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. '. I I: i
I . T~e bowhead whale, Balaeria mysticetus, iphabits cold Qort)'ierp waters.

AlI~poputations were exploi.ted l heavily bycom~ercial wh~le,rs inlil t~e l~t:h or
19i.~h, q.enFuries, and all were:.... seriously re~uced. Bowh~ads are.I' ~ons1dered
e~angered under U.S. legislation. ;' i '1:,

! B9W~eadS of the Weste.rn Afctic (= Bering Sea) pOPulttion, the ionegroup
09'turring in U.S. waters, wiri~er in the Beri~ Sea, sUIFeJr in:lilth~ eastern
B~~u;f0ft ISea, and migrate aro';1nd western and northern ~las,ka ~t;l spring and
autumn: (Fig. 1, inset). The size of this population Was lDuc~11 rbduced by
i~te:ns¥v~ comm.ercial whaling 'between 1848 and 1914 (B6ckStoc~! apd Botkin
1983). The extent of the sUnUner range was· apparently! aJlso much' reduced
(~~hil.h~i~ et a1. 1980; Fraket and. Bockstoce 1980). A ISU~Sis~incbl harvest
c.9?til.n?e~ annually in Alaska. jl'he International Whaling 90~issf~n's current
'~~st estimate' of the stock s~ze is 3871 individuals (lor-C. 198t):

.. Tre Ispring migration of WE7stern Arctic bowheads is c~os~ to I,Fh~re in the
Gl1':lk:ch~~ea, but well offshor~ .in the Alaskan Beaufort I Sea (B~flham et a1.
1~80:,:19~4; Ljungblad eta!.: 1982a). Thus,the eastward spri:~ ImigratiOn
t~toiugp trhe Alaskan Beaufort Sea in April-June is well ~ortl1 of III tHe area of
O.il :exPloration.. near t.he coastl.' However, dUring.the ",estward BLutiJ.mnlmigration
i~\.AU.g.f.st - October. many bOWh".ads occur close to. shore. '. Wi~.hin ,.II~.'r near some
O~Ts:horeloil leases (Braham etal. 1984; Ljungblad etal·

i
1984). il :

• From June to early September, the great majori'ty of the Western Arctic!.' . I .' }. ". .,,! .' ',Ifl I
bowhea<fs are in Canadian waters (Fraker 1979; Fraker and BocRstoce 1980;
OJviis let ale 1982). Intensive l offshore oil explor:ation ibegan ~~vJral years
e~rlie!r in the Canadian par~ of the Beaufort Sea t?an. in: lilthf Alaskan
p~r~iop. Nearshore drilling frpmartificial islands haspee~ un~fr~ay in the
south-~entral part of the summering area since about 19721, with ~r'illships in
usefalrther offshore since 197)6. Seismic eXploration beg~n ther~11 e~rlier and
S~i~l ~o*tinues. The main area lof offshore drilling is noirth of ;~:he IMackenzie
DETtta laIUjl the western Tuktoyak;tuk Peninsula (Fig~ 1). S~mer:ing:llibotfheads are
SGlJ;IU!tfL~es common in and around! that area (Fraker and BoCk,StO~E! 1~,180~.

POTOOIAL FOR DIS'l'UKBARCE ' ,

I' TIte .scientific literature, contains few descriptions IOf . the Iretctions of
b#ee~ whales to boats, aircraft,drUlships,and other aICtiYd~ti!e's fssociated
~it~ qff!shore .011 exploration. UntU 1980 there had b~~l1. few,l~ de~tailed or
(:?~tro:llTd studies of these (reactions. Contro.lled stu~J.e~ are ~spe'cially

dTs~r~blT because whale beh~vior is quitev~riable. I In. the!1 absence of
eJfpe,rimental control, it ~s,difficult to determine wrether .Iii Ichange in
b-r~~vi~rlis 'natural'. or a res~onse to some human activitlY. ~ongililtepn effects
o~. ,oftsl1-ore industrial' activjlties on ~alesare eve~ mc:>re i~ifificu1t to
s~u~Y.i The li:terature on thes~ topics has been reviewed: recenHy Iby Fraker
andRici~ardso.n (1980), Geraci and St. Aubin (1980), ACoust'ica] Society of

I •". . I!. 'Ill 'Amerida (1981), Gales (1982), Malmeet a1. (1983), and Ric:hardson et a1.

(i983). . . . .. i : 11 I

. Noise is one attribute of offsho·re oil exploration land dev:e'lopment that
! . 'I I . ' . i . I.' I~ I

m~raJEifeft whales. Unlike maj o;r 011 spills, no.i se is an rngo1 ngi fOfPonent of
nO,rmall offshore operations. Noise is introduced into the sea b:>';I' most of the
I" . . .:
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Sound, unlike light, can propagate long distances through water (Payne
and Webb 1971; Urick 1975). With calm to moderate sea states, noise from
boats, dredging and drilling is readily detectable by instruments, and

FIGURE 1. The eastern Beaufort Sea, .study area for this project, showing the
main sites of offshore industrial activity in August and early September,
1980...84. Inset: GeneraliZed pattern of seasonal movement of the Western
Arctic population of bowhead whales.

offshore activities associated with the oil industry, including boat and
aircraft traffic, seismic exploration, dredging and drilling (Acoustical
Society of America 1981; Richardson et a1. 1983). Many of the sounds produced
are at rather low frequencies (below 1000 Hz). This is the frequency range of
most bowhead calls (Ljungblad etal. 1982b; Clark and Johnson 1984). Hearing
sensitivity of baleen whales has not been measured, but the predominance of
low frequency calls (Thompson et ale 1979) plus anatomical evidence
(Fleischer 1976) suggest specialization for detecting low frequencies.
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probabl~r:fbYDowheElds, at ranges ofs~veral kilometres or more (kiChard~lnlet
ale 1983?!. 'NoiSf flrom seismic explorafion in open wat~: is much jno~e in~i~nse,
and ofte~ ~efe1table at ranges of sETver,al tens of kIlometres ~LJUllgbflrd let
ale 1980" 1'98,2a; Richardson et ale 1983; Reeves et ale 1984). !tiis pro~able,

therefot~i' t~atl bd,wheads detect noise; from offshore, 0;1 exploratiion andd~t?er
offShOrei!~d~stfi~loperations at rat~er long distanc~s--much lorget th~r ~he
distances:to!~hifh vision or other sensory modalities coul? deteqtl'I' ~he

industriall activ

1

itjY.. " '. 1 .:

Wit~~~ the often-large area around industrial activity wh1rea bAwh~ad
could de~ect.i~duBtrfal noise, there: is the potenti<l,l for distfrb~11LCe~liT?is
could taKe, at leah four interrelated forms: disruption of normal behflVior,
displace~,ertt ! (~ho:rt- or long-term) ': physiological ',stress, Of m~skf:*g 1 0f

natural ~'OUnd"s.1 !lie potential negati",e effects ofthETse tYP"es o~ dlstU:,'baU,1 ce
were d~sfpssedr length in the reviews cited above., i 'Iii!

Theil i,mpprtance of interference with detection ,of natural souq~s I is
perhaps ~he lea1st 1obvious of these types of potential disturbanlce. Ind~leased
no~se l,e~els: r~duc~ signal to noise :ratios and, co~sequently,I the, range I at
WhICh t~l[ :SQunal31gnal becomes und~tectable. Calls by baleen: ll1qale~l~ seem
importanf f ~r Ic91lll11Uni cation ,(Cl ark; 1983), sometimes over iMsitanc,~s Iof
kiIom,etr,~"s,' (y!atkililS 1981; Tyack and ~itehead 1983)., IncreasedJ noise 111'evrl s
at frequencies similar to those 6f the calls will reduce the diistance~ over

I .. :' I, 'i .' I • i" Iwhich the calls cnn be detected. Detection of other envIronmental sounas may

al,so be :~,mp,01.lt~n,tJto ,bow~eads.For e,~amPle',.nois,e from,·lc,e,or. D,'reak, J,'~ng;I~lkayes
may be important ]10 findIng open water withIn areas of heavy lc1e. Industrial

nOis,e ma":Y, ',' r~duFe I the, range to W,hiC,~ bowheads can d,etect suc~ nO,ise$i? fnd
consequep.,tly may delay whale movements in the presence of ~ce, 0~1 eyen
increase: :the !prbbElbility of entrapment by ice. . , I'

1 ,- ,

,!

:! , OBJECTIVES AND TASKS,. '" .1 I

Because lofl the endangered status of the bowhead whale, U.S. rE!gu~atbry

age,nc,ieis, I'w,.,~,r~ req~~ired, before p,erm,itf,ing", offshore hy~,,'rOcarb,0,,0 ~X,Plo~,~at!,~on,!in
AlaskaJ;l ~a~ers ,I tGI assesswhethe.r thafexploration wo,uld ha~m bOFhe,ads., IllAffer
consultaUonlamong the responsible agencies, it was decided that ther-I!'! was
i ffi' 1'; , 'i "', . d .--.: ; h d' f·' d H I II~ I hnsu "ee~t ,niLol,matlon to eteiuunel t e egree 0 Jeopar y. 'ence" re,s,earc': ' , I I "I I, III 'concerniipg; t~e a1coustic and non-acc;>ustic effects, of offshore hydrd~arpon

act'ivitir:S ,ort bowheads was deemed nec~ssary. , j 1'1 i

:: I I ' i: ,
As part of its response, the U.S • Department of the Interior~IUSDI)

awarded, iL,:,GL, ' Ecblo11gical Research Asso',ciates, Inc., a c.,ontrac,t trin,veS'~igkte
various ,t asp~c~s of potential in~ustrial distur~ance. T~e worfil ras
administered: through USDI' s Bureau Of Land Management in 1980.-81, ana the

I, , , I I ' " -, , I II! I

Minerals 'Man~gementService in 198~-85. The genera~ objecqves w~ve I as

follows:' I I ': Ii!!
1. '''Identtif)', and describe, qualitatively and quantitative!ly, the Idaby

, and I s:ea~llonal behavior (e'.:g. , f eeding, breeding, balvi ng:~ knd
activi1ty I pattern's of the vkrious age and sex classes of bJwh~ad

"whaJ!es that occur in the ea~tern Beaufort Sea, and as lit rE!laltf1es! to;
I { I 1

, ,the 'U.S. Beaufort Sea lease sale area. '!
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" ]f$,~~~Ii;,~;f~t~W;,"iri\~i;~!td;:~11ir~t .
Determine, as possible;'how and to what extent acoustic and [other]

stimuli from oil and gas exploration/development activities may be
expected to affect the distribution, movements, activities and
activity patterns, and, ultimately, the survival and productivity of
bowhead whales.

"Provide reliable baseline information which, in conjunction with
long-term monitoring programs, can be used to detect changes in
bowhead whale distribution, movements, activity patterns, etc. that
may be caused by offshore oil and gas development in the Beaufort
Sea.

•

'I'
I
I'
;1"'

, \

,I

,I,
,I

4. "Assist (a) [in determining] the seasonal distribution and
movements of bowhead whales in and adjacent to the Beaufort Sea
Lease Sale Area; and (b) identify and characterize bowhead whale
feeding areas, breeding/calving areas, or other areas of similar
biological significance that may occur in or adjacent to the
Beaufort Sea Lease Sale Area.

5. "Meet the study requirements of the Beaufort Sea, Endangered Species
Act, Section 7 consul tation••• "

To address these ,objectives, four main tasks were defined at the start
of the project, and a fifth task was defined in a subsequent contract
modification:

Task 1: Prepare a literature review concerning (a) the distribution,
movements, and activities, of bowhead whales; (b) the stimuli associated with
offshore oil and gas exploration and development; and (c) present knowledge
of the potential effects of those stimuli on bowheads. Task (1) was completed
in 1980 (Fraker and Richardson 1980).

Task 2: Obtain baseline data on the activities and behavior of bowhead
whales in the absence of sources of potential disturbance. This task was done
because an understanding of the activities of bowheads in the absence of
disturbance was necessary in order to interpret their behavior near
industrial activities. There had been no previous study of the behavior of
summering bowheads, and little previous study of behavior at any season. Task
(2) was renewed for the entire 5-year duration of the project. However, in
later years task (2) was a priority only when it provided specific control
data needed, for interpretation of disturbance responses.

Task 3: Conduct perturbation experiments and other,studies to determine
the behaVioral reactions of bowhead whales to offshore oil and gas
activities. Boat and aircraft traffic, seismic exploration, drilling, and
construction activities were identified as the priority industrial
activities. Both uncontrolled, observational work and controlled experiments
were required. Analysis of characteristics of' waterborne sounds created by
the industrial activities was considered to be part of the task. This' task
was renewed for all five years of the project, although priority activities
changed from year to year as information accumulated about some topics.

Task 4: Determine the characteristics of bowhead feeding areas, with
emphasis on zooplankton and the physical characteristics of the water
masses. This task was limi ted in scope and was not continued after 1981. We



Study Area
, . ii
, The study area was the same in each year of the study: the southeastern

Be,aufort Se~i, including the area of offshore oil exploration and 1'1 sJrrounding
~ters, to the west, north and east (Fig. "I). Observationi sites l[ierb between
12.~oW *nd l{.l°W, and from the s'hore to 190 km offshore. Tl}e Stud~lilpe:riod each
ye,~r l~asl been from late July or early August to la~e Augu~it lor early
SeptE!mber:. ~rhis area and season were chos~n (1) to take ladvallta:ge :of summer
we,ather, lli}~ht and ice condi ti,ons, (2) because bowheads t:ravel l'~ss! and, thus
are easiTr Ito study when fe~d~,ng in summer:: than when mi~ralting ~n !spring or
autumn. andl (3) because this is the part of the boWheads' !ra~e where

.' , I ",' I 'I,
offshore oU exploration is furthest advanced. The presence plf :extensive

• " ,-,' , > , 1'1'
offspore oil1 exploration provided opportuni ties' for obserjvation 1lhaf did not
exist [n the Alaskan Beaufort! Sea •. Because this study was conducted in the

· " I" '., '.' . . '" I i'!'.
eastern (Calladian) Beaufort Sea, site-specific information about ;rec:lct10ns of

, " I: : " I ,I'
bowhoads tr iOduftrial .ctivitios in tho Alaskan 10'so .to!'s w.s not

I:.
~I,

I,

"',

- ..

I;, ......
1/

I

I'
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, 'I ' ' , " , !I'
found that, in summer, bowheads tended to occur in areas with I,higher than
average 4bundance of copepods; one of the known prey i groups Iii (L:owry and
Burns 198P) ,I The final report on this 1980-81 ta~k was Gri!ff'i tlls ~nd: Buchanan
(1982); the present volume does' not cover th~s ~opic. : ;,1:

, I II :
, Ta.sk5:_ Document occurrence and intensity of industr1ial acttivifY in the

Bea.ufolit ISeiL during 1980-84 an9' as possiblE!, ~t;!late such; pattertfs ~o recent
trends, in Ibehavior and distribution ofbowpeads. This task!il wfls first
identifieb In 1982; it included a retrospective analysis 'of edst:ing 1980-81
d;i~'a p~usl ac'(cumulation of addit'ional data in 198?-84. The I main i~lte*t was to
assess whetlher there was any evidence of cl)angei n the distf'i~ution of
~~eringl b~wheads with respect to the main area of offshbre oi1!'exploration
1U theeastE~rn Beaufort Sea. ' , , i

" " I -, ' , ::
The present report summarizes the results pertaining' to tas;R:s (2), (3),

and (5). RE1!sults from task (2) are covered in the 'Normal Behavior of
Bowheads' sJ~ctionof this repott (Wtirsig etaL 1985). RJsult!. f~omi task (3)

are cOV:"ered lin the 'Disturbanc,e' Responses ?f B?WheadS,' sec,uo.n, (~chardson et
al,. 19856) and in the 'Characteristics of Waterborne: Industl1:i~l Noise'
section (IGrEI~ene 1985). Task' (5) is covered in the 'Distrfbution I:pfl Bowheads
an~ Industrial Activity' section (Richardson· et al. 1:985'a)., !the present
report isl a self-contained account of the main results from all ffvel y:ars of
thE!stludy, including previously unreported results fr~m 1984.lil A~d1tional
details Ifor 1980-81, 1982'and 1983 can be found :Un earl*er: reports
(lli'chardsbn I[ed .] 1982, 1983, 1984). ' , : t,'

The Ipr\esent report excludes certain aspects of the I proj ectlr 'tasks (1)
and (4) e!ndE~d with the submission of the aforementioned reports by F,raker and
Richardso1n 1:1980) and Griff'ith~and Buchanan (1982). A jJint eff~rti by Naval
oceanSy~t~ms Center and LGL to study bowhead behavior ana ~eactions

! ""!' ,,' ,I' 1'1'
to s,eismic vessels in the Alaskan Beaufort Sea in autumn 19'81 Ilis I reported
se~aratelllY (Fraker et a1.· in prep.). Pla~s to cOdduct s~rihg sound
propagation te,stsin Alaska iri.'1982, and artificial 1,s1an4 noise wea~surements
in ,Alaska OiC' Canada in 1983, could not be implemented because of lbgistical
constraidts~ funds allocated for these two efforts were I redired~ed to task

:' : ' I I - .',', I'
(3) in 1984. i

· - !
j

!
I'

I.



Bowhead distribution in summer is variable within and between years.
Whales occur in both open water and pack ice, both beyond the shelf break and
in water as shallow as 10 m (Fraker and Bockstoce 1980; this study).
August and early September are times of peak abundance in shallow areas.
Feeding, socializing and travelling are the main activities.

The eastern Beaufort Sea is largely ice covered from October to June,
but by July there is usually open water south and east of a line from
Herschel Island northeast to Banks tsland (Fig. 1). However, wind shifts can
blow much ice back into this area at any time. Most of our work was on whales
in open water, but some was near or in pack ice. In most parts of the study
area, water depths increase very gradually out to the shelf break near the
100 mcontour, and then increase more rapidly to >1000 m (Fig. 1). The 100 m
contour ranges from 15 to 150 km from shore.

Rationale & Design 7

easterntheinobtained. However, we belie~

Beaufort Sea are applicable>:"
3_~,~

'I;
),
'I;

"I:'
I,

Offshore drilling in the eastern Beaufort Sea began in 1972, initially
from artificial islands built in a few metres of water off the Mackenzie
River Delta, but after 1976 in deeper water. Each summer from 1976 to 1984,
3-5 drillships operated inside the ~OO m contour, and artificial islands and
caissons for drilling were completed in waters as deep as 31 m (Fig. 1).
Dredges were Widely used in constructing islands. By 1983-84, five
drillships, 5-6 seagoing dredges, ,four icebreakers, 8-10 helicopters, and
over 30 support vessels were in use offshore. Offshore seismic exploration
occurs in the study area each sumuier. At most times in recent open water
seasons, 2'74 seismic boats using airgun arrays or other high-energy noise
sources have operated in'the eastern Beaufort Sea. Each seismic boat produces
an intense noise pulse every 6-15 s.

I
,.1
I.,
I

Approach~nd Logistics

Behavior of undisturbed' bowheads (Task 2) was studied before and after
disturbance experiments, thereby providing control data, and on other
occasions when experiments were not possible. When logistical difficulties
prevented us from conducting experiments , we collected data on undisturbed
behavior.

Whenever possible in all years of the study, we conducted experimental
tests of reactions of bowheads to industrial activities (Task 3). In these
tests, we compared behavior of a specific group of bowheads before, during
and after exposure. This method is more sensitive than uncontrolled
observations of some whales in the presence of the industrial activity and
others in its absence. Many factors aside from industrial activity may differ
between groups of whales observed at different places and times. However, the
uncontrolled observations were also of interest. For example, they showed
that some bowheads approached full-scale industrial sites that could not be
simulated adequately during experiments.

No field work specifically directed at determining bowhead distri15ution
in relation to industrial activities (Task 5) was funded under this proj ect.
However, many dis,tributional data we,re obtained incidental to our behavioral
work. When task (5) was initiated in 1982, we compiled these distributional
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data, allong :with results from other studies of bowheads collducted lin the same
I I l'study airea during 1980-84. ' !

our, 10bBerv,ations were obtained from three types ofi I Platfliorms '--air-
craft, boats, and shore: " ' ~

Air:cr:afL Most behavioral observations were from an airbraft ciirc1ing high
enough above whales to avoid aircraft disturbance. Th~ aircrJit crew had
the IadiVantages of great mobility and 'a good ~antage Ii point for
'observa1tions. The aircraft crew could drop sonobuoy~ near bowheads to
re¢otd Ithe underwater sounds to which whales were dxPOSE~d',I:as well as
thje +al,ls that they emitte4. An Islander aircraft was I used 0 in! all years,
,allthoug,h a Twin Otter was also used for part of the 1983 hellCi season.

I I ' . I I:
Boat:, A Doat, usually a 12.5-m fishing vessel, was chartered tor at least
~-i'l:'tI 01: each field season. The main functions of I the b6~t were to

conductl disturbance experi~ents, to record underwaterl sounds,!hear whales
and Inear industrial sit~s, and (in 1980-81 only!) to conduct the
'(~llaraclteristics of bowhead feeding areas' task. II

Shqr~l: I s~ota basad obsarvatioos wara attamptad at 4rscballiIslaad aad
, l~~ Ploin t (Fig. 1) in 1980-81 but not in 1982-84. Mtny whafrs had been

Seen dose to shore at these locations in some ea17Uer ye1ars (Fraker
all,d] B9ckstoce 1980). Vi,rtually none were .Ilear King I POiI,lt ~n 1980-~1,
and those near Herschel Island were too 'far offshore for effect love
sllore-lbased observations or experiments. No shor:e base~! work was
a1ttempted in 1982-84. In 1983 and 1984 bowheads did occur close to
lJ~lOte lat King Point, and much of our ,aircraft- and Iboat'-ba~ed work in
11983 w1as in that area. i ',I'.' I ' I;

RE~isuttsl from the various tasks, platforms ~lld years[ of th~li study were
comp1ementarlY. , Detailed results from all five years arT prese~ited in the
following I four sections on normalbenavior, disturbance II re~ponses,
charactterist!ics of waterborne industrial noise, and sluDmer distribution
relativ',e I d) industrial ,acqVities.

o

R7sults ,concJrning Jooplankton
co.m"PO,si!,t i 0,,n land biomass in som17 loca,tloons w~lere bowheads I were: a"r,' w,ere not
observlO!d 'lin August 1980 and 1981 were presented in an earlier f~nal report

" ,I III
(Griffiths smd ,Buchanan 1982). A suuunary of the entire study appears in a
separate ~ollume (Richardson, Greene and Wursig 1985b). i '!:
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Behavior of bowheads was observed during August and early September of
1980-84, mainly during 98.5 h while an observation aircraft circled at
altitude >457 m above' presumably undisturbed' whales. In 1980, 1983 a'nd
1984, most whales studied were in ~aters 10-30 m deep, although not in the
same areas duriQg various years. In 1981 they were often in water about 50 m
deep, and in 1982 most were in ~ater >100 m deep. Year to year variation in
distribution and behavior may have been attributable to changes in
zooplankton availability, although this is unproven.
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Surfacing, Respiration and Dive Cycles .--Intervals between successive
blows were relatively stable, averaging 13.5 + s.d. 8.88 s (n = 5161, calves
excluded) over the five years. Number of blowS per surfacing (4.34 + 3.254, n'
= 626) and duration of surfaciQg (1.,19 + 1.137 min, n = 715) were positively
correlated. Dives averaged 4.42 + 6.3i'9 min in duration (n = 333), with a
skewed distribution and a maximum-of 31 min. Blow rate, averaged over surface
plus dive time, was 1.10 + 0.873 b10ws/min (n = 156). SurfaciQg-respiration
dive variables were not strongly related to time of day or date in season but
were different for mothers and calves than for other whales.

Feeding occupied much of the time of bowhead whales in summer. Whales
sometimes skim fed at the surface either alone or in' coordinated echelons of
up to 14 animals. Bottom feeding was indicated when whales surfaced with mud
emanating from their mouths, usually in water 6-24 m deep and with whales >75
m apart. Near bottom feeding was suspected on other occasions when mud
streamed from the body but not the mouth. We suspected that whales fed in the
water column on the many occasions when they dove repeatedly in an area
without makiQg forward progress, and did not surface with mud.

Social behavior, including nudging, chasing, or orientiQg toward one
another when <~ body length apart, was more frequent in early August than
later iIi summer. Apparent mating was seen only twice. Bowheads in groups
often surfaced and dove in rough synchrony, and those within 3 km of one
another did so at times.

Other behaviors.--On four occasions, we saw whales play with logs up to
about 10 mlong. Two cases of calf play consisted of orientation toward
suspended or floating particles. Aerial activity consisted mainly of
breaches, tail slaps, and flipper slaps. One whale breached 64 times,
tailslapped 36 times, and flipperslapped 49 times in 75 min. Pre-dive flexes,
consisting of a concave bending of the back, and raised flukes as the whale
dove, were most common before long dives. Underwater blows occurred
irregularly, but often duringsoc1alizing.
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b
rINTRODUCTION

Objectives and Approach

I !i

. S~vera,l ,early authors"':-~otably Scoresby (1820), !scammon,1 (1874) and
BO,dfisp j(1936)--discussed behavior of bowheads, mainly 'of whales ,that were

I
' I 'I"un,de,r stress during capture. Systematic observations of und, istui;,bed behavior

I, ' , Iii'
commen~ced Gmly recently. Braham et a1. (1979) and Rugti and CubbCilge (1980)
gather~dI iMomation about dut:ations of div~s, surface I timE!S l~n9 swimming
speedS, ff.' r Ibowheads mig,rat, i,ng past Cape LiSbU.'~",ne, Alaska, and, Day,,is, and Koski
(1980) a:p.d Koski and Davis (19,80) did simila-r work on bowhead.s ;ri~rating in
t.he ea'stern Canadian arctic. ' Everitt and Krogman (1979) aescrI bed six whales
t.hat ~~erk a1lpparently involved in mating activity during the s:priJng r migration
past Po~ntI Barrow, and there are other accounts of b6wheadsll' erigaging in
precopul+to1ry behavior in the ~ering and Chukchi Seas in ,~pring.!', It has been
known 'SinCE! commercial whaling days in the 19th century i that fe,eding is the
predomin~ntl activity of bowheads in the Beaufort Sea in slummer•. t \

O/1r sl:udy of behavior of undisturbed bowhead whales in the Canadian
Beaufoirt Sba was conducted along with a study of di!sturba~~e' responses
(RichCl:rdsonl et a1. 1985c) duri[ng the summers of 1980 thtough 1~~4. Results
of thesJ ktudies were described in yearly reports td the, U~S. Minerals

, I ' ' , ' I, .>
Manag,~'ment Service, and data for 1980-1982 are published iIll Wl1rsig et a1.
0984al, in press). The presen,t report summarizes data frr all ~iV~ years of
res~alrlch~ In 1982-84, a study similar to ours has been condtl,ct~:a ~>n bowhead
whales! ffeding and migrating i~ the Alaskan Beaufort Sea Ilater i:n the season,
in Sep:tembe1r. The behavioral findings of' this Alaskan work fClrl982 and 1983
are ilj RkeJes et a1. (1984) and Ljungblad et a1. (1984b) ,I respec:~iv~ly.

I !.
I ,

T~e tro main objectives. of the 'Normal B7haviori task ,t~efe (l) to
providre a descriptio,n of p,resumably undisturbed behavior imDliediate,ly before

. ,I I ' I Iand afiter e:xperimental disturbance trials, against which Ithe resul ts of these
trials: doultd be compared, and (2) to provide general I informUtion on the
normal: ~ehlavior of bowhead~hales. The first task is essEl'ntial to an
interpretat!ion of how whales r~act to potential disturbaJce, and1Jwe! attempted
t90lb'tafn I information on th,e behavior of the same I ind'ivi:dual animals
i~edi!ateIYi before and after the period of potential distlurbaIlce,~ fhe second
main qbJ~ct"ive of the normal behavior study .is alsoess~ntial t;.o a study of
potential disturbance, because we must have a basic knowiedge: ofi undisturbed" , ' I I / ,'1'1" Ibehavi,ior pCltte,rns in' order to properly assess disturbance react.ion,"s. There

", 1 • I ' I ~ ,

was cons1idEIlrabie variabilitYi,n behavior from year to ~ear, aI/'? l;\n ongoing
studY,ofl normal behavior allows us to address whether whales mignt be more
su'scel~tibl~~ to disturbance in some situations or yeats than~ iln others.
N,'orn1a,'I; bbh.Jlvior studies were ckrried out (1) in associati11on wiLthlexperimental

I 1 I' , (2) I • I Idisturibance! trials, and when studies of disturbance e1:fects were not

possi hlel' I ' I :'

~,ackgr.·ound information con,cerning the rational, e and IldeSign !Jf t,. he study,
I I ' ' "[" ,and: the ch9ice of the. eastern ~eaufort Sea as the study a,rea, is; giyen in the

previousl Sel!ction 'Project Rationale and Design' (Ri chardsjon. et: ale 1985b).

~ JHeJ1d ,work o~curred mainly in August, with some addiitionailiobrervations
in late [Jully and early Septerqber during certain years. I Work ;fas based at
TUkto:~akful(,:, Northwest Territories (Fig. 1). Observati<;ms of l:1eh~vior were
conductea from the air, from a boat, and--in 1980 and 1981 only'-~from shore

I I ' :

I I
I
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FIGURE 1. Eastern Beaufort Sea region showing bathymetry, locations
mentioned in the text, and locations of behavioral observation sessions.

km

71°

•

..
20 rn.··

...:.: .

.......•..

..'....

......

.Cape
Bathurst

All Obs.
Potentially

Year Disturbed

1980 • 0

1981 • 0

1982 4 l!.

1983 0

1984 • 0

•

•

•

•

o

o

•

•• ••

4 ....
4 ..•···

.~
',c;

.8

.;~
0.: 0 •

o

·0······

•

...........

•
••4

71°

·· ....... 1000"'.

70°

69°

Yukon

140°

'r··;·:·~i.·::~o.:::;::.:!III.'"
I
I,
I,
I

20 0 20 40
I , J !

I'
J!

I
I
"

I

'I
~--~

,I

at Herschel Island, Yukon. Aircraft-based observers had the advantage of
high mobility and a good vantage point and consequently collected most of the
behavioral data. When whales were observed, sonobuoyswere often dropped
from the aircraft to allow us to hear and record bowhead sounds. Sonobuoys
also allowed us to determine when industrial noises were present in the
water. Boat-based observers used hydrophones for this purpose. Observations
of bowheads in the presence of strong .industrial noise may not represent
undisturbed behavior, and were excluded from this section on 'Normal
Behavior' •

METHODS AND DATA BASE
,

Aerial Observations

Most behavioral observations were made from a Britten-Norman Islander
aircraft, although observations from 1-12 August 1983 were from a deHavilland
Series 300 Twtn Otter. These aircraft have twin engines, high wing
configuration, and low stall speed. Both aircraft were equipped with
radar altimeters and Very Low Frequency (VLF) navigation systems. Positions
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and fl~ghit ti:racks were recorded: manually from the VLF sys~ems. B~t~ aircraft
ha4 'an~ endurance of about 5.5-6.0 h plus reserves,. The lslland~r had a
f()rw~rd-lbo~hng radar useful fpr determining 4~stances t? indus:~rif:u sites,
shor~, jetlc.1 Sonobuo~s (AN/SSQ~.s7A or AN/S~Q-41B> were de~loyed a;tF fonitored
from both cllircraft 1n order t() record waterborne sounds from tiowheads and
indu~t~ia~ ~;ources (details in 'Greene 1985).' •...' 1f,hand-hel.dl color i~id~o camera
(JVC+c~-oPO]i or Sony HVC-2000) connected to a P9~tCibl~ V1~eocass~~tl reco~der
(So.ny SLO-31.

1
+0 o.r SL-2000) was 'used through a nde W1ndOW to record obl1que

. . 'I . . . " 1 II I
vi~~ of bo~meads. '-. 1.'.".. . 1 .1 !

I 'I' I !

O~r usual strategy was to; search until we·encountered bowh¢~dsl and then

C ..i,:r:.d.,e :. ov1er Ithem as long as p.OS,.S1.·bl.e while .maki.ng.·. observat
l
ions. l~nge contact

was lost, we searched for another group. We -created a filxed reference point
ab.p.,ut W.'hi!ICh Ito circle. when bO..•..wbl.eads were belo¥the s1.lrfac~ by depto~ing a dye
nra:tkE!!r (1-2 teaspoons of. fluo;rescein dye in.:about 1 lftre Ofi~ water in a
plasUe 'Ifryezer' bag, wh1chbu.rst on impact w1~h the watEfr). NE7<jlr!the start
of most rrrdS of circling?bove whales, f sonobuoy was lePloye~lf !

: ,We madle 132 offshore~li~hts during the 'five. seasops, and,~iwei gat~ered
be1hayiordl (,)bservations of bpw:~eads during 85 of these fltghts. Itto~t fl1ghts
lasted '4 Ito 5.5 h, and we observed bowhead whales for a total of .1186.3 h. We
uS'uaily did not fly When wihd sfpeed ex:ceeded 25:km/h; whales are Itli~ficult to

det.e~t' attd ~ehavior is not,'...r~liablY•. o.bse.rvab. Ie..•... in morel sev.. E~re!li c9ndit1ons.
Wh,ilE!! f!le~rclUng for whales, ~e usually flew a~~57 or 610 m (150q ,!o~ 2000 ft)
ab,ave Sea llevel (a.s.l.) ,and at 185 km/h. -, B9wheads rarely appeared to be
di;.sthrbedl b~, the aircraf·t when it remained at or above 457 m (Rlch1ardson et

al. 1985d):1 ':-. '. -, I J'
-•' T1;le Iaircraft cr.ew usually, consisted of four b:Lologists and. t!he pilot.

1 ., I_. , I i ~I • I
In tpe'Islander, from which most behavioral observat1ons were obta1ned, three
blolbg:f.sts Iwere seated on ,the ; right side 'of the aircraft ,whic~ q'ircled to
t~e ri~h~ when we were ()bta~niM behavioral 'observations.1 B:Lol~~i~ts seated
iIi. the I righlt front (co-pilot' s)seat and in the. seat directly behind it were
r,e'sP9nSi~lel f0r describing;:wh~le behavior. '~hi.s infodiation ~asl recorded
()nto audio tape and also, on 'nios t occasions, onto the a~dio chJnnel of the
vi:de()t~p~r~cord~r. A thir~·.~iolo~ist in .the·.right. rear s~aLt 19pe~ated the
video ~amerJa dUrl.ng most penods wtnle we arcled above whales vi~fl)le at the
s~t;fac~.I'Tltlat individual wa.~~lso responsible ~or some r+cord ke~p~ng,. radar
m~asprE!!mentl of distances t()'igdustrial activit1es p and overaU ttiiriect10n of
tqe workJ A fourth biologist,! in the left rear seat, sJarch,ed 'for: bowheads
o~ts~dt bf Ithe area being'firpled, launched. s~nobuoys alnd dye I~arokers, and
op:e.rflt.e.d 1 sCi>und recording :.e.qu.. tpment. The b.;l.OlOgi'.sts land Pi~p. t: were in
c~~s,tailt c9mmunication' via, i~fercom. The Tw:i.n Otter <pircled !t~o ' the, l:ft
during;: behario:r:al observations; three biologistf; were seated on ~he :left s1de
behindl the pilot and one in' the right front (co,:",pilot' s) ~eat. t;

I l ." I r"

liTe ob:~11 icanetdionconsistentdsts of 15 types, !
L U~ of sightirig (and the refore approx.1 water depth from

charts); I I
1 '. I

Tiime of day;' . I

Nlumber of individuals visible in area; number of
Ijndi"id~ally distingdishing features'(if any) oh
Hkadingin degrees .true~ turns. and, estimated
elach whal'e;' I

I



Descriptions of these behaviors appear later in this report and, in more
detail, in WUrsig et ale (in press).

I

I,
'I

6.
7.
8.
9.

10.
11.
12.
13.
14.

15.
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Distances between individuals (estimated in adult whale lengths);
Durations of dme~:i~,li:["isurface anda~6me't;t'ines duration of dive;

,:V,:;f;~""~+: . ; ...' : -•., ,.'

Timing and number'bf" respirations, or blows;
Indications of feeding: e.g., open mouth, defecation, mud streaming
from mouth;
Socializing; probable mating;
Probable nursing;
Play with surface debris or logs;
Underwater blow (releasing a large burst of bubbles underwater);
Aerial activity: breaches, tailslaps, flipper slaps, lunges,
rolls;
Behavior at start of dive: fluke out, peduncle arch, pre-dive
flex.

I

"

'1
I'

I
i+

We were at times able to identify whales by sight, within an
observation flight, based on distinctive chin patch shapes or white marks on
the back or tail, and we were then able to determine ,dive durations for these
individuals. Davis et ale (1983) showed that smaller bowheads tend to have
fewer such white marks than do larger whales.

Water depths were determined by consulting Canadian Hydrographic Service
chart 117650 (1980 printing) and Dome Petroleum Ltd. chart E-BFT-I00-03. The
distri butions of behavioral observations by lO-day period, depth of water,
and hour of day are presented in Figure 2. Most observations in 1980, 1983,
and 1984 were in shallow water. Most observations in 1981 were in somewhat
deeper water, and those in 1982 were in still deeper water, often near the
edge of the continental shelf (Fig. 1).

In this section of the report, wi th rare exceptions that are specifi
cally indicated ,we describe only the behavior observed with no known
potential disturbances. Data collected during periods o'f potential
disturbance are described separately in the 'Disturbance' section (Richardson
et a!' 1985c) • Whales were classif.iedas 'presumably undisturbed' only if
the observation aircraft was at an altitude of at least 457 m (1500 ft)
a.s.l., no vessels were underway 'within 4 km, and no other industrial
activi ties were close enough to create waterborne sounds prominent to the
human ear. Observations in the presence of noise impulses from distant
seismic vessels were' treated as potentially disturbed and were excluded.
Some observations were collected when our 12.5 m boat was nearby; the whales
were considered to be presumably undisturbed if the boat had been anchored or
drifting quietly with engine off for at least 30 min. Of 186.3 h spent
observing bowheads, 98.5 h were during presumably undisturbed periods.

Behavioral observations were transcribed from audiotape onto data sheets
during periods of poor weather between observation flights. The videotape
was also examined at this time to provide additional details not noted in
real time. After the field season, transcriptions were checked again with
the audiotape and converted into a standardized numerical format with one
record per surfacing or dive of each whale that wa~ under detailed
observation. These records were hand-checked .by a different individual and
entered into a microcomputer for subsequent computer validation, tabulation,
and statistical analysis. The standardized data files contain the following:



FIG~E i 2. IDistribution of 'bePtvioral ob8ervat~on time (~8. 5 h) ltr~m the air
duri~1 pr.espmablyundisturbed.periods, 1980-84, categoriz,ed by (A) ,date; (B)
de,pth 6f walter, an; (C) time of day. !
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Of these, 2129 surfacing and 475 dive
undisturbed periods.

presumably
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5295

786
1001

453
1643
1412

Total Records

records were from

9584337

Surfacing .R~~g:~d~ ",D.;;;i~v..;;e......;;.;;.;;;..;;;..::.;:.=
j;fl~;};~ I t'

563'~- 223
778 223
312 141

1401 242
1283 129

1980
1981
1982
1983
1984

Total

Year",
I,
I
I,

:1

I
I

Methods of analysis of bowhead sounds recorded via sonobuoys are
described in the 'Bowhead Sounds' section of the results, below.

Shore and Boat~Based Observations

Most behavioral observations were made from the air, but observations
from shore and a boat at times helped us to understand activity patterns when
the airplane was not present, and allowed us to obtain some data (precise
speed information, for example) that we could not obtain from the air. Our
limited theodolite tracking information appears in Wiirsig et ale (in press)
and is not repeated here. Because our observations from boats pertain mostly
to disturbance trials, these data are detailed in the 'Disturbance' section.

RESULTS

I
I
I
I
I'
I
I,

Respiration, SurfaCing and Dive Characteristics

Four characteristics of a slJrfacing lend themselves to repeated
quantitative sampling: the interval between blows in a surfacing (blow
interval), the number of blows per surfacing, the duration of surfacing
(surface time) and the duration of dive between surfacings (dive time).
Because these variables are comparatively easy to assess quantitatively, they
are suitable for use in analysis of responses to disturbances. A de tailed
understanding of respiration, surfacing and dive behavior under undisturbed
conditions is a prerequisite for interpretation of disturbance responses.

Definition of Terms

The measurement of each of these four quantities depends on how a
surfacing and dive are defined. Bowheads that are migrating or travelling
for relatively long distances' usually make two distinguishable types of
dives--brief, shallow dives between successive respirations, and long, deeper
dives between these groups of respirations. Rugh and Cubbage (1980) called
the two types of dives series diVes and sounding dives, respectively. Most
bowheads observed in this study, ho'wever, remained at the surface between
successive respirations. Moreover, from our aerial vantage point we could
not always determine whether a whale was at the surface or slightly below
it. As a result, we defined only one type of dive, the sounding dive, during
which the whale was out of sight underwater. We defined a surfacing as the
period of time during which the whale was at the surface or, from our aerial
vantage point, visible just below the: surface. Thus any shallow 'dives' that
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I icounted ~s dives, or
I'!;

, J

occurred for a few seconds between respirations were not
I .1as interruptions of a surfacing.

obselrvJ~rs working from low vantage points on ice, shore 01'£ boat would
treat sUdh ~hallow dives differently, because the whale ,ould us,~any be out
of their ISi~,~ht as soon as it we,nt below the surface. Thu~ the d~finitions of
surfacings and dives used in this study are in part a function of our aerial
vantage P.Oipt, and one must uSee caution when~omparing 6ulC' d.at~' with those
collected from low vantage points. .' 1 !

On ~arJ! occasions a whale remained visible just unde~ the sukface of the
water folt pleriodsof up to several minutes; these were ~onSide~ed: dives if
they exc~eded an arbitrary minimum of 60 s. We used an additiona[ convention
in 1983 ~ndI1984, when the wat~r at observation sites was lusualltimqre qlrbid
than in p'revious years; in the~e cases, whales were less easily v1is~ble while
underwat~r.1 Periods of submergence lasting ,less than lsi s w~~reJn~t counted
as div~sIirjl 1983-84 unless, before submerging, the whal1e lifted i'tS flukes
out of toe ,~ater, arched strongly or performed a pre-dive I flex. I.

A b~OW is an exhalatiouof air by a whale. It can occur eitle~ above or
belo~th~ Isurface. Surface ,blOWS are usually vis!bl~ as a Jmi~ty white
clou~i•. W~ cjdculated blow intervals only for successive bfoWS wi~riq a single
surfacin~ w1hen our view of the ~halewas not interrupted betweE7P the blows.
Unde:rl\latir Iblows become visibllf at the surface as a whit1e chcutar: burst of
bubbles that may grow to IS m in diameter. They are dliscussed in a later
section.I' . . I I

Calves, because of their small size, are much more Jifficul~ to observeI ., I. ~ ,
when ~usit under thesurf~ce of the water . than are a?ul ts ~~der similar
conditions. We analyzed our observations of ~ calves separateily; and will
pres:ent ~ha't analysis following the non-calf o1?ser"ation~. The !femainder of
this srecfidn considers undisturbed whales exclUding calvbs, i .e.1 all adults
and 'subadul ts that we observed.; !

, • I
Blow Interval

, I 81 , I

, In f9 iO-84, we measured S161 blow interv~ls for undfsturbe~llnon-calves.

The ft'lequenicy distributions we,re very similar ,in all fire Yl!ar~; the modal
c.'a.tegol.'ry I ofI.: blow interva.IS. was., 10.-13 s in each year.. T?e year .If 98.. 4 had the
shortest mE!an blow interval of the five years,' and 1983 ha.d the longest.
Table ,1 pre1sents the summary statistics for blow interval~ for tH~ five years
of thi~s !SdldY. The overall mean blow interval for pr~sumablyllundisturbed
non-callveslobserved in 1980.-84.was 13.S + 8.88s (n = SlM, raLnge.,.I. = 1-173 s).

I ',' -', Iii,'
We liWollldered whether l=he first blow interval in al surfac~ing, might be

sho~tetr thjan subsequent ~low. intervals, i.e., whethe~ a wh~~e. tends to
brea;th'e morie quickly at the start of a surfacing than for the replainder of a
SUrf-actln*. I For each year, ,we compared the first blow i~terval*nd the mean
of the sublsequent blow intervals in all surfacings that had three or more
blows l(t¥O lor more blow interv~l1s) and for whi<;:h all bloJ.s were Ifimed. Only
presum~bly undisturbed non-calves were considered. onl ave~~age, the first
blow :lint~rvlal was s!gnlfica~tly shorter only in 1982 (pa~red t ,~ 2.40, df =
43, O.02<p(0.OS), which was the year with the longest dives'land longest
surfaclings.1 In 1981 and 1983, the first blow interval a-\,eraged shorter than
the meanlof' the subsequent blow intervals, but not signif!icantly Iso, while in

I

I
'I
I
I
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Table 1. Stmnary statistics for the principal surfacing, respiration and dive variables in presumably urxUsturbed lx>Weads in
1900-84. QUves are eKclldEd fran every 11m except: that labelled 'calves'.

N.Jmber of
blow;; per ~of ~th of dive

Blow :Interval (s) surfacing surfacing (min) (min)

mean sod. n mean sod. n mean sod. n mean sod. n

All non-calves 1900 12.9 8.61 915 4.8 2.91 70 1.25 0.723 94 2.25 3.549 25
1981 13.0 8.08 1113 4.2 2.91 194 1.06 0.764 ~ 3.00 4.986 00
1982 14.9 8.66 795 7.4 5.11 .58 2.05 1.320 70 12.08 9.153 51
1983 17.0 13.49 866 3.2 2.37 229 1.05 1.484 248 1.88 2.357 140
1984 11.6 4.66 1472 5.5 2.97 75 1.10 0.559 99 6.27 7.195

~~~'!'~1~ 13.5 8.88 5161 4.3 3.25 626 1.19 1.137 715 4.42 6.319
,~~.!~

"':-~

..,.... '
:,':
....... :.

QUves 1980 15.1 10.:D :D 3.3 2.06 4 0.71 0.472 5 1.00 1.958 3
1981 11.6 7.65 34 0.8 1.47 11 0.70 0.569 16 1.02 1•.503 6'
1982 18.6 16.05 100 4.0 2.49 19 1.66 1.459 21 6.82 5.715 29,:,.
1983 11.5 5.07 4 1.1 0.90 7 0.36 0.478 8 1.98 2.720 7r;; ,
1984 8.4 2.01 10 - - 0 1.20 0 1 - -

4~i ..198r84 16.0 13.58 178 ' 2.6 2.45 41 1.05 1.131 51 4.96 5.3.58
,'j;f:t·~":

Mults wLth calf 1900 14.1 6.65 49 3.2 3.13 6 0.91 0.683 9 0.96 1.692 5 ,

1981 15.1 5.:D 91 3.9 2.98 11 1.38 1.065 13 9.99 7.707 10
1982 18.6 9.45 178 6.4 4.n 20 2.:D 1.593 23 8.62 5.862 22
1983 18.0 9.29 7 5.0 - 1 1.45 0.259 2 12.18 1.002 2
1984 - ....... 0 - - 0 - - 0 - - 0 z

0

198(HJ4 16.9 8.27 325 5.1 4.16 38 1.74 1.387 47 8.17 6.485 39 m
~

All other non-calves 1980 12.8 8.71 866 4.9 2.87 64 1.29 0.722 85 2.57 3.842 20 txt

1981 12.8 8.26 1022 4.2 2.91 183 1.04 0.738 191 2.92 3.791 70 CD
::r

1982 13.8 8.11 617 8.0 5.25 38 1.93 1.164 47 14.70 10.361 29 ~
1983 17.0 13.52 859 3.2 2.37 228 1.05 1.489 246 1.73 2.015 138 ~

0

1984 11.6 4.66 1472 5.5 2.97 75 ' 1.10 0.559 99 6.27 7.195 37 t1

198r84 13.3 8.88 4836 4.3 3.19 588 1.15 1.108 668 3.92 6.138 294 N
w

Qmtimed•••



Table 1. Continued.

Nunber of
blows p:!r . -IeDgth of I.eIlgth-of Clive

B1.ow interval-(s)~------;;:sur=fa:~ surfaclrg-(min) (min) . •

mean sed.

13.7 11.36
16.4 12.ro

-
31.7 23.79

- -
25.3· 21..58

n

o
o
o
2
2
4

o
9
o

16
,0

25

0.024
14.555
10.851

mean s.d.

3.34 4.258

0.93 1.001

1.00 2.840

0.42
12.31
6.36

n

o
12
o

15
o

27

o
o
o
2

10
12

0.130
0.400
0.668

mean s.d.

0.13
1.43
1.21'

n

2.65
3.42
3.61

o
2.8 2.05 13 0.70 00702

o
6.9 3.99 10 5.20 3.636

o·
4.6 . 3.63233.193.549

o
o
o
3
7

10

3.0
7.0
5.8

mean s.d.n

30
48
o

120
o

198

o
o
o
6

133
139

5.39
5.13
5.12

11.5
11.9

. 11..9

1980
1981
1982
1983
1984

19807-84

1900
1~1
1982
1983
1984

1980-84

Sdm-feeling ~es

lbttan-feed1yg lIhales

:All other. noo-calves
(not skim or oottan
feeling)

'1980 12.8 8.51 885 4.8 .2.91 70 1.25.0..72394 .2.25 ·3.549 25
1981 . 12.8 l.n 1065 . 4.3 2.94 ·181 1.09' '0;668 192 -'3.86 5.095 71
1982 14.9 8.66 795 7.4 5.11 58 2.05 1.320 70 12.00 9.153 51
1983 14.6 8.;97 7l1J3.0 2.14 216 0.79· 0.600 231 2.03 2.466 122
1984 11.6 4.62 1339 5.3 2.91 68 1.06 0.557 89 5.93 6.006 35

1980-84--1-3.1-7066--4824~-· -4a3--3.-23-~593--1.·10--1.051---676- --4.61--6.421---304 _
z
o

~
~---=::--C::-C-'~S=6Clan~-Z1=:=rg==-~==es===------cr900':"- . B;6--9'iio .~. 127=-"4~7 2iOO . 3·..:....:1:;'40--0;488... ---10---0oi-25- ..0i186- . :.._3 ---=---~- . - .-•

. (inclU:ifug oolylohales~1981 14.2 11..00·-223·· 3.8 ·2.1741 .. ·1.15- --0.868. 43 --.3.0L._. 3.195 ... 24._. .~.. _
that \ere actively 1982 14.2 8.01 74 3.8 2.75 4 1.34 0.796 5 0.58 0 1 ~

interacting) 1983 15.6 9..70 85 4.3 2.46 13 1.22 0.711 14 0.62 0.235 3 b
1984 14.0 5..56 44 - - 0 1.42 O.D) 4 8.35 0 l' Ii

1980-84 14.2 9.93 553 3.9 2.23 61 1.22 0.766 76 2.66 3.139 32 N
+:-

Continued •••

•• :- :- :- :- :- ,-- "..( r_"", ;- '.. -:.. !• .- .. ,iiiii ,'iii iii -
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Table 1. Concllde!.

NlmIber of
blows per -length of length of dive

Blow intetval (s) surfacl~ surfacl~ (min) (min)

--
rooan s.d. n rooan s.d. n rooan s.d. n rooan s.d. n

Whales wi th flukes raise! at 1981 - - - 4.6 2.71 62 1.13 0.688 66
em of surfacl~/start of 1982 - - - 7.8 5.85 19 2.09 1.254 25
dive 1983 14.0 8.43 144 3.4 2.16 47 0.00 0.492 40 1.48 1.820 28

1984 11.6 4.43 701 6.2 2.96 39 1.22 0.5:30 51 7.06 7.895 18
1981-84 12.0 5.40 845 5.0 3.42 167 1.22 0.810 182 3.66 5.756 46

-..;.;~-

",,.'it":"

Whales with flukes mt raised 1981 - - - 3.9 2.58 85 1.02 0.742 85 - - - ".:-'..

at em of surfacl~start 1982 - - - 7.1 4.64 35 1.87 1.126 37 - - -
of diVe 1983 18.0 14.00 614 3.2 2.44 1/8 1.11 1.614 204 1.86 2.233 105

1984 11.7 4.89 549 4.9 2.76 35 0.98 0.561 47 5.74 6.712 18
1981-84 15.0 11.69 1163 4.0 3.05 333 1.15 1.329 373 2.43 3.524 123

~



I Normal B~havior 28
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19,80 a*d 19p4 the first blow interval averaged slightly llonger th!.,'an,' the mean
of, :the I subsHquent ones. .' '

B:lowspeJ s1rf,acing and Duration of Surfacing <, I i

I I I : ! I i I

, . Ilil a.980-84 we measur~d fhe number of b+ows per surfac~pg, and the
dutati?n 10f Isurfacing in pr~JI~ably undisturbed eon-calves 626 an~ ~ 15 times,
r,esp~c~i"iely. The overall,< D,1~an values were ~.34 ~ s .Id • 3 .25~ blows per
surf~cing (Irange = 0-19 blo¥s) and 1.19 + s.4,. 1.137Imin atillth;e surface
(r,an~ei= 10.03-13.17 min). Tap~e 1 presents th7 iyalues f9r each ;year of this
s:udy. '1helse two variable~ f sI:?wed a highly, sigI1Hicamt. ~OSitiv~11 c~~rela.tion
w1'th,E~ach other in each year (Table 2B)., This posit1ve correil.at1on lS a
re~uil.t: ~f I the relativesta~ility of blow:intelrval~. Th,~; frequency
distFi bu~iol11S for number o~ 'bfoWS per surfaci~g and duration?f ;surfacing
(FigF. 3~, Be) show conside:a1>4Y more variation from year to yeatl t~an do the
fte. que.,n.cY

I
dli st.ri butions for' blow intervals. . ". '. i

p~rati~n ofl Pives" I

., Our ~stkmates of mean ~fve; duration are bia~ed do~w~rd to ~ I d~gree th~t
hasva~ied Isomewhat from year ,to year. The re~son for tM,s bias lS that It

is ,~or,e. ~ifificult to find'anq, recognize a whal~ when itl res'lrf:~ce:s after a
long, dive than after a short ;dive. In 1982, the conditions f6r i measuring
dur,atibnJ df long dives were :'better, than ttl any other ybar bed~use many of

,. I I I I ", . I ' - ,'. ,', ,I 'II!
the wh~lTs rere recognizab17 ~~d we often cirq~E!? over on~y one Pf Fwo whales
ClI}d icopld br certain that w;e' ~~4 not missed any~urfacingr.. Tab~i~ ~ presents
the. melanl duration of dive. .m..ea,sured for each year. Th.e subst. anOially higher

I I ' "I; , I' II'
m~an qivle time for 1982 (s 9nly in part tl~E! result ~f the Ife9uced bias
a9ai'nsl1: fong dives, however~, f9r in that year ft was obvipus tha~1 most whales
w~re ift faclt making proportioncr-lly more long div,:s an,d ferer sho~f dives than
in ~ny: 0lthE~r year. In 19~~'.?1eobtained the l<;>west. mean dive itinle for the
s~P~Y:" b~t Ithere was an especially strong samp!fng bias lagains~ll9ng dives:
m.os. t, w.rafes

l
, we circled in 1~82 I., had frew or no (;Ustinguishirg mark~ and we.re in

relatiively large groups. "", ,'The overall 'mean dive t<ime fot." presumably
I,', I. ,. I ,,' 'I, ' ,;"--, I

u~(J.~st~rbed non-calves for alI; five years of this study was 4 •.42::+ s.d. 6.319
min (n'=j3313, range == 0.03"'30i~8min).. .. I I

_ FligUrel 3D presents the';' f~eqUency distrib~tions for dlration bfldive. In
ail, ye~rs I except 1982/th~re was marked skewing I of t~l~ i frequency
dlstrilbuttons. For this reason, all statistical comparisons of dive times
w~r~ dion~ nl,on-parametriCallY~"",' Ii :

'.' . r.:n 14 10f 5 years ther.e .~as a signif. icant positive correlahion between. , I ' : i ,II '
d~v~ ~imes before and ,after ,a, surfacing; in 19~0 the cOfrelatiC;>ln was strong
(0.,.6.591 ) Ibutf only marginal~r... s~gnificant due to. low, sam~le SiZT.... 1 (rable 2A).
Thu~, :a rh~llle tends to make, a!series of dives of silmilar lengtW rather than

alternating, short and lOngtiv~s.,: '. I -Ii ~
lin mos:t years, the dur(1tipn of the dive preceding a Isurfacing was better

cor~ellat~d IWith 'both the d~rat:ion of that sur~acing and Ithe n~ber of blows
i:p ~t [th1an was the. duratio:n9f, the dive fol1owhi.g the s"1rfadng,tl ;the number
of Dlawsl pElr surfacing showed ;a positive correlation with pre:vious, dive time
tha~ r~as si:gnif!cant in alI' (iye years and. ~i~hi'y Signifilcant in,limo:st of them
(Tabl~ 2D).: The duration ~f~urfacing similarly showed F highl~1 significant
P9siti!ve correlation withithe duration ofthe"previous dive In 'alI years, :'- t '. .,' ...." I

I
'I
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except 1983 (Table 2C). 'f~il1:>2onErast, numki' of blows per surfacing and
surface time were significatitly... correlated witht:~tihe subsequent dive time only
in 1982 and 1984 (Table 2E';i,' F). This sugg~:~ts that the respiration and
surfacing behavior of bowhead whales is determined more by the duration of
the dive that has just ended than it is by the duration of the dive that is
about to begin.

Blow Rate

The blow rate was calculated by diViding the number of blows during a
complete surfacing by the sum of the durations of that surfacing and the
subsequent dive (surface-dive cycles in which the dive was <30 s long were
excluded from this analysis as too short to be meaningful). The resulting
number of blows per minute is a function of the surface time, dive time, and
number of blows per surfacing, and describes the respiratory activity'of the
whale during a longer period of time than any of the constituent variables
considered separately. We measured, the blow rate for presumably undisturbed
non-calves 156 times in 1980-84 and obtained an overall mean value of 1.10 +
s.d. 0.873 blows p.er min (range = 0-4.36). The frequency distributions for
blow rates (Fig. 4A) show considerable variability frolIi year to year; the
mean value for 1982 was the lowest observed.

Proportion of Time at the Surface.

The proportion of time that a Whale was at the surface was calculated
from all surfacings of known duration that were followed by dives of known
duration. As explained above, if a whale made shallow submergences between
blows in the middle of a surfacing, it was considered to be at the surface
the whole time. We measured the proportion of time at the surface for 235
surface-dive cycles for presumably, undisturbed non-calves in 1980-84 and
obtained an overall mean value of 0.38 + s.d. 0.284 (range = 0.01-0.98). The
frequency distributions for proportion-of time at surface (Fig. 4B) vary
considerably from year to year. The mean values in 1982 and 1984 were lower
than in other years.

The data in Figure 4B weight each surfacing/dive cycle equally,
regardless of its total duration. For purposes of evaluating sighting
probability during aerial surveys, each cycle should be weighted proportional
to its duration (Davis et a1. 1982). Based on this method, the overall mean
proportion of time at the surface was 0.27; values for 1980-84 were 0.28,
0.25, 0.19, 0.43 and 0.11, respectively.

Calves and Mothers

Behavior of Mother-Calf Pairs

Calves of the year are light tan in color, distinct from the black or
gray of non-calf bowhead whales. An. adult whale close to a calf was assumed
to be its mother unless there was ambiguity due to the close proximity of a
second adult. In 1980, 1981 and 1982, calves were sighted 12, 16, and 16
times, '. respectively. In 1983 they were only sighted 5 t:f.mes, and i~ 1984
only 2 times, despite the fact that We spent more time circling over whales
in these two years than in earlier years (Table 3).
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FIGURE 7. Rate of socializing by presumably undisturbed bowheads in relation
to (A) date, (B) depth of water, and (C) time of day, 1981-84.
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allowing for other factors.i1:i~(g1~es~y sOcl~l:izing whales tended to be shorter
than dives by whales that were not socializing, but not significantly
shorter. Both the mean blow rate and the mean proportion of time at the
surface were higher in socializing whales, but the difference was significant
only for the latter variable.

In the process of interacting with nearby whales, socializing whales
often make turns while at the surface. In contrast, non-socializing whales
often come to the surface and dive again without changing direction. The
difference in frequency of turns between these categories of whales was very
highly significant (chi-square = 21.68, df = 1, p«O.OOl; see Table 5).

Frequency df turns during complete surfacings of
actively socializing and non-socializing bowheads,
1980-1984. Only presumably undisturbed non-calves
are included.

I,
.'

II

I
'I'
I

Table 5.

Surfacings with turns
Surfacings without turns

Total surfacings
% surfacings with turns

Socializing
Whales

35
30

65
53.8%

Non-socializing
Whales

171
477

648
26.4%

I
I,
I
I
I

Whales in Groups vs. Lone Wh~les

We also analyzed the effect of group size on the main surfacing,
respiration, and dive variab~es by comparing lone whales to ~hales in groups
of two or more. A group was defined as all whales within five body lengths
of each other. Whales in a group are not necessarily interacting socially in
the way that we have defined for sdcializing above. However, the proximity
required for whales to be classified as being in a group normally must
represent at least a minimum level of social interaction. For this analysis
of lone whales vs. whales in groups, we excluded skim-feeding whales from
both categories in order not to confuse the effect of skim-feeding, which
often occurred in groups, with any effect of group size.

Trends in respiration, surfacing and dive variables for lone whales vs.
whales in groups were, for the most part, consistent with trends for
non-socializing vs. socializing whales (Table 1; Fig. 9 vs. 8). The overall
mean blow interval for whales in groups ~as significantly higher than that
for lone whales, and the overall mean number of blows;per surfacihg for
whales in groups was significantly lower. There was no significant
difference in the mean surface time or mean dive time. The overall mean blow
rates were not significantly different, but the whales in groups spent a
significantly higher mean pr,oportionof their time at the surface than did
the lone whales.
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only two occasions, both in 1981. WUrsig et ale (in press) provide further
descriptions of social interactions. Interactions between mothers and
calves, between whales skim feeding in close proximity, and between whales
lying close together but not actively interacting we,re not included as social
interactions in this analysis. Whales may, of COurse, communicate by sound
and thus may socialize over far greater distances than those described here.
Because groups of whales usually could not be reidentified posi tively from
one dive to the next,~we treated observations of soc~al behavior at intervals
>5 min as independent for the purpose of counting' nwnbers of interactions.
\Conversely, we did not score social behavior in the ,same area more than once
in 5 min when counting its frequency unless! separate groups were
identifiable. We observed socializing that involved calves on only one
occasion, on 7 August 1983, when two calves inter~cted quite boisterously for
about 5 min. This case occurred in the presence of seismic noise, so it is
not included in the analysis below. .

Social behavior occurred with rather low frequency in all years. We
calculated rates of socializing by dividing the I nwnber of instances of
socialiZing by the nwnber of whale-hours at the surface (the swn of the
durations of all observed surfacings including those of calves). In 1980,
there were approximately 30 social incidents, but data on them were too
incomplete to allow calculation of a precise sociaHzing rate. In 1981-84,
the social izing rate varied from year to year by: as much as a factor of
five. The highest and lowest rates were observed in 1981 and 1982,
respectively (Table 4).

Table 4. Rate of active socializing among preSumably undisturbed
bowhead whales, 1981-1984.

Year 1981 1982 1983 1984
Number of instances of socializing 36 7 20 14
Whale-hours of observation 6.7 6.3 7.9 7.6

Socializing rate (instances/wh.-h.) 5.4 1.1 2.5 1.8

More socializing took place in early August than at the end of August
and beginning of September (Fig. 7A, chi-square = 19.42, df = 3, p(O.OOl).
This trend was evident every year. There seemed to: be more social activity
in water 16-50 m deep than in other depths (Fig. 7B), but the socializing
data in the 16-50 m category come,mainly from severfl days in 1981, and may
not be representative. There was no consistent; trend in the rate of
socializing with respect to time of day (Fig. 7C), ,contrary to our earlier
suggestion based on fewer data (Wursig et ale in press).

Socializing Whales Compared to Non-Socializing Whales

The mean blow interval for socializing whales was slightly but
significantly longer than for non-socializing whales (Fig. 8 and Table 1).
Duration of surfacing and nwnber of blows per surfacing were similar for
socializing and non-socializing whales, but mul tiviariate analysis (below)
revealed a tendency for surfacir~~ t;~ ~e long~r i~:~Qcializing whales, after
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',' a':~~ht--f ..~<,~,;,~ '1'. _ :]'7'~; ~ ,-,,~:Jf;f} 8~r:
During the five years df'''fhis study we"obtcllried data on several types of

feedfng by bowheads: feeding at or just below the surface, at or near the
bottom, and probably in the water column (see WUrsig et ale in press for more
details) •

Types of Feeding

Skim feeding occurred when whales moved forward with mouths open at or
just under the surface. !At times, whales skim fed alone; under such
circumstances they were separated >75 m from other whales and were oriented
in various directions. At o~her times, skim feeding occurred in coordinated
echelons of up to 14 whales.; Whales skim feeding in echelon were staggered
to the side and behind the whale at the apex, with each whale separated by 5
to 50 m from the next whale.. We suspect that echelon feeding increases the
feeding efficiency of these whales, perhaps by helping them to catch prey
that escape or spill from the mouth of an adjacent whale, or by reducing the
ability of prey to escape tO I the side. We saw skim feeding only for several
days in 1980, 1981, and 1983.

Bottom feeding had apparently occurred when whales surfaced with mud
emanating from their mouths. We saw whales coming up with mud on two days in
1980, on one day in 1981, on three days in 1983, and on 12 days in 1984
(including observations near industrial activities). In 1984, when by far
the greatest amount of probable bottom feeding was seen, we observed 96
incidents of whales with mud, from 13 August through 2 September, in water
6-24 m deep. Bottom feeding whales 'were usually >75 m from each other and
did not appear to be cooperating while feeding. Interestingly, mud did not
always emanate from the mouths of bottom feeding whales when they first
surfaced. Of 14 complete 8urfacings when mud emanated directly from the
mouth, it did so at the start of the surfacing only 5 times, and came from
the mouth 10 to 83 s after s~rfacing during the remaining 9 surfacings (mean
time after surfacing was 31 + s.d. 28.1 s). This indicates that the mouth
may stay closed for a considerable period after surfacing.

!

The baleen whale that i:s best known for feeding on organisms in bottom
sediment is the gray whale, Eschrichtius robustus (Nerini 1984). The
relatively short and coarsely fringed baleen of that species probably is
particularly adapted to bottom feeding. In contrast , bowhead whales have
very long, finely fringed baleen well suited for skimming through clouds of
prey and seemingly not well' suited for bottom feeding. Nevertheless, the
amounts of mud that we have occasionally seen pouring from the mouths of
bowheads appeared too great to have been picked up incidentally while
bowheads fed on water column,organi~ms near the bottom. Therefore, bowheads
at times take in considerable quanti ties of sediment or suspended
particulates while feeding ne!ar the bottom.

Pebbles and bottom dwelling species have been found in bowhead
stomachs (Johnson et ale 1966; Durham 1972; Lowry and Burns 1980; Hazard and
Lowry 1984; Lowry and Frost 1984). Lowry and Burns (1980) found that most
species in the stomachs of f~ve bowhead whales killed off Kaktovik, Alaska,
in fall were benthic amphi pods • However, the benthic amphipods were an
insignificant part of the overall volume of stomach contents; pelagic prey
such as calanoid copepods and euphausiids were predominant. Lowry and Burns
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, " I I j
su~g~st;ed tihat a feeding dive probably invo;J.ves swimming ob~,iq~ely from
sU:'rfilce do bottom and back, fe~ding the entire time. Th[s i~l R~ss'ible; but
we,' s~sre~t Ithat bowheads usua~ly concentrate 'their feeding at idepths 'W'here

pr~y i~ i~sl abundant. , . , , I '.II 1

, Stomadls of small, subadult bowheads have been found to '~ontain some
b ' hi' 1 I h ,,1 , I ':11 I

~~t ~ prrY' ,wereas stomacps of large adult bowhe~ds co~ta~ned only
p.I~~to,ln,I(L?wry, and F,rost 1,984>;. lnte, restingly, Photogr~et',ricl,lld~ta showed
that'the area where we observed bottom feeding in 1983 and 1984 ,was occupied
II¥l~nly: by~llmall, subadult ~ bow~eads (this study; Davis et al.I II ih prep.).
Thfs~ it lis possible that bottom feeding is prhlarily or even e~d~sively an

aC~iVi~y of young bowheads. ,; ;,11 ;

: watelr-(~olumn feeding probably occurs often in thle Be:autort Sea in
sufnmed~utl because it occurs, below the surface and is !notaSS?ci;ated with
mup, wje ha~enot been able to ascertain its frequency. We i9~lieve that
wa;tetcol!umll feeding occurre<i;in most years and was thel major ~~eeding mode
duir"ing :19

1

82 1. when bOW,head whal~,'s we,' re gene,rally encountered in de~p I,water and
dO,ve f?r upl to 0.5 h at a timej' We suspect that feeding I in the I~a~er column
is ,g~n~rally not done cooperat~vely, unlike skim feeding ineche.~o~. Whales
beli~vtj!d Itol be water-column feeding were usually separated hom e~ch other by
sev,er,al llun~lred metres. I II !,

' , : I ' II •
We saw reddish-brown feces near bowhead whales only sporadically (23,

, I , " ,', , , , , III I
11, I,! 11, and 5 times during; 1980-84, respectively). We assume [that much
de,feCaH():n pccurredout of ou~ sight below the surface Iof the,11 water. It
therefore d.oes not appear , possible, to use incidence of defecation as an
in~icat:io'n (!)f relative amount o~f feeding. " I

RespiratilonI and Surfacing Characteristics of Feeding ,Bowheads

I ~ : I I ', " 1 ' " I ' I
" Fi gure,6 and Table 1 su~rize the principal respir~tion, ~~rfacing and

d,ive, varilabJes for skim feeders, bottom feeders, and other bowhe~as~ Many of
the'O~he(Iwhales were probabl~ feeding in ,th~ water coltn • til:

r Tqerje I-'ere no significant 1differences in the respiration, s~rfiacing and
di;ve. c~aJ)'acferistics of bottom i feeding whales compared td other ,Wh~les. The
s,a~,,PI,' e, sil1ze:r were low for bottpm feeding whalE7s, bec,ausel all bO',',fltom feeders
observed iIlI 1980 and 1981 and most of those observed in 198\3 were near

i' 'I I 'I "II 'in,dustrial ,activities and were theref()re excluded ,from Ithis cO"nsideration.
" ' I I I I ' 'II 'Skim+feeding whales, on the other hand, had a significantly longer overall

lIU,e~n, bto~ ilnterval thanei ther~ bottom feeding whales or Inon-fe~~irig whales.
Skim-feeding whales also tended to remain at the surf:ace significantly longer
pe'r 8utfalciilg than either other category of whale. The ntean :lluniHer of blows
p,er, ISU~, f~Cilng for Skim'-fee,din,,g,"', ,Whale,S was ,not significahtly dil~fEirent'fro~
the me:~n Ifor either other cate1gory of whales, probably bec~use 'Iof i the long
bl:ow i!ntrrvials for skim-f ~ede;rs. The dives of skim-~eedii~lg fkhal es . were
short:el thaJtl for ei ther other .category of whales, but th

l

e d'llffi~rences were
no~ statistllcally significant. '

S()cial Behavior

I I
, Behavi()r was termed so~ia1i when whales appeared to be nudging or pushing

one anot*erl, orienting toward ,each other when <1/2 Wha~e iengtihapart, or
chasin9 1ac~ other. We obseryed apparent mating--consisting o~! two whales
rolling ventrum to ventrum and stroking each other withl thealr Uippers--on

'i ,I

I
I
I
I
I
,I

I
I
'I
I
I

I

I
I
I..

I,
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h t il. d II 'f .':d' h' hI' M k . B I .1 Ap 0 ogrammet~tc ata con 1~f,;W",Sf'~; mos:; ~"~'i'~~' 1n ac enZ1e ay 11j1 ,ugust
1984 were ;iga1n subadults (Davls"et al. 1n prep.') ~

, II.: i '·,
Mothers and ~alves Compared to Other Bowheads

Th "ll' t . I 'f'·" d d' . b' 1 f" 1 I hi, ::, e resg1ra' 10n,' sur aC1ngan1ve vana,., es or ca ves. ,molt yrl:\ .a~,d
all otherjnon-calves are presented in Table l,(all years) and in Figure"5

, II I . " 'I I '
(overall 19807"84 values only); Due to the s tro'ng segregation by age cliiss in
1983 and 1984., it is likely ,that many or m6st,whales in the I"all' oih~;r

..' II ~ I " I • I" 'non-calf cat;egoI:'Y were not fully mature ani,mals,at' least 1.n those ,t~o

years. MO~h*fs withlcalves (iabelled as 'adult,:s with calves' in Fig.15~ were
the only b,owh,',eadswllose maturity we could ascerta1,'n. The overalll mean blo,w

II' I', I . '
intervals ibo~h of crlves, and of mothers were, significantly longer Ithciln tr.e
mean for al~l: other whales. For mot~ers. the F~a~ blow interval was ~igh!'!,r
than that f9f11 other! non-calveswith1n every y~aras well as over aliI. years.
but for cal'ves" the mean blow interval was" higher than that for! o~her

non-calves; d#",',IY, Wit~in,' tw,,0,' of the , five y,ears ~" Table 1). Sin.c~ o~erl h~,.lf ".0,/
the 1980-84110loW intervals for calves came from the year w1th tihe h1ghest
mean (1982)., ,. it is Ipossible that our somewha~" unexpected findin~ of ~ong~r
blow interva1.s i.n ca1.vesthan in other non-calves is not representatilve:. ,The

mean blow: i~t,,:,:,•.,ervals of mothers and calves were n,ot significantl)fll different
from each other.

, II, '," ",' I ' ' ;
For numoer of b'lows per surfacing, the overall mean for mothers was nbt

significa~t~~1 h:~~herll than that for oth.er non-c~lv~s; but the mean I forr, ba+v~s
was sign1f1.cantly lower than that e1ther for mothers or for otherl non-'
calves. ~oJ~ durati9n of surf~dng, :-elative rabies of the three Imela~~ were
the same asl (fOlC number of blows. w1th calvel:! lowest I and mothe~s Ih1~hest.
However. ~heidiHerJnce between calves and oth~r'whales was not s:lgnincim~.
whereas the l1iDean sutface time for mothers was'significantly longJr Ith<im tHe
mean for eit'her othdr category. Multivariate analysis • however, J;ho,wed that

the lOnge" ~I~".,ttaee fimes fnt m,others may have be,e.n, an atte, fact d1f ae~th Ib,·,r
year effectsl{sE~e bellow). ' , I:'

Mothe,rsll'With JIves showed the longesto~erall mean dive tiDle of the~e
th,ree, catego1f.ies ',O,f ,!whales; the, mean dive ,timlfO£,. 1Il0thers was Si\~iJlfiFa~,t,~y
longer than that for other non-calves. but was: notf significant'ly longer than
the mean ~Otil: calves I (Fig. 5).,: The calves' me~n dive time wassiknilfiba1j1dy
longer than the lIlean for other non-calves. T~is ;latter differencl~ nlay: be .~n
artefact ~f. ~ear':"to.Lyear differences in sampl~s~ze and ~n m~~n Idire ; time,
however.Wl.tlhin anyone year. calves had a shqrter mean d1ve t1me tHanl other
whales" ex'ce.fit in 1983 when the two means were: quit~ close. But (iwelr ~Oi; ,of
the 1980-~4 If~ample flor c~lves came from 198~ w~endl.ves for all ca;te&oril.e~ .of
whales were lv:eroJ lo~g. whereaS less than 10% Of the 1980-84 sample flor: o~he:t:.·

whales came £r~n 1982 and almost 50% came from 1983 when most mea~uned div~s
were very ;sllbrt (Tablle 1). ' :

Ther~ J~s no s'ignificant difference betw~en the blow rates of mpthejrs
and calveis .11, but t&e mean blow rates for both mothers and aalve~ we:re
significa9t1Yj lower! than for,' other non-cal+es~ There was *k~wi!se' :~o
significattt Iidifference between the proportio~o.f time at the. ~lurfaTe: f,~r
mothers and c,alves. !but t,he mean value of each or these categor1es was I lower

'" I' " I I '
than the mean for other non-calves. '

I I! I
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Table 3. Calf sightings a~d,f~6bs~rvation time i~. 1980-84. Both presumably
undisturbed and p~~~;p:,ltiaHy diSturbed;~~periods are included. The
number of sightirigs of calves is approximate because multiple
counts of the same :calf were possi ble where the calf and its mother
were not recognizable.

1980 1981 1982 1983 1984

Number of calf sightings 12 16 16 5 2

Number of flightsa 14 18 14 15 24

Calf sightings per flight 0.86 0.89 1.14 0.33 0.08

Hours in plane over whales 30.4 30.8 36.5 38.4 50.2

Calf sightings per hour 0.39 0.52 0.44 0.13 0.04

Total calf time at surface 22.0 30.2 101.3 20.1 2.15
(min)

% of calf surface time 7.3% 42.1% 37.7% 57.2% 100%
unaccompanied by mother

a Only flights with
1

beh~vioral observations are considered.

In 1981, 1982, and 1983, calves spent about 40-60% of their time at the
surface unaccompanied by an adult, and during the two short observations of
1984,calves were alone 100% of the time. In 1980, however, they were seen
most of the time with the p:resumedmother. At times, mothers will dive-
presumably to feed in the I water column--while the calf remains at the
surface; at other times the calf dives with the mother but surfaces before
the mother surfaces. We have seen lone calves and presumed mothers rejoin on
several occasions, once from as far apart as 1.6 km. Details of rejoining
are presented in Wiirsig et al. (in press).

We suspected that nursing was taking place when a calf dove toward the
teat region of the mother. iDuring apparent nursing, the mother was usually
quite inactive' at the surfa~e. The longest nursing bout that we observed
occurred on 23 August 1982, and involved a calf that had been separated from
its mother (who was probably ,feeding nearby in the water column) for at least
71 min. The calf dove to~ards the mother's teat region six times, for
submergences lasting 18, 11,: 27, 17, 12, and 10 s (mean = 15.8 + s.d. 6.37
s). Brief surfacings betweertthe nursing dives lasted 6, 6, 9, 11, 23, and
17 s (mean = 12.0 + s.d. 6.75 s), and there was only one detectable blow in
each short surfacing. Although most bouts of nursing (were shorter and
involved only one to two nu~singdives, the number of blows per surfacing,
duration of surfacing, and duration of dive were all considerably reduced for
calves whenever they were n~rsing. The blow rates of calves while nursing
were higher than while with their mothers but not nursing (nursing blow rate:
2.8 ~ s.d. 0.93 blows/min, ,n = 5; non-nursing blow rate: 0.5 ~ s.d. 0.28
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blo~/inin, n = 10; t' = 5.40, df = 4.5, p(O.OOa. wei hav,e ~t~iled data
on'l)lo~ tates for one mother c~lf pair: during 1. 7 h on 2r AUgUS~11982, while
a IP~irl w*s Idiving , travelling~, and nursing, the;ewas a Sigrtifi~ant positive
cotr:el~tionl between the blow rfltes of the two ani,mals (rl = 0.87:,11 n = 10, p =
0.

1
00:1) I' IFurther details on mqther and calf behaviors are in \lf~rsig et ale

(l98~al' in press). ., I

, . I i
$egr:egation bY,Age Class

. ' In .Lui years, we noticed some clumping of mother-dalf sightings, with
uS,tia;U.y thor1le than one calf, sighted in a particular area Iduringllia Iflight in
which a calf ,was seen, interspersed with some flights or a~eas with no
c~tv~s r wei also had the impre~si~n that sUbad'ul~s, that ts ~ nonltalves that
we.re' not fUll! grown, were often sJ.ghted together~ Our abi1J.ty to I detect such
s~~reg*t~onl was weak, how:vei-, because ~eUl~~ally d~d not }aye leng.th
measurements for the specihcwhales that we observed. IDavts et a1. (1982,
19:83', inlpr~p.) and Cubbage et i a1. (1984) ineas,'ured bowhe~d whale~ photogram
me~ric~ll!y lin the eas tern Bea\ffort Sea in the <~ummers of 1981-ar" In each
ye'ar they fiound geographic vatiation in the distribution of lehgth classes
oJ:Jr, s~v~rall hundred kilometrJs. In 1982 they' -also had eVi.de~bel that the
di" 'iJ Ii I 'f 1 h 1 I. hi '1 . k d II.

I. :~tr"i'ut 01
1
1 o. engt c asses WJ.t n a sJ.ng e -area varl1.e over: tJ.meon a

scale of days or weeks.. I Ii '
I I 1 , ,

i[ In 1983 we sighted calV;eswith mothers only dU~ing thEfI first two
ob~servatiJonl flights of the season,' both on 7 August,. These calf lsightings
oc:du~rJd Iin deep water far ofif shore . from our 'main area I of. obsJ!rv;ations in
19~3~ whichl was in shallow wa,ter in Mackenzie. Bay, alOngthelfukon coast
(Fi~g~ i)~ lIn the latter area; most whales ap'peared smal~er, t:ha~ f,u~l grown
adfl~s, rnd lacked the large whlte, chin patc~es alnd pil.gmente~l. ~aJ.lstocks '
COinm9n, in llarger whales (cf. DavJ.s et al 0 <1983). Iwe obt,a'J.n~d a few
phlJ't9gramketric measurements u~ing the techniques of Daviset flkH (1983);
th~s~ 40n~ilhned that,' indeed, mpst whales in the MaCkenzi~ Ba,y arJa ;were only
7-.~2.mlOngf i.e. shorter than ;the 13-m length at maturitYlj' I i

Lep.gth Icate~ory (m) 7-8 8-9 9-10 ' 10-U 11'-121 12-13
Nu~berof whales 4 2 2 8. I /+ 2

I 'Thils, most of our 1983 data came from a major concentration pf! subadult
wh~les :thkt included few adults~

. , I , . '. I

. S:JJmuil.t':llneous with our 1983 study, Cubbage et a1. (l984)~ measured a. . I II, I, I
lar;g~r isafple of. whales over a;wider area., They found t~at b()wh~adis west of
Tuktqyaktuk I tended to be <13 ~ long, a hJ.gher· proportion of, those off the
Tu~t~ya:ktfk Peninsula were> 13 ~ long, and virtual,ly all dhose wh:Me~ farther
east in Franklin Bay were >13 m~ I .1

1

,

. III 1984
1

we observed only two calves, both on 17 Augu~t in Mflbk~nZie Bay
closeqo Ith~! Yukon shore. The~ were within an area where whales1·lappeared to
us to r mainly poorlY....a;<ked subadults. as in 1983. I Extensive

, ,Iii
a t' is! the t-statistic calculated assuming that the Populrtion vafi!inces are

unequflll I

I

r It' I ~~,·t

I : ' ···'r , ,
t I
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a See Wiirsig et ale (1984a) for scatter diagrams.

A. Previous dive vs. subsequent divea B. Number of blows vs. surface timea
1

sign. sign.
r n level r s n levels

1980 0.659 8 (*) 1980 0.801 65 ***
1981 0.371 35 * 1981 0.852 193 ***
1982 0.695 29 *** 1982 0.936 56 ***
1983 0.313 80 ** 1983 0.829 218 ***
1984 0.682 11 * 1984 0.875 75 ***

C. Previous dive vs. surface timea D. Previous dive vs. number of blows

sign. sign.
r s n ievel r s n level

1980 0.757 15 ** 1980 0.859 13 ***
1981 0.509 73 *** 1981 0.550 70 **~

1982 0.734 35 *** 1982 0.677 32 ***
1983 0.033 116 ns 1983 0.225 98 *
1984 0.613 26 ** 1984 0.607 24 **

E. Subsequent dive vs. surface timea F. Subsequent dive vs. number of blows

Sign. sign.
r n level r n levels s

1980 0.150 14 ns 1980 0.415 13 ns
1981 0.149 59 ns 1981 0.205 58 ns
1982 0.448 31 * 1982 0.591 26 **
1983 0.101 110 ns 1983 0.114 100 ns
1984 0.460 21 * 1984 0.612 19 **

p>O .10
o.05<p<0.1O
0.01<p<0.05

O.OOI<p<O.OI
p<O.OOI

ns :
(*):
***

***

~:;;:~le~; ::~:;aJ}~~kr;z~~we::r "~lif~'!~\t:, ~~ra~~~n f~~lO:~~~ac~~~:
duration of previous' dive, and duration of subsequent dive. Only
presumably undisturbed non-calves are inel uded. r s is the Spearman
rank correlation.
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significance levels:

Table 2.
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Table 1. Continued.

timber of
blows per length of length of dive

B1.cM interval (s) surf.!cl.Ig surf~ (min) (min)

JOOaIl s.d. n JOOaIl s.d. n DEaJl s.d. n DEaJl s.d. n

lbn-soci.al.1zi.ng males 1900 12.8 8.63 760 4.7 2.94 65 1.22 0.745 82 2.52 3.707 22
(eKcluiiIg males <.8 m 1981 12.5 6.67 861 4.4 3.07 146 1.05 0.736 154 4.12 5.578 56
apart that ~re rot 1982 14.9 8.72 721 7.7 5.15 54 2.10 1.341 65 12.31 9.096 ~

actively interacting) 1983 17.3 13.92 766 3.1 2.36 215 1.0!. 1.527 231 1.~ 2.381 135
1984 ·11.6 4.62 1428 5.5 2.97 75 1.10 0.557 93 6.51 7.399 34

19~84 13.4 8.75 4536 4.4 3.35 555 1.19 1.181 625 4.65 6.577 297·'Si;};,;.
-~;s~:-~~

SlIg1.e W1a1es 1900 13.3 10.20 324 5.2 3.20 32 1.32 0.955 33 1.26 2.154 7
(eKclu:iing sldm-feeders) 1981 12.1 5.00 394 5.4 3.07 51 1.24 0.684 .56 3.89 4.709 20

1982 13.7 8.22 5:J> 8.6 5.09 31 2.10 1.1~ 40 15.82 9.844 27
1983 14.0 7.89 521 3.0 2.15 151 0.71 0.540 151 2.12 2.466 74
1984 11.6 4.66 1331 5.5 2.95 66 1.13 0.5.58 83 6.14 7.075 30

1980-84 12.6 6.82 3100 4.6 3.40 331 1.10 0.822 363 5.41 7.474 158

\hUes in groups 1900 12.8 7.18 401 4.7 3.0!. 23 1.:J> 0.592 41 1.31 2.243 9 ";, _~.F

(eKcluiiIg skim-feeders) 1981 14.3 10.55 415 3.7 2.55 85 1.09 0.833 88 4.00 5.439 44
1982 17.2 9.~ 265 6.0 4.86 27 1.98 1.496 :J> 7.87 6.139 24
1983 15.9 10.93 225 3.0 2.12 68 0.91 0.683 82 1.83 2.451 50
1984 11.9 4.00 126 5.3 3.35 9 0.96 0.558 16 6.83 8.261 7

19~84 14.5 9.25 1432 4.0 3.05 212 1.16 O.rot. 251 3.85 5.200 134 z
0
1'1a
PI
I-'

tel
U:!pth (m) <16 1900 12.6 7.13 89 2.7 1.67 19 0.70 0.403 24 0.76 1.236 9 (l)

p-
1981 - - 0 - - 0 - - 0 - - 0 PI

<:
1982 - - 0 - - 0 - - 0 - - 0 ....

0
1983 19.4 16•.58 459 3.4 2.66 111 1.32 1.934 131 1.fB 1.751 87 1'1

1984 11.0 4.11 221 6.0 2.77 13 1.07 0.469 15 12.44 7.009 10 N

1980-84 16.2 13.79 769 3.5 2.67 143 1.21 1.722 170 2.62 4.251 1~
\Jl

Continued•••



Table 1.Qj~.
-~.-' - -~~. r-~ -- -.~'- --."---- ~--,~"-~~'-

tbiiberOf
JjlO';.,llq~r tengt:h-of I:ength-of-dive I

-----------------------------------.BLao:w,,;1~inteFV'gl-~g~-------s~:fas;!·~ s'.:::;.£~~-(m!n) <mi-l1),--------------~-i

tman sed. n mean s.d. n mean sod. n mean sod. n

~th (m) 16-50

51-100

1980 120 3 70 23 7'!IJ 5.9 2097 «> 1037 00578 fA) 4028 4.567 11
1981 13.2 9.48 649 3.9 2.58 132 1.01 0.731 138 4.05 5.224 58
1982 12.0 2.56 21 6.3 2.31 3 1.46 0.384 3 15.52 2.923 2
1983 14.0 7.71 392 3.0 2.07 114 . 0.75· 0.568 112 ·1.83 2.456 49
1984 11.6 4.41 1191 5.5 3.19 .52 1.12 0.596 74 4.64 6.622 17

1900-84 12;5 '6;,97 -:nne 4.1 2..n 341- 1.0t '0.667- 38-7- 3;52" 4.&71 -131'

1900 - - 0 - - 0 - - 0 - - 0
i981 13.4 5.34 126 4.9 3.26 18 1.~ 0.009 18 6S1 40 232 8
1982 18.1 6.97 14 1.3 0.58 3 0.26 0.207 3 0.33 0.073 3
1983 - - 0 - - 0 - - 0 - - 0
1984 14.5 7.00 42 4.7 2.36 7 0.99 0.465 7 1.68 1.313 8

1900-84 140 0 60 21 182 40 5 30 04 28 1.05 00741 28 3.52 3.869 19

>250

1980 - - 0 - - 0 - - 0 - - 0
1981 13.3 6.74 74 4,;5 2.66 11 1.14 0.537 11 O.'!IJ 0.349 3
1982 13.7 6067 355 707 40 95 25 1.98 0.982 32 l3.9!r 8.143 17
1983 21.0 14.13 8 1.7 0.58 3 0.34 0.275 3 1.36 0.389 2

------~ - --~1984------13.5-12.88---14----_5.3-1.16- --3-- --0.88--0.113---3-- __7..15-~1.532--2.-------
1900-84 13.8 7016 451 6.3 4.47 42 1063 0.982 49 10.69 8.713 24

101-250

g:
tl

1900 - - 0 - - 0 - - 0 - - 0 ~
~~~~~-----~~~..............c-lC981·------H:e'5~--4095~- T9"~ - e. - O· ·0·..... I

