be increased, 
further compounding the “undetected seals’’ problem. 

The IHA issued for this project placed no special restrictions on seismic 
operations at night or with poor visibility. Despite use of 7 X 50 binoculars 
and an image intensifier, nighttime visual monitoring for seals was not effec- 
tive under the conditions of this study. It is unlikely that passive acoustical 
monitoring would be of any value in detecting ringed seals near a seismic 
vessel at night. Thermal infrared methods may warrant investigation if effec- 
tive nighttime monitoring is required. We have considered the possibility of 
using an active high-frequency sonar to detect seals under water (cf: U.S. Navy 
200 1). However, interference from surface and bottom reverberations would 
be severe if an active sonar were used in shallow nearshore waters such as those 
where this project was done. 

The IHA provisions, especially for night and poor-visibility periods, were 
designed on the assumption that, if strong seismic sounds are aversive, seals 
will move away as the seismic vessel approaches or as the airgun array is 
“ramped up.” If they did so, this would limit their exposure to noise. However, 
the daytime results show that only a fraction of the seals moved out of the 
safety radius as the sound level increased, and they apparently did not move 
far. Presumably the same occurs at night. Whether the seals that remain with- 
in the safety radii are affected deleteriously by the strong sound pulses is not 
known. 

Although not all seals within the safety radii were detected, there were 
sufficient detections to result in 112 temporary shutdowns of the airguns 
during 585.5 h of airgun operations (Table 1). During full-array operations, a 
shutdown and the subsequent ramp-up typically required 4-6 min. During 
single-airgun operations, shutdowns usually required only 1-2 min, mainly 
because no ramp-up was needed while resuming operations. The total oper- 
ating time lost to these 112 shutdowns was 8 hours. This was a significant 
disruption to this OBC seismic operation. It would have been much more 
disruptive if the seismic vessel had been towing long streamers, which would 



810 MARINE MAMMAL SCIENCE, VOL. 17, NO. 4, 2001 

prevent the circling maneuver sometimes used during shutdowns in this pro- 
ject. 

There is an urgent need for more data on the actual effects of sequences of 
strong seismic pulses on seals. If deleterious behavioral or auditory effects occur 
near received levels of 190 dB re 1 p P a  (rms), improved monitoring and 
mitigation measures may be desirable to protect seals. Conversely, if seismic 
pulses have no negative effects on seals, or if the effects occur only at  received 
levels well above 190 dB, seismic programs are unnecessarily impeded by some 
procedures required by recent IHAs. 

Studies of Temporary Threshold Shift (TTS) in captive marine mammals 
could be useful in addressing the possibility of auditory damage (NRC 1994, 
Kastak et al. 1999, Finneran et ul. 2000a). TTS data can establish the received 
level below which there is no  likelihood of injury, and above which there is 
reason for concern. TTS measurements are underway for odontocetes exposed 
to single pulses of water-gun sound, which are similar to airgun pulses (Fin- 
neran et al. 2000b). For maximum relevance in  assessing the effects of ongoing 
seismic surveys, TTS studies would need to  expose marine mammals to se- 
quences of repetitive low-frequency sound pulses consistent with those received 
from an  approaching seismic vessel. 
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