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The behavioral reactions ofbowhead whales to ( 1 ) distant seismic vessels not under our control, 
(2) a controlled approach by a seismic vessel, and (3) controlled tests with a single airgun were 
observed. ( 1 ) On 21 occasions in the summers of 1980-84, general activities ofbowheads exposed 
to pulses of underwater noise (107-158 dB re: 1 pPa) from seismic vessels 6-99 km away were 
observed. Activities were indistinguishable from those without seismic noise; there was no 
detectable avoidance. Hints of subtle changes in surfacing, respiration, and diving behavior were 
unconfirmed, but were consistent with reactions to stronger noise pulses from closer seismic 
boats. (2) In a test with a full-scale seismic boat ( 30 airguns totaling 471, source level 248 dB re: 1 
pPa, closest point of approach = 1• km), bowheads began to orient away when the airgun array 
began to fire 7• km away. However, some whales continued apparent near-bottom feeding until 
the vessel was 3 km away. Whales were displaced by about 2 km. Reactions were not much 
stronger than those to any conventional vessel. (3) Tests with one 0.66-1 airgun showed that some 
bowheads move away from sources of strong seismic impulses even in the absence of boat noise, 
and that bowheads can detect the direction from which seismic impulses arrive. In general, 
bowheads exhibit avoidance reactions when they receive seismic pulses stronger than about 160 
dB re: 1 pPa. Evidence of reactions to lower received levels remains inconclusive. 

PACS numbers: 43.80.Lb, 43.80.Nd 

INTRODUCTION 

Seismic reflection surveys involving intense noise pulses 
are used to search for oil beneath the sea. In a typical marine 
survey, noise pulses with source levels 245-252 dB re: 1 pPa 
at 1 m are emitted every 10-15 s from an array of airguns 
towed by a ship (Barger and Hamblen, 1980; Richardson et 
al., 1983). Received levels of underwater noise exceed 150 
dB; i.e., 50 dB above average ambient levels (20-1000-Hz 
band), at ranges out to several kilometers. Weaker noise 
pulses are often detectable 25-90 km away. Temporal and 
spectral characteristics of received pulses depend on propa- 
gation conditions, range, water and receiver depth, and as- 
pect with respect to the source array (Malme et al., 1983; 
Richardson et al., 1983; Greene and Richardson, 1986). Re- 
ceived pulses are usually about •-• s long, with most energy 7• 4 

at 75-500 Hz. 

The largest remaining population of the bowhead 
whale, an endangered Arctic species, is exposed to seismic 
noise in the Beaufort Sea during the summer (Richardson et 
al., 1985a) and the autumn (Reeves et al., 1984). Heating 
abilities of bowheads and other baleen whales are unknown. 

However, most bowhead calls are at 75-500 Hz (Ljungblad 
et al., 1982; Clark and Johnson, 1984). This, plus anatomical 
evidence (Fleischer, 1976), suggests that bowheads detect 

seismic impulses. Regulatory agencies and native people 
who hunt bowheads are concerned that seismic exploration 
may displace and/or harm these whales. 

Richardson et al. (1985a) observed bowheads as close 
as 6 km from operating seismic vessels in 1980-82, and test- 
ed the reactions ofbowheads to a single 0.66-1 airgun 3-5 km 
away. Maximum noise levels received by whales were at least 
150 dB re: 1 pPa. No definite effects of seismic noise on 
bowhead behavior were found; bowheads exposed to seismic 
pulses fed, traveled, socialized, and called in the usual ways. 
However, there was inconclusive evidence of reductions in 
average duration of surfacings, number of respirations per 
surfacing, and perhaps duration of dives (Richardson et al., 
1985a). Also, Reeves et al. (1984) saw a case of "huddling" 
33 km from a seismic boat; it was not certain whether the 
huddling was caused by noise pulses. Definitive results have 
not been obtained previously because of the logistical diffi- 
culty of experimentation on free-ranging whales in arctic 
offshore waters, and because of problems in recognizing dis- 
turbance in the presence of natural variation in bowhead 
behavior. 

This paper provides new data from 1983-84 concerning 
behavior of summering bowhead whales exposed to noise 
from (1) distant seismic vessels, (2) one 0.66-1 airgun as 
close as 0.2 km, and (3) a full-scale seismic vessel passing 
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TABLE I. Circumstances when bowhead whales were observed in the presence of noise from actual or simulated seismic exploration, Canadian Beaufort 
Sea, 1980-84. 

•ter depth Observation M•nutes of • •ition re b(•at Sound levels near •ppro0t. 

Whale position (m) at aircraft observation whales (d• re 1/•Pa) d no. ot 

hbrth West Whale Sels. Sea cover Alti- With No Vessel Rarge to (0 = beisnKc Between ohs- 

Date lat. long. loc'n bo•t state (%) %•fpe a tude (m) seis. seis. nan• b (kin) bc•t ahead) c pulses pulses erved •,etivity ot wI•a/es 

A. OPPO•C 

20 fiug 1980 69053 ' 133003 ' 12 20 2 0 Isl 610 10B 0 Sur • 8 WNd 330 -- 150 ? •. 5 bo•e nxd churned up 

21 Aug 1980 69055 ' 132029 ' 12-13 12 I 0 I$1 610 64 0 Sur 13 W• ? -- 141 ? •. 7 Socializing 

5 Aug 1981 70041 ' 135006 ' 68 60 3-4 0 Isl 457-610 70 0 Vet 45-54 bW 220 117 8b•-90 $ 5 bocializtng, defecating 

25 Aug 1981 69052 ' 134050 ' 11 10 2-3 0 Isl 610 84 0 Sur • E 115 ,-' 150 90-104 •. 4 • tr0m mouths, socializing, log play 

I Aug 1982 70019 ' 138000 ' 300 400-500 4 0 Isl 457 95 0 Mar 39-24 bW 20 ? ? - I 1• play 