____. -------1982---...:.....15.9-.-10.18----405- .... -8.0-.-.5.42 _._._27.._. __.2.34_~~1.572- .. -__.32. __ .. __ .11096_._9.679__.__ ._29....._.~... ~._ .
1983 18.0 9.29 7 5.0 0 1 1.45 0.259 . 2 12.18 1.002 2 ~
1984 - - 0 - - 0 - - 0 - - 0 ;i

1980-84 15.7 10.02 431 7.9 5.35 28 2.29 1.539 . 34 11.98 90353 31 g
tv
0'
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Depth of Water

Blow intervals did not Show any consistent trend with depth (Fig. 10;
Table 1). Therefore, although there were statistically significant
differences between means for various depth categories, we suspect that these
differences were due to factors other than depth. The other three

I

variables--number of blows per surfacing, surface time, and dive time--all
showed more or less clear tendencies to increase with increasing depth.

Number of blows per surfacing showed the increasing trend most clearly
(Fig. 10). The means for the. shallowest three categories (<l00 m) were not
significantly different from each other, but the means for each of the two
deepest categories were significantly different from the means for each of
the three shallower depths ;(p<0.05 in each case, Newman-Keuls tests).
Subsequent multivariate analySis., however, showed that this apparent effect
of water depth may be an artef~ct of year-to-year effects (see below).

For duration of surfacing, as for number of blows per surfacing, the
means for the three shallowest depth categories did not differ
significantly. The mean for the deepest category, )250 m, was significantly
higher than any of the oth~r means (p<O. 001 in each case, Newman-Keuls
tests). The mean for 101-250 im was significantly higher than the means for
<16 m and for 16-50 m (p<0.025 in each case).

For duration of dive,means for the two deepest categories. were
significantly greater than means for the three shallowest categories (Dunn's
multiple comparisons, p<0 .05 in each case). Means for the two deepest
categories were similar, as were means for the three shallowest categories.

I

In general, number of blows per surfacing, duration of surfacing and
duration of dive tended to be greater in deep ()100 m) water than in shallow
(<l00 m) water. These trends ~ere largely attributable to the high values of
these variables in 1982, a y~ar when most observations were in deepwater
(Figs. 1,2). There waS only very limited evidence that the trends existed
within single years (see WUrsig et al. 1984a and Table 1). Thus, it is
difficult to determine whether the trends were attributable to depth or year
effects (see 'Multivariate Analysis' section below).

Time of Day and Date in Season

For each of the four' principal surfacing, respiration, and dive
variables, we looked at the mean value for presumably undisturbed non-calves
by hour of day. We failed to find any apparent trend by hour of day for any
of the variables in any of the:five years or in all five years combined. The
only exception was for blow intervals in 1983 when mean values were
considerably longer in the hou~s 16:00 to 18:00 MDT. These were hours ,;when
much skim feeding was observedl; skim feeding whales in 1983 thad particularly
long blow intervals, and the long mean blow intervals at this time probably
were due to the activity of :the whales rather than the time of day. We
conclude that time of day h<:id no consistent effect on any of the four
principal variables. '
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We also looked for seasonal trends in the four principal surfacing,
respiration, and dive varia~~es over the perid<:liimi our study, from 1 August
to 10 September. We divide/j this period into four 10- or II-day periods
(1-10 Aug, 11-20 Aug, 21-31' Aug, and 1-10 Sep); in the last period we
collected data only in 1981 'and 1984 (Fig. 2A). Blow interval, number of
blows per surfacing, duration of surfacing and duration of dive all showed
no consistent trend across' these 10-day periods. As previously noted,
frequency of active socializing did decline over the period (Fig. 7A).

Multivariate Analysis

Introduction

In preceding sections" we analyzed relationships of the principal
Isurfacing, respiration and diye variables (for presumably undisturbed bowhead

whales) to environmental factors and whale activities. Factors that appeared
to have a statistically significant effect on at least one of the variab les
were the following: status of whale (mother, calf or other), behavior of
whale (skim feeding or not feeding; socializing or not), group size, depth of
water, and year of observation. We found no evidence that surfacing,
respiration and dive variable~ were affected by occurrence of bot tom feeding,
time of day, or date within our short field season. In some cases we
partitioned the data by year, activity of whale, etc., in an attempt to allow
for the multiplicity of factoirs that might simultaneously affect the variable
in question. In all cases we; separated calves from older whales. With these
exceptions, however, all prel:eding analyses examined one factor at a time.
We knew that some factors were interrelated , like year and depth of water,

I

and suspected that others ~ight be. Hence. we used multiple regression
analysis to try to sort out tre relative importance of each factor.

Three dependent variables were considered in separate multiple
regression analyses: number of blows per surfacing, duration of surfacing,
and mean blow interval. The. last of the variables was the sum of all blow
intervals in a surfacing divided by the number of blow intervals. Thus, each
surfacing was represented by: one case in each multiple regression analysis.
Data from 1980 were excluded because too many of the necessary predictor
variables were unknown. D~ta from calves were excluded because of the
considerably different behavipr of calves. Because of rightward skew in the
distributions of all three I dependent variables (Fig. 3A-e) , logarithmic
transformations were used: .

LOGNBL = 10g10(NBLPWS +1), where NBLOWS = 0 to 19;
LOGSFC = log lQ(LEN~FC), where LENSFC is in seconds;
LOGMBI = 10glQ(MEANBI), where MEANBI is in seconds.

Test runs with the depende~t variable not transformed gave very similar
results as those on the transformed data, showing that the results were not
sensitive to the type of transformation chosen.

Seventeen variables were: considered as potential predictors of the three
dependent variables:

YEAR. 82
YEAR. 83
YEAR. 84

1 if year
1 if year
1 if' year

1982; 0 if not.
1983; 0 if not.

= 1984; 0 if not.
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~Note}: No 'dummy variable" for 1981 was needed; 1981 was treated
is th I, s,tandard year agai'nst which others werecompJred.)

~ l I ,

DAT1'E ~'Ii DATE.SQ - Date, in days after 31 Ju~y, and its squa~e (to test
for npn-l.inear relationship). -. :11;

TIME ~i TIME .SQ Hour ;+ M1n/60 (0-24 scale) and its squar~ (to test
, I I for npn-linear relatio~ship)·11 i
:COG.DI~PTH - log (iWater depth in m~tres); t~ansf()r~ed ;because of
, I I ext reme skewness.; I I

SEAI.StATE - Sea s~tate, 0-5 scale. I I

liCEI·% I - percept ice cover. .' I . I '
GT .5% .. ICE - Great;er than 5% ice cover = 1; othel)Wise O. ,
~,.T•Al1:RCR - AircrJaft altitude, in 'hundreds 10f fee~ (lcases with

ALT<15 excluded because' they w'ere Iconsidered
poten~ially disturbed) ~ I -. j

MOTHER - 1 if recognized as mother because of PFesence of
I I I calf; 0 if no t • . I. I

B.OTjiI.OMloFEED - 1 if whale brought mud to surface' d';lring this
surfa;Cing , indicative of bottomlfeedingr q if not.

:i SKIM.FEED Iif 'skim feeding during this surfac:lng;1 Q if not.
"~CTI.sdICIAL I 'if active socializing; :0 if ndt.. 'II!
, I GT •ONE': - 1 if I group she>l (i oeo, if anbther whale within 5
'[ whale, lengths); 0 ff not. I I !

: ': I I !
0thy Fhose cases for which ap 17 predictors were kno~n wl~r~. u~ed in the
analyses. The resulting sample sizes were 479 for NBL9WS, 538 fpr LENSFC.
arid' 9:66 for MEANBI. The tatio of variables to cases was lo~ in each
aralYSis. ~10 the resal ts are c~mparatively reliable. I .' I i
,I I I .' J
" Severed multiple regression equations were calculated f:or ea:ch of the

three idebe~ldent variables. Th~!se included e qu8tionscont

1

aining II'

I" 'I '
.- aU 17 predi ctor variables, I

I I i
''!'i aill 14 predictors exclusive of year variables. I ;
~ the 3 year variables on1y, and I !
... the 'backwards elinunatton' equation, includIng all variables that

WbrE! of significant valhe as predictors (nominal p~0.05) 011 1

Equ~t~onl lincluding various, other combinations of ~ariable'~ !were also

e~a¥.l1ed! tCi) assess the eff.ect~ of i.ntercorrelations ,am0'Tg J?red+.",lft?rS o.n the
r~,stilts. jlole used an interac~ive stepwise mul~iple regression i program. ELF
versiOn ,5 (IWinchendon Group 1983), with enhancements by LGL. Th'~ a1ccuracy of

tit... '.is Ft,.· ?rollcomput~r program w.~.s conf. irmed by ..dU.plicatihg simi..•• iiat analyses
previousily done w1th BMDP (Dixon and Brown 1977). I II !.' .: I ' , " I :

. ]~ecrUSle of the large 13amp;le sizes, simPle~nd partiiil corr~~al~ions were
st:a~is:tiFaVysignificanteve~ when the degree of correfation ~{ls I very low.
M?st ofjthE

1
! 'highly significa~t' correlations n()ted1below (piP.001:) involved

'C?f:r;ellatfoI1I1 coefficients i~ thf! 0.15 to a.25 (or -0.15 to: -0.25)tllrangeo . Most
co:r~ellatfoI1IIS significant at thf 1% (0 .01b»0 .00l) level were in ~hel .:!:. a.10 to
~ 0.151 r{lnge •. We 'have not placed much emphasis on variadles ~;ig~if!icant only
at the 5% llevel. I . i

I

, , I
[
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Number of Blows per surfacilj"~'tiOGNBL) ."~."

The univariate analyses described in earlier sections showed that. number
of blows per surfacing tended to be high in 1982 (Fig. 3), marginally higher
for single whales than for whales in groups (Fig. 9), and higher for whales
in deep water (Fig. 10). There was nothing unusual about the number of blows
per surfacing by mothers, so¢ializers, or skim- or bottom feeders; and there
was no obvious relationship to date or time of day (see Table 6A, univariate
column). The simple correlations of the variables used in the multiple
regression analyses showed that LOGNBL tended to be high in 1982 and 1984,
and low in 1983, relative I to other years (Table 6A, simple correlation
column). The only other strong simple correlations were with water depth (r
= 0.226) and aircraft altit~de (r = -0.153, all altitudes at least 457 m).
There were also significa~nt intercorrelations between many predictor
variables. For example, water depth and aircraft altitude were strongly
correlated with year.

When all 17 predictor variables were included in a multiple regression
equation (Table 6A), the onlf variables significant at the nominal 1% level
were the years 1982 and 1984, in both of which LOGNBL tended to be high.
Water depth and aircraft altitude were no longer significant as predictors of
LOGNBL after year effects we\re taken into account. If year variables were
excluded, depth was positiv~ly related to LOGNBL (r artial = 0.190). The
backwards elimination procedure resulted in an equatfon including only three
predictor variables, all of which were year variables (Table 6A, 'optimum'
column) •

1In summary, year to year variation was the most conspicuous contributor
to variation in number of blows per surfacing. Once year effects were taken

I
into account, there was no clear evidence that any other variable affected
LOGNBL. However, water depth and (to a lesser degree) group size, average
aircraft altitude and average ice cover at observation sites differed among
years. It is possi ble, but ;unprovable, that depth or perhaps some of these
other variables affected LOGNBL. The most important conclusion is that the
apparent effect of water depth on number of blows per surfacing, as suggested
by Fig. 10, cannot be distinguished from a generalized year effect.

Duration of Surfacing (LOGSFC)

The earlier univariate analyses showed that duration of surfacing tended
to be high in 1982 (Fig. 3», higher for mothers and skim-feeders than for
others (Figs. 5,6), and higher for whales in deep water (Fig. 10). There was

I
nothing unusual about durations of surfacing by bottom feeders, socializers
or whales in groups, and the're was no obvious relationship to time or date
(Table 6B, univariate column):. The simple correlations of the variables used
in the multiple regression analyses proVided very similar results (Table 6B,
simple correl. column). '

When all 17 predict.ors ;were considered together, five predictors were
positively related (at p(O.Ol) to LOGSFC: 1982, 1984, aircraft altitude, skim
feeding, and socializing. Th~ backwards elimination procedure resulted in an
equation that included thes~ same five variables at similar significance
levels, plus three additional variables that were also positively related to
LOGSFC--date, water depth and sea state (Table 6B, 'optimum' column). Note
that the multiple regression ~nalysis revealed apparent relationships between
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Table 6. Summary of univariate and multiple regression analyses of relationships between (a) environmental and activity
__ variables lind. (b-)s.uz:(a<:inK':a,l!~':r!!spg!iH.o.l!.:-"aI:!llblE!~.,·., .'

Predictor
Variable

YEAR.81
YEAR.82
YEAR~.8l

YEAR. 84

DATE
DATE.SQ
TIME
TlME.SQ

LOG.DEPTH
SEA. STATE
ICE~%

Gt.5%.ICE
ALT.AIRCR

MOTHER
BOTTOM.FEED
SKIM.FEED
ACT.SOCIAL

---GT.ONE

k. No. B'lows- per Surfacing B.Dtiration-ofSurfac·lng C.Blowlnter.vals

OJ OJ OJ
Q) Q) Q)..... . ..... . .....

..... .J:> "0 ..... .J:> 'tl ..... .J:> "0
Q) Ql Q) Q) '" Q) Q) '" Q)... .... "0 ... .... "0 ... .... "0... ... ::l ... ... ::l ... ... ::l
0 '" ..... -e 0 '" ..... -e 0 '" ..... -eu > u u > u u > U

>C ::l >C ::l >C ::l
Q) ...... (Zl e Q) ...... (Zl e Q) ...... (Zl e... ... .... ..... ... .... ..... ... ....

Uni- I>. ... ... Uni,.. I>. ... ... Uni- I>. ... ...
e ..... '" I>. e ..... '" I>. e ..... '" I>.

variatea .... ..... Q) 0 variatea .... ..... Q) 0 variatea .... ..... Q) 0
~ < >< - til < >< - til < ><.

Fewer 'Shorter Internled.
High +++c ++ +++ Long +++ +++ +++ Internled. +++ ++ +++

. Fewest --- ns,. - . .shorter --- ns ,Long. +++ +++ +++

Fewer +++ +++ +++ Shorter ns ++ +++ Shortest --- ns

No trend (+) ns ns No trend + ns ns + No trend ns ns ns ++
b + ns ns + ns ns ns ns ns

No trend ns ns ns No trend ns ns + No trend ns ns ns
ns ns ns ns ns - ns ns ns

+++ +++ (+) +++ +++ +++ + +++ ++ No trend + ns +
ns ns ns ns + ns + -- ns ns
ns - - ns ns - ns ns ns
+ + ++ ns ns (+) ns ns ns

ns ns ns +++ (+) +++ (+) ns ns

ns + ns ns +++ +++ (+) + +++ +++ ns ns
ns ns ns ns ns ns ns ns .ns ns ns ns
ns ns + ns +++ ++ ++i- +++ +++ +++ +++ +++ +++ +++
ns ns (+) ns ns (+) +++ +++ +++ + (+) ns ns

- --ns--'ns- ---------' ~ns---ns--ns~-ns------- -- +-1-+----1-+,+ ---*--*+--±±+---~-,._"'-.

%Var. Zxpl.
# Cases

I 16.8 g94 13.3
1

17.6 14.1 16.2
538~

12.7 9.3 12.1
I 966 .::.::.:..=.J

zo
g
III
I-'

a Summary of univariate results is based on Figure 3 (year effects), Figure 5 (mother vs. other), Figure 6 (skim- and bottom
-feedrn"'vs :otherr;-ngur e 8-( act ive-socfanze I's"';s-:-otner)";-Fi1fure'9-(wna:re's-rrr'groups' 'ij!!f~" sTtfgTefs')-;-Fi'guf'e--lO- (cl'eptYi}7"ancl

the text (time and date).
b Blanks in the table denote variables that were not analyzed, or not included in the multiple regression equation.
c Pluses indicate positive and significant correlations or partial correlations; minuseS indicate negative relationships;

+++ or --- means p < 0.001
++ or -- means 0.01 > P > 0.001

+ or - means 0.05 > p > 0.01
(+) or (-) means 0.1 >-p > 0.05

ns means pO> 0.1

tl:l
----(1)-_.

::r
~.....
o
Ii

-~
--._' -... i_i Mi. ,- ,lIIil

,_: - ,- _l .. - ...A,- _\i_ _I ',-
VI
o

~
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LOGSFC and both socialiZing land aircraft altitude even though there was no
significant simple correlation with either variable. Conversely, there was
no evidence that mothers had longer surface times after other factors were
taken into account. Skim feeding and socializing remained significant as
predictors of LOGSFC regard~ess what other variables were dropped from the
equation. This indicates· th~t the higher surface times for these two groups
of whales were real and not spurious indirect effects. However, the removal
of anyone of depth, altitude and year from the equation affected the
apparent significance of one, or more of the others. Hence their effects on
LOGSFC could not be separated.

In summary, skim-feeding and socializing bowheads tended to remain at
the surface for unusually prolonged periods. The latter effect was not
recognizable from univariate analyses. In contrast, the relatively long
surface times displayed by imothers and by whales in deep water might be
spurious results o·f intercorrelated factors, most notably the fact that many
sightings of mothers and most sightings in deep water occurred in 1982, a
year with long surface timesi. The depth effect did not disappear entirely
when year and other variables were taken into account (Table 6B), and it is
possible that much of the app~rent year effect was actually a depth effect.

Blow Interval (LOGMBI)

·Univariate analyses sho~ed that blow intervals tended to be shortest in
1984 and longest in 1983 (Fig. 3). Blow intervals averaged longer for
mothers (Fig. 5), skim feedets (Fig. 6), socializers (Fig. 8) and whales in
groups (Fig. 9) than for other whales. There was nothing unusual about blow
intervals of bottom feeders, ~nd no clear trends with respect to water depth,

. .. I
time or date. The simple. correlations of the variables used in the multiple
regression analyses provided ~ery similar results, and also showed a negative
correlation between LOGMBI anCl sea state (Table 6C).

A mul tipleregression equation including all 17 predictors explained
only 12.7% of the variance iti LOGMBI,lower than for either of the other twO

I
dependent variables (Table 6). Four of the 17 predictors were significantly
and positively related to LOGMBI: 1982, 1983, skim feeding and group size>l
(Table 6C). With years remo~ed from the equation, the partial correlations
with skim feeding and group size remained about as before, and only one
additional variable--depth--acquired marginal significance (Table 6C). This
suggests that, for blow intervals, the effects of years and other variables
are less seriously confound~d than was true in the analyses of LOGNBL and
LOGSFC. The backwards elimination procedure produced an equation with six
predictor variables, includi'ng 1982, 1983, date, time, skim feeding, and
group size. All partial co*relations, except the marginal one with time,
were positive. The negative Irelationship to time suggests that LOGMBI had a
slight tendency to decrease l~te in the day after effects of other variables
were taken into account. .

These results confirm the univariate evidence that blow intervals tended
to be long in 1983, for skim feeders, and for whales in groups. The partial
correlations do not confirm the univariate trends for longer blow intervals
in the cases of mothers or sobalizers. However, the relationships of LOGMBI
to group size, mothers, and socializing were confounded. Socializing, by our

Idefinition, occurs only in groups, and mothers are almost always identified
by close proximi ty of a c~lf • When group size was excluded from the
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Synchrony of Behaviors
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re~tession equations, positive partial correlations
:' ; I 1 '

rno:ther',s and, socializing became evident.
I

I
I

I

(p(@.05

I
i
i I I

II i
BowheCllds within groups of,ten surfaced and dove, in roug,h sX,lnchrony. At

, 'I III had h' , wh l' If d' ffi: I Itimes we 2 so t e strong impression that a es 0 I, er-ent groups,
gtfat~r Ithc~n five whale lengths from each other, had pafrtiaUy:: Is~nchronized
surfacing-dlive patterns • However, because we usually did not', Iknow exactly
h?~, ,m~nY,1 wl~ales were in art, ar;ea, and we, cOUl,ci not iden~ify ,all"l w~ales, our
a~~ys!is c:,f potential synclirony is incomplete. ~e inv~stiJgated the
P?,SSilHUtyf of SynchroniZeds~rfacing-dive~~tterns.durfng HvJI 9bservation
srr~i~nsl Lor which we beli~v~d we had ~early complrtere~?r?s of the
surfa9inrs Jof wh~les in our~bservationcir~le,. We c0mparediithF observed
n~mber of .~-min l.ntervals 'With 0,1, 2,etc.'single whalles or groups at the
I" I ' ."'" , , ' " I" Isurface ag,ainst the expected number if there were no synctihr0ny, i.e.,

a~:silin~ng a IPoisson distribtitio1n. ' , ,.' I 'I
.! , Dur1i.ng 4 of 5 tests, w~ found no significant deviation: lin surfacing

IPfit~ein Ift~om that. of a' Po~ss9n distribpt~on, alth~ugh t~IT Idata were
s}%~eS,',t1YIe I of, possl.ble SynCh,~O,ny ,dUringt~o,;, ',tests. On

l

2, seH,' itember 1984,
ho~ever, synchrony was strongly indicated. The sessibnl involved
ap;prmciimfltd~lY three lone whal:es 'wi thin a ' ~: km diaDlete~ circl~:!, leach whale
about 1250-11000 m from the others •• Surfacings,- and dives were monitored for 42
3tlnin: iht~~rvals. There were fewer ' intervals 'with bne wh~iejand more
i?;ter'\[alr ~rith two whales than; expected (~abl.e;7),Lndic~ting t~~t Itwo of the
srpara;tea )Whales tended to ~urface toget~er (chi-square = 7~!~3:, df = 2,
lP~p.025); however, we do not ' know whether these ~ere ~lwaysthe same two

r,mlales. I < '", I 'I

Table 7. Data for ana;Iysis of surfacing sjynchr:ony in tl).ree
lone whales pn 2 Septe~ber,; 1984~' Exbected :ya~ues
were deriyed;from the observed mean of 11.2 wh~~e~ at
the surface prr 3-min interval (+ s.d. q.98, n '''f 42).
See text for discussion." I 'I !

", I :

, all is_iog s Poissoo distrib.tiooWit\> mean 1.2 I .' I
" Potenll:ial s~nchrony in s~rfacings and, dives is esPrcially, d~fficult to

alla+y~e Ibe(~auSe number of wha4es involved is not known, IWhalE~s !ma~ move into
o:r out Qf the, area while under observation, and whales may DlOV:~ ilnto or out
of groups. The~pparent syric:hronyon 2 September 19841 occurr~ Iwhile lone
whales ~ere possibly feeding, in thewatercoli.unn;' during othi~ !times when
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synchrony has been suspe"€ted'" (b~t has remained unsubstantiated by
analysis), subsurface feedi~$'\ih.~Sf{~~SO usualJ.Y"'~J,been indicated. We do not
know why whales some distance apart from each other would wish to be at or
below the surface at the same time, but it is possible that in this manner
they remain in better acous~ic contact. Donald Ljungblad (Naval Ocean
Systems Center, San Diego, per:s. comm.) believes that bowheads sometimes make
more sounds just before they surface, and they may stay in contact and
synchronize surfacings in thiS; manner. We attempted to correlate sounds and
surface-dive behavior in this :study, but our limited data do not substantiate
the suggestion that sounds ar~ more frequent at any particular part of the
dive cycle. '

Mis':cellaneous Behaviors

Although whales may engage in play during various social interactions,
we could not separate play 'from possible mating activity or aggression.
Therefore, we considered whales to be playing only when they associated with

I

an object other than another whale. We saw such associations in 1981, 1982,
and 1984. Play behavior during 1981 and 1982 is summarized in Wlirs ig et ale
(in press), and we present onl¥ a brief overview here.

Log Play.--We observed wh~les playing with logs up to about 10 m long on
two occasions in 1981, and on(:e each in 1982 and 1984, for 5 s, 10 min, at
least 1.5 h, and 5 min, respectively. Most contact with the log consis ted of
the whale nudging or pushing i,the log _with the head or body. Sometimes the
log was clasped by the flippers while the whale was belly-up underneath the
log, or was lifted up by the back or tailstock.

Association with obj ects 'other than conspecifics has been described for
at least four other species of large whales (a humpback whale, Couch 1930; a
sperm whale, Nishiwaki 1962;: right whales, Payne 1972; and gray whales,
Swartz 1977). Some specific elements of log play in bowheads were strikingly
similar to play with seaweed observed in southern right whales (Payne 1972);
both involved lifting the object with the head, moving the object along the
back, and patting it with the flippers. Attempts to submerge the log
with the head are also reminiscent of a motion made by male right whales when
attempting to mate with uncooperative females (Payne, in review).

Calf Play.--Calves were seen alone at the surface on about ten
occasions, apparently 'waiting' for their mothers to come up from a dive.
Usually' calves were rather inaj:tive at those times; however, on two occasions
in 1982 they interacted with d~bris in the water. On 19 August 1982, a calf
swam in a meandering line o~surface, debris approximately 2 m wide and
probably composed mainly of invertebrates. The calf associated with the line
for 12.3 min, with rapid arid often jerky movements, reminiscent of any
uncoordinated young mammal. ~e do not believe that the calf was feeding on
the debris in a concerted manner, although its mouth waS open slightly for
brief periods. It is possible that the calf was practicing skills required

I

for skim feeding.

The second incident, on 23 August 1982, involved a calf moving within an
area about 40 m wide and 100 m long marked by dispersed fluorescein dye from
one of our dye markers. The cklf actively rolled and twisted within the dye,
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", Bl:'eaches were usually performed by whales' that were >100 1m from other

w~~l:e~li, knell occurred bothas[ si~gle breaches' and in Jeries #~ Iup to 19
blfT~chrs Iwtith . no interruptions; by other surfac~ ~ctiVitYJ The meap. interval

b. ~.•. t~.eE.!p. Ibr(~ach.es within as.,.e..;ries .wa. s 0 •. ?~'.' +. s.. '. d.. 0.1154 ... mi?.,.11 ~ n =. 66).
T<t~lisl~p~ lonto the surface,! of the wat,:er 'included Singlel slaps and
u~in:tefr'fpted series of up :tc;>,' t48 slaps. ~he Inean,. of 266 measufrd! intervals
b~fw.eer fuc,cessive tailslaps ~as 4.9 s (+,s.d., 1.94 s).IFlipp~r ~laps onto
thesurfacel of the water aliso +n<:luded sing~eslaps and \fP to 10 I staps in an
tlI~i~te~r~pted series; with,tl1ermean of 43111~asured interyals wiBrin a ~~ries
bEfi~g 12.~ fll (:!:. s.d. 1.62 s).l Thus,. breacl,l ,i,~~ervals arle long1~tJ tal.lslap
int~rv~ls are much shorter, •and fhpperslap intervals are~ the Ishortest.
Tni.S 0rd+ring corresponds roug~ly to the am?!-lil'tof body dmss the Iwhale lifts

a~oV:e theI surface of the wat~r+. . ," " I. I I
,. The longest bouts of~~hal behavior that we observed were by lone

w~.. a.l.es: aind I us. ua11Y. conSist. ed.,'.. io.'.f .. al. t.erna.. t:i.ng '.~e..ries.. of I tailSl;fPs:, flipper
sl~p:s 'I ahd breaches. A parqcularly dramatic series ilnvolvi~1 two whales
o~cu;rr~d Ion. 22 Aug' 1983. 'A~one ~hale tha~ ,was aerial~y actl.;"ie Ibefore we
began lcirclling it intersperse449 tailslaps· with,6 breaches durling 1l.8 min
Of.•. dbsl.erlratlionio Its blow rate.. : wa.s 1.61 blOW.s/minif it Idid nO~.'.1 blow during
thr breafhEls or 2.12 blows/m~n Hit bl~~ '. d~ringever~ bread~,. I ~ second
wl).ale beganl breaching 300 m aWfiY as the hrst'.whale sur,aced af~e~ l.ts last
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re6rietttilng itself at the edg~ of the dye in orde~ to stay wi~~iJ the dyed
ai;~a f~rI22.3 min. The associ~tion with thi~ar~a ended when the Icalf left

th.e dy~a.nd Oriented. towar.d it..s. moth.e.r, WhiCh ...w...a.~.. appr.oaChing t.h~.. 1 calf at 120
m idfsdmte. When the two joihed, the calf began nursidg. If i~ possible
tli~t" ~s Iin the previous accouqt,the calf ~~y,}lay~ orienfed. towlJfd Isuspended
matter; while practicing skills: used to feed on' clouds ofi inver~~brate prey.
If 'I' so, ! sdmel play may be of .fu.n'dtionBJ. value. ~'; I. Ii' I " '.,' ",' 1

A~~ial:AqtiPity 'I '
• r . Afr1all activity, consisti~ mainly ofpr~..iches, ta:HslaJPs; and

s~~p~, I 0Fcurred sporadically Fhroughout our~~ive fieldl seaso~s.\
di~c,ripqon~ of these activ~ti;es ~re presen~~d -inWursig .et,al ~II (tn

a~ith~ frerUe~cy of aerial ~CSiVit.y each surer is shownll.n lab~li f'
~able: 81 IFrequency of aerial: actl.vity, 198,0-84,. based ~n whalT~h?urs of
! 10bservation at ,the 1 surface. Bo~h presumabl~ undis~pr?ed and

IPotentially distur~1d periods areillcluded. Rrtes arel Pfobably

'

overestimated bec~~se. we oCCCisi~~ally ol:>served bowheads
specifically to document aerial behavl.Or.I . .1,,'



I

If

Normal Behavior 55
,I

breach series. The second. h:.8'f~i~madef{M'f'i;:b_;,~,aches, 36 tail slaps and 48
",~t':: .:l~;:, _:;~J :r ~.;t\!'"',.;.~.,~. ,1';>.~,:~. ;// "-'.

flipper slaps during the 75,,'in ·'that we observed 'It. During that time, its
blow rate was between 1.19 and 2.04 blows/min, depending on whether or not it
blew during the breaches. The first whale moved away from the second as the
second began breaching, and we soon lost sight of it. We left the area about
9 min after we last saw the s~cond whale submerge, and we do not know whether
it resumed aerial activity on its next surfacing.

Some tailslaps and flipp$r slaps occurred in groups of whales, either as
single slaps or in short se!ries of up to 10 slaps, sometimes while the
whales were actively socialiiing. On one occasion in 1981, the socializing
appeared to inel ude copulatidn between two animals, in addi tion to numerous.

I •
tailslaps and flipper slaps by both anlmals. On three occasions we have seen
a bowhead whale strike another with its tail flukes or a flipper in an
apparently aggressive manner:: once each in 1980 and 1981, one whale slapped
its tail onto the head of another, and in 1983 ,a whale slapped a flipper
three times onto the back ofi another whale, which responded by hitting the
first whale on the back with its flukes six times.

We have observed only five spyhops, where a bowhead lifted its head more
or less vertically out of th~ water, up to the level of its flippers at the
highest, and sank back into the water tail first. All spyhops were quite
brief. Four of the spyhops were performed by whales that were socializing,
and one was interspersed withimany other aerial behaviors.

We observed calves aerially active 00 only two occasions in five field
I

seasons. One involved a sing~e tail slap and the second, seen from shore on
Herschel Island, was of a calf aerially active for 29 min during which it
made 37 breaches or partial breaches, with up to three-quarters of the body
remaining in the water. The calf breached back and forth, changing direction
often, and therefore stayed ~ thin 1 km of the presumed mother, although it
covered a distance of at leas~ 3 km in its meandering course. This kind of
meandering is similar to right whale calves breaching in 'circles' near their
mothers (Thomas and Taber 198/f). When the calf stopped breaching, it rapidly
headed back toward the adul t.i Further detail on the breaching of this calf
is supplied in Thomas (982). :

Aerial activity probably has several functions. Single tailslaps or
flipper slaps may indicate disturbance or aggression, as when possibly
precipitated by the approach of an. airplane (see Richardson et a1. 1985c) or
when directed against a conspecific. Bouts of aerial activity may signal
'arousal' of some type, an~ may also serve to communicate to nearby
conspecifics. Our sonobuoy recordings showed that many breaches and
tailslaps produce pulses of :low-frequency underwater noise (see 'Bowhead
Sounds' below). Breaches, t~ilslaps and flipper slaps may also represent
play behavior and may not alwa~s have a function beyond play.

In other species of larg~ whales, the function of breaching and other
aerial behavior remains unce~tain. Whitehead (1985), in reviewing current
hypotheses about functions of I breaching , noted that breaching is most couunon
in species that have many close-range social interactions. In humpback
whales ,Megaptera novaeangliaei, breaching is more common on winter mating and
calving grounds than onsummet feeding grounds. Whitehead suggested that a
breach might be a display pf 'strength in male humpbacks (directed at
receptive females and/or competing males) and that play might be the main
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% of dives pref::.eded by pre-dive flex 10.1% 24.4% 15.5% [2b, • 4%'i, : I I ' , "
Number of, dives scored for pre";di~e flex 178 ~ '131 277 269

:t, . I I ' I
% of tdi;ves preceded by raised :flukes 46.7% 48.8% 19.5% 15[,3%
N b'! f df I d for raiSed ;flukes 214 " 125 390 ' 14~8uiIl:f 9 ,Ivej score ,I I

~~rin~ ~he! dive, ,the whalea,rches, (makes its back con~ex) and p~ tches
forwarg ,ani:! down. During 51 timed' arches in 1983, the arch Ibegan a: mean of
5.1 2: I$.d.: 8J361 s before the ftnal.';disappearance Jof the whale 'I s bo,dyk :If the

angle, 'Of, th,e Idi'lve is steep, t,he. t~,F ~s ',USUallY:,', ra"ls~d above the" so.,~.Ifafe; if
not, F-he ~ail may remain below ~r Just touch t,he', surface. Da t~1 on the
preserj.ce 9r I, all,sence of raised ,'flukes during dives were tabulfite~ for
1981-~4. iFlukeis were raised o~t :?f the water?n about half of, the 'Ifires in
every ,y~at:, lex(~ePt in ,1983, When, only about ~~e ,fif~h of the d~~e~ were
preceqed· b!y rail,sed flukes (Table 9). We had i informat~on on the presence or
absence of Hotih raised flukes' ana pre-dive flexes for 803 sUda~irIgs in

, '.: i • I
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functidn of ore, ching in calves. Payne (in review) argued tfuat breaching by
southe:~n ri"g~t khales in winter fu~ctions at times, as an aco:ustic d:Ji~al to
mainta'~n c~ndaci: between animals. , :Both authors. reported that tail J~aps and
flipp.e:~ ,s~aPF lare often associa~ed"with bre~chi?g,' and ~oth f~ltl that
breaching liKely has more than ;onl1 t function. How~v~r, b'reacn sound~llmay not
be e's~ec~atl~ shitableas long-dis*ance contact "sigt}~ls; theYi

l

1

are cr;eated at
the su;#ace jnd

r
at a distance, are no stronger than calls. I II I I

BehaVi,'o,:r~ ts~oc~lated with Dive "I'. 'II I
L, II, '! I
S;ever~l secon.ds before some (but not all) dives. bowhead whales make a

pre-di!~e, flex--c~ distinctive conc, a,v'I~e bending of the back, witfu the balbkl about
0.5 t6t 1 ~ Ibe:low the level of the tail and ros trum. Rbs trum r,Mnd tail
usual,l:1, 'U!ft shghtly out of the,,>: w,ate,r during,,?th,f1, flex, ~nd cons,:"ltdfrable
white :watet mayl be created near, "the'se two points.",T,hewhale then st~fightens
its back, and I lii.es momentarily ~tin before arching 'the back I convexly las it
pitchelsfo!rwardl and down. During.25 timed observations in 1983, H,re-dive
flexe's,bcc(urted!a mean of 15.4'.:t,I· s .d. 12.0p s:~e~orethe dive. 'lad rare
occa'sions we Sa\A7 two or even thre~ 'flexes before a 'dive. , !

;: '. I "".;:..,' , " ,'I i

W;e c0l1Jec,t,ed consistent dat'a on occurr~nce" of pre-Clive flJexbs in
1981"'84.' T.Uthiin specific yea~s.;'the proportion' of dives prJceded ti:}i- flexes
ranged, frqm !ab!)ut ,1/10 to 1/4 (Tiable 9). Dives 'preceded Iby 8l f~e~ were
longer; tra,n tho~e not preceded 'by + flex (Table }~for 1981-~4, Man~t~itney
U = 330e, I OlOlkp<0.02). Surfacir"gs with flexes were longer and Ihad more
blows :th~;lll: sJrfkcings without fle)C~s (see Table:'l; p<O.OOl fot both ~I~d.ables
in 191~1~84~.1 l:here was no Sigtlif,~cant:diffe:r:ence:rn the me~n blow in~erval
for suyfaCl.nr jith and withouta~r~-diveflex.' I I 1

Table 19. Percent of dives preceded by a pre~dive .flex or by raised flukes
,i· .irt ptesuillably undisturbEid non';'calves; " ! I
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The number of underwater. blows that we observed varied widely from year
to year. Considering both disturbed and undisturbed periods, the number of
underwater blows seen per year was as follows:

1984
5

1983
347

1982
6

1981
66

1980
158

We observed the whales, that made (or probably made) 43 of the 131
underwater blows seen during presumably undisturbed periods in 1983. Those
43 underwater blows were produced as or just after the whale dove out, of
sight. Of those 43 blows, 114 were produced by whales that were actively
interacting with another whale just before the underwater blow, and 23 blows
(including the 14) were prodticed by whales within five body lengths of one or
more other whales. In at least one case it appeared that the interaction
continued underwater after lthe whales dove. Of the 88 underwater blows
produced by unseen whales in.1983, 23 blows were within five body lengths of
one or more whales at the, surface. The remaining 65 underwater blows
appeared at the surface witlino whales visible nearby.

To quantify the relatiortship between underwater blowing and socializing,
we calculated underwater blow rates by dividing the number of underwater
blows seen by the total whal~-hours of observation, including periods both at

I
the surface and underwater. I (The resulting rates somewhat underestimate the
actual underwater blow rate because underwater blows cannot occur whi Ie
whales are at the surface. We felt that our estimates of whale-hours of

In 1981-84, the mean duration of dives that started with raised flukes
was longer than that for di~es that started with flukes not raised, but the
difference was not statistically significant (Table 1). There was no
significant difference in the durations of surfacings that ended with and
without raised flukes. The mean number of blows per surfacing was, however,
significantly higher for surfacings that ended with flukes raised (t = 5.21,
df = 498, p<O.OOI). In addition, the mean blow interval was significantly
lower for surfacings that ehded with flukes raised (t = 7.79, df = 2006,
p<0.001). I

We have been uncertain row to interpret underwater blows ever since we
first observed them in 1980. I We tentatively classified them as a potential
type of feeding behavior in that first year, because of their similarity to
some bursts of bubbles assodated with feeding in humpback whales (Rain et
al. 1982). We did not see ahy direct evidence' of feeding in connection with
underwater blowing in 1980,; but in that year the incidence of underwater
blows seemed correlated with! the incidence of various feeding behaviors. In
1981, there were again some ~ndications that high numbers of underwater blows
occurred on occasions with mach feeding behavior, but. we again failed to see
any specific feeding behavior associated with any underwater blow. In 1983
we observed a very high num~r of underwater blows, and many of them occurred
near socializing whales. .

I,,,;
1981-84. A flex occurred~4l(r::.~ngji~137 ofi,~t~thesertisurfacings, and flukes were

? '~f'''S~':'e;';!'{':f'~ j,-p'~"':)~(r(,,": -. -:;.JtEr''''-·"Ij:c,·J'';,:i·:~~

raised at the end of 321 oft"'fhe'surfacings".ilcbThese two pre-dive behaviors
occurred together during 84 surfacings, much more frequently than the 55
times expected by chance (chi-square = 31.3, df = 1, p«O.OOI).

I
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ob~~""a~ion while whales werennderwater were too impr.lise to IJ useful,
hO~Tv,er[, ~specially when large nwnbers of whales were ~nder oiose1rvation.)
For; 1982 aI1

l
td 1984, the underwater blow rate was too [low fori uieaningful

ancilisi~, arid for 1980, adeqUate data were not' avai1abl~ often ehough for
re.!iiabl~ ~U<3lmtification. BaS~d... on behavior.... al· ob.'.serv.atioln sessi.,.onJ in 1981

:' : I II'.' . , •. 'II I
an.4[ 1:98f3,. there wa.s. a. positi~e :.correlationbe.twee.n rate of undetwater blows
anq; ra~e of socialinng (for ;1981, Spearman r s .. 0.53,[ n :: 17 Isessions,
0.0~<:P<0·15; for 1983, r s ==0~9~, n == 15, p<O.qop. I I i

, ; ( Thf rorlrelation of underwafer blows with socializing, plus pbs'erv~tions
of 'lu~d~rwrtEI!r blows within ac1ivel y socialiZing groups lin .198~1~ Itnd~cates
th8;~ ,uq,derwctter blows sometime,s were part of t~e reper,toire, of !behaviors

i.n~?lV.eo ~n I social interactio.ns.,.;.Clark (19.83. ). r.. eported frequent,.. !1 u;nderwater
bl~~so~nds in interacting gropps of southern '~ight' whales. One Of us (RP)
ha~ Inot!edl tl1lat forceful under~~ter blows in the~e, right Iwhales, often occur
dUl:;tng lagrreissive social inter~ctions. For hwnpback wh~les in I a;pparently
ag~fess~vT ~lociB:l contexts, l><?Fh forceful und~r~~ter blors and i fUftains of
bU~?les; (proiduced by whalese~llaling underwat~r~hile mOlvi~ forw~rd) have
beer? •repolrt?d (Darling et. al.i 1983; Tyack and Whitehead 1983~11 Baker and
He~an 119~4)1. We do not know;whether the underwater. bl:ows: by ,.. :solci.alizing
bowheads in 1983 were likewise ;ofan aggressivenatu:re, or WhetHerl at times

'I" I I ..' ...• '.... ", ' . I. i'l!
utlder'water M.ows in bowheads have functions unrelated to soc~alizlL,na'.

, i ' '. ., ,. I I·oo!
!Bowhead Sounds I,

, ! I.
;: Th~r1 is now considerable Information about t~e acoushic beha~i~r of the

bO,,!he.adl: W?al!e (Ljungblad et al~ .1980, 1982, 198~, 1984a;1 Clark,lrnd ~olmson
19&4; tllis Sltudy). Most of these efforts have concentrateo on descrlib~ng the
calis, of the bowhead and their ;associatiorls with vari!ous bbservedll b~haviors.
In~~rp,r.fttti~n of tbe hiOlOgir.... a..~ s" ignificance o.f c.alls.. ha~ relie41 h~avil.y on
a 10m:pari~onl between bowhead a~ southern right whale calls • The' ltwo species
sh9~ r~markC3lble similarities' i? their caV r~pertoires, I and morle Iis known
abq?t tpelfu1nctions o~ callso~,the southern right whale ~Clat'k ~98f' 1983).
In dg¢nrr~I,1 the maJority of! bowhead vocalizations are low:11 (f400 Hz)
fr1~u~nfYlmoldulated (FM) calls.: Bowheads also' 'produce a. varieltr iof other
s()iU~ types that are acoustically more complex, sometimes with energy up to
3--4 (kHz t tiut less common than t~e simple FM sounds. ! I

, I: I

': In t~isl section we first "~ummarize the methods used to (i)btafnl, analyze
and, categori.ze our field recordings of bowhead sounds. 'This. is Ifollowed by
descri1ptidnsl of. the different ~ound types and· the contexts» .both I sbcial and
en~ironmeritajl, In which they were heard. "To clarify fkctorsthJt affect
bororhead.: fCO:ustic behavior un~er presumably undisturb+d con4Iid.ons, we
searc,he~ for; associations betw?en these acou~tic data fnd ()th~r Irelevant
co1fJiU?n~. J These associations, are important . for the pr?per interpretation
of :re~\JLlts obtained during potentially disturbe? COnditiOnj. i I
""tbo~s.. . I I I

, All ~OllOd recordings were, obtained via 68 sonobuolys. (AN1!SSQI -57A or
AN~~SQ-·t1B) ~eployed near bowhe4ds in the eastern Beaufort Sea (lZ8° to 140 0 W
1,o~.itu9-e,1 Fjig •. 1) during th~.l; August to 8 September periods inI1l?80-1984.
Most sonobu()ys were dropped 0.5-1. 0 km from bowheadsl thalt we:re under
ob~~rValidn ~rom the aircraft circling at 457-610 m altitude. LJtJr in the
recordi\lg ..issions. whales· ro.JJ.d either be doser or farther I~'ty. The
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hydrophone was deployed tolj~{:t,m~,below the;~surface (occasionally 9 m in 1981)
in water depths ranging from II m to 950 m. In a few cases water depth was
so shallow that the hydrophone was on the bottom. Sonobuoy signals were
recorded with calibrated equiipment aboard the observation aircraft (Greene
1985).
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The procedure for analyzing tape recordings was slightly different in
1980-81 than in 1982-84. For 1980-81, tapes were listened to at normal speed
and a general description of each sound and its time of occurrence were
noted. Sounds judged to be of sufficient intensity were converted into hard
copy spectrograms using a Spectral Dynamics SD 301C real-time analyzer or a
Kay 6019A spectrograph. From each spectrogram, CWC measured the sound's
initial, final, lowest and highest frequencies (+ 10 Hz) and its duration
(+ 0.1 s). From these analyses and ongoing ~alyses of bowhead" calls
recorded during the spring migrations of 1979 and 1980 (Clark and Johnson
1984), eight general categories of sound types were recognized (see Table 11,
below). In later analyses the number of categories was reduced to 'seven,
with any occurrences of the rare double call type pooled with the inflected
call type.

I
1'1",\,

I .. '

Ii
,~

II

All 1982-84 recordings were listened to at normal speed while a
continuous spectrographic output was displayed on a memory oscilloscope.
This spectrographic visualfmage was - obtained by playing the taped analog
signal into the Spectral Dynamics SD301C real-time analyzer, which was
coupled to a Tektronix 5111 memory oscilloscope. By this procedure the
analyst (CWC) could simultaneously hear the sounds and see their
spectrographic image. This procedure greatly facilitated both the detection
of faint signals and the categorization of the sounds as one of the seven
call type categories. In 1982-84 the analyst also judged the relative
intensity of each call, subjectively,. as either loud or filint. Loud ',calls
represented whales near the sonobuoy; these whales were the ones being
observed visually, counted, and sometimes subjected to simulated industrial
disturbance.

In all years, sounds associated with respiration, referred to as blow
sounds, and sounds associatedi with aerial displays (breaching, taU slapping,
flipper slapping), referred 'to as slap sounds, were noted. All call data
were tabulated by the aforementioned seven call types and, in 1982-84, by
relative intensity. All data were also categorized according to presence and
type of potential disturbance. In this section, we present results obtained
under presumably undisturbed conditions. The results obtained during
potentially disturbed conditions are presented in the disturbance section
(Richardson et ale 1985c).

Over all five summers, there were 129.2 h of recordings during 64
different recording sessions on 49 days, considering both presumably
undisturbed and potentially, disturbed conditions. Under the presumably
undisturbed conditions there I were 56.5 h of recordings during 42 different
recording sessions on 34 days. These 56.5 h of data' from presumably
undisturbed conditions are 'the basis of all further discussion in this
section. In some cases, however, we, deal with <56.5 h of data since there
were periods of acoustic recording when either the number of whales in the
observation area and/or their behavior was unknown.
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- r'IGURE 111. Sounds produced by bowhead )whales: (a) normal blow sound; the
first half is the expiration' and the second' half is the inhkliltion; (b)
uRderwat~r blow sound; (c)'" breach slat) sound. with several .• !Iedhoes; (d)
tao i.1:sbp IsOlund with single e.cho; (e-n) exFP.les.,'..•.,Of s~plel FM cal~S. ;1 (0) three
calls 'from a series containing a total of: 26 nearly l.dentical FM d~wnsweeps;

(p-t) eXFples of pulsed tonal calls; and) (u), se,~iesof pulsive Jcr,eams. See
Wtirsig! et all. (1982, p. 117)~for.additional examples. I
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flipper slaps. Apparently ',1 there is considerable variation in the acoustic
level of different breache~l~t)l.fiii)(slaps:-':1frt((Jf1ipperslaps. Breach sounds
were concentrated at 10wer'lfrequencies than w.ere tailslap sounds (Fig. 11c
vs. 11 d; Greene 1984).

Call Types and Their Characteristics

Not including blow arid slap sounds, the majority (86%) of sounds
recorded in 1980-84 were tonkl, frequency-modulated calls lasting 1-2 s. All
of the types of calls previously reported for migrating bowheads (Ljungblad
et al., 1982; Clark and Johnson 1984) were also recorded here. Figure 11
illustrates a variety of the! common, low tonal FM calls as well as the rarer
pulsed tonal and puIs i ve scteam calls. The pulsed tone call was called a
harmonic call in our earlier: reports. Table 11 is a summary of some of the
acous tic characteristics fo'r these call types in 1980-81. Although no
quantitative comparisons wejre made between seasons, visual inspection of
spectrograms and aural judgements indicated that there were no differences
between the general characteristics of sounds in the summers of 1980-84.

Variations in Acoustic Behavior

The high apparent call rates lin 1982 were probably related to a greater range
Iof detectability in deep wat~r. In 1982 most sonobuoys were in deep water

(260m on average); in all: other years most were in shallow water (28 m
average). The calculated call rates per whale-hour consider only the whales
within about 5 km. In 1982 Iwe probably underestimated the number of whales
whose calls were detected, thereby resulting in inflated call rates. In
fact, there was a significant correlation (n = 50, r = 0.31, 0.01<p<0.05)

In 1980-81, calls were hot coded as either loud or faint, and therefore
call rates were computed usihg the total number of sounds heard. In 1982-84
when the loud/faint distinc!tion was made,. call rates were computed using
either the total nu&ber of calls or the total number of loud calls. Because
of the subjective nature of the loud vs.faint distinction, and the fact that
the number of whales within audible range of the sonobuoy was only estimated,
the calculated call rates ar~ only estimates.

2.6

31

0.9

1984

82.0

24

2.8

0.9

1983

91.6

8.3

260

45.3

108.8

1982

29

2.2

114.1

1980-81

Average depth (m)

Whale-h

Loud call rate (calls/wh-h)

Call production &ay be influenced by environmental factors such as water
depth, sea state and percentl ice tover, all of which affect detectability of
calls and may also affect th~ whales' acoustic behavior. Other factors that
may affect rates of vocalization include the density, ages and activities of
the whales, abundance of fo04, etc.

Effects or Environmental Conditions.--Recorded call rates in 1982 were
much higher than in other years:

Total call rate (calls/wh-h)

J
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Acoustic Parareter q> ~ <h1stant InflectErl rouble High Tone Pulsive

Initial fr~ (Hz) 146 ± 62 200 ±S3 230± 24 249 ±A1 ' 210±45 720 ±295 ,. 68 ± 16
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la-est fr~ (Hz) 146 ± 62 200± 53 230 ± 24 156 ± 29 146 ± 50 5~ ± 1W - 1006 ± 387

Highest frequency (Hz) 174 ± 80 133 ± 40 230 ± 24 254 ± 40 256 ± 82 793 ± 182 - 1470± 405

furat:ion (s) 1.5± 0.4 1.3 ±0.4 1.2 ± 0.4 . 1.2 ±0.6 2.1 fO.2 0.7 ± 0.3 1.5 ± 0.4 1.3 ± 0.5

.Sample size 75 26 14 11 9 15 47 51
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bet~een water depth and total! ;call*~.rate wh'i:m all five years were considered.
There were no significant i co~relations between call rates and sea state or
ice conditions.
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Calves Present vs. Abs~nt -- When a calf was present, the presumed
mother was sometimes very near the calf, but at other times they were
separated either horizontally or vertically. We suspected that calls were
involved in the process of r~joining. To compare calls in the presence and
absence of calves, we analyzed the proportions of loud calls that were
complex. There was no signHicant difference (U ::: 81; n = 9 occasions wi th

Feeding .s. Non-feeding"'-- There was no 'significant difference between
the proportions of loud calls i that ~ere complex on occasions wi th and wi thout
skim- or bottom feeding (U =" 33; n = 2 feeding vs. 25 other occasions).
There was a tendency for lo~d tonal call rates to be lower for skim- or
bottom feeding whales as compared with other ~hales (1983-84 data only, 0.58
vs. 0.95 tonal calls/wh-h). i

Socializing vs. Non-soci'alizing -- Types and rates of bowhead calls may
be related to the social context according to preliminary analysis of (a) our
1980-81 summer data, and (b) ispring and fall data from Alaska (Ljungblad et
ale 1983, 1984a). In bothdf these studies, there were several cases when
high proportions of complex calls clearly were associated with high levels of
social activity. These analyses suggested that swimming and resting bowheads
produce mostly low FM tonal calls, whereas bowheads in active social groups
produce a variety of complex sounds. To test this hypothesis, we compared
the proportion of calls that were complex during periods when at least some
of the whales near the sohobuoy were socializing vs. periods when no
socializing was observed. ~e found a higher proportion of complex calls
during periods with socializ!ing,but the difference was not statistically
significant. This was true bpth for all calls in 1980-84 (U= 252,; n = 17
social periods vs. n = 23 non-social periods) and for loud calls in 1982-84
(U = 105; n = 11 vs. 16). IThe lack of a significant association between
socializing and complex calls: is similar to results reported by Ljungblad et
a1. (1984a). Our failure ito observe a significant association between
socializing and complex calls maybe the result of our inability to isolate
the sounds of socializing wl1ales. During periods with socializing, there
were almost always other whales in the area that were not socializing but may
have been vocalizing. In ad'dition, we could not tell whether socializing
continued underwater after ~e observed it occurring at the surface. We
scored a whole recording session as "social" if any socializing was seen;
ho~ever, socializing may not, have lasted for the entire session, further
diluting the sounds of socializing whales with sounds of non-socializers.

Effects of Social and Behavioral Context.--In the following discussion
we compare the call types 'recorded near socializing and non-socializing
whales, feeding and non-feeding whales, whales with and without calves, and

I

situations when most whales w¢re subadults (1983, 1984 Yukon Coast) or adults
(1982 Herschel Island). Thel variable compared was the proportion of, calls
that were complex. Proportions rather than actual rates were used since 1982
rates were extremely high r~gardless of whale activity; this year effect
might mask any possible relationship between social context and acoustic
behavior if call rates were considered. The Mann-Whitney U test was used to
test for the'significance of ~ifferences between call proportions under these
various conditions.
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T1here were proportionately. tw~ce as many inflected Jnd p'llse.d :tone calls

'1 . , I .' , \ I iii· '
i~, ~p~i~g las in summer. TheFe were, Proportionally, only on~";"fbrtieth as
m~r~ righ lcalls and halL as ; many pulsilve. caps in t~~ spring as. ~n the
s.1lF.e~.• I TI'le reSUI.ts concerni~ high andl PUIS. i:re calls Ij1ust be li.lflu,.al1f1ed by
the (~c:msidleration that these' two call 1types' are often ve:ry.difficult to
identiifyl id the spring because' of their s1imilarity to soJesound$ produced by
w~ite whalJ!s (Delphinapterus~'l!eucas), which 'were sometimFS nume~ous near the
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ca.lv¢s vs. 18 without). Altogether, 10Jd tonal call rates ,were h~gher for
p~ri9d$ ktohcalves than for' ;periods wihhout calves but this l~re~ult is a
co,ns~qillen11cel of the fact that ~ of 9 'Wilth~calfl, pe'riod~ were ~,',in: 1982 when
ca~l raty jere excep,tionally high. j:' 'i lr !

I
!,' Subaduilts vs. Adults in 1982 not. only, 'weremosrt observations made

d' I I b ' h ,.!. f I· I " ,. 1 1,1, b ad Iov;ereep Fater ut t e ~aJo:nty 0 an~ma s rrere estllD.ate( te>, e ,u ts
(~ar~e,~eli1.-marked animals, d. Daviset lal. 1983). Thif contr~~ts with the
1~~3 ~ndl 1p84 , data taken in,ishallow water when most ?f the l:animalS were
S1~?a(lu~t~ (I small , poorly-mark~d animals 'I cf. Davis et fil. :In;lpr,epo ). To
c~pare pal!ls in 1982 with19~3-84, the proportions 9f roud cat: lsi that were
cq~ple1t ¥erle examined. Ther~ iwas no signific~R-~ di'fference be9,ween results
frF 1982 and 1983-84 (U =90.f; n = 12 ol~casioll~ in 19821 vs. 151!11n 1983-84).

I ,I I ' ". ; I·· , l~
9Jmpariison !With Acoustic Behavior During ~1igration ,I 1J

, , I I ' · .' I ""·,'1 1'1
I i The types of sounds 're~orded during ~he summers of 198~-84 in the

elsterh Bea'ufort Sea are quali~atively vJry similar to those re~orted duringt* ,'sfr~ngl and fall migrati9ns (LJungbllad e~: ,ale 198p, '198tlt Clark and
J~lm,sop. ~9814). Comparisons can be made, in te~s of Ploportio~'and rates
(<tflllsVh~, I between our summ~r data alljithe ,data from the 11111984 spring
m+~r:at~oaPiast Barrow (Clark' et ale 1985)\., since the two data sel".I~s have been
a~alyz~d similarly. " '. ,. !:I

'I', I : I lili '
.\ Ire relative proportions 9f tonal and complex calls fere verry similar at

t:~~ tw~ tim1es of year; 85% :()f j:;pringtime lcalls. weretonat as co~pared to 83%
iar summJr.j Correspondingly, ,15% of the spn,ngtime calls were complex as
c<?~par~dItO

I
17% in swmner.' li9wever, con!;ideri~ the se~en rec9,gn~zed types

ofi calls, Ithere were differences in thel proportions ofl the dilfferent call
types ~epending on the season: I I I!

_: ~ I I ' , j ' I I,:
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hydrophones. However, this Rroblem did not exist. for either the inflected or
- d.~:.$}.wr'I':.: _',.;''. "'If, / .. -,.i:;, '.)j'~ ._ll}P'/~"~ .'

pulsed tone call types, whfdi.~' were" certainly :'iii.6'te prevalent in the spring
than in the summer. The reason for this seasonal difference is not clear.

Overall, apparent callitlg rates in calls/h were greater in the summer
(115.5 calls/h) than in the spring (49.4 calls/h). However, the importance
of these rate differences is not clear since we do not know the number of
whales nearby during each period of observation in spring, and therefore the
spring rates cannot be standJrdized in terms of calls per whale-hour. Also,
depths at recording sites in ~pring were shallower (20-25 m) than the average
depth in summer (113 m). Spring recording sessions lasted for many days,
including periods when few or no whales were nearby, whereas summer sessions
were for several hours and we,re always near whales.

Ljungblad et ale (1983,! 1984a) report relative proportions of tonal and
complex calls for spring and fall that are quite different from those
reported here (in spring, 5~% complex in 1982 and 41% complex in 1983; in
fall 28% complex in 1982 and '37% complex in 1983). These higher proportions
of complex calls are probably a result of sonobuoys being dropped more often
near socializing groups. The difference is not a result of discrepancies in
procedures for call categdrization since the different analysts have
conferred and agreed on t~is ~ethod.

Associations! of Bowheads with Other Species

During the 5 years of this study, we occasionally observed a few other
animal species near bowheads: glaucous gulls (Larus hyperboreus), arctic
terns (Sterna paradisaea),! phalaropes (probably red-necked phalaropes,
Phalaropus lobat'us), gray whales (Eschrichtius robustus), ringed seals (Phoca
hispida), and white whales (Delphinapterus leucas).

this study, bi~ds were seen near bowheads on at least 30
I

Flocks. of uP! to 50 phalaropes were often present near
bowheads. At times, phalaropes appeared to follow the whales,

I
alighting on water disturbed iby the whales. The birds probably fed on some
of the same plankton species ithat the bowheads were eating. MacIver (1984)
reported red-necked phalaropes associating with feeding humpback whales.
Whalers often used the presenbe of phalaropes to indicate presence of 'whale
feed' and, therefore, where: whales were likely to be found (Bocks toce in
press). Glaucous gulls and arctic terns were also seen circling and passing
over skim-feeding bowheads on a few occasions, presumably foraging on the
plankton brought to the surf,ace or perhaps bowhead feces. The number of
gulls and terns in anyone !incident ranged from 1 to 8. In Baffin Bay,
northern fulmars (Fulmarus glacialis) have been seen feeding on bowhead feces
(C.R. Evans, LGL, pers. comm.).

White whales were obserJed in the same general area as bowheads on at
least 15 occasions in 1980-84. The closest approach seen was on 17 August
1983 when two white whales w~re 45 m from a bowhead and oriented toward it.
On 22 August 1983 we observed ,a white whale within 100 m of.a bowhead whale.
In neither case did we see any obvious interaction between the two species.
The sounds made by white wha1les underwater are at higher frequencies than
most bowhead sounds, but are :often intense (e.g., Ford 1977; Wood and Evans
1980). It is likely, therefore, that bowhead whales and white whales knew of
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,i ,
each other 'Is presence on several occasions, but we do not know What effects
'hl

: • : I d h h d 'h h t I Ite1r soun 13 may· ave a' on eac ot ere I I'
i;' • I I I
I! Ringed seals were seen near bowhead~ on at least five occ~s~ons, once

w:ii~hi.n: 15 m (24 Aug 1981) •. No obvious interactions were noted. IIHo~ever, the
seals mat have been feeding on: some of the same' organismk as the whales, or
odioth~rlor~anisms (e.g., fish~ that wer~ feeding on the 1same s~cies as the
bd~heads. I Lowry et ale :(1978) found 'large zooplankton--EmphiaU:siids and

II 'I I I'll ,
amphti.pods--ii.n the stomachs of ,both ringed seals and bowtiead whcillies that had
b~.en: t~kJn Ji.n Alaskan waters.' Ii.'I: .

i .'. I I . '" 'i',I) . 'I
i I Lone g,ray whales were, see'n in the general vicinity of bow'l'reads on two

o~~a~i.~>nJ. I On 29 August 1980,!a gray whale ~asse~en very brie:fl~, a~ 70°42 'N,
12~058IW;! it was about 800 pl' ftom a bowhead whale~ On 18 AUgustli~9~2, a gray
w~~le :wa!s Iseen with muddy' w~ter streaming from, its Ill?uth, ~Ficative of
b>q~t~m ~eecUng. The whale ',was at 69°37'N, ,'P8°30'WI in an!:area with
approxlmatel:Ly six bowheads~ norie of which appeared to be bottom feeding. The
g~~y; ~halle I waS about 500. in ". Ifrom the clo.sest· bowhead ,I and ~~ere was no
a~~a:reptIinteraction betwee~ t~em. Rugh, andFra~er (1981) revi,:crwed earlier
sfghthlgS of gray whales in the Canadian Beaufort Sea. I I~

.! DIScussIoN: ,i

,! Year-to·Year Vadations infBehavioi of Bowheads ,I

. ,I, .' I i,

,! .ot the year-to-year varia'tions in behavior that we lobserve~ during the
ff~ye, y~ats of this study, one (Of the mor~'dr:amatic has been thel~c.onsiderable
differences in the locations where we encountered bowhe~d whal~s each year
(Richa~d~on et ale 1985~). . Ip 1980, ma~y b~whe~ds ,camel close I:~o 1 soore off
t~eMapkEfnzlie Delta and Tuktoycr-ktuk Penin~ula.fr:om 19801 to. 198~1 tpere was a
p~?g,re~sivel increase in the dlPth. of wat,er in~lich bowlileads w~lfe! observed.
I~: 19~3 lan~ 1984 we again fo~nd bowhea~s i~ve,ry sha]low wa~rr; close to
sn9r:e 1O, but I in. a different part of the ~tudy al"ea. In 1198~, a;¥ t 1984, the
n~ar:shprJ wrales were along th~ Yukon coalst iil a. region from whil~h' they were
all'rent! iA 1~980 and 1981, west' Jf the arealwherethey werel so com1on in 1980.

: AhoJher difference betweeh 1983-84 1nd '1980 was the age clLpOsition of
" .' I I . ·1,1 ' . ...... ' . I 'II! '

n~~lishprtr WI ales. In 1980the~e whales ipcluded.calves ard moth~fs: andot~er

Pl~s:um[ably Imature whales, as ,ipdicated by;.large~write chtn patc~~s: and wh1te
a17a:s !o~ t·he tailstock and, flukes. ~n 1983,', motherf with 1!I,calVes were
e~CQunltefedl only in deep ':iatETr >100 kmJ north of the immature;! I~oup (this
s~~d,y)! apd Iin offshore areas ~uch fartheF eas~ (McLaren lan~ D~Yi~ 1985j J.
C:~?qag~ peI;s. comm.). In 'J9~r' calves!'1ere sfghted near soorETli d~ring only
o.~e. fl~g.?t'l Most whales ne,ar ~.hore in 19~3 and·.19,8.4 werelsub.aldu~ts:, based on
lengthl measurements and the rarity of whHe markings on the tail ~!Because of
age-;cU1S~ sJegregation andbec~use we rarely flew, far offshore II lin 1983 and
198.4, put c'alf sighting rate wa.ls lower in~I.. 983-84.· ',than inI1980-82..:i. Crable 3).

f I I v··· '. . ., I~,·.I. '
I: I :. . . -1 .- _ . _ _ I 1, i I

!Fleeding is presumed to be, the predominant' activity of bot-meads' summering
in: the' Bkaulfort Sea. Observed· frequeQcie~'of various typ~s of f~bd:ing varied
ft~~ ~edr Ito year; 'in 1980 ~e' saw i~ica,tiohs o~ ~ohom f~~d~ng, skim
f1~din~, I a~ld water--column fe:?ing; in 1981' ~es~w sk1Drfee4in~! ~nd water
eqlumni f~e4ing; and in 198? w,e presumed~·that most whalers werellwater--column
feeding but· had little direct· evidence for this aside trom obs'ervations of

, , . I I '. . : ~ ... ,. I. "
lcmg dives. Feeding activ:lty fn 1983 was~ probably most l~ke thaf in 1980, as

I '
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There was considerable J,ariation in the number of underwater blows, with
by far the highest number in: 1983. In 1981 and 1983, there was a positive
correlation between rates of: underwater blowing and of socializing , and in
1983 we observed many underwa~er blows near actively socializing whales.

We saw variable amounts ,of social behavior over the years, with the rate
of socializing lowest in 19~2, when whales were in the deepest water, and
highest in 1981 (Table 4). In all years the rate of socializing was lower in,
late August and early September than in early August. We presume that this
seasonal decrease is part of! a longer term seasonal decline in frequency of

I

socializing from spring migration, when mating and boisterous interactions
I

appear to occur (cf. Rugh and Cubbage 1980), to fall migration, when there is
little social behavior.

I~

'I'
I
'I'
I,

the feeding behavior
feeding. In contrast
1983 was by whales in
feeding was observed;
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obse,r;(~i~:t:"~i;~r shoi~'~\o>:~~iii'1'bot t~m feed.ing and ski~
to 198E>"aIid '1981, none of" the sk1m-feed1ng observed 1n
eche10rl formation. In 1984, bottom feeding but no skim
water do1umn feeding probably also occurred.

I
I,

\;~

.Ir

I
I>

The rate of aerial activ,ity has not varied very much from year to year.
It is interesting that the raite of aerial activity should have been so stab 1e
over five years when so many" other activities ,have varied to a much greater
extent.

The types of sounds reco~ded underwater in the presence 'of bowheads have
been the same in all five yeat-s of this study. Measured call rates, however,
varied considerably among years. There were indications that changes in
depth of water and social context were related to the variations in apparent
call rates. For example, ih 1982, when there was a six"';'fo1d increase in
average water depth during recording sessions compared to 1980-81, total
number of calls recorded wa~ much higher. Calls from whales far away are
more likely to be detected in deep than in shallow water. In 1982, the
majority of the calls were ;low, frequency-modulated calls and the rate of
socializing was less than in 1980-81. Associated with this drop in
socializing was a decrease i~ the proportion of complex harmonic or pu1sive
sounds from 56% in 1980..;81 to; 10% in 1982. In 1983, this value increased to
15%, concurrent with an incre,ase in socializing. Complex pu1sive sounds are
believed to be associated with socializing in southern right whales as well
as bowheads (Clark 1982, 1983L

We wondered whether thete might be some cyclicity to the year-to-year
changes in behav ior of bowhe~d whales. In the southern right whale, mos t
mature females bear calves e~ery third year and are absent from the calving
grounds in Argentina· during the two years between calves (except for a brief
stay early in the winter by! some females the year after giving birth to a
ca1f--Taber and Thomas 1982).: There is, therefore, a different population of
mature females on the calving: grounds each year for three years, after which
the pattern is repeated. It lis, possible that the breeding cycle in bowhead
whales is similar to that of southern right whales (Daviset al. 1983; Nerini
et a1. 1984), butt after fivel years of studYt we have no consistent evidence
that the considerab,le year-to~year variation in behavior of' bowheads forms a
repeating pattern.
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J . "Year-to-Year Variations in Behav10r of Other ~etaceans

, ~ " I Iii,
; I~ our study, two of the main attributes that varied from .year to year

were (a) Ib0iwhead distribution within thet eas.tern Beaufo~t Sea, I~r~d '<b) the
frequency; and type of feeding. Both m1ght reflect chang~s 1£1 prey
di,stri~udioil, abundance, or sP~cies comp~sition. , We do Inot ha~~ sufficient
da,ia, o'n, thEI~ prey of these bo~eads to test such a relrtionsh~p. Stomach
cotiten~s ofl bowheads from the ,eastern (i~e. Canfldian) Beaufort I?,ea have not
been collected, and factors affecting zooplankton dynamids in that' area have
not 1>e~n IsdLldied in any detail. There are indications, h6weV'er, rithat some of
the va~ifbillity in bowhead' di~tribution is related to v:ariabil~:ty in water
mass charac,~teristics, which a're presumed to reflect dif ferences in prey
av:ailabi~itt (Borstad 1984; LGt., ESL and f ESSA 1984). Irl additWn, the most
i~,pres~,iv1e case of near-surfac,~ skim feeding that we obsrrved (11,;8 Aug 1981)
W~,il;l at a Ilocation where copepod abuntlance in near-surfacel!l: waters was
unu,sua,llVI hiigh (Griffi ths and Buchanan 1982). ,I 1

1

;, • JI I . I I. III' .
1 S~udies of other baleen whales prov1de quite direct eV1dence:for changes

i11! geogr~phlic distribution in" response t~ changes in tHeir prdXo Humpback
whales' ate la good example of this becau~ethey,feed on I differ~ht kinds of
pr;"e,y, in Idijffer"ent areas and they h,ave, ,',been st,udied intensive~,"1 in r"ecent
y~ars. Onl Stellwagen Bank hear CapetCod~ where .sa.~d la,nc~: (Ammodytes
8lmeric~nUs)lwere present in large concentrations, ind1v1dual humpback whales
re,'"t,u:rne"d1in consecutive years, ('Mayo 1982,!1983). Their m?vement~:i:",Within, each
summer were quite predictable even to the extent of whicn points ion the bank
(~eparatJd I y only 25 km) 'theY. occupied feady and late I in , the Itseason. In
C,ontralstl humpback whales that feed farther north near Newfoundil.and utilize
ma+nlycap~~lin (Mallotus villosus). Sighting rates f9r hump~:~cks in one
s~al1nekrs:hore area roughly 'quadrupled! over ,three yea,rs, wh~~e humpbacks
disappeatedl from a second area farther offshore (Whitehfad ,1l98.p. Cape:in
scocks9ffshore collapsed· at, the same,'! time~hat hum~backs :?,pd' Spawn1ng
schools of bapelin became plentiful inshore. Whitehead concluded'i that summer
dl~strj.but!iOr of humpbacks ch~nged in direct response I to th~11 failure of
offshore Icapelin stocks. Similarly, Bryaptet ale (1981) found ~yidence that
the dllsappiearance of humpbacks from Glacier Bay, Alaska, in 1980 was
attr,ibutJbl)e to a low krill population :in that year. Thus, wh~n the prey
species Irel~ained in the sam~ place in high' abundande, humpback whales
return~d eJch year to the same area. Wh;n the prey movJd dramaFicallY, the

w~~les, allsol movedoJ. I Iii
, The aji>ove examples are, from humpback whales th,t slJm~~r. and. feed

nearshore, but the same kinds of conclusions have been dralm from stud~es of
whales! f~ed'ing farther from shore, in open ocean areas in the A!b.tarctic and

" • I I ; ,I "Ii I

i,n thE~i Nerth Pacific. , Data obtained from the I Di,scovery 'I expeditions showed
• 'I' I j'li

that chapgjing distributionl:\ of rorquals 1£1 the Antarctic
1

Ocean H~ere relat~

t"o, t.'he,_ v1adable distribution of their p,rincipa"l prey, the "kri,U , Euphaus1a
superb~ . (MlfCkintosh 1965) ° Mauchline and Fisher (1969) de1DO~trated that
major ~oncelOtrations of krill in the Antarctic may occur in dif f,erent places

.' ,I I I", IIIin different years, appearing unpredictab ly in any given year at new
lo6ationJ often hundreds of kiiometres away from the conc~ntration centers of

, • 1 .'~, i jll' '
a pre~iops year. MeteorologiC?al factors., specifically Ithetr~rks of major
storms, may be partly responsible for thetvariable distribution of krill and,
hJnce, whales (Beklemishev1960). ~ I r
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In rorquals feeding in.Jhe open jNorth Pac,tf~c ocean, there is great
year-to-year variability :.:1\ i:$i~?~j:>:f6bd .avallabi:I:l'pty, whale diet, whale
distribution, and time of ocdilrrence on the feeding grounds (Nemoto 1959).
Over 6 years, the principal prey of firiwhales alternated each year between. "euphausil.ds and Calanus copepods. Pilankton tows demons tr ated that this
reflected alternating abundanice of th~se prey items in the area (Nemoto
1957). Nemoto also noted that blue whales do not migrate to an area
southeast of the Kamchatka Peninsula when euphausiids are not abundant.
However, when euphausiids are; abundant, blue whales arrive there early in
summer. The entire migration 'route of '[blUe whales in the North Pacific may
be determined by annual fluctttations in the distribution of the main centers
of euphausiid concentration (Nemoto 195r. ..

It is not surprising that annual changes in prey distribution can cause
changes in whale distribution.' Baleen Jhales apparently cannot obtain enough
food by feeding in areas of average prey abundance; they must feed

I

selectively in areas of concentrated prey (Nemoto 1970; Brodie et al. 1978;
Brodie 1981; Griffiths and Buchanan 1982). Year-to-year or other variations
in the types and vertical distribution of prey could presumably affect the
relative frequencies of surfac~, water-column, and near-bottom feeding.

Changes in prey availabilrity probably affect other aspects of behavior,
such as social and aerial behavior. Gray whales on the north side of the
Alaska Peninsula in spring apparently feed on both inbenthic and epibenthic
prey (Gill and Hall 1983). i,While feeding on the bottom, gray whales are
usually solitary, but while feeding on patchily distributed prey in the water
column, they tend to aggregate. This aggregation gives a greater chance for
social interaction's (BW, pers. observ.). As well, low-intensity aerial
behavior, consisting of flippers and fluke tips raised above the water
surface, often occurs while gray whales feed on epibenthic prey in shallow
water, but does not occur durirtg bottom feeding. This variation in behaviors
exists on a regional basis and a day to day temporal basis,and probably is
related to different relative' abundances of food types. Humpback whales in
the Frederick Sound area of southeast Alaska also feed near the surface and
below it, and the relative f:requencies of different feeding modes change
between years (C.S. Baker, Uni". Hawaii, pers. comm.). Surface feeding
involves lunges through the prby , often resulting in half-breaches and other
forms of aerial activity. Feeding in the water column involves little
surface activity. Surface lunge feeding often occurs in concert with other
whales; non-surface feeding is :more often solitary (Jurasz and Jurasz 1979).

Given the above, we suspect that the observed annual variation in
bowhead behavior is also in large part a reflection of varying horizontal and
vertical distribution of their1prey. For example, we saw little socializing
in 1982, when bowheads appeared to feed mainly in the water column, and more
social activity while many whales fed close to the surface near shore.· To
understand for any given year: where bowheads are likely to concentrate and
how they are likely to feed'i it will be necessary to understand factors
affecting prey distribution. It is not known to what extent the distribution
of the prey of bowheads in the eastern Beaufort Sea is affected by factors
like (l) timing and amount of: spring run off from the Macke!nzie River, (2)
distribution of ice during spring and summer, (3) wind patterns and paths of
major storms, and (4) the v.ilriable distribution of the plume of turbid
brackish water from the Macken1zie River. Any or all of these interre1ated
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fa~tors cou.ld affect prey di~tribntion ,.:ornl therefore the disJliibntion and
be'!?-aviar 10fibowheads (Borstad 1984; LGL Ltd. in prep.). i I!:

i A further uncertainty is the degree fto which the present We'~tern Arctic
, I I I I~ I

bowhead stofk is food-limited •. Th~ total~size of this st?ck is ~fearly lower
t~~n ~efprE~ commercial explo1tat~on, so the present ~ tock m~~ht not be
foqd-limilte!:i. If so, details of summer d!stribution of bowheads I~~~ght not be
p~~dic~a~lel even with a detailed und,erstanding of Iprey ~fsfribution.
KO,wever, Ithl~ number of bowheads now summe!,ing in the eastfrn Bea~fort Sea may
be i a high iproportion of the number that summered there befor,~ commercial

" 'I I· . I '1'
exploitation (Fraker 1983). Also, populations of potential food, Icompetitors
(~.g., ' atctlic cod, Boreogadussaida; Lowry and Frost 19~1; Fro:~lt.and Lowry
1984) lnay l'lave increased since the beginning of commer9ial wh~ing. Thus,
bdwhea~s I sllnnmering in the eastern Beaufort Sea may Ibe foo~;-limited at
pties~n~. A~SO, the import~nt ;limitation is probably not the to~/U ~ount of
f~od available. Bowheads appa~ently must concentrate their feedq.ng 10 areas
with derise I patches of zooplankton (Brodie 1981; Griffiths ~~nd Buchanan
19~2). ff patch locations vary, as is l1-k~ly, then bow~ead d.i~:lhibution is
also llikely to vary. Thus, an unders ta.nd~ng of prey v:aria)nhty would be
espe'cHll\y I important in u*derstanding the vadab~e act~~ities, and
di~ tr ibUt!°rS of bowhead whales. t , i II

, CO]IDparisons with Bowhead Whales in the Alaskan BeaufortilSea

~
'.'. . . I ' Ii!

'i During both spring and fall migration into and out af the Beaufort Sea,

bO.. Whead.' Jrhal es, engage in all of., the majorl behav.iors observ

l

l
ed a,n F.~.lt:l,e. summering

~ounds, Ib~t with d~fferent re~ative frequencies • Thus , ~hi1e ~tavelling is
thepr~dam~bant act~vity during migration~ socializing ana,mating: also occur,
more dftkn Iin spring than in summer or fall. Feeding has been': reported in
fall, ~na (rarely) in spring, as well asJsummer. Aeria] activi';ty occurs in
s~tingl' ~un'lmer and fall, andyoung-of-t~e-year are clo~ely a~#pciat~ with
their lnothelrs, probably nursing, in all ,three seasons. I We W~]~ rev~ew the
e~~den¢eIforr each of these ,typ~s of actiV?ty in turn.,i Ii;

D~ring, spring migration, bowhead whales appear to do little feeding
beforE!' the)!, reach theCan:adian Beaufort Sea. Bowheads take~:in Alaskan
w~ter~l! iin !spring usually have, nearly empty stomachs (ske Marci4ette et ale
1982 ~or rJ~view). Some, however, do contain food (e.gl, Haza'f;d'and Lowry

1984)~wIleads seen off northern Alaska ;.".0 September as II well JOctober are
o~teo i dJsckibed as migrating, but it fiS clear that I many ~re feeding,
loiter1ing, Iand eXhibiting beq.avior very, similar to t~at in IFhe Canadian
Beaufo~tlSela in sununer. Bowhe~ds may loiter for considefable PTlriods in the
ea~ter(n pOIition of the Alaskan Beaufort ~ea during late ~ugust ~rrough early
Ge,'. t,Obe!r,,/ a~ld considerable feed, ing occur~... at thes.e times betwe.. ~,.'in: Kaktovik,
AJ,.~skai' a11'l1 the Alaska-Yu~on border (LJ,ungbladet ale 11980, 1~983, 1984a;
l..q~y land ~urns 1980; Ljungbla~ 1981; Lowry and Frost ~~84). ~!?whead~ seen
in th;J;s larl~a in late Augu~t· ~nd Se.ptemb~r typically d~~e repe'i~edly 10 t~e
s~e l!ocrtilons, and, do not begin. to travel rapidly westfard ~Fil later ~n
September a,r e'arly October when freeze-up accelerates. Nine boWheads killed
artd e~am!I.nE:~d near K-:-ktovik in' autumn hail been feeding Irecently.~, mainly on
copepo~.s I or euphaus~ids (Lowry and,' Fros t 1984). The easternlLpa.rt of the
Alaskan Bea,infort apparently is a part of ~he main s-.r ifeeding,: range.
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Later in autumn, bowheads,,' tend to travel. mod~ consistently and rapidly
;~~}$:~;~~:"::f, :" "~·~:,'ft;,..~'~ri1r.,..

toward the west. However, feeding has also been reported just east of Point
Barrow during several autumns!, and also off the Soviet coast (e.g., Braham
and Krogman 1977; Braham et ali. 1977; Lowry et a1. 1978; Johnson et a1. 1981;
Marquette et a1. i982). Th~ rate and consistency of feeding during fall
migration probably are lower; than in summer, but quantitative data are
lacking.

The primary mating perio~ of bowhead whales is in early spring and
includes the spring migratibn (Everitt and Krogman 1979; Carroll and
Smithhis1er 1980; Johnson et ale 1981; Ljungblad 1981). Everitt and Krogman
(1979) described a particularly active mating group of six whales seen on 8
May 1976 near Point Barrow, Alaska. We saw some evidence for mating in the
Canadian Beaufort Sea in AugJst of both 1980 and 1981, but not in later
years. Even the active roll~ng at the surface that we observed in 1981,
however, was not as boisterou~ly active as the large mating group described
by Everitt and Krogman. Mating. probably is more common during spring
migration than during summer i~ the Beaufort Sea. Non-mating social activity
also appears to be more common during the spring migration, but quantitative,

data for spring are lacking. there isa waning of social activity during the
summer, and by late fall it does not occur often (Ljungblad et ale 1984a,b).

I

Aerial activity similar to what we observed in the eastern Beaufort
Sea--breaches, tail slaps, f~ipper slaps, spy hops and rolls--has been
observed in bowheads during spring migration (Carroll and Smithhisler 1980;
Rugh and Cubbage 1980). Rughi and Cubbage recorded breaches by 23% of 280
bowheads observed in 1978 fro~ Cape Lisburne, Alaska, a rate far above what
we observed, but also higher than the reports from other spring observation
sites (Pt. Barrow and Pt. Hope, Alaska). Although quantitative comparisons

Iare not possible among the various observation sites, our impression is that
I . "

aerial behavior is more frequent during spring migration than on the summer
feeding grounds. This is corlsistent with the fact that Rugh and Cubbage
(1980) observed the rate of breaching to decline through the spring season.
Aerial activity in fall appea~s to occur at about the same frequency as in
summer (B. Wtlrsig, pers. obs.)~

Travelling is clearly more: pronounced in spring and late autumn than in
"

summer but bowheads sometimes move long distances within the July-early
September period. Carroll and Smithhisler (1980) estimated that 95% of the
time that bowheads were observ¢d migrating past Point Barrow and Point Hope
in the spring, from 1975 through 1978,animals 'exhibited the normally
expected migratory surfacing patterns', I.e. were travelling. . Similarly,
Davis and Koski (1980) and Koski and Davis (1980) found that eastern arctic
bowheads migrating along the I, coast of Baffin Island in fall travelled
consistently to the southeast ~ Ljungblad et a1. (1984a) have found that,
after a certain year-specific ~ate in late September, most bowheads seen in
the Alaskan Beaufort Sea are! travelling strongly westward, whereas before
that date most are feeding artd loitering. We have no estimate for the
percent of time that bowheads summering in the eastern Beaufort Sea were

I '.'
actively travelling; it was low but not zero. Although direct observations
of rapid travel during summer !were infrequent, changes in distribution from
week to week and month to mont~ provided proof that large numbers of whales
often travel long distances wit:hin the eastern Beaufort Sea and Amundsen Gulf
during summer (Renaud and Davi~ 1981; Davis et a1. 1982; Richardson et ale

I
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During summer, durations of dives by undisturbed non-calf bowheads
varied more from year to year than did the aforementioned variables. The
overall mean dive duration fbr 1980-84 was 4.4 + s.d. 6.32 min (n = 333,
range = 0.03 to 31.0 min).' Braham et a1. (1979) reported that dives of
whales migrating past Cape Lisburne, Alaska, in spring ranged from 1.7 to 28
min, but those authors did nat give a mean. Carroll and Smithhisler (1980)
found long dives, 15.6 + s.d.!5.0 min (n = 63), during spring migration; and
Koski and Davis (1980)-found somewhat shorter dives of duration 8.65 + s.d.
2.73 min (n = 88) during autiumn migration in the eastern arctic. Both of
these mean dive times for mig'rating bowheads exceed our overall 1980-84 mean
for summering whales. However, our results from the summer of 1982 (12.08 +
s.d. 9.15 min, n = 51) are mote similar, to observations during migration.

i

I·

I
:J,-"
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'I'

,r~ ,·1 ,~~1~it;~\o1' ,:.t4,:\.·:,,\:~i~?
arctic by Koski and Davis '(1980):1.69 + 1.01
our data, t = 4.03, df = 806,lp(0.001.
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= 93; in comparison with
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On 6-30 September 1983, behavior of bowheads was studied in the Alaskan
Beaufort Sea, between Prudhoe: Bay and the Alaska-Yukon border (Ljungblad et
ale 1984b). These data were: gathered from a circling Twin Otter aircraft;
techniques were similar to thqse during our study. Blow intervals, nwnber of
blows per surfacing, duratipn of surfacing and duration of dives for
non-calves all averaged somewhat higher in the Alaskan study than in our
five-year study. However, there was cil great deal of overlap, and for each

, I
variable, some of our annual tj1eans were highe,r than the mean value in Alaska
in 1983. In the autumn of 1983, Ljungblad et ale (1984 b) found more
travelling and less socializ'ing than We found one month earlier in the
Canadian Beaufort Sea. They! found no skim- or bottom feeding in Alaskan
waters in 1983, although both 'have been observed there in other autumns.

Calls recorded in spring and fall were similar to those recorded in
summer but occurred in differ~nt proportions. The most common call types in
all seasons were tonal FM sounds. The proportions of complex calls were
greater in summer than in spring recordings from ice camps (Clark et a1.
1985, Clark pers. obs.) but! less than in spri ng or fall recordi ngs via
sonoOOoys dropped from aircraft (Ljungblad et ale 1983, 1984a). This
difference resulted from the different sampling methods, perhaps including a

!tendency to drop sonobuoys n~ar interacting groups of whales during spring
and fall. The higher proportion of complex calls in spring relative to fall
(Ljungblad et ale 1984a) appears to reflect the greater amount of social
activity in spring.

Bowhead whales on their s~mmering grounds, including the eastern part of
the Alaskan Beaufort Sea up to mid or late September, appear to have the same
basic repertoire of behaviors, as do migrating bowheads. However, summering
and migrating bowheads diff~r in the relative amounts of time spent in
different activities--feeding, socializing, breaching and other aerial
behavior, and travelling. At: least some of the differences appear to occur
as a continuum between seasons rather than an abrupt change. Travelling is
the predominant activity during spring and fall migrations, while feeding is
the predominant activity during summer. The average length of stay in any
one area is therefore longer in summer, but considerable travelling occurs in
summer and some feeding oc~urs during migration, especially in fall.
Although quantitative compa~isons of surfacing, respiration, dive and
acoustic characteristics are not always' possible and need to be treated with
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! Iii
c~utiotl, there appear to be so~e significant quantitativeldif£er~ncesbetween
the seasons, but few qualitative differences. ,I:

,
Comparisons with Other Bal~en Whales I I,'

" BOfhEfad whales spend their entire lives in a~ctic andl neaI'-a~ct1c. waters,
apparelltly never moving far from the ice edge. This tiabit separates them
from allli other baleen whales, ,which may move~nto temp~rate ot subtropical
w~ters' (~eel, for example, reviEfw by Lockyer and Brown 198p. Th~s may be the
r~~son tpat. parturition oc~urs mainly in spring in bowreads, (~t in early
wint:er for lather species (Nerini et ale 1984). But behavior 1s ;iil large part
determiin+d I by feeding mode and related ec()logical I factor~~, . and here
simi lairi ties between bowhead whales and several other specI ies ar~.. I., evident.

. . I I . . '11
: Gr~y, bowhead, and right whales are often found in sh~llow w~Fer, and all

O.f;. theF.. elspi.ecies feed on sma.ll.invertebrates. Wh.... He grayl whaleslllu.,suall}" feed
near the oottom (e.g., Bogos19vskaya et ale 1981; Nerin! 1984)~, both right
aq.d b~whead:. whales may skim t1;leir food at or near the ~urface h~Watkins 'and
SCheViU11976, 1979; Payne in review, for right whales; Wiirsi!g et al. in
Pt'essfor !oowheads). But all three species are also a'daptabll~ in feeding
~h.~v:f.or!. I Gray whales Wi.ll ;feed onm.YS.1dS. associ.atedl with ~.:T.lP (Darling
1977) fo:r example, and apparE\!ntly feed on Pleuroncodes spo ~i~ the water
c:o,~umn (Norris et ale 1983).: Right whales. also feed I below I,~he su:rface,
Pl?Qab~yIstiraining swarms, of Fopepodsand other small 1!nverte~fates In the
wa~er !cotum:n (Pivorunas 1979; ~ayne in review). While itlhas lo~~been known
that bowheilld whales feed at the surface and in the water column (Scoresby
U~20) D ilt Iwas recently estab:lished from st.omach· conteht anaiY.!',ses (Durham

,7 . I 98 I 9 '4) I \ I
1.~.. '.. 2; LowrYI and Burns 1 0; .Haz... ard and Lowry 1 8 ,and from our,IIPbservations
of bO~helad whales, surfacing ~ith muddy water ~treamingl from ~i~eir mouths,
t~at bowheillds. sometimes feed ~ear or at the bottom. If is n<?it surprising
t~at we !fo+nd many similarities in the behavior of these spect,;es. Bowhead
aq..d. rirght w!hal.e.s. ' in. particula,r, are morphologically and I tajConO!lii.hl'. cally quite
similair, I and appear to obtain their food in very much the same ways. In
f~Ft, IRice 1(977) ,mainly relicing on a detailed compari~onof #~rphOlogy of
bowhead knd\ right whales, suggested that the two species be put in the same
geyus, Bba!ena. . . I. Ii! ,

': The 6lJ!eker rorquals (Balaenopterid whales) generall,y gather their food
EIl?~e act~ve:lY by lunging throu:gh concentrations of prey, land atl~least in the
ca~~ o~ humpback whales, have developed complicated behaviloral strategies for
c~rafinin~ Jmd concentrat1ngt~eir prey (Juraszand JuraJz 1979~r Hain et a1.
19~2). Inlgeneral, the behavi()r of bowhead whales is morF simil~r to that of
gray and ri1ght whales than it is to the behav~or, of rorquals. I"

':'Gr!ay wlilales spend part of the winter in warm water,1 neal' ~,ihe shores of
naJa €aIifc)rnia, and most of the summer feed in the northern Bering and
S?~t.he:.rnlCh:ukChi seas. west.ern Arctic bowh.eads. m.a.kemuch! shorte~.':.r mi. grations,
spending th\eir winters in the' pack ice of the Bering Se1a and their summers
predomnant1ly in the Beaufort .Sea. The two species thu~ use tH¢ Bering Sea
at diff~reht seasons--gray whales to feed in summer land b~~h~ad whales
a~p~re:ntly Ito mate and calve. in winter. HowE!ver, thEf summeti and autumn
hab.,H8i.tsl oVlerla.p in part. Both gray and bowhead wha.les feed inl~.,.lthe. southern
Chukchli Sea in autumn, and tn the 19th century bowheads a,s well as gray
whales occJlrred there in summer (Townsend 1935)~ DahlheiriJ. et all: 1980). We
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have seen single gray whale~Jc-,in the Canadian .~ea,ufort Sea during four of our
five years of bowhead whaleTi~g:l:'k~, bUt this repres~:hts the outer fringe of the
gray whale's summer range (Ro.gh and Fraker 1981). '

1

I

Like bowhead whales summering in the Beaufort Sea, gray whales summering
in the Bering Sea spend most: of their time feeding. However, both bowheads
and gray whales (Sauer 1963

1
; Fay 1963) occasionally socialize during the

summer. The blow rate of g~ay whales feeding near St. Lawrence Island in
July 1982 was similar to th!at of non-calf bowhead whales in 1980-84 (gray
whale mean = 0.93 .:!:. s.d. 0.22!9 blows/min, n = 67 whales; bowhead whale mean =
1.10 .:!:. s.d. 0.873 blows/min, in = 156 blow rates; gray whale data from Wursig
et a1. 1984b). The basic pattern of diVing for several minutes and then
surfacing, generally for 2-io respirations, is also similar for the two
species on their summer feedirg grounds.

IRight whales, like bowhead whales, often appear to feed in the water
column and to stay in the s~e general area for days. Right whales, like
bowheads, also skim feed at ithe surface (Watkins and Schevill 1976, 1979),
and they at timesaggregatl:! into echelons while skim feeding (Payne in
review). In right whales, these echelons usually consist of only 3 to 6
whales, while we saw up to 14 bowhead whales skim feeding in echelon.
However, Payne's observations of right Whales have been obtained during the
late winter and early spring, which is not the period of maximum feeding
intensity for right whales. Bowhead and right whales have both been observed
making the same kinds of 9udges and pushes during socializing, but the
winter-spring social activity of right whales is much more boisterous than

I

the summer social activity qf bowheads. Observations of bowhead whales in
spring indicate that their so~ial-sexual activity at that season can be every
bit as boisterous as is seed in mating groups of right whales (Everitt and
Krogman 1979; Carroll and Smithhisler 1980; Rugh and Cubbage 1980; Johnson et
al. 1981; Ljungblad 1981).: The belly-up positi~n of a female bowhead
photographed in spring in the Alaskan Beaufort (Everitt and Krogman 1979)
indicates that females may attempt to evade potential mates who pursue them
in large mating aggregations lin the same way that female right whales evade
males in Argentine waters I(Payne in review). A photograph showing' a
remarkably similar mating group of right whales is shown in Payne (1976).

1The fact, that similar-looking social aggregations are seen in both species
argues for a similar social system, although it does not show that the social
systems are similar in all details.

The acoustic behavior of right whales and bowheads is remarkably
similar. Their low tonal FM ~alls are essentially identical, and the up call
is their most common call t~pe. In right whales, Clark (1982, 1983) has
shown that up calls are contact calls, and that complex calls are associated
with highly active social grbups, many of which were sexually active. For
the two cases in 1981 when bpwheads were highly active, the proportions of
complex calls were unusuallyl high (72 and 85%). Ljungblad et a1. (1983,

I
1984a) also observed highly active, often mating, whales that were apparently
producing complex calls at h~gh rates. In this study, we were not able to
show an overall correlation 1!>etween proportions of complex calls and social
actiVity. Our definition o:f socializirig included groups that were only
mildly active. We were also not able to determine which specific whales
were responsible for the s~unds being recorded. Thus, our results are
consistent with the idea thfit socializing bowheads tend to produce many
complex calls, although our d,ha do not specifically show this.
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Relevance to Studies of Disturbance Responses "

II!
i This study was planned primarily to assist the interpr,eta~ion of the

sittlUlta:neousl study of responses of bowheads to potentia] distut'oance. The
, 'I ' I nfl . h d : 1 b h' "t1ial iii b . f

re~uts' 90 larm t at ata on norma e aVlOr are essen I' ' as t ;aS1S or
rl~~ognilzifg and evaluating reactions to disturbance. We I!:fo,und that
un~istu:rbed behavior of summering bow?eads varies consi~erably tfrom. day to
d~Yi a~d If~om year to year" both 1n terms of gene~al act~vit1es and
dl.~:trib'utjLollI1 and in terms of surfacing ~ respiration III and dive
chtractier1st,ics. Consequently, no observed va~iations ~n bowhnad: behavior
th?,t ap"p~ar to be caused b,y disturbance can be P,roperl XI attri~,I" ••lut~ to the
dis;turtjance until natural variability has been taken into account.1

I I " Iii
;i

Data Olii surfacing, respiration and dive characteristics are,' useful for
aSF.ess~ng d~lsturbance responses because these characteriS~icS ca~libe measured
rep,eatedl;y ~rith relative ease alld because it is clear that they 9?ange ~n the
situat:i;onl ~;mere immediate d:;sturbance reactions are I most i?ramat1cally
o1br.iou~, i.l!. when a boat travels through a group of whales (R~~hardson et
ali'; 1985c).1 Among the obvious reactions of bowheads to I this: slt:tuation are
shtirteriedl surfacings with fewer blows per surfacing. ' Lt is reasonable to
exp'ectthat Imilder forms of disturbance might cause simildr but: l~ss dramatic
changes ih Siurfacing and respiration patterns ~ and the di~turbanc'~ portion of
th~s ,ove~aliL study has found sl-\ggestions of such changes I in thell!prese~ce of
several d,ififerent forms of ind\fstrial activity. ThroughoFt the Ifnalys1s for
the presJnce or absence of disturbance responses, however, c()mp~,risons with
the' beh.av!toIl of presumably undisturbed bowheads were made ~l as thelll'only method
to' ideriti~y Ipotentially disturbed behavior. I j

':1 ! \

f An example of the use of normal behavior data in the ~analysis of
di.s:tur~anbeI responses is the $election of undisturbed fhales FO' serve as
paFti~1 cllon~rols for the opportunistic observations of whales iniRhe ~resence
oflise1~jJc noise (Richardson et a1. 1985c). Because wei found i~ons1derable
di~,fe,r~nclles 1in surfacing, respi'1'ation and, dive characteri~Ucs b~IPW,'een calves
alnd other bclwheads , the few data from calves were excluded. Because we found

" I 1 ' ,I "'Isuggestions of differences with depth of water, only wales in, comparab Ie
wa~,er ~e~this werecompar,ed. "Because we found var:iati6ns jLn libehavior at
di~ferentl tJlmes during the summer, only whales observed ~uring i~h~ same day
or,;on Sdjrctnt days were compared, insofar as possible. II l:i ,

': ,IIll som\e cases, data from several seasons of study were necessary in
orp,er to !detect an important re~ationship. For example, in all f~ve years of
th~s s~ud\y, 1the, rate of sociali'zing decreased progressive~y from !~a~ly Augus t
to, ;.ear~y I S(aptember. If indusfrial activity were initia~ed in ~He .middle of
this, p!'!r10dl in a region freq1;lented by bowheads, and ir a lOi~er rate of
sO,<:iaUzilng were observed aflTer the potential disturbance s~~rted, that
ch~nge "co

l

lU1d be discounted, a,s 'il reaction to the i,ndustrirl a(:ti~:ity as long
as I the de{~rease werecompaJ;'able to the normal seasonal!decrease in
so~",iali"zinglidentified during this study. I IJ" :

· I f
, In add/ition to prOViding control observations against which to assess

observatibnil in the presence of specific kinds of potentlia1 disltu~bance, an
understaddiiig ,of the normal behavior of bowhead whales i~ neces~!ary to make
inl:otmed Ij~dgements on a mox;e general level about the, likJ,~i?Ood that
industri~l lllCtivity will have deleterious effects. For ~xamPle'l:,we observed
that motheris and calves at times become separated while the"inothers are

. ' . I
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presumably feeding, and that'I'they apparently reunite by calling to each
other. This indicates that! prolonged masking of those calls by loud

, I
industrial noises might cause premat~re separation of calves from their
mothers. Another example deri:ves from pur discovery that some bowheads feed
at the bottom. This resul t shows that: the availability of prey at or near

, I

the bottom should be taken into account in evaluating the importance of an
area to bowheads.

Recommendations for Eurther Research

After five seasons of r~search, ke have a solid base of information
on the short term normal 'behavior, of bowhead whales during summer.
However, we know virtually 'nothing ~about affiliations between whales,
lengths of times individual, whales ;are engaged in specific behaviors
before changing activity, and the telationship of feeding and other

I , 'behaviors to distribution and availability of prey. Many avenues of
" I

research are possible, but we ment.ion ,several major ones which would build
di rectly on our foundation. i

I
IBowhead whales are at ti~es recogn,izable by natural markings peculiar

to an individual. Howevetr, our tisual aerial vantage point, which
generally has us >1 km from wh1ales as wk circle around them, is nO,t optimal
for getting detailed informatibn on thel identifying features of individuals.

, I
In addition, whales can travel underwater for several km, and we often lose
sight of them as they move unobserved oult of our circle of observation., I

A radio tag on the back: of one or more whales would solve many of
, . _ I

these observational difficulties: we would be able to observe an electroni-, I
cally identified whale throughqut an obsFrvationsesSion, locate it even when
it travels away from the aircraft, monitor its affiliations with other whales
not only during an observatio? session Ibut also on subsequent days, obtain
dive time and surface time infprmation during multiple observation sessions,

11
possi bly including periods of 1, bad weather and darkness, and monitor longer
range movements than the ones i we have Ibeenable to obtain. Because radio
tagging would enhance our knowledge of Ithe surfacing-dive pattern and allow
us to stay with a. whale fot long times, this technique would also be
extremely valuable for the mbnitoring Iof potential disturbance reactions
during industrial activities., Several types of radio tags have been
successful on gray, fin, humpback an4 bryde's whales (Ray et a1. 1978;
Watkins et ale 1981; Goodyea~ 1983; Mfite and Harvey 1984). By whatever
technique of attachment, the I radio could be moni tored di rectly from an

I
airplane, a boat, or the shore, as opportunity permits. A more sophisticated
radio tag could probably give heart ratel information, which has proven useful
in assessing harassment in ftee rangiflg bighorn sheep (MacArthur et a1-

1979)., I
Davi s et a1. (1982, 1983) and eubbage et ale (1984) recently showed

, I
that high-resolution photogrammetry can ~istinguish many individual bowheads
by natural marks and pigmentation patterns. We recommend that such high

, I
resolution photography be co~tinued ~nd expanded, because it can give
valuable information on site i tenacityj large scale movement patterns of
individuals, and whale-whale :affiliati~ns over time (including, perhaps,
between years). The photogram~etric tedhnique, which gives accurate data on
sizes of whales, can also assess age s~gregation over the entire range of

I • I
I
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:f I l~: I
bowhead ~halelS, and can therefor;e help us to determine the SOciallili structure

of b:~whead IWh}iles. ! Ii'I',!
, I, I ' ,

l~e,h~v1 djescribed several d~fferent feeding modes and feedi~i +reas.in
our!!fj,v~-YraI1 study, and we h~ve speculated tha,t vari,tions iier I feedJ.ng
beh~~ior i afld Ilocation are b.rge;I.y due to variations in prey di~1trfbution.
We have i no direct evidence for this assertion, howeverl . To !assess the

I' i I I . .' I "I. 'imP.orta.n~.e of particular areas.ito b.owhead whales.. , w.e.. need to c?...n~irm the
lin~1 be~we~n distribution of P,rey and location and fee~ing m91~e1 of the
whalles •. T,rained behavioral observers should work inconjunctioni ~ith any

I': 1 I '. • Ill' Iprog.Ir.am ito sample prey availability and factors controHing ito. i • In thisI' 'I I . '. I II I

waY'1 t c;li~trlibution of prey can be linked with distribution a,~: feeding
beha.,!,ior~ of bbwhead whales. I II

If '.1 . :1: IItWe;knlow very little about: the distribution ',and beravior ,W Ibowhead
whalies in winter or early spring'. Although there are logistic diffi~ulties,

we k-:econtmehd systematic obse.rva:etons,· especially i.rom th~ air.1H.fl bowhead
WhBl~+s: d~r+ng late winter and sPfing. Many calves may be Iborn 't~~n~ but we
do . RO~ ~n<?w what social affiliftions occur in l:!arly sprtng, attf11 ~w much
feed!ng,. if any, occurs at that time. A behavior study in early' spri:ng would
not l~ust! f+lll a major gap in und;erstanding of thenorD;1al b~hayi.orUpfl bowhead

wh.a.~7s,! lb.UI.t. IWOUl.'.d also allow .If.s to a.ss.ess t.he POSI.Sibi1ity. of.i.111 d.1ifferent
rea9fif:>nf fO potential disturbaq.ce during the time: wen Dowhei~d I'i~hales are
in the nprthelrn Bering Sea, with :many engaged in mating and calving:. '

, ~ . : w :
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ABSTRAct
I

. I
This report describes the behavior of bowhead whales near actual or

simulated industrial activiti1es in thel Canadian Beaufort Sea. In the latter
ex~riments we compared beha~ior of specific whales before, during and after
expdsure to simulated industr~al activity:

- Aircraft at various altitJ.1des •• 8 I - Helicopter pass at 153 malt •• 2*
- Boat disturbanceexpt •••• :•••••• 7 - Airgun (40 in3 ) expt •••••••••• 5
- Full-scale seismic expt •• ~ ••••• 1 - Dredge noise playbacks •••••••• 3
- Drillship noise playbacks,•••••• 6 1

* plus 3 opportunistic pelicopter overflights
Most observations were from an Islandetaircraftcircling 457-610 m above the
whales, high enough to avoid jsignificab.t disturbance. A 12.5-m boat was used
to Iconduct most tests. Und1erwater ~ounds (industrial and bowhead) were
recorded in the aircraft by sbnobuoys ~nd on the boat by hydrophones.

I Reactions to Aircraft.--Overt readtions to the observation aircraft were
sometimes conspicuous when itl was belok 457 m a.s.l., uncommon at 457 m, and
gendrally undetectable at 6101m. The udual reaction was a hasty dive when the
airdraft first approached, wd.th ··littlk or no detectable effect thereafter.
On tare occasions, bowheads sleemed to \nove away in response to the aircraft

I I . Icircling at <457 m. Reactions were most common in nearshore waters <15 m
dee~, where . lateral . propagation of ~ircraft noise was greatest. When we
circled the same whales at!, high· (457 and/or 610 m) and lower 005 m)
alt~tudes, blow intervals tended to be Ishorter when the aircraft was low. We
condlude that one pass by a ~mall twin engined aircraft at altitudes <305 m

I 'I

!

I
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I"soMetimes Gauses bowheads to dive; continued circling I at <305 m affects
re:~Pirat~onl. Except in shallow nearshore areas, overflights -a t 11!.2.45 7 m have

li;~tle e:l5fell~t. I,
On 5 occasions we observed bowheads before. d~r ing a~ad - after a

helicopter made a single pass overhead at 153 m altitudel No re'~ctions were
de'tectab~e in real time, but the bowheads WerE! below the surfMbe when the
hel.ico P.' tell's were directly overhead. The whales did not le~ve the l~rea.

, ~ I i j'
, r I 11

! Reaqtil,ms to Boats.--Bowheads reacted more strongly ~o close' approach by
var;iousDoalts than to any other industrial acti.vity. Bowheads ~~gan to swim
ra'pidly ~waIy' as boats approached within 1-4 lone The irlitial ~~action was
of~en an Iatjtempt to outrun the boat. When the boat was ?thin ~l:few hundred
me:tres. ~hales either turned and swam away from the boat's trac:k, or dove.
Gr!qups oj) whales scattered. Fl~eing generally ceased a f~,wminud~s after the
ve'ssel palssi~d, but scattering persisted longer. ! i

i R' 1,I S" I 1 On 21 ' ib d:' b h d ..eaqt1(~nS to e1sm1C mpu, ses. -- occaS10ns we or serve j ow ea s 1n
th.~ pr~.sencle of noise from seismic vessels 6-99 lon away; behavior was not

" . I I (II
dr!~at:f.cally affected. There ,was no evidence of avoidance at ~uch ranges,
bu:~ therk ~~ere hints of sUbtle alterations in surfacirlg, respiration and
di~ing b~hal.vior., .We could not .con~irm ,that these we~k and t~ncons~stent
triends we1re Iattr1butable to the seism1c n01se. but the trends wer,e cons1stent
With tl;tos:e for bowheads exposed to stronger noise ,pulses !from c~oser seismic
bo!its (Ljungblad et al. 1985, pel'S. comm.) or a single ,airgtffi lrlearby (this

Ii. ' , I ' \.:
stUdy) .. Hen(~e, subtle effects may sometimes occur >6 lon :l5rom seismic vessels
an~; at. r~ce:l.ved levels below the 160+ dBI II }1Pa expected At that !range.

,i Our Ite1st with a full-sca~e seismic boat showed tha~ bo~me~ds began to
or~ent a~aylwhen the airguns b¢gan to fire 7.5 kIn away. However.I!Jsome whales
continued apparent near-bottom feeding until the vessel tv-as only 3 kIn away.
Wh:41es wJrel displaced by about 2 kIn. Reactions were not Imuch s'f,ronger than
thRse to Jany conventional vesse,l. However, tests with. one airgun ipred from a
qu,i,et boat Ishowed that bowheads m,ov,e away from a source of st~'ong seismic
im,~ulses Ievlen if no boat noi$e 1S present. Thus, somel bowhe~~s react to
st:~ong seiSl!llic impulses per ~; and can detect their direction Of;~ arrivaL

,! ReaJtilns to Drillships. and Dredges.--We saw botheads 1~<5 lon. from
op~rat:f.n~ drillships and dre?ges, well within the zbnes e~sonifi~d. by
dr,~llsl;tiP: oil', dredge noise. Ho¥ever, wh~n bowheads were I~xposedi to s1.lll1lar
leyels ot dbUship or dredge noise durlIlg playback expenments ,I they tended
to': orienlt Iaway. In the drillship playbacks, call r~te mal: also have
de~~reasedi. Dur~ng' one dredge, playback? near-bottom teeding ILceased; in
another, !suffac1ng and respirat10n behav10r changed. However, d~'spersai was
ndi as rapid or consistent as when a boat approached. ! II-

.!. .It.. '.' 11, ,

; Conqlu:,;ions.-Bowhead behav10r can be affected markJdlY but! temporar1ly
by ithe eiosi1e approach. of ships or aircraft. Reactions wJre less.'.!: obvious in

,. I I 'Ii
the cases of activities that continued for hours or days, such, as distant

, - 'I I '. I I ~ .

seismic exploration, drilling and dredging; bowheads sometimes oc¢urred close
'... . I 1 I H

enpugh to these operations- to be exposed to consideralHe noise. However,
e~perimenJts1 showed that som~ bowheads oriented away I from Ilsources of
drHlsRi~l, i:iredge and seismic noise . when the noise first bec:am~ evident at
le~el~ .eq!uat to those several kilometres from actual dril!lships ,jfdredges and
se1sm1c v.esflels. ' i
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i, INTRODUCTION
..~~~i!:~~~ ~~,).

The Western Arctic stock' of bowhead whales winters in the Bering Sea,
summers in the eastern Beaufo~t Sea, and migrates around western and northern
AlaJka in spring and fall. dffshore oil and gas exploration is underway or
plaAned in several parts of the summer and winter range and along the
mig~ation routes. Possible efifects of oil and gas activities on bowheads are

\ one Iof the main environment~ concerns with respect to leases in Alaskan
waters.

Noise from offshore in4ustrial activities may affect whales (Acoust.
Soc. Am. 1981). Sound, unli~e light, can propagate long distances through
watJr (Payne and Webb 1971; Urick 1975). Most baleen whales, including
bowtl.eads, produce low freque'ncy calls. (Thompson et ale 1979;. Ljungblad et
al.!1982b). Hearing sensitivity of baleen whales has not been measured, but
the predominance of low freq~ncy calfs plus anatomical evidence (Fleischer
1976) suggest specialization for detecting low frequencies. Calls are
impJrtant for communication between baleen whales (e.g. Watkins 1981b; Clark
1983; Tyack and Whitehead r983), although detailed functions are rarely
kno~. Detection of other ~nvironmerital sounds, e.g. from ice, breaking

I .' ,
wave\s, or perhaps prey, may also be im~ortant to bowheads.

, I
Most underwater indus tfi al sou~ds also have peak energy at low

frequencies, predominantly below 1 kHz (Acoust. Soc. Am. 1981; Gales 1982;
I ' I f

Greene 1982-85; Richardson let ale i983b). Thus, baleen whales may be
senJitive to industrial nofse. The 1 effects could, in theory, include
shott-term behavioral reactions, masking of connnunication or other sounds,
phy~iological effects includIng stress, and short- or long-term displace-

I I. 'ment. Vision or other sensol'y modalities might also be involved in some of
I I

these hypothesized effects.
I

The limited evidence av~ilable UP\ to about 1980 concerning reactions of
whales to industrial activities was reviewed, from various viewpoints, by
Geraci and St. Aubin (1980), IAcoust. sOc. Am. (1981), Gales (1982), Malme et
ale (1983), and Richardson et ale (1983b). Since 1980, several studies of
this topic have been initietted, including Baker et ale (1982, 1983) for
humpback whales (Megaptera no~aeangliae), Malme et ale (1983, 1984) for gray
whales (Eschrichtius robustus), and this study for bowheads.

. I
The reactions of bowh~ads to lindus trial activities had not been

described when this study began in 1980. In that year, the U. S. Bureau of
Land Management (BLM) funded tis to assess the short-term behavioral responses
of bowheads summering in the \eastern Beaufort Sea. The study continued each
Summer from 1980 to 1984, with the 1982,..84 work being funded by the u.S.

I ~

Minerals Management Service (IMMS). Res,ults from 1980~81, 1982 and 1983 were
reported, respectively, by Fraker et ali. (1982) and Richardson et a1. (1983c,
1984). Richardson et a1. (19:8Sb) slJIllll1arized the 1980-82 work. This report
summarizes all results, including previ,ously unreported studies in 1984.

Objeciives

The general objective tif the 'd'isturbance respo~ses' portion of the
study, as specified by BLM and MMS, wa~ to determine 'how and to what extent
acoustic and [other] stimuli from 'oil and gas exploration/development
activities may be expected to affect the distribution, movements, activities

, I
I
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Iii
productivity of

Iii

I

a~~ ac:tivity patterns, and, ultimately, the survival 'an.d
b6whe~d ~hall es • ' I
. 'I I I

Tlhis general objective was further defined as involviing ana!tyses of

1. sh1lort-term behavioral reactions to five ~pecifil\ industrial
adtivities, viz. aii'craft and boat traffic, *eismic!!!'eXPloration,
dI~illing and offshore construction, and i'

2. IJng-term effects of offshore oil activities in igenerall,.

Al~ fivelaJ~tIVitieS listed in (1) are major components 10£ offJhore oil and
g~,s eXPllo~ration on contineptal shelves. All are kithe~r l~underway or
ap,tici,patedl in the Alaskan Beaufort Sea. This sect~on of !the rep,~rt descri b~s
st~di~s 10fl short-term behavioral reactions, and Includes comme,rtts on theIr
lo'nget:-term implications. A later section, Richardsdn et !h. (1985a),
ek~minesl d~stributional data to further assess possible ~ong-tett effec:ts.

, ' i

I

I Approach I

t the st·:udy area was the eastern (I.e. Canadian) part: of the! IBeaufort Sea
(f~g. I):. Study conditions there are relatively favora*e and 'H>ffshore oil
explo~at~ori is farther advanced than in Alaskan waters. ]he field season each
y~~r wasl fI!'om late July or 1 A,ugust to the end of August I or E!ar'i~ September.

" , I ' , 11ou ihdustlryactivities in the eastern Beaufort Sea during "late summer,
1~~0-a4,1 involved 2-4 seismic boats, 4-5 drillships, 216 seag~~ng dr,edges,
5,:10 tWin-lengined helicopters, 1-4 Icebreakers, and many othier boats -
s¥~pply, Itug, crew, and sounding boats, barges, etc. I (Ric,ha~~son et a1.
19,85a). Th& overall level of offshore activity increasea progressively from
yel,ar to iYeallr. ' I III
'; 'I I , I 'I

': We u~led a combination of (1) controlled experimemtJ simulating
in'dustriallactivities, and (2),',' opportunistic observation~ of dis',t,',ri butionand

I ' I " , "I'
b~;havi!or nE!ar ongoing full-scB:le industrial operations. ['he (:on~iro~led tests
w~re helpfhl in, detecting changes attributable to the ~imulat~~ Industrial
aPitiv~tyl :~n the presence of natural var:i81bilHy.1 The ~~pportunistic
observations were more difficult to interpret. However, they provided
ev!idencel a1bout the presence and behavior of whales hear fl:i11-scale and
p~olongeij .:'tctivities that we could not simulate.. ! I:

! ove~ the 5 years, we obtained both opportunist~c obs~tvations and
c~~ntrollied,experimental datac,0ncerning reactions of bow~eads t~: eac:h of the
f~.ve typefll of industrial a?tivi ties identified in iObjecti;~es',above.
OP"',port,un!isti:i c" data included oq,servations of bowhead behaV

I

ior inl,Jil.th,e presence
of fixed-W~ng aircraft and helicopters, various boats, noise impulses from
distant Iseismic vessels, drI11ships, and island constructionl!I' Experiments
included! fJ xed-wing aircraft overflights at different ailtitudelSl, helicopter
oyerflig6dl, boat disturbance trials, tests of reaction~ to anlilairgun and a
f~ll-scahe Iseismic vessel, and underwater playbacks of ~ecordedlilldrilling and
di[:,:,edge nbis e. ; I','

': Mosllt Ibehavioral observations in, all years were I from i~ fixed-wing
ai1:rcraft C1Lrclinghighover bo,wheads. A 12.5-m boat was lused t~lconduct most
exper1me,nt~l. Sonobuoys dropped from the aircraft and hydrophones deployed
from tHe boat were used to record industrial abd bowhead sounds.

I ' !;

I

I

, . I ~
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Characteristics of the industrial sounds are described in a companion section
by Greene (1985).

In 1980 and 1981 we also attempted to study bowheads from shore stations
at Herschel Island and King Point, Yukon (Fig. 1). In previous years,
bowheads had sometimes been s'een there close to shore (Fraker and Bockstoce
1980). In 1980-81, the shore ~tations provided few data because bowheads were
too far offshore for detailed observation or experiments. Consequently, no,
shore-based observations werei attempted in 1982-84. Bowheads were within 1-2
km of King Point on several aays in mid and late August of 1983-84, and we
conducted some of our boat- a~d aircraft-based experiments there (Fig. 1).

I
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FIGURE 1. Map of the :1980-84 study area, the southeastern Beaufort Sea.
Symbols show the locations where iwe tested the reactions of bowheads to
simulated industrial act~vities, and!locations where we observed the behavior
of bowheads exposed to seismic impu1s~s (S).

, . I
! ~
I I

GENERAL METHODS,,

The general methods used in alII years (1980-84) were very similar.
1 1Methods specific to each experiment or industrial activity are described

later, in the section dealing Iwith thatl industrial activity.
11

Aerial IObservati~:>n Procedures
; , I

Almost all aerial ob~ervations: were from a spec1ally"'outfitted
Britten-Norman BN-2A-21 Islan4er (C-GYTjC). This high-wing tWin-e.ng.ined piston
aircraft had long-range fuel tanks, OnTrac VLF/Omega navigation system,

I
inverters for AC power, side: and bottom camera ports, and radar. The radar

I Iwas valuable in measuring disltances fr?m whales to ships,islands, etc. For.
part of the 1983 season (1-13IAug) the [slander was not available and we used
a deHavilland DHC-6-300 Twin Otter I aircraft· (CG-BDR). This high-wing

I r
twin-engined turboprop aircraft had a yLF navigation system, long-range fuel

:

I;

I

I
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II W
tahk, an(l bubble windows, but no inverters or radar. Our proce1dures in the

I , I I ,I I'~' ,tWb aircraft were the same, with the exception that seating arrang~ments

r~9uir¢dl thlat we circle to the left in the Twin Otter and! to thel:,right in the

r~iand¢ri I · I II
> We rar,ely flew when wind speed exceeded 25 km/h, s~nce higr sea states

make wh~les difficult to ldcate and observe. Flight r'oute'sl were non-
I I I I . ' ". I. '.1:

systematic. When we had arranged to rendezvous with: thE! boat for an
e*~eritne*t, we often flew d~rectlY to that site, se~rching Illtor but not
p~Vsing Fo circle whales en route. another occasions, I we se<t,fched within
areas iwherel we expected whales, wi thsome emph':lsis on (1) places that would
b~1 ~onivehielnt for future experiments, and (2) the offshote indu~trial sites.
W~~n whalesl were found near an: industrial site, we circlea for u~' to 4.2 h to
O1?~ervie ~ehavior. In the absenfe of whales near our boat I and ne~r industrial
siFes, we tried to locate and observe whales elsewhere. iii,'

I ,I I Ii:
: While circling whales, we flew at 457 or 610 m a.s.il. (15001 or 2000 ft)

except dbring aircraft disturb~nceexperimentsor when clouds w~te below 457
'II ' I ' W

mO f, I,n 19180.

1

-81 we found th,at 9<>"wheads often reac,ted to the a,irC,?;aft when it
w~~at 395 m (1000 ft) or bel~w, but rarely did so when I it was;il,at 457 m or
above. Thereafter we used a standard altitude of 457 m. In 1983, when we
f~t,,'st lobrerlved many whales inl,shallow wa~ers <5 km froml shore'li,:some w,hales
s~emed to tteact to the Island~r aircraft even c~t 457 m.IHence, 'i¥e adopted a
standard alltitude of' 610 m for subsequent observations in shalU>w nearshore

I 'I ' . ' . I I"w~fers,. , ,I:
,i Dye lllarkers (fluorescein solution ina plastic ~ag thai: burst upon

iJtpact withl sea) were dropped ;0 identify the approximatelloca.tigns of whales
d~fing d!i.v~is. We tried to sel;ect distinctively marked DO"'1hecidsJ~1to observe.
N~FuraJl. ,I mlirkings (scars apd Pigmentationpattern:s) ofn~n allowed
re-ddentification from one surfacing to the next, and thus dete·tmination of

,\ 'I ! , ' ,I ""~

dive durations. However, many observations in 1983-84 were in Mackenzie Bay_
,! ,I ' " I .H'

a~? itlV~lved small bowheads: that. lacked obvious dis
1
tinct:iv11 markings--

c~~racterisbcs typical of im~ture bowheads (Davis et a~. 1983)ir The turbid
wa~,er i" nimufh of Mackenzie Bay ,also hindered individual recogndt~?n. Thus, in
1983 and l\184--unlike some pr,evious years--we obtained I few long series of
obs,ervation~ of specific whales. ,I, li,I:.

;i 'I I , ;. " ~ !

i A spnolbuoy (AN/SSQ-41B or AN/SSQ-57A) usually was I droppeW to monitor
b~~heac:i ",ndl industrial sounds "'Thile we circled overhead. ¥ydroph~w.e depth was
almost alwaiYS 18 m or bottom, -Whichever was less (occasionally 9: m in 1981).

'I • I I I ",;
Th~sil~n?lsl were recorded on calibrated equipment a1boara thE! ~trcraft. The
tYl?es lana numbers of bowhead palls later were ta.bulated] by C.~,;~ Clark, who
li.sten¢d Ito: the tapes at the same time as the s~gnals were d~:splayed on a
r~al-t~me a:nalyzer (see W'ursig et ale 1985b for detail~). Inti~nsities and
sp'~ctral dlaracteristics of industrial sounds recorded I near ~bwheads were
a~~lyzed byl calibrated digital processing techniques (Grefne 198~).

1 I I'I! The drcl1ng aircraft was usually at a radius of I 005··2 km from the
wliches being studied. However, it occasionally passed directly oJ~r them when
llT~: d,rol>p~d ~dye markers or sondhu,oys, or whe,n whales surfaced f~,,'~ f, rom' thei I'

Il 'I ; I i,11pr:~vio1;ls Ie cation. Aircraft poise was clearly detectrble ip the water
difect~y bellOW the aircraft , b~t wo.uld be weak or undete?table ~t the center
ofiour circ[es (Greene 1982, 1984a). Thus, whales being ~ircledl,~ere' exposed

~I
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I
I
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to strong aircraft noise onl!y on the infrequent occasions when the aircraft
passed almost directly overh~~~~""1i," ":,1,1;,'I!;'\,

!

Overall, we flew for 59i3 h during 132 offshore flights in 1980-84. We
circled over bowheads for 18;6.3 h during 85 of those flights. Of this time,
98.5 hand 87.8 h were urtder 'presumably undisturbed' and 'potentially
disturbed' conditions, respedtively. Potentially disturbed cases were defined
as those when our aircraft wJs at <457 m a.s.l., a boat was underway within 4
lon, or industrial noise was lreadily detectable in the water. The first half
hour after any of those i'potential disturbances' was also counted as
potentially disturbed. Locations of all behavioral observations are shown in
Wursig et ale (1985b, Fig. 1~.

Our procedures for beh~vioral observations are described by Wiirsig et
al. (1985 b) • Up to thre~ 'focal' whales were observed in detail
simultaneously. Limited in1formation about some other bowheads (e.g.
orientation, speed, and relative location) was also obtained. Two observers,

I

one watching the focal anima~s through binocula,rs and the other observing a
broader area, dictated obser~ations onto audiotape. A third observer operated
a video camera whenever the Ifocal whales were at the surface, and a fourth
observer on the opposite side of the a:lrcraft operated sonobuoy receivers and

, I

noted whales outside the area being circled.

After data were transcd. bed from audiotape, the videotape was examined
for details not noted in real time. The combined data were coded with one
record per surfacing or diV~ of each focal whale (up ,to 45 variables per
record). Records were hand et~ecked before entry into Apple 11+ microcomputers
for validation and analysis.: In total, 4337 surfacing and 958 dive records
were obtained in 1980-84, !of which 2208 and 483, respectively, were in
potentially disturbed condidons.

Because the surfacing, r;espiration and diving behavior of bowhead calves
«1 yr old) differs from that of ' non-calves' (Wlirsig et al. 1984, 1985a, b) ,

I '
most parts of this report! e~clude data from calves. We emphasize the"
quantitative variables that ~re amenable to statistical comparison and that
are least susceptible to observer expectancy bias.