7 Aug 1982 70019 ' 137001 ' 65 75-50 2 0 I$1 457 63 0 Mar 49-40 S• 340 IO7-113 •9-95 b 0-7 •wi•ng westward 

16 fiug 1982 69045 ' 138005 ' 150 ~ 200 I 0 Isl 457 b5 0 Mar 54-58 N-bE 90-120 127-132 9•-lOl S 0-11 blow travel, social, possible rursin• 

18 Aug 1982 69036 ' 138ø22 ' 125 45-95 1-2 0 Is1 457 159 0 Mar 73-62 N•-NbE 3OO <125-133 92-99 b 10-14 blow-rapha travel; some social & aerial 

7 Aug I983 A 70ø32 ' 138o10 ' 950 190 2 40 %l)t 457 44 0 Mar 79 S 95 127-131 I05-107 $ ? Onkno•a 

7 Aug 1983 B 70040 ' 137053 ' 1370 190-150 2 0 TOt 457 70 20 Mar 95-99 $bW 105 ? ? - 7 Calves interacting; sram rapid travel 

9 Aug 1983 70000 ' 139000 ' 190 20-? I 0 TOt 457 204 28 • 57-? •? ? 110-123 92-97 $ 12 Much socializing 

31 Aug 1983 69051 ' 136031 ' 19 18 1-3 0 Isl 610 182 0 Sur 53-52 E 310 125-107 101-111 $ 15 BcZt0m feeding; some socializing 

1 Sep 1983 69050 ' 136030 ' 19 40-33 1-3 0 I$l 137-457 204 0 Aleu 31-26 M•O-bE 55-120 Interme 9•-104 S 5 •ottom teecling; some sodaliztng 

I fiug 1984 A 69030 ' 137014 ' 33 60 I 10 Isl 457 49 0 Mar 36-40 W 125 130-125 105-107 S 3 Lone whales; umdium speed 

I Aug 1984 B 69023 ' 138030 ' 10 70 I 0 I$1 457 63 0 Mar 17-23 N 220 119-117 •Z-g9 $ 3 Z3• travel; s•rt su•acin• 

7 Aug 1984 70004 ' 138021 ' 250 150 I 0 Isl 457 23 55 Mar 33 W 90 137 ? $ 3 Slow travel 

14 Aug 1984 69ø43 ' 136ø48 ' 24 55-30 1-3 0 Isl 457 110 23 Mar 20-10 W-• Various <143-158 108-122 h 10 Bottom teecling; socializin• 

24 Aug 1984 69030 ' 136040 ' 9 45 1-2 10 Isl 457 69 37 • 3b-29 N• 315 ? ? - J Bottom teeing; then •. spee• travel 

27 Aug 1984 A 69033 ' 137000 ' 23 40-60 2 0 I$1 457 77 0 Mar 11-20 WNd 215-195 130-125 111-116 $ 7 Bottom feeding; reed. speed; sync•ony 

27 Aug 1984 B 69021 ' 137005 ' 12 65-80 2 0 Isl 457 64 3 M•r 32-37 hW 235 122-131 9B-10• H 6 Lone •%ales; lo•um spee• travel 

28 Aug 1984 69033 ' 136057 ' 21 40-30 2-3 0 Isl 457 •0 79 Mar 1•-23 bb•-N Various 137-14• IOO h • Lone whales; reed. speed; tail slapping 

B. SIR• AIxW• EXPT. 

18 Aug 1981 70003 ' 134046 ' 25 20 2 0 Isl 457 i•J 152 Seq 5 Clrc. 090 -->123 •O-91• b 19 Skim teecling, mainly in echelons 

19 Aug 1981 70003 ' 134048 ' 25 28 2 0 I•l 610 19 135 Seq 3 Circ. 090 >11• 97-100 b 10 blow travel to bW; surtacing a diving 

28 Aug 1983 69006 ' 137033 ' 15 13 1-3 0 Isl õ10 25 198 Seq 3.5 Circ. 270 133-125 •-9• b 4-0 burfacing & diving; medium speed travel 

17 Aug 1984 69ø12 ' 138ø06 ' 18 20 I <1 Isl blO 30 188 Seq e 2-4.5 Various 124-131 9Z-IOZ $ • M•st travelled m•ay while airgtm tiring 

27 Aug 1984 69021 ' 137005 ' 12 12 2 0 Isl 457 .3+2 39 Seq e O.2-I.Z Various Intense 9•-10• b • M•dium-tast spee• travel amy 

C. GSI MARlhER EXPT. 

16 Aug 1984 69043 ' 136o43 ' 18 25-14 1 0 Isl 457 86 141 Mar 7.5-1.5 Various Interme <100 b b •ottom teedlog; then ,mve• slowly a•uy 

a Aircraft types: Isl = Britterr•Norman Islar•r, • = Ll•% TWin (•ter. 

b Vessel names: see 'Methods' for full •. Seq = 'MV Sequel' with one 0.66 L airgun. 

c Aspect given as 0 ø if whales ahead of ship, 90 ø if •tmles abeam to starboard, 180 ø if whales astern, 270 ø if •tmles abean to port. 

d hbise level.• are for the 20-1000 Hz bsnd as n•,asured by sonobuoys (S) or boat-based hydrophones (H), or as estimated from an equation for level vs. range (E; se• Greene and Richardson, 1986). 

'Intense' mear$ at least 134 dB but mxmasurable due to sohobuoy c•erload. 

e 'Sequel' •s anchored and quiet during the airgun experinmnts in 1984. 
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/ 

within 1• km. Our previously reported results from 1980-82 
are reconsidered. 

I. METHODS 

A. General procedures 

The study area was the southeastern Beaufort Sea, a part 
of the Arctic Ocean (see Richardson et al., 1985a, for de- 
tails). During the brief open water season in mid-late sum- 
mer, several seismic vessels used airgun arrays, sleeve ex- 
ploders, and open bottom gas guns in this area. Behavior of 
bowheads was observed from a circling aircraft (Islander or, 
occasionally, Twin Otter) using procedures described by Ri- 
chardson et al. (1985a). The aircraft circled 457-610 m 
above sea level, high enough to avoid aircraft disturbance to 
the whales. Overall, we flew for 593 h during 132 flights in 
1980-84, and circled over bowheads for 186.3 h during 85 of 
those flights. 