, ,

otiservations from Boat

In 1981-84, we used MV 'ISequel', a 12.5-m vessel powered by a singl e 115
hp GM 471 diesel engine. MaXimum speed was about 16 km/h and idling speed

I
(engine idling; propeller engaged) was about 5.6 km/h. The crew included an
acoustician and 1-2 biologi'sts to observe behavior. For boat disturbance
tests in 1980, we used the '[mperial Adgo', a 16-m diesel-powered crew boat

I

with top speed 41 km/h. '

The behavioral observet(s) watched for whales when the boats were
underway, while the aircrafdcircled nearby, and at some other times when
drifting or anchored. The bbservers recorded the estimated distances of
bowheads from the boat, heading relative to the boat, and the exact time of
each blow. Group size and thel durations of surfacings and dives were recorded

I
when possible, but these variables were rarely recordable because of the low
angle of observation from ~mall boats. Locations and water depths were
determined wi th a navigation satellite receiver and an echosounder.
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U!riderwat1er sounds were record~d from the boat using hydrG>phones !~ePIOY~d
at 9 !nl. debth, and sometimes at other standardized depthsJ Gre~enel (1985)
descril,es ~hJ Held and analysis ptocedures. !:!:

i l Exgeriments, I

skven I typeis of experiments w~re conducted (Ta..ble l; Fig. 1). ij:For one
type 0l~ te~t'll f\lxed-wing aircraft ~t various altitudes, only Ithe ob~rirvation
aircra:ft was necessary. For all, other experiment's, either a boa.'t· or a
helico~ter ias TN

1
1'ell as the observation aircraft had'to be n~ar, wha:iks. All

. If' I I "I, 111 1 '
experilIf.ent~w,erEI! conducted while we, were using th~ Island'er a~rcraftiiIWT used
the aJircraft to locate bowheads, 'to direct the boat or heilicoptel:' toward
them, 14nd to ob!tain most of the. be~avioral observatlons. ExpJri~eJ[1t~il,using,a
boat or helicopter usually were p:ossible only when whales Illngerea in an
accessttble: ~relaunder favorabl~' weather and "'ice conCiitions1ji. These
requir~ments lirlu.ted the number of 'experiments that ,c6uld' be done. l

I, f" I . '. 'I ii,q Table ll. Types and numberf of experiment~l tests of react- :i'
'I ions of bowhead~ to simulated Industrial activi- :i

j'i, ties, eastern Be:aufort Sea, 1980-84. :11

:r l'

'I I IType of experiment ~o. ~xPts !
:1 Fi I d lwi JIi ~e~l~c~!:Pt:; ~;:~~~~~h~t a:a~;~u: :~~~~:::s ~*
I I Boa,t disturbance experiments ~
H I I I '
II' l ~irgu~ experiments , • 5
i Exp11edment with fUll-SC,ale seismic boat ]

I , rlri1I~Lng noise playbacks ~
:l DredgE'! noise playbacks 1
!I TotL,[ aU experiments 3i·

I I . . ! II:I ~ :PlrS 13 opportunistic hellcopter overflight.. I II'

whe~ ~xPledments were possible:, the usual procedure was 1irst t9Iio?serv:e
'presumabl~",ndlsturbed' behavior, iand then to cont:ln~eObservation~!1a.s the
souriCello~fOfenltial disturbance wB;s introduced. When possi bIle, obs~nvatio~s
conti, nued afterl the end of the period of potential disiturbance. Wi!th thiJs

I'" I I, I' I "11approach, each ~7hale or group of whales served as its own: control, mihimizing
I r' I I I • " 'I "11':potenti,al confolmding by individual variation or extraneQUS factorsi'j During

some~i,rguit teslts and all driHsh1p and dredge noise playba'ck expJ~iments,
thebolJt' wks Iquiet (anchoredordtifting)througho,,~tthe cobtrol, ~bs't arid
post...t!/st ~er;ioJls. Observations. duttng the first half. hour after th~1 boat's
motor It~sl t~rnEII!d off were not 9?unted as 'control' data.1 The ~*at wa.s
underw~y ,dtfri;ng all boat and some at rgun experiments ''; Det~i1ed procedur~s for
each ty,pe of eXllleriment are descri b~d in later sections. I II. i

! I . I I ' , . :1'i'. . .I ,I ..,
D~lsta~ceF cbmd bearings of :~ha1es from the boat· were est~mated ~pr many

surfacJiings' 'duri gexperiments., Distances 'were often estimated relative to
II , I I I . . j '. I . 1"1

sonobupys qr CiYEI~ markers whose loc~tions relative to the boat wep!, ~n turn,
estima~:ed at frE!quent intervals. 'Wgenever possible,' we used tre' radair: on the

I
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observation aircraft to calibtate our visual estimates of distance from the
boat. The VLF navigation sy~\6:?m on the aircraft' was also helpful; the
indicated absolute location w~s often incorrect by up to 2 km, but relative
locations of two points over:lhown within a brief interval (e.g. boat and
whales or sonobuoy) were much more precise.

In analyzing whale ori~ntations observed from the aircraft during
playback and airgun experiments, only the first observation of each
'non-calf' whale in each phas~ of the experiment was used. Headings of the
whales were converted into deviations from the 'directly away from boat'
direction, i.e. 0 0 = directly iaway, 180 0 = directly toward, 90 0 = tangential
to right as viewed from boat J 270 0 = tangential to left, etc. The V-test
(Batschelet 1981) was used to :test the hypothesis that whales were oriented
away from the boat against the! alternative of uniformity. The Kuiper test, a
modification of the Kolmogoro~-Smirnov test applicable to directional data
(Batschelet 1981), was used to' compare orientations relative to the boat in
different phases of the experitjtents.

Interpretation of repeated observations of the orientation of individual
animals is difficult. Repeated] observations of an animal that is continuing

. I

to move in a previously chose* direction provide only one meaningful value,
in terms of contribution to sample size for statistical analysis. Subsequent
observations are not independ~nt of the first. One rarely can determine how

I
quickly orientation becomes independent of orientation at a previous time
(Batschelet 1972). Our use of Qnly the first observation of each identifiable
whale during a given phase o~ an eJtperiment may be conservative in some
cases. However, we were unable ito recognize most whales for prolonged periods
in 1983-84. Consequently, manyl whales undoubtedly are represented more than
once in the orientation data for a particular phase of an experiment. Also,,
when 2 or 3 whales in a group headed in a particular direction, 2 or 3',

orientations were recorded. It: is arguable whether these should be treated as
independent observations. Thus. the statistical tests on orientation data are
approximate.

REAClIONS OF BOWHEADS TO AIRCRAFT
I

Aircraft are used extensively in all phases of offshore oil exploration
and production. Fixed-wing aircraft are used principally for reconnaissance,
while helicopters transport p~rsonnel and supplies. Aircraft may fly low
enough to create underwater npise at frequencies and intensities that are
prestmlably detectable to bowheads (Greene 1985). Thus, aircraft might disturb
bowhead whales. It was also imPortant to assesS reactions of bowheads to our
observation aircraft, since we assume that it does not disturb whales
appreciably during our routihe behavioral observation sessions. A third.
reason to assess reactions to IHrcraft was that aircraft are used to census
bowheads and to evaluate pophlation structure; reactions to the aircraft
could bias the results.: '

Opportunistic observations suggest that responses of baleen whales to
aircraft vary from dives and aispersal to no response (Bird 1983). Watkins
and Schevill (1979) were able! to observe northern right whales (Eubalaena
glacialis) and other baleen whales feeding below a light aircraft at 50-300 m
a.s.l. without any obvious resPonse. Payne et a1. (1983) found that southern
right whales (E. australis) j rarely reacted strongly to a small aircraft
circling at 65-150 m a.s.1. ~rquette et a1. (1982) suggested that bowheads

I
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rarely 'realcted in a negative inanner' to a fixed-Wing survey ai~craft flying
asl i low a~ '''1'5 m a.s.lo Ljungbl~ et ale (1982a, 1983, 19184a) ndlted variable
S~?Sit1v:ilty of bowheads to fixed-wing aircraft depend~ng on liiidate, ,whale
activi~y,I and year. Berzin and Doroshenko (1981) and Dahlheim (19.81) observed
~Hat bpwhealds sometimes remain at the surface when helidopters r:pass or even
c~rcle, o~ell:head. However, no~e of these obsE~rvations I werE! ~Fom studies
d~~"igned spJ~cifically to test reactions of whales to aircraft. 1:1

! I . I il
I In. thE~ only other systematic study of baleen whale~ responses to

" 1 I ,I "'I

at;tcraft, M1alme et ale (1983, 1984) reported that gray Whales (Eschrichtius
rqbu13 tllS)1 tlended to, avoid a location where recorded hellicopt:er'j!I,I, noise' (Bell
21(2) Was played back into the water. However, the plkybac:k tate of one
s fin,ulai:"ed i,>ass every 10 s to 2 min greatly' exceeded II tYPiCal,:' helicopter
t~~ffiC 1atlas along routes to offshore ind~strial sites. I "I::

, ' Durimg 1980-84 we compared bowhead behavior in the presence', and absence
o~ i fixedtwilng aircraft and helicopters, and we compared I behavi~;r of whales
o",erflown (iII' circled at different altitudes. Most data were 11~!recorded by
a,~tcraftibared observers using standardized techniques, tlut data,: from shore
arid boat-based observers were used in some comparisons.

i ~ - .

, , It

Methods
Iii

, : Reactil:>ns of, bowheads to aircraft were ,observed Iprimari~y from our
f~xed-wi~g tObservation aircraft, almost always ,a BrittenTNorman IIIslander, as
i~ !passed or circled over whales (see 'General Methods', above). ~:

~I If" ' IL . h
,( ,o~servftions o. the same whales 1.n the presence rnd ab~IITn7e.of t e

a~~craftl WE1!re posSl.ble on 14 August 1984. Bowhead re~pirati~,~ data were
c~llecfed ffom the vessel 'Sequel' while its engine was S?ut dO~lat 69°43'~,
136°48i'WJ lIjrater depth 24 in, before, during and after tlie Islanaer aircraft

1\ ,I I I Iii:circled nearby. I' ',I'.

I' I I ''i We c011lductedeight exper;i.ments to examim~the effects ot: fixed-wing
a.~tcrah alltitudeon behavior patterns (Table 2). TyPic~llY, w~ilicircled and
o~~erved whiales from highaltiFude (457 and/or610 m a.+lo) f~~ 0.8-1.9 h,
and then dE!scended to 305 m and observed the same whales for 0.13.,.1.7 h. We
09~e clr9le~ first at 260-305 m and then at 457 m, and w~1 once c~f~led at 457
m,': thein i3051 m, and then 457 m again (Table 2). All e1.ght expenments were
dQne in the absence of other pdtential sources of disturbance. Ii,,!:,

'r ,I , ' I"
,( Ta control for the possibility that any apparent responsesli!iwere due to

tHe lengl~h of time the aircraft was overhead regardlJss af :ID.titude, we
e~amin?d, thle 10 presumablyundlsturbed sessions when the I.aircra~l~ circled at
457-610 m a.s.l. for >70 min. Results during the first I aild secbnd half of
eich ses~ioh were compared. To examine the possibility of init:i'~l 'startle'
r~spon~e~e~enwhen the aircraft was at ~457 m a~titude, +e used lif984 data to
compare mean blow intervals in the initial 10 min following arriival of the

'. i ", I "'1'
aircrBltt with those of the same presumably undisturbed Whales in sUbsequent

pe:iOd~. ' II [

: opportunities to measure potential responses to helic(lptelrs occurred
during d~o planned experiments and on three other occaslions dJ~ing 1981-84

" I I 1'1
('li~,ble 3~. The plannedexperj,ments involved overflights by Sikorsky S-76

, I I

I'

\1,

I
\1

I
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Table 2. Summary of f1xed--~trig'aircraft diaturbance exPli'tiirienta during 1981-84.
~ ~>Jit;

Hr. Aircraft . Water II Whalea
of Alt. (m Depth Within

Date Location Time (MDT) Obs. a •.s.1. ) (m) Circle

6 Sep 81 69°57'Na 17:53-19:20 1.4 610 53a 6-101
139°55'W 19:22-19:40 0.3 457

19:41-20:02 0.4 305

8 Sep 81 69°40 'Na 21: 12-22:00 0.8 610 25a 10-15
139°30'W 22:00-22:16 0.3 305

8 Aug 82 70 0 00'N 17:26-18:55 1.5 457 150-155 6
137 °58 'w 18:57-20:05 1.1 305

31 Aug 82 70 0 30'N 10: 15-12:08 1.9 457 550
136°50'W 12:08'-13:47 1.7 305

17 Aug 83b 69°16'N 11:29-12:29 1.0 260-305 30 15
138°10'W 12: 30-13: 12 0.7 457

22 Aug 83b 69°07 'N 09:58-11:05 1.1 610 18 6
137°40'W 11:07-11:38 0.5 305 3

22 Aug 83b 69°15'N 15:31-16:45 1.2 610 32 6
137°54 'w 16:47-18:03 1.3 305

1 Sep 84 70 0 01'N 16:42·17:51 1.2 457 21 5
132°42'W 17:51·19:02 1.2 305

19:02·20: 12 1.2 457

a Locations approximate due I to ino.perable aircraft navigation system.
b Most whales in the area: where this experiment was done were immatures (W'l1rsig et ale

1985b). '

Table 3. Summary of helic~Pter disturbance experiments and opportunistic helicopter CNer-
flights during 19~1-84.

i

Helicopter I Hours Water IJ Whales
Type ,and of Depth Within

Date Altitude Location Phase Time (MDT) Obs. (m) Circle.

Experiments
31 Aug 84d Sikorsky 69°39'N Before 15:08-16: 17 1.2 17

S-76, 136°48'W During 16:18·16:34 0.3
153 m After 16:35-17:38 1.1

2 Sep 84d Sikorsky 69 °35 'N Before 19: 28-20: 16 O.ll 25 5
S-76, 137°05'W During 20: 17-20:34 0.3
153 m After 20:35-21:42 1.1

Opportunistic
28 Aug 84d Bell 69°33'N Before 12:31-12:54 0.4 21 8,

214ST, 136°57'W' During 12:55-13:14 0.3 later
153 ma After 13: 15-13:46 0.5 4

31 Aug 83d Probably 69°51'N Before 14: 19-14:49 0.5 19 6
Bell 412, 136°30'W During 14:50-15:07 0.3
153 D1b After 15:08·16:08 1.0

3 Sep 81 Unknown 69°37'N Before 11: 10-12:49 1.6 401 6
type, ' 138°45'W During 12:50-13:06 0.3
153 mC I (Approx.)

a Strong seismic impulses,frbm a vessel 18-23 km away were received throughout the 28 Aug 84
test (148 dB// pPa at timelof overflight).

b Other potential sources of disturbance 'included seismic noise, industrial sites 13-19 km
away. and overflights at 153 m a.8.l. by a turbo-Commander fixed-wing aircraft.

c The Islander aircraft hed been circling in the area at <457 m a.s.l. for 1.7 h before the
helicopter arrived.: . -

d Most whales in the area I.here this experiment was done were illDUatures (Wl1rsig et a1.
1985b; Davis et al., in pr~p.).

I
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he:~icopters at 153 m a.s .1. following periods of control 10bservaitions of the
s~e l#la1lee: from the Islander aircraft circling at ~57 m II:a.s .1. Each
ex!perimerlt Jlnvolved a single straight-line pass at normal I cruisirig speed (250
kmj/h). 'THe i~xperiments included three phases: (l)'befOre'l the a~riVal of the
he,iicopt~r,I (2) 'during' the overflight and the 15 min period,l.'; immediately
fo\tlowing! the pass, and (3) an 'after' period of variable lengtt{.l Because of

I, : I I. 'I iii,the brevlity of the 'dur1ng I phase, only blow intervals were recorded
sU~ific~eIl!tl~lr often to allow s,tatistical analysis. the IthreE! ~'~portunistic
he1.icopt~r J>verflights were als,O single passes through our observation circle
ati\or nekrlaltitude 153 m. However, comparisons of thellatterl~ithree cases
woilth the Itw'o experiments must be treated with caution as th.~ o~portunistic
obs'ervationJI involved different or unidentified helicoPtets, and 'all involved
other pot1enJ:ial sources of disturbance (Table 3). 1i'

j:
I'

Results
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I
!y,pe of Response to Aircraft

I

I I
Hasty 'dive or surfacing
atan~e lin orientation
Di!spersal or movement out of an area
cbange in activity

! I

C~ange in aerial behavior

I

Aircraft

<305

16
3
1
1

.2

4
3
7
1
o

1
o
1
o
o

,I
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Observations in the Presence knd Absence of Aircraft
I

During 1980-84 there wJs only one opportunity to obtain an adequate
sample of quantitative behav~oral information on the same whales both in the
presence and absence of our lobservation aircraft. Richardson et a1. (l983c,
1985b) discussed two previous attempts at this comparison using shore and
vessel observations, but different whales were observed under the 'aircraft
present' and 'aircraft ab~ent' conditions, making the comparisons of
questionable value. On 14 August 1984, however, about 10 whales Were observed
from the vessel 'Sequel' bef~re the Islander arrived, while it circled at 457
m, and after it departed, in the absence of other' potential disturbances
(Table 5). No significant dif1ferences were found between the two conditions.

Table 5. ResPirat~~n data collected by observers on
'Sequel' ! for bowheads in the presence and
absence 6f the observation aircraft on 14 Aug

I1984. Sample sizes for duration of surfacings
and dive~ were too small for analysis.

I
I Condition

Bldw Interv~l (s)

I
Mean s.d. n

No. Blows/
Surfacing

Mean s.d. n

I Plane Absent
Plane Present
t-test

8.81 2.234 242
8149 1.906 33
t!= 0.78, p > 0.2

9.35 2.390 20
8.25 4.113 4
t = 0.75, p > 0.2

from different
were conducted

experiment were
During 7 of 8I

,I

~I

",','1\'
:~

Observations from Different Altitudes
I

Eight experiments involving observations of whales
altitudes in the absence ~f other, potential disturbances
during 1981-84. The result~ of all but the single 1984
detailed in Richardson et l ale (l983c, 1984b, 1985b).

I

experiments, intervals between blows were at least slightly reduced when the
aircraft circled at lower kltitudes; in 4 of 8 cases the reduction was

1

significant (p~O .05, Fig. 12). The pooled trend was highly significant
(p<O.OOl, unweighted z meth~d of Rosenthal 1978). When all experiments were
considered, duration of surfacings and number of blows per surfacing were not
consistently or significantly different when the aircraft circled at lower
altitudes. Too few dive duration data were available for analysis.

i
Four additional behavioral variables were examined during the four

1983-84 experiments. Frequen~y of pre-dive flexes was lower during the 305 m
a.s.1. phase of two of the Ithree experiments in which it was measured, and
this relationship was significant when the data were pooled (p<O .01, Table
6). Estimated speed, frequebcy of turns, and frequency of fluke-out dives
were not significantly relat~d to aircraft altitude.

1 '

1
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11 , B~wHea'il calls were detectE;d during both high and 1OWl altit~~e pha~es of

al!l: sevenl eJtpet"i,ments during, whtich underwater sound,s were reco:lrded. 0,nthree
1- ' I I I' I " in

o'cc,,'a,s,ions, leiall rate was higher when the aircra,f,t was at hj"ghe,r 'alt,:i:tude;
t I 'I" I HI : ,

dilU::i~g I two tests call rate was! higher when the aircraft clescended. (During
h ! f- Ii 1 1 h h; d " I 111'"

t, ~ ot1'le~ tl070 t. ests, t. e W.' ales move away from the. sonooo.oy• I' p,.rlev.enti,.ng us
fr~!'m obta~nj.ng comparable data :on .call ratesc) Overall,the se~~n' types of
caWs Itl,1~t we. di:stinguished ;(Wrsig et ale 1985b) occurred II!in similar
pr(),porNons during the high and low altitude phases of thel seVEm ~:xperiments:

'f, , . , . .I,I!,
I,

,,rf
!

,I
,f
, I

: I
I

II-I-'"'-+--:--------~-------,r_-.--___r::~---~T"""""----__,Ien 28
1-

(J) I
~ 2°1 34 59 I
;
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1
1

~l+ +• • f+ ttl +f•y
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1
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I -~ .I' I, I I I 1 'I 1 I I 1 1 I II' I I, I I
~ ~ 610457305 610305 457305 \ 457 305 457305 610,305 610305! 457305457457
, ! mini nil m m m m m m m m m m m m I ,m m, m mII 6SEP 8 SEP 8 AUG 31 AUG 17 AUG 22 AUG 22 AUG I SEPI , 11981 1981 1982, 1982 198' 1911, 198'111' 1984

fIG1ljlE I... Blow intervale of bowheada obaerved from the Ialander ,&irc<ert
C"irCJl.ing lat different altit~d~s during eight altitude expebmen,ts Ji!Clilves are
hclhddd. The mean + 1 s.d.; + 95% confidence interval f knd samp:J.le·size arerhow? I Sil,gnificance levelsftoiii t-tests or 1-wa,Y' ANOyA ar~ cbdedl~s Ifollows:
ns means 1">0.1 f * means 0.05 >p > 0.01, and ** means 0.01 1> p > 0.001.

'F I - l " - , - Ii
I~, ' I Ii: ,

TJbl'e p. E timated speed and occurrence of turns, pte-diveillt lexes, and
q '!nukes-out! by non-+calf bowheads observed d~ring f~9Iu~ aircraftII aiItitude experi1Iients~ 1983-84. Each surfacing 1)y a wha,J1e, is a unit
! I", olE observation. ' I lij,l, '

!iii Iii
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% of Calls that WereI
I

Aircraft ICon- In£1- Pulsed
Altitude Up Down Istant ected High Tone

457-610 m 40 16 18 5 6 3
305 m 34 19 19 6 6 9

Pul
sive

13
6

No. of
Calls

Recorded

757
689

Helicopter Overflights

I,
,I:
'\', '

I
0';\

o
'0.
"

-10,

n

Hence, we found no eVidencd that the altitude of the circling aircraft
Iaffected bowhead calling in any consistent way.
I

Thus, the most consistent quantifiable response to an aircraft circling
at low altitude was a reducti~n in the interval between blOWS, as measured in
experiments during 1981-84. The 1983-84 experiments also showed a significant

I

reduction in the frequency of pre-dive flexes when the aircraft circled at
low altitude.

One alternative hypothesis that might explain the reduced blow intervals
when the aircraft waS low i$' the possibility that blow intervals decrease
with prolonged exposure to ~ circling aircraft, even if it stays at one
altitude. To test for this, w:e examined 10 observation sessions in which the
same whales were observed fot at least 70 min from a single high altitude
(>457 m a.s.1.) in the absenbe of other disturbances. In no case were blow

- I

intervals in the first half of the session significantly different from those
in the second (p>O.l in eactl of 10 t-tests). The pooled results were also

I

non-significant (p>O.l). Thusiwe conclude that blow intervals do not decrease
upon prolonged exposure to an aircraft circling high overhead, and that the

j

reduced blow intervals when the aircraft descended were directly attributable
to the change in altitude.

I
A major methodological concern in this study is the possibility that

presence of the observation laircraft at 457 m a.s .1. or more might cause
subtle reactions. The aircrkft altitude experiments showed that aircraft
disturbance leads to reduced blow intervals. If whales are often disturbed by
an aircraft circling 457 m or more overhead, one might hypothesize that blow
intervals would be short wheri the aircraft first arrives (startle response),
but then increase toward normal values. To test thiS, we compared blow
intervals in the first 10 I min following arrival of the aircraft with
subsequent observations of 'the same whales (altitude >457 m, no other
disturbances, 1984 data). In. 6 of the 14 observation sessions considered,

I

mean blow interval was lower in the first 10 min than subsequently (7
expected by chance). There wa~ no significant difference between means in the
first 10 min of observation lvs. later (Wilcoxon matched-pairs test, n = 14,
T =42, p»O.l). Hence, thiS! test provided no evidence that blow intervals
were affected by the observatiion aircraft at 457 m or above.

I
I

No overt responses lof bowheads to helicopter overflights at
apprOXimately 153 m a.s .1. were noted during the two planned experiments and
three opportunistic observatIons during 1981-84 (Table 3). In all 5 cases,

I
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48
33
64

I

5
5

10

56
7

16
17
80

5.124
2.628
3.676

1. 783
4.236
3.308

8.869
7.783

6.496
5.761

. 7.623

12.40
12.24
10.20

11.40
12.52
12.59

18.40 14.223
12.80 5.675
35.• 00a 59.880

16.25
14.76
13071

12.70
1l.71

Before
During
After

Before
During
After

Before
During ,
After '

Before
During
After

Before
Duriilg

Sik.-76,
153 m

Sik. -7~,
153 m

iBell 2114'ST,

153 m

iProb.
I,
iSell 4},2,
I11-53 m 'I' ,
Unknown"
I

153 m

I

1\ H~!licopte.•.r Time r~ Blow Interval. (s)1 Bef:~r~
I, ~ I ' 'iii"j!L'Yipe and. Helicopter , V,~,. H

Date~ Altitude (Phase). Mean s.d. n I Duri!ng
II I \ 1111 ",! I I
II, i

Experiments
31 Ahg 8~1

Ii
:I
if
j--

2 Sep 84
It I

U
II
H

OpportUlll:f../stlc
28 Adg 8~

IiIf'
,.
I!
'k

31 ~Ug 83
Ii
1t

II'
3SJp 81

If
q
!i,
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the hEdicbPter, passed through our observation circle and wi thin 300 In of at

least:lsom~ ~ocal whal.l~.es.• ,However, !whales were not ~t the. surface,atlilfhe exa.ct
tim,es lof bassa!ge. Beca\Jse of tpe !brevity of the helicopter passes,'lonly blow
int,e~al ~ata lare aV~ilable in s~fficient quantities to wa~rant s~!ft~stital
compairisons I(Tkble 7)..,. No signifi'cant ch,anges in 'blow intewals we.. ',rer, foun,d.

' I ~ I I' I, ".,' ., I 1111'Trends; during, the tW0 most relial;>le cases--:,th~:S~korsky S-176 expe,riinents--
were lin dpp6site dir:ections.However, in 4 of 5 '. cases, me1an blovill ihterval
decrecised! d)yd a non~significant' amount) from the 'before' ,phas!l~ to the

I' I I '" I jj ,
'during' phase. This ,trend is consistent with' 'that in the aircraft,l altitude
experliments • us, we have no coAclusive evidence that a ~inglE~ ~elicopterI' I I I I 1'1' ,pass ~t 153 m a.s .1. 'disturbs bowhead whales that' are bel.ow the sWi~ace when
the hblicclpt1er is overhead. Howeve~, the data provide hints that thJ~e:may be

I' I " IIIa subt,le r.ed1uction in blow interva'ls. l. i';.
Ii I I ' : I':' jl

Table 7•. B!lo~r inteI;vals of bo~eadS during ~lanned and opport~fti'~tiCI! h~HcoPter\ overflights In 1981-84. The 'during' period includes
;·r,. the time of the overflight plus the next 15 miln. 1.1",1

1

1 r:

I,! " Ii::~ ; I i;

a 16.111 +: 41457, n =! 9, if one highly atypical 205 s blow intlervd~ is
ex,cluded • 1,:,1 111' ,

,I
i \ II,
i i D:tscussion
: f 1'1' I

d. '" " 1;11
Bb'wheads sometime13 reactedwhe'n the observation fixed-wing aircraft flew

over,ollJ ·,citc1ledl at <305 m a.s.l. ;Reactions were il,lfrequent IWhe.n it!1 was ati 'I -" , " , III
457 m'll and :v:l!rtl,llallY ab.•.. seint at ,>61(j) m. Except, in .Sh.'l.l low water, hehaVjior, can
almostlr~lw~y~ l~e con~idered "Pre~umably undisturbed: by aitcraft'!:lif the
aircra~!t rema!iml >457 m a.s.1." I

,I,
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I, "
Characteristics of Responses '\~9~w:A.i:rc~aft

'1:\

Sudden or hasty dives 1re the most frequently reported responses by
bowhead whales approached by ~ircraft, especially at low altitudes (Ljungblad
et al. 1983; this study). Ov~rall results from 1981-84 indicated that, when
the aircraft was low, blow in!tervals were significantly reduced and pre-dive
flex,es were less common. ThJse results are consistent with our subj ective
impression of a 'quickening" of the motions preceding a dive in apparent
response to a low-flying aircraft. Reduced blow intervals occurred during
prolonged periods of circling at low altitude over the same whales; hasty
dives often occurred during Single or initial passes. During actual offshore
operations by the petroleum! industry, whales will be exposed to single
passes, but rarely to circling aircraft.

I

Changes in orientation ,I dispersal, and changes in activities may also
occur in response to aircraf~. However, we found no consistent relationship
between aircraft altitude andl frequency of turns or speed during our altitude
experiments. Perhaps the initial response when an aircraft first passes over
is more pronounced than was! evident in our altitude experiments, in which
most data were collected aftelr the aircraft had been overhead for a prolonged
period. Ljungblad et al. (1983) reported that swimming bowheads occasionally
responded to a survey aircr;:ift at 600 m a.• s.1. by abruptly changing speed
and/or direction. Payne et all. (1983) found that a few right whales (probably
<2%) swam rapidly or dove asl a light aircraft came overhead; however, most
did not show such a clear startle reaction. Our finding that blow intervals
of bowheads exposed to an ~ircraft circling at 457-610 m a.s.l. were no
different in the first 10 ~in of observation than later suggests that an
aircraft at >457 m usually cduses little or no startle response., ,

Aerial behaviors have obcasionally been reported as possible responses
to aircraft (Table 4; Bird! 1983). Ljungblad et ale (1983) reported that
bowheads occasionally slappe~ their tails as an aircraft circled overhead,
possibly as an overt diSplayl toward the, aircraft. However, aerial activities
also occur in the absence of IPotential disturbance, and our aircraft altitude
experiments provided no evidence that aerial behavior was related to the
presence of aircraft.

Variation in Sensitivity to Aircraft
I

Although bowheads often show a graded response relative to aircraft
altitude, the response isi not . predictable. Under similar conditions,
responses may range from no overt reaction (the usual situation) to a
dramatic disruption of activities and dispersal (which are rare).

I

We observed disruption of activity and/ or dispersal on several occasions
(Table 4), but the most dralnaticcases were on 17 August 1983. The whales
were initially very close do shore in quite shallow water. They dispersed
into deeper water when the i observation aircraft began circling at 457 m
a.s.l. Later in the flight ,I whales showed decreased socializing and again

Idispersed in apparen~ response to the aircraft. These unusually pronounced, i •
reactions may have been related to the multiple sources of disturbance
(aircraft, boat, playback) ahd the shallow water.

I,

I
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, Our ob1servations during 1983-84 suggest that shallow water 1!!0r proximity
tOil-shore may al~o increase sensitivity to potential Idistur~~nces. Some
o~~ervationl~ by LJ ungblad et a1. (1983) also suggest that factors! I restricting
ho,~izo~t¥ Imovement (ice in their ca.se) ~a:y influe?ce se~'~itiVity to
dil~turbances, but the data are Inconclus~ve. Se.:lsonal variations! I in response

hfi aisd b~en suggested (Ljunghlad et 01..1980l . I Il'. .
\ Tile,Irel1sponsiveness of bO,wheads to a~rcraf:t ma,y depend on', behavl.oral

: • " I l~ Istate. B0wheads engaged in socializing appear less sensitive rto aircraft
th~n are bdwheads engaged in 'other activitie's. Thollgh A sod alii zing group

II" I ,,' , I 'II]
obs,erv~d fI:om 457 m altitude on 9 August '1983 seemed to ~e, disrupted
tehlporarily j, the whales eventually resumed socializing, eJen in. ttie continued

" • ' I ,,' I I"]pr~sence ff Ithe aircraft and with seismic noise. Whales observed pn 17 August
1983 cqntint,led socializing in f!l,pite of our aircraft circl~ng at ;11P5 m a.s.1.
Inl ~,AU,gust,1 B~81, LGL personnel '~"n a Twin Ott,erohserved a !group ~,f,l; apparently
mating :bolwhE~ads. Gradual descents from 457 m a.s.1. to 152m did not cause

I , I,' ,~ I
any.' ap~arent changes in behavior. Similarly, sodalizing and matiJ;1g groups of
bo~heads inl the Bering Sea ~eemed less prOnE! to disturbanc~ijl than" were
mi~'rati!ngw~aleS farther riort~ in spring 1980 (Lj ungb!lad 19$;i):. Resting
whales seemiadmost sensitive to aircraft, although reactions by quiescent

I ~ "I I , ' , I. I ' Iwhales I,may be more noticeable than those of whales engaged Hi higher levels
of : ii,ct iVit,y \( Lj ungb lad et a1. 1984 a). ' I, \1,"

!: II, Ii:
; Re!actions of right whales to aircraft may ':llso be less prodbunCed when

s~t~ali!Zibg.1 Payne et ~l. (1983:> noticed that gr<;>ups of ~rteract~pg southern
r:t.g~t wha1lesl showed httle reaction to a Cessna 180 cucling i!f 65-150 m
a.4r1. ',In Ico'ntrast, isolated individuals often reacted to 'fhe ~ir~raft.

j,( Bo~eads may also be relatively insensitive to airdraft Jen feeding,
I . ,I, I , I~ I ",

especia~ly' 1n groups. For example, we once circled at 305 m a.s'.1. over a
gr4~POfl J~kim-feeding bowheads for 30 min without \ causi# ,apparent
disturb~nce. On 26 August 1983,. we observed ski~feed;ing bowheads~', in shallow

, ~ 'I ' ,I II! '
water c:lose to shore for severcU hours as the Islander circled a:t 610 m; no
oV'~:h; re,s~onse to the aircraft was noticed. I \,i"I' ,

1 i I I "i[,,, I , i , ',i Alth~ugh respo.nses of bOWh~"ads to aircraft appear. retated t01,111 behav 1,:oral
states, the I relat~onships between sensitivity to d1sturban(:e '1\ behav~oral
st~~,",e13', a,d l,environmental factot,s remain u,nclear" Bowhead~ se,elB, :~n general,
to !be morle sensitive to aircr(:lft ,than are certain other\ specie~1 of baleen
w,h~1es (see Richardson et a1. 1983b for review). I ~:I!

II ,I \ '
R,e,actions lin Relation to Aircraft Noise Characteristic,s ': •.

!' 'I I JiI'
:~ Out SOI1lobuoys, and the measurements by Greene (l~85), s!howed that
, . I I,' I II' , .

air!1r~f~ noise was prominent in the water directly below the pbservat10n
airl~raf~. ThE~ noise received at the sonobuoy hYdroPho,n,e 181 m dee~I,I.~s strong
fori ~a few se1conds, and often was audible (to humans) for 20-30 s'.I. Directly, , I ' , . iql "

beldw the oOlsrvation aircraft, received noise levels close to tihe surface
(e.g .. 3" m depth) were several decibels higher thnn those ~t 9-18 ~fii. depth, as
expe,cted f,rail t,heory (Gree,ne 1984a, 1985). The reductionl in rec'~,liv,ed l,evel

I I "I If ' ' I']
wit~, ini::reasr-ng depth may be o~e reason why whales te~jd to d~~e hastily
when th~ alir<~raft first passed overhead. However, the d~v~lng rE!SpOnSe may be
'. I p,:
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Helicopters are the ~ost frequent sources of potential aircraft
disturbance in offshore oil pperations. Dah1heim (1981) stated that, during
early spring, only 11% of ~he bowheads encountered 'displayed an escape
reaction' to two Sikorsky H-52A (= S-62A) turbine-powered helicopters flying
surveys at 152-228 m a.s.1. Berzin and Doroshenko (1981) indicated that some
boweads in the Sea of Okhot1sk during August paid 'no attention' to a Mil-8

I

turbine-powered helicopter circling at low altitude and speed, wile others
dove wen it first approac~ed. However, none of these observations were
detailed or well controlled. i Our limited results showed no major ef fect of
single helicopter passes, although there were hints of a slight reduction in
blow intervals, similar to tHat below fixed-wing aircraft at low altitudes.

I

Malme et a1. (1983, 1984) tested responses of migrating gray whales to
playbacks of Bell 212 sounds Ithat We had recorded in the Beaufort Sea (Greene
1982). The noise was projectE\d at random intervals of 10 s to 2 min (average
of 3 simulated passes per min). There were significant course changes in

!
I
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II , 1\appare'nt avoidance of the sounds, and in some cases the whales" also slowed
down. The 'Itests were not designed to determine whethet gray r~hales would
r~~pond to noise from a single helicopter overflight, a korere~istic case.
Also, ,d~rilng, playbacks it was impossible to repr'odJce the:!I: strong low
ftfque:nct ~iomponents of the he~icopter noise. The resultsl of ~1alW:~ ,et ale are
iIl1-portan~ JI.n showing that gray whales respond to helicopter n01se per ~;

vision, was tnot involved. I 11

ii, I , i "

R~~ctiPns tp Helicopters vs. Fixed-Wing Aircraft' 'i i,

I ~ It liS difficult to com~1nt on this topic because I of th~;1 paucity of
cdmparative data. All of our observations of reactIons t~1 helicopter

I,' I I ., I ' I"
o,erfl~gnts involved single pal3ses, whereas all quantitative obs,trrvations of
tHe eflfedts of fixed-wing aircraft involved prolonged citcling lbove whales.
W~ Inotitc~d no overt responses to helicopters, whereas a~parent IIi-esponses to
tH~ fike~-wling aircraft have occasionally been noticed fn rE!alll:t~me during
bdth single passes and while circling. However, there were far more
opIPortlJIl~ti!as for such observ4tions during our 593 hof fixe~rw~ng flight
t~e a~ Jppbsed to the five brief helicopter 'passes that Iwere o~~~er:ved'; With
ca'u,',tio~,' \wel, have noted that S,ingle helicoP,ter pass,es at low i~lt1tUd,e may
re~uce b]ow intervals temporarily, as doesafiJ~ed-wlng Jircraftl!~Circling at

10~altit\udE'. , ' ,I ~.:

'; A tWinl-engine Bell 212 helicopter, a tYP17 frequerltly us~~ ': offshore,
pr~duc~d lunJierwater noise more intense than that from dither a~i!iIslander or
Twin otter hxed-wing aircraft (Greene 1982, 1985). If rJactionslto aircraft

I, • I I I 1.11 2are actualljy in response· to aircraft noise, then responses to 1
1
'1 ! a Bel,l 12

might be ~donger than the docukented reactions to the Islander. I~o~etheless,
str'aigtit-lli~le' passes by the ~ll . 212 producedunderwat~r noise 'l ! fbr only a
brf~f pe~iO~--litt~e differen~' than that from the Islahder o~j!! ~win Otter
(,G,f~e,ne" 1\9851). Dur1ng straigh,ti,line passes at 152-6IQ,, m a,:.s, .1. and ',185 ',km/h,
1:hf~ Bell 21~ sound was detect~ble at9 m depth for only 16.'2711,!s~ a~ was
stnmg fOf ?nly a fe,w seconds (Greene 1985). This, along lwith o~~ behavioral
ob~~rv~ti?nsi during helicopte~ passes, suggests thatoccasi?nal s'~lngle passes
by! heUcoptE~rs are unlikely to produce prolonged or signilhcant 'r,eactions by
bo¥~ead whall.es.' I 11,

REAClIONS OF BOWHEADS TO BOATS, I ,', ',;
I

!Ii
II'

,\ Ve13 sfl traffic is a major source of potential dis~urbanceJ to bowhead
whales :near areas being explored or developed by the petroleum industry. In
th~l canatlicln Beaufort Sea,. marine traffic' includesl

l
suppi'~: vessels,

cr+~-,ch~,~e Iboats, ~Ug/bargE7" t~ai,ns and. icebreak,ers, plus dr, ed~,:,+, s,',~ se~sm,~c
vessels. aM drillsh1ps moving between s1tes. Most vessell traffJlC 1S w1th1n
thJ 1are,a tme:re oil exploration is now occurring. Bowhead ~ales ~~mering in
th~~ar~a,Iar1e exposed to potential vessel disturbance, and there ~is also the
poSsibU.ity of collisions. . I Ii:

I, Th~sI i:; the first systematic study of the shortiterm rl~actions of
bowheads to ~oats. Other baleen. whales show considerable toleranc~ of boats,
b\JI~: ofti,en\ avoid rapidly or err~t:i.cally moving vessels (SI'wartz l~, Cummings
197;8; Ray etl a1. 1978; Bogoslov~kaya et ale 1981; Watkins 1981a; Ilfor reviews
see! BirtJ. 1983; Mansfield 1983; Richardson et ale 1983b). Baker et! a1. (1982)

, • I I '., " ' • . I I'
f0't~ chalngEls in the respirat;Lon and div:ing behav10r 9f htJmp~:ack whales
(Megapter~ I1,1ovaeangliae) when boats were within' about 900 m; VI~ssels that

:1
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approached closely and move4:~;~:~.fr'~:~~;callYtP'!1d.;;'1}e.,>,;.greatest effects. Sorensen
et a1. (1984) found evidenc¢' that 'squid eating' toothed and beaked whales
were less common near boats than elsewhere;. no such effect was found for
'fish eating' cetaceans, including some baleen whales.

Long-term effects of boats on whales are especially difficult to
assess. Increased vessel traffic may have caused gray whales to abandon one
wintering lagoon, which was subsequently reoccupied when shipping decreased
(Gard 1974; Reeves 1977; Bryant et ale 1984). Possible long-term displacement
of minke (Balaenoptera acut~orostrata) and humpback whales as a result of
increased vessel traffic (Ni.:shiwaki and Sasao 1977; Norris and Reeves 1978;
u.S. Marine Mammal Commission 1979/80) is not adequately documented. In some
situations, whales do occur each year in areas where there is much boat
traffic (Brodie 1981; Mayo 1?82; Mitchell and Ghanime 1982).

I

Boat disturbance studi~S were given high priority during 1980-81, but
not thereafter. During 1980-$1, two planned and two opportunistic experiments
were conducted. One experikent was conducted each year during 1982-84.
Opportunistic observations of whales from vessels were obtained during all
years.

Methods

Boat-based Observations

Orientations of whales relative to boats were recorded from two vessels
during 1980-84. In 1980, we .used a ~ingle observer aboard 'Imperial Ad go , , a
16-m diesel-powered crew boat with top speed 41 km/h (Richardson et, a1.
1985b). During 1981-84, we used 1-2 observers aboard 'Sequel', a 12.5-m
diesel-powered (115 hp) fishing boat with top speed 16 km/h. Boat-based
observers estimated boat-to+whale distances and whale orientations for each
surfacing. It generally was i not possible to re-identlfy a whale following a
dive; thus whales were rarel1y followed through more than one surfacing. Whale
orientations were recorded i once per surfacing in clock-face coordinates.
Whales that oriented from 10 through 2 o'clock were considered to be oriented
'away'; those oriented froJ 4 through 8 O'ClbCk were facing 'toward' the
boat. The 'neutral' orientations of 3 and 9 o'clock were not included in our
analyses. Data recorded frofu 'Sequel' during opportunistic observations and
boat disturbance experiment~ in 1981-84 were categorized as (1) engine off

I
for )30 min, (2) engine off for <30 min, and (3) engine engaged and boat
underway at 5-16 km/h. Dat~ from 'Adgo' in 1980 were collected and analyzed
in a similar manner. '

I
Aircraft-based Observations,

,
On 7 days during 198p-84, personnel in the Britten-Norman Islander

aircraft circling at 457-762 m a.s.l. observed bowhead behavior during close
approach by a boat (Fig. 1; Table 8). In five of these cases, small boats
('Sequel' and 'Adgo') were pirected by radio from the aircraft. In the other
two cases, bowheads were wa:tched while larger vessels not under our control
passed near whales. 'Canmari Supplier 'IV' was a 65-m diesel-powered (7200 hp)
supply boat typical of the larger vessels used in support of offshore
drilling. 'Arctic Surveyor" was a diesel-powered (1700 hp) seismic boat that
was underway but not producing seismic signals. In all except the" Arctic
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27

37

18.97 *Idt

4.70 *
21.33 ~

Qti2 (df =)0,
for oouparl.l~OO

with )4 k1n

8

12

,

~'IIe
I~I
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0.06, p ~ 0.5

25

19

80

51
24
27

Total

72

524

8

30(38%)

39 (76"1.)
15 (63%)
24 (89%)

M:xierate
Fast

48

64

0.40, p> 0.5

50

55

76

12
9
3

zero
SlCM

7

d.77, p> 0.25

i I
fStimatedspeed ani occun:ence of turns, pre-dive flelre$ ani 'flukes-ou# t by
bon-calf 00wheads o1:served dud.~ four 00at disturtanee ~rimmts invo]Ving

1'Seque.l. ',1981-84. Each surfacing of a whale is a unit of ol:sbation. '",

I
I,

I
No Yes Total No Yes Total No Yes Total--L-,:. ......... _

~ )~kIn~ 62 14
or ctu:f.et

Bok <;4 kin away 48

rTtmetway
au2 ~df = 1)

i I

i I
Boat f kr~ or quiet

• Boat 5.4 ki~ ariIQ!j and undetway
BOat 2-4 kin ani uOOeIWay
~t <z kin ani undeIway

I I

:
;

i
, Table 9.

I

* P <olas;' *** p <0.001.
I I
I I
i Ilog ceased these behaviors and moved rapidly away from the approac:hi~ ~boat 0

Thus, !boat dis!turbance caused tEbmporary disruptf:on of activ:itigs, and
i i' dl: I d ial > I:somet ~fs ~srupre soc' groups.

Bo~t dis~uIlbance also tended. to cause brief. surfaCiings i with uIlu8ually
few reSPira~ionsl per surfacing. Sigrtificantly shorter surfacings (p<Oli01') and
fewer resp:i!rations per surfacing' (p<O.02) were recI)rd,ed whert thE! tloat was
underw~y withlin I 4km than when~:i~ was farther away , consiaering Ithe six
occaSid,n.s w.. he1n IWhales were observed in both situations (Table 10). Brief
surfaci~gs were also noted during the seventh situation, when wha1es were
near 'A~ctic surreyorlO

( I, ,Discussion

Bowhea<isIJspand strongly to dose approach hy vessels 'If a va~iety of
sizes. ,~n generitl, whales began to orient away from the approaching:' vessel
when fLtl was ~s fnuch as 4 km awa}'. Some whales increased swimllling speed when
the boat was ¥-4: km away, and most whales were travelling aw~y at in,creased
speed when the vessel was within 2 km. Changes in surfacing and respiration
patternfil also IbeFame evident. Overall, our experime~tsrevealeda significant
reduction in meam duration of surfacing, similar to that reported fOlr a fin
whale (Balaen6ptiera physalus) by Ray et a!. (978).
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Since 1980, one of the.jI>J;':f,tri~ri object;iy~s~;9J the present study has been
an assessment of the effecti~'l~~\~t~:t;~eismi~~\!t'ili~~~~on bowheads. We used five
approaches: '; k "Ii' 1..'

1. Opportunistic obse~vations of bowhead behavior in the presence of
noise from actual seismic exploration;

!
i

2. Controlled tests o~, reactions to a single airgun at close range,
;~~·::;~V': .:. :~." ~ ''':\" 'j; _ 'I" c-',:",t/,l{:;l

simulating a full-Scale seismic vessel 'farther away;
I

3 • Controlled tests ofl reactions to an actual seismi c vessel under our
direction;

4. Comparison of year!-to-year trends in distribution of whales and
seismic exploration~

I
!

5. Measurement of levlals and characteristics of seismic impulses at
Ivarious distances f:rom seismic vessels.

In this section, we report the results of approaches (1) ... (3) from all five
years. Results of approach~s (4) and (5) are treated in separate sections
(Greene 1985; Richardson et ~l. 1985a). Some of the same approaches have been
used in two simultaneous ~tudies. Approaches (1), (3) and (5) have been
applied to bowheads feeding lin or migrating through the Alaskan Beaufort Sea
in autumn (Ljungblad et a10 1982a, 1984b, 1985; Reeves et al. 1983, 1984;
Greene 1984b). Approaches (2)-(5) have been applied to gray whales migrating
along the California coast ~Malme et al. 1983, 1984). The Discussion section
below compares the results of these two studies with our results.

, I

Methods

Opportunistic Observations Jith Seismic Noise

On 21 occasions, obser~ers in a circling aircraft watched bowheads in
waters ensonified by noise I pulses from distant seismic vessels (Table 11;
Fig. 1). All observations descri bed here were obtained when the aircraft was
at altitude 457 m or great~r, and no other source of potential disturbance
was within 4 km. !

On 17 of 21 occasiorts, sounds near the whales were monitored by
sonobuoys dropped from the iaircraft -and/or by hydrophones deployed from a
quiet boat ('Sequel'). On the other four occasions (identified in Table 11),
sounds could not be monito!red, but the whales were close to an operating
seismic vessel and the wate~ was deep enough to ensure propagation of seismic
noise to the whales. On all 17 occasions when sounds were monitored, the
seismic pulses were prominedt to the human ear; no 'barely detectable' cases
are considered here. sign.all to noise ratios were usually at least 15 dB, and
often much more (peak pulse level vs. 20...1000 Hz band level between pulses;
see Greene 1982, 1983, 1984a, 1985 and Table 11).

I
Four different seismic vessels and six different sources of seismic

Ipulses were involved. However, noise pulses from all sources were similar in
spectral and temporal charatteristics (Greene 1982, 1983, 1984a, 1985).

. I



Table 11. ClrcuDstaIres "*'en bolileai Io'bales liere observei in the prESem:e of 001se frlDl actual. or s1mJlated se1smlc etplomdon, CanlIIian 8ealfort Sea,,~19><lI}-=8Il~. _

Whale Fos1t:lon Water Depth (J)servation Minutes of lihale Position lle bt Sounl ~els tear
f

ApprOK.
(n;g.MIn) (m) at Aircraft Qlservadon Whales (~/Jl..~)_W.._of_______ __ ,__ - - -- --~ ~-~-- -- --- ~- - -----.-------

Ice ilearirg AsPECt' lobales
!brth test ~e Sllso Sea awer Alti- lll.t.'1 lb Vessel Rarge to (0 a Se:lsm1c BeOieen <lJe-

~te lat. !Drg. !Dc'n bt State (%) Type tuie (m) Se1s. Se1s. NmIe (km) Beat Aread)e fulses fulses elVa! Activity d. Whales

-----
<I'IUnUltSTIC
20 Aug 198) 69.53 133.03 12 20 2 0 Isl 610 108 0 SUr e.8 WKl 330 c. l508 1 5 Sane IIUi cl=ne:I up21 Aug 198) 69.55 132.29 12-13 12 c. 1 0 Isl 610 64 0 Sur 13 l/SW 1 c. 141 1 7 Sodalizirg

5 Aug 1981 70.41 135.06 68 60 3-4 0 Isl 457-610 70 0 Vet 4$-54 Si 220 117 llH:i 5 Sodalizirg, defecatirg25 Aug 1981 69.52 134.50 11 10 2-3 0 Isl 610 84 0 Sur 6-8 E 115 c. 150 90-104 4 K.d fran 1IDl£hs, sodal1z1Ig, 118 play

1 Aug 1982 70.19 138.00 300 400-500 4 0 Isl 457 95 0 Mar 39-24 SJ 20 19 1 1 l<ll play7 Aug 1982 70.19 137.01 65 7$-50 2 0 Isl 457 63 0 Mar 49-40 SSJ 340 107-113 89-95 6-7 SwiDmIIg wesamd16 Aug 1982 69.45 138.05 150 e.200 1 0 Isl 457 65 0 Mar 54-58 N-t£ ~UO 12H32 98-101 6-11 S10II travel, sodal, possible lluISirg18-Aug1982 69.36 --138~22 . 125: 450'95 1-2 0' Isl 457 15~ 0 MiJr 73-62 mti 300 <12>-133 92-99 10-14 SlOW"T..,td travel; some sodal & aed.al

7 Aug 1983 A 70.32 138.10 950 190 2 40 'ltJt 457 44 0 Mar 79 S 95 127-131 105-107 l.b1axlwn
7 Aug 1983 B 70.40 137.53 1370 190-150 2 0 tot 457 70 lOa Mar 9>-99 SSJ 105 19 1 7 Calves 1nteract1rg; some rapid travel9 Aug 1983 70.00 139.00 190 20-1 1 0 'ltJt 457 204 28b M;ir 57-1 SJ-1 1 110-123 92-97 12 HIch ilodal1z1rg31 Aug 1983 69.51 136.31 19 18 1-3 0 Isl 610 182 0 Sur 53-52 E 310 12>-107 101-111 15 BOttcm feEdirg; sail! SOdal1Z1~1 Sep 1983 69.50 136.30 19 40-33 1-3 0 Isl 137-457 204 0 Aleu 31-26 NKH£ 55-120 13>-120 96-104 5 BotlDm feai1rg; some sodal1z1

1 Aug 1984 A 69.30 137.14 33___~__!_.!0__ Isl.__,<51__49__ll _Mar__~__W___125__1JO,l25__ 105-107_ --3---!Dne.tlales;-maUum'speei-_
c

1~-i984 869:23138:30---10 70 1 0 Isl 457 63 0 Mar 17-23 N 220 119-117 82-89 3 Z1g-zcg travel; srott surfadrgs
7 Aug 1981l 70.04 138.21 250 150 1 0 Isl 457 23 558 M;ir 33 W 90 137 ? 3 Slew travel

14 Aug 1984 69.43 136.48 24 55-30 1-3 0 Isl 457 110 23c Mar 20-10 lHlW 225;0-100 <143-158 108-122 10 Bottcm feEdirg; sodal1Z1q«
24 Aug 1984 69.30 136.40 9 45 1-2 10 Illl 457 69 37b M;ir 36-29 m 315 ?i? 3 Botllllll feaiiqJ; tlen E. speai trlM!1k
27 Aug 19Wi A 69.33 137.00 23 4lHO 2 0 Isl 457 n 0 Mar 11-20 I/tU 21>-195 130-125 111-116 7 BotlDm feai1Ig; E. sp!ei; syrdu:orf
27 Aug 1984 B 69.21 137.05 12 65-00 2 0 Isl 457 64 jl Mar 32,..37 IW 235 122-131 98-108 6 !Doe .tIiIle8; laNned:Iun speai travel
2~ Aug ~984 6~.33 136.57 21 ~JO 2-3 .0 Isl 457 8) .rtF- M;ir 18-23 tIHI Variol8 137-148 100 8 !D~.nales;tJsl. SJl!ei;tail B1,;ppl~

SINU AIRaN EXPl'.

18 Aug 1981 70.03 134.46 25 20 2 0 Isl 457 20 152d Seq 5 Circ. 090 >123 90-98 19 Skim feEdirg, DBinl.y 1n echelons
19 Aug 1981 70.03 134.48 25 28 2 0 Is1 610 19 135d seq 3 Circ. Ol) ,Iu8 97-100 10 Slew travel to SJ; surfacirg &divirg " __
28 Aug 1983 69.06 137.33 15 13 1-3 0 Isl 610 25 19lf1 ~__3~5 C1rc. 270 133'"125 88-98 4-6 Surf,adrg_&_divirg;_mediun_Speei_travel,~ c:-,-_

·--17-Aug-1981l--69.12-13IJ.06---18-----2O----1--<1--Isl---61O--JO-lB8d geq.. :F4.5 Various 124-131 92-102 6 ~t travelled away loiUle aizglIl f1.riqf' ",
27 Aug 1984

i
69.21 137.05 12 12 2 0 Isl 457 .3+-2 3Ja s..qR 0.2-1.2 Various >U4-134 98-108 6 &I1um-fast speei trallelawayk' _

1
ball MARIl'£R EXPT. _ '*

_______~1~6bM~69.!!3__,_136.!>3 .!8__25::-lc4=_==1-=0=_=Is1-=-==457~86=_14!<i.=-Mar=705-1.5=-:-Var1oUs===-»134=138=<l~--=--=-6Bottcm feEdirg;, tlen_EdslDolly~· ~'--=---=II

..a-d a_-_ after_se1sn1c eniei. b =beforeseism1c_ began•. _c.a. se1sn1c before ani· after-pedod(s)-w1th- 00' se1sn1c•._d_= pedals with-oo'-se1sm1c both- !ieforeannlfter -se1sii1li:'~r1OO:--- .. --'- ----.. - -- _. :~' --- - -- . --
e Aspect given as O· if loilales al-ead of ship. 90· if .tIales abean to starboard, 18)· if .tIales astern, 270· if .tIales abeam to port. lif'
f Noise levels ate for tie 20-1000 Hz bani; Richatdson et al. (1985b) give 10-500 Hz data for 1980-82. Values denota! 'c.' are estiDates basal on Qceene's (1982, p. 317) eqwtJon for receival ::s

level va. rarge for this ship. lkler values are fr(i!l solDbw)'S or h}'IlropOOoos deployal near tie ;tw.es. n
g Ib direct measuraaent -Of sounIs rear the litlales on this occasJon. ro
h Sequel ..... ancrorei ani qu1et dur1rg the a1rgun e><perlmen:s in 1981l. I-'
1 A1tgun experiment on 27 August 19Wi ..... ireaJplete. . , N
j Bacl<grourxI mise level before ani after se1smlc PJase of expedment. U!vels beOieen pulses durtrg se1smlc If1ase were 118-121 dB. 0
k Itlst litlales in the area liIler:e these data were ..:quirei were imJatures <13 m lo'lt (Wrs:fg et al. 1985b; Davis et al. in prep.).
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'Arctic Surveyor I;' sleeve exploders. On three occasions in 1980-81
(Table 11), we observed whales in shallow water 6-13 km from this

I

ship while it fired 12 large (0.3 x 1.2 m) sleeve exploders. These
produced six noise i pulses at intervals of 6-10 s and then were
silent for 0.5-2 min before beginning the next series of six
pulses. Received no~se levels were about 154 dB/ /1 pPa at 6 km and
141 dB at 13 km (Greene 1985).

I
'Arctic Surveyor', open bottom gas guns. In 1982-84, this ship used
12 open bottom gas guns as the source of seismic pulses. The source
level was about 17-i18 bar-m, or 239 dB/ /1 ,uPa-m; this was slightly
greater than the level produced by the sleeve exploders (T. Buckley,
Esso, pers. comm.).! Whales were observed 52 km from this vessel on
31 Aug 1983. .

'GSI Mariner' 23 Liair un arra. On 7 occasions in 1982-83 (Table
11 , we observed bowheads 24-99 km from this 36-m vessel. It used an
array of 27 airguns! of various sizes from 10 to 100 in3 (0.16-1.6
L). The source level was 38 bar-m, peak to peak, or 246 dB//1 pPa-m
(G. Bartlett, GSI, pers. comm.).

'GSI Mariner', 47 Liairgun array. This vessel was fitted with more
powerful compressors and a larger array of ai rguns in 1984. There
were about 30 gunsJ each of volume 80-125 in3 (1.3",2.0 L). On 8
occasions in 1984~ we obtained opportunistic observations of
bowheads at distances of 10-40 km.

5. 'Edward O. Vetter'" 33 L airgun array. On 5 Aug 1981 we observed
bowheads 45-54 km from this 56 m vessel.

6. 'Western Aleutian',: airgun array. On 1 Sept 1983, we observed
bowheads 26-31 km from this vessel, which uses an array of airguns,
with source level 250 dB//1 pPa-m (Reeves et ale 1983).

Statistical comparisons of bowhead behavior in the presence and absence
of seismic noise were complicated by day-to-day and place-to-place variations
in behavior. Ideally, each Set of observations in the presence of seismic

I

noise should be matched witih corresponding control observations differing
Ionly by the absence of seisDll c noise. During our opportunistic observations

this ideal often was not m~t, since we had no control over the seismic
vessels. Three types of situations were actually encountered.

1. On some occasions in 1983-84" seismic noise either started or
stopped while we were watching a group of whales. This provided
'seismic' and 'contr.ol' information from the same whales at the same
place on the same day--the ideal situation.

2. More commonly, seismic noise was present throughout the
observations. We uSed data from 'presumably undisturbed' whales
observed nearby on t~e same or an adjacent day as the control data.
When 2 or 3 small ~amples of 'seismic' or 'control' observations
were obtained in an larea within 2 or 3 days, we pooled the data in
an attempt to obtain,! one sample of usable size.
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3. oJ a few occasions, no 'pres~mablY undisturbed' FhaIE!S wer~ observed

iri, the general area within al few days of the 'seismi,c"occasion. In
tHese cases we, used as dontroldata. the dverage'reisults for
ptesumably undisturbed whal~s atth(! Ie ~orrespon~ing water: depth in

I tHat year., i ' '. I' Ii ,
Afterl the I data from each 'seismilc' occasion were I compared iwith the
correl;pondi!ng, control data, the resdIts were _pooled wiFh the I'unlfeighted z
metho~ (Ro~enthal 1978). ,For examplel, there were 16 pa~rs of r$e~smi'c' and
'control' data for which' blow interv.als could' be compared. TlIe results of
thesel 16 sFparate statistica~ tests were pooled for an Ioverall. t~st of the
null hypotHesis that blow, interval is unaffected by seisniic noise. '

I I ' ;' •
Airgul~ Experiments I'

I I ,I ' " 0 " 3 (0 66 ' )Tile completed four controlled tests with a single Bolt ,+ in, • L
I I , I' I, '

airgun deployed from 'Sequel'. The afrgun was' 2-5 km frpm the ~hales during
thesel four Itests. It was fired at 6 m depth every 10 s for 19-20 riJin on two
occasOILons fin 1981, and every 15 s f~r 25.:..30 min on two ~ccasio~s in 1983-84
(Table ,11). The whales were observed from th,e ,Islander aircr,aft circling
overhba,d at 457 or 610 m a.s.1. beforb, during land after Ithe peI{f,od: of airgun

firin~,. I " I 'I :,
I I ' I .:
'Il'~ro dffferent protocols were used. (1) During the 13 tests, •• il1- 1981 and

1983 , 'Sequel' travelled slowly (a1bout 6 kin/h) _around the whales at a
preselecte4 radius throughout the ~ntire ob~ervation I periodr, towing the
airguln. The rationale was that boat Idisturban~e, 'if anr' woula b~ constant
throJghout lall phases of thE! experimept. In fact, sonobu9Ys d,aPII?ye~ near the
whalels showed that engine noise from 'Sequel,' was not detectable at the
whale1s' lobat:ion, during th,e 18 Aug 1.,1981 expe',riment (51 km radk"e)!, and was
harelly det~ctable in the 19 Aug 1981 and 28 Aug 1983 ex~erimen~s (about 3 km
rang~) ,. (21) During the 1984 experim~nt, 'Sequel' was ~nchored w~th engine
off. Thus,!engine noise was not a facior in 19~4.: I I i

'fhe airgun operated from compressed air tanks filled to at !least 1900
I 1 , II, !

psi ~131 bars) before pre-airgun con'trol observat,ions began. Thusithere was
no cdtmpres~or noise during the expe'riment. By the timJ fiI'in~ c¢ased, air

I I, "I,'" I I,,'pressure had dropped to about 400-500 psi and; noise pulses received by the
whalJs had Idecreased by several deciibeIS. In, ~ach exper~ment:, ~ir~n sounds
were Imonitored by one or: two' sonobud,ys near t,he whales~ Air-gull Pl1lses were
alwa~s clerrly audi bIe, and sounded Isimilar to pulses from dib,tapt seismic
vesseh (Tible 11; Greene 1982, 1984al' 1985).', I I:

In addition to the four completed airgun tests, a £lifth incom~lete test
with' whalef closer to the airgun was! conducte~ (27 Aug 11984j; T~bl~ 11). Our
permi,ts: did not allow us to fire -the !airgun when bowheadr were rithin 500 m.
On 21 Aug 11984 we twice 'began to fire the airgun when we believed that the
closelst whrles were )500 m away. Iri

l
each ca~e,a wha~esoonl cake to' the

surf~cE! ab?ut 200 m from ,the airgun. We -cease~ firing a~ter tw~:,s~ots in the
firsb littempt, and nine shots in the second. 'Quantitative analys~s of data
from I this I a!borted exp~riment was I not . war'ran~ed: (10 The!re: were few
obse~v~ltionsduring the :brief aIrgu~ firing perl-ods. (l2) The Iresults were
conf91UIlded Iby noise pulses (122-131 4BI II pPa); from a d~stant ~~is:mic vessel
for UJOSit of the pre-airgup period. (That vessel stopped ~hooting"3 'min before
the airgun Ifiring perIod.:) i
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Experiment with Full-Scale Seismic Vessel

To resolve uncertaint?~~s;ti'<~~sociate'd'~viith"?uncontrolled opportunistic
observations and single airgun experiments, we wanted to conduct controlled
tests with a full-scale sei~mic vessel. The aim was to direct such a vessel
to pass about 1-1.5 km to the side of a group' of whales and to observe their

I

reactions. No opportunities! for such tests were encountered before 1984.
However, with the cooperadon of Geophysical Service Inc., one test was
possible during August 1984. I

I

From 12 :21-12 :39 MDT oni 16 Aug 1984, we observed several bowheads near
the eastern edge of pan ice; in Mackenzie Bay. 'GSI Mariner' was conducting

I

seismic surveys about 27 km to the southwest. 'Mariner' was heading generally
Itoward the whales, and was expected to pass several kilometres to the west of

them in mid afternoon. We thJrefore refueled the aircraft and returned to the
Iwhales at 15:01. At that time 'Mariner' was shooting toward the northeast at

a location 10 km west of the whales. At 15 :06 'Mariner' stopped shooting
because ice prevented normal!, operations. We were in radio communication from
our observation aircraft to l the 'GSI Mariner' and to GSI' s field manager
aboard another aircraft in j the area. GSI then placed the vessel at our
disposal for 2 h~

We requested that the vessel proceed eastward on a course that would
take her to a closest point pf approach (CPA) 1-1.5 km north of the whales.
For 33 min (15:06-15:39) we !observed six bowheads in the absence of seismic
pulses as 'Mariner' maneuvered around ice, heading generally east from 9 km
to 7.5 km away (Fig. 5). At ~5:39, when 'Mariner' was 7.5 km to the west and
travelling east at normal shooting speed (7.4 km/h) , she began--at our
request--to fire her airgunlilrray ata typical rate of one pulse every 10-15
s. By 16:22, 'Mariner' was aqout 1.5 km north of the closest whale. At 17:00,
when 'Mariner' was about 6 ~m to the east, she ceased shooting and turned
northeast. She continued tra~elling northeast and then northwest for several
more minutes before stopping to haul her airguns and cable aboard. During
this 'post-seismic' period,! 'Mariner' was 6-11 km from the whales. We
continued observing the bowh~ads until 18:48.

Thus, we observed for an initial 5 min period while 'Mariner' fired her
airgun array 9-10 km away, fqr 33 min while she was not shooting (approaching
from 9 to 7.5 km), for 81 min while she fired her array along a line from 7.5
km west to 6 km east. of the iwhales (CPA=1.5 km), and for 108 min after she
ceased shooting (Fig. 5). Th$ water depth was 18 m, the sea state was 1, and
the closest significant ice i (15% cover) was about 4 km to the west. The
observation aircraft circled ithe whales at altitude 457 m.

We dropped a sonobuoYI amidst the whales near the start of the
experiment. Af ter the vessel had passed the whal es, we dropped a second
sonobuoy about. 2 km farther south, where whales were then located. While the
ship maneuvered from 9 to 7.~ km away, engine sounds were detectable but not
strong enough to mask water noise (received levels 98-105 dBI II pPa in
20-1000 Hz band).

When 'Mariner' began to ifire her airgun array 7.5 km away, the seismic
pulses were extremely strong--too intense to measure accurately with the
sonobuoy system. The pulse~ seemed even more intense as' 'GSI Mariner'
approached the whales. The sotlobuoy showed that received levels were at least

I
I
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seismic vessel, 16 Aug 1984.
I' .

I I

1

I. i IG:) Shooting stops ® Shooting resulnes 0 CPA, h'\!
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ful1J scal e

test of reactions o~ bowheads t'o

I

I ,i
134-138 dB,even when the ship was 7 kIn away. Actual levels when the ship was
I It .' II i~. 5 knll away were probably well over 160 dB, the level measured oy Wdrophone
I I I I I Iflbout 112 km abeam from 'GSI Mariner' ~n 14 Aug 1984 (water depth 241m; Greene
~ 985). Throughout the period while iMariner' was shoot!ing, re'ITetberations
~:tom fhe p~lses we,re .au,dible for mosF or all of the 151 s ,inte!t'V~,l between.
pulses. Minimum recel.ved, levels 'between' pulses were 118-·12~, dB in the
~o-lOOO Hz hand. The second sonobuoy t-evealed that engine sound~1 a~d various
~ntern\littent banging and whining soun'ds were reaching t~~ wh.:lle1s during the
lO8 m~lD. '~st-seismic'period, when I'Mariner' was haul+ng herliai:rguns and
Fable aboar~. However, these sounds were not strong enough to mask: the water
noise (99-1P3 dB in 20-1000 Hz band) ,.r !

Results I

Opport:UlC1ist~c Obse,rvations Wit~ seismlc Noise I

I ' IGener~l Activities.--Activities 10f whales in the Jresence i a~d absence
rf seismic roise were us~lly indistinguishab Ie. In both situa tiJns ~ bowheads
surfat.ed, dove and called, and sometimes travelled, soctalizedior l fed near

the brttom·1 , I " ! ' '

Duringl' 1 of 21 occas,ions, unusual behavio:r was noticed. on 1 IAug 1984,

I
I I " I I

three bowhe1ads in water 10 m deep we~e observ~d as 'GSI: Mar inE7r, travelled

I

northwestward 17-23 km to ,the north. One whale travelled back and forth on an
irregtA1ar c'ourse at moderate or fast 'speed, diVing and si!rfacing r~peatedly.
IThe dives knd' surfacings: were very 6hort (avE:!rage dura1bons 01;77, and o. q
min, Irespedtively), with' only one bllow during most surfacings.' We believe
Ithat the wttale was disturbed by seism!ic sounds, the obsefvauonlaircraft, or
Iboth. [seismiic sounds were of moderate intensity (at leastI1l7-ol1? dBI II pPa) ,
but were concentrated at unusually high frequencies (500-1300 Hz, Greene

I !" , .

I

I
I
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1985). Lower frequencies hadi~~).:'O~;rblY be~ri'ai{enuated more rapidly by the
shallow water. However, given! the shallow water, where lateral propagation of
aircraft noise is most prohounced (Urick 1972; Greene 1984a), aircraft

I

disturbance is a possibility even though we circled at 457 m a.s.l.

On 5 of 6 occasions when] seismic noise started or stopped as we watched
whales, behavior did not chan!ge noticeably. The possible exception was on 24
Aug 1984. An identifiable wh~le had been surfacing and diving repeatedly in
one area before seismic began. This continued for 3/4 h after 'GSI Mariner'
began shooting 36 km to the i northwest, but the whale then began swimming
rapidly. It is doubtful tha~ this change was attributable to the seismic
noise, since (1) the change d~d not begin until well after the seismic vessel
began to shoot, and (2) the whale headed north, partially toward the ship.

I

There was usually no ev~dence that bowheads were moving away from the
seismic vessel. The only possi. ble case was on 7 Aug 1982, when whales 49-40
km ahead of the approaching '~SI Mariner' were swimming consistently west at
moderate or fast speed. The ship was travelling northeast at a location SSW
of the whales. To travel direetly away from the ship, the bowheads would have
had to move north, not west. iHowever, their westward course took them away
from the projected track of tije ship--i.e., away from the anticipated closest
point of approach of the ship. The westward movement probably was unrelated
to the seismic vessel. Whal~s seen in that general area under presumably
undisturbed cOnditions on 6' August were also moving west. The overall
distribution of bowheads seem~d to be shifting westward during early August
1982 (Ljungblad et ale 1983; Richardson et a1. 1985a).

On two occasions wi th s~ismic noise, we observed bowheads playing wi th
logs at the surface (25 Aug ~981, 1 Aug 1982). On 1 Aug 1982, the whale did
not dive during 1.6 h of o\bservation. By remaining at the surface for
prolonged periods, bowheads wduld reduce the received level of seismic sounds

~~ ~~~~:~~ ~~c~~:~s f~~r:e~er01!ba;1e~~~~~:~~' w~~e~eelr:te~Ot~r~~~s~~~tS~~~d~:a~~
have observed log play in the iabsenceof seismic sounds (18 Aug 1984; Wursig
et a1. 1985b). '

In summary, general activities of bowheads were similar in the presence
and absence of noise pulses from seismic vessels 6-99 km away. In the few
cases when we suspected an! overt reaction to the seismic vessel, the
seemingly unusual behavior may have been a reaction to ~omething other than
the seismic vessel, or an uncQmmon component of normal undisturbed behavior.

i
Surfacing, Respiration ~nd Dive Characteristics.--When all observations

in the presence and absence of seismic noise were combined, number of blows
per surfacing, surface time, !and dive time all tended to be lower in the
presence of seismic noise (F~g. 6). Blow intervals were similar with and
without seismic noise. Although suggestive, these results were confounded by
the many factors, aside from! presence or absence of seismic noise, that
varied from day to day. C~nsequently, we compared the data from each
'seismic' occasion with matched data from presumably undisturbed whales
observed under similar circums~ances (see Methods).

Our matched results from 1980-84 provided some evidence of subtle
Idifferences in surfacing, respiration and dive cycles in the presence and
I .

absence of seismic noise. [n 4 of 7 situations examined in 1980-82
I
I
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Turns and pre-dive flexe~ occurred more often wi thout than wi th seismic
noise, considering all availaple occasions together (Table 14). The presence
of seismic noise did not aff:ect whether bowheads raised their flukes above
the water while diving (Table:14).

i,

Bowhead Calls. --Calls ~ere heard during 11 of the 14 occasions when
underwater sounds were record1ed near bowheads exposed to seismic noise. The
overall calling rates for the 114 cases were 1l.07 calls/whale-h and 1.72 loud
caUs/whale-h (Table 15). Thrse rates were only slightly less than rates

i

,
When matched results from all 5 years were pooled (Table 12D), bowheads

in the presence of seismic hoise tended to have fewer blows per surfacing
(p<O.Ol), marginally shorter i surfacings (p = 0.052), longer blow intervals
(p<0.05), and shorter dives (b<o.ool). The fact that trends for two variables
(number of blows per surfacing and dive duration) were similar in 1980-82 and
1983-84 (Table 12D) makes it more likely that the effect is real.

These results must be in~erpreted cautiously: (l) The whales observed in
the presence and absence of s~ismic noise usually were different animals. (2)

I
No one variable was consistently different in all situations. (3) In 3 of 4
cases when the seismic ship wks within 13 kID, no significant differences were
found. (4) Most sample sizes Ii were small and came from repeated observations
of still smaller numbers of aifferent whales. Without experimental control,
it is impossible to be sure whether the apparent effects were attributable to
seismic noise or to some othet variable. A further reason for caution is that
the pooled results depend strongly on the data from 1 Aug 1984 (site B). On
that occasion, the behavior olf one whale was quite unusual, possibly because
of aircraft rather than seis~ic disturbance (see above). If that occasion is
excluded, the trends in n~ber of blows per surfacing and duration of
surfacing become non-signific~nt (p)O.I). However, mean blow interval remains
significantly longer (p<0.05~ and mean dive duration significantly shorter
(p<O.OOI) in the presence of ~eismic noise (Table 12D).

In summary, opportunist!ic observations indicated that blow intervals
tended to be longer and div~ durations 'shorter in the presence of seismic
noise than in matched 'no s~ismic' cases. There were also indications that
mean duration of surfacing and mean number of blows per surfacing tended to
be reduced in the presencJ of seismic noise. However, there was much
variability and overlap; these trends were not always evident, and contrary

Itrends were found on some ocqasions. In the absence of experimental control,
it is impossible to be sure: that the trends were attributable to seismic
noise as opposed to other facfors (see 'Multivariate Analyses' , below).

Other Behavioral Variab;les .--Estimated speeds of bowheads usually were
similar in the presence and absence of seismic noise. One exception was the
aforementioned '1 Aug 1984 (site B)' case, when a whale travelled at moderate
or fast speed during most surlfacings. It is uncertain whether seismic noise,
aircraft dlsturbance, or some other factor was responsible. Aside from that
one case, there was no eVid~nce that speed was affected by seismic noise
(Table 14).
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198~b) "and in 6 of, 9 situations examined in 1983-84
" 1/',,',' , '

foU!:' variables differed significantly (p<0.05) from
undisturbed' bowheads observed under similar

Table 12A).

(Richardson et a1. 1983 c,
(Fig. 7), at least one of
values for 'presumably
conditions (summarized in

,
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Table 12.
I

Summary of statistical comparisons of surfacing, respiration and dive characteristics of non-calf bowhesds
observed in the presence and! absence of seismic noise. See Richardson et aLa (l983c, 1985b) for 1980-82
data; Richardson et ale (l98~b) for 1983 data; and Tables 13, 16 for 1984 data .

!
Circumstances Compsred I Seismic Sound Variablea

km Received
Seismic from Level Blows/ Surface Blow Dive

Seismic Control b Vessel Vessel (dB/! 1 pPa) Surfacing Time Interval Time

A. OPPORTUNISTIC
20 Aug 80 20 + 22 Aug 80 Ar Surv c. 8 c. 150 ns ++ + (+)
21 Aug 80 20 + 22 Aug 80 Ar Surv 13 c. 141 ns ns ns

5 Aug 81 6-13 Aug 81 Vetter 45-54 117 ns ns ns ns
25 Aug 81 All in <16 m Ar Surv 6-8 c. 150 ns ns (-) ns

7 Aug 82 All 1982 Mariner 49-40 107-113 ns
16 Aug 82 14-19 Aug 82 Mariner 54-58 127~132 + (-)
18 Aug 82 14-19 Aug 82 Mariner 73-62 <125-133 ++

7 + 9 Aug 83 7 + 9 Aug 83c Mariner 1-99 110-131 ns ns (-)
31 Aug + 22-28 Aug 83 Ar Survl 26-53 107-135 ++ ++ ns

1 Sept 83 WAleut

1 Aug 84 A 7 Aug 84 Mariner 36-40 130-125 ns
1 Aug 84 B All in <16 m Mariner 17~23 119-117 ns
7 Aug 84 7 Aug 84c Mariner 33 137 ns

14 Aug 84 14 Aug 84c Mariner 20~10 <143-158 ns
24 Aug 84 24 Aug 84c Msriner 36-29 1 (-) ns +++ (-)
27 Aug 84 24 + 28 Aug 84 Mariner 11-37 122-131 (-) ns +
28 Aug 84 28 Aug 84c , Msriner 18-23 137-148 +

B. SINGLE AIRGUN EllPT
18 Aug 81 Pre & Post Gunc gun 5 >123 (-) ns ns ns
19 Aug 81 Pre & Post Gunc gun 3 >118 ns ns +
28 Aug 83 Pre Ai rllUnc gun 3.5 133=125 ns ns ns
17 Aug 84 Pre & Post Gunc gun 2~4.5 124-131 ns

C. CSI ItARIHER UPT
16 Aug 84 Pre & Post FiringC Mariner 7.5-1.5 »134 ns ns

D. POOLEod
All 1980-82 Opportunistic (-) (-) ns (-)
All 1983-84 Opportunistic ns +
All Opportunistic (-) +
All Opportunistic except 'I Aug 84 Bti ns ns +
All Single Airgun Expt I

(-) (-) (+)
Eipt

ns
All Single Airgun Expt + 'Mariner' ns ns ns ns

a Test results are coded as
nsifp>O.I,

(+) if mean value higher w~th than without seismic noise, and 0.1 ~ P > 0.05,
(-) if mean value lower with than without seismic noiae, and 0.1 ~ p > 0.05,

+ or - if 0.05 > p > OJ01,
++ or if 0.01 )" p > OJ001

+++ or if p ~ 07001. I
Missing values indicate n < 4 for at I least one of the situations -being compared. See the references and tables
cited above this table for details concerning the types of statistical tests applied.

b All 'control' data came from 'presuma~ly undisturbed' whales.
c The same whales were observed in both !the .presence snd absence of seismic noise on this occasion.
d Pooling done by the 'unweighted z' method (Rosenthal 1978).

1
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j , 1

i !, ;

I .: .1' I
Surfacing, respi~tion am dive !characteristic,SOf: non-calf bowreads ;observEd in the
presence and absences of seisnic noise, 1984. See~ eta!. (19~~ 1984b) for
corresponding results fran 1900--82 lam 1983, re~ctively. I !, I ~ . !

. (I I :

i i
I'

i I I

I

i
!

i.. I
I

I I: I I' IB1DiB/~ i ill of,~ (mID)

JAug 1984 A 36-«> 1.00 -; ~.12 - II iI,
7j' A._ 1984 Absent 5.00 2.449 6 I' 1.00 0.5lQi 1 6
~ i I II

1 Aug 1984 B 17,23 1.07 0.328 54 ! t' (il.l4 0.138, 55 t'

All tPth <16 m Absent 6.00 2.769 1~ 'f*I' t·07 0·1: 115 i ***
7, Aug 1984 33 3.00 1.414 2 I ~.36 O.l~~i II 3
7

1

Aug 1984 Ab~ 4.86 1.574 7 0.76 0.24

1

9,' 7
f' I .
ILl

14 Aug 1984 2OHO 7./IJ 3.286 5 1.63 10.601, I 8

14
1

Aug 1984 Absent 6.00 - ~ i t·25 - I! · 1 1

24 Aug 1984 36f29 5.7l 2.138 ~ i t 1.08 0.292: ,8
24 Aug 1984 Absent 8.00 1.871 5 ! (*> i.11 0.1# 5

1 ! I I II'
211Aug 1984 11,""37 4.70 3.093 10 t 0.96 0.742 12

24 + 28 Aug '84 Absent 7.67 1.862 6 (*) 1.08 0.li4 6

1 1_ _!
?~ Aug 1984 18,23 - -q 0
28 Aug 1984 .Absent 6.00 - 1 0.93 - 1

I [' i
I Blow Ioterval (0) I Dbe~ (min)

~. Aug 1984 A 36-:-40 12.58 2.701 26;t' 0.15 - II. 11IAug 1984 Ab~ 13.00 7.356 1 ! ns t·69 1.4t f 7

1 Aug 1984 B 17"""23 9.67 5.099 9 't 0.76 0.767 52
All d~pth<16 m Absent 10.99 4.110 221,' Ins 12.44 7.a09! 110

I '! I . I I
~ Aug 1984 33 10.50 1.915 4 t 9.11 1.7~: 13
7

1

Aug 1984 Absent 9.36 3.000 31 ns8.07 1.368 6

14, Aug 1984 ~10 11.95 4.442 16: t - - I I 0

:J : :: ':: :::: :::: '~ 8~87 4~..i. I:
24

1

Aug 1984 Absbn:.·t 8.«) 2.340 qQ :*** ri.93 '4.788! I 7
~, I'Ii

27
1
Aug 1984 11+-37 12.41 6.136 153 t (}.65 0.509: I, 3

24 + i8 Aug '84 ~t 11.01 5.038 11~ * 1~.93 '4.7~! I 7

2~ Aug 1984 18;-23 16.93, 8.704 14 t 1- - i I 0
28 Aug 1984 Absent 12.44 5.538 73 * 1- - I 0

I : ! i
a The 'Marmer Absent' liresiinclooe only 'prJsunably lIIdisturoed' norr-cali. OOwhe!KIs·li! i
b Valuis iri the presence am absence of seishdc mise ~rJ~red tIl~ the Student's t=test (t),

the He$t notassuml.~ equal variances (tj), or ttE ,~lJley U teSt (U),. ~ iluicates P <
0.001, ** means o.(X>l < p:< O.Ol,*umns 0.05 <P < 0.01,(*)1 IIIl!ItIS 0.05 <p <0.1~ arid ns oems p
>o. ~o Test not dam whenrii. <4 for either Igroup. - iii ._. i

! !i i
i ', i

,
i
I

I
!
j

I
Table 16.
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Table 14. Estimated speed and occurrence of turns, pre-dive flexes, and
'flukes out' by ilon-calf; bowheads observed in the presence and
absence of seismid noise, 1980-84. Each'surfacing by a whale is a

I

unit of observatiqn.

Turn Pre-Dive Flex Pre-Dive 'Flukes Out'

No Yes Tot!al No Yes Total No Yes Total

Seismic 238 44 28:2 323 35 358 253 159 412
No Seismicb 127 44 17\1 170 46 216 173 117 290
Chi2 (df=l) 6.98, p < O.Oli 14.75, p < 0.001 0.22, p > 0.1

a Speed analysis excludes dat~ from 1 Aug 1984 (site B).
b 'No seismic' lines includelonlY the 'control' occasions that were matched

with 'seismic present' occa~ions.
I. !

recorded near 'presumably undisturbed' whales in 1980-84, 14.26 total and
I

3.75 loud calls/whale-h. The; slight reduction with seismic noise may not be
meaningful because numbers of whales responsible for the calls were only

I
roughly known. The proportional frequencies of the seven call types that we
distinguished were almost id~ntical in the presence and absence of seismic
noise (Table 15). Thus, noibe from distant seismic boats did not have a

I
strong effect on calling by bpwheads.

I

Summary.--Opportunistic: observations indicated that general activities
of bowheads are rarely if e~er altered in any noticeable way by noise from
s'eismic vessels 6 km or more away. There were, however, indications of subtle

Ialterations in surfacing-respiration-dive cycles, and in frequency of turns
and pre-dive flexes. Whether these subtle trends were attributable to seismic
noise or to other factor~ cannot be determined with certainty from
opportunistic observations. Bowheads produced calls of the usual types when
exposed to seismic pulses; tHe rate of calling was only slightly (if at all)
reduced. I

Airgun Experiments

IStrong pulses of airgun noise reached the whales during all five airgun
experiments. During the f our I completed experiments, the whales. were 2-5 km
from the airguil. Received lev1elsof the airgun pulses were at least 118-133
dB/ /1 ppa. In contrast, am])lient noise levels between ai rgun pulses were

I
I



--------------'Table-I-5-.-Numbers-and~types-of-bowhead-ca-I-ls-recorded-in-the-presence-and~absence-of-sei-smi-c-m)i-s-e-;-Cjmaaran-Be-aufort-Sea;-1980"'84. •
Data compiled by C,W. Clark. .

7 7.00 17 6 1 3 9 3 31 70 10 .00

5 2.50 18 4 6 2 8 1 13 52 20.80
4-15 15.42 11 0 0 0 0 0 0 II 0.71

5 4.25 66 70 25 II 4 0 8 184 43.29 8.00
7 7.58 101 32 24 19 2 2 19 199 26.25 2.90
8 10.93 63 80 90 17 13 56 8 327 29.92 2.56

2 3.17 0 0 0 0 0 0 0 0 0.00 0.00
12 39.40 61 54 29 25 36 1 59 265 6.73 1.04
6 14.20 125 29 25 58 6 1 2 246 17.32 3.03
5 7.41 4 1 1 0 0 0 0 6 0.81 0.00

3 2.25 1 0 0 0 0 1 0 2 0.89 0.44
2 1.57 0 0 0 0 o 0 0 0 0.00 0.00

6=7-'-4-:l5 0 0 0 0 '0'--0- 0 0 0.00 0.00
6 3.20 0 0 2 0 0 0 0 2 0.63 0.00

24.92 46 10 7 5 17 4 44 133 5.34
22.16. 230. .182 139 47 19 58 " 35 -710 ·31.20 3.69
64.18 190 84 55 83 42 2 61 517 8.06 1.31
1l.3] 1 o 2 0 0.__ 1_ . __ 0_____ L_ ..0.35___0.,09--- ..._..- .~ -- - ....- --- - ---

____ • ___ • L __ •

-- - - -' - - - - -- ---
123.23 467 276 203 135 78 65 140 1364 11.07 1.72

34 '20 15 10 6 5 10
Totals
Percent

22.25 23.25 Sl-Exp So

10.11 10.41 Array
11.25 12.34 Sl-Exp So,Bo

10.15 11.06 Array So
15'.25 16.30 Array So,Ca
16.38 18.00 Array Ca
~--,- - •. .,-1------·

17.15 18.50 Array ?
13048 17.20 Array So
14.54 17 .18 Gas..:c So,Bo
16.57 18.26 Array So;Bo

uliservation Sourt;:e . Total No. Calls of Each Type Calls Per
Time (MDT)a of wnaie Approx Whale- Whale-Hour

Seis. ACtiv- No. of Hours Con- lnfl- Pulsed Pul-
Start End Noise b itiesc Whales of Obs Up Down stant ected ~gh----I.one__sJ'y"e_T.c,-t.a.l__t.o.t.al__Loud

1980-81 Set smi c
198LSeismic-_.. __
1983 SeiSmic
1984 Setsmi c

--.-..,'--__ ,.~._,...____,_ .-. -." -7·,.-. __ ·_

All Seismic

~' -~~-----

Date

21 Aug 1980

5 Aug 1981
25 Aug 1981

7 Aug 1982
16 Aug 1982
18 Au..~ 1982

7 Aug 1983
.9 Aug 1983
31 Aug 1983

1 Sep 198)

Aug 1984 A 16.38 17.23 Array
1 Aug 1984 8 18.37 19.24 .Array

·-----27-Augr98·CA--rT:S2-r8-.--45--·-Arra·'=y---'B"'o,----
27 Aug 1984 B 19.43 20.54 Array

All
_ _~'_'.__._,~_. __ ..__._. __."All.

All
All

'.....:...~..:-..'.-,
, .:.....r.:....L·.-

a Recordings were not always continuous from start to end time.
b Sl-Exp ~ 12 sleeve exploders. Gas-G = 12 open bottom gas guns. Array ~ array of airguns.
c So = socializing. Bo = bottom feeding. Ca ~ calf present.
d See WUrsig et al. (1985b) for details concerning calls by presumably undisturbed bowheads.

..:-

-- -_._-- ----~

c_

All 1980..,81 Undisturbedd 114.14 69 20 8 15 29 29 83 253 2.22
ALL 1982 Undisturbed 108.82 1655 1159 976 398 194 278 273 4933 45.33 8.25
All 1983 Undisturbed 91.64 103 34 17 31 16 43 9 253 2.76 0.91 ~

----,--------AH=I:-984-U_n_dj~sJ~_u.£1:led 820.00 1,1,1 32~_2·L . 2-L 3 .. 2·2 5 2-16. h6-3,.....,....,O,..94 .001====1---------- rt
-- -.-- --.- -- -- -- -- -- -- ---' -- t:::

AILUndisturbed Totals -. - .. - .. - --.-.. , .'.-.-. , ..396.60--1938--1·2451022-- 466--242- -37·2-----370--5655 -14-.26-3·.-75-'--11- -_.-.
Percent 34 22 18 8 4 7 7 :if

::s
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88-102 dB in the 20-1000 Hz ,band. Signal to noise ratios were at least 18-45
r ._~i~~"~i{ ;, , ~ ":

dB (Table 11; data from Greene 1982, 1984a, 1985). During the aborted
experiment on 27 Aug 1984, Ithe whales were only 0.2-1. 2 km away. Received
levels at range 1.5 kIn were probably above the measured 124-134 dB values,
and levels near the closest ~ales were undoubtedly greater.

General Activities.--Geqeral activities of bowheads observed during the
three airgun experiments in 1981 and 1983 were unremarkable--skim feeding in
echelon formations on 18 Aug 11981, and slow to moderate travel with surfacing
and diving on the next tw i occasions. General activities did not change
during the period of airgunl firing (Table 11). However, during the first
experiment, echelons aver aged I' smaller in size during the airgun firing period
than before or after (4.7 + ,s.d. 2.20 before, 2.8 + 1.33 during, 3.7 + 1.56

-I - -
after; n = 21, 6, 12, respectively; lack of independence precludes

I
statistical comparison). We ido not know whether the apparent reduction in
echelon size during the air:gun firing period was a result of the airgun
noise. Replication would be Inecessary to. establish this •. Unfortunately, . we
had no opportunity for anoth~r airgun experiment while bowheads were echelon
feeding. In any case, genera1 activities remained the same during the airgun
firing periods of all three ~periments in 1981 and 1983.

During the two experimedts in 1984, one completed on 17 August and one
aborted on 27 August, behaviJor was unremarkable before the airgun began to
fire. However, during and ~hortly after the airgun firing period, most
bowheads seen were travellirlg away from the airgun site (see Orientation
section, below). One difference in protocol was that the airgun was deployed

I

from a travelling vessel in 11981-83, but from a stationary and quiet vessel
in 1984. Received levels of a~rgun noise on 17 Aug 1984 may have been higher
than those during the 1981-83 experiments. Received levels on 27 Aug 1984

I ','
were the highest because the I airgun was closest to, the whales on that date
(Tab Ie 11). 1

Surfacing and Respiratidn Characteristics.-In general, there was much
overlap in values of surfacing and respiration variables before, during and

I

after the airgun firing periods (Fig. 8; Table 16). In most experiments,
values did not differ signif~cantly in the presence and absence of airgun
noise (Table 12B; Fig. 8). However, the sample sizes during the period of
airgun firing were small. Durations of dives were recorded too infrequently

I

for analysis (Fig. 8).

The slight differences ithat did occur showed some consistency across
experiments. During all thre~ experiments with data, mean surface time and
mean number of blows per sur[facing were slightly reduced during the airgun
firing period relative to pr~airgun values (Fig. 8). Pooled results from the
three experiments showed a marginally significant effect (p <0.1 for both
variables, Table 12D). Convetsely, mean blow intervals increased from the
pre-airgun to the airgun periJd in 3 of 4 experiments (Fig. 8). The trend was
significant on 19 Aug 1981 (p~0.05), but the pooled trend was not significant
(p = 0.1). .

The trends in these bhree variables were all weak. The airgun
experiments do not prove thad surfacing and respiration behavior is altered
in the presence of noise pulsJs. However, it is noteworthy that trends in all
three variables were in the ~ame direction as was found during analyses of
opportunistic observations (T~ble 12D).
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FIGURE 8.· Surfacing, respiration and dive characteristics of bowheads before,
during and after an airgun or airgun array fired. Calves are excluded.
Presentation as in Fig. 6. For numerical data, see Table 16.
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Table 16• &.trfacing, respl.rat:lonl ani dive char~teristjcs of n~>n"'calf bOW1eOOS ObselVe:l dur~. \

I.
aiIgm ani full-scale Seisnic eKper:iIrents, Cana:lian Beaufort Sea, 1981-&.a.

I

I
I

'j D:1te H1ase iMean sod. n Test Mean s.d. n Test
I

I I BlafIB/au:faclog IlJratJon of~ (min).,\
I

I SIlGE AlRQN' EJlPI i
I

18 Aug 1981 Before I 3.17 2.1a> 24 Kr\olll 0.82 0.829 23 Kr\olll
(5 kn rarge) n.u:irg i 2.29 3.!n4 7 (*) 0.56 0.983 7 ns

After' I 2.60 2.230 IS 0.91 0.6~ 15

I
I
I

19 Aug 1981 Before 1·4.10 3.004 29 KrwaJ. 1.06 0.653 41 KrwaJ.IL_r:
(3 kn ra~e) n.u:irg : 3.11 1.691 9 ns 0.78 0.343 9 ns

After i 2.69 1.974 13 1.01 0.571 15I. 28 Aug 1983 Before i 3.58 2.612 36 t 0.77 0.515 37 t
:'.

(3 kn ra~e) niri~ 1 3.29 2.059 7 ns 0.64 0.543 7 ns
After i 5.00 3.606 3

{

0.98 0.624 3, I
17 Aug 1984 Before 16.88 2.6% 8 1.35 0.452 15

(2-4 kn ra~e) lU'i~ i - 0 0

I
After I - 0 0

Q;r MARIl£R F.JlPT !l

i 5.0016 Aug 1984 Before 2.828 4 /JNOVA 1.04 0.544 5 /NOVA

I Seisnjc
1

6•22 2.949 9 ns 1.14 0.526 11 ns
After ! 4.83 1.472 6 1.02 0.328 6

O"!.

I, Blow JnteJ:val (s) Dive IlJrat:bn (min)

SIlGE AlRWf ·EJlPI, 18 Aug 1981 Before 115. a> 15.362 70 N.ifJVA 3.04 4.124 10 KrWal
(5 km r~e) Ibring 22.93 18.215 15 ns 1.81 1.596 6 ns

After [7.15 9.176 33 2.47 3.673 11
i

I 19 Aug 1981 Before [1.45 6.262 138 N.ifJVA 4.40 6.542 4
(3 km r~e) Ibring l3.43 8.441 21 * 0-;i:;

I

After [5.89 11.500 27 6.72 6.591 4

I
I
i

28 Aug 1983 Before l2.67 7.044 148 t 3.02 3.839 13
(3 km range) IlJring 13.91 5.773 22 os 3.13 3.~8 2I

After 12.83 8.133 12 0

I 17 Aug 1984 Before 10.88 4.3~ 213 t 7.21 4.999 3
\;~ (2-4km ~e) IlJring

1

8
•
00 3.exx> 5 ns 0

I
After 9.50 • 5.292 8 0

I

Q;r MARIl£R F.JlPT I
I~ " -

,,
16 Aug 1984 . Before il.73 3.769 40 /NOVA 0I

I
Seisnic 10.64 2.206 105 *** 8.14 9.152 3

After 12.39 2.745 49 19.26 5.119 3
I
I, a Presentation as in Tcble 13. I

I
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! I IF~GUR~~; 9: I Relative orientations of bowheads before, durin~ a~d after an
a~rgu~l. f~red 2:-4~ km away, 17 Aug 11?84. Each symb~l represen~ls the heading
(relafi~v~ Ito. augun) of ,one ~hale. d'tr~ng one surfac~ng, [, as ObSr,I,r,V~,d from the
obser'lrat~on aucraft. The duecho~s and lengths of the me~n vectors are
s~o~~.. Th1 p. valu~s are from V-tests of the hypoth~sis thay there was
s~gn~t~cant or~entat~on away. I I

. I :
, I
I ISimilarly, on 27 Aug 1984, bowneads swam away from the ai;rgl;1n ort both

occasions t.,hen it was fired. Whales lseen during the twd bri,ef I~h!gun firing
[I ' 'I' ,

periods and within 5 min after they ended were oriented wiithin 40° of
direc,I t1y aWlI ay (n = 5), and were trcivell, iog at moderat~ or fa~,tspeed (n =
I· • I 'I II':

5). These Fhales were estimated to ~e 0.2-1.2 km from ~he airgun: and boat.
'Sequel' Had been anchored near whales for' 3 h before the llairgun began
firirlg

"
so I their departure was presuritably attributable tl'o thl:! afrgun and not

I ,I, II
to 'Sequel'. Also, orientations and speeds were more [variable before the

i I I ' ,
I

I ", I

I '

I
i i

III
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! i ., Ii !
!orientation of Whales.--During the three airgun experiments in 1981-83,

we found no evidence that bowheads w~re moving away froni the a~rgtin and boat
(Fra~er. ell al. 1982; Richardson et ale 1983c, 1984~). On 1118 i Aug 1981,
bowh~ads cJontinued to skim feed in !echelon form~tion 1uring ~ndl (after the
airgun fi:iing period. Th~ycontinued to swim back and forth ,thtou~h the same
area. 10£ hlkh c,opepod abundance (G.rif:,fiths and Buchan,an 11. 982) w.~,',erie they had
been feeding before the airgun began firing. On 19 Aug. 1981, bowheads were
travelling southwest during all pha~es of the experimeJnt. On :1281 Aug 1983,
only I four directional observations iwere obtained dUri~g the ?irgun firing

peri01d; theI whales were, oriented tan,entiallY, not awaY'li I '
On 17 Aug 1984, bowheads tended! to orient away from thE! airgun when it

fire1. 2-4.5 km away (Fig. 9; p<0.005 by V-test). In c04trast, liiboJheads were
orien.ted mbre or less randomly with Irespect to the ai rgun befo.rel' and, after

I I ' I IIthe ~"irgun firing period. (p)0.1 in eflch case). The difference tn qrientation
betw~en th'le pre-airgun and airgun ft'iring periods was 1 signif~lca~t (Kuiper
test;, K = 398; p = 0.005). These tests include one data point for each
surf~dng, excluding the very few occasions when an identif:ia~le iindividual

I I I I Iwas resighted within the same phase of the experiment. I :

1 I I I: i
I . I I I
i I 17[ AUG '84 I !
I I I

I I i
PRE-A1T1·,UN I: AIRGUN : .. :

e;.. I _ _ Ci>

o 0 ~ • e
e
l
()·

e.
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ai rgun began firing, witft'l\'!;t16~~''''khales ti;;J:rrig~'ltoward 'Sequel' and speeds
ranging from zero to modera~e. The effect was obvious in real time to the
aerial observers, but quantitative analysis is not practical, as noted above
in 'Methods' 0

Other Behavioral Variables.--Most whales moved at slow or medium speed
during all three phases of :the four completed experiments (Table 17). Only
'during the aborted 27 Aug ~984 experiment at ranges 0.2-1.2 km was there
evidence that bowheads tende? to travel faster than normal during the airgun
firing period. Speeds may have been affected only on that occasion because
bowheads were closest to the airgun on that date, and received noise levels
were highest (Table 11). .

Table 17. Estimated speed and occurrence of turns, pre-dive flexes, and
'flukes out' by jnon-calf bowheads observed during four airgun
experiments, 1981-

1

,84. Each surfacing by a whale is a unit of
observation.

Speed

Zero Slow Moderate Fast Total

Pre-Airgun 30 34 54 6 124
Airgun 1 3 4 0 8
Pos t-Ai rgun 7 6 7 4 24

Turn Pre-Dive Flex Pre-Dive 'Flukes Out'
I

No Yes To',tal No Yes Total No Yes Total

Pre-Airgun 81 30 lill 98 33 131 54 84 138
Airgun 12 5 17 13 4 17 5 8 13
Post-Airgun 20 10 :30 19 7 26 3 6 9
Chi 2 (df=2) 0.47, p > o.i1 0.07, p > 0.1 0.12, P > 0.1

Analysis of other variables provided no further indication that bowhead
behavior was affected by airgun noise. The frequencies of turns, pre-dive
flexes, and fluke-out dives iwere all similar before, during and after the
airgun was fired (p»O.1 in e~ch case; Table 17).

Bowhead Calls.--Calls w~re heard within the airgun firing period during
3 of the 4 completed airgun i tests. During the 18 August 1981 test, whales
apparently stopped calling iduring the airgun firing period and resumed
thereafter (Table 18). Howevelr, the pre-airgun rate was sufficiently low that
only 2.5 calls would be expected during the airgun firing period if there

Iwere no change in rate. Thus, the absence of calls while the airgun fired
could have been a sampling a~tefact. Overall, there was no consistent trend

I

toward reduced call rates while the airgun fired, but sample sizes were small
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I' iafter the

1.1
0.3

'0.8

0.0
0.6
3.2
0.6

0.3'
,0.,5
2.7
1.3

Table,
:

,
Disturbance

I :
Call rates (total calls/jwhale-h) of bowheads during: f~ur
completed airgun experiments, 1981-84. Dad com,pii~d;by

C.W. Clark.; I l, ;, i
i l. I

-,·,----+------------,;----..;.I----~----_+--·-_1I~:--iI:---

:Before Ouring' .' I After Tot.al
l

Airgon' Airgun; Ai,'·.rgun Nwhber
I I' I

Fired' Firing Fired of CaUsa.'-"~; II

I' l11,0,36
4: 1: 1I' ,

408 1 -I .. , ,

Ifj,2~3

I I

_. I
i I
l8 Augj 81
1. 9 Aug, 81
I I
28 Aug, 83
I, I
1. 7 Aug 84

! I
I I I

a Values given are numbers of caBs before', during and
ldrgun' fired, respectively. I ' I'

i I I, bo.th t,'he : .('l1able J.8). 'Up' calls wer~ the most C0mmon call; type in prT-augun
periOdSi(28 y 70 calls) and the airgunlfiring perio~s (7 o~ 11).

Stlmmaryj.-Bowheads sometimes conitinued ndrmal actJitieS (,e.,g. skim
feedingl in ~chelons; surfacing and diving; traveJ.) whenl an aiWgJn began
filring 13-5 Km away (received noise levels at least 118-133 dB/ /1 pPa).
Hoiweverl' bow~eads oriented, away during lone experiment at ,~ange 2+,' 5" ~ and
another at range 0.2-1.2 km (received levels at least 124-131 aM >124-134
dB, re~pecti~ely). All of these received levels are Jinimum Iestimates ,
coinstra~Lned ~y sonobuoy limitations. r9 the 0.2-1.2' km ca~e, the1e fas also
eVlidencE~ of i;ncreased speeds when, the airgun fired. Surfacing and r~spiration

variabll~s did not change dramatically Iwhen an airgun began firl~ng 2-5 km
aJay, ~,ut ttends were consistent with those in the o~portunil~ti:C data.
F~equen(~ieS df turns ,pre-dive flexes, land fluke-out dives Iwere simitar with
and without Airgun noise. Call rates alnd types did not change dhlJllatically
diring j~periFents.' , ;

M\iltivariate ~nalYSeS

I SU~:faciJgand Respiration Variable;s With and, W,ithout Seismic, Noise.--In
tl1e'Nolcmal Behavior' section, we used multiple regression Ianalysis (MRA) to
exlaminel the telatic)nships of three surfacing and respiration variJbles to 17
enviromllental! and 'whale activity' var~ables (WUrsig et a1.l. 1985ti). !Here we
usie ,MRA! to assess whether seismic noiJe affected sUrfacirig and tespiration
variabl~s, ~fter allowing for thei~ partial correlations tp Ithe 17
en~iromlhentall and activity variables. The approach was as described' in the
'Normal I Behav!ior

l
section, with tw chatges:' I; !

1. We used 1981-84 observations in the presence of noise p,ulses from
(a) Idistant seismic vessels an~ (b) singleairgunf' simul+fi*g them.
along With (c) observations of presumably undisturbed bowh~ads. We
excl!uded data from' calves, frdm '1 Aug 1984, sitJ B' whJre:a whale
may Ihave been affected by thel aircraft, and fro~ the 15 Aug 1~84
expelriment"w1th 'GSI Mariner' ~see next subsection). I:·
, : I I I I

2. SEISMIC, an 18th predic tor variab Ie representing the presepce (1) or
abserce (0) of seismic pulses, was considered as a predict6d
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I

As in the earlier analyseS, the dependentyariables were logarithmic
transformations of number o~,~f~,~?fs~per surfCici\f' LOGNBL, n = 690), duration
of surfacing (LOGSFC, n = 787), and mean blow in rval (LOGMBI, n = 1366).

I

Univariate analyses eXCl~ding the '1 Aug 1984B' data failed to find any
relationship between seismic ~oise and either number of blows per surfacing
or duration of surfacing (p>q.l; Table 120). Similarly, after excluding the
'1 Aug 1984B' data, SEISMIC I showed little simple correlation with LOGNBL
(0 .l>p>O .05) and none with LI,OGSFC (p»O.1). There was also no significant
partial correlation between SEISMIC and these two variables after
relationships to other varilables (year, date, water depth, sea state,
occurrence of skim-feeding oriactive socializing) were taken into account.

I
Univariate analyses showed that blow intervals tended to be slightly

I

greater in the presence of seismic noise. This was true whether or not the '1
I

Aug 1984B' data were included (p<0.05 in either case, Table 12D). However,
after taking into account yJar-to-year differences in LOGMBI and positive
partial correlations of LOGMBI with date~ water depth, occurrence of

Iskim-feeding and group size, there was no evidence that LOGMBI was related to
presence or absence of seismit noise (p>O .1).

I

I
In summary, multiple regression analyses did not find any clear evidence

Ithat noise pulses from dista~t seismic vessels (actual or simulated by one
airgun) affected various sorfacing and respiration characteristics of

Ibowheads. These multivariate analyses did not confi rm the apparent uni variate
trends for reduced surface tiines, fewer blows per surfacing, and longer blow
intervals in the presence ofl seismic noise. The univariate trends may have
been spurious, arising from t!he effects of covarying factors such as water
depth, sea state, occurrence of skim-feeding or socializing, and group size,

Ion surfacing and respiration behavior.
!

The multiple regression analyses show that there was no strong effect of
I •

noise from distant seismic vessels on our standard surfacing and respiration
variables. These analyses do [not rule out the possibility of weak effects.
Too many intercorrelated disturbance, environmental and 'whale activity'
variables were changing simJltaneously for the analyses to detect weak
effects that may have eXisted~

I

Overall Behavior With !and Without Seismic Noise.--Stepwise multiple
discriminant analysis (Dixon and Brown 1977) was also used to compare whale
activities and behavior, as idefined by 12 variables, in the presence and
absence of noise from distant seismic vessels (actual or simulated by one

i
airgun). Each surfacing by a whale constituted a case. The 12 variables
considered were

I

i .
- LOGNBL, LOGSFC and LOGMBI, as in the previous analyses;
- presence (1) or absence (0) of SKIM-feeding, DEFECation, and MUD (MUD

being indicative of ne~r-bottom feeding);
- presence or absence of, active socializing (ACTSOC)" and of group size

greater than one (GTON~); actual group site (GRPSIZ);
- presence or absence of iTURN, pre-dive FLEX, or pre-dive FLUKES-out.,

In a preliminary analysis we lalso considered estimated speed, but speed was
estimated too infrequently to [allow inclusion in the final analysis. We again
excluded calves, the 1 Aug i 1984B data, and data from the 16 Aug 1984
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'Mariiner' lexperiment. This analysi~ did not control for diff~rences in
envirpnmental factors such as year, water depth, and so on. .1':

I I I, I, :
. Slllrfac~ngs in the presence and absence of dl~stant seismic nl~is,e differed

signilficantly (F = 14.68, df = 3 ,43~, p(O .001; n = 2971 undist~rb~d and 144
seismic cJses). Behavioral variables that differed significantly between
surfa!cings IWith and without seism~c nbise ~erei I

I·~ bot~om feeding (p(O .025, more ~ommon with seismic no!sle) '1 :
1'- act~vesocializing (p<O .001, m!Jre common with sei~mic noil:le)" and
!- turis (p(O .001, more' common wiihout sei~mic nOise>t· I,'

Once Ithesel three variables were taken into account, none of the other nine
vari~bles ~iffered signHiyantly in jthe presence and a~ence ~f ~oise from
distint seismic vessels (p>0~05 for GTONE; p>Oc1 for alllotherS)~ I

il'. ' ,'I " I
irhis discriminant artalysis provided further evidence th,it sudacing and

resPilrBlti04 behavior wa.s,no.tstrOngl~ affected', bynoi;se Ifrom ~iS,.,',t~nt se,' ismic
vessels.. The reduced frequency of turns in the presence of sle1s~ic noise was
also ievideht from univariate analysi:s (Table 14). The freaterl:fr~quency of
appar,ent bbttom feeding and active socializing with seismil~ noise had not
been lidentified earlier. Th~ combina~ion of ~oreSOcializing: b4~ ~less turns
with !sEdsmic noise was unexpected, s+nceundisturbed bowlheadEI t~nded to turn
more IfrequJntly when socializing (WUrsig et ale 1985b). Wheth,er ocrlurrence of
turns, bottom feeding and! socialiZing

l
were actually affeJted by seismic 'noise

remailns unknown. The apparent relationships may have be~n coincidbntal. The
I I . , I I, i '

activie socfalizing seen with and without seismic' noise Iwas sijnU~r; we did
not. 9,bserv~ behavior similar to the 'huddling' described by Rreves et al.
(198'). I I
Expetimentlwith Full-Scale Seismic Ve~sel !

I I '." I '
[General Activities .--pri·or to the start of the" expedme*al seismic'
I I· . I I ,I" I

period, bowheads surfaced and dove,and moved at slow to medium speed while
at the surface. During 7 of 16 surfticings (44%) bowhead~ brought 'mud to the

I I . . I, ,. .I' !
surf~ce,irdlcative of feeding near! the bot~om. During this ,period, 'GSI
Mariner' concluded shooting 9 km away and then approached (not ,shooting) to

rang~ 7.5 1fm (Fig. 5). ' I .'~ I,: I
IThere l was no conspicuous change in behavior when 'Mariner' resumed

shoo~ing 71
1
• 5 km away. Bowheads continued to surface and dive, I,b,ove at slow

I .. t· I '" I
to medium speed, and bring mud to the surface. The last surfaeing with mud

I ' . I.' I I'occurlred when 'Mariner' was 3 km away. When the ship was nea,r: i:ts closest
point' 'of a~proach (CPA), about 1.5 kmt north of the, whaleJ' or:1giltial location,
some Iwhale:s l>ierestill in the area! However~ it; beca~e eVidJntl that some
whales had moved southward; there lwere fewer sightings in !the original
locat!;ion ahd more sightfngs about 1r2 km to:the southj This ~as: confirmed
when It~10 r~1cognizable Whales. first sfen at the,." ,or.,igina:11. locati,p,r Fere ,later
seen about 2 km farther south. However, the movements of whailies--at least
while they I,were at the surface~-were ~t the usu",.al slow to mOdera'tie !speeds.

I . : '.' I ., I 11 ,

INO conspicu?us change in behflvior occut:'rrd .when '~l1arl~n~r' ceased
shoo,t:ing (il km beyond thewhale~. lrhebowhe,ads were Is p 11, surfacing and
d I ,. If, II I
iVi~g, a~dmovfng at i slow to, mrdium sP1ed.~ Duri~g the, :1~8 min of

post-1seismi c observations, whales brpught mud. to i the surface during only 1
surfaci.ng, 140 min' after the end of seIsmic noise. I,

I I

I

I
I
I

I
I
.1

I
I
I
I
I
I
I
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I
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I
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i
FIGURE 10. Blow intervals of bowheads at various times during the experiment
with, 'GSI Mariner', 16 Aug 1984. Times (and ship-whale distances) are divided
into more categories here.1 than in Fig. 8; ,see Table 20 for definitions of
these categories. No calves present. Presentation as in Fig. 6.

I

Surfacing, Respiration and Dive Characteristics .--We compared behavior
during the three main p1}.~!~1f~~f.¥,i~,~\~1!the e:xpef::~m,~pt: (a) pre-seismic, with
'Mariner' approaching at range 9-7.5 km; (b) seismi c, range 7.5 to 1.5 to 6
km; and (c) post-seismic, ra~ge 6-11 km. The duration of surfacing and number
of blows per surfacing were ~th similar during the three main phases of the
experiment (p)O.l in each dse; Fig. 8 and Table 16). However, mean blow
interval was significantly s~orter during the seismic phase than during the
pre- or post-seismic phases (p<O .001; Fig. 8 and Table 16). Few data

Iconcerning dive duration were recorded, but there was a hint that dives were
shorter in the seismic than i6 the post-seismic phase (Fig. 8).

IMean blow interval was· significantly lower when the airgun array was
firing, but the difference ~as small--ll.7 s in the pre-seismic phase vs.
10.6 s in the seismic phase ~Fig. 8, Table 16). Interestingly, the reduction
seemed to begin when the approaching ship was about 8 km away, before the
airgun array began firing (Fig. 10). Engine noise from the ship was already
being detected by the sonobuoy near the whales at that time.

1
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'I Oriedtation of Whales. -predomihant orientations of the Jalls changed
in ways that can be related to the Imovements of 'GSI IMarineri' (Fig. ll).
These! data Iconcern orientations while whal, es were at ttie surfa,ceL Repeated
sightings of the two recognizable I animals provided our oh~,yll data on
orien\:ation of underwater movements (see above).

knitiJllY the whales ~ere, oriejted mainly to the northwest Iand north
(Fig. 1 lIA).1 As the ship approached £t'om 7.5' laIl west to 2.5 km northwest of
the Jlales J firing her airgun array, f the' bowheads: oriented mainfyl northeast
and elnst, dway from the ship (Fig. llB). When the ship w~s near ICPA, <2.5 k.m
to th~~ NW, IN or NE, the whales orient~d mainly SW. This wks not l:U.r'ec tTy away
from Ithe ship, but rather in the olpposite direction to the IShip's track
(Fig.! llC) 1 The few orientations rec?rded while the ship was 2.'D to 6 km to
the ejlst w1re directed generally south (Fig. 11D). I II

lin th.e post-seismic period, !there was ~ tendency for Inorthward
orien~:ation' (Fig. llE). The aforementioned observations o~ gener~ activities
and rbcogn~zable individuals showed that some whales mov~d sout~ a~ the ship

r:~::t~ns~hhward movement would tenr to return ~hem tdward ttf original

i Othe~ Behavioral Variables.--Speeds of bowh~ads we,re slow· t<? moderate·
durinj~ most surfacings in all phase~ of the ,experiment! (Ta1blJ, 19). Sample

• I f I , 'nd d . 'fl f 11 b'" h I I I. d fs1zesl' . or turns a, pre- 1ve exes were sma', ut t ere was no, eV1 ence 0
anychainge~ Bowheads raised their flhkes above the surf~ce durtngl82% ,of 11
divesl in tl;1e pre-seismic phase, but In only 47% of 30 ~ives iri, t~e seismic
phase (chiT = 4.04, p<0.05). This a~parent effect, unlike the I,reduction in
blowlintervals, did not become evide'nt until the shiP ks near CPA (Table

20). i :, I, I ':. "
': , ' , .• 1

Blnvheads brought mud to the surlface during 7 of 16 sudacings in the
pre-sll!ismid period and 5 of 21 surfacings as 'Marinerll firedl": h~r airguns
while!appr6aching from 705 to 2.SlaIl! away (chi2 = 1.65, df = 1 , p>O.l). The
last hase Jas at range 3 laIlo Mud was not seen during any of the ~iub:sequent 13
surfabings Iwhile' Mariner' was firing at rang~s 2.5 to 11.5 to 16lfm (chi2 =
7050,1 elf =1 1, p(O.OI for comparison; with pre-:-seismic :period).' Thus, this
effecFalso became evident only when the ship was near CPAo Mud was seen
durin)!. onl~ 1 of 19 surfacings (5%) til the post-seismic pbrioclo !

I ; I" I I
bnly ~wo calls were detected when 'GSI Mariner' was 9 to 7.S kin away and

not S~100tirlg, and no calls were detedted during the shooting orpo1st-seismic

per i011S • I , I ,I.' !
l,ummariY.--Bowhead whales reacted to clo~e approach by a;n Ioperating

seisma~c vessel, but not in an abru~t or conSpicuous mknner. l'Fhere was no
ObVi01JS ch~nge in activities when the Iship bega~ to fire ~ts CLirgun! array 7.5
laIl away. Near...bottom feeding ceased when the ship was 3 laIl awayl•. apd was not
seen ~ga1n luntil 40 min after seismid noise ceased. Wha]es tend~d I to orient
away Ifrom the ship or, near CPA, irl the opp<!>site direbtion t!~ the ship's
tra~ki' Orie1ntation away from the ship began whep th,e airgb

l
s stat!te~, to fire,

7. 5kJXl awaYI. ',!

• t . ' .: I

I

I
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EXPERIMENT

EXPERIMENT

i
I

I9.0-7.8km

I
'MARINEJ,
APPROACHING.
NOT SHOOTING

I

I
I

I
I

I
,~

I

I

I

I
I
I

B.

'MARINER'
APPROACHING.
SHOOTING-

- W

-

- --

-

c. <2.5km

- 'MARINER'
PASSING,
SHOOTING

D.

'MARINER'
DEPARTING
SHOOTING

I
I

POST EXPERIMENT

\ al-11.2km

'MARINER'
DEPARTING.
NOT SHOOTING

- -
I

FIGURE 11. Compass orienta~ions of bowheads during various phases of the
experiment with 'GSI MarinFr' , 16 Aug 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. I



a 'GS!I Mar~ner' approaching, 9 to 7.51 Ian away, not shoodng.
b 'GSI Mariner' shooting, 7.5 to 1.5 fO 6 km a~ay.
c 'GS'r Mar:1ne'r' underway or hauling gear aboard, 6-11 Ian away.

I :" IiI
Tab1~ 20. jOccurrence of 'fluke-out dives at various times durihg,. the fu11-

I lscale seismic experiment, 16 Aug 1984. Each Isurfclci~g !bY a'whale
I lis a unit of observation.
I I

II....._~i...,.__-+- '-- +- -+......... _

I' Rangb No Fluke1s I' Percent
i Ph~se (km>1 Flukes Total Flukes
i I I I;

I
I,
I
I
I
I
I
I
I
I
,I
I
I
'I
I
I
I
I
I

11
30
15

J
I

9
1 14

9
,

I
r

I ' \
Total

I I

2
16
6

o
1
o

I No IYe~ Total

I I,' I
Pre-D:1ve, eFluke$~tv
I I: I

F~st
I

9
19
12
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I
i

tU,rns, Pite-d1ve qexes, and
observed during ifuU ....scale

I I, f
Each surfacing by 'a whale is

I
", i,'

II' I
I

1 1
1 I

5
12

3

Total

Moderate

3
5
2

3
13

6

I
Slow
!

I
Pre-Dive Flex
I

10-9 1 3 4 ! 75
I !

9-8 2, 4 & 67S-l5 0 5 5 100

7 12 19 637.5-2:.5
<2 .5 4 2 6 33

2.5-6 5 0 5 0
I

6-9 1 3 4 75
9-111 3 2 5 40

7-
1

1
1 2 4 6 67

I
I

I I

I
i

I

I

1
2
1

Zeto

Pre-Seismi ca
Seismicb
Post-Seismicc

Turn

,
[Estimated speed and occurrence of
I' flukes out' by non-calfi bowheads
lseismicexperi~ent, 16 August 1984.
la unit of observation. I

! I

Tablei 19.
I
I

i
I

I
I

Finis1h seismic line
1

pre....~xpt, tirst 15 min
Pre-expt, remainder

I I'

Seism! c~ expt, approaching
I ISeismic: expt, near CPA
I I

seisi:(c eXit, departing

Postlseismqc, first 15 mih
Postlseis~c, next 15 min
PostlSE!iSmtC, remainder

I
No Yes Total No Yes

1--...:1, I

Pre-S!eismi~a 5 0 5 b
seis~icb! 9 2 11 1~
PostJSeismicC 3 1 4 10

I I 'I
i ;
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Two recognizable whales mov~(f 'about 2 km away from the ship's path. Speeds
were slow to moderate in all phases of the experiment. Aside from orientation
and near-bottom feeding, the lonly behavioral variables in which changes were
found were blow intervals and frequency of fluke-out dives; both were
significantly reduced durin~ the seismic period. Slightly reduced blow
intervals first becaIlle eVid~nt when the approaching ship was 8 kIn away,
before the airguns began firihg but while engine noise was clearly detectable
near the whales. The frequenrly of fluke-out dives did not decrease markedly
until the ship was within abo~t 2.5 kIn, well after the airguns began firing.

\

Discussion

i 0

Based on our data alone, tnere was no proof that distant seismic noise
affected surfacing-respirati1on-dive cycles. However, the trends were
consistent with results obtailned within a few kilometres of seismic vessels
in four experiments conducted! by Lj ungblad et a1. (1985, pers. comm.). Thus,
our results concerning surifaCing-respiration-dive cycles probably were
indicative of weak and barely detectable effects of noise from distant
seismic vessels. i

I

Results of This Study

Short-term behavioral rJactions of bowheads to seismic exploration were
surprisingly mild, considerihg the high intensity of the noise pulses at
distances up to many kilometres from a seismic vessel. Our opportunistic
observations 6-99 kIn from act~ve seismic vessels showed that bowheads engaged
in normal activities as clos~ as 6 kIn away (received noise levels up to 158
dB/ / 1 pPa). These activities, included surfacing and diving, calling, and
sometimes travelling, socialiZing or feeding.

I
Surfacing-respiration-cytles may have been altered subtly in the

1

presence of noise from distant seismic vessels. Our inconsistent evidence was
as follows: I

I
I

1.

2.

3.

4.

Durations of surfacihgs and dives and number of blows per surfacing
all tended to be teduced with seismic noise; Intervals between

I :'
successive blows tended to be greater with seismic noise. In the

I
case of the uncontrolled opportunistic observations, it was
impossible to be I sure that these weak trends were really
attributable to the Iseismic noise and not to other factors varying

I
simultaneously. i

Similar weak trends! were evident during airgun experiments (Table
12D), when the same i whales were observed before, during and after
the airgun fired, a~d when IllOSt other factors were constant. This

I
strengthens the evidence that the trends were attributable to
seismic noise. !

I
I

Multivariate analyses did not either confirm or rule out the
I

existence of these I trends after allowing for effects of other
intercorrelated variables.

Such trends were onJt evident during our controlled test with a
full-scale seismic .:ressel, when blow intervals were shorter, not
longer, with seismic!noise.

1
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))ur obportunistic observations 6-99 km from seismic boatJ ptovided no
unequir.vocal; evidence that bowheads obented away. The slame wasl d'ue during
th· i • 1: . i . . I 3 5 km· wh I.. 1 I l' h'. reel sJ.ng.ce-a rgun expenm.ents at ranges -. ,. '. en npJ.se ev~.~ reac J.ng
the ~hales Iwere at least .1l~-133 ~B!l/1 JlPa.: Jowever., bowheads Idld teIld to
orienit awaYj during two addJ.tJ.onal sJ.ngle-airgun. expenmen1ts at: ranges 0.2-4.5
km (rbceiv1d levels at least 124-134 IdB; ~omet'~mes consi~erablyllgr~ater). In
the bldef test at range 0.2-1.2 km, the hmit~d data suggestE!d f'hat bowheads
reactlad sd·ongly. when firing began;f they moYed. away kt incz:eased speed.
Durinj!. the 1test with a full-scale se~smic ves~el., bowheAds alsf m~vedaway,
altholJgh a~ only slow to moderate sPfed. The whales sta1lrted toI· .ofient away
when r:he a~rgun array began to fire 7.5 km away. : .. :

These Iresult~ provide :he fir.stl evidence that some bowheads lmove, aw~y
from Isources of J.ntense seJ.smic l.Dlpulses. In the ful]-sca.Le test, J.t J.S
not k~10wn ,'mether whales reacted to the seismic impulse~ or to lthb vessel's

.. I .. 1 . i h· I' I • I h I'd I dengJ.ne nOJ.se. However, n t e two aJ.rgun experl.Dlent~ t at I' ~onstrate
avoid~mce, Ithe airgun was deployed from a quiet, anchored vessel. Thus ,
bowhekds apparently can determine t~e direction from ¥hich ~rit~nsenoise
impul!;;es ate arriving, and move in the opposi'te direction. Ho"ever, strong
avoidj:mce ~eactions do not app.ear to occur uniess the J1eismiCimPUlSeS are

very fnten~e.. .. . . i .
Certa~n other behavioral variables sometimes differed sigtiificantly in

the p~esende and absence of seismic rioise. Opportunistic Idata. shgg~sted that
th:'tel were/lower frequencie~ of t~rns and1pre-dive fl~es IWith sei~mic
nOJ.sel. The scarcity of pre-dJ.ve flexes and tt:tetendency for shorter dJ.ves
with Iseismic noise may have been relkted; in undisturbed bOlirhe~ds, pre-dive
flexel. teJd to be followed by lortg dives '(Wiirsig~t aLI1985b). The
full-I:;cale I seismic experiment sugge~ted that fluke-out! diveS.b~came. less
frequlmt when the vessel was Within! 2.5 km. In the ab~ence: of consistent
trendl:;, it liS .. uncertain wh.. ·ether these differen~eswere direct.:l.yl,.,at1tribu.table
to sJdsmic noise. However,· bowheadJ clearly ceased btingi.ngmim to the
surfabe dUIjing the full-scale experim~nt when 'GSI.Marine~' approl'ic~ed ~thin
3km·1 . "

compa1!:isons; with Other Studies I
J30whedds in the Alaskan Beaufotjt Sea.--Personnel from the J. S. Naval

ocean!" Systems Center (NOSC), working in the Alaskan B~aufort r'se'a and the
westeM:n p~rt of the Canadian Beaufort, ,have rep6rted oppbrtunistic

I I I I I'obserrrations of bowheads" as close as 3 km from operat,ing seismic vessels
(Ljungblad let a1. 1980, 1982a, 1984b! Reeves ~t a1. 198!3, 19841). Most NOSC
obse~I'ratio~s were obtained, slightly l~ter in the season (Sept-early Oct) and
slighf:1y . f~rther west than our obstervations~ They, like we ,I have heard
bowhead calls in the presence of sJismic noise .. and during b~portunistic
obserfat~o~s ~ave found no clear iridications; of whale!s movir!J.g j!away from
approachJ.ng seJ.smic boats. I

I '
Reeves et a1. 0983, 1984) described bowheads 'hudClling' inla compact

group I in t~e presence of ~oise from '~SIMarine!v 33 and ~l km aw~y. However,
it was not;: certain that this behavior was ip. responsJ to s~~soiic noise.

I I I. .,. I I, .' _Reevel:; et al.did. not see such behavior when th~y observea bowheaiisi closer to
seism~~c ve~se]s. We have not observed this behavior in either th~i presence or
the al)sencJ of seismic noise.- , . I ,I .

I
I

i

I

I
I
I

I
I
I
I
I
I

I
I
I
I,
I
I
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Average surface times!in Alaskan waters during 1982 were marginally
higher in the presence of setrsih'ic:,tn6ise" cdritr;llfy;~:i'to most of our results from

'.-f,~-~li',tr·-~ '." ~: - ~.,-'

the Canadian Beaufort Sea (Reeves et ale 1983, 1984). However, they found
increased surface times on qnly 1 of 3 days when whales were watched both
with and without seismic noi~e, and could not determine whether the apparent
difference was attributable do the seismic noise. The few data obtained with
seismic noise in 1983 suggested that mean number of blows per surfacing was

I

lower and mean blow interval higher with seismic noise (Lj ungblad et al.
I

1984b). Both 1983 trends w,ere consistent with the weak trends that we
observed. I

Important information about seismic effects was obtained in Alaskan
waters in 1984, including b6th opportunistic observations and four seismic
experiments. Detailed result~ are not yet available, but there was evidence
of avoidance reactions when I! seismic ships were 3.5-6.7 kIn from bowheads
(Ljungblad et ale 1985). The I vessel to which a reaction was first noted at
range 3.5 kIn used a relativeil.y low-intensity noise source; reactions to the
three vessels with large arr~ys of airguns were noted at 4.4-6.7 kIn. There
was also a consistent tendertcy for reduced surface and dive times and for
fewer blows per surfacing w~en seismic vessels were nearby (D. Lj ungblad,
pers .comm.). These tendencies were consistent with our pooled opportunistic
observations (e.g. Fig. 6) ~nd with the weak trends found in our airgun
experiments. However, we d:fld not find these tendencies during our one
experiment with 'GSI Mariner'l

Gray Whales Migrating Past California react to seismic impulses, but
only when received levels ate high (Malme et ale 1983, 1984). This study,
conducted by Bolt Beranek & !Newman (BBN) , tested reactions to a full-scale
seismic vessel at 1-90 kIn range, and to a towed and stationary 100 in3 airgun
at ranges from <1 kIn to 15 kml

The 1983 BBN study show;ed that average pulse pressure levels of ~160

dB/ / 1 pPa produced clear behavioral reactions:· the whales generally slowed,
turned away from the noise ~ource, and increased their respiration rates.
They sometimes moved closer Ito shore, or into a 'sound shadow' created by
topography. Reactions to the :full-scale array seemed most pronounced when it
was oriented broadside to thel whales, the horizontal direction in which most
energy was radiated. The >1601dB average pulse pressure level corresponded to
peak levels >170 dB, and to r~nges <5 kIn from the full-scale vessel and <1 km
from the single airgun (Malme Iet al. 1983, p. 9-2).

I
I

The 1984 BBN study showe~ that some gray whales began to deflect their
tracks when as much as 2 or 31kIn from the 100 in3 airgun. However, by another
measure the radii of 10%, 50%\ and 90% avoidance were. 750 m, 400 m and 100 m
(effective received levels 164 dB, 170 dB and 180 dB, respectively). In the
situation studied by Malme eit al., these levels were equivalent to those
found 2.8, 2.1 and 1.2 kIn frbm a full-scale seismic vessel, assuming source

I

and receiver depths of 50 m. Assuming a typical 6 m depth for a seismic array
I

and our standard receiver depth of 18 m, the 164, 170 and 180 dB levels would
be found 550, 365 and 145 m from the 100 in3 airgun and 1.35, 1.13 and 0.8U
kIn from the full-scale seismic vessel, according to the equation of Malme et
al. (1983, p. 8-21). I'
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Ranges~ and NOise L.evels Where Effects Are Evident

I

I !. . I .1'he th~ee studies (LGL, NOSC,B~N) of ~wq. whal~ sPFcies .fil. show. that
whales tendl to move away from a full-scale sel.SIIl1.C 'shl.p when sel.~ml.c imp.ulses
kre v~ry strong (ship within about 4.4-7.5 km; 'teceived l~vels >160+170 dBI II
fPa).1 No u~equivoCal reactions to seismic shi"p.s have bken de~9nstrated at
range~exceleding about 7.5 km, even !though fit:r:ong nOisel impulses Ipropagate
fuuch farthe:k However, in both studies of bowheads there sometimJ~ were hints
~f su~tle eftects on SUrfa.cing-resPi.r~tion-d~vel'c.YCleSat I ranges I.. £at beY.Ond 5
F' qn the: gray whale study, these variables 'were not studied~i~ detaiL)
~he 'lluddliing' seen at ranges up to 33 km in'the NOSC study ml~y lalso have
been a. lreaction to seismic noise, but was not seen ,in our 5-yr stu.dy. .

I

I
I. '... • • ••.. I
I' . ".' I

Result~ of single-airgun experiments (have been consi'stent with
obserJ.ation~ near full-scale seismic Jhips. In poth bowhekds and I~rky whales,
~voidJmce wks found at close ranges (primarily <2 kIn) whe~e noise , levels were
~igh.1 At *eater ranges,' po conspiquous eff{cts were I found .liHo:wev~r, in
bowheads there may have been subtle a:lterationsin surfali:ing and: respuation
behavi.or at! ranges 2-5 km,'Where rece1ved lev.els were at least 118-i33 dB.
II .i . I: i '
Levels! of. S~ismic Noise Tolerated by Whales I

I

I. I... I '.. ,
Our results and those from Alaska show that bowheads do 'no.t exhibitI I . I " I . I

strong, consistent reactions to seismic noise pulses at levels as, high as 150
~BIlll ,uPa, Iwhich is about 50 dB abote the am~ient level in t~~ 20-1000 Hz
ban.d. II Similarly, gray whales reacteCl. clearly' to. seismli.c noise.. !only: when
fecetyed leyels were at least 160-1701dB, about: 60-70 dB ~bove~ af.bi~nt levels
,in thE! 50-3115 Hz or similar band (Malme et a1. 1983, 1984~. These' flgures and
Figna~.':'to-n6ise (SiN) ratios are Inot exactly com~rable I' because of
~iffe~'ellcesl in measurement procedures r In general, '. howev~r, it ~'.~ c. lear that
bowhead and gray whales sometimes tolerate remarkably strong' noise pulse,s.

I . i:n c01tr~st, bowheads react to IapprOaCh~ngboats lm
l

en tJlei~ recleived
poise Ilevelf are much lower. For exam,Ple, when' bowheads reacted

l
,t~ the crew

boat I 'Imperial Ad go , idling 3-4 km away .. with propeller~. ~isengaged

I(Richilrdsonl et a!. 1985b), the received boa~ pl~s ~bientl nois:e r~si 107 dBI II
p.Pa in the! 20-1000 Hz band, only 3 ~B above 'ambient (C.R.Greene, un.pubL
rata> I Sim~larly, we found weak reacfions to 'drillship Inoise ~t Ilevels of
rboutll00-ll13dB (this study). Malme et a1. (l9~3,1984) found t~at!some gray
Fhale~i react to. industrial noises at. SiN rati<?s as low as 0 dB: ~n the 1/3
octavr band! of maximum signal level. !'.' I, I

Why ate whales more •. tolerant of strong seismic pulses than of certain
I I' I' .,. I "1

Icontinuous iindustrial noi~e~? One probable fac~or. is tha~ seismic pulse;:; are

r.rid j, Pelrhaps baleen ~.ales, likel humans, ;perceive the nOiF'in'essof an
impulsive sound to be much lower than that of a c6ntinuous i sound of
eqUivt·lent !received level ~(fidel1 et cUI . 1970):f: ) l! t

11• rel~ted factor is that typical seismic fmpulses mfsk oth~r ~ounds for
lonly a fracfion of a second every 10-15 s. In contrast, continuou~ ~ndustrial

rOiset even at a considerably lower llevel, maY1mask othe~ sound~lc?mpletely.
Maskitllg hasl the potential :to irl.terfercl with detection of ~nviroruhental sounds
and w[th adoustic communic~tion, par~icularly ~ommunication ovet l lbng ranges. . ,. .. I ;.

;, I

~ I

I
I
I
I
I
I
I
I

I
I

I

I
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The minimum level of noiise impulses necessary to cause physical damage
I

to a bowhead's auditory system is not known. However, intermittent
low-frequency noise at levells of 160-170 dB probably is not harmful, since
whales presumably tolerate calls by conspecifics nearby. Source levels of

I
baleen whale calls are often 180 dBI II pPa-m (Thompson et al. 1979), and
possibly as much as 196-200 &B in bowheads, based on a received level of 156

I

dB at 100-150 m (Clark and Johnson 1984). If bowheads emit intense calls when
other bowheads' are nearby, r~ceived levels would exceed 160 dB at distances

I
up to 10 and possibly 100 m. !

I

I

(Payne and Webb
often weak (and
to whales.
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I

1971; Richard.son et. ale 1983b). However, it is not known how
therefore m~~\kl])'l'e)itsounds\fr'8rii~\tl~~stant sources are important

"'r"
i

I
I

I,.
I
I
I

Most measurements of seismic sounds have been taken at 9-18 m depth
(Greene 1984a, 1985). Whales lare exposed to those levels of noise when they
dive. However, most behavioral data come from whales visible at or very near
the surface (exceptions: datajon call rates arid dive durations). Within a few
metres of the surface, rec~ived levels of seismic pulses are reduced by
several decibels because of Ipressure release effects (Greene 1984b, 1985).
Received levels of seismic pulses were 4-10 dB less at 3 m than at 9 m
(Greene 1985). i

I

Thus, whales at the surf~ce are exposed to lower levels of seismic noise
than are present a few metres below. The difference could be important when
whales remain at the surface Ifor prolonged periods. For example, whales that
were skim feeding during our ~irgun experiment on 18 Aug 1981 presumably were
rarely exposed to the levei of airgun noise received by our sonobuoy.

I

Similarly, the whale engaged iin 'log play' 24-39 km from a seismic vessel on
1 Aug 1982 did not dive during,I.6 h of observations (WUrsig et ale 1983). It
probably was not exposed to! noise levels quite as high as those present
deeper in the water at that r~nge.

!

The difference of several!i dB between received levels at 3 and 9 m depth
is significant, but small reliativeto measured SiN ratios (up to 50 dB) at 9
or 18 m depth during most of pur observations of bowheads in the presence of
seismic or airgun noise. Thu~, seismic pulses were presumab ly detectable to
whales at 3 m depth during most observations. The effective receiver depth
for a bowhead at the surface :is unknown. However, the ventral surface of the
whale would be >3 m below the water's surface. Furthermore, most whales
observed in the presence of Iseismic noise dove. at least occasionally, and
were exposed to the measured ~oise levels during dives.

Because received levels lof seismic noise are reduced near the surface,
whales exposed to seismic noise might spend more time at the surface or might
dive for shorter periods. So~e of our observations are consistent with this
hypothesis (e.g. prolonged ldg play at the surface and reduced average dive

I
duration with. seismic noise; II cessation of near-bottom feeding during 'GSI
Mariner' experiment). Ljungb'lad et al. (pers. comm.) have also observed
reduced dive durations by bow~eads when seismic vessels were nearby. However,
whales often dove even with strong seismic noise, even when 'GSI Mariner' was
near its closest point of ~pproach 1.5-2.5 km away. Thus, the reduced
tendency to dive into the zonJ of greater received noise levels is slight, at
least for seismic vessels more than a few kilometres away.
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REACTION'S OF BOWHEADS TO DRILLING !
I I' t

Offshore drilling can be from artificial or natural islands. ~latforms
of varliOus types, and drills~ips. In Ithe ean~d:ian, Beauf~rt Seal afti~ici~
ilslawh: cons!tructed of unconta1ned sanq and gravrl have been usedltoi dr11l 1n
Jaters I as ~eep as 18 .m. Since 1981, c:aiss0l,1:-retained I isl.lnd~ a;nd self
c:ontained d:rilling caissons have been lused to' qrill in waters 12-+"3f m deep.
~he folmer kre steep-sided rings filled by sattd; the lAtter ate istee+ or
concrere. s~~uctures ballasted down ?nto undefw~ter befms. Drl~l~in? fr~m
Jrtifi<::ial 11s l ands and caissons can occur at any; tme of year. Drlliships, 1n

I I j. 1 d . I t wh : . I' 'b I t i th'90ntraj;lt, o~erate on y urmg summer lor autumni en 1C.e 1S a ~'W' l?r . 1n.
Each YlesLr sfnce 1976, 3 0,1" 4 ice-strengthened ,convent1Onal dr11+s?1PS have
drille~ll in the Canadian Beaufort Sea, !usually in water 25r75 Dl deep;. In 1983
Jnd 1984, a inew circular drilling vessel, 'Kulluk' ,was also operkting.

I Tj> date, there has been much leJ drilling in the 4aslum Ithln in the
9anadiii\~ Bdaufor: Sea. ~n Alaska, Imost offs~re wells ha~e i be:n . on
u;ncontlnned jartihcial islands or natural barrier 1slandsJ However, i dnll1ng
f1rom al concriete caisson (emS) began iii. the. Alaskan Beaufott Sea in 11984,; and
iindustl:'y ho~es to begin using drillships there in 1985. ; I

I

' I I . . ~. ' I
. AfLl of~shore driL~.ing produces u4derwater poise, maijnly belQw 11000, Hz.,

although notlse intens1ty and characteristics depend on type qf! platform
(IRichatcdson letal. 1983b; Greene 1985)1. Besides',the noise Iemanatlflgl from the
island'l cai~son or drillship, support Itraffic also ,creates noi,sell D'rillsites
~n the Canadian Beaufort Sea: are supported by h~licopter traffic I,. hOm. shore.
D

1 'i h I I 1 ,. f I, I • 1 dur ng t e ,open water season, support vesse s are 0 ten present pear 1san s
Jnd cail.ssonsj. At least one stand-by vessel is s~ationed n~ar each, d:rillship.
UnderW~lLter noise from drilling per s~ usually 'cannot be 1 distin~Ui.shed from
~hat pi:'Oduc~d by other machinery and nearby vessiels· (Greene 1985) L i ·

Bil '·h· 1 h b: . I dill lh· , . ' d·d 'l'L' I 1 1 f'l:l. een I wa es ave een seen near r S J.ps an 1"1 ,1ng p atorms
(Kapel11979~ Gales 1982; Sorensen et lal. 1984). lbwever~ theseau~hors did
90t prlovide I systematic information a90ut distances of c!l.osest ~pI>roach or
lJehavi()ral reactions to offshore drilling. ,. I ' I'

I Mtlme ~tal. (1983, ~984) tested I reaction~ of migrating gray ~ales to
underw!:l.ter ~laybacks of noise from a drilling platfonrl" sE!DliL~upmersible
drillship, and conventional drillship. For e~ch noise I type, Igd.y whales
~lowedl as t~ey approachedihe playbac~ site. W9ales firs~ reactEf9- h ranges
where drill:i!ng sounds were. barely detectable, i ~\e. SiN rat1ios ofr d,B or ,less
(IMa;tmel,et a~. 1983, p. 8-3). At closer Iranges, w;hales alte~ed <:out:'!se! slightly
~o avo~.d th~ playback site;, Malme et ale (1984 "~po 9-6) eS~imatedl:th,at 50% of
~igrat~Lng g~ay wha.les. would alter courj1se if 101.[. km ,from tpe actuflJ.,' d.rillship
~broadband ireceived noise, level 117. dBI 11pp;a). Estimflted 50% ,avoidance
i'angesl for the. drilling platform and ~emi-submefsible werf <50 m'" rrflecting
~heir lowel"l noise levels.· These estimated avo:i.daIlce rat?-geswefie ibased on
l1laybar::k t~sts; Malme et a1. did not studr gray whales nea,r actual

dlrillsr_tes.. " .~, I I r

WI:! obt:ained two typ~s of data concerni~g reactions of tloweads to
drillirg: (lJ) opportunistic observations of bowlieads near arillsit~sl, and (2)
rlontroUed tests of reactions to undetwater pl~ybacks of Irecord~d !drillship
~oise.1 ~1e atso recorded and analyzed 4nderwater[ no~se near drillfpg/i caissons
and dI1

l

il.lShiPS (Greene 1982, 1983, 1984a, 1985). For the play'backs, we used
I r I

I

I

I

I
I
I
I
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Greene's (1982) recording of noise from the conventional drillship 'Canmar'
Explorer II'. drilling in the,~H~'p:adian Beaufort~f>S.~;~'. MalIne et al. (1983, 1984)
used the same recording for treir playbacks near gray whales •.

Methods

Observations near Drillsites

I

Routes of our observation aircraft were chosen to pass, when practical,
near drillships and caissons'drilling in the eastern Beaufort Sea. Four or
five drillships were operating during each of our five field seasons.

IDrilling from caisson-retained islands occurred for only a few days during
I

two field seasons, and ther~ was no drilling from uncontained artificial
islands during our field seasons. (Most drilling from artificial islands and

I . . ,
caissons is in autumn, winter and spring.) When bowheads were seen near

Idrillsites, a sonobuoy was dropped to record industrial and bowhead sounds.
Behavioral observations wer~ obtained by our usual methods for aerial
observations. In addition, !industry personnel were requested to report
promptly any bowhead sightings near drillsites.

i,
Drillship Noise, Playback ExpeHments

i
On six occasions in 1982-83, we broadcast recorded drillship noise into

I

the water near bowheads (Tabte 21). Playbacks were from MV 'Sequel' ,whose
engine was off during expedments. The 1982 tests were in water 125-150 m

I
deep northeast or east of Herschel Island; the 1983 tests were in water 12-36
m deep near the Yukon coastl southeast of Herschel Island (Fig. 1). Whale
behavior before, during and ~fter playbacks was observed from the Islander
aircraft circling at 457 m orl610 m a.s.l. ,

The recording of drillship noise used in all playbacks was made on 6 Aug
1981 at a point 185 m from 'C~nmar Explorer II', which was drilling at depth
2031 m below water 27 m deep;1 hydrophone depth was 9 m (Greene 1982). At the
recording location, the recei,ved level was 134 dB/ /1 ppa in the 20-1000 Hz
band, with a strong (128 dB) tone at 275-278 Hz.

I
The sequence of activities preceding an experiment was as follows.