$onobuoys (AN/SSQ-4 lB or -57A; hydrophone depth 
18 m) were dropped to monitor bowhead, seismic, and other 
sounds near whales. Signals were recorded aboard the air- 
craft on calibrated equipment, and analyzed for received lev- 
els and spectral characteristics (Greene and Richardson, 
1986). All analyses included corrections for the sloped fre- 
quency response of the sonobuoys, and for the receiver and 
recorder calibration curves. However, because of sonobuoy 
overload, levels > 125 dB re: 1 pPa may be underestimated. 
More precise acoustic data were sometimes acquired using 
H56 hydrophones deployed from a boat positioned near 
whales (Greene and Richardson, 1986). 

(a) SLEEVE EXPLODERS 

b_ , 

•.i• •.•5 •.5• 
TIME, S 

(b) AIRGUN ARRAY 

8.88 8.25 0 

TIME, S 
51 

B. Opportunistic observations with seismic noise 

On 21 occasions in 1980-84, we watched bowheads ex- 
posed to seismic pulses from ships 6-99 km away (Table 
IA). Four different seismic vessels and six sources of pulses 
were involved: 

--"ARCTIC SURVEYOR" in 1980-81 ( 12 sleeve explod- 
ers); 

--ARCTIC SURVEYOR in 1983 (12 open-bottom gas 
guns, source level • 239 dB re: 1 pPa at 1 m); 

m"GSI MARINER" in 1982-83 (23-1 airgun array, 
source level 247 dB); 

mGSI MARINER in 1984 (47-1 airgun array, source lev- 
el 248 dB); 

--"E. O. VETTER" in 1981 (33-1 airgun array); and 
--"WESTERN ALEUTIAN" in 1983 (airgun array, 

source level 250 dB). 
Pulses received from all sources were similar in spectral and 
temporal characteristics (Fig. 1; also, Greene and Richard- 
son, 1986). 

Behavioral data analyzed included durations of surfac- 
ings and dives, number of blows per surfacing, and intervals 
between successive blows within a surfacing (see Wiirsig et 
al., 1984 for definitions). These variables can be recorded 
objectively during aerial observations, and change in re- 
sponse to some types of industrial disturbance (Richardson 
et al., 1985a). 

Statistical comparisons of opportunistic behavioral ob- 
servations with and without seismic noise were complicated 
by natural variability in behavior and lack of control. Three 

(C) SINGLE AIRGUN 

•. 74 
TIME, S 

FIG. 1. Spectrograms of underwater sound pulses received from (a) sleeve 
exploders 8 km away, (b) a 47-1 airgun array 12 km away, and (c) a single 
0.66-1 airgun 5 km away. See Greene and Richardson (1986) for details and 
more examples. 

approaches were used: ( 1 ) When seismic noise began or end- 
ed during observations, data from the same whales in the 
seismic and undisturbed situations were compared. 

(2) When seismic noise was present throughout a session, 
results were compared with those from undisturbed bo- 
wheads observed nearby on the same day or an adjacent day. 
When two or three small samples of observations were ob- 
tained in one area within 2-3 days, we pooled the data to 
obtain one sample of usable size. (3) When no undisturbed 
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whales were observed nearby within a few days ofthe seismic 
occasion, we compared seismic results with average results 
for all undisturbed whales at the corresponding water depth 
in that year. 

After behavioral data from each seismic occasion were 

compared with corresponding undisturbed data, the results 
were pooled with the unweighted z method (Rosenthal, 
1978). This provided an overall test of the null hypothesis 
that behavior was unaffected by seismic noise. Multiple 
regression analysis was also used to check for partial correla- 
tion between behavioral variables and the presence or ab- 
sence of seismic noise after allowing for the simultaneous 
effects of factors such as year, date, time of day, water depth, 
sea state, ice cover, group size, and general activity of the 
whales. 

C. Airgun experiments 

We completed four controlled tests with a single 0.66-1 
Bolt airgun, source level • 222 dB re: 1 pPa at 1 m, deployed 
from a 12•-m boat, 2-5 km from bowheads. The airgun was 
ata 6-m depth and was fired every 10s ( 1981 ) or 15 s ( 1983- 
84) for 19-30 min (Table IB). In a fifth and incomplete test 
in 1984, we twice began firing the airgun when all whales 
seemed to be > 500 m away. In each case, a whale surfaced 
about 200 m from the airgun, whereupon we ceased firing 
(after two and nine shots, respectively) because of permit 
restfictions. 

The bowheads were observed from the circling aircraft 
before, during, and after the airgun fired. During the three 
tests in 1981 and 1983, the boat traveled slowly (6 km/h) 
around the whales at a preselected radius throughout the 
observation session, towing the airgun. Boat disturbance, if 
any, was a constant throughout the before, during, and after 
firing periods. During the two tests in 1984, the boat was 
anchored with engine off. In all tests, noise reaching the 
whales was monitored by sonobuoys [Fig. 1 (c) ]. With the 
probable exception of the incomplete test at close range in 
1984, pulse characteristics and received levels of airgun 
noise near whales were similar to those > 20 km from actual 
seismic vessels (Greene and Richardson, 1986). 

D. Experiment with full-scale seismic vessel 

On 16 August 1984, with cooperation from Geophysical 
Service, Inc., we directed GSI MARINER to pass]• km to the 
side of six bowheads that we were observing from the circling 
aircraft (Fig. 2; Table IC). The 47-1 array of airguns fired 
every 10-15 s from a point 7« km WNW of the whales to a 
point 6 km to the east. Sonobuoys dropped amidst the whales 
provided data on ambient noise, engine noise from the ship, 
and timing of seismic pulses. Levels of seismic sounds were 
unmeasurable due to sonobuoy overload. However, H56 hy- 
drophones showed that the received level 12 km abeam from 
GSl MARINER operating nearby 2 days earlier was 160 dB 
re: 1 pPa [Fig. 1 (b); also Greene and Richardson, 1986]. 

II. RESULTS 

A. Opportunlstlc observations with seismic noise 
1. General activities 

Activities of bowheads 6-99 km from seismic vessels 

(received levels 107-158 dB re: 1 pPa) were usually similar 
to those of whales not exposed to industrial noise. in both 
situations, bowheads surfaced, dove and called, and some- 
times traveled, socialized or brought mud to the surface, 
which is indicative of feeding near the bottom (Wiirsig et al., 
1985a). On five of six occasions when seismic noise started 

or stopped as we watched whales, behavior did not change 
noticeably. In the exceptional case (24 August 1984), the 
change did not occur until • h after shooting began, when a 
whale began traveling partly toward a seismic boat 36 km 
away. Aside from the very doubtful 7 August 1982 case de- 
scribed by Richardson et al. (1985a), opportunistic observa- 
tions provided no evidence that bowheads moved away from 
seismic boats >6 km away. 

On 1 August 1984, one of three whales 17-23 km from 
GSI MARINER seemed disturbed either by seismic noise or 
the observation aircraft. The whale traveled on an irregular 
course at moderate or fast speed, with short surfacings and 
dives (average durations 0.13 and 0.77 min, respectively). 
There was only one blow during most surfacings, compared 
to the usual 4.3 q- s.d. 3.25 (Dorsey et al., 1986). Seismic 

Q Shooting stops Q Shooting resumes Q CPA, 
9 km away 

7-• km away I-• km away 

Behav. obs. ß _• • ß 
",.%,,,,•/ '..'•-• I ß begin 

:58 rain after CPA, 
$km away 

o 2 4 6 

I I i ; 

km 

FIG. 2. Movements of GSI MARINER 

during test of reactions of bowheads to 
full-scale seismic vessel, 16 August 
1984. CPA = closest point of approach. 
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o 

25. 

626 

295 

p<O.001 

Matched= p<O.OI 

1400 
5161 

NS 

Matched= p<O.O5 

z 

343 

:).001 

715 

Matched= p<O.I 

130 

I p<O.01 

333 

Matched: p<O.OOI 

SEISMIC 

NO SEISMIC 

FIG. 3. Surfacing, respiration, and dive 
characteristics of bowheads observed 

opportunistically in the presence and ab- 
sence of seismic noise, 1980-84. Calves 
are excluded. The mean, -3- 1 standard 
deviation (vertical line), -3- 95% confi- 
dence limits ( wide bar), and sample size 
are shown. See text for discussion of sim- 

ple versus matched comparisons of seis- 
mic versus no seismic occasions. 

sounds were at higher frequencies than on any other occa- 
sion (500-1300 Hz). Lower frequencies had probably been 
attenuated by the shallow water ( 10 m near whales). Given 
the shallow water, where lateral propagation of aircraft 
noise is most pronounced (Urick, 1972; Greene, 1985), the 
whale might have been disturbed by the aircraft circling at 
altitude 457 m (Richardson et al., 1985b). 

On two occasions with seismic noise, we observed bow- 
heads playing with floating logs, in one case continuously for 
1.6 h (Wiirsig et al., 1985a). By remaining at the surface, 
bowheads would reduce the received level of seismic sounds 

by 4-10 dB (Greene and Richardson, 1986). However, 
there was no proof that log play or prolonged surfacings 
were related to seismic sounds. We once observed log play 
when a sonobuoy confirmed the absence of seismic sounds. 

2. Surfacing, respiration, and dive characteristics 
Simple comparisons of all opportunistic observations in 

the presence and absence of seismic noise showed that mean 
number of blows per surfacing, mean duration of surfacing, 
and mean duration of dives all were lower with seismic noise 

(Fig. 3). Intervals between blows were similar with and 
without seismic noise. Although suggestive, these simple 
comparisons were confounded by many factors that varied 
from day to day. Consequently, we compared data from each 
seismic occasion with matched data from presumably undis- 
turbed whales observed under similar circumstances (see 
Sec. I). 

When matched results from all 5 years were pooled (Ta- 
ble II), bowheads in the presence of seismic noise tended to 
have fewer blows per surfacing (p<0.01), marginally 

TABLE II. Summary of statistical comparisons of surfacing, respiration, and dive characteristics of bowheads observed in the presence and absence of 
seismic noise, 1980-84. Calves are excluded. See Richardson et al. (1985a,b) for results from individual dates, which are pooled here using the unweighted z 
method (Rosenthal, 1978 ). (The letters ns are used ifp > 0.1; + if the mean value is higher with than without seismic noise; -- if the mean value is lower 
with than without seismic noise.) 

Circumstances compared Blows/surfacing Surface time Blow interval 
, 

All 1980-82 opportunistic --, p = 0.1 --, p = 0.1 ns 
All 1983-84 opportunistic --, p <0.05 ns +, p = 0.05 
All opportunistic --, p < 0.01 --, p < 0.1 +, p < 0.05 
All opport. except 1 Aug. 1984B ns ns +, p < 0.05 

All single airgun experiments --, p = 0.1 --, p < 0.1 +, p = 0.1 

GSI MARINER experiment ns ns --, p < 0.001 
, ', 

Dive time 

--,p<0.1 
--,p<0.001 
--,p<0.001 
--,p<0.001 

as 

ooo 
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shorter surfacings ( p = 0.052), shorter dives ( p < 0.001 ), 
and longer blow intervals (p <0.05). This last difference 
was not apparent in the unmatched comparison (Fig. 3). 
Trends for two variables (number of blows per surfacing and 
dive duration) were similar in 1983-84 to previously report- 
ed results from 1980-82 (Table II). 