'Sequel' maneuvered slowly (51.5 leu/h) to a point about 1 km from a group of
bowheads and the motor was stopped. The observation aircraft arrived overhead
either before or after 'Sequel' was in position (Table 21). Control
'pre-playback' observations b~gan 30 min or more after 'Sequel' stopped. We
intended the control phase to last 45-60 min, but it was usually longer
because of logistical problems.

i

Drillship noise was bro:adcast by a U.S. Navy J-ll projector at 9 m
Idepth, powered by a 250 W Bogen MT250 amplifier operating from four 12 V

batteries. The sound level Igradually increased for 10-13 min, then was
constant for 10 min (1982) orl20 min (1983), and then gradually decreased for
10 min. This approach was used to avoid a sudden onset of sound at peak
intensity and the startle response that this might evoke. We hoped that the
gradual change in level wouldiroughly simulate what a bowhead would encounter
as it approached a 'drillship. :

I

(



Table 21. Circumstances of drillship noise playback experiments off the Yukon coast, 1982-83.

16'Aug '82 18 Aug '82 19 Aug '82 17 Aug '83i 18 Aug'83i 22 Aug '8-3 i

Locatioo"- N= Lat=·
- W. Long.

69°43 '
138°13'

69°36'
138°22'

69°41'
138°32'

69°18'
138°17'

69°26'
138°32'

69°15 '
137°54 '

Watet-Depth-( m)
Boat
lffiales

Sea State
Aircraft Altitude (m)

150
150
1-2
457

125
125
1-2
457

150
150

1
457

18
16

1
457

15
12

1
610

36
32

3
610

·Durations (min) of
Post-Boat
Quiet Boat
playback, incr. level

'-Playback; 'peak-Iever' 
playback, decr. level
Post-playback

Time (MDT) of Observ.
'Sequel' Quiet After

30
52
13
10
10
7

21:25-23:27
21:25

159a
10
10
10
11

15:21-18:41
09:10

20
94a

9c

34
10:22-12:59
c. 10:12

28

10
20
10

39 + 63b
19: 11-22:01

19: 11

69 b + 26
10
20
10
57

11:27-14:39
17 Aug, 23:42

45
10
20
10

104
13:36-16:45

11:35

"\

Source Level of Sound
during Peak Period

-------(dB/-/-l-}JPa-m.) 155 164 15.1 162. _ __1.64 16_4 I

Approx. Distances (km),
Projector to Sonobuoy
Projector to Whales

2
2-4.5

2
3-6.5

1.5
2-4.5

?d
0.7-3.0

1.2
0.4-1.7

1.2
0.8-1.8

~_NoiseleveLat

(dBl/l }'Pa)
~ . Ambient.
- Playback,

Playback,

Sonobuoy:

20-1000 Hze
20::'1000 Rih
275 Rz toneh

84
roo
94

99£
110
105

92
99
92

91g 78
108-112
104-109

93
'112-113
107-110

--..--(----....------..-~

Approx. No. of Whales 5-7 8+ 9+ 10+ 13 10
Ac~ivity-of-Whales Slow-trave-l;---Slow-to-rapid---Slow-travel., Mos tly-Ione Some:..social- Mos tly_lone I

some faster travel; some nursing; whales with izing; some whales with
travel during aerial activity calf moves unknown behav- alone. Mostly little forward
playback and socializing along ior; dispersing medium or slow movement; some t::J

windrow of before & during forward move- brief social- 1-"

______ ... _., ....._. ..__. . debi"-is pta-ybclc·k lIlent izing ; I
~1'1 _

f Seismic pulses with intensities up to 133 dB//l }'Pa were present at ~
several-second intervals throughout the 18 Aug '82 experiment; 99 dB ~
was the .ambient level. between seismic pulses. (1) ..

g Measured with a hydrophone at depth 9 m below 'Sequel'.
h The levels for the 20-1000 Hz band and for the 275 Hz tone are given t;;

for the period of peak playback level. N

i Most whales in the area where this experiment was done were
iwmatures (~~rsig et al. 1985b)~

a Playback delayed because calf present.
b Minutes of observation of whales. near 'Sequel' «3 km away)

but not the whales observed during. the . playback.
c Playback terminated early because calf present.
d Sonobuoy from previous flight still transmitting; precise

location unknown.
e 20-1000 Hz band, immediately before and/or after playback.

IiIII-
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The source and receive~ levels of proj ected drills hip sound were

measured. Source level was monitored by a hydrophone 1.9 m (1982) or 1.0 m
(1983) in front of the proj ecltor. This monitor hydrophone al so allowed us to
limit power output to avoid d~stortion. Peak source levels were 155-164 dB//l
pPa-m (Table 21). During 5 lof 6 experiments t ambient and drills hip noise
reaching the bowheads was recorded via sonobuoys dropped near the whales t
1.2-2.0 km from 'Sequel'. ~e closest bowheads were t during the playback

I

phases of the six tests t 0.4-3 km from 'Sequel' (Table 21).

For purposes of data anAlysis t a 'mid-playback' period was defined. It
began 5 min into the increasi~g level phase and ended 5 min before the end of
the decreasing level phase. ~USt observations when the projected noise level
was weak and possibly inaudiblle to the whales were excluded. At the sonobuoy
locations t drillship noise was detectable to the human ear throughout the

i
mid-playback phase of each ex~riment.

I

In 1983 we monitored behavior for longer periods after the playbacks
ended than was possible in 1~82 (39-104 min in 1983; 7 -34 min in 1982). In
1982 t post-playback observati6ns were curtailed by limited aircraft endurance
or approach of fog. In each! case 'Sequel' remained quiet throughout the
period of post-playback monit!oring. In our analyses t data from the first 30
min after playbacks ended ('I post-playback' phase) were distinguished from
subsequent observations (' post-control').

Of the six playbacks at\tempted t only four were successful. On 19 Aug
1982 t the playback was aborte(l 9 min into the increasing level phase when a
bowhead calf appeared about 21km from 'Sequel';; permit restrictions prevented
tests on calves. On 17 Aug 1~83t the experiment was in shallow water <l km
off the Yukon coast. The wha~es were already dispersing before the playback
began t probably in response to noise from our observation aircraft circling
at 457 m a.a .1. As discussed earlier t bowheads in shallow water seem
especially sensitive to Jircraft noise. During subsequent playback
experiments in shallow water tl the aircraft circled at 610 m a.s .1. to avoid
this problem. Except where spE\!cifically noted, data from the two unsuccessful
tests are not presented below~

Results

Observations near Drillsites

We saw bowheads within 4-20 km of drillships on several days in August
of 1981-84. Some bowheads 8"720 kIn from a drillship were also exposed to
sounds from various combinatibns of seismic exploration t helicopter and boat
traffic, and island constructhon. Despite this t whales were present in the
area for at least a few daysl (Fraker. et ale 1982; Richardson et ale 1984 t
1985b). '

On five occasions when bdwheads were seen 4-20 km from drillships (Table
22) t the dri1lships and the1ir standby vessels were the~'only sources of
possible disturbance. Genet-al activities of these bowheads seemed

. . I
characteristic of undisturbel::l bowheadS (Table 22). The whales were not
heading away from the drillsh~p on any of these five occasions. Bowheads seen
4' km from 'Explorer II' were socializing even though exposed to strong

I

drillship noise. The apparent ilack of calling by 'thales 4 km from the ship is
noteworthy, since socializing lbowheads usually call frequently (Wursig et ale
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Table: 22.

I
I,
i

, I
. Disr~rance

ClrQJIIStanees of ol:servations of lDwheads near drillships, 1981-82. TheSe 'Were the
I ' i ~. I I' I

ofUy o1:servations~ the drillship ;wasl the only S(lJI'ce of potential disturrce••

, , , ,', I I. II' 23 Aug '81 23 Aug 1'81 11 Aug '82 31 ~ '8:2 141 fug '82
I"--~:-------------+I--~-----+-I---+-........:~
IDeation - N. Lat. 70"04' 70°05' 70°50' 70°28' • 70°27'

I ~. Loog. 134°54' 134°28" 1~018' 136°51' 1136°30'
Water Depth ,em) 31 23 ~ 550 1150-390
Sea ~tate I 1 1 ~ iJ.-2a, 12
Aircraft Altitude (m) 457-610 610 457 t57b i 457
Duration of 000. (llIin) 62 63c ,26 I U3b : 194 :

Dri~~ ~l.n ~.lln ~. IV J,.ill EXpi[ ill
Range (kIn) 15-20 4 17 113'""19 I !10-;-12 '
Activi~ Drillina Drillina Not dri",llina Drilling Drt,'11,ing
Det~ked yes·... Yes-st~ y~.", No I No

AppIQlC. No. ~f Whales 8+ ' J
1

'1+ 11 i 12
I I I I 'Activity of 'Wha1es Sale Mainly UnkncM1; Sla.r to I!4tig,diveso

'I" ' " echelOn soc:l.aUzing; saie durn Slow: to '
, I I' I

feedi~ & IX) calls calli,~ sp$l riEdiurn
soc:I.alizing; detected trakl.; ~~;

I cal.l1~"I calli
l
' ~ scme! callingI,. I: I I

a No I~teeabs blt heavy swell. , 1 ' !
b SullSEquentl ob*!rvations fran 305 m a.s.l. are not considered here.
C Exl:lude$ s6bsequent ol:servatiqos when l:oats mar~. ::
d In!lus.triaIi noise detected ~ Sooowoy dropped 'near whales. '
I': "',

I

: Jl. : I
1185b)·1 Howeter" faint callI> might have! been present but not deteCltied because

of the hfLgh noise level. , 'div'e
l

I I
I Surfacing", respiration and charact~ristics of bo~neads near

dfills~ips ~ere usually within the ranges fbr, undisthrbed Whales (see
Richardson eF ale 1983c, p. f95-8 for details).' The one lexceptibn linvoived
dll'o .wldles 10-12 kIn from 'Explorer III' on 31 Aug 1982. Their divJ times were
cbnsis~entlyi long (23c4-31iOmin). However, there Was no I eVident¢ that. the
l~>ng d1vE~S w~,re related to :"the proximi.Jy of the d,"rillshiP_I Indeed II a sonobuoy
n~1ar t1,ese whales did not d!etect drillsihiP soundt", , ! 11 I '

In.dustry personnel re~orted sightilngs of bo~heads near 'Explorer IV" and
'fxplo~e]r IIlI' on several occasions f~an mid-Ju~y to earlly Augu~tt t980 •• The
d1stan~e of the whale(s) from the drillship was ;estimated Ifor 7 ~tg~ting~ as
0~2-5~m. In'1982 and 1983,': industry ~rsonnel r~ported 3 sightingfil of single
bowheads ne~r drillships, in each case Iat an est:imated disltance 0lf 3.7 kIn (2

nllomi.) j We ptObablY, did nOi learn of ay Sigbtin,r,S b:,',Y indUrry perlsoT,nel ••,

'l'1l.elre was no drilling from uncontained artifici.al islands larld little
from disson~ during our f~eld seasonsl. We saw 'no bowheads withiri 20 kIn of
ckissOrls on: which drilling was und~rway. However, pe~s9nnel at! Tarsiut
ckissorli-retal.ned island reported two sightings diuring a drilling pe~iod, one
ohly Ol.2 kIn l away_ Two more boWheads Jere reported' about 0.3 km laJay after

:: \ ! I
I
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drilling ended. Tarsiut was ~ocated at 69°54'N, 136°20'W, in 23 m of water.
Sound levels near Tarsiut ari" Fs ,attending s~PPR<rt vessels during drilling
are unknown. However, noise evels were quitE!' ll'lgh during periods without
drilling: e.g. 121-130 dB!!l pPa in the 20-1000 Hz band at range 1.1 km on
one day; 119-125 dB at 0.46 ~ another day (Greene 1985).

In summary, on several qccasions we saw bowheads well wi thin the zones
ensonified by drillships. The~e whales were engaged in normal activities and

I
were not moving away. Industry personnel also reported seeing bowheads close
to drillships and to a caisson-retained island.,

Drillship Noise Playback Experiments

Sound Levels to Which Bowheads Were Exposed.--On 16 and 18 Aug 1982, the
closest whales' were 2-3 k.m from the projector when the playback began; the
sonobuoy was 2 Ian away (Table 121). Thus, noise levels received by the closest
whales were similar to those iat the sonobuoys. At 2 km range, the broadband
(20-1000 Hz) noise level du~ing playbacks exceeded that before and after
playbacks by 16 and 11 dB od 16 and 18 Aug 1982, respectively (Tab Ie 21).
Signal to noise (S!N) ratios and levels received by the most distant whales,
4.5 and 6.5 k.m from the pri1ojector, were unmeasured but would have been
several decibels lower. On 18 Aug 1982, noise pulses from a seismic vessel
60-73 k.m away were detectablle throughout both the control and playback
periods at received levels u~ to 133 dB!!l uPa. However, ambient, playbackI ,-
and bowhead sounds were readUy detectable in the periods between seismic
pulses. '

,

On 18 and 22 Aug 1983, the bowheads were 0.4-1.7 Ian and 0.8-1.8 km from
the proj ector, and the sono~uoys were amidst the whales 1.2 km from the
projector (Table 21). At 1. 2 km. range, the broadband S!N noise level during
playbacks averaged 32 and 19.15;, dB, respectively. Drillship noise levels and
S!N ratios at half and twiceI the 1. 2 k.m range were probably about 3-6 dB
higher and lower, respectivel~.

Noise received at the sJnobuoys during drillship playbacks sounded, to
the human eat, similar to tne original recording of drillship noise. The
strong 275 .Hz tone and some other less prominent tones iIl the proj ected sound,
were also evident in the received signals (Fig. 12; Greene 1982, 1983,
1984a). However, during som~ experiments, especially the 1983 tests in
shallow water, the spectruri of the received sound had been modified
considerably by differential iattenuation of certain frequencies. This is a
natural phenomenon; sound emanating froIll an actual drillship would also be
affected by differential atterluation.

I
How far from the actual idrillship would a whale have to be in order to

receive underwater noise at II the same level as that received during our
playbacks? To determine this, we used the sonobuoys to measure the received
level of the strong 275Hz tope present in the drillship noise. We compared
these levels with Greene's (1982) equation for the received level of this
tone in shallow water (27 m)~t various distances from the actual drillship:

I
RL (dB!!l pPa) = 122.19 - 1.52R - 10*Log(R)

,

where R is range in kilometres. On 16 and 18 Aug 1982, received levels 2 km
from the projector (94 and 1<\)5 dB) equalled levels 12 and 6.5 k.m from the

I

actual drillship. On 18 and ~2 Aug 1983, received levels 1.2 km from the

i
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FIGURE 12. Spectri!l.l jcharacteristics
of drillship sounds du:ring dr:i.llship
nois,e playbacks. ill ~!s the spectrum
of . the recotded dra)llbhip noise.
(B-Et lire sp~ctra ofl ith~ same sound
as <'received jnear bpfh~ads ,during
four playback expl~rimlen~s. Ambient
leve,Is , before or I i after, those

I
.' Iplaybacks are supenmppsyd as dotted

lines'. Most t0nes in ambient spectra
were from thJ observkti6n aircraft.

. I ;
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,14'''' ",,~
Pro]· ector (106.5 and 108.5 dB)'ilequalled levels?)'b" and 5 km from the actual

t "
dr.illship.

General Activities .-~neral activities of the whales before the
playbacks began included m~ny of the usual activities of undisturbed
summering bowheads (Table 201. In each case the whales were surfacing and
diving in the usual manner. 0n 16 and 18 Aug 1982, the average distance of
the whalesfroul 'Sequel' incr~aSed gradually during the pre-playback control

I
period, although the whales showed no consistent tendency to orient away from

I '
'Sequel' while they were at [the surface. In contrast, on 18 Aug 1983 the
majority were travelling toward 'Sequel'. On 22 Aug 1983 there was little net
motion. 1

During playbacks, general activities changed only- slightly. In the two
Isuccessful tests in 1982, th~ observers believed that the whales travelled

more consistently and rapidly! away from 'Sequel' than had been true in the
pre-playback control periods. l During the 18 Aug 1983 playback, most whales
seemed to interrupt their gr~Ual travel toward 'Sequel'. However, in all
three of these tests, the reaction was less conspicuous than the reaction of
bowheads to an approaching bolat. On 22 Aug 1983, no change in behavior was
noted in real time. !

Surfacing, Respiration land Dive Characteristics .--Neither duration of
surfacing nor number of blo~ per surfacing differed significantly among
phases of the experiment on I: 18 Aug '1983, the only experiment when sample
sizes were adequate for analysis (Table 23).

I

Blow intervals differed isignificantly among the four phases of the ia
I

and 22 Aug 1983 experiments, Ibut the trends were in opposite directions on
the two dates (Table 23). BloJ intervals were rather long in the playback and

I
post-control phases on 18 AUigust, but rathersoort in those phases on 22
August. When these two diisparate sets of results were pooled, the

Idifferences were non-significl\lnt (p)O.l). Blow intervals also did not differ
significantly among phases du~ing the 1982 experiments (Table 23).

I '

I
Dive duration was rarely measurable, mainly because the whales were

difficult to reidentify after \a dive. On 18 and 22 Aug 1983, dives during the
playback periods tended to be shorter than those after playbacks ended (means
1.30 vs. 3.37 min). The sample sizes were small, but the difference was
significant (0.OS)p)0.02; TabVe 23).

In general, there was \little change in surfacing and respiration
behavior during drillship noilse playbacks, but there was a hint of reduced
dive durations during playbac~.

Orientation of Whales.--In both 1982 and 1983, the experiments prOVided
weak evidence that bowheads I tended to orient away from 'Sequel' during
playbacks (Fig. 13). We descrribe the tendency as weak because some whales
headed toward 'Sequel' even d~ring playbacks, and because the results of the
statistical tests were often o~lymarginally significant.

I

, , I
Before playbacks began, t there was no evidence that the whales were

orienting away from 'Sequel' ~n either year or in both years pooled (p)>O.1
in each case; see V-test resul!ts in Fig. 13). During the playbacks, there was
evidence of weak orientation away in both years (p<O.OS in each year; p<O.OI

I
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(*): aeans 0.1 ~ p >0.05,i* ueans 0.05 ~ p >, 0.01, ani ** 1D"..ans0.0l ~ p >0.001 I i I
~ '!be, 'Mid-Playback' phase exclu:ies the first .5 min of, the increasing! level~ and the

last 5 min of tiE de<±easi~ level ~. !' I I' :
b The 'Post-Playback.' Phase is 0-30 min Mter the 61d ~f' ~ playbacld The 'Posti»ntrol'

phase begins 30 min after tiE playback. I , '
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D
' j I

b1stur ance
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Ta,ble 23. Surfacing, respiration and dive characteristics of n:n-caIf !x>w~sl observed

before, duri~ ani af,ter four tybacks.of dri1.l.ship mise, 1

1
82-83. I. i ,

c. ,18 + 22 Aug '83 I : I I
Pre-Control 11.94 50841 33 NDVA I - - 0 ~
Mld-Playback14.15 6.026 IiI F ... 1.54 10D 2.826 10~ ~trey
Post-Playback.15033 7.505 ~3 df .. 3,270 3.92 31m ~ .. 113
Fbst-Colltrol ~3057 8.398 87 p > 0.1 2.9.5 11800 I *

D. 16 + 18 Aug '82 I Al'{)VA ~ I' : l
Pre-Qmtrol 14.19 6.623 173 F" 0098 7.39 7.D4 10 :
Mld-Playback 12.88 5.004 57 df .. 2,232' I - 1- 0: f'.

POst-Playback 14.60 20191 15 p> 0.1 - ,- 0

, 'I! I
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1042 2.971 9
3.92 3~n8 3
4.14 0~884 2

t - - 0 i

0023 - 1 I

- - 0 I

l.n 1.815 2
I

i

NDVA
F = 2.58
df .. 3,54 r

(*) ,

5 ANJVA I

48 F" 5.16
[4 df .. 3,122
59 **

10.407
5.747

110505
50696

ll1cJw~ (8)

4.667 l8 AIDVA,
~:~~ ~ ~"=33~44

11.689 2a * ,

8
19'
i

2d

18
1

7.28 4.873
2 - 11

I

,2050 2.070
3.21 2.323
4.86 2.911
2.50 1.504

11.32
140 95
13.21
U.04

5000 3.367
,4 -

2.15 1.089

15.40
13010
19.71
n.93

, Na. me-/~ , : DU3tfJ of~~mIn)

I" I I I
2.50 20070 8 NDVA '0.66 0.476 8 NDVA
2.73 1.831 15 F" 2.11 • 0063 OJ556 IS If .. '1.55

'5.00 3.162 4 df = 3,29 1016 OJ75O 6 df ~ 3,29
4.25 2.217 4 p> 001 0098 oJ4n 4 p> 0.1

Ii!
o - - - 0 J

! ' I
4
1
" 0097 00672 4

1
I

; 1012 I
20 0 66 0.~62 m

, : 0 I 'I I
! I

I ; !
,0.66 0.476 8 ~vA
• 0.70 00M> 19 iF, .. [.67

1.16 0.,1685 7 \if ..' 3 54, "

::: ::c : ~Jl
'l.n t.ll3l 2 I

I 0 : :

A.. 18 Aug '83
Pre-Qmtrol
Mld-P1ayback8:
1>ost-Playbackb

Post-COntrolb

B. 22 hJg '83
Pre-Qmtrol
Mld-Playback
Post-Playback
Post-<:ontrol

D.: 16+ 18 Aug '82
, Pre-Qmtrol

Mld-Playback
Post-Playback

c.: 18 + 22 Aug '83
Pre-Control
Mld-Playback
Post-Piayback
Post-<:ontrol

A. i 18 Aug '83
Pre-Qmtrol
M1d-Playback
Post-Playback
Post-<:ontrol

B. 122 Aug '83
, Pre-Qmtrol

Mld-Playback
Post-Playback
Post-Colltrol
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FIGURE 13. Relative
playback experiments,
km in 1982 and 0.4-1.8

ori~ntations of bowheads' during fou~ dril1ship noise
19~2-83. Distances from projector to whales were 2-6~

km ~n 1983. Presentation as in Fig. 9.
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for Hooled" 19.82 + 1983 d.ata). In 1982 there were almost no post-playback

I
I I,' Idata, but lin. 1983 the data showed no evidence ,of orientation away after

playbacks ended (p»O.I, V-test; Fig. 13). I :Ii' ,
1ehe VTte$ts and ins'pection of the data 'in Figure 13 show: a greater

tendeJ~cy £91' orientation away from 'Sequel 'while drilliing no~~e; was being
broadbast Ith~n during the pre- o~ post-playback periods. However, the
diffel::ence fbetween the orientations (lrelative 1::0 'Sequell) befote and during
playb1lckswas not signifi~ant'in 1982! (p)0.5; Kuiper test), Dlargiinal in 1983

(p = ro05).: and very marginal overall I (p - 0.1).. 1 Ii.'
Uecaus;e of small sample sizes during individual experimenu, I we pooled
I. '4 . I 'H I hi' d ' fdata ~:rom 2 or experime,nts in thesE[ comparis~ns. owev~r, t e:te,n enqy or

orientl:ation: away was evident in only one of two experfments ~:n: each; year
(.Fig • 13).:A possi bl.e rea.son fO. r the/ stroIl!.ger ,reaction on 18 tfuan: on 22 Aug
1983 is: th~t the ambient noise leve;l was lower :00. 18) AUgustli<+able .21).
Consequentl,y, the signal-eo-noise raqo during the playba1ck p~~rip:d ~as hlgher
on 181 thanl22 August (32 vs. 19.5 dB). To ,the human ear, dr~pship sound
reachlng thesonobuoy and whales 00.1 18 Aug 1983 complletel), dominateij the

I I'. . " .. . I I' i'

lunderwater !sound field. In contrast, water noise was still dete~table ,along
with rl:rillSlhiP noise on 22 Aug 1983. 'i I:

The variable tendency of bowheads to orient away from the sour~e of

I
drill1.n.g n6ise might also.. be related to received noise Ie.vel)i. wh.ich: is a
I: ., I " I I'

,function of distance. The above analyses include whales 2-\6.5 km' from
I'Sequ~!l' i~ 1982, and 0.4~1.8 ktn awayl in 1983< To: test *hether~he te~dency
Ito or~,ent a,way during playbacks was ~ function of dis tanfe, lire fpn,verted the
orientation! relative to !Sequel v datia into a 0 0 -180 0 scale, where 0 0 was
Ii

dir. ect:ly a~ay, 90
0

was t~.ll.gEmtial to Ieither tIi.e right or left, [.~n? 180:
0

was
directly toward. One would expect a positive 'correl11ation b~tween this
I I I . , 'v , I ' I
~:rien~:ationl score and dis,tance if wh~les close to. SequEfl wer~! most l,ikely
,to odent away. In actuality, there was no significant cQrrelation: in either

I I' " 1.".1 I"
1983 (Spearman r s = 0009,:0 = 36, I-tailed p)Ool) or in 1982 plusl1983 p:ooled
(rs =1-·o.oL ,0 == 51, p»'O.l). Hencel the tend~ncy to ohellt a~ay: from the
SOUrCE! . of drii.l1ing nOise ... dUdng PlaYb.acks. did. not seeml to dep1Ie.,.nd on 'range
from the pr~jector, withiri the range 6f distances studiede ,i ,

I

I I I ,Ii,
Thus, playback exper~ments showe~ a weak t~Illdency fOf bowhe~fs:to orient

away from the source of drillship noise. All orientation data discussed above
I I .'. . I,·, I I' ,rere f>btai4ed by 'aerialobsel'vers. iBoat-based observers, reco!ided too few
observations of bowhead orientations during, dri1lship pllaybClckb to warrant

knaly~1.. • .• ,t I': •
I . 1gray, wJ1ale appeared 5.5 10. from •Seque1 ~ and headed t owa~d ,her 3 mi n
iintothe increasing level iphase of th1e 18 ltug i 982 experiment. a~ 1 min, into
the p~ak leivel phase, the. ilgray whale ~as 405' kth. away andj. had tJtned to' move
fsngerlJt:lally 0 'The last sighting was V min intp the decreasing I~eyel phase,
rhen Ithe ¥hale. was mov~ng slowly laway. Wh~th~r I the reorientation, was
attr1butabl~ t'o the drillS:hip noise is unknown.' • I

I

· I ' : I:' i '

, Q:ther i Behavioral Va1riables .--pololedresJIts: from the 4i e~periments
provided nd evidence of greater speei:is during ~ the mid-playback Iperiod than
pefor+. Pla~baCks•.. There fas an indibation of: sU~h an leffect ,tn! the. 1982
experimEmts' (Rif,chardson et ale 1983c, 1985M, lfut this trend was I not evident

" i,' i I

I
I
ill
~I

I
I
I

I
J
I,

·"I·~,".

I
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I
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in 1983 or in the pooled results.· Frequencies' of 'turns, pre-dive flexes, and

I

fluke-out dives were apparenttY unaffected by the playbacks (Table 24).

Four minutes into the increasing level phase of the aborted experiment
on 19 Aug 1982, a bowhead caJJf was observed moving along a windrow of debris
2 km from 'Sequel'. The p1ayb~ck was stopped 4.5 min later, by which time the
received level of drillship s~und 1.5 km from 'Sequel' was 7 dB above ambient
(Table 21). The calf followed! the debris during the brief playback and for 8
min thereafter. The calf stlayed at or just below the surface, orienting

I

directly along the windro~ an4 changing course as the windrow meandered right
or left. The calf's movemend disrupted the line of debris. We believe that
the calf ~as playing with the Idebris rather than feeding (Wursig et a1. 1983,
p. 80). In any event, the a~tivity continued as the dril1ship noise level
increased, and then for 8 s~bsequent. minutes after the abrupt end of the
playback.

Table 24. Estimated speed and occurrence of turns, pre-dive flexes, and
'flukes out' by Jon-calf bo~heads observed before, during and
after four dri1ls~ip noise playback experiments, 1982-83 8 • Each
surfacing by a whale is a unit of observation.

Speed

,Zero Slo~ Moderate Fast Total

Pre-Control 5 9 17 2 33
Mid-P1aybackb 8 5 25 5 43
Post-Playback 6 6 4 0 16
Pos t-Con tro1 7 17 5 0 29
Chi 2 (df = l)c 1.21, p > 0.25

Turn pre-Dive Flex: Pre-Dive 'Flukes--<>ut'

No Yes Total No Yes Total No Yes Total
,

Pre-Control 29 7 36 36 3 39 31 17 48
Mid-Playbackb 23 8 31 34 0 34 41 16 57
Post-Playback 6 2 8 10 0 10 15 5 20
pos t-Con tro1 19 6 25 10 1 11 39 11 50
Chi2 (df = l)c 0.39, p > 0.5 2.73, P > 0.05 0.65, p > 0.25

i
a Includes experiments on 16 and 18 August 1982, and on 18 and 22 August 1983.
b The 'Mid-Playback' phase eicludes the first 5 min of the increasing level

phase and the laSt 5 min of:the decreasing level phase. .
c Chi 2 tests compare frequenc~es in the pre-control vs. mid-playback phases •

In the analysis of' speeds, zero plus slow were compared wi,th moderate plus
fast. .



~ sei~m:lC iinpulses were p~esent throughout ~he ~xperimentlon 18 fpgi 1982,.
'Torai C<;illl;/Whale-h' figures are t espec'ial ~y imp reciFe becat,1s~ (1) the
nu~~rof: whales within!, acoustic range proba:bly I exceed:ed the I?umber !-1nder
observation,' and (2) some otherwisb detectable faint calls p,robably were
It, I" I .; 'II:

masked during noise playbacks. llimitationi (2) also applies to 'Total
Call.s/h' • I" : ,!

I
I,

~I

II;
I
\11
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I
I

, '

106
olv I

!

,
, I
I I

I!
5.80

29 of; !
0.80
2.65

I j ,

Mter l

II

Play~ck
I , i
:1. I

1.8
0.1

122
:11

7~43

,,14 ~47

During
flalback.

1.07
I 1 ~27,

4 04
019

36.1
117

I
261

I
17

I

I
16.13

2

°1

3

2.23
0.23

I

, I
Befot'e

, I

Play~ack

Totall Calls/hb
I

1:6 + 18 Aug 82a
18 + 22 Aug 83

Hours of Recording!
16+ 18 Aug 828r
,18 1+ 22 Aug 83 !

Loud: C~lls/Whale-h
16 + 18 Aug 82a
18 + 22 Aug 83

)

1iJhale-h
:
116 ,+ 18 Aug 828:
18+ 22 Aug 83 :

'Total Calls/Whale-hb
I

1;6 + 18 Aug 82a
18 + 22 Aug 83

I I
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Results from 1983 were not as clear because of the lower overall ,calling rate
lin 1983 (WU~sig et a1. 1985 b). However, b()th 'tQtal calls Iand l0'f~ palls, were
lagainlless !com,on during, playback periods. The, lower total numb,er of ',calls
I I ' ',I'. I I! I 'Iduring: pla~backs was probablypartl~ an artefact of masking by I drillship
noise!, Howe~eI', drillship noise did not mask th~ lquder cklls, soj the reduced
~ate lof 19ud calls durihg playback~ was pro1bably reat. The !proportional
~requf'nciesi of occurrence of the various call types were :sillil;l~r before,
aUring and lafter playbacks (Fig. 14).1 ;. I II :

J:n suuimary, call rates seemed lower during drillsh(i,p noise ~laybacks,
and b:()whea4stended to t~rn s;way frbm locatit>ns 'where drillsWfP: nois~ was
6riginatingl. However, the effect wasl weak, and not all whalesl,r~acted. In

1

1983, dive~ w,ere briefer when the water was ensonified by dri:P~hip noise
Ii, I! I '

ll'able 25. pall rates of bowheads!during fqur drillship no~js~ pl~yback

exper1.ments, ,1982~83. Data IcompUed by Ic.w. Cq.ark. ' See
~ichardson et ale (l ~84, pl. 193), fot a more detailedpr~akdown of
these data. " I! !

,
I
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than after such playbacks, bu!t the sample sizes were
other behavioral variable~ analyzed differed
pre-playback and playback per~ods.

CallofType

Discussion

I
I

! I
FIGURE 140 Relative frequencies of seven call types during four drillship
noise playbacks, 1982-83. !Numbers of calls detected I were much higher in
1982, when the whales were' in deeper water. P.T. =1 Pulsed Tone. Data
compiled by C.W. Clark. ,

!
I

I
ve'PJ small. None of the
significantly between

I

I

11
o
,I'

Bowheads sometimes were found within a few kilbmetres of operating
drillships, well within the zone where drillshi~ noise is clearly
detectable. General activitlLes there seemed normal ,I and there was no
conclusive evidence that the noise affected surfacing,1 respiration or dive, , I
cycles. !

The sightings near dril~ships show some tolerancel of drilling, but do
not prove that bowheads are unaffected by drillships. We do not know how many
more whales might have been Pfesent if drillships had be:en absent, or whether
bowheads departed sooner becapseof the drillships, or ~hether the likelihood
of return in subsequent years was affected by exposure to drillship noise.

I ISimilar questions arise with Irespect to occurrence of bbwheads near dredges,
and we discuss 'these possi bil~,ties in the 'Reactions of IBowheads to Dredging'

·section, below. ,
: I
I I

Playback experiments shpwed that some bowheads rleacted, although not
strongly, to drillship noise at intensities similar to those several

• I· I "
kilometres from a teal drillship. During playbacks, there was a weak tendency
to orient awaY,from the play~ck site, and perhaps for t1educed dive durations
and calling rates. '
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pur r1esults rom summering bowheads were generally consistent with

reacttl.ons ~f migrating gray whales tol the same drillship Inoise ~bfl. Malme et
ale 11983, ~ 984). Approaching gray wqales tendTd to chayge spee~ ~nd course
slightly. f1os; avoided the area with~n a few,qundred metres of !Jh~ playback
site.! AbouF 10%, 50% an? 90% of t~e gray ~~ales avoitled thil z?nes where
drilbhip '(oise levels (~0-315 Hz,bf-nd) were;'llO, u71and 12fl ?B//l~ pPa,
respeb

l

_tivelY• Initial rea,ctions by· gray whale,,s ,0,ccurrea at 10~ge,r, r,anges,
where noisJ levels were lower--withirl 4dB ofl ambient l~ve1s. Stimllarly, in
our 1982 eipetiments, the, closest bowheads recetved dri lliship noliJs~ at levels
of orlly Ido-Il0 dB (Table 21); most bowheads were mote dilst~ntl and' thus
receired s~ight1y lower levels. Even! in the'1'983 tests ~when bpw~eads were
closer. to fhe playback sites, avera~e received levels I(range 1: .~k.m) were
only labout' 110 dB and 112.5 dB*. Thus, reaction thresholds oflbowheads and
gray whales: to playbacks of drillship t noise 'werle sfmilar. i I

I ' f' I '
,I '_ " , , I ,

Why did bowheads seem more stirongly affected by playbacks than by
I. I,,' I" " ' II I "

drill~:h~ps i th,emse1ves? Bowheads remaineq' near dril1s~ips for ihours and
perhafs dayts" whereas some bowheads o:riented a¥ay 'from pfayback! ~ites within
minutes. DUring playbacks', bowheads Iieceived drillship noise with levels and
specti:'al c~arl1cteristics.similar to those se'veral kil?metres Ilf~om actual
drill~;hipsor One differen¢e between the ,twoisituationsl is tq~t' playbacks
lastea only 30-40 min, whereas a drHlship prciduces sounds continuously. We
incre1lsed the' playback irit~nsity graaually, over 10-13 m'in in .lit attempt to
avoid Istart!le ,responses. However, a Ib-min :per~od of incfeasing Ifo~se may be
perceilved ~ifferent1y than the slowerl increase that a whale woul~ experience
as it I swam :toward a drillship. II I

~ 'II
'Anothe'r possibility is that some bowheads avoid drUlsnip's whereas

I I', I! 'I 1others: do not. During playbacks, onlrf some of the whales mO'l7ed l away. 'We doI I I, I, , ' " I I, I
not know whetHer bowheads were as numerous 'near, drillships as therf would have
been i.n the! same areas and times in the absence ofdrUlships. ':

I " ,I. ,: I ; I 'rn any case, sightings near drjillshi,ps alnd, the l~mited ~e~ctions to
plaYb.jl.cks~how that some bowheads t

l
olerate ~onsiderabte dJril4s9ip noise.

~eacuons, 9f bowheads to drilling on artificiaf islands and c.ai~~ohsare not

r
nown~ Howe:ver, underwater noise levels at vartpus: distanFes ~roml! a! drill rig
operaf~ng 9na caisson-retained isl~nd (wHh i support vlesse.Ls ~earby). were
similar to Ilevels at corresponding distances from the 'Explorer I[ 'I drillship

I

(Gr,eete 1985):, In, the case' Of, gray ',whales., ~,he, ',.received n()isH f.evel" that
cause?, 50%1 avoidance was similar for a drillship, ~emisubrer~ibl~ and
drilUng platform (117-120 dB) despite differences in! source I levels and
Ispecd'al characteristics (Malme et al e 1984) e : Sound lev~ls neJr krtificial
islands 'an~ caissons not attended by !support vess~ls are I probably ~ower than
those I near; attended stru~tures or, dlfillships.: It is rersonablb: ~o predict
that \eeact~ons of bowheads to such unattended ,drillsites would pejleSS than
those to dr~llships. !

, i I
, I

~ In 1.983, ;the closest r,;hales (0.4 km on 18i Aui) probablx were ekposed
mor~ than 125 ellB, the r~ceived levell at range 0.4 km d~ring a,?rkdge
pla~back ~itih similar source'level and water depth (Table 26). I I

i ' I ; I 'I
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REACTIONS~OF;'BOWHEADS.'~roi,DREDGING

:?~~~4d~Y;tf'~' j'.c\,'·:·... t .. ~·.. ·~f:,Tf·!~i;', i
, I

Several seagoing dredges! are used in the eastern Beaufort Sea throughout
each open water season (Richardson et a1. 1985a). TheYf construct artificial
islands and undersea berms ~rom sea bottom materialsl. They' also excavate
glory holes for wells to be 1drilled by drillships. Twol types of dredges are
used. Suction dredges remain! nearly stationary and continuously deposit the
material nearby via floatingl pipeline. Hopper dredges ~arry material to the
construction site, sometime~ from over 100 km away, i and dump it either
through gates in the bottom bf the ship or via pump-ou;t methods. Both types

I ' I

of dredges create continuous [underwater noise detectable; many kilometres away
(Greene 1982, 1983, 1984a, 19185). !,

,

Previous to 1980 there i,had been no studies of rekctions of any baleen
whale species to dredging. L~mited data were available tfroma toothed whale,
the white whale Delphinaptetius leucas, in nearsh9re Wjaters of the eastern
Beaufort Sea. This species I seemed to react less strongly to stationary
dredges than to moving tugboats with barges (Frakkr 1977a,b), despite
similarities, in acoustic soutce levels and frequencies: (Ford 1977). Fraker
concluded that passage of white whales along a shoreline was temporarily
blocked by a nearshore dredging operation involving frkquent barge traffic,
but not by dredging with littlle barge traffic. ShallenlJrger (1978) suggested
that spinner dolphins Stene.1lla longirostris ceased ~sing a Hawaiian bay
because a noisy construction project began there. !

1,
We obtained two types, of data concerning react:ions of bowheads to

dredging and associated islknd-construction activitie~: (1) Opportunistic
observations of bowheads ne1flr such activi ties, inclu1ding measurements of
underwater noise levels. (2) Controlled tests of rea~tions to underwater
playbacks of dredge noise. I

!
Methods

i
I

, I
Issungnak, 1980.-1n Augpst 1980, many bowheads oC9urred around a dredge

at Issungnak artificial island in 19 m of water north of the Mackenzie Delta
(70001'N, 134°19'W). This is!land was being improved by the suction dredge
'Beaver MackenZie', an 87 m v~ssel which uses 3 pumps o~ 1500-1700 hp to move
dredged materials (up to 70,qOO m3/d) along its suction! and discharge pipes.
The operation also included a: barge, tug boats, and helicopter and crew boat
traffic from shore. Underwat~r sounds ,from 'Beaver Mackbnzie' and associated
vessels were recorded at Iss(xngnak on 7 Aug 1980, and Isounds from the same
dredge have also been recorde~ at other times (Greene l l82, 1984a, 1985).

:1To document bowhead distribution, aerial surveys of a grid centered at
Issungnak were flown six ti~es in the 5-22 August 198p period. There were
10-16 transect lines, depend!ingon date and fog, spaced 3.2 km apart (for

I , I -
details, see Norton Fraker and Fraker [1981], Fraker et at. [1982]). Whale

I " Isightings by industry personn:l working at Issungnak werle also tabulated.

Amerk, 1983.---Throughout our 1983 field season, the suction dredge
'Beaver Mackenzie' was const~ructing an underwater berrtJ. at Amerk (69°59'N,
133°31 'W; depth 26 m). Tw,o ~r more support boats were 'I usually present, and
there was daily helicopter !traffi c. The Amerk berm iwas the base for a

!
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1rilliOClg caisson, which was floated onto the ber:m in 1984. IndustLt~y 'personnel
t'eported boJ-heads near Amerk on 12 Aughst 1983. Low ceilings prev~lnted aerial
6bserv'lt!onJ, but our chartered boatl, 'Sequel', traveded to lAm~rk on 13
August to o~serve bowheads' and Jr£;cord underwat:er sounds. I 1; i

I Minuk, 11984.--On 30 and 31 AUgUst1 1984, we observed bowhead I in 17-,20 m
~f watier 13 i lan' southwest of an artifitial .islandl tmder c9nstructl~on at Min~k
(69°43'N, 136°28'W; depth 12 m). One dr both of the hoppeit" dredges ,'Cornehs
Zanen' lind i, W. D. Gateway'; were unloading at Minu~ via the pumk~out method
during, our 6bservations. 'Zanen' is a 15,000 hp ship that can ca.rry 8000 m3
I I " .'.'. ..' I t I '. 3
~f dredged jmaterial. 'Gateway', is a 14, 000 hp ship witH capacity 6000 m •
sonobubys showed that strong industrial sounds were readhing tli~ whales as

, I I·. I : . I IIthe ships unloaded 13 km away (Gretrne 1985). On 30 A!ugust, we observed
~owheatls fo~ 2~0 h with no: dredg~ in the area, ~or 0.~3 hlas 'Cor~e~is Z~nen'
~pproaf~hed 1[rOJll 22 to 13 kIn away, and Ifor 1.67 Ih as she \floaded!lat Minuk 13
IF awaliT• On [31 'August, we bbservedwha,les at the s$le location ~?:r: ,1.15 .h as
one an~l then both ships unloaded at Minuk. (Subsequent oblservatl.o!ns durl.ng a

b..i.eucolr'tet... JvetfUght experiment were aescribedE~arlier.) i .,

Dr~dge Noise Playback Experimen~s

I

I"'. '.' ' , ,
Till.':ee dred"ge noise PlaYbac,k experiments ~ere :, conducted 1O.ea~. the Y,UkOn

coast in 1!983-84 (Fig. 1 ; Table 26) • Recorded ' noise I from [the 'Beaver
Mackende' suction dredge ~s broadcas't via a Jll projector dep1l6yed at 9 m
4e pth Ifrom. '[sequel' in the; samelllannerl as during, plaYbacksl of driilhship qoise
~see ~eaLctl.OnS", to Drilling,., section, al)ove). In each expertl.ment, I'lsequel' had
, I I' . , I Igeen quiet ;( drifting or anchored) for at least: 0.6 h before t~e Islander

observrltionaircraft arriv~d~ '. I,' , I I! :
I '

The recording of dredge n.oise usea in all expe,riments had been made 1.2
I I ' ' I ' I I I ' )'

~ from 'Beaver Mackenzie' in water 18 m deep (hydrophone deptlll13 m ,on 7
Aug 19180 (Gteene 1982). At!, .the re,cordiM locatio.n. ' the redeiv,.ed lll~vel was, 120
dBlll l/llPa ih the 20-1000 Hz band andI 121' dB in the 20-2000 Hz band. There
4ere Strong! tones at 329: Hz (103 dB), 384 Hz (103-10i dB), ~nd 177~ Hz
~94-1t dB), (se,e Fig. 16A, later). I , :;

I P~:el-pl~yback control, observations were obtained for 46-77 imin (Tab le
26). Each playback consisfed of. a 10Imin increasing lev~l phase:, a 20: min
~eak ~evel lpha;se, and a Ip min decreasing lev~l phase. The soutfe le~elof
the ndise dpribg the peak! period was 161 dBI I 1 pPa-m. Fdr purpolile~ of data
Analysbts, a·' mid-playback'! period was defined. It included the lk1st 5 min of
~he ini(~reas~ng i level phase ~ the E7ntire

l
peak ~evel phase, ~nd the !.brst 5 min

~f thi decreas~ng level ph,ase. Post-p~ayback Observations! were cOlll;ected for
21-34 min; they were curta~led by darkhess twice' a~ by fog once-II,:

I OJing theifirst two t~sts, distaJcesof whales from IvSeqUeli! were 0.5-2
l<:m and 0.15-2.25 lan. In I'thethird e'xperiment, five whales tmder: detailed
~bserv~tionwere oqly O.l-p.B km from I'Sequel' .at the stJrt of f~e' playback
periodl. During' 2 of 3 experimehts it was possible to dropl a sonob'uoy amongst
~he whales. So~obuoy locatfons, receivFd noise l!~vels, andl·generai:L11 activities
of the whales before playbacks began are summari!zed in Tab le 26.

I ! 1

I l. I
I I

~

I
I
~II

~I

I



a No sonobuoy on 26 Aug 83. i I

b Most whales 2+ km away by lend of playback period on 24 Aug 84.
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0.4
0.1-0.8b

12
12

2-3
457

101-102
121-125

24 Aug '84

c. 25
c. 8

46
10
20
10
34

15:49-17:49
09:42

Lone whales
moving at
zero-medium
speed.
Apparent
near-bottom
feeding.

experiments in
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1

I
I
I

playback
I
I
i

16 Aug '84
i
I
I

69i011 ,
138i08'

i
i

22
I

22,
1

610
I
I
I

I
100-106
Il1-1I8

I

I

77
10
20
10
21

I

21:15-23:33
20:to

I
I
I

I
161

!
i
I
1

0.15-?25

9 1

3i
I

Mostlyllone
whales moving
at medium

Ispeed. I

!

26 Aug '83

c. 15
c. 8

_a

0.5-2

161

18
c.10

1
610

72
10 '
20
10
32

20:58'-23:22
18:35

Mostly lone
whales, zero
med. speed
between dives.
Occasional
socializing.

Ci rcums tances ~~~~~~ih~;~~'t!lree (ftedge:f~1i~eise
Mackenzie Bay, 1983-84.

Table 26.

Location of 'Sequel'

Approx. Distances (km)
Projector to Sonobuoy
Projector to Whales

Water Depth (m) at
Boat
Whales

Sea State
Aircraft Altitude (m)

Source Level of Sound
during Peak Period
(dBI 11 'ppa-m)

Noise level at Sonobuoy
(dBI II pPa)

Ambient, 20-1000 Hz
Playback, 20-1000 Hz

Durations (min) of Obs.
Quiet Boat
Playback, incr. level
Playback, peak level
Playback, deer. level
Post-playback

Time (MDT) of Observe
'Sequel' Quiet After

Activity of Whales
Before Playback

Initial No. of Whales
Within 5 km
Within 2 km
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Results

I , '
Observ~,tionsi ne~r Island CO,nstruction Qperations

I

isSt.mghak, 1980.-Underwater ind!ustrial; n:ois~ was readily i detectable
1.2 antI 4.61 kID. from the dredging operationat1 IssungnaM (119-120 and 117
dplll ~I.pa in 20-1000 Hz band, resp~ctkvely; Gr~en~ 1982,1 1985)'1 IThere were
tonal c,omponents at various' frequencJ.es! up to 1775Hz. No attempt was made to
drtect j dred~e 'noise >4. 6: ~ from fssungna~.! However,1 th~ ske dredge
operat~ng in

r
. sh.allower water J.n 1.981 "!'S detect~,',ble at rarge 7. 1+/I.lkm. Hence,

the dredge :s presumably detectable >l4 kIn fra: I~sungnaK.: '

I nJing s!i.x surveys around Issungnak on 5-22 ,Aug 1980, Ibowheads were seen
af clo~;e as ;0.8 kID. from the constructfon operation. As many as 1~2' bowh~ads
wrre sben Wji.thin 5 kIn during a single survey, although I bowhead!3 'were: not
ailways/that c:lose (Fig. 15),.•• Totals of 120. and 49 bOW.heads were s~e.:.n .. withl..·n 5
ahd 10 km, respectively, during all surveys combined. Although these totals
Ii. f ',' I . II' ,
Pfobab~y in~lude some repeated sighti~gs of' the same anitnals II o~her unseen
bowheads were no doubt present below tlie surface~, !

I
II
:1
I,
"I

FIGURE: 15. Observations of bowheads during two sY:,stematic surveys arou,' nd an
, " I I I'

islandi'-<:onstruc'tion operation at Issungnak, 5 and 9' Aug 1980. Closed anli ppell

I

1 I I. I I
dot.s rElpres,en!:; whales ~ p. 8 kID and > 0.8 kill, respectively, frOID the survey
lines. Circlesi denote radH of' 5 and 10 kin. Frolln Norton Fr~ker and'Fra.ker
(1981). i I :

I. : , . i i
I,dustry p:ersonnel wo~king at Iss~ngnak rep?rted 17 stghtingS,I of a total

of at l.east135 whales on 2-18 Aug 1980 (see Fr~ket et al. 1982. p., 210, for
ltLst).1 Sever~l :whales were jestimated t6 be <500 im from th~ dredgel Sightings
b~ in9ustry' p~rsonnel and ourselves I were co*sis'tent ~n indiblating that
bbwheadls were, common within 5-10 kID. ofl Issungnak.... for abou~. 17 dd~s. Whether

I I " I . '" I '
speciHc individual bowheads remained nearby for~ 17d is tmknown. ! ;

I
' ill

l to .! I

: I i
i

!
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I,

I,
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I

31 Aug, dredge(s)1
Three 'control' days

I
I

16
4

16
15

4.19 (p<0.05)

No
Flukes Flukes

Chi2 (df=l)

30 Aug, pre-dredge
, wi th dredge

-I

I
I

- I I

In contrast, neither bio·ti6~iJ§i~'it'nor irl~f'\igtry·t~;Person~el saw many bowheads
near Issungnak while it was bl:dng constructed in 1978 attd 1979 (Fraker 1978;
Fraker and Fraker 1979). BoJheads also were infrequen~ or absent there in
1981 in the absence of cons11truction, and in 1982-84 I after Issungnak was
abandoned (Richardson et al. 1985a). Thus, bowheads are not abundant in the
Issungnak area during most summers. The abundance of bdwheads there in 1980
despite construction activit>!- suggests that they exhib~t some tolerance of
dredging and associated constfuction activities. :

I

Amerk, 1983.--Industry personnel reported one or more bowheads near the
I . I

Amerk dredging site on 12 Aug, 1983. 'Sequel' travelled ~ Amerk on 13 August
and, for about 2 h, observed two bowheads 2-4 IOn from t~ dredge and support
vessels. Deteriorating weathet prevented further observations from 'Sequel',
but industry personnel report:ed three bowheads there atl 00:20 on 15 August.
Thus, one or more bowheads w~re apparently wi thin a few kilometres of Amerk
at least intermittently for :>2 days. Underwater soundS: 1.85 kIn from Amerk
were recorded on 13 August., Industrial noise was very noticeab Ie, with
received levels 111-114 dBI/ll)1Pa in the 20-1000 Hz bandl at 9 and 18 m depth
(Greene 1984a, unpubl.). I

I

Minuk, 1984 •. --- Bowheadis observed 13 km from hop~er dredges unloading
at Minuk on 30 and 31 Aug 1~84 were mostly lone whales moving at slow to
moderate speed ,with no tend~ncy to orient away from Ithe dredges. Numbers
present were about 12 and 7 Iwhales on 30 and 31 Augusf, respectively. The
observation site was the same on the two days, but we Icannot be sure that
individuals present on 30 Aug~st were still present the I next day. While the
whales were at the surface, mud was often seen streaming from the body and, .

• I Iespecially on 30 August,the !mouth. This indicates that, near-bottom feeding
was .occurring during dives. Sonobuoys showed that strohg industrial sounds

, .. i
were reaching the whales on both 30 and 31 Aug 1984. On 31 August when 1-2
dredges were unloading, the! received level was 115-117 dBI II pPa in the
20-1000 Hz band, with no particularly strong tones (Greerle, unpubl.).

I i
On 30 August, when obserlrations began 2.33 h befor~ the dredge arrived

at Minuk, general activities I did not change when the ~:lredge approached or
began unloading. Most standar~ behaviotal variables (dutation of surfacing;
number of blows per surfaci~g; blow interval; estimat~d speed) were also
similar before and after the 'dredge arrived at Minuk. Similarly, values of
most behavioral variables rec~rded in the presence of dredges on 31 August
did not differ significantly Ilrom values recorded on control occasions-i .e~ ,
in the same area in the absence of potential disturbanc¢ sources on 28 Aug,

. I
30 Aug and 2 Sept 1984. :

i
Frequency of flukes out, upon diving did differ in the presence and

Iabsence of dredges. However, the trends were in different directions on the
two days: !

. '
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The lack of consistency in these trends suggests that some factor other. than
. the dtedges: was responsi breD I 1 1 ~ ~

I !.summarY.--Even in the shallow ~aters where seagoifg dredges ope~ate,
1redgl noi~e;is detectable underwater for at least reveral 1 kpometres.
~owhe~del en~aged in seemir-gly normal!actiVitie:s h~ve be~n seen lWE;ll within
the ZOnE! enson~fied by suction and hopper dredges. Bowheads have been seen in
freas I~:Lth :dredge noise f:or as much tas 17 d, '. but it i~ uncerf!afn whether
specHi<: indivlduals ever ;remain in an ensonified area for that long.
I I, . , :, , , ii'
DredgE! Noise Playback Expe'riments ; I

I

I, , ' I
SOt~nd Lev,els to Which Bowheads Were Expos~d .~-On 26 Aug 191~3; bowheads

fere q.~)-2 fn ,(mean 1.4 km) 'from the Isound proJector. SOlund le~els reaching
the whales! were not measured. The t:hree experiments were donel in similar.
~reas la~ld w~te;r depths (Fig. 1, TableI26)., Henc::e,dredgel nois.e [~evels on ~6
t~~e;F;s;:reprObablYeo,.parable to rhOSe at eorrespondiog dlSreeS during

1 9'n 16 ,Aug 1984, the'w~ales ~ere! 0.15-2.25 kIn away (mean ~i.o' km)~ The
fecei'fed no~se level 1 kmaway was 1111-118 dB111 pPa in fhe 20-1?00 Hz band,
pI' 5-'8 dB :above ambient (Table 26) • ~ased on the averagr levell,lof 114.5 dB
at range 1 ~m, received levels 0.15 and 2.25 km away were probably about 127
I I ;. ' ' I ' I I I
and 109 dB, given that attenuation from 1 m to 1 km was about 46.5 dB (Table
26), ~r 15ls log (range). Thereceiv,~d level 1.2 km frob the Jctual dl:'edgeras*O dB:, or about 7" dB above tjhe expected. level at cl??rresponding
ClistanCI~ fr:om the playback site. Hence, received levels at ,an:'nl :given r,ange
I I, I I "I I
trom ~he prpJector were severaldeci bels less than those at comparable range
from fhe, a~tufll dredge. Th,e 1Jl4.5 dBI

I
, level rec",etv,ed 1 ~m from I~he playback

site lJITOuld 'be found about '2.7 kin from the actual dredge, given. tlile 15.5 log R
I I ," I ,[,I
,relat:f.oltlshi'p and the measured 120 dB level 1.2 km from the dredge~

1

I " · , I, ,', ,I Ii
GIn 24 Aug 1984, bowheads were initially 0.1-0.8 km away fr?m the sound

proje~tor (tmean 0.5 km). ,The receivea noise level 0.4 fm a",ayliwas 12;1-125
:dB//llppa, .01' 19-24 dB abpve ambient 'I(Table 26). Receive~ levels: 0.1 and 0.8
km awa,y wet:e probably about 132 and 119 dB, given that attentiatliion from 1 m
Ito 40~ m w+s ~bout 38 dB;or 14.6 IOgl (range) • The estimJted le.J.~l' at 0.8 km
ras slm.tlar, to the measur~d level 1.2 km from the actual dredget iTlle average
feceiyed l~vel 0.4 km frQm the projec1tor (123 dB) would be expel~ted 0.15 km
,from the ac:t.ual dredge. ::, :

I

' I '. 'i "
¥oise :received at the sonobuoys ~uring dr~dge playbacks sou*ded similar

Ito thr-: orig:lnd recording fof dredge n9ise. Seve~alof thel strong[Fones in the
origiyal re'corded sound w~re also pr9minent in the dred~e nois~1 recorde(d at
the sonobuoy locations ampngst the whales that were under observation Fig.

16). :! 'I ,. I Ii
Gener,al ,Activities.l-0n .26 Aug [983 (ranges 0.5-2 Km), activities were

I

the Sl3lIle l)efore, during ,and after~he noise' playback-Lmost:ly I' Ilone whales
Isurfaring ~nd 'diving in spallow waterl; speeds zero to md1derate ~hile at the
isurface; in:frequent socializing. The ~erial obs~rv~rs did not nOflce, in real
time, Ia,ny obvious respon~e of the whales to the . playback, and the whales
rem~inedin the area during and after the play~ck. .

, ! ~
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I
I

I
I

F~9.~~~!i;~A~' Specyral characteristics
of" dreage'~noiseIduring dredge noise
playbacks. 1!l is the spectrum of
the recorded dr~dge noise. ~ and
lQl are spectra 6f the same sound as
received near b6wheads during two
playback experim~nts. ,Ambient levels
before or after [those playbacks are
superimposed as ,dotted lines. From
Greene (1985, unpJbl.).
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On 16 Aug ~984 (ranges l 0.15-2.25 km), general activities were again
similar before, during and after the playback: m<>stly lone animals moving at
medium speed while at the surface. However, during the playback we noticed
that an increased proportion of surfacings were quite short with only 1 or 2
blows. Only a fraction of these short surfacings are reflected in the
quantitative data (see below); surfacings known to be short but whose exact
durations were unknown coul~ not be used in the analysis of surfacing
respiration-dive data.

On 24 Aug 1984 (ranges',O.I-0.8 km), bowheads near 'Sequel' were lone
individuals moving at zero-medium speed. Mud was brought to the surface,

Iindicative of near-bottom fEi!eding. About 8 bowheads were within 2 km of
'Sequel'; of these, about 5 were Within 700 m. During most surfacings
within the playback period, ithe whales were swimming away from 'Sequel' at
moderate speed. This change in behavior was obvious in real time to observers

. in the aircraft and on 'SeqU:el' • Near-bottom feeding apparently ceased (no
mud seen). By the end of ~he peak level phase (30 min after start of
playback), we could find no bowheads Within 2 km of 'Sequel'.

Surfacing and Respiratio~ Characteristics.--During the first experiment
(26 Aug 1983), the dredge playback had no apparent effect on (a) mean number
of blows per surfacing, (b)i duration, of surfacing, or (c) blow interval
(Table 27). During the second \experiment (16 Aug 1984), (a) and (b) were both
significantly reduced during ,the playback period, as had been noted in real
time; (c) was not affected. D~ring the third experiment (24 Aug 1984), sample
sites for (a) and (b) were riegligible, and there was no apparent effect on

I
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Surfacing, respiration and dive characteristics of non-calf Dowheads

observed befor'."e, during ,an~ afte, r Pl~,Yb~CkS of Idredg, e'16,lloire, 1!983-84.
The 'Mid-Playback' phase excludes the, first 5 min of. thr in~reasing

l,evel phase and the last 51mln of thel de,:reaSingj level ,rr' I

, i
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blow intervals (Table 27). TI\.ere"were too few., data on dive duration to allow
analysis. . i;rl:~H" ;w ~ • ; "'s ;

Orientation of Whales.·--If bowheads respond to dredge noise, we
hypothesized that they would orient more consistently away from 'Sequel'
during the' playback period than before or after the playback. Orientation
data collected from both the :observation aircraft and 'Sequel' confirmed that
bowheads responded to the noiise. The effect was weak on 26 Aug 1983 (ranges
0.5-2 km) but strong in thE! subsequent etperiments (ranges 0.15-2.25 and
0.1-0.8 km):

1. On 26 Aug 1983, aer~al observations showed that orientations during
the pre-playback and I playback periods were only marginally different
(Kuiper test, K=344,1 n=26,31, p<O.l). There was a slightly greater
tendency for orienta~ion away during the playback (Fig. 17).

26 AUG '83 16 AUG '84 24 AUG '84

•
••

•

••

I •

P <0.05

Toword

•

8efore .. •Playback •••

• • • •• ••••••..

••

During •
•Playback •

.. •

,.
I·

FIGURE 17. Relative orienta~ions of bowheads during three dredge noise
playback experiments, 1983-84.1 Presentation as in Fig. 9.
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Ii
elTidence:

I '
I

Observations from 'Sequel' P~lovided
I '

,Away

I
I

I
I
2.

mol',e convincing

, I
Toward % A"!ay

, I
Pr~-playback 18 28 39
Mid-playback 15 1 4 79
Post-playback 5 ' 4 56

For 'Sequel' datia, 'away' represents whales heLing wlilthin 60 0 of
directly away; '~oward' mean+ within ~Oo 9£ dir~ctly t9¥ard; whales
heading t.angentially are excil.uded. The pre- and mid-playback values
di~fer significantly (Chi 2=8·153, df=l~; p<0.005). I: •
On, 16 Aug 1984, aerial observationsshQwed a clear It!endenc; for
or;ientationaway,during the blayback period but not befqre or after
tM'! playback (Fig. 17). Orientations during the pr~-and mid
pl~Yback periods I were signif[cantly, different (Kuiper ~ == 324, n =
36:,18, p<0005).Observationsl from 'Sequel' sho~ed thel,!same t]t"end,
allthough sample, size was :small during the fid-plarpa¢k period
(pre--playback, 61% away; midJ playback,100% away; n= 28!ahd 4).

3. Re~ults on 24 AJg 1984 were similar;, orientatibns 1irleJ~ hon-random
and predominantly' away' durci.ng the mid-playbaclt period~ but random
be:fOI'e and after; theplayb+ck (Fig.'l7). (Ob~erverslion 'Sequel'
co;uld not record ;orientations during the playback period~)! '

Wh,en results from thJ three ex pe Jiments were pooled, Orientibi~ns in the
pre- I and post-playback i periods wJre both raIl.d~m (P»O"l,jl 1Y tests).
Orientation's during playbacks were hgnificantly non-random ini the 'away'
idireci:ion (;p<O.OOOl). Ori~ntations inl the pre-and post-~laybac~I p~riods did
Inot ~iffer, significantlt, but botn differed from oI-ientad.?ns in the
mid-playbac:k period: I i

Pre vs. Post K = 8~8 n = 75,47 p)0.2 ' I:
Pre vs. Mid 1'830 75,61 p<OlOOl II j1i
Mid vs. Post 1121 61,47 p<OlOl

tne would expect a stronger relction frdm the whl1es cl0ke~t to the
boat •. To a: first approXi~ation, this Iwas evident ,tm:oug~ the. l+fser ef~ects
onon.entat.iOR and surfacing/respirat.ion variables 1n the f1rs~ experlment
(mean range 1.4 km) thaniin the secohd(l.Okm) and thi~d (O.51Ikm). A more
direct tes~ was done usi~ the'same qrocedure ~s appliedl in thJ! a~alysis of
IdrillrhiP :no~se playbac~•. Unexpec~edly, th~ Spearmap rank!r c~rrel:a~ion
betweem 'deviation of head1ng from directly away' and 'distance from
I' ,'" I , I II :

projeetor' ,was -only 0.105 (n = 58, p)O.l). Thus, within the: range of
distatAces conSidered (0.1:-2.25 km), fhere was' no 'evidenbe thad,lodentation
was mre cons:i.stently 'away' among thjClOSer b()t.m~ads. f! II '

, ~ther :Behavioral Val'iables .-overall, est~ated spe1eds 'irlel~ l~im~lar in
the ~rE!- ~nd, mid-PlaYba9k(" periods,)I,althOUgh [th~re werle fewefl mot10nless
whaler dur,ing playbacks: Table 28 10 The fr~quencies of turl~s, pre-dive
flexes., and f1!uke-out div~s were unaffected by ,the 'playbacks (Tab~e 28). '

I ,,: I :, I I:
During the pre-playback period on 24 Aug ;1984, bowheads b~Jught mud to

the Jurface, indicative lof feeding Inear the [bottom. *is be:ti~viorceased
durin~ the playback, and: did' not restDUe during ,our limited ~bst-playback

I ! I
, ,
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Estimated speed '~~9~,,,~c~urrence,,,0tr~\;wrns, pre-dive flexes, and
'flukes out' bY~inon-calf bowheads observed before, during and
after three dredge noise playback experiments, 1983-84. Each
surfacing by a whale is a unit of observation.

Speed

Zero Slow Moderate Fast Total

Pre-Control 10 10 25 4 49
Mid-Playbacka 1 8 14 3 26
Post-Playback 3 4 10 1 18
Chi 2 (df = 1) b 0.28, p > 0.5

Pre-Dive Flex Pre-Dive 'Flukes-OUt'

No

Turn

Yes To)tal No Yes Total No Yes Total

observations. Mud was brought I to the surface during 5 of 18 surfacings in the
pre-playback period and 0 of: 19 during the playback (chi2 = 6.10, df = 1,
p(0.05). No mud was seen durihg 11 surfacings in the post-playback period.

!

a The mid-playback phase excludes the first 5 min of the increasing level
phase and the last 5 min of! the decreasing level phase.

b Chi 2 tests compare frequendies in the pre-control vs. mid-playback phases.
In the analysis of speeds, I!zero plus slow were compared with moderate plus
fast.

Bowhead Calls.--Few bowhead calls were heard during and ,after the
playbacks on 16 and 24 Aug 1~84 (0.34 calls/whale-h during and 0.28 after).
No recordings were possible itl the pre-playback periods on these dates, or at
any time during the 26 Aug 19~3 test. Thus, we do not know whether call rate
changed when dredge noise beg~n.

Summary.--The three dr~dge noise playback experiments showed that
bowheads often respond to th!a onset of strong dredge noise, even when the
noise level is increased gradually over 10 min as in our experiments. Whales
tended to orient away from th+ playback site. In 2 of 3 tests the tendency to
move away was s,trong. On 24 Aug 1984, whales ceased feeding near the bottom

,I ,

and vacated the area within 2 km of the playback site within 30 min. On 16
, ' I

Aug 1984, there was evidence <;>f reduced surface times and number of blows per
surfacing during the playback~

32 40 72
13 14 27
14 12 26
0.11, p > 0.5

9 38
7 17
4 9
p > 0.1

29
10
5
1.74,

7 :26
2 • 7
1 : 3
p > 0.$

19
5
2
0.01,

Pre-Control
Mid-Playbacka
Post-Playback
Chi 2 (df=1) bI',:

I,
I'
I,,
II
I

11

ft
T

.Ii

II
-1\1



i

Dis!turbance 176

! I
Discussion I :

i I

Observ;ations of bowheads near islland and berm construction ~ites during
1980, I 1983 and 1984 shollfed that soule bowhead~ occasiorlally to~e~atethese
indusrrial activities and their as~ociated ~mderwaterI~ nOise.: i 0rly a few
bowheads approached industrial sitesl in 1983~ but some whales :apparently
Ii' ' I,' < ,I I: I

remained n~ar the Amerk ,dredging ,oPfration f?r at lea~t a da~ 9r two. In
1980,llarg~r numbers of bowheads were found n~arthe ISfungnakl~rrdgesite,
someth,es ~eeding, for about 17 days J Sometime~ several flhales Merle within 5
km ofl the dredge; on other days therel were no ~ig1itings thatclpisej. The 1980
and 1

1

983 c~ses involved a suction dfedge tha~, operated Icontin~pu~ly at one
site. In 1?84', bowheads were seen on success~ve days well witliirl the zone
ensonHied ,by hopper dredges unloadink at Mi nuK. I II,! ,I <' ,

rr.he s~ghtings near d,redges show Isome tOle;rante of trose oP4r~tions, but
do no~ demonstrate that bowheads are unaffected by const~uction qperations.

_.- " "I Ii
1. We do not know whether numbers at any given dist,ance weIie !as high as

tli11ey,., would have,:. been if there had' been no :f.ndustrHl: activity.

I
' ,I, II '

Densities of bowheads were too lowand< too variabli' t;o allow a
m~aningful stati,stical comparison of numbers at differ~n~ distances
f~om dredge sites. I I <

2. It is uncertain 'hOW long pa1jticular ip:dividuals remainer 'within the
area ensonified i,bY the dred~e noise irt 1980. Although Iqow,'heads, were
in the area for :about 17 daxs, the distances from the dredge 'varied
h:-om day to day (e.g. Fig.llS). We: do not k~OW whef~et the same
i~diyiduals moved back tow~rd the dredge after havi9gonce ,moved
a~aYI from it, o~ whether whales remai~edas long as tH~Y'would have
if there had been no dredging. : .

• i I
:3 e. It is not known whether jexposure 'to ,dredge noise ! reduced the

probability thatspe,c,if,,iC boW,heads wo~ld' r.eturn,to the ~ame ar~as in
subsequent year~. (Indeed, there ~s no in~ormatiorl ;about the
propensity of specific bowheads to return to ,a.ny i location in
s~bsequent summers.) I :. I : '

To resolvel points (2) and (3), we would need, data concerning kovements of
indiJlidual~ identifiable; by natural I markings I, or, radio I. tags. ~h~s type of
info~matiot;l could not be, obtained wiithin the ~cope of the pres~nt study of
short·-term, behavioral reactions of Ibowheads .: Photo idbntifiCkeibn studies
havelbeen ?onducted in ou'r study areal since 19~1 (Davis ~t a1. 11~84, 1983, in
prep.; Cubbage et ala 1984). HoweVier, 1984 ,was the first xear when the
iden~ification work was ~pecifically designed :toaddressl points!(,) and (3),
and no definitive results: bearing on these points are available yet. '

! f I I :
'. , ' I, ;: , I ;

WE! emphasize thearove limitatiions of ~he,opportpnisticlo?servations
near dredges, because ourl playback experiments, sh.?wed c?nclusiv~ly that, in
some sHuatiohs, bowheads] do react td dredge noise. During the ~c;}83 test, the
response ~as: barely de~ectable. Hdwever. d~r1ng the I two t~st~ in, 1984
bowh~ads d:eUnitely move? away froml the plaYFac~ site. In on~! 0'£ the 1984
case~, neaf-bottom feedin:g was interrppted and [some whal~smove~ las much as 2
km. ~uring the one 1984 t1est when sur1facing an~ respiration behayior could be
docum.ented quantitativel~, mean duration ofisurfaCing I and m~an; number of

I 'f! 1 .

I
'I
I
I
I,
I

I
I,

I
I

I
I
I
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blows per surfacing were r~duced as the whales ,,·swam away during the noise
I ba k ' '~" , ...... ,. :I .. -.: .): 4~.~. t-""·~.~"'f.)i1t$-!..(.,*.:.·.-p ay c .;;;'1".{"'Y:---;." - -

Received levels of dredge noise at various distances from the 'Beaver
Mackenzie' suction dredge ~ere several decibels greater than those at
corresponding distances duri!,ng our playbacks of her noise. Despite this,
bowheads were seen within 11-5 km from 'Beaver Mackenzie' on several days
whereas bowheads at distance~ up to 2 km from the playback site reacted to
dredge noise. Furthermore, whales 13 km from two hopper dredges unloading at

I
Minuk on 31 Aug 1984 were re~eiving dredge noise as intense as that 1 km from
the playback site on 16 Aug 1984 (115-117 dB vs. 111-118 dB). Bowhead
behavior seemed normal 13 km! from the dredges at Minuk, but bowheads headed
away during the 16 Aug 1984 playback.

The obvious response to Isome playbacks despite the tolerance of similar
levels of noise from actual d!redgingoperations was presumably related to the

I
fact that the level of i~dustrial noise increased rapidly during the
playbacks. However, the reaction to the playbacks was not a startle reaction
in the usual sense of a resiponse to a sudden intense stimulus. During our
playback experiments, noise' intensi ty increased gradually from zero to
maximum over 10 min. For e*ample, during the 24 Aug 1984 test, when the
ambient noise level was 101-102 dB/ /1 pPa in the 20-1000 Hz band, the noise
level 0.4 km from the playback site was 107 dB 5 min into the playback
period, and 122-124 dB 5 min ilater at the start of the period of peak level.