These results must be interpreted cautiously, as dis- 
cussed by Richardson et al. (1985a). There was much vail- 
ability and overlap, and contrary trends were found on some 
specific occasions. Without experimental control, it is im- 
possible to be sure whether the apparent effects were attrib- 
utable to seismic noise or to other variables. Also, the pooled 
results depend strongly on data from 1 August 1984 (site B ), 
when the unusual behavior of one whale may have resulted 
from aircraft rather than seismic disturbance (see above). If 

that occasion is excluded, the trends in number of blows per 
surfacing and duration of surfacing become nonsignificant 
(p > 0.1). However, mean blow interval remains signifi- 
cantly longer (p <0.05) and mean dive duration shorter 
( p < 0.001 ) with seismic noise (Table II). 

3. Other behavioral variables 

While at the surface, bowheads sometimes change head- 
ing ("turn") or flex the back into a concave shape shortly 
before diving ("predive flex"; Wiirsig et al., 1985a). Tums 
and predive flexes occurred more often without than with 
seismic noise (Table III). Presence of seismic noise did not 
affect whether bowheads raised their flukes above the water 

while diving. Estimated speeds were similar with and with- 
out seismic noise, excluding the questionable "1 August 
1984B" case (Table III). 

4. Bowhead ca/Is 

Calls were heard during 11 of 14 occasions in 1980-84 
when underwater sounds were recorded near bowheads ex- 

posed to seismic noise. Their average calling rates were only 
slightly less than rates near undisturbed whales (Table IV). 

TABLE III. Estimated speed and occurrence of turns, predive flexes, and 
flukes out by noncalf bowheads observed opportunistically in the presence 
and absence of seismic noise, 1980-84. Each surfacing by a whale is a unit of 
observation. 

Zero Slow Moderate Fast Total 

Seismic' 35 76 113 12 236 

No seismic b 39 53 67 6 165 

X • (dr= 3) = 5.68, p>0.1 

Turn Predive flex Predive flukes out 

No Yes Total No Yes Total No Yes Total 

Seismic 238 44 282 323 35 358 253 159 412 

No seismic b 127 44 171 170 46 216 173 117 290 

X • (dr= 1) =6.98, p<0.01 X2= 14.75, p<0.001 X•=0.22, p>0.1 

Speed analysis excludes data from 1 August 1984 (site B). 
S"No seismic" lines include only the "control" occasions that were 
matched with "seismic present" occasions. 

The slight reduction may not be meaningful because 
numbers of whales responsible for the calls were only rough- 
ly known. Proportional frequencies of seven call types that 
we distinguished were almost identical with and without 
seismic noise (Table IV). 

$. Summary 

General activities of bowheads were rarely, if ever, al- 
tered noticeably by noise from seismic vessels 6 km or more 
away. There were, however, indications of subtle alterations 
in surfacing-respiration-dive cycles, and in frequency of 
turns and predive flexes. Whether these subtle trends were 
caused by seismic noise or other factors cannot be deter- 
mined with certainty from opportunistic observations. Bow- 
heads produced calls of the usual types when exposed to 
seismic pulses; calling rate was only slightly (if at all) re- 
duced. 

B. Airgun experiments 

1. General activities 

Activities of bowheads during the three 1981 and 1983 
tests 3-5 km from a moving boat were unremarkable, and 
did not change when the airgun fired (Table IB). On 18 
August 1981, skim feeding in echelon formation continued 
during the firing period, although mean number of whales 
per echelon was reduced (Richardson et al., 1985a). 

During two airgun tests 'from a quiet boat in 1984, be- 
havior was unremarkable before the airgun fired. However, 
most bowheads headed away when it fired (see subsection 3, 
below). Received levels of airgun noise on 17 August 1984 
(range 24« km) were at least 124-131 dB re: 1 pPa, similar 
to those in the 1981-83 tests (Table IB). Levels on 27 Au- 
gust 1984 (range 0.2-1.2 km) were doubtlessly higher, but 
unmeasurable because of sonobuoy overload. 

2o Surfacing and respiration characteristics 

In most experiments, these behavioral variables did not 
differ significantly in the presence and absence of airgun 
noise, but sample sizes were often small (Fig. 4). The slight 
differences that did occur showed some consistency. In the 

TABLE IV. Rates and types ofbowhead calls recorded opportunistically in 
the presence and absence of seismic noise, 1980-84. [See Wiirsig et al. 
(1985b) for details concerning calls by undisturbed bowheads, including 
descriptions of types of calls. Call data tabulated by C. W. Clark. ] 

Seismic No seismic 

Calls/whale-hour 11.07 14.26 
Loud calls/whale-hour 1.72 3.75 

Percentage of calls 
FM upsweep 34% 34% 
FM downsweep 20 22 
Constant freq. 15 18 
Inflected 10 8 

High freq. 6 4 
Pulsed tone 5 7 
Pulsive 10 7 

Total No. of calls 1364 5655 
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FIG. 4. Surfacing, respiration, and dive characteristics ofbowheads before, during, and after an airgun or airgun array fired. Calves are excluded. Presenta- 
tion as in Fig. 3. 

three tests with data, mean surface time and mean number of 
blows per surfacing decreased slightly from the preairgun to 
the airgun period (Fig. 4). Pooled results were marginally 
significant ( p<0.1 for both variables, Table II). Conversely, 
mean blow intervals increased slightly from the preairgun to 
the airgun period in 3 of 4 experiments (Fig. 4); the pooled 
trend was weak ( p - 0.1, Table II). These weak trends dur- 
ing airgun tests were inconclusive, but in the same direction 
as found for opportunistic observations (Table II). 

3. Orientation of whales 

During the 18 August 1981 test, bowheads that were 
skim feeding 5 km from the airgun did not orient away when 

it fired. Results concerning orientation during the 19 August 
1981 and the 28 August 1983 tests (range 3-3« km) were 
inconclusive. 

On 17 August 1984, bowheads tended to orient away 
from the airgun when it fired 2-4« km away, but randomly 
before and after it fired (Fig. 5). The difference between 
preairgun and airgun periods was significant (Kuiper test; 
K -- 398, p -- 0.005; Batschelet, 1981 ). 

Similarly, on 27 August 1984, bowheads swam away 
when the airgun fired at a range of 0.2-1.2 km. During the 
two brief airgun firing periods and within 5 min thereafter, 
all whales oriented within 40 ø of directly away (n -- 5), and 
traveled at moderate or fast speed (n --- 5 ). Before the airgun 
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FIG. 5. Relative orientations of bowheads 

before, during, and after an airgun fired 2-4« 
km away, 17 August 1984. Each symbol 
represents the heading (relative to airgun) 
of one whale during one surfacing, as ob- 
served from the observation aircraft. The di- 

rections and lengths of the mean vectors are 
shown. Thep values are from g' tests of the 
hypothesis that there was significant orien- 
tation away (Batschelet, 1981 ). 
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fired, whales had been near the anchored boat for > 3 h, with 
speeds zero to moderate. 

4. Other behavioral variables 

Most whales moved at slow or medium speed during all 
phases of the four completed experiments. Only during the 
aborted 27 August 1984 test at close range was there evi- 
dence that bowheads tended to travel faster than normal. 

Frequencies of tums, predive flexes, and flukeout dives were 
all similar before, during, and after the airgun fired ( p•, 0.1 
in each case). 

Bo whead calls 

Calls were heard within the airgun firing period during 
three of four completed tests. There was no consistent trend 
toward reduced call rates while the airgun fired, but sample 
sizes were small (Table V). FM upsweeps (Clark and John- 
son, 1984) were the most common calls in both the preair- 
gun periods (28 of 70 calls) and the airgun firing periods (7 
of 11). 

6. Summary 

Bowheads usually continued normal activities when a 
0.66-1 airgun began firing 3-5 km away (received levels 
>/118-133 dB re: 1 pPa). However, bowheads oriented away 
during tests at ranges of 2-4• km and 0.2-1.2 km (received 
levels > 124-134 dB). In the closest case, there was a prob- 
able increase in speeds. Surfacing and respiration variables 
did not change dramatically when an airgun fired 2-5 km 
away, but trends were consistent with those in the opportun- 
istic data. Calls and several other behavioral variables did 

not change dramatically during experiments. 

C. Multivariate analyses 

I. Surfacing and respiration variables versus seismic 

We used multiple regression analysis to assess whether 
seismic noise affected surfacing and respiration variables, 
after allowing for partial correlations to 17 variables repre- 
senting year, date, time, water depth, sea state, ice cover, 
feeding, presence of calf, socializing, and group size. We con- 
sidered all 1981-84 observations in the presence of noise 
pulses from distant seismic vessels or single airguns, along 
with the data of Dorsey et al. (1986) on undisturbed bow- 
heads. We excluded data from calves, from 1 August 1984, 
site B (possible aircraft disturbance), and from the 16 Au- 

gust 1984 GSI MARINER test. Dependent variables were du- 
ration of surfacing, number of blows per surfacing, and mean 
blow interval (n = 787, 690, and 1366 surfacings, respec- 
tively; log transformed). 

No dependent variable was related to presence/absence 
of seismic noise after other variables were considered 

(p > 0.1). Thus multiple regression did not confirm the 
weak univariate trends for reduced surface times, fewer 
blows per surfacing, and longer blow intervals with seismic 
noise (cf. Table II). The univariate trends may have been 
spurious effects of covarying factors. However, the multivar- 
iate analyses do not exclude the possibility of a weak effect of 
seismic noise on behavior, given that many intercorrelated 
"whale activity" and environmental variables covaried in an 
uncontrolled fashion. 

2. Overall behavior versus seismic 

Stepwise multiple discriminant analysis (Dixon and 
Brown, 1977) was used to compare whale behavior with 
versus without noise from distant seismic vessels (actual or 
simulated by one airgun). The 12 behavioral variables were 
surface time, blows/surfacing, and mean blow interval (all 
log transformed), group size, and presence/absence of skim 
or bottom feeding, defecation, active socializing, group size 
> l, turn (s), predive flex, and predive flukes-out [ see W/ir- 
sig et al. (1985a) for definitions ]. We again excluded calves, 
the 1 August 1984B data, and the 16 August 1984 MARINER 
test. 

Surfacings with and without seismic noise differed sig- 
nificantly (F= 14.68, df= 3,437, p <0.001; n = 297 undis- 
turbed and 144 seismic cases). Variables that differed were 
bottom feeding (œ <0.025, more common with seismic 
noise); active socializing (œ<0.001, more common with 
seismic); and tums ( œ < 0.00 l, less common with seismic). 
After these variables were considered, no others differed 
with versus without seismic pulses ( p > 0.05). 

This analysis provided further evidence that surface 
times and respiration were not strongly affected by distant 
seismic vessels. The reduced frequency of tums with seismic 
noise was also evident from univariate analysis (Table III). 
The greater frequencies of bottom feeding and socializing 
with seismic noise had not been identified earlier. The com- 

bination of more socializing but fewer tums with seismic 
noise was unexpected, since undisturbed bowheads turned 
more frequently when socializing (Dorsey et al., 1956). The 
active socializing seen with and without seismic noise was 

TABLE V. Call rates ofbowheads during four completed airgun experiments, 1981-84. 

Total calls/whale-hour 

Date of experiment Before firing During firing After firing Total No. of calls a 

18 Aug. 1981 0.3 0.0 
19 Aug. 1981 0.5 0.6 
28 Aug. 1983 2.7 3.2 
17 Aug. 1984 1.3 0.6 

1.1 11, O, 36 
0.3 4, 1, 1 
ß -- 40, 8, 0 
0.8 15,2, 3 

Number of calls before, during, and after firing, respectively. 
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similar; we did not observe behavior similar to the "hud- 
dling" described by Reeves et al. (1984). 