I,

Besides the rapid onset of noise during playback experiments, there may
be additional reasons for the seemingly greater reaction to some playbacks
than to actual dredges. Levels and· spectral characteristics of dredge noise

Iclose to the playback site w~re similar to those somewhat farther away from
the actual dredge (Greene 19~5). HOllever, two other attri butes of the sounds
may have differed:

1. Received levels decrease with increasing range faster at short range
than at longer rang~. A lIhale 200 m from the playback source would
be exposed to a notiFeably reduced level (a few dB lower) if it swam
a few body lengths .:In contrast, a whale exposed to the same noi.se
level 1 km or more ~rom an actual dredge lIould experience much less
change in received' level if it swam the same distance. This
difference may affect the motivation of the whale to swim away from
the noise source. '

2. Especially in the s~allow water where dredges operate, multi-path
distortion of underrater sounds increases with increasing range.
This might reduce the ability of a bowhead to sense the di rection of

Ia distant noise sou~ce. The acoustic localization ability of baleen
whales is poorly knoWn. Humpback and fin whales are known to orient
toward conspecifics icalling several kilomet res away (Tyack 1981;
Watkins 1981 b), but i these observations were in deeper water where

I
multi-path effects might be reduced.

Thus, the proximity of some ;whales to the playback site may have enhanced
their motivation or ability to move away. However, the fact that many did

Imove away when playbacks began indicates that bowheads preferred to avoid
dredge noise at levels equall to those a few kilometres from an actual
dredge. Bowheads a few kilometres from an actual dredge beginning operations



,,
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I 11 ,

presUDJably would have the! same preference to avoid the Isound ' lelven if they
had IrS ability to do so pecause of T) and (2). , I '

I ThE! above' discussion ,suggests so~e reasons why, bowheads migti~ react more
strongly du;ring our dredg~ noise pla~backs thap, to actuall, dredies. However,
~t is I also f pOl3sible that i some bowheakis did re,8ct, to ac~ual dre~ges in the
fame l'laY a~ o:thers reacted to Playbcicks., As already no~ed, we lido not know
rhether bow,head numbers n;ear dredges Iwere red~ced:: relatfve to llUIJ1.bers, that
rrould I have' been there i~ the absenge of dreqging. Durfng pla~backs, some
bowheCllds failed to move ;away from the playback site even when others at
bom, pat-able ,ranges did mov~ awa,Y. Thu~, there fi"re variat~ons in Ireaction,s to
~redgJ noise. The whales~een near actual dredges 'may ha~e been isome of the
~ess ~ensi~ive animals; t,hose that wk

l
re more ~ensitive Fay havl~ moved, away

earlie:r, or' may have avoided the area when they first encoWltered the noise
beldl ' I I ' I '

GEOOERAL DISCUSSION
! '" I "

Progress Duriqg This St~~
I' I '

This s,tudy was desig~,ed to determine, by tkperimental and <ll~servational
means l the', immediate beHavioral reahtions of' boWhead khales It,:o, pote,',ntial

I

I " I I ' II I
sources of di$turbance. W~ found strong reacti'ons to approaching boats and,
Iless ~onsis.te~tlY, to air~raft at lowl al titude~. We did ?ot find! s,ueh strong

I

reacttons tlo s,eismic, dri~ling .and dr~dgi,ng oper,at ions , atthough I,t,he, onset of
intense st!i.muli of these types did cause local dis~lacement. Table 29
summattzes 'the types of teactions de~ected du+ing our Jxperime~ts, and the

l
approidlillate noise levels i and radii at which effects bebame dl~ectabl~. It
should be 'no¢ed that so~e bowheadsI tolerate4 industrilal noi~~ :at l:evels
exceed,ing those listed in Table 29; others may have reacted subtly to ,noise
levelt less' than those li;ted in the rlable. " I II I '

Reactions of bowheads to our fixed-wing observa:tiona)i.t"craft were
frequJlnt wh:en it was <305 1m (1:000 ft) a.s.1., ipfrequent fhen it!:Ws at ,457 m
(1500 ft), 'and rare when it was at >610 m (2000: ft). Reactions to! aircraft at
?.457 In we~e tnore frequent and prcmdunced when the whales werk: in shallow
water .. Measurements of aircraft noisd confirmed that lateral pt6pagation of

I ' , ' , " I ',' I 1'1' "
aircr?ft ndis~ in the Beaufort Sea is greater, in shallow than if ~eepwater

(Greer 198;5).: "I II I "

"llien helicopters at about 153 m a.s.l. flew single passes over bowheads
(subm1~rged ,at ti~es of passes), we Idetected. no ,pronourced rJcic~ions~ . the
whales, remained 1n the area. The most react10n ~hat we would lex:pect' 113 a

hastyl dive. ! I. I " I I; I

~oat disturbance ex~riments and, opportunistic observations I showed' that
bowhel~ds r,ea~t strongly rand rathet consistently to I ap~rO~f~i~g b()ats.
Bowhes.ds began to swim rapidly away when boats approached W1thl,nl 1:-4 km, and
contihued to do so for severalminuteb after the boat pa~sed. Sb~ttering and
alterhtion of activities Isometimes cbntinued longer. Approachirlg boats; also
resulted in shorter surfaCings with f~wer respi~ations per surfa~ii.~.

I . : I ., I [! !

~;he behavior of bowh~ads in the presence of noise from se}sm~c! vessels 6
km orlmore, aw,ay was not dramaticallyl different from beMvior inl the absence
of i nl:lus tri al . activities. I We found no evidence; of avoidJnce at ~u~h ranges.

. : . I ,
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Table 29. &JDInary of r~tions of bo~ W1al.es to five types of irrlustrial a:tivities. ThreslD1d
raiii an:l ooi9! 1arels listai rere are approx::imate. Stbt1eeffects may occur at longer
distarees ani lolier noise levels.

I

IXillship Iraige
Fix6:I.-W. FUll-scale libi9! libiseI mg
Aircraft lbat SeiSll.i& Playba:ka Playb~

Approx:. raiius' of stro~ 310 m 1-2 km 3km 6 kmb 1.2 kmb

or freqtelt rea:tion al~itWe
I

I
4km. .., 7.5 km. 12 kuP 2.7 kmbApprox:. max. raiius of 457 m

inf1\Eoce (mild or alFib.Jde
occasional reaction)

Approx:. min. noise 1arel 10:; dB 107 dB >130 <fBCi 100 dB 114 dB
causing rea::tion (dBlll pPa)C

Approx:. min. S:N ratio _e 3dB >30 cmd 16 dB 13 dB
causi~ reactjon (dB)C

Feactions
H'isty Dive Yes Yes lib lib lib

I

<llaoge :in .Activity Rare Yes Yes Slight Yes
orient /§Nay Rare Yes Yes Yes Yes
Dlsp1a:anent Rare Yes Yes Prob.f Yes
scattering ! - Yes

~e in Surface Time lib Yes Prob.t lib Yes
Change :in mows!Sfci~ lib Yes Prob. lib Yes j,
~e in Blow Intetval Yes lib Prob. lib lib I

Change in Dive llJration Prob. Poss.f I

<llaoge in Sp!ei lib Yes yegd lib lib
~e in '1lJrn Freq. lib lib Ibss.f lib lib
Olange in Pre-Dive FlE!lC IYes lib Poss. lib N>
~e :in Flukes-Out N) lib Prob•. lib lib
Cha~e :in Call late lib lib Prob.
~e :in call types lib lib lib

a Sc:xJe bowl2ads E!lCIXlsai to ongoi~ noiSe fran actual seisn:fc, drillship or dra:lge 0IErat:ions toleratei
I '

noise levels E!lCceei:ing tb:>se to 'lIirlchbonais r~tei dur:ing controlled E!lCJ2timents.
b Equivalent distance fran actual. drnlship or dra:lge.
C N>ise levels for2Q-l000 Hz ban:I. at 9-18 In depth (fran Greene 1985).
d Iesults fran E!lCIEriments with si~le Iair:guns are taken into a:oomt rere.
e "-" denotes "no data". i

f"Prob:' an:l "Ibss."denote "probc:ble'\ an:l "IXJSsfule"; ar1dence is equivocal.
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rhere were hints of subtJJe alterations in surfacing, resPiratiJn and diving
1 ", I I, I '1 '

I

behavi.or in the presence ~f noise pulses from ,~eismic vessels 6199 kmaway,
b I. . bl . , f' h Ih k" d'· I ii, dut Wf! werT una e to co~ ~rm t at ~. ese wea ,'an Inco~s sten~i tfen s were
al ttri butabl~ t,' 0 the seisrtii, c noise. Th,'e overall, trends were consis, tent with
Ithose I foun~ when. bowheads! w~re exposJd tostr~Jllger nois+ pUlsef i from closer
seism.c boats (LJungblad etal .. 1985,Ipers. comm.) or a single airgun nearby
l(thislstudyI). :Hence it is! pc;>ssible tllat subtle;effects shmetimefi do occur at
dista~lces >,6 km from seismic vessels land at received no~se levets belo~ the
160+ iBI /1 ~a expected at t,hat range j '; I I

~j. test with a full-scale seismlc boat showed that bowhe~ds began to
l0rien~; awaY; from the vessel when it Ibegan fir:ing, its airguns 1~.5 kmaway.
~oweve,.r, t~e reaction ,was not stronp' and so.me whalesl continued, apparent
near-l~ttom feeding until ;the vessel was only 3 km away. IWhales were
I I I ' ',' I I ',' ' ,
IdisPlr·ced qy about 2 km.Reactions wrre not much stronger than those to any

I
conventiona~ ~,essel. Howev,.,er,' test"swith a sinF"le" airgu~ fired ~,rc;>m a 'quiet
boat Ishowe1 that bowheads ~ill movel away frolll a, source of s~t;:'ong seismic
impulses eVlen if no boat no~se is pr1sent. This confirmsl not o~ty that, they
Ireact I to seismic impulses, 1?ut that t1hey can detect the airectior from ,which

theirpUlse~ are arriving. : I ',' " I i

Ve sawl bowheads. <5 km from operating drill$hips and~redges'lwell within
Ithe, ~;olles ,i en'sonified by:,,?rillShiP Iand dredge nOi,se.1

1

Howev~r" .playback
experiments showed that :some bowheads oriented, away when tlley received
I I I' 'I I'
~ri1lship and dredge noise comparable in level and characteristics to that
seved.l kilbmetres from the :actual dr111ship or dredge. Clear r~kctions were
Idetec~:ed d~ring the 16 Atig 1984 dred1ge noise playback, land thJ 118 Aug 1983
~ril1e;hip noise playback,~, when noise! received by the whkles wJs s, imilar to
ithat t·bout :2.7. km and 6 k~ from the dr,edge and ~,rillShiP,1respec:f~vely. 'There
~ere hints pfreactions during the 16 Aug 1982 drillship poise Pf~yback, when
the rll:!CeiVed noise was similar to that >12 km','from the actual d,ri',l1ship. In

I I . I - I II '
the ~rillS?ip playbacks,' cC!ill rate may have ,decreased j Durin~1 one dredge
playba.ck, near-bottom feeding ceased; in another, surfacing and I respiration
I ' i"",· " , " I II

I
~h~ti.~:~g~:·d~~~~1;~·o~o;~::F~·~~:r~:~~~d:"~f1.ewerr not nearly

Table 129 shows that ino~e typeso,f reactiO?S were eVfdent Ipi the case of
Idredg~!: play1backs than for' d~illship piaybacks. 'This was probabl~! a result of
Ithe flac:t t:hat some whales ,were clos1er to th~ playback site 4l;iring dredge
IPlaybacks .We found no eV,idence that bowheads were more sensitive to dredge
'Inoiselthan,todril1shiP noise., , Ii '

9'veral;1, ,the study showed that oowhead beh~vior can ~e affefFed markedly

l

but tE!mporarily by the clbse approach! of ships: or aircraft. Reactions were
less f)bV'iOus ~n the case~ of industrial activ~ties that Icontin+~d for hours
or da,ys ,such as distant,seismicI exploration, drililing anlj· dredging.

!
summei:'ing b,ow~eads someti~es occurred close enobgh. to dri;llShiPs~1 dredges and

lespecially iseismic vessel,:sto be exPlosed todonsiderabl1ie industrial n,oise.
rvhen Ise~en hea,r theseon~oing operations» act~vities seTIDed nolrfmal and the
~Ihales were not swimming consistently Iaway • However» tolerance of, I these type,s

I. , If, " I., I 'I
lof acpvit~es' was not compl~te. Our rxperiment!s showed ~hat bo"f?eads tended
Ito orient away from sources 'of drillship, dredge and seismic noise when this

I

noisel firsG ~came eVide~t at levels Iequal to,those sev~ral kdbmetres from
actual drillsHips, dredge~ and seismic vessels.( I !
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Short-term reactions of bowheads to boats are comparatively well
documented. However, sensiti!vity seems to vary, and the factors affecting
this variation are not well 'Idocumented. Reactions to repeated boat traffic
are unknown, although groups of bowheads have been seen repeatedly at
specific locations near majo~ traffic lanes over periods of days (Richardson
et ale 1985a). To test the effects of repeated vessel traffic, it would be

I

necessary to study bowheads that were indiVidually recognizable either from
natural markings or radio tags. Reactions to icebreakers breaking ice and to
hovercraft are unknown.

Much has been learned a?out react ions of bowheads to seismic impulses.
Bowheads often tolerate noise impulses from distant seismic vessels (>6 km

, I -

away) without exhibiting, avoi~ance or conspicuous changes in behavior. In the
presence of strong sei,smic' noise (i.e.. seismic vessel wi thin a few
kilometres), normal activitiies of many bowheads are affected, avoidance
occurs, and surfacing, respi!ration and dive behavior changes (this study;
Ljungbladet ale 1985, pers. comm.). However, a number of questions about the
effects of this noise remain ~answered. :

1. Are there subtle reactions to noise from distant seismic boats (>6
10 km away)? This 'could be addressed by controlled, replicated
experiments in which; bowhead behavior is observed before, during and
after exposure to no~se from distant seismic vessels. However, much
effort may be necessary to detect subtle effects in the presence of
the great natural vatiability in bowhead behavior.

2. When bowheads alter, their activities and avoid a nearby seismic
vessel, is there any negative effect on the individuals? Telemetry
of physiological dat1a could be helpful here. A further requirement
would be an analysis: of food availability and patchiness relative to
the needs of bowhead~.

3. If the area from which they moved was important to them, e.g.
because of high fooqabundance, do they return to that area after
the seismic vessel h8.s left? To address this question, it would be
necessary to recognize individuals, e.g. from natural markings or
radio tags.
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41

1

, Do¢s exposure to intense seismic noise have any negatJ~ effect on
the hearing syst~ of bowheaas? Question (4) would be ~iffiCUlt to
an~wer, but data about the se!nsitivityofany ba:lleenwale to sounds

I

of) different frequencies wou~d be helpful (see IRidgwa~ I and Carder
[1981'] for possible approach). Any such effect is likely to be

I confined to short, ranges. I '
5. Do~s exposure to'seistnic noise affect. the probablility that bowheads

will return to that area in' future years? (see Richatason et al.
1985a for discussion of ava'ilable eVidence.) T6 obtai~ definitive
data Ion this point, individJally identifiable whale c• w6:uld have to

be .de~ec~ed over .two or more years. " I~

Mu<:h also: remains to, be learned about.the lo~g-distance pr1dpagation of
I ' I I I 'd' wi Ih · I.seismic noise through water. Received eve s ,ecrease t 1ncreas1ng range,

~ut t*ere is variation in, the rate of attenuation of seilsmic pJ~ses (Greene
~983-~5).,Besides distance, factors known or suspec~ed to IIaffect the
intensity .and characteristics of I the rec:eived noise puilse include
~haradtE~ristics and depth of the noise source,' aspect, Jater dJpth, ice and
~ottonllcond!itions, and receiver dept* (Greene ~ 1982-85; ~alme etl al. 1983).
Although Greene (l982-85) and others have obtained some data on all of these
I I 1; • '. , I " , I
points, no ~etal.1ed study of their interactions. has been done. I'

I

, I ,I, :, I ! '
~ecictic:>ns of bowheads todr1llsh~ps and tQ playbacks

l
of dr~tlship noise

rave 1,een examined in this study. Reactions qf bowheads to oth~r types of
arilUng op:erations, e.g.: on artif1c1!al island~ and caislsonss. ~4ve not, been
ktudiJ.d. Natural and artilficial islands and caissons are the Jain types of
I I I,' . J ' " I . I'
arilUng platforms being: u~ed for drilling in the Alaskan Be,aufort Sea,
I I I , I ' I I,
although ddllships may come into use there in 1985. Malme etl cU. (1984)
found I that', ,for gray whales, readtion thr~sholds obcurred Ii at varying
tlistaIilces f:rom: the drillsite, dependi'ng on differences i6 the source levels
I I !' , , I ,,', I • I,' .' ••
of different drilling operations. Greene (1985) found that a dr1lhng ca1sson
knd ~tt:ending support vessels produ!ced noise levels ~ompara]:He to ,those
kroun~l a ~rillship. thus,' we pre~ict that' zones of infl~~nce around
~rills;hips a,nd caissons WO,Uld be simiJJar. ',' 1 ,"

I

I ' . I: :;
No m,easur,emen,ts of underwater noise. from, drilling, on an I, uncontliined

islandl in I the open wate,r season h~ve been :reported; I no' su~~ operation
bccud:ed in the eastern Beaufort Sea during our five fiela seasobs. This data
~ap m~kes it difficult t6 predict the relatiVe zones 6f inflJence S\l"ound
unconrained: a~tificial istands .vs. drliiships apd caissont. ! '

Bowheads sometimes tolerated clnsiderabl.'e noise from driiJllships and
I " ',I i· , II

dredges, b~t IPlayback experiments shbwed that' some bowheads 0ll)i~nted away
lfrom I dri1~shtpand dr~dge noisel The ilppoitance I', of st+rF-distance
~isplr,cemenlt to the well-being of thel whales i~ u*known.' It is Ial~o unknown
rheth~r the; whales t?at rFained with~n the en~o~i,fiedarea werTl s,tressed ?r
ptherWise affected ,1n any way. Tecliniques sl.Ill1lar to Ithose siuggested 1n
IPoint~; (1 )~(3) under se:Usmic noise would be: helpful in addr1essing these

I

questr·ons. " :; 1 I j .
J.Lt would" be desirab,~le to perform playback exper1ments It,o 'I, determ1ne
I I . " I I II .

rheth~r bo~eads react als strongly to non-~n~us~rial ~oise .as tihey do to
drill~hip or dredge noise,. If so, then the J.mportance of theU!j r~ther weak
reactf·ons to dr.i11ship ~nd dredge~ounds wo;uld be q~stionap.l~. Control
playbaLcks of :th1s type were recognized as being, a desirable part of this

! ' I I
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study, but there were too feW,opportunities for Rl~yback tests to permit this
work ,~~1'." . , . ;1:";.;"ih~i• • '~~r-("',i ", ."'~ r ••~.~.

In general, we now have considerable information about the short-term
responses of bowheads to offshore' industrial activities--the topic of this
study. We know much less about the significance of those reactions to the
well-being of the whales, and about long-term effects on individuals and on
the population. To address !these more refined questions, techniques that

Iallow physiological monitoring, repeated observations of identifiable
individuals, or both, arei increasingly necessary. Radio telemetry or
intensive photographic work (raViS et al. 1983) are two promising approaches.

Another possible approaFh to the question of long-term effects is to
determine whether there has been displacement of bowheads from areas with
much industrial activity. Th~ number of bowheads within the main industrial
area in the Canadian Beaufo!rt Sea has varied dramatically during 1980-84
(Richardson et al. 1985a). However, it is not, known whether any of this

Ivariability is attributable ~o industrial activity rather than to ,variations
in natural factors such as~ food supply, ice conditions, etc. A better
understanding of production ~rocesses and of the feeding ecology of bowheads
will be necessary to determine the importance of oceanographic variation in
affecting the variable summ~r distri bution of bowheads in and near the
industrial area (Borstad 19~4; LGL, ESL and ESSA 1984; Richardson et al.
1985a). One important point that did emerge from analysis of bowhead
distri bution in the summer~ of 1980-84 is that bowheads have not been
excluded from the wide are~ where seismic exploration has occurred each
summer in recent years (Ri chardsonet al. 1985a).

Implications of Short-term Behavioral Reactions

Interruption of Feeding

iStrong responses to boats and aircraft have been found in some
situations, and weaker respohses to other industrial activities have been
detected or suspected, especially when those activities or noise sources
first start up or approach. Hbwever, even the strong responses do not seem to
persist for long. Bowheads dJ not seem to travel more thana few kilometres
in response to a single disturbance incident, and their activities do not

Iseem to be interrupted for lo~g.

Occasional brief interru1ption of feeding by a passing boat, or aircraft
is probably not of major significance. Similarly, the energetic cost of
travelling a feJl1 kilometres lis very small in comparison with the cost of
migration between the central!Bering and eastern Beaufort Seas. These factors
might become significant if i1ndustrial activity were sufficiently intense to
cause repeated displacement df specific individuals. A better understanding
of the energy balance, feedilng dependencies and site tenacity of bowheads
would be necessary to address !this question.

Social Disruption

iDisruption of social groupings, especially mother-calf pairs, could be
more important • Upon the a~proach of a boat , socializing whales ceased

Isocializing and swam rapidly: away. We noticed increased spacing between
whales after soine boat disturbance incidents, and there was an indication of ,
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. '. . II I
reducE'.:d echelon size among skim-feedi,ng whales during one airgunl experiment.
Our ~ata ?n. the durat!,ons, of periods of increased lspacingii alfter' boat
disturbance! are not extensive, but I scatterin,g persis9.ed lonfrr! than the
flighr: resRonse, in one case for at least 1 h.. Since t~e func~~o~s of most
forms I of s~dalizing are, unknown, wr cannot predict wgether d~srupt!on of

sOdar-izin~ groups would affect individuals sig:nificantlYI" Ji I
Disru~tion of mating groups or mother-calf pairs could be iparticularly

seriO~ls. I~ the absence ,of industri~l noise, mothers dnd cal ~s I that were
separjlted pya, few hundred metres Icommonly,. rejoined, 1 appar~~tlY through
acousric, c?mmunication (Wtirsig et all'. 1985a, p). Female

l
bowhet~s I sometimes

becaml:! separated from their calves by dista~ces up t? 1 km.: ~f a boat
approached Iduring one of these temporrry separations and I.caused I~hi whales to
flee,1 the mother and calf might beco~e separa~ed perman1ntly • T~if would be
espedally tlikely in an industrialized area where elevated nolse1llevels 'would

I I" Ii I .reduce the leffective range of acoustic communication (see below).

Stres~1 :' " . !

. '- I
I ,': i,. i I
'IThe sabtle alteratiClns in behavior that we sometimes detec~e~ might be

Signiir:ican~ as indicators' of otherwlse-unobse:rvable stfess. sf~e~s effects
are dHficult'to detect in any anima!l, and WObld, beespeciallYrI s6 in large
free-111:a.ngirlg Whale,s. Nonetheless, str!ess might i occur as Ii resullt, df noise" or

I . I I '. I I Iotherl stiImfli from indust;rial act!vi~y, and see.mingly minor Chan,:g~s in overt
behav[Q1r might be the one observalble manif'estation •• Radio telemetry of
physiblogical data may p'rovide a means to study such 'phenomerta i in whales

I , . t " 1,1 I "
exposed to human activity, as has been done in' a few terrestri!al mammals
(e.g. MacArthur et ale 1979). I' i!

Ma~king of Impprtant Sounds;
j '. • 1 ,

Cont!~uous noise requces the maximum range to which a bowhead ca.ll or
otheIi[' sounq is detectable if the nbise and :the soundl of inHrest are at
similaJ:~ frequencies • The 50-400 Hz lband contains the peak energy of most
indus:trial: sounds (Fig. 18A; GreenejI985), ahd also c?ntains Ifost bqwhead
calls, (Fig,. 1:8B; Ljungbl,d et al. 19

1
82bj Clar~. and Johq.son 198?; Wiirsig et

a1. jl985b);. Calls are presumably iFPortant ~o bowhea4s for !4oiJlDlunication
(ClaIi1k 1983)., Detection9f ice and ,ater nois~also maYI. be im~~rtantfor a
speciies tha.t, depends on its abilitYj to find: open wate,r in pack ice. With
sphe~:Lc:al$preading, a 20 dB increase in noise level~illt ~ryeoreticallY,
reduge the! range of detecttability of a given ~ound of similar ~1equency by a
fact9r .of 10, e.g. from ,10 km to 1 km (e.g., Mphl 19811; Richardson ~t a1.
1983~)" Wi!th, cylindrical spreading, the eff~ct is even greJter--a 20 dB
incre1ase iJ;1 noise reduces1 the range at detectability lo0ifOld. !, :

Wheth~~ the masking! effect wou~a actually be thi.s severe t lor important
tot~l.e whBt,les, depends on many fact11ors, most of which are poorly known or
unknown: I '

I
I

1.. I~, lOng-diS, tance, communicatjiOn impor,t:ant, to ~.,owheadS?i iF,in whales
sometimes respoI}d to calls from oth~r fin whales 25 fm, away p but
most acoustic ,communication is apparently lover much shorter
dt,sta,nces, POSS~,i"b,I,Y <1 km (¥,atkins 19:,,81 b). Hump1',back WH~,l~.S react to
c~lls from othe!! humpbacks up to 9 ~ distant (Tyack I~nd Whitehead
1983). However,these are ttte extreme. cases known to uS,even though. i .

,

I
I
I.
I
I
I
I
I
I
"I
I
I
I
I
I'
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I
I
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FIGURE 18. Spectrograms I of 'certain industrial sounds (left) and bowhead
sounds (right) recorded in the eastern Beaufort Sea. Spectrograms are by C.W.
Clark. See Greene (1985) Jnd WUrsig et al. (1985b) for more details.
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baleen whales are theoretically capable of communicatik lover much
gr~,ater 'distances in certainl deep water Situatib,ns (paY-he" and' Webb

1911). " , , :. I Ii r '

Since' bowheads can produce balls with s~urce levels of 1185 dBI II
I, I III!,

pPa-m or more (Clark and Johnson 1984). calls would be detectable at
I ' I " I I" '

rapge1s of 10 kmor more given typical ambient noise le'fels (Greene

19~5), and the cO,nservative I,ass umpt ion," Of," sphetfcal sli~re"ading.. If
acpustic communication is nOf111ally ove,r shorter ,ranges, Isay 1 km or

. lel'ls, then bowheads could st~ll communicate over at leasf this ~ange

,if: background no~se levels inlcreased. i II. '
Bafkground noise, levels are naturally high during stol~S and' near
moring ice. The high source [level of Some bowhe~ soun~smay be an

d l • -111 ,. I d ho 'ed'" I .1, • t' .a i=lptat10n to cu.:' ow contl.nue s rt-l!! J.um range communl.ca l.on l.n
thlese: situations;' ratherthah long distance conttnunicatl~on in quiet

copditions.' I ': I I ·

If: bowheads sometimes do neeo to communicate acc!lUsticallly over long
distances, or to detect othe~ faint environmentAl noisJJ, how often
I" 1· I Ii'

iSi this important? Presuma,bly bowh¢ads can Folerate, occas~onal

storm-induced interruption of their ability to detect iSint sounds.
Cahthey tolerate adlditionh restriCtions imPosed bY: industrial
noise? Levels of.industrial ~ounds from SOme stAtionary\jsites, e.g.
is!l.andconstruction sites, .J.rary from: time to time (Greene 1985).
Ot~er sound sourCeS move, subh that high levels are p~est7nt in one
ar~a only temporarily. 1 ' i :

Cap bowheads in~rease the 1ntensi tiei> of their calls! to increase
communication raJ;lg: in the, ~resence of ,elevatedl noise ~evels:, Some
topthed whales ~Just theui echoloca,tl.OIl calls as alfunctl.()n of
ambient noise at;ld target rknge (Au 1980; Au let ale i 1985). The
in!tensity of fin whale callis varies ,coni>iderab1ly (Wa~~iIls 1981 b).
Ongoing work on' acoustic localization of bowheads (<i:lark et ale

I ' ,'I," I '!
1985) should provide information about the typical levels of bowhead
c~lls. ~eceived levels of FM upsweepc:aHs averlage 6-11q dB greater
thlan the levels of all other! call types, 'and are the l~ast variable
(C:.. W., Clark, pel's. camm.). ris is ,consistent WII ith t~~ suggestion
th:at FM upsweeps serve a Ipng range communicative function.; This
woiuld also imply that, cal14 other than, upswe~,',ps are I imore easily
masked by continuous industrial nois~ , although the 'f~escould

po1ssibly increase the source levels of, these other calls I apd th¢reby

re~uce masking e~fects. :: I II' :
Can bowheads change the frequencie13 of the~r calli> to 'avoid
fr;equency bands with much !industrial noise? 4gain, I~ome toothed
wh:alE7S Seem todt> this in c~ronicallY I noi'sy Sit~~iOnSI~AU 1980; Au
et· a1. 1985). Bowhead calls occur over a consl.deral:He range of
fr;equencies 0 Fot! particulari

l
types o:f tonal falls t*e range is

n~rrQwer but there is still some vari:ati(;m, e.g;o 146 ~ s.d. 6~ Hz
fo:r the initial!frequency of 'Up' ca:lls; 720 t 295 Hi for 'hl.gh'
ca'lls (WUrsig et: a1. 1985b). For mammal species Jin whichlmasking has
belen studied experimentally, significant maski~ effects O.nlyoccur
w~en the frequen~ies of the masking rtoise and thecall~ are within

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
'I
I
I
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about 1/3 octave of(oneanother. Thus, it is possible that bowheads
can reduce masking $ffects by altering call frequencies.

I

6. Are bowhead calls e~itted uniformly in all directions, or are they
to some extent 'be*med'? Acoustic localization work during spring
migration past Barrow, Alaska, provides hints of directional effects
(C.W. Clark, pers.: comm.). Similarly, can bowheads localize the
directions from whi!ch sounds are arriving? The fact that bowheads

I
tended to orient away during some playback and airgun tests (this
study) shows that i bowheads have some localization capability.
Directionality in ¢ither the emission of calls or in auditory
sensitivity could rJduce the masking effect (Zaytseva et ale 1975).

Given these uncertainties, quantitative assessment of the masking
potential of noise from oil! industry activities is difficult. In general,
background levels of continuQus underwater noise are elevated by >20 dB only
within a few hundred metre~ of most industrial sites, and within a few
kilometres of the strongest Jources (Greene 1985). Assuming that bowheads can
produce calls as intense as 185 dB/ /1 ,uPa when necessary, short-distance
communication would only bel impaired for whales very close to industrial
sites, at distances where qisturbance effects are already likely to have

.displaced the animals. :

Long-distance communica~ion and detection of faint environmental sounds
are much more likely to ~ affected, assuming that these abilities are
important to bowheads. Howevel' r, even within the main area of offshore oil
exploration in the eastern. ·Beaufort Sea, there are wide zones between

Iindustrial sites where co~tinuous industrial noise is barely or not
detectable most of the time~ (Passing ships and helicopters in these zones
cause only temporary increases in noise.) Hence, even in considerable
portions of the main industr~al area, bowheads would not have to travel far
or wait long in order to ~,void strong masking effects. It is not known
whether such limitations onl detection of faint sounds are a significant
problem for bowheads, given; that natural factors (storm and ice noise)
sometimes limit detection of ~aint sounds.

!

Seismic impulses, even ~t high received levels, probably do not cause
significant masking. During iDlost seismic operations, especially when high
energy sources are used, the pulses are <1 s long and are spaced several
seconds apart. Ambient sounds and bowhead calls were readily detectable by

Iour hydrophones, and presu~bly by bowheads, in the intervals between
pulses. Bowheads do not stop calling in the presence of seismic impulses
(this study; Ljungblad et al. l, 1980).

I
Applicability to Alaska

Behavior of bowheads in the Alaskan Beaufort Sea in late summer and
early autumn is quite simila~ to that in the Canadian Beaufort Sea in late
summer. In both areas, bowhekds feed, socialize and travel in areas of open
water and in pack ice (Ljung~lad et ale 1984 b; WUrsig eta!. 1985a, b). Also,
some of our results were obt~ined off the Yukon coast, not far from Alaskan
waters (Fig. 1). Hence, we b~lieve that reactions of bowheads in the Alaskan
Beaufort Sea up to late ~eptember would be similar to those that we
observed. Reactions to seism:l.c noise, the only disturbance effects studied
systematically in both the A]askan and Canadian Beaufort Sea, were generally

I
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I I: :
ronsisitemt ~n the two areas (no strong reaction by bowhe~ds DlorF, than a few
kilome1tres away from seismic vessel; displacement of bowheads within a few

it

l

l

ilom1tres ) 1 . I I:, ,
Dater :in. autumn, bowheads begin to travel more consistentily westward

throu~h the I Alaskan Beaufort Sea as f~eeze-up occurs. Out resulh~ from, late

~ummet may!.. be.. less apPh.".cable to these acd.velY travb.. l.liI.lg I~.ales •. '. The
~ctiv~ti.es ;and habitat of bowheadsl in winter and Jpring also d:1.f fer
?OnSide:ablt • from those in summer, so lour findings may bJ ~ess a~plicable to
fhose ISJ.tuap.ons than to l,ate summer and autumn. If deted~10nofllsounds from
tce, lJeads 9r other bowheads far away lis import~nt during Imigrati~n or winter
~e .g.1 to fi:ru;I op~ning~ in ice), c~nt~nuous ind~strial no~se aloirig, m.igration
routes and, 1n WJLnter1ng areas m1ghb have effects that summer! and. autumn
~tudiJs could not detect. I :
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';i ~, ~'.",:, ,. " " ,ABSTRACT ,: i I d '- ~r : ,. . '~ "'t i ~

This section documents •underwater sounds to which bowhead whales were
exposed during disturbance experiments and other behavioral observations in
the Canadian Beaufort Sea, 11980-84. Data were collected with calibrated
low noise hydrophones suspenqed 3-18 m beneath a sparbuoy, and with sonobuoys
dropped and monitored from, the aircraft used to study bowhead behavior.
Results are for hydrophone d~pth 9-18 m unless otherwise stated. Laboratory
analysis included power spectrum analyses of continuous sounds, and waveform
and peak signal analyses for!seismic survey pulses. Overall levels are given
for the 20-1000 Hz band, whlich includes most components of the industrial
and bowhead. so und s • I

Ambient noise ranged frOm below the typical values for sea state zero to
high levels characteristic lof storms at sea. The median level for the
20-1000 Hz band in August 19~0-84 was 99 dB, equivalent to sea state three.

Fixed-wing aircraft sounds beneath the aircraft averaged a few decibels
greater at 3 m depth than at ' 9 m. Noise levels were highest when the passing
aircraft was low, but pe~k levels persisted for only a few seconds,
especially at low aircraft ~ltitudes. During straight line passes, aircraft
were audible for longer in Ishallow than in deeper water. Sounds from an
Islander and Twin Otter' inc~uded numerous tones at frequencies related to
propeller and engine rotatioq rates.

Helicopter sounds included tones associated with the main and tail rotor
rotation rates. The overall levels below a Bell 212 were 3 dB higher for
passes at 305 m altitude thah for 610 m. For oblique passes, the shallow (3
m) hydrophone detected the l~west levels.

Boat and ship sounds for the 20-1000 Hz band included the following:

-Crew boats underway 118 dB at 0.2 km 105 dB at 4.6 km
-Supply & survey boats Underway 129 dB at 0.2 km 103 dB at 4.6 km

I
-'Geopotes X' dredge underway 150 dB at 0.5 km 131 dB at 7.4 km
-Anchored supertanker I 120 dB at 0.2 km 95 dB at 9.3 kmI

I

'Geopotes X' was the strongest source of continuous noise studied during this
project. Received levels of fuoat noise were usually several dB less at depth
3 m than at 9-18 m, as expected for an in-water source.

I

Seismic signals from sleeve exploders , open-bottom gas guns, airgun
arrays, and a single airgurl were similar. Propagation' in shallow water
elongated the initially-sharp pulse into a longer pulse with quasi-sinusoidal
waveform gradually decreasink in frequency. At ranges of a few kilometres,
waterborne pulses are typicallly 0.25-0.5 s long. The predominant frequency at

I

the leading edge of the pulse is often 200-400 Hz, diminishing to 100-200 Hz
at the end of the pulse a d.-action of a second later. Energy at frequencies
<100 Hz is rapidly attenuated in shallow water, but can travel long distances
in some sediments and may: reenter the water far from the source. The
strongest seismic signal redorded was 177 dB//1 ,uPa from an array of open
bottom. gas gun~ at range O. ~ km. Signals from airgun arrays ranged :from 160
dB at 12 km to <110 dB at 75 km. Received levels were several dB less at
depth 3 m than at 9 or 18 m. I

. \
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adj acint support vessels, werH as' folloWs:

1
'22 II i :

-"Expl1rer I I, logging I dB at 0.17 kIn 100 dB alt 1:0.3 km
_II Explorer II' , drilling 134 dB at 0.2 kIn 111 dB af 7,.4 km
-"KullJk' CDU, drilling 143 dB at 0.9 km 117 dB alt 1!4.8 km

~r.d~i"g SO~dS rocordod n.ear s, ucti,ml and hoppor drodgos

i
. woro as. ~trong as

1145 dBi 0.6 km from a hopper dredge that was loading, and 118 dB ft;om' a dtiedge
at radge 14f 8 km. Hopper dredge sounas tended to vary over t.imb:. I Caisson-
~etain,:!d is~ands where there was co~struction, well tehing, lor I drilling
~rOdUC!..•~d so~nd levels of.l30 dB,at ran~.es 0.22 to 1.1 km, F.nd 111-

1

....11:8 dB 'near
3.8 kIn;. So~e of this n01se came from attending support vessels.. I .

1

' 1 I I· I .
lit gen+ral, many industrial sourbes increased the ~evel of continuous

90ise i(20-1~00 Hz band) by about 25 ~B at 1 ktn radius~nd 10 14B at 10 km
t:adius l, relative to the median ambient level. The noisiest ships produced
~igher:leve~s. Noise pulses from seis~ic surveys were farlstr()ng~r land often
detectlable 150 km away.: ' I

. I '
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INTRODUCTION

Marine mammals (including bowheads) use sound to communicate and to
receive information about their environment. Sound travels very efficiently

I

in water, day or night, winter or summer, and regardless of the water's
clarity. At least in deep water, the intense, low-frequency sounds produced
by baleen whales, including bowheads, are believed to be transmitted
especially well and with lit~le attenuation (Payne and Webb 1971). The very
advantages of underwater sound so useful to marine mammals give rise to
potential problems related: to underwater industrial sounds (Acoustical
Society of America 1981). Many industrial sounds are also intense and of low
frequency, and consequently ~re transmitted efficiently over relatively long
distances. Thus, the acou~tic effects of industrial operations may be
manifested far from their source, and this greatly expands the area
potentially affected. Possif?le ways in which underwater industrial sounds
could affect whales include direct disturbance and the masking of important

I

communication, echolocation and/or environmental sounds (M¢hl 1981;
Richardson et al. 1985).

From 1980 to 84, the Bureau of Land Management and Minerals Management
Service, U. S. Department of I the Interior, have supported a study of the
behavior of bowhead whales and how they may be influenced by oil industry
activities offshore in the Beaufort Sea. Motivation for the research came
from the potential for oil deploration and development north of Alaska, and
questions about its effects; on bowheads. However, the field work was
conducted during August of 19180-84 in the Canadian part of the Beaufort Sea,
east of Alaska (Fig. 1.). IBowheads feed there at that time, and offshore
oil exploration .is considerably more advanced in the Canadian than in the
Alaskan part of the Beaufort Sea. Thus, the Canadian Beaufort Sea provided a
study area with both animals and potential sources of disturbance.

Approach

Our general approach to the' research centered on boat- and airplane
based observations of whale behavior and measurements of underwater sounds.
It was important to know what sounds the whales were exposed to while being
studied from the air, and the air crew deployed sonobuoys and recorded the
signals on the airplane. The boat crew, which included the acoustician,

I

recorded signals from hydrophones deployed from a sparbuoy drifting near the
boat. The boat motored to vilrious industrial sites to record the sounds of
dredges, drillships, boats, artd artificial islands; it anchored in open areas
to record the sounds of passirtg ships and aircraft. In 1980-81 we attempted
shore-based studies of sounds and whale behavior from camps at Herschel
Island and King Point, Yukon territory (Fig. 1), but bowheads were not close

I

enough. In 1983-84 the whales were in those areas and we studied them from
the airplane and boat.

An underwater proj ector: was used from the boat to perform controlled
'playback' experiments. Preyiously recorded underwater industrial sounds
were played back near whales being observed from the airplane. We also used
a single 40 in3 (0.66 L) airgUn deployed from the boat to conduct controlled
tests of bowhead reac,tions toll seismic survey impulses. It was necessary to
measure the sound levels to wilic.h bowheads were exposed during playback and
airgun tests.
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FfGURE i 1. Map of the study area, ea,t-central Beaufort Sea, snqw~ng m~jor

industrial shes mentioned in the text. : I

I 1 I i
The r~port describes our experimental methods and E~qud-!pnient,: the

measur:ement I results, and their sighificance. The ~leSUl1:S I :s~ctiori is
~rgani!zed b~ type of sound source (e.g. ,aircraft, boats an~ shipsi, se~smic
~urve.YI sign~ls, drillships, dredges) 'lparalleling t.he prelcedl.I1g l'iDilS. turb.ance
Responises of Bowheads' section. For each type of indus trial soun~ source,
I I I • I II I •
~he relPort 9ontal.RS a review of what was known before, our own res.uljts, ~nd a
discussion. ! I .

I '
!
II' Acoustic Terminology I

I I

i ' . Ii,
'!this section is provided to acquaint readers' who are not taCdusticians

with t.he acbus.tical termin.. ology used lin' this report. AI good diisclussion of
theseltermsl appears in Ross (1976, p. 4-8). In the following a~sbussion I
I I I I' IRave used the term 'signal' to mean the waveform of the sound pressure at the
fuYdrO~lhone.1 I. am not dist.inguishing 'among the sources df that ka\reform as
I· • I I I '
Deing signals or noises but l.nclude them all. I

I" I .I I i
~ simple form of a 'sonar equation' is : i: iI'i
i Rec~ived level (dBlll pPa) = Srurce level (dBIII }+Pa at 1 1m>, -

. transmission loss (dB) ••

" ..

I
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The terminology used in th~s equation is defined below. In general, the
equation defines the transmrission loss in terms of the difference in dB
between the source level and I the received level. Note that all terms in the
equation may vary with frequency and with direction from the source. The
equation could relate spectr~m levels at source and receiver by changing the
reference unit from 1 ~Pa toll ~Pa2/Hz.

dB, decibel: A unit op a logarithmic scale for sound levels. Sound
pressure .level in dB is defined by 20 log (P2/P1) where P2 is a pressure of

Iinterest, PI is a reference pressure such as 1 microPascal, and the logarithm
is to the base 10. I

,I
il

Source level: An idea~ized descriptio.n of the intensity or power of a
sound source in terms of a root mean square pressure at some short reference
distance (e.g. 1 m) from the! source. Idealization is essential because most
sources of interes t (e.g. drillshipor dredge) are not point sources and an
actual measurement at 1 m wo'rld not yield the effective source level. There
is a strong possibility of inaccurately computing source level (at 1 m) from
measurements at practical di~tances (say 200 m) when transmission loss from 1

I

m to the practical distance is assumed rather than measured. The uncertainty
Iis especially high in shallow water.
I

II
Received Level: The sO,und level from a particular source of interest,

as received at some location of interest. Conceptually, received level is
the source level reduced byl the transmission loss for the distance between
source and receiver. !

Broadband Level: The t~tal mean square pressure level of a signal in a
I

wide frequency band. 'Wide' generally means large compared to 1 Hz. The
broadband level is obtained Iby integrating spectrum levels over the band.
Narrowband components (tones) falling within the band should be included.

Spherical Spreading: TOe attenuation of intensity or power proportional
I

to the square of the distanqe travelled. :j:t is described in dB by 20 log
(R2/Rl) where R1 is the ~eference range. Often, R1 is 1 m and the
relationship reduces to "slpreading loss = 20 log (range in metres)".
Ideally, spherical spreading is ascribed to sound propagation where the
surface and bottom are far rlbmoved from the source and receiver, and the ray

Spectrum Level: Thi~ is a measure of sound intensity per uni~

frequency. It is usually ex!pressed in dB referred to 1 microPascal squared
per Hz (l pPa2/ Hz), or to 11 ,uPa per square root Hz. 'Spectrum density' and
'power spectrum density' or 'power spectrum' are other terms used to describe
the levels of broadband signals and noises. Generally, a sound is analyzed
with some non-zero bandwidth filter and the result is 'reduced to a 1 Hz
band' assuming implicitly thiat the spectrum is constant across the analysis
band.

at one specific frequency-
least small compared to the
It is difficult to present

graph correctly because the
dBl/1 )1Pa2/Hz for broadband

Tone: A signal component whose energy is
Le., whose bandwidth is i~finitesimal or at
resolution bandwidth of a slpectrum analyzer.
tones and broadband components on the same
ordinates differ: dB/ /1 .,uP~ for tones and
components.

I
il

'I
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I I I' i
paths j are hot refracted significant,ly. With. spherical spreading I, the
attenuation tate i. 6 dB per diotanee doubled. I' t

I dundrLal S~reading: The lt tenuat ion of intenolty' Jr pOwer
Pfoportionall to the distance travelled. It is describea in dBI b1y 10 I log
(R2/Rl) where

l
R1 is the reference range. Ideally, cylin~rical ~p,.r~ading" is

a~cribed to sound propagation where the source and receiver are~ fiar apart
cpmpare~d to Ithe water depth. The surface and bottom reniectionsl lot spefial
channeli,ng processes serve to retain II the energy, within I the water. With

I : I • II I .

cylindrical spread~,ng the attenuation rate is 3 dB per distance doubled. !
, I I : i .

1 Units of Pressure: 1 Pascal = 11 newton/,2
, ! 1 )lbar = 1: dynel em

1 Pascal = 10 pbars
100,000 )lPa = 1: )Jbar

i

Thus, sound ievel (dBI II )lpa) = sound l!evel (dBI II pbar) + 100.
I I

MEmODS
, I !

t I
'No maiin data collection systems were used: the system u~ed on the

a~rplaIje to record sonobuoy signals, dnd the sys tem used on the so*nd b~at.
This Sect ibn also describes the analyst's teclmiques.

I
Airplane' System

I . i I
T~e ai~Plane sound recording sys:tem was based on sonobu01~' i Duting

flight,s to observe whales, at least t,hree sonobuoys were I carried:. : On UlOS t
: I I ' . I; I 'ofcasi9ns when whales were found, and o:bservations of theif behav~orl werET to

be, mad., e," a tlleas tone sonob,uoy was deployed. Occasionallx a s,econd Isono"uoy
w~s dep,loyed nearby, sometimes with a ~econd group of whaIles, soJJietimes with
the fi:rst group after it had moved! away from the fiirst sohbb40y, : and
S?meti~:s atl a different distance frOUl ;a nearby source of ~ctual qr~imUl~ted
industr~al' noise. Sonobuoy hydrophones were set to dep~oy to ~8m depth,
with dr.e exdeption of a few sonobuoys lmodified for 9 m dkploymeh~ [in 1~81.
~b ,caLibrat!ed receivers fbI.' sbnobuoy FM radio signals ~ere cat,ri1ed. : The
slgnals wereirecorded on the two channels of a calibratedl Sony MddJl TCt'DSM
ckssette ·tape recorder with servo-cbntrolled ~apstan for pr~ci~e speed
etmtrbl.Thle operator maintained a Idg of activities, sollundS rJcotded,: and

I . I , II I ;
tape rE!cordet" settings, and he made voice announcements at thj~ oeginning of
elich t~lpe arid otherwise as necessarY.l Positions were d~termin~d from: the

I " ,I, " I, I I' :
a~rcra~t i ~ YLF/Omega navigation syst~, and an airborne radar provfded
mfasurE7me~tsIof distances from industriial sites., I :

I ,We; usedl two types of sonobuoys: ~/SSQ-57A and AN/ssQ-41B. ,~he 5?A ' s
are de]i,vered with calibration data and the 41B I S are not, ,Ibut otHerm,' se both

: I I \. I: I

models 'I perfo,nn to the same specification. In 1980-81 we used the 'I' middle" of
I I I, I I' I .the al~.owablle response env~lope as the calibration response for :tHe 41B IS.

I~ 198~-84 we used the average of the S;7A calibrations as Jhe caU~r~tion:for
t~e4lEi's. !The two 41B calibrations were essentially thel same.!iComparison
of resJlts from the sonobuoy system andl from simultaneous tecordings (with: the
c?libdted ?rdrophones on the boat (see below) , confirmed I that: the Isono~uoy
sy10tem Iprov<?ed accurate data 00 .ouod Ileveto aod charaetedsties., I i

. ,I
: ' I

I I.'I
I I t

I I
!

I
I
I

~I
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To permit wider signal: dynamic range without distortion, the sonobuoy
acoustic response attenuates, low frequencies relative to high frequencies.
Sounds at 10 Hz are deemphasized by about 35 dB relative to those at 10
kHz (see Greene 1982,Fig.:2, p. 269, or Military Specification, sonobuoy
AN/SSQ-41B, MIL-S-22793E (AS). u.S. Navy, 24 p., 1979). The rising slope of
the sonobuoy response with ihcreasing frequencies is roughly opposite to the
falling slope of averageseajnoise (low frequency ambient sounds tend to have
higher spectrum levels than :Ido high frequencies). This procedure provides,
on average, an overall flat ambient sound spectrum through the sonobuoy/
receiver system. We corredted all received signal spectra to remove the
effect of the sloped sonobu6y system response and to provide sound spectra
based on a unit acoustic preJsure of 1 ,uPa (microPascal), root mean square.

Boat System

The boat-based sound reqording system used hydrophones suspended beneath
a 4-6 m long sparbuoy made from 76 mm (3 in) Ld. PVC pipe. The sparbuoy
drifted vertically near the sound boat and served to decouple the hydrophones
from wave and boat motion.! The boat was the 14-m wooden-hulled ketch
'Ungaluk' in 1980 and the 12.5-m fishing boat 'Sequel' in 1981-84. The
hydrophones were of two typ~s: (l) U. S. Navy model H56 wide band, low noise
hydrophones, and (2) low frequency, low noi se bender hydrophones made by
Polar Research Laboratory. 'Both types had preamplifiers with the sensing
element. The nominal sensitivity of the H56's was -172 dB/ /lv/)JPa (dB
referred to 1 volt per micrqPascal); the nominal sensitivi'ty of the benders
was -152dB//lv/pPa.

In 1980 we attempted to make the recordings with hydrophone depth 18 m,
for compatibility with the sonobuoys, but shallower water forced
compromises. In 1981-82 we Adopted 9 m as the standard hydrophone depth. In
1983-84 we used a vertical String of hydrophones at depths 3, 6, 9, and 18
m. (Not all these depths co~ld be recorded all the time.)

We always used a Sony Model TC-D5M cassette tape recorder (low noise,
servo-controlled capstan drive for constant tape speed) on the boat, as on
the airplane. On the boat in 1983-84 we also had a Fostex model 250
4-channel cassette recorder, ,permitting simultaneous recording of hydrophones
at multiple depths. All equ~pment was battery-powered.

To test the reactions! of bowhead whales to playbacks of recorded
industrial sounds, we used a: U. S. Navy mOdel Jll underwater sound proj ector
driven by a 250 watt Bogen jpower amplifier. We operated the projector at
depth 9 m. A monitor hydroppone was mounted (1982) or suspended (1983-84) a
measured distance (1.9 m in i982; nominally 1 m in 198~-84) in front of the
proj ector face to measure I the proj ected sound level. The sample of
industrial sound being playeq back was recorded on a two-minute tape loop.

IOther essential equipm~nt on the boat included radar for distance
measurements to industrial sburces, coastlines, etc., a satellite navigation
set to determine geographicb positions accurately, and marine VHF and HF

I

radios for communications. There wa's also a portable aviation VHF radio for
communication with the prclject airplane. All recording and playback

I

equipment was battery-powered; no generator or other engines were running on
I .

the boat during acoustical ~ork, although a small refrigerator compressor
motor sometimes ran. :
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2 3.4
4 16.8
8 13.7
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Data Analysis,! i, ,
i I I i

T;he' re~orded signals were analyzrd using an analog-to-digit~liconv~rter
and a igenerh purpose digital computer; to process thedig~tized Jckn~les. i For
data c:ollec~ed in 1980-82, the' analyJis was' done, with p6lar Rel~ecirch Lab's
~ata dene;I'a~ Nova 3. In 1983 the work was done partly atl Polar I~e~earc~ and
partly at Greeneridge on a Hewlett-Pa,ckard 9816 technicail. deskto'p 'I computer.
, , I • " I II '
~ome analysEfs were done on both system~ to assure identical. rel;ult;si In i 1984
ill the w;ri was done on the Greeneridge system. ! '

Spectral An~lyses

I soun~s t that continued more or le,ss wi thout change (cont:inuo,us: Sig~als)
were analyzed for their frequency content using Fourier anal)rSik! to compute
I , . I ',! I,' ,
~verage power spectra. The results ,were displayed in a gra.ph ,ofi spe<;:trum
tevel (d~1III ~Pa2/Hz) vs. frequency (Hz or kHz).. The Iprocl~ss : brgan !with
lowpass filtenng (' anti-aliasing') atl a frequency Just below half the sample
frequency', then sampling and conversioh to 12-bit numbers ,I and sdorcige of the
I I I ",.., I' I I
~igitized data on disk. The sample size was typically 1il ,408 va'1u

1
es. lAt a

~ample ra,te lof 2048 samplesls,one of lthe standard rates, 8.5 s bf ;data ,were

sl tored. ' I . I; :
IIi:

. Power spectrum analysis was done Ion weighted, overlapped bloc~ of: data
~ca,rter, andl Nuttall 1980)., A block of samples, typidally 2b~8:, or !1024
elamples in length, was multiplied' by a 'window' functi~>n (iBla!dknlan-Harris
~inimUl[ll 3~t1rm window, Harris 1978) tol minimize P leakage' 10f the I~o,er i~ one
frequency: cell from appearing in adjacent cells. The result I was ,then
I , "I I I I: I."nalyzed ~itth a fast Fourier transfo~ routine to compute the pOfeIi spectrum
for that blbck. Then another block of samples was selected, half! of which
I ' I ' I t I \ '
~ad bei~n in the previous block; it was!'. analyzed the ,same ray as f:hel previous
l:Hock, and the results were, added to those ,from the previous 1!>I,ock. 'This
I ' ' I I I' ,
~rocesi3 was continued until the ,entirr set of samples wals anal~zef and the
~verag,ed , po;wer spectrum, determined. I The parameters of po~r i spectrum
~nalys!is anq the rdationship of samp~e frequency and anail.ysis: blbcf size to
spectrum ceil spacing and resolution are presented in Tab]le 1. I: I

Table!, 1. Parameters of spectrum analysis. 'The number of ceils in: the
I I ' I I I !
resulting spectrum was always 1 more than 11al£ the: nUl[llber of
1amPIes in the block.' I :
Iii
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Our calibrations did notgene,rally . extend below 10 Hz and we did not
compute results below that d~~fGe'W8'Y. Hi~lff:iiif8J:"~'Xtremelyvariable levels of

I
water and wave noise often dominated the very low frequencies, and 20 Hz was
often the lower practical liritit for consistent results. For an upper limit
we selected 500, 1000, 2000, 14000~ or 8000 Hz as appropriate for the sampling
rate.

,

t

From the spectrum analysis results we derived two other types of
results. One was the lev ell of each tonal component in the sound. These
sinusoidal components, which may themselves be harmonics of complicated
periodic components, theoret1ically have an infinite power density because

Ithere is actually non-zero power at the exact freq uency of the tone. We
computed the level of each tonal component by removing the correction for the
analysis cell bandwidth. T1k result was a sound level expressed in dBI II
p.Pa. I.

IThe other result derived from spectrum analysis' was the sound level
within a band of frequenciesr-the band level, expressed in dBI I 1 )lPa. For
specified band limits, we inFegrated the spectrum to compute the band level
within those limits. We geRerally used the band from 20-1000 Hz, because
most industrial (and bowheadl) sounds contained very little power at higher
frequencies. Because most ~ndustrial sounds were mainly at <500 Hz, band
levels for 20-1000 Hz, 20-8900 Hz, etc., were usually <l dB greater than
those for 20-500 Hz. I

t

I

Waveform Analyses

For transient signals, tthose with·definite starts and finishes like
seismic survey signals and bOFead tail slaps , we plotted the signal waveform
and measured the peak amplitude. Transient signals generally took on an

t

oscillatory form after traveil.ling a few kilometres in the shallow water of
the Beaufort Sea, and we cobverted the peak amplitude into an 'effective
level' by (1) assuming a Sinusoid of the measured peak amplitude, (2)

Idetermining the corresponding rms level, and (3) converting the result to a
level in decibels referred toll pPa.

Waterfall Diagrams

It is often valuable to see how the frequency content of an acoustic
signal varies with time. For~ example, during the fraction of a second while
a waterborne seismic signal lis received, its peak frequency decreases with
increasing time when the receiver is more than 3 or 4 kin from the source in
shallow water. Whale calls 6ften change in frequency across the duration of
the call. Sounds from an a~rcraft wax and wane as it passes overhead. To
display spectral amplitudes Ivs. frequency and time, we used a 'waterfall'
spectrogram. The same discrete Fourier transform process used to compute

Iaverage power spectral densi~ies was used to compute the waterfalls except
that (1) the overlap was 75190% rather than 50%, and (2) the results of
analyzing each block were Inot averaged but were presented in a tight
progression of spectra plott'F against time. The spectral magnitudes were
plotted, not powers or log spectra, and all magnitudes were scaled relative
to the largest magnitude in e~ch waterfall display.
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RESULTS AND DISCUSSION

I
Sound Propagation Conditions

,l .' i I I

Figure 2 presents some examples of sound ray paths computed! from
measu;~ed I te~perature-salinitY-depth ptofiles in our stud~ aren. I 'Ur;ick. (:1983,
p. lU-128) presents a useful discussion of sound velocity am ray ~aths.

The uppe7 ~O m of the depth dimensioq in Figures2B and fdemonrtriate ~ow an
incre~tsing I sound speed with increasing depth causes soundl rays to; bend
upwarc.L, reflecting from the surfacel,but also. being sckttered!·...by wav¢s or

I I, I '. I 'ice. ' Figure 2A demonstrates how a decreasing soum speed witthincreasing
depth,cause1s sound rays to bertel downward, reflecting froml the bobto~ but also

I

being, ab'sofbed and scattered. In f,act, for the gener1ally sti<iliow waters
studi~~d, ,sdund waves would be contin~lly reflected from I the sutfabe and the
botton~, coJtinually losing energy to ~cattering and absorption. : I :
Ii'I :

I ! I! '

Ambient Noise :

BackgrouM I I- i i

I In 4iSIcussions of underwater souM, the standard amb~ent not~el fid~cials
have been the average noise spectra of Knudsen et ale (1948) fori various sea
Istate~l. ~Hils data were generally for deep water and did~ot ext~hdl belo~ 500
Hz; hJLs ho~se 'spectra were for 1 kHz land above. His cur~es Siho~: the ambient

I
'I. I'. I I, I

nOise. sP7ct~um level to vary wit.h sea1state.or W1nd force and. t9ldecrea~e at
p dB per loctave with> increasing f:requency. Knudsen'!s curvrs lare ;often
lextended to lower frequencies by extrapolation at s'lope -5: I:l:BI oc1tave,
I I I. . I I" ,although; W?nz (1962) showed that n9ise at lower frequencies IQO-200 Hz)

~IeperW,ts s,.' tr1ong.l.y on shippi~ traffic ,.density .rath,er thanl, wind fio..•. rcte. :.urick
(1983 j. p. ~02";236) presents a comprehensive discussion pf. ambi\~n~ noi~e in
the s4~a.: pther reviews of ambient :noise in cold watef regioF lappe~r in
GreenE! (1981) and Richardson et ale (1983). Shallow water nc,ise!3 ,can $tendI· . " . I I' ,
over Bl wide range of levels and should be measured on a site-specific basis.

; : ' [I. i .!
In this report we use the sound 'level in the 20-100

1

0 Hz fr?quency; band
as art ove~all summary value for industrial sounds. For 'conit>aJison~ the
lintegrated ~O-lOOO Hz level for Knudsen's Sea State Zero ~pect:rurltl ektend'ed to
Ilow frequedcies is 87 dBl II }lPa. For (Beaufort Wind Force FivEI (~pptox. :31-39
'km/h ; Sea SI~ate Four)., the corresponding level is 107 dB. ; I I
I t I :
Measurement'~ ! I
I te did[ not make comprehensive mefisurements of underlfater atl;l?i+nt npise,
but numerous recordings were analyzed to determine background levels during
I i I. I 'I: I :
ibowhe~d observations and to compare with the strength ot" industrial sounds.
~he data stfnmarized here were from r~cordings made spec~fical1~! t9 document
ibackg~:our1d noise. Weak industrial or laircraft sounds werT somett~es pre,sent,
fut m~m-madle sounds were not dominant:. Such background SOt1nds are! a part of
fhe ~lbientl noise near the indUstrial/part of t.. he Beaufort. Sea. I~.en se~eral
ambient noi!se measurements were made at nearly the samel' timE~ arid Iplace, we
~ver~g;ed :th~m to obtain a single independent measurement ••. Howev~f ,I data: from
~ifferent hydrophone depths were notl averaged. < There were 811'1 ihdepe:ndent
I ' I I' I 'measurements over the five years of study,' although only 15' came! from
~980-8.2. irhe data are the 20-10001HZ band levels., in dB r~fe~red Ito 1
tnicropaSCal1j:' . < I .

. I .
I
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I
FIGURE 2. Sound speed profiles and examples of associated sound ray paths.
(A) is from the industriallrY active area north of Tuktoyaktuk. 6 August
1981. The source depth for fhe ray paths was 5 m and the initial ray angles
are specified at the right end of each ray. (B) is for the deeper (110 m)
area northeast of Herschel ISland from within an area dominated by ice. The
cold surface water and the wirmer layer beneath account for a shallow surface
duct. (C) is the same area aJ (B) but one day later and without' ice.
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I II' I I
For compari!son, the expected levels for sea states 0, 1, 2, Lf and 16 ar~ 87,
95, lOOt 1107 and 112 dB, based ,on Knudsen,' s curves e1,te1

1

dde
1

d to: low
frequEmcies. . I

: I . , ,I ;
11ed+an levels for the sonobuoy and boat measuremlints at hydrpp~one ~epth

18 m were Ithe same, 99 dB. This ,is 1 dB less than the f~ducial !level
(extellde?~o low frequencies) of 100 ~B for Sea State Tw? (wind l3t-18 ¥t/h).
[t is important to recognize that most measurements from both the boat and
aircrlifti w~re made in low wind conditions (Sea Statel 0""73). ' !Thus' our
analysis: eJcludes data from times expected to have high nbise. i

, I . . i' I'! .
Anatysis of the 1984 data alone revealed that t~e mE!dian Ilevel for

hydropho~e depth 3 m was 8 dB lower than the median level forl:d~Pth ~8 m.
Adding tre 1983 measurements resulteq in a median. levellfor dep~hl3 m :equal
to the medilan level at depth 18 m. [no both 1983 and 1984, the Irange of the
measul: Ied i n6ise levels was greater at: depth 3 m than' atl depths 91 and i8 m.
Levels at 3' m were sometimes much higher than at 9 and 18 m dep~~s~ probably
becaui3e ~f 'surface wave action that ~ffected low frequen¢1es «40 ~z). : This
surfa(~e rffject was not observed at depth 9 m. I I. i i

J.?igure,. 3 presents five represent~tive spectra for ambient n.fs~. observed
during the project. [n 1982 we worked with bowheads hear ani area of ice
floes northeast of Herschel [sland.' Figure 3A is the backg'rdund hoise
spectrum~. £requency resolution 1.7 Hzi over the 10-500 Hz Iband, cietb,'cted:. wi th
a sOnobu?y Inear ice. The water depth was 80 m, the sea statE~ ,.""S Izero!, and
the i(~e coverage was 10%. Three strong tones appear from the BrHten-Nprman. I, , .'I I II I .
ISlander,a~rplane. The 10-500 Hz and 20-1000 Hz band levels for:this sample
were 97 and 98 dB, respectively. Exdluding the three stt-ong aitplkne tones,
the blind: IJvel was 96 dB. Figure 3B iis the 160-8000 Hz Ispectr#, I freq~ency
resolj.ltion 127.4 Hz, for the same timel The 160....8000 Hz band level was 98 dB,
exemplifying the observation that thejenergy in the nOiselwas co~cehtrated at
lower! freqJencies. The high levels, relative to the expected v~iu~s fo~ sea
state I zero,1 were prObablY, attributabl~ to the ice. The IldiP in .t.' h+ speF trum
near IWOO Hz is unexplained.! ',' :, I !

i: l I I :, . I '
Figur'ls 3C and 3D are presented I to provide a compa1ison 04! tre ambient

noise! spec~ra at hydrophone depths 3 and 18 m, respectively. At 'I'the time of
the recording, 'Sequel' was in Mack~nZie Bay, water d~pth 261 I ml, lo~ sea
state!, The; 20~1000.HZ band levels welfe 73 dB//lp~a for Idepth 3

1

!mland ~5 dB
for di~pth 18 m, exemplifying the common tendency for lower levels at shallow
recei~rer d~pths. The relatively 10k level spikes at frequeJ~i~s <60 Hz
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i h I f k' h" d b bll f· I, I d' isuggest t e presence 0 wea mac 1nery soun s, pro a y :roml a 1stant
Jour.e. This was a time of very low backgtoond ooise. I' I

I . FigU~e 13E shows the background :noise spectrum in Macklmzie; Bay !just
Defore, the start of a disturbance experiment with a full-sc·ale dirgun array,
~6 August: d~84. The water depth was! 18 m, as was the !sonobuoYI ~ydroPhone
depth, and Ithe sea state was one. 'The 20-1000 Hz band le,reiliwas 98 dB.
~aintshiP sounds could be heard, aI}d the spectrum shoks the prFsenc~ of
t[0nes; these probably came from the vessel 'GSI Mariner', which w~sl'about[ 7.5
Km from the Isonobuoy. I '

I I i I I
I , , I i

Discussion ! : I i

I
ii : I i

Our ,data show instances of sound spectrum levels well belojN IKnud~en' s
fiducial t cJrve for Sea State Zero extended, which is notl t surprising
donsideribg Ithe shallow water, relatively calm weather , and th~ ~bsEmde of
Jhipping inoises in some of the areas: where we worked. At oth~r Itime~, we
tecotded hi~h level.s of ambient noise; similar to levels exPE!ct~d lin stormy
I I I . I"seas. We sometimes found that sound levels at depth 3 m werE! lowe,r than at

4epth 18m, las theory predicts for sou~ pressure near the airlwJ~e~ bou~dary
~uriC,k 19,8.3 y. p. 13..1-4). However, levels at 3 m, depth in lopen.'. w~t.ei ap~ared
~o be st;ro~gly affected by wave action, and sometimes excE!edl~d I thos~ at
deeper depths. Greene and Buck (1964)[ reported measurements of ~bilent ~oise
tielow ice: ih deep water (Beaufort Sea) and noted that the level j Jas nearly
I I I " ! I I' I ICfonstant I bejlow a depth corresponding roughly to one-h~lf the. ,wavele~th.
tbove tha,t depth the level decreased. I In shallow water the e~ffe¢t! wouJ;d be
modifiedbyl the influence of the bottom, depending on fr1equency" depthJ and
bottom material characteristics. : i i

I

. I i,

Aircraft Sounds

I I
Backgroun~ f

I The !th~Ory of sound propagation l from a source in air to, a! recJiver
underwater has been well documented, but there are relat,ively few Ipublished
~easureme~t~ of aircraft noise in wat:er (Medwin and Hag~ 1972; I ~r!ick ~972;
Waters 1972; Young 1973). Although sound power or I. energXfs p()orly
transmitted I from a.ir into water, it: is also true that sou.nd I pressure is
I h:' 'II I 'h "I Ifat er we transmitted from air int~ water under the ri1g t cu:cumsta~ces.

Snell's 1aWl predicts a critical angle of 13° from the vertib.a~ for: the
I • I • I, I '
transm.ission of sound pressure from air into water. For greatell'il. angles the
~ound is :totally reflected.. i ,I i
I I I : .' I :
I ~or ~ertical incidence, the so~ndl pressure at the water surfl8ce is ~wice

'fhat the; sdund pressure would be at i that distance froml. the s~~rbe i~ the
water were Inot present. Within the water, the level!s decreas~ as: the
teceiver : depth increases. For receivers not dir~ctly b:~~eath 1 the
~ourcel, t~e Ipressure pattern is complerc. For intermediat~ latl~r£; qistances,
<ilU the order of the aircraft height a~ somewhat greater,1 the solunq pressure
ts less near the surface than at gre~ter depths, cori.traJry' to thr IsituC!-tion
4irectly be10w the aircraft (Urick 1972). In rough water Iwe eJcpelqt Ithe ~ound
to enter the water over a larger area !than in smooth water beeause !the slope
9f the wave~ extends the range at which sound rays impact the stitif~ce within
13° of normal to. the wave face. In shallow water we expl:!Ct bottom' and
I I I I

I I
I
I

i
I

I
·1'····,
..1

,
I,
1

I
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surface reflections to carry ,the sound farther horizontally than would be the
case in deep water. '~'H,,~,

Measurements

Sounds from five types of aircraft were measured during the project, two
types of fixed-wing airplanes (deHavilland DHC-6 Twin Otters and a Britten
Norman BN-2A-21 Islander) and three helicopters (Bell 212, Bell 214ST, and
Sikorsky 61). Table 2 pr:esents the 20-1000 Hz band levels for ,. these
measurements. The power settings were not all comparable for these aircraft,
as the Islander was at circling power for some of its passes. The level in
the 20-40 Hz band was highly variable in the data for the Islander
overflights, especially at depth 3 m. Hence, we also present Islander
measurements for the 40-1000 Hz band, along with the levels of the dominant
blade rate tone in the Islandler's noise spectrum (Table 3). This tone was at
68-74 Hz, depending upon operating power levels.

Thble 2. ~ure:i 20-1000 Hz bani levels, in dBlII pPa, for five types of aircraft vs.
aircraft altitude (1S2-61O m) ani q,droplDne depth (3-18 m). All l1EaSurao,mts are
for tre 4 s during~ peak mtni level was ra:eive:i (i.e. Wrlle tre aircraft
was directly OIerreai or aloDst so).

A.I~"··I '

I,
Type

Twin a:ter

water
Depth

(m)

22
22

Alt. 610 m

3 m 9 m

106
104

Alt. 4S7 m

3m 9m

101
106

Alt. 30S m

3m 9m

113

AltitlJde 152 m

3 m 9 m 18 m

I; ~ Islanier

Bell 212

Bell 214STb

15
15
IS
15

25

22

108
l06a
l04a
109

107
103a

lOSa
108

108

116 lOS
lOSa

119a 106a

121
122

110
112

III

117
123

104

114
113

anb.

a Islarxler was circlirg at re:iuce:i' IXlWi!I'•
b The Bell 214ST did not IBSS diI:e::tly OIerreai an:l was barely audible at depth 18 m; tre

ambient level was 110 dB in tre ~o-1000 Hz bani. The Bell 214ST )ESse:i <:bout 150 m astern
of tre sotni boat. The peak soUtrl levels ~re re::eive:i en tre helicopter was apprOGCh-
irg at ra~ <:bout 200 me , '

c The Sikorsky 61 was not audible ,mdenater during a IBSS at altitlJde 1070 m. Its pass at
altituE 152 m was not OITerreai, but <:bout SOm to the side (i.e. at an estimate:i elevation
~le of 70°).

~b\II)

I
"

Sikorsky 61 c 37 102 111 105
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(' d ') I I. IIwater eptn only 15 m as the airplane flew over, the waterfap. ishOWS: the
~ifferl:mt to:nal frequency components fading in and;out ove1r thE! 110 s, period.

I il,: I
Piscus13ion I ' i

, I I

lOur meksurements demonstrated that aircraft sounds are received at
s'igniHcant Ilevels underwater. It is not clear; from the ~and leviel'ldata I that
~ny parti~u~ar aircraft is louder than the oth7~s~, However, thT' Bjelli14ST
ani the Sik:orsky, 61 did not' pass over the hydr,ophone land are I ~res~ably
]ouder th,anl the measurements indicate. In, ai,r. the Bell IZ14ST seems

I 'I " , I I
~articularl~ noisy to the l1uman ear. The I~lander ov1rfligh~s were over
shallmo1erwater than those of the Bell 212 or Twin Otter (15 llIl VSI. !22-25 m),
~hich ,prob~bly accounts for the longer periods of ciudibH~tiy II for I the
]slandl~r. I " , j I, !

, : I I" :
Moore et a1. ([1984] p. 40-42) report a souro power spectrum fbr a Twin

Otter at I a1Jtitude 450 ft (137 m), presumed :to'be neara.y dir~dtiy ov'er a
~onobUl)Y. [hey found a strong family of tones, with fuhdamentb !frequency
83.75 lIz; t~e shape of their' spectrum was similar to ours I( Fig. 4W).
ii' I I!