This analysis did not prove that turns, bottom feeding, 
and socializing were actually affected by noise from distant 
seismic vessels. We could not control variables such as year 
and water depth, to which bowhead behavior is strongly re- 
lated (Wiirsig et al., 1984; Dorsey et al., 1986). 

D. Experiment with full-scale seismic vessel 

1. General activ/t/es 

Before GSI MARINER began firing an airgun array 7• 
km from six bowheads (Fig. 2), the whales surfaced and 
dove, and moved at slow to medium speed while at the sur- 
face. They often brought mud to the surface, indicative of 
feeding near the bottom. 

General activities did not change when shooting began 
7« km away. Whales continued to surface and dive through- 
out the experiment. The last surfacing with mud occurred 
when MARINER was 3 km away. When the ship was near its 
closest point of approach (CPA), about 1« km north of the 
whales' original location, some whales were still in the area. 
However, most whales, including two individually recogniz- 
able ones, moved about 1-2 km south at slow to moderate 
speeds. Activities did not change noticeably when MARINER 
ceased shooting 6 km beyond the whales. We saw bowheads 
5 km south of the experimental location the following day, 
but we do not know whether these were the individuals pres- 
ent during the experiment. 

2. Surfacing, respiration, and dive characteristics 

We compared behavior during the three main phases of 
the experiment: (a) preseismic, with MARINER approaching 
at range 9-7« km; (b) seismic, range 7•-1«-6 km; and (c) 
postseismic, range 6-11 km. Duration of surfacing and num- 
ber of blows per surfacing were both similar during all 
phases (Fig. 4). Dives may have been shorter in the seismic 
phase (Fig. 4). 

Mean blow interval was lower when the airgun array 
fired (p < 0.001 ), but the difference was small•l 1.7 s be- 
fore seismic versus 10.6 s with seismic (Fig. 4). The reduc- 
tion began when the approaching ship was 8 krn away, before 
the airguns began firing. At that time, faint engine noise 
from the ship was already being detected by a sonobuoy near 
the whales (102 dB re: 1 pPa in 20- to 1000-Hz band). In 
contrast, blow intervals tended to be longer with seismic 
noise from distant seismic boats or a single airgun (Table 
II). 

3. Orientation of whales 

Repeated sightings of the two recognizable whales that 
moved 2 km south, away from the ship's CPA, provided our 
only data on orientation of underwater movements (see 
above). However, predominant orientations of whales at the 
surface were also indicative of avoidance (Fig. 6). Initially, 
whales oriented mainly northwest and north [Fig. 6(a)]. 
After the airguns began to fire 7• km west of the whales, 
bowheads oriented mainly northeast and east, away from the 
ship [Fig. 6(b) ]. When the ship was g2« km to the NW, N, 

or NE, whales oriented mainly SW, contrary to the ship's 
track [ Fig. 6 (c) ]. In the postseismic period, whales tended 
to orient north and east [Fig. 6(e)], which would return 
them toward their original locations. 

4. Other behavioral variables 

Speeds ofbowheads were slow to moderate during most 
surfacings in all test phases. Sample sizes for tums and pre- 
dive flexes were small, but there was no evidence of any 
change. Bowheads raised their flukes above the surface dur- 
ing 82% of 11 dives in the preseismic phase, but in only 47% 
of 30 dives in the seismic phase (X 2 = 4.04, p < 0.05). This 
apparent effect did not become evident until the ship was 
within • 2• km. 

Bowheads ceased apparent near-bottom feeding when 
MARINER was within 3 km. They brought mud to the sur- 
face during 7 of 16 surfacings (44%) in the preseismic peri- 
od and 5 of 21 (24%) as MARINER approached from 7• to 3 
km away (X2= 1.65, df= 1, p > 0.1). Mud was not seen 
during any of 13 surfacings while MARINER fired at ranges 
2«-1«-6 km (X 2 = 7.50, df= 1,p < 0.01 for comparison with 
preseismic period). Mud was seen during only 1 of 19 surfac- 
ings (5%) in the 1.8-h postseismic period; the one instance 
was 0.7 h after seismic noise ended. 

5. Summary 

Bowhead whales reacted to close approach by an oper- 
ating seismic vessel, but not abruptly. Speeds were slow to 
moderate throughout the experiment. Activities did not 
change conspicuously when firing began 7« km away, al- 
though whales apparently began to orient away then. Blow 
intervals were slightly reduced even before firing began, pos- 
sibly in response to ship engine noise. Near-bottom feeding 
ceased at a range of 3 km. Near CPA, the frequency of 
flukes-out upon diving was reduced, and whales oriented 
contrary to the ship's track. Two recognizable whales were 
displaced by about 2 km. 

III. DISCUSSION 

Short-term behavioral reactions ofbowheads to seismic 

exploration were surprisingly mild, considering the high in- 
tensity of noise pulses even at long distances from seismic 
vessels. We found bowheads engaged in normal activities 
(feeding, socializing, calling, etc.) as close as 6 km from 
seismic vessels (received noise up to 158 dB re: 1 pPa). Sub- 
tle changes in frequency of turns, predive flexes, and flukes- 
out upon diving may have occurred, but these changes did 
not preclude the continuation of normal types of general 
activities. During the GSI MARINER test, ,apparent near- 
bottom feeding did not cease until the ship was within 3 km. 

Opportunistie and single-airgun data provided hints but 
no proof that noise from distant seismic vessels affected sur- 
facing-respiration-dive cycles. However, during four tests 
with seismic boats approaching within • 3«-7 km from bow- 
heads, Ljungblad et al. (1985) found strong and consistent 
trends in the same directions as the weaker trends found by 
us. Our results probably mean that the types of effects found 
by Ljungblad et al. close to seismic vessels sometimes extend, 
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FIG. 6. Compass orientations of bowheads during various phases of the experiment with GSI MARINER, 16 August 1984. Each symbol represents the 
compass heading of one whale during one surfacing, as observed from the observation aircraft. The hatched band represents the bearing of the ship from the 
whales. 

in a less dramatic and consistent way, to greater ranges. 
However, the lack of such trends during our GSI MARINER 
test shows that reactions of bowheads to seismic noise vary 
even at close ranges. 

Opportunistic observations 6-99 km from seismic boats 
provided no unequivocal evidence that bowheads oriented 
away. However, bowheads did orient away during two sin- 
gle-airgun tests at 0.2-4« km, and when an airgun array be- 
gan to fire 7« km away. Whales that had been bottom feeding 
about 1« km to the side of GSI MARINER'S track were dis- 

placed by • 2 km. In the single-airgun tests where bowheads 
showed avoidance behavior, there was no boat engine noise. 
Thus bowheads apparently can determine the arrival direc- 
tion of intense noise impulses, and move in the opposite di- 
rection. The duration of behavioral disruption following 
close approach by a seismic boat was at least 2.4 h in the 
MARINER test. 

The maximum range at which bowheads first reacted is 
uncertain, since initial responses to an approaching seismic 
vessel were subtle. In the MARINER test, whales apparently 
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oriented away throughout the 7«- to 2«-km phase of the test. 
Blow intervals apparently decreased in response to the ship's 
engine noise at a range of 8 km, before the airguns began 
firing. However, other reactions--cessation of near-bottom 
feeding, reduced frequency of fluke-out dives, and displace- 
ment•did not become evident until the ship was within 2«-3 
km. 

Gray whales (Eschrichtius robustus) migrating along 
the California coast react to strong seismic impulses (Malme 
et al., 1983, 1984). Clear behavioral effects were only evi- 
dent when received levels were >/160 dB re: 1/•Pa, corre- 
sponding to ranges < 5 km from a full-scale array of airguns 
and < 1 km from a single 1.6-1 airgun. Gray whales generally 
slowed, turned away from the noise source, and increased 
their respiration rates. They sometimes moved into a "sound 
shadow" created by topography. Reactions to an airgun ar- 
ray were most pronounced when it was oriented broadside, 
the direction in which most energy was radiated. 

Thus three studies of two whale species--this study and 
Ljungblad et al. (1985) for bowheads, and Malme et al. 
( 1983, 1984) for gray whales--all show that whales tend to 
move away from a full-scale seismic ship when seismic im- 
pulses are very strong (ship within about 4-7« km; received 
levels > 160-170 dB re: 1/•Pa). No unequivocal reactions 
have been demonstrated beyond • 7« km. However, strong 
noise impulses propagate much farther, and there have been 
hints that distant bowheads sometimes react (Reeves et al., 
1984; Richardson et al., 1985a; this study). 

Bowhead and gray whales often continue normal activi- 
ties while exposed to noise pulses at levels up to 150-160 dB 
re: 1/•Pa, i.e., 50-60 dB above typical ambient levels in the 
20- to 1000-Hz band. In contrast, both species react to con- 
tinuous noise from boats, offshore drilling, etc., when its 
broadband level is •<120 dB (Malme et al., 1983, 1984; Ri- 
chardson et al., 1985a,b). Perhaps baleen whales, like hu- 
mans, perceive the noisiness of an impulsive sound to be 
much lower than that of a continuous sound of equivalent 
received level (Fidell et al., 1970). Also, seismic impulses, 
unlike strong continuous sounds, mask other potentially im- 
portant sounds for only a fraction of a second every 10-15 s. 

The minimum level of noise impulses necessary to cause 
physical damage to a bowhead's auditory system is not 
known, but is probably > 160 dB. Source levels of bowhead 
calls are estimated as 129-189 dB re: 1/•Pa at 1 m (Cum- 
mings and Holliday, 1985), and possibly up to 196-200 dB 
based on a received level of 156 dB at 100-150 m (Clark and 
Johnson, 1984). If bowheads emit intense calls when other 
bowheads are nearby, received levels would exceed 160 dB at 
distances up to 10 and possibly 100 m. 

Most measurements of seismic sounds have been taken 

at a 9- to 18-m depth (Greene and Richardson, 1986). Ex- 
cept for data on call rates and dive durations, most beha- 
vioral data have come from whales visible at or very near the 
surface. Received levels of seismic pulses are 4-10 dB less at 
3 m than at 9 m (Greene, 1985). The difference could be 
important when whales remain at the surface for prolonged 
periods (e.g., during skim feeding or prolonged log play, as 
during our 18 August 1981 airgun test and our 1 August 
1982 observations). However, the difference of several dB 

between received levels at a 3- and 9-m depth is small relative 
to the signal-to-noise ratios at a 9- or 18-m depth during 
most observations of bowheads (Table I). Thus most seis- 
mic pulses would be almost as prominent at 3 m as at 9-18 m. 
Also, most whales dove at least occasionally, and were ex- 
posed to the measured noise levels during dives. 

Because received levels of seismic noise are reduced near 

the surface, whales near seismic boats might spend more 
time at the surface or dive for shorter periods in order to 
reduce exposure to noise. Some of our observations are con- 
sistent with this hypothesis (e.g., prolonged log play at the 
surface and reduced average dive duration with seismic 
noise; cessation of near-bottom feeding during GSI MA•t- 
INER experiment). However, bowheads often dove when 
there was strong seismic noise, even when MARINER was 
only 1«-2« km away. Thus any tendency to avoid or shorten 
dives into the zone of most intense noise was, at most, slight. 

IV. CONCLUSIONS 

Bowhead whales react to intense pulses of seismic noise 
by interrupting their normal activities and moving away. 
Reactions begin when full-scale seismic vessels approach 
within about 7« km, even though noise pulses are often de- 
tectable 25-90 km away. Evidence of subtle behavioral ef- 
fects > 7« km away is suggestive but inconclusive. Part of the 
reaction to a close seismic vessel may be to its continuous 
engine or machinery noise. However, airgun tests showed 
that bowheads react to strong seismic pulses per se by mov- 
ing away. Thus bowheads can localize the direction of arri- 
val of these noise pulses. 
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