I SjJmmar1lzing the' main conclusions regarding undelrwatE!r noise Ifrom
aircraft: oJ) the levels are high for only a few seconds; (2) the IdJration of
JudibitLity depends on the hydrophone and water'depths; (3) immed,iiately ~elow

~he aitCraf~, the levels are highest just below' the. surfac1e; (I\.) Ito Ithe ~ide,
in sha',llow water, the levels,appear to be hig,her ,at great:er deptlhs; and, (5)
Ih ,I 'f . ' . f hi, I I
~ ,e,reare many tones in aircra t sJ.gnatures, aOO most 0 1:: e energy ioccurs at
frequenci~s Ibelow 500 Hz. .' • ,. I 'I
I' .,~ > I 1

Boat and Ship Sounds

Background

Ship.;...rAdiated noise has, always been of interest to havi€!s beqause such
noise, depebeUng o,n its source, eithet pe'rmits or, interfbres Wf+h Idetection
~n:l tracki~ of submarines. '1 Much inform(atiOo) on iShip-ra~iatE!d I~oilse i~ not
available to the public. , However, Ross 1976 provided an oVE!rviiew of noise
genera,tion, I and Buck and 'Chalfant ,(1972) and 'CybulsRi (191

1
'1) pro~ided

I ' I I I, I i~pec~fitc jmersurements of the sounds from large v~sse s. RE!cenF summar es
includ:e ROSr (1981) and Richardson et a1. (1983, p. 41-46). I!, .!
, .. On, a s'ip or boat, the propulsion: machinery ~ccounts for .a major pOrtion

9f the radiflted sound. This includes the main engines, motorsll<t\t diTsel
electr;ic drive), gear reduction transmcissions, and~ propellers. Other sources
6f soundl ihclude pum,ps, ship'ss,erv1ice electric ge,nerc!ltors, jve,ritilators,
I .. I I I I
~omprE!ssors and the like. .Flow noise ~ from the ,water dragging al10ng the I hull
i,s als,o a source of noise, as are the bubbles breaking in Ithe 1~aKe. i I
I "1 I '; .". .,'" . I I
•. ,the so~nds may be of two types:, (1) br?adlband 'hissingj Siounds, not
concentrated at any particular frequencies' but spread bontinuously over a
band of ' ftequencies, and (2) narrpwband tonal sounds ciOndentrated at
particular I frequencies associated ~ith rateS 'of ev1ents ild Imachlnery
operation. IExamples of tonal sources ~re engine cylinderifiring Irates, shaft·
rotation rates, and blade rotation rates in propeller and turbine operation•.
Typically, I tonal components from; propulsion ~ i' machiriery a~e' at low
frequencies ~ rarely exceeding 100 Hz. Auxiliary machinery tones may occur at
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frequencies up to a few kiloHertz. These types of machinery often give rise
to harmonic families of,;tohal components. -Examples of broadband noises

',-:.,>c'~f,fo?" ,.', ,';'.k'

include the rushing sounds-~;pot~'fluids in pipes, ~and the sounds of propeller
cavitation. Cavitation is ai major source of sound, ani it may be modulated
by low frequencies associateq with the shaft and blade rates.

,

Although sound levels eJjlitted by a ship can be strongly affected by its
design and speed, there is ai, rough correlation between sound levels and the
size of the vessel. Large [size implies high power. Even if only a small
fraction of this power is radiated as acoustic power, it may create a strong
sound. Large vessels also itend to have large drafts, creating large hull
areas for efficient coupling II to the water. Small vessels typically radiate
higher proportions of their I sound at higher frequencies. Their propellers
are relatively small and ,turn relatively fast, operating under ideal
conditions for noisy cavitat~on.,

IDepending on the background noise, low frequency sound from ships (below
100 Hz) sometimes can be detected at great distances, on the order of
hundreds of kilometres, in 'i deep oceans. Higher frequency sounds do not
travel as far because of the~r generally lower source levels ani higher rates
of absorption.

Measurements

During the proj ect we 'measured the sounds from three small diesel
powered boats (personnel traqsports, our sound boat), four supply and survey
vessels, three dredges under¥ay, and a large tanker at anchor. The results
of band level analyses are summarized in Table 5, which presents the received

. I
sound levels for different -measurement distances and different hydrophone

Idepths. Data for the 18 m hYfrophone depth, and the 9 m depth when 18 m was
not available, are also suml1lflrized in Figure 5 to show how the various boat
and ship sounds compare with bne another.

The highest levels were ,from hopper dredge 'Geopotes X' underway at 24
km/h, reportedly with a dafuaged propeller. Somewhat lower levels were
received from the bow thrus ~ers on 'Canmar Supplier III',' canmar Supplier
VIII' underway, and hopper d~edges 'Gateway' and 'Cornelis Zanen' underway.
Then, at somewhat lower valu~s, are the levels from the anchored supertanker
'Gulf Beaufort', the crew bd,ats 'Imperial Adgo' and 'Imperial Sarpik', the
fishing boat 'Sequel', and survey vessel 'Canmar Teal'. The lowest levels,
predictably, came from the ~nchored, small survey vessel 'Arctic Sounder'
running only a generator for ~hip's service.

Figure 5 also provides !an indication of the rate of attenuation of a
signal with increasing range. A reasonable model for received level vs~

range includes a log term for spreading loss and a linear term for the
Icombination of absorption, scattering, and reflection losses. The log term

plots as a straight line on a! graph scaled like Figure 5, and the linear term
causes the line to droop with increasing range. This effect can be seen in
the plotted points for hopp~r dredge 'Cornelis Zanen' and for the three

I

longer ranges for hopper dredge 'Geopotes X'. The amount of droop, i.e., the
magnitude of the linear coe£ficient of range, will be greater for' higher
frequency and/or shallower water (Greene 1982).

I
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Table oS. i
. i I

I ·1

'. i
Talnker Anchoredl

'. . i
Gulf Beaufort
(153,boo dwt)

I !

, i
I

Cornea.! s Zanen
. i

(l~,OPO hpj cap. 8000 m3)

I
I
I

I
- I

I I
Su,ll Diesel Boats

.. i I

Imperial Adgo
(1~ ml crew boat)

I I
Imperial Sarpik(2\ ml crew boat).

Sequel
(q.5! m fishing boat)

Sw:vey 'I Supply Boats
Arctic Sounder,anchored. I

, i
Canmar Supplier III,
bowthbsters

I .
Carimar Supplier VIII

, I
· , I
Canmar Teal

I
DrE~dges Underwa.y

Geopoites X
(17,981 tons)

, I
GatewflY
(14,OrO hpj cap. 6000 m3)
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FIGURE 5. Boat and ship sound levels in the 20-1000 Hz band, in dB//1"uPa,
vs. range'. All values are frbm hydrophones at depths 18 or 9 m. These data
are also presented in Table 5. Vessels were underway unless noted as
"anchored" or "bowthrusters".'
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Crew boats

o Imperial Adgo
o Imperial Sarpik
• Sequel

Survey and Supply boats

o Arctic Sounder, anchored
1:1 Canmar Supplier ill,

bowthrusters
II Canmer Supplier m
• Canmar Teal

Dredges underway

~ Geopotes X
~ Gateway
• Comelis Zanen

Tanker

Jto. Gulf Beaufort, anchored
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! The pecik in the data for 'Gulf Beaufort' at a. 93 IkIn (Fil ~ 15) s~ws
clearly that the source level of the sounds increased between th~: r~cordings
af 0.37 arid 0.93 kIn. The final point» at range 9.3 km, Jay hav~liJclud~d a
s~bstanticil level of background noise; unfortunately, we could ~ot! mea$ure
the background wi thout the tanke r sounds. I : I

II Re" I lib' nd h" : 'd . F' ;1 6 Ii. ,presentat ve oat a s 1.p spectra are presente 1.0.' l.gure ,a ong
with corrJspbnding background noise spectra. All spectra Ispan tlie frequency
rknge from 11

1

0-500 Hz with analysis cel~ spacing of 1 Hz, .effecti~e ~andwidth
of 1.7·Hz~ and 8.5 s averaging. Figur'e 6A shows the tone1s in ttkl Signature

I ' I '. 'I I' I ,olf cre~7 boat' Imperial Sarpik' underway at high speed at range 2.8 kIn, w<:iter
d~pth 11 ~. I The strortgest tone was at 195 Hz, and other t6nes wete ~epar~ted
b~ 15-17 Hz. However, there was no clearly defined hartho,nic f~miJly. i The
tones canlbel accounted for by a modula~ion model in which !the 195!~ tone is
mpdulated j bYI a signal rich, in the harmonics of frequency ~6 Hz, ~i?h may be
the blade,. rate., The 20-1000 Hz band level was 110 dB. Theil background
s:pectrum inclluded tones presumed to be ,from' Arctic Soundet' anchotea 0.93 kIn
arayatld ?p~rating only housekeeping ~enerators. The 2011000 H~ ib~ckgrpund

:k~:"r~:~~~~S 99 dB. ·Aret 1e Sounder was 2.2 km away rn 'sarI' SOrdS

I Flgure j6B shows a harmonic family Ifrom operation of the bow thrhsters on
'Icanmar Supplier III' as it pulled away from drillship 'Exploret' II', r:ange
0

1

.2 km. Thel fundamental frequency was I at 118 Hz» corresP9nding ~~' ~ rate of
7

1

080 events/s, probably the blade rate' of a multibladed wheeL A1-though~ not
all a,rE!, shown in this graph, the first !nine harmonics were[ prom,inJn,., tl, to W64
Hz. The ~011000 Hz band level of thi~ signal was 138 dB. The c?h6spon~iing
blaCkgrOUn~ ~oise level was 130 dB, t,he result of drillship 'EXp:Uorer: II'

bleing onl~ 0
1

' 2 kIn away. ," : I, I j

I
' Fol', "Canmar Supplier VIII' underway at range 0.2 km (Fig~ 16C),: the

2e-1000 H~ bland level was 129 dB. The Istrongest tone was at 57' ~i» 119 dB/ /1
~Pa. "Th~ background noise, recorde? 1 min later, incllIUded ~oullnds :from
vessels 3t 7 kIn away; the 20-1000 Hz leTel was 126 dB. i!

FjLgufe 6D is the spectrum for hopPer dredge 'Geopotes X' und~r~ay ab 24
kmih at rflngealmost 500 m» water depth 25 m» hydrophone tlepth 91m.1 We ~re
ilnformE~d thalt the ship had a damaged !propeller that seaJon,whieh I problably
ils at least Ipartly responsible for the broad spectral htJp whosJ im~imuk is
dt 80 Hz.' A family of tones can be seEm along the left. t1sin;g ~iOp'e of: the
Hump. : Th~sJ peaks were 4-7 Hz apart., The 20-1000 Hz bar\.d levell: was 150 dB
dt raIilge: 0.15 lan. 'GeopotesX' produced the strongest contihuJus n~ise
~ecord~~d dU~ing this project. The 20r1000 Hz background Inoise HV~l was 99
~B t bul: onlYiI a few component,s appear OIl., Figure 60 because ,Of the st.. aQe ne:eded
to sho~11 the strong ship sounds. I I i I !

I

I I : i !

Tl1e re~atively low received le~els at frequencies, below, i5~ Hz l are
probablly a result of the high rate of attenuation of these longj-wavele,ngth
Jounds! in shallow water. Although we! have no data at dnges lJss II than l 0.5
I " , I 'I I I' :

lCm, it' is very probable that much energy was produced at freque.nci¢sj belo~ 50
Hz 'as ,:well ~s near 80 Hz. This same effect is evident in Figurekl 6E and: 6F»
dnd in some ISimilar diagrams later in the report. !! !

1 i" ' "f I
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I
I

I
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FIGURE 6. Representative boat and ship sound spectra (continuous lines),
I

superimposed onto ambient ,noise spectra (dashed lines) • (A) crewboat
'Imperial Sarpik' at range 2.8 kIn. (B) bow thrusters on 'Canmar Supplier
III' at range 0.2 km. (C) I'Canmar Supplier VIII' at range 0.2 km. (D)
hopper dredge 'Geopotes X' underway, 'at range 0.5 km. (E) hopper dredge
~Cornelis Zanen' underway Jt range 2.4 km. (F) anchored tanker 'Gulf
Beaufort' at range 0.2 km. H~drophone depth was 9 or 18 m in each case.
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'IFIGURl~ 7 + Isound pressure. spectra for; two diesel-powered

I
bowheM. disturbance tests, the crewboat 'Imperial Adgo'

, I I' SequE!I' ~i ,
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Por another hopper dredge underway, 'Cornelis zan1n' a.t Iraqge Zl4 km
(Fig •. 6E), Ithe 20-1000 Hz band level :was 1Z8 dB. The spacing 1i>~tkeen !tones
was 5 Hz, ~ut again these appear to be modulation componFnts II p~!rhlaps ~round
the peak' tone at 54 Hz. The 20-1000 Hz background noise ll~veil.l *as 9~ dB,
includin~~ome weak ship sounds.. I! I !

1\:n anlhored supertanker in Herschel Basin, 'Gulf Beaufort I,: Jas ~nning
only genbr+tors and housekeeping auxiliaries, perhaps i~clud:ingl:p~ps,: The
spectruml at range 0.2km includes many spikes from tones (Fig. !6F).! The
120-1000 Hz Iband level was 120 dB at both the 9 and 18 tb. hyd.rophone depths.
IThe 'ba~kground' noise, for comparison, wa.s measured 9.3 kt!t! from j'Gulf
lBeallfortj'; the ZO-1000 Hz level was 95 dB. ! I I

: :Ifigure 7 presents spectra of the two diesel-powered boats usid ini boat
IdistultbancJ tests during the proj ect', the crewboat 'Im~eriaJL Adg6' and the
isound bo:atl'Sequel'. The 20-1000 Hz band levels were I 119 dBl1f6r '¥gO',
Irange a~pr?ximatelY 0.2 km, underway at 41 km/h, and 102 dB fc;>r! 'Se9uel',
'Irange 2.6 Ikm, underway at 13 km/h. The spectrum for 'IAdgO' shows several
tones bJlok 400 Hz. Both boats produced considerable bro;adHand noi~e at
fre<tuenc~e~ of several hundred Hertz. I The 20-1000 Hz bacikgrOundl ~~ise ~evels

'I' for the i' Ad... gO' and' Sequel' measurements were lOZ dB and 94 dB, t':espect ively.
I I : f :

I 1 j

I. l' . ,
~I= ~ I A. Imperial Adga ,I ~ ! 9. Se~uel 1]

~I II 200m range l ~ 2.~km range
~!!! . I ~ 18m depth ~= \ 1 18m depth

~ 1

~: \ I!
~II~~M • 1~~ r\. \rl ~A~~\AP1~

i ~V\i!l~ll'l. ~= \!\I)~\V\"i~\ !~(\ /j Ij~ : 'I i
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. , . ~ l' ~., f/j q~'i ~.I'H 'Ii l hi· t~"'.M·' \ ~ ill 7
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Ii' I'~,::; " . \./)\".rl\'\'~'I""
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.U 125\1 187.5 Z51.1 lIZ.5 315.1 431.5 511.1 ·8.1 eu IZU 117.5 Z51.1 111M, 315.1 i m.s "8U! F'RCOUCNCY. HZ F'RCOUCNCY, HZ;· I
;

; I I
small o0ats used inI I ;
and the sound! boat

I i
I '

I ; 'I i
I Adgo :1' and 'Sequel' produced ~aterborne noise with l,avets gen~rally

comparable to levels from crewboat 'Imperial Sarpik', s~rvey v~~s~l 'Ganmar
Teal',8;nd l the an~hored tanker 'Gul~l Beaufort' (Fig. 5)l Onlylthe an~hored
survey ~oat 'Arct1c Sounder' was s1~ificantly quieter.1 The lar~e dr;edges
and supplyl boats produced levels Z5-~0 dB higher than those of "Seque~' and
'Imperial ¥go' at corresponding rangrs (Fig. 5).1 .

, I i
I !
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Seismic Signals

Bowhead whales may be d~sturbed by seismic survey signal sources. To
determine the sound levels that might cause a disturbance, it was important
to measure the noise levels nfar whales that were being studied by Richardson
et al. (1985). Also, measureI)lents of received level vs. range were desirable
to permit prediction of levels at different ranges. With such data, a 'range
of disturbance' for bowheads I around survey vessels might then be determined
for areas with similar transmission loss.

I

Until recently, little w~s published about the waterborne sounds created
by airgun arrays and other seIsmic sources. In 1979, Ljungblad et al. (1980)
found that bowhead whales wer~ sometimes exposed to noise pulses from. seismic
vessels operating many kilome1tres away. Richardson et ale (1983) summarized
the early results from the present project and other data available up to
1981. Additional data on chatacteristics of waterborne impulses from seismic

I
ships appear in Malme et ale ~1983) and Moore et ale (n.d.).

Background

Marine geophysical surv~ys are conducted to search beneath the sea for
strata and locations that mat contain producible quantities of hydrocarbons.
Seismic survey signals were Iformerly produced by underwater detonations of
explosives, but that technique now is rarely used in open waters, mainly
because explosives can damage marine life. During the open water season in
the Beaufort Sea, most sei~ic exploration is with arrays of airguns, but

I
arrays of sleeve exploders or; open-bottom gas guns are also used. Although
these techniques are not based on chemical high explosives, a sharp,
impulsive shock wave is genbrated at each source in the array. and the
accumulation of the individua~ impulses provides a strong impulse beneath the
sea floor. Useful summaries pf the technology may be found in Kramer et ale
(1968), Barger and Hamblen (1980), Fricke et ale (1981) and Johnston and Cain
(1981) •

Few detailed reports of !noise from small vessels and ships exist in the
open literature (for review~ see Richardson et al. 1983). However, the
levels and the spectral chAracteristics measured during this proj ect are
consistent with those reportea by others (Buck and Chalfant 1972; Ross 1976;
Cybulski 1977); viz, high le~els at low frequencies, broadband humps in the

-- I
spectra (from propeller cavitfltion), and tones.

Discussion

I
I

.1'
1_0---'

~I

I

I
I

I'
"r

.1
We recorded seismic si~als from six survey vessels plus a single 40

in3 airgun that we operatedl from the sound boat 'Sequel'. Many of the
measurements were of sets of signals from the same source vessel at different
ranges. We used multiple llinear regression to determine coefficients of
equations to mOdel the receiv~d signal level vs. range.

I
I

Sleeve Exploder Signals.i-Signals from the seismic survey vessel 'Arctic
Surveyor' were received at 'Sequel' numerous times during 1981 while we were
recording background and inddstrial noises. The signal source consisted of
four sets of sleeve explodersl three sleeves per set, suspended over the side

I

I
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1

0f 's1Jrv~ydr'. The geometry was a rectangle approximatellY 12 m l'ong and 25 m
wide (athwdrtship). The c.Ylindric.al S.leeves were each abbut 1.21~. !0.3ni., and

I

were deployed 6 m below the surface, water depth perm~tting. A~ixtu~e of
propane ~nd oxygen was exploded simultaneously in all th~ sle~eve$ ito p~oduce
a strong ISignal focused vertically. The signal bchoE!s I :from qottom
inhcim()ge~ei!ties were received at hydrophones in a long linear aFira~ deployed
behind the IShiP. At each station" echoes from six 'pops'l (= mcpil.!os)ions): were
recorded' before the ship moved 40 m, to the next station alodg the ~urvey
track. Isik to ten seconds elapsed between pops while the exHau~t ga:s was
purged ahd Ithe sleeves, were recharged; 1/2-2 min 'elapsed betwree~: s~riesi of 6
shots as; toe ship moved to the next station.. I' I I

I I . , I
! : !

Fori our measurements, the source (sleeve exploder array) depth was 6 m,
the hydr,ophone depth was 9 m, and the water depths at !the re~?diing !sites
were abo~t 115-30 m. Several signals were analyzed from e1ach of It,hrlee r~nges:
8 kIn, 131 kni, and 25.3-28.7 kIn. The received level of the pulses' was 148-153
dB/ /1 pPa kt 8 kIn and 115-117 dB at 28-29 kIn. After stkrting ks Ian impulse
at the sautce, the signal length was about 250 ms when tecei~/edl iat 8 kk and

, I . ' . I I I Iover 400 ms at 28.7 kIn; the reverberation extended much long¢r. At our
working~aAges., the impulse was received as - a 'chirp' slignal :i!Ii Which! high
frequenc~eJ were received first, followed by a downward Itran,sitioh to ilower
frequI:mcieJ (Fig. 8B,D,F). This frequency change is repres1ent±edlin ~;igure
8A, C, E b'y Ithe closer spacing of the oscillations at the l~~ftl: tnan a!t the
right side of each pulse. These properties of impulsiv~sig;nal: Jropagation

, , I I I '
are ,:haracteristic of geometrical dispersion, which occurs When signals
undergo tnu]tiple reflections between the surface and bot tbm. ; I I

, i I • I; i !
9pen~ottom Gas Guns.--In 1982 we- again recorded sefsmic: s~lrvey s~gnals

from 'Arct1C Surveyor', but the sleeve exploders had been replacbd b~ open
I I I I I 'bottom.. g~s guns. Our rec.ordings were made- in water 9-11 m deep], ihydrqphone

depth 8 JIl, ranges 0.9 to 14.8 kIn. Received levels rang~d from 1:77 dB/ ~1 )lPa

at 0.9 ldn to 123 dB at 14.8 kIn. .1 . ..; j

At 1t~e shortest range studied (0.9 km), freque?cies ~E!I~W 1QO Hz
predolDin~ted (Fig. 9). At an intermediate range (3.7 kIn), low; freq~ncies

below 1~0 IHz arrived fir:;t, presumably via a bottoml path, l,f~l1oW~d by
frequencies above 200 Hz, presumably via a water path. At ra~e 14.:8 kIn,
Qnly . fr~qJ.encies above 200 Hz were received. Informatioh: ion ~ottom
stratigr~pliy might help exp~ain th,e propagation of I the:IIQw fre~uency
componentsJ At 14.8 kIn, it 1S noteworthy that high fx:equenc1es tended to

1 I . . . I 1 I
arrive ~lightly before lower frequencies (Fig. 9F), consi.stent witr the

sleevI:! eiP~oder results. I ' I: !

:In 1983 seismic signals were received from the gas gunsj on 'Arctic
Surve:ror,' ~t ranges of 52-53 kIn. The received Signalllev40llsl' rknged! from
122-1:28 dB/! 1 ..uPa. over 65 min. Then, 124 min later, the level wasl *9 dB, and
another 124 min later the level was below the ambient l:evel ofl i 107 dBI• We
concluded that there had been enough movement of the ship ithat I some
propagati0lf anomaly within the 52 km range intruded to b1lank out: the s~gnal.
Water' deptH at the receiving location Iwas 19 m. I i

I , 'I :
i .' ': 'I I

t\irguJ Arrays .--Seismic signalsl were received frop! 'GSI lMarine~' on
numerous' 0iccasions. _ Airguns were 'discharged every ·12-16 s ~sl the I ship
steam1ed co~tinuously at about 7 km/h ~ong preselected lires. IP.: 11982-~3 the
airgull array volume was 23 L' and its source level was reported to be lab out

I I
I

I
I
I
I
I.
'I
I.
I
I
I
I.
I.
I

il

I
I



~':'.~ 7,":':.,"":, ~~.';:::..,., ~ ~." ~

-~ _..~,~ _.~ ;=-~- .~ 'e::J _.~ /~ -..~ .~

-r,':' .~ ....~'~ ._~,

--e:='J ~ .~ "~d ~ .~
,~

......~...

A. c. E.

H
::l
0
~
(/l
rt
Ii....
III
I-'

Z
o....
(/l

ro
N
N
-....J

121.51

375250

28.7 KM
S AUG 81, 1555

TIME:, MS

121.13 121.26 121.36

TIME:. SEC

o
CD
ci

o
CD

<:1

o 125

o
~ ~ ........ ;> tJr.i~t~.. I.I~'

lSI
lSI
q'

lSI
lSI

lSI
lSI
l'I

lSI
121.121121

lSI
lSI
III

lSI
III
N

500

121.51

D.

375

13.121 KM
5 AUG 81, 1936

250

TIME:. MS

125

121.13 121.26 121.36

TIME:, SE:C

o
CD
o

o
dI (:U';:;1"~:~:I;\:~~.1,'~:":: I: t:, 11'1 1~ f'\e I'd';;,,=:; ". ~v.Nwel

lSI
121.121121

0
CD
ci

'1
0

lSI

:11111
q'

lSI
lSI
l'I

lSI
lSI
N

lSI
lSI

500

121.51

8.

375

8.121 KM
5 AUG 81, 1525

125 250
-- -TIME:-,--MS

121.13 121.26 121.38

TIME:, SE:C

FIGURE 8. Waveforms and waterfall spectrograms for sleeve exploder signals received from 'Arctic
Surveyor' in August 1981 at (A,B), 8 km range, (C,D) 13 km, and (E,F) 28.7 km. The signal in (E)
was amplified by 40 times, compared to (A) and (C).

lSI
121.121121



--~---------------- -------------- ---------------- -----"'-----

A. c. E.
~rl--,-.,.,...~.,.,...--~~_,___-.,.,...-----------_., "~rl~--,-.----,-.---~~-:--------_" ~rl---,-----------------------"

.~

.----------------1-11 1 ~:ll------ -- -------.
!i-~-

o
«ll.....
"«o
u
w D,:-, ...,........... "'~

l
."ti;"·
~..
S:<
>T

••~"
-_._-~_._---"'~

*~w·
~
o

~ ~I "J\ftfllIIlHlIPv
~•.=
~'
~.
g~

rn~M"\A~"\fi

~•Sa
>.;

• a
~"

+, --::._.__.---

~
o

" R'=!
w·

"Z
uwa« ..
...••.:<
~,.

=!I I' AUG Be: 114 ... OP£N-BDTTOf1 GAS GUN, Q.!t teN J
~ u In IU m III m •• ••

TIME, MS

li!1 .\ II AUG Be: 15Z8, OPEN-BOTTOI1 GAS GUN, 3.7 t<:11 f
~ " In "In N In m ~ _

TIMC, M5

J;I II AUG 82 1646.5 ,OPEN-BOTTO" GAS GUN" 1".8 1<1'1 I
,. II In In m 111 m tU ~

TJM£. tiS

B. D. F.
OPEN-BOTTOM.GAS_GUN 3.7. KM
, II AUG Ba. ISaB

H
J:j
Pc:
en
IT

Ia.S1a.26 0.38

TJ:ME. SEC

e.13

OPEN-BO_T.TOM_GAS.GUN 14. B KM

I I AUG B a. I 6A 6 • 5

B,. 5 11a.26 1a.3S

TJ:ME. SEC

0-.13

- N :
I •.

._- - - ------ - ._- - - _._ .._~--- -- - _._- -- -- --- - --- --- -_... -----

_I"f_....
.7T"-----------:-------Ill---------·----·---·-----FTGURE-9-.-Waveforms andwaterfB:lr spectrogramsor signals-from open-bottom gas guns at ranges .....

0.9» 3.7, and 14.8 km. Water depth was 9-11 mj hydrophone depth was 8 m. ~

._-_._-_ .._-_._-_. -- ._. __ .- - . - _.. - ----_. -- ---_._- -- - --- _._---_.- ----- --- ----------_...... _-_._--
en
(l)

N
N
00

- .• :- - ,- - - ,- - '- - - ...;- .. ... -_._.-



r
~'

I
I
I

I
I
I'

I

I'
mft

I
I
m

~

I \
~.

I
I

'J

I
"

Industrial Noise 229

246 dB//l pPa-m. In 1982, received levels included 119 dB//l pPa at range 52
kIn, 128 dB at range 54 kIn (d~i;f;ferelnt time and ttansmission path), 126 dB at
range 66 km, and 110 dB at range 75 km. In 1983, with the same airgun array,
received levels were 127-1311 dB for ranges 79-81 kIn on 7 August and 123 dB
for range 57 km on 9 August. These signals were received at sonobuoys, which
distort high amplitude signalsj consequently,the foregoing levels should be
taken as minimum estimates. [ The water depth for these signals was greater
than the depth for the 'Ar;ctic S1,1rveyor' signals, assuring longer range
transmission. '

In August 1984 seismic' signals were recorded from 'GSI Mariner' on
I

several dates. The array vQlume had been increased to 47 L. Measurements
from the sound boat on 14 Atigust revealed levels between 143 and 160 dB for
ranges 12-17 kIn (water depth 120-24 m, hydrophone depth 18 m). Several hours
earlier, on a different track, 'Mariner' signals had been 154-158 dB for
ranges 16-16.7 kIn, water depth 20 m. In general, there was considerable
variability in received levlels at specific ranges. . Water depth, bottom

Icharacteristics, and horizontal aspect of the array were probably
responsible. (Aspect is the I orientation of the airgun array relative to the
bearing to the receiverj see Malme et al. 1983.) At the 12 kIn range, the

Iarray was oriented broadsidej thus, maximum received levels were expected on
that occasion. i

I

On 16 August 1984, 'GSI\ Mariner' participated in a bowhead disturbance
experiment (see Richardson et ale 1985, in this volume). Although the ranges
were no greater than 7.5 kIn, Ithe airgun signal reverberation was longer than
the 15 s period between firi~s. Such long reverberation times had not been
seen previously, regardless lof range. Because of the reverberations the
received level between pulsesl did not decrease below 118 dB/ /1 pPa, which was
19 dB above the ambient leve~ before the airguns began firing and after they
stopped. Figures 10A-B ~ontain the recorded waveform and waterfall

Ispectrogram of a signal from ~ange 7.5 kIn, water depth 25 m at ship and 18 m
at sonobuoy. The received 'I signal sounded distorted because of its high
amplitude relative to the limited dynamic range of the sonobuoy. This signal
was from the start of the full scale airgun array disturbance test on 16

. I

August 1984. The long rever1beration ~as characteristic of all the signals
received at the sonobuoy during the test. It is possible that this long
'reverberation' was an overlbad response of the sonobuoy or the receiver,
although this was not seen wi1lth other less severe overload signals.

I .

Figures 10C-F were recorded with a hydrophone in an area somewhat west
, I

of the disturbance test area'i water depth 44 m, 'Sequel' at anchor. Figures
10C-D were for range 8.7 km from 'GSI Mariner' , just slightly longer than the
range of Figures' 10A-B, bud with "Sequel's" hydrophones and without the
severe reverberation. Figur~s lOE-F ~ere for range 20.3 km. The waveforms
in Figures 10C and 10E exemplify airgun signal propagation in shallow water
over increasingly higher ve]ocity strata beneath the water. The signals
first received have travelled[down through the bottom, bending upward back to
the hydrophone. The solid black areas of the signal correspond to the sound
carried solely by the water [path. This is a short burst of high frequency
sound, evident in Figures 10D,F at about 200 and 400 Hz, respectively. The
waterborne signal is follo~ed by additional botto~travelling energy.
Multiple propagation modes ar~ evident, but the basic property to be observed
is that the waveform in Figure 10E, range 20.3 km, is much longer than the
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On six occasions, pulses 1from 'GSI Mariner' operating 9-17 kIn away were
received simultaneously at hydrophone depths of 9 and 18 m. The received
level at 9 m was always 1-4 dB less than that at 18 m."

Seismic signals from two :other large arrays of airguns were recorded via
sonobuoys. Airgun signals SID kIn from 'Edward O. Vetter' were received at
hydrophone depth 9 m with level 117 dB. Airgun array signals 26-31 kin from
'Western Aleutian' were recei~ed at hydrophone depth 18 m, water depth 19 m,
levels 120-135 dB. These levels may be underestimates because of sonobuoy
limitations.

Received seismic survey signals rarely included much energy at
frequencies above 500 Hz. H9wever., on 1 August 1984 we received pulses of
500-1300 Hz energy from 'Gst Mariner'. The signals we~e received by a
sonobuoy hydrophone on the bottom in 10 m of water, range 17-23 kin, depth at
boat 70 m, received level at :least 119-117 dB. Within these pulses, there
was the usual downsweep of' frequencies. Although the pulses were consist
entl~ at 500-1300 Hz on thi~ occasion, this was a unique and apparently
anomalous situation.

Industrial Noise 231

Hydrophone
Hydrophone

Receiving
System

~'··1 ~ ~
.'~

, ,

157
147

Effective Pressure
dBlll .uPa

8.7
20.3

Range

10C, rangl~ 8.7 kin. This demonstrates that the received

range in~'1~~;s1~~:' ~ t, 1, l(
I

of the signals in Figure 10C and 10E were as follows:

Figure

10 C-D
10 E-F

The amplitudes

In 1983, signals from a :small 3-gun 5.4 L array on 'Canmar Teal' were
received simultaneously at 3, 19 and 18 m depth (water depth 34 m) for each of
several ranges (Table 6). These data came from the hydrophones on the sound
boat, and do not suffer from the limitations of sonobuoys. On average, levels
at 3 m depth were 7 dB less than those at 9m. Nominal signal frequencies

I
were above 100 Hz, and apprloached 200 Hz at the shorter ranges. Within
pulses, there was the usual decrease in peak frequency with increasing time.

I

Single Airgun.--The crew on 'Sequel' deployed a 40 in3 (0.66 L)
single airgun for controlled sleismic disturbance tests when the aircrew could
observe bowheads before, during, and after a period of firing. We began most
tests with an air tank at preslsure 1900-2200 psi and ran it' down to about 500
psi. Except for being a single unit and therefore weaker in output pulse
level, the waveform and freqtiency properties of our airgun were similar to

I

Because of the limitations pf sonobuoys, the received levels of seismic
pulses could not be measured reliably during the experiment on 16 August
1984. Given the received lev~ls of about 160 dB at ranges 9-12 km nearby on
14 and 28 August 1984, receivled levels were preslUllably far above 160 dB when
'GSI Mariner' reached its closest point of approach 1.5 km from the bowheads

I •
on 16 August. In both the 12 kin and the 1.5 kin cases, the long ax1S of the
airgun array was oriented br6adside to the receiver--the condition in which

Ipeak received levels are expected (Barger and Hamblen 1980; Malme et ale
1983).
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tho,se 0,f Ia fUl,l-sized array of airgUn,s. The firing perl0,Q' was: 19.t-,20,', min' with
10 s be~weFn firings (1981) or 25-30 min with 15 s be~ween f1;-i-pgs q 983
84). We operated the airgun at depth 6 IU, attempting to Is,i~ulate the
opera1:ing {Onditions of a full-sized 'airgun array. Figure ll~optain~ the
waveform Ia'1d waterfall spectrogram of: an airgun signal frpm 'Seqpel' re~orded

during a. disturbance test on 28 August 1983 at range 5 Rm. The water idepth
wasl5m~ [The recei.ved sound level of this and the othet signai~ duri~ the
test ranged from 125 to at least 133 ,dB. The circumstanbes and I iso:und levels
of all ~i~gun tests are summarized" in Ri.chardson et a!. (1985': in: this
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Sound Transmission Loss ,
~ij,:k~, .... \~.. r ,

Transmission loss information can be extracted from the measurements of
received levels at various ranges. Figure 12 shows the data and the
associated fitted curves for four seismic sources. The hydrophone was always
an H56 deployed at depth 18 mexcept when the water depth was less. Sonobuoy
data were not used.

The sleeve exploder measurements spanned the range 8-29 km; water depths
were 15-30 m. When we fitted! a simple logarithmic spreading loss model, we
obtained the term -61.6*10g(~ange). This was far from the expected -10*10g
(range) term for cylindrical spreading or even -20*10g(range) for spherical
spreading. When we added a term linear in range, appropriate for absorption
and scattering losses, the !fitted spreading loss term became -10.12*10g
(range)--very close to tqe expected -10*10g( range) for cylindrical
spreading. When we forced tlhe spreading loss term to be cylindrical, the
resulting regression equationlwas

Received level (dB//l ,uPa) = 170.1 - 1.39*R - 10*10g(R),

where R is range in km. The ,standard error (se) was 2.2 dB, the coefficient2 . .
of determination (r) was O~~ 972, and the number of measurements (n) was
12. The equation is plotted in Figure 12. The result was reasonable because
cylindrical spreading is expected in shallow water and because the losses
from scattered reflections and absorption by the bottom are accounted for at
the rate of about 1.4 dB/km. 'Strictly speaking, this equation is valid only
for the ranges studied (8-29 km), for water depths of 15-30 m, and for the
specific area where the data were collected. In particular, the equation is
probably not valid at ranges less than 5 km because of the nature of
impulsive sound propagation iq shallow water.

I

The general regression equation for the open-bottom gas gun~ in water
9-11 m deep was RL = 177 - 1.55*R - 26.6*10g(R), se = 1.5 dB, r = 0.997,
n = 6. The higher spreading loss coefficient of 26.6 dB per range decade is
a result of including the muc~ shorter ranges, and probably also the shallow
water depth. When only the i.data fr·om the three longest ranges (3.7, 7.4,
14.8 km) were used, and cylindrical spreading was forced, the best-fit
equation for received level was

RL = 1~9.2 - 2.33*R - 10*10g(R),
,

se = 0.26, r 2 = 1.000, n = '3. This result was for ranges comparable to
the ranges studied in 1981 wi~h the sleeve exploder. The higher linear loss
(2.33 vs. 1.39 dB/km) was pr09ably attributable to the shallower water.

The 'GSI Mariner' airguh array data plotted in Figure 12 were not
measured at the same time orl place, and the. source level of the array was
slightly greater for the 1984! data than for 1982. The four points spanning
ranges 9-20 km were measured from 'Sequel' while anchored on 27 and 28 August

I

1984, water depth 44 m. Six other measurements were also made of 'Mariner'
seismic signals at that timel and within that range span. The two points
plotted for ranges 52 and 751 km were measured from '~equel' on 16 and 18
August 1982,' water depth 110-:130 m. Because of the heterogeneous data, the
fitted equations may be only t:ough approximations of the results that would
be obtained in anyone situat'ion. All 12 measurements were used to fit the

I

I
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general equation RL = 177.2 - 0.53*R - 15.67*10g(R), se = 2.1, r 2 = 0.984, n
= 12. When cylindrical spreaaing was forced in th~ model, the result was

If"" ,
RL 1~1.8 - 0.61*R - 10*10g(R),

se = 2.0 dB, r 2
= 0.9751, n = 12. The absorption/ scattering loss

coefficient of 0.61 dB/kin is smaller than the 1.39 and 2.33 dB/kin terms
derived for the shallower water measurements of the sleeve exploders and
open-bottom gas guns. This was expected; we expect lower rates of scattering

I

loss and bottom absorption lpss in the deeper water where these data were
collected.

Five measurements from the 3-airgun array on 'Canmar Teal' are plotted
on Figure 12. The water depth for these measurements was 34 m. An 'outlier'
received level of 149 dB at I range 10.4 km caused a poor regression result.
When we averaged the measur~ents at the three longest ranges, 8.2-10.4 km,
to obtain one' long-range' datum, we obtained the following fitted equation
with the -10*10g(R) term forced:

RL = 165.3 - 0.90*R - 10*log(R),,

Discussion

When received at distances of at least a few kilometres, pulses from
sleeve exploders, open-bottom' gas guns and airgun arrays were very similar.
Their characteristics can be summarized as follows:

The four equations for received level provide an indication of the
behavior of seismic signals in the shallow Beaufort Sea. The reliability and
utility of the equations cou1ld be enhanced with data from a wider span of
ranges (especially longer ranges). However, more attention should be paid to
the dependence of transmission loss on frequency, water depth, sea state, and
bottom characteristics, and t9 the effects of aspect of the source array.

The equation is plotted as the dashedse = 0.36 dB, r 2 = 0.992, R = 3.
line on Figure 12.
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Seismic survey signals were by far the strongest sounds encountered, but
they were almost always of short duration, with 8-15 s between pulses. The

I

amplitudes at ranges 9-20 km were 12-30 dB greater than the 20-1000 Hz band
level of 'Geopotes X' at range 7.4 km., 'Geopotes X' produced the strongest
non-seismic sounds detected in this study. The levels of seismic pulses

I

attenuated with increasing, range in the same way that other sounds
attenuated. However, becaus~ of the very high source levels of seismic
impulses, they were received~bove the typical background level to distances
approaching 100 kin, even in relatively shallow water.

For concentrated measurements of· seismic signals from one vessel
operating in one area at tttodest ranges (to about 15 km), we observed
consistent relationships between range and amplitude. As the range
decreased, the received levels increased. However, when we compared resul ts
from different survey tracksi, the level vs. range relationships were not
always consistent. Contrary ',to expectation, the signal level was sometimes
stronger at longer ranges. I Consistent with theory, the water depth and
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I I: i
bottom matJrialS appear to have an important influence on the levels of the
teeeive<! Ise\tsmie signals. I, i

: . As Wi~h other sounds originating underwater, the receive4 leveis of
Iseis:mlc ~ig!nals were less at shallower depths, increasing at lehtl un ti:l the
:hydropho?e Idepth was 18 m. This is consis tent with theory, W~~c? pre~ii:ts
izero pre:ssare at a pressure release boundary like the sea sUIiface (pr1ck

!1983, P.\131-4>.. '" II 1

I Pulse lengths tend to increase with 1ncreas1ng d1stances be.cause of the
ieffects 9.f Idiff.erent sound speeds for diffe. rent modes of propa,gahti..o~.. W:i thin
each mode, different frequencies are, received at different Itimes. I For
Ishallow water propagation, high frequencies are received first, i fbllow~d by
Ilow freqherlcies. This leads to the 'chirp' signal cha~actE!rihi!c of! many
IseismfC limbulses as received at long ranges. The JppositJ qccur~ for
Ipropag~tionl via bottom sedimentary layers. At ra~ges bJyohd a: few

ikilom. E~tr+.. s 'I the waterborne sound. is ma.. inly at freqUenCiesl of 2:00+~.oP. Hz ,I even
,though most energy at the source is <l00 Hz (Barger and Hamblen 1980). :Lower
IfreqUE!nC1esi «100 Hz) are sometimes received via bottom pkthways ~,bht the low
IfrequEmcy energy apparently is attenuated more quickly than IthJ sli~htly
Ihigner ~re~uencies in the shallow waters where most of our (data were

I
Obtained~ I i

I I
I I

i Drillships I

, I I
Backgl~ I I '

I I ~ I
; Drillship sounds had not been reported before bhis proD e1ct began,
ialthough I there were reports of sound measurem'ents neah offstiorJ dri~ ling
iPlatfol:Illslnd semi-submersibles (Buerkle 1975; Gales 1~82). IRe~U1ts : from
those 'stildi1es are difficult to interpret because of low frequency ,resolut ion
r(Buerkle! dH5) or restrictions to near-field measurentents <Qal1es 1~82).
!Sounds frmA the 'SEDCO 708' semi-submersible were measJred redenhy during
:dril.Hng/oPj1erations. in the Aleutians (Greene, in press). I sever+.l. :.tonesi from
;' SEDCO 708' operating in water 114 01 deep could be detected at: range 18.5 km,
!although I they were weak. Broadband components were genE~rJ~I~ do~ to
:backgrou?d Ilevels for ranges >1.9 km. The background levels wef'e 10,2-112
:dB!!l pPa flor the 10-4000 Hz freq ueney band. :
I . I : ' ~
'lone Imfght predict that drillsh~ps would be nois~er undr~w~ter I than
rsemi-Hub~erlsibles or drilling platfo~s, given the broad ~ull arT~ 1n cO,~tact

rwiththe: ~ater. The hull would b,e expected to serve as a relat:J.vely
lefficfenr rfadiator of low frequency sounds into the waterL I
Measurement,s II '

I ; I : i
I Sound levels and spectra were measured at various ranges; from ithree
d

l

rilling. I.'ve'ssels: drillship 'ExPloreri.
1

I' while. logging, Idrillsth.:pl'EXP~.orer
II' whil'e Idrilling , and the COnical Drilling Unit (GDU) 'Kh,ll!uk' While
d
l
rilHng I(Fjig. 13). 'Kulluk' is a ci~cular platform 81 ni acrosJ: aM slbping

, , I I II I '
linward bel9w the water line to deflect ice. It must be movea; oy support
~essels +.nd tu~s, but it can operate; longer in the fall [ beccmsf!. 9f it~ ice
rdeflec:tion Ides1~n•. 'Explorer I' andl 'Explorer II' are Iconvlen~io?al dt'ill
ships;, four: of these vess,els operated in the Canadian Beaufortl Sea during
leach year ?f our study. Logging operations were not a~ noisy as Idrililing,
i I I

I ,

I

i

I

I
I
I
I
I
I
I
I
I
I
I

I
I
I
I
I
I
I
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FIGURE 13. Drillship sound l~vels in the 20-1000 Hz frequency band vs. range
for three drilling vessels. i Lev.els near drilling operations on a caisson
retained island (eRI) in the Canadian Beaufort Sea and a semisubmersible near
the. Aleutians (Greene, in press) are also shown for comparison. The

Ihydrophone depth was 9-18 m in each case.
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and the: CDU drilling was clearly the noisiest of the tpree opl,rJtion~ (Fig.
13). StJnd-by vessels were near each of the three drillshib.sj during our
recordi. pg Isessions, and their variable activities werel probabiJ..y,.. iresp~nsible
for s0';Ue of the apparent differences in sound levels n~ar I' the [ three
operations. . "

I I I ,

I j ! I
'Explorer I' was northwest of the Mackenzie Delta (Fig., 1): fn 1982 when

I I . I I
We recorded its sounds while it was conducting logging cwera,Uoinso, ThEf water
depth ~as 117 m; hydrophone depth was 9 m. The variabfli ty if! t,he r~ceived
levels vs. range shown in Figure 13 probably was -partli! due to

'
the changing

nature :ofl machinery operations during the time of oU,r measJretfents~ The
relative11 low level at range 1.3 km is conspicuous in this :regard~ The
supportl vessels in the vicinity did not appear to be active. : I I

I I . I: '
'Explorer II' was drilling north of the Mackenzie DE!lta: (Fig.l!) at

depth ~03? m, water depth 27 m, when we measured its Inoise !iI'~ !198q The
hYdrOPhO.ne depth was 9 m. 'Supplier III' was drifting nearby. . .., I

I I I · IIGulf Canada's CDU 'Kulluk' was drilling at East AInauUga.k; in 1984 when
! we reco~ded the sounds. Our sound boat was not permittbd withkn !the rlJ.ooring

lines, ~e~tricting our closest range to about 1 km. A tug l¥'asl ;gr;apPl~ng for
lost moor~ng anchors nearby, and there were other work boats ~ro1Jnd. ! It is
cet;taini trat our measurements of 'Kulluk' sounds also conta:i!i1. Isoundis from
t'hesla other active vessels. The vessel sounds overlap 'Kull!lik' sounds in
both tiFe land frequency, and the sounds of 'Kulluk' andl othl:!r ~eSisels !cannot

be separaled. . I . i I
Figure 14A,Bshows examples of spectra computea for ~E*plor~r II'

drillin~ lat ranges 0.2 and 7.4 km. The strong Itone af! f78 ¥z was
characteristic and easy to identify. when heard on sonobuoys or: the 'Sequel'

'I· . .. I I,' Ihydrophones. This tone varied in frequency during the drUling, operations
I I . . I I' I i

but wasia~ways accompanied by a weaker tone at a slightly. lowerj freq.uency.
The 20-

1
1000 Hz band level for range 0.2 km was 134 dB/VI pPa; ,folr rarige 7.4

km it wrs
1
111

dBo ' . . I ' I

Figure 14C-F shows spectra for 'Kulluk' drilling at ranges 1.0 and 14.8
km, in~lu~ing spectra for hydrophone depths 3 m and 121 or 18 Ittl l(at ~4. 8 km
range, waqer depth was only 15 m, denying us the use of la hydr1ph9ne a~ depth
18 ml. I The'Kulluk' spectra are not especially distin,ctivE!, <ll~hougtt tones
at 51 a~d189 Hz were persistent. Th~ strong tone at 33~ Hz :In Fi~ure ~4F was
not det,ected at ranges less than 7.4 km, presumably because l:>f some change in
the indpsttrial activities between th~ recording times. !Broadba,rtd Ileve~s were
unusually flat up to 750 Hz; the typical decrease in level m'tn increas ing
freq:uen:cy was not evident in this frequency range (Filg. 14C+F)1 ~ceived
levels lat 18 m depth were 20 dB higher than those at! 3 m fo,r !frequencies
30-100 Hz, and about 9 dB higher for frequencies 250-500 Hz (Fltg • 14E 1vs. C;
Fig•. I~F ~s. D). This difference ~asconsistent in d~rectioh' ? th results
for other in-water sources, but grea~er in magnitude than some 10tHers'l

In! ~ome of the spectra sho~ in Figure 14, !receivld [leve~s for
frequencies below about 50 Hz were lower than those for; some jhigher
frequen!ci~s. This was probably attributable to the high rate Iof latte~uation
of low !frJquency sounds in shallow water. I' I '

, I I I! :

I
I
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I'
I
I
I
I
I
I
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Drilling Unit 'Kulluk' froml recordings made while drilling. Note the varying
vertical scales. i
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I
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I
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Indu.strial

I I
Dis:cussionl

I I ' , I
The sound level for the 'SEDCO 708' drilling at range 0.1:9 km,

hyd;roph6nel depth 10 m,20--S00 Hz band, was 116 dB/ /1 }IPa (Fig. }3; Greere, in
pre'ss).! The sound level in the 400-1600 Hz band was 110.8 dB, making the
level in the 20-1600 Hz band 117 dB at 0.19 km range. In Idontrast, the
quietest drHlshipwe measured during this project w1as the,!' ~xploter I'
conductingl logging operations; its sound level in the !20-100q' IJ,z ba~d was
122-12S\ dB at range 0.17 km" Clearly, noise from the quiet~s~ drilllship.
operation lwas stronger than the semi-submersible during Idrillirl.g• i Driillship
levels 'were similar to levels near an actively drilling caisson-re1tained

is1an4 CC1I) (Fig. 13). , I: I I

I Thl ~onical Drilling Unit 'Kulluk' was the nois:ilest of ithe d~i1ling
',. ves"sEdS Istudied during this project. Its large, size a~d large! hhll area in,
~ contact w~th the water probably contributed to the high noi.se !l~velsl The
I nearby itug grappling for anchors probably accounted fbI' some o:fi thel noise

measured nlear 'Kulluk'. ! I

, I I Dredging I
I • .11 i
Back~~J:ound\ I

- , I I
Ford (1977) measured the sounds from cutter suction dredge '!Beaver

MackEmzfe' -, during construction of' the Arnak artifibial ifilaPd ~n the
southea~teirn -Beaufort Sea, July 1976. He found that most ffleirgy tn the
sou,ncls wa~ at frequencies between 2S0 and 2000 Hz. We are unawafe of' other
reports Iconcerning dredge, sounds. . . I' i i

Th7rel are two main types of dredge operatio.n in t?e BE!au~orlt Se~. In
one, a dredge like 'Beaver Mackenzie' is moored ~n place and extends suction

- _, I I , I I; I '

t, pipes t~ tlhe bottom and discharge pipes to a barge or c~nstruc~io? site. In
'I the other, a hopper dredge moves over the dredging site picking up material

1
I ' " I - I '

: to, fl11 its hoppers, and then steams to the construct+on sitr! to dump the
i load eiiheir through gates in the bottom of the ship or by pUIIlP-out,1 met~ods.

i Measuiremen;ts

: I I ,! i i
I We ImTasured sounds both from dredges moored in p:lace a~d from :moving
hopPE~rdredges during this project. We discussed the sounds I of ;hopper

I I I, I I

diredges underway in 'Boat and Ship Sounds' earlier in this report; here we
,conHne101r presentation ,to the soun;s of dredging. I I I .

,FigUrle IS displays measured 20-1000 Hz band levels rs. range for several
operati?g dredges. The stronges t sounds came from ho~per drlb~g~ 'Co,rnelis
Zan:ert' pic:king up a load at Ukalerk on 7 August 1983. 'Zanen' l:fos I powered by
11.1 MW~ can make 28.7 km/h, and carries a load of 8000 m3 • The water, depth
was 20 in, ' Ithe hydrophone d,epth was 9 m, and. the ran,ges variedl, dom 0:.63 to
2.45 ,km~ The levels were on the sani-e order as levels mrasured.lfof 'Ge:opotes
X'pickingl up a load at comparable ranges at the same site on 29 August: 1982,
for "GatewaY' dumping a load at Kadiuk on 11 August 1982, and IfO~ 'Co;rnelis
Zanen" 'pukping out material on 31i August 1984. ~1 thre

1e lare ropper
dredges ~ I These dredging, d!lta for ,'Cornelis Zanen' were tak}!p Iat shorter
rangE~s than the underway data for the same ship (see Fig l• 5) but'the two sets

; I I I
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bf lev'elJ l~ne up, suggesting that the sound levels while dredgi~ may nlt be
lnuch dlifferknt than the level.s while underway. I I I

' IAq~r~us' is a suction dredge about 90 m long and; 12 m fide; i~ was
moored at Nerlerk on 12 August 1983 transferring material from thel bottbm to
, . I I . I 3 I . Ia berm c~nsltruction site. It can transfer up to 100,000 m /day., 'the s~unds

were notably stronger (by 10-15 dB) than those recorded for dredge 'Beaver
~ackenzi~',1which also operated as a transfer dredge capable of ~ov~ng 7p,000
m3/day. I We recorded 'Beaver Macke.nzie' sounds on 7 ~ugust 1.980 at the
I I· I· I I:Issungnak ~rtificial island construction site. and on 6 August '1~81 at the
Alerk attificial island site. Interestingly, noise levels Jiran 'B~aver
Mackerldb' 'at Amerk on 13 August 1983 were 7-12 dB quietek- tha.n theY. had: been
'in 1980-in.1 The dredge sounded different to the human ekr, amdlthe spe'ctrum
!.rev.eale.dl more tones in 1983 than in 1980-81. Water d~pthSi we.rJ 46;m at

I . I I' I I
Ner1'erk, 18 m at Is sungnak , 13 m at Alerk, and 29 m at Alnerk (see Fig. 11 for
,locations). I · j i

, Figlre 16 presents sound level spectra for three dredges. : Figure~ 16A
land B aJe from two analyses of the' same sound from 'Beaver Mackenzie' at
IIssungnak. This recorded sound was used iIi the dredge playbac~: ekperilnents
ibn 16 aIia 24 August 1984 (Richardson et ale 1985); the Itone at!' 1775 Hk was
:unusuillly sitrong fbr a tone at a frequency above 500 Hz. Figu~e +6C i~ for
[the same Id~edge at Amerk in 1983, whe~ there was no stro~ tone between 11 and
12 kHz.. fig:ure 16D is for 'Cornelis zanen' picking up a toad at IUk~lerk;, and
[FigurE!/; 16E and F are for the dredge. 'Aquarius' at Ne rlerk , 0.2,aOO 14;.8 km
[ranges,. I 41 these spectra are for dredges whose band Ilev~!lslate pl:otted
:.a.gains.t ra~e in Figure 15. In some spectra, received leVIels wep.:! Ilrathe:.r low
!for the jlorest frequencies. As discussed earlier for boat ~nd dri~lship
!sounds, low frequency sounds often attenuate at a high ra,te in shallow water.
: IIii
'DiscUl3lsion i I
: . I I . . .' I '
: _ l~ased on our measurements, suction hopper dredges and some tr~nsfer

idredgE!S lar,e the strongest sources of continuous indus!trial +~i~e o~ any
lacUviltifs lassociatedwith offshore op exploration in th~ Beaufortj Sea.! The
highel: lrvels ·fran hopper dredges than from ' Beaver Mackenzie' I firr pro;bably
:explained Iby the absence of sounds from propulsionl mac:hip,eIo/ i~ the
Icase.s •.ofl mo,ored dredges. Although the.· measurements did npt o\fer~~.pi in r,ange,
[data for 'Cornelis Zanen' indicated that sound levels from hoppef; ~redg~s may
ibe similar I while dredging and underway.. Sound levels I for hopper dr;edges

i:~~: tp ~°to.:~ pumping out a lO~ were also 8imilT to t ileve~r for
!Spectr.um analysis did not reveal any unusual frequency chat"8cterJ.:stics
, , I :. I I, I I

lin dredging; sounds other than the tone at 1775 Hz from 'Beav~~r ~ckenz~e' in
!1980-81.1 ~here was no similar tone in 1983. :
I ' .

i l t
I. I:
!Background I
I '
I . I I
I Qnc~ ~nartificial island br berm has been' constructed. equipment and
!faciliti~s I for exploration drilling lare moved onto it.1 MalmJ. ahd Mlawski
:(979) reported on the sounds of drilling from islands during ~ni:er. ' They
I reported', Ithe broadband component decayed rapidly withlin 0 .. 5 to 11.0 'miles

, I ' I I

I
:1
I'
1
I

I
:1
I
I
I
I
I
I'
I
I,
I
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I , I' i I
from the riig leaving low frequency tonal components •• -.observed out to 4-6
piiies unieri low ambient noi se condit ions' • I

iMeasulC',ement:s '

J)urtJ the project we measured sounds at three operating iSl~nd Jites:
i(l) at the' Tarsiut caisson retained island (CRr); (2)1 at KatHuk wh~le a
idiffeJrent ~aisson was being installed on a berm, and (3) at: the Amerk CRI

ildUring dfiYin
g

• I I: i

; lNhen the sound boat 'Sequel' reached Tarsiut on 6 August: 1

1

982
1

' drilling
[had alre~,"~ been completed and 'wiper tripping' was in prllogre~;s.,,:, ~cho~ed at
irange 1.1 k'm, water depth 21 m, hydrophone depth 9 m, we recoJrdetl sound~ from
1the area! f6r over 1.2 h. The movement of support craft (especikil~ tugs and
i,workboat~; la crane barge remained in place alongside the Icaisson!): Jn

l
dou~tedly

'contributed to the sounds recorded. The 20-1000 Hz band levels I varied' from
i121 to 1~0 IdB., Further data were obtained on 15 August 11982, wh~n lacti~ities
Ireportedly included pile driving on one corner of the island; 201

1
-'1000 Hi band

'levels d!iminished from 119-125 dB at 0.46 km to 100 dB (at 18.5: kin. We did
'not distf1uiSh any sounds that we <oold .sso~1ate with Pllle dr1Wt- i
, ,On F~E[ evening of 16 August 1983, 'Sequel i anchored 3.8 km:etst 0if the
Icaisson being installed on a berm at Kadluk. This partfcular c~isson was an
!octagonal ~tructure that had been floated over a 'bem andl balJLast'ed dOwrl. On
;16 Augu~t 11983 it was being filled with sand' to fom the c:aiSso'n-retained
lisland. I However, at the time of our measurements, lfilling Iwks n?t in
iProg,ressj" 'I Kadluk was the fir,st site where this particular (:a1s:soln had, been
iinstallef' We re,corded sounds at ranges of 3.8, 1.8,1 and 0.193 j kIn, iwhere
!water deiPtns were 12, 13, and 13 m. Numerous support boats, a ;cIjane barge,
'anddred:gel 'Cornelis zanen' were all in the Vicinity. IThe 20-~090 Hz! band
Ilevels were 116, 119, and 117 dB, ,respectively, for ranges 3.B, 11.8, and 0.93

I'i" I 1kIn, hydr1ophone depth 9 m. We attribute the lack of den endell1ce' on range to
'the, var~i~ presence and, activities of the operati~ ves:se~~ ~roun~ the
'Kadluk area. Measurements at ranges that were large ciompared to the
iseparatifm, ,of' the working vessels would be expected to 'show tHe dsual isound
i,attenuatlon

j

with increasing distances. I, I I

i . On :29 August 1984 we maneuvered.' Sequel' to a range
i

of 0.2 kin fr~ the
sameca~ss?n, ,now installed at Amerk (Fig. 1). A cranr bar'gela~ wo~kboat
were moored at the caisson, and a second workboat was underway ~nowly

I I I I' I 'Inearby. i Mter confirming by radio that drilling was underliray, we recorded
:the soupd~ at ranges 0.22, 0.39,' 1.85, 3.7, 7.8 ~nd ll3.IZ kIn. : The
jcorrespo,nd1ng sound levels in the 20-1000 Hz band were 1130, 1t8, 128,~ 126,
1118, 113 and 112 dB. However, it appears likely that the le~vels for ranges
'17.8 and 113L2 km were predominantly background noise. The othe~i f,ive levels

'
have lbeen plotted on Figure 12 for comparison with the dtillsihiP: ~ound :level

1 , I I i I
I
measurem~nts vs. range. The CRI dri~ling Sounds were comparabl~ 11n leyel to

Ithose frrm!drillshiP 'Explorer II'. I I. I' I :
. Fig~re 17 contains six spectra, associated with onPratJlons' at caisson

I . T I'i Iretainedl i~land operations. Figure :17A is from Tarsiut at ra~~ 10.46 ikm on
15 Augus1t Go982, and Figure 17B is from Tarsiut at range 1.1 knii on 7 August
1982 (hydrbphone depth 9 m). The former srows a strong Itone atl 'do HZ~ such

Ia tone is Jsually associated with electric power generatjJon. Fi~u~e 17C is a
spectrum! fbr a hydrophone at depth ,9 m at range 0.93 km fr~; the cAisson
, I ! ' 'I '
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being instchled at Kadluk (water depth 12 m) 0 This caJ is unLual in! that
:levels ihc~eased with increasing frequency, up to 350 H~.o Figrrel17D! is a
:spectr~1 for a hydrophone at depth 9 m at range 3.8 kIn frc:mj the I same
[operation. I It shows a dip in received level at frequendes up to 100 Hz; we
:often nC:te? such a dip in shallow water sound meas+ementsl,: Ipresu'mab ly
:beca,use towl frequency, long wa.velength sound energy is rapidly fttrnuatied .in
Ishallow jwater. Figure l7E 1S a spectrwn to 500 Hz Ifor the <i:RI d:ur1ng
:drilling, ad Amerk, range 0.22 kIn, water depth 26 m, .hydfoPhcmel 'dJpth ~8 m.
FigurE~ 17F liS the same sound analyzed to 8 kHz; the tonal. spi.kes· c~n be seen
,easily up to 5.7 kHz. The frequency resolution is only 27 •. 4 Hz Iin *gure
'17F, com:pated to 1. 7 Hz in Figur e 17E, so the tones are n,ot di splay¢d as
iprominen tlyl in' Figure 17F. I I
. I . .
:DiscUI~'sibn : ; I :

I.' . The,i aJtivities at tho three caissoo retained islaor sitc~' w.tre ~.lidelY
idiverse. The levels of sounds during drilling at AmerK were cpmparab:le to

I
the 11~ve1s Iduring drilling by the drillship 'Explorer II'I. Compkrilng tqe 20
1000 Hz baM levels of the three caisson island activities a.t b111~e 1018 kIn,

Ithedl~illirig o.peration at Amerk produced a sound level ofl126 dBI,:. t!I'he caisson

l
insta:Llati~n at Kadluk produced 119 dB, and the general aFtivjltile's jat T,rsiut
produ(:ed 1113 dB. However, at range 0.93 km the corresponding, I levels, were
1'128, 11]', land 124 dB, making Tarsiutnoisier than Ka41uk. !4t Iall !three
Isites, ~he radiated sound levels could varyconsider~ly bec~use of the
ivarying flctivities of the surrounding support vessels. ~oweV'erl,: sJuch ~essel
Isuppolrt :is [standard practice at offshore exploration sites and: it must be
iexpectedl toI contr~bute to the overall industrial noise for su(:h lsi des. I

'I GENKUL DISCUSSION I
i . .'.' I . : j

As fin Iaid in comparing the measured sound levels with one i apotheir and
:with.amb~eqt levels, Figure 18 summarizes 20-1000 Hz band! levE!ls[vs. receiver
Irange. pn\y r,epresentative sound sources have been inclrded (sfe lalso IFigs.
15, D, 15). However, we will discuss other sounds in relation to :those

[Plotted.' I .. I I I
1 The/ sFrongest levels on the graph are airgun array signf-s I from: 'GSI
IMariner' at ranges 12-17 kIn. These signals are trans itb ry , usualily lasting
Iless than k second and occurring once each 12-15 s. lother IGSl Mat1ner'
lairgull ~rrky signal levels are plotted for ranges 62173 km bn 118 August
:1982. Ilwel noted. considerable variabilit.y in. airgun signalls [ '. from ~on.ger
ranges, as shown by these examples, and attribute ilt to the impqrtant
!influencfs I of water depth and bottom sediment p~operu~~ on Isound
I propagation. Aspect with respect to' the long axis of the a.irg~ array was
Iprobablyl a1 so a factor (Barger and H~blen 1980; Malme etl a1. 19i~Bl I

: Sounds from the sleeve exploders on 'Arctic Surveyor' ~rere: receiv:ed at
I I I . I . I I . i,nominal ranges of 8, 13, and 28 Ian in water 15-30 m dee~, hydropho1ne depth 9
1m. Figufe 118 includes the curve derived from multiple r~greSSiohl' ,nalY~iS of
the measured l,evels relative to range. The curve shows that thesorund levels
diminish~Iwith increasing range i~ two ways: by c~lindri9all spreiading
(lO*log(ra~e» and by a combination of absorption and scattering losses
amoUnti~ to 1.4 dB per kilometre. The latter linear tejrm is vb;ryl important
for. longer Irange sound transmission. Data not slx>wn here (seel :Grleene ;1982,
p. 338) revealed that the linear term was generally larg~r fOl~ siha]low depths

i ! I
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For example, for a 1000 Hz tone for, 'Geopoties X'
absorI>tion/scattefing loss term was· i 2.53 d~ per

and/or higJer frequencies.I ,
in water, 25 m deep, the
kilometr~·1

T:hel s~rongest continuous type of si~~l ~received dur;ing 1:he:,lprojec~ came
from hopperl dredge ' Geopotes X' underway.,'1;he~hip was lapparen'~,ly ope~ating
that season with a damaged prop~ller, which probably a~counts r~tor the, high

l.eve.1s.• IA~S..0 shown on Figu.re 1.8 .is thec~rv.,.e '..·.~o.nnectingi the ,me~.,is.u.red ~.eve1s
of sound fil'om crewboat 'biperial Adgo , operating over isha110~;1water (l8.5
m). Sourd 11eve1s from crew~o~t· 'Imperial ,Sarpik' and the: sound ih,oat 'Sequel'
were similar. These were among the quiet~st industriial nois~s recorded.
. I' . , '.' , Itl
~ly 'iArCUC Sounder', anchored and running only its e1e~tric: generator, was
quieter. I Other boat and ship ;s~und levels" including tho;se from;i:supplYboats
and othe,r IdredgeS underway, fell between the levels f<;>r 'Geq~otes X' and
'Impedal jdgO'. .' . .'" .. ; ,t

TheI s9und levels near· dri1l,ship 'Explorer II' whqe drili~ng are also
prese~tea ~n Figure 18. The sounds near conical drilling unit '>~l:llluk' while
drUli,nglwlere stronger by 10-15 dB, bllt sounds from! 'Exp10rr,er I 'while
loggiJqgweie 5-10. dB weaker•.~ Sounds from~erk caisson r:etained,ltisland while
drilli'ngl w~re on the same order as sounds from 'Explorer II'. >':In all I these
cases,somT of the sounds, p;robab1y came. from ,ancillary: vessels,1 nearby:, and
s9me of !the differences may have,' been attributable to tne vadalille tYPE7sand
activities 10f those vessels., '.' '.' ,'l '

The! rrceived levels for sounds from ~ransfer drepges '~uarius:' and
'Beaver ¥a<tkenzie' are graphed on Figure 18. Sounds from; hopper ~Idredges like
'Cornelis Zane,n' picking up a load were received at sotjlewhat Higher levels
(by a.boJt 5 dB) than the :sounds from 'Aquarius'at co~para:ble:r'ranges~ We
attributbd the higher levels" from' hopper dredges to the contr:iJbutions from

, '.. . . . I 'I" . '
the propulsion machinery. ,~Beaver Mackenzie.'in 1983 was 'significantly

, I . ' 'I, i

quieter fhan it had been in 198~81. .' "",.

Belpw I the industria1s0t+nd 1evels~n Figure 18 ~e hclve!l, plotted the
median of the ambient noise levels measured during the 1984 SE!aS:OIl (excluding
measurembnts near industrial sites) and the expected 20-1000 £; band 'level
for' sea Ist~te zero. The 1980-84 median level . (99 dB) wis 1 dB :iess th~n the
expected· lkvel for Beaufort Wind .• Force 3 (Sea State 'firo). ifh'ese auibient
levels are Inot range dependent and are, therefore, plott'ed as ~traight lines
independbnt of range.' . '1

'])he s~und levels re~eive~ from overf1y~ng aircr~ft a.re 1
t

' not plotted
because they were not analyzed for range dependence. HowevElr,I,the received
levels canl be compared w;i.th . the plotted levels . for qther s~u~ces.' For
examp~e,I the maximum noise level below the Islander at; altitude 152 m was
117-123 eiB Iat a hydrophone 3 m ~eep; those levels are co~parable:~ito 'Imperial
Adgo , atl range 0.2 km and to drillship sounds at ranges near 4 km. Levels of
aircraft nbise decreased with increasit:tgair~raft altitude a«~ increasing
hydrophore Idepth. At depth 9,m.Twin Otter-and Islander :sounds Itrom altitude
457 mI wTre, 101-106 dB, or just above the 1984 median *mbient tl~oise level.
These .lejvefs are averages for the 4 s when th~ aircraft !sound ~as strongest.
The maximum level was received for only a few seconds. .ll .I .
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0.634 t n = 5.

= 0.892 t 'n = 6.

se = 2.27 dB t r 2 =

2se = 1.06 dB t r

[.
Sound levels from caissQRP.retained is1andsJ-at Kadluk and Tarsiut are not

~~if("~tf:,4'~;~,,~,~i~" , '.t"t -, .. ~i, ::, v.

plotted on Figure 18 t but 'l1arsiut levels were 'generally similar to levels
from drillship 'Explorer II'lt CRr drillingt and dredge 'Beaver Mackenzie' in
1980-81. Kadluk sound levels were also about the same.

I
The following are the fitted equations for received level in the 20-

1000 Hz band (dB//l pPa) vs.!range (km) for three industrial sound sources in
the shallow Beaufort Sea. Cylindrical spreading (10*10g R) was forced.

!
Drillship 'Explorer II' drilling:

I
RL = 128.4 - 0.985*R - l0ilOg(R)

Hopper dredge 'Geopotes X' underway:
! .

RL = 143.9 - 0.916*R - 10~10g(R)
:

surface. For the
indus trial sound
ef feet is most

Dredge 'Beaver Mackenzie' dr~dging (at Alerk):
1

RL = 127.1 - 1.197*R - 101log(R) se = 1.57 dB t r 2 = 0.847 t n = 6.

For dredge 'Aquarius' d~edging at Nerlerk (depth 46-60 m) t we derived an
equation for received level lin the 20-500 Hz band (dB/ /1 pPa) as a function
of both range in km and, hydrophone depth in m (from Greene 1984 t p. 293):

RL = 119.9 - 0.42*R - 1.~J*D - 10.8*log(R) + 29~6*10g(D)
se = 2.1 dB t r 1= O.96 t n = 21.

i

I
We can make several summ\ary statements about industrial sounds in the

Beaufort Sea:

1. Sounds from an a:ircraft overhead diminish in strength wi th
increasing receiver \ depth.. Sounds from an aircraft not directly
overhead increase in strength with increasing receiver depth. Low
flying aircraft indJce stronger peak levels of sound underwater than
do high flying airbraft. The peak levels of aircraft sound are
short-lived t especiklly when the aircraft is low. Sounds from
passing aircraft ark audible longer in shallow water than in deep
water. I

2. Sounds from underwat,er sources are weaker near the
I

low frequencies (~100-200 Hz) dominating the
Isources that we studied t this shallow depth

noticeable within 9 ~m below the surface.

3. The impulsive soundls from distant seismic surveys can travel via
both water and bot tdm paths. In shallow water t the waterborne sound
reaching ranges ofl several kilometres or more is limited to
frequencies above about 100 HZ t and sometimes to even higher

Ifrequencies. GenerallYt the summation of multiple reflections over
a long path leads to the appearance of higher frequencies first t
followed by decreasibg frequencies t in the waterborne sound. Longer
distances mean more [multiPaths and t hence t a longer-lasting signal.
Sound may also travel via bottom paths t bending upward and
reflecting at the a[rface many times ort its way to the receiver.

"
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Loiw frequencies travel via these bottom path\3 and generally the
liwest frequencies ar~ive firs~, fol~owed by inc,reasilng;:j4requencies.

Sounds from offshore: sites generally include !:!oundl; from numerous
sJpport vessels--supp:ly boats, tugs,' crane barges; cmallqamp barges.
Dhlllng vessels are 'also sometimes protected~y icebr~akers. The
s~unds from these' ve~$els are an int.egral part of thellqoise fields
around the offshore sites, but these sounds can be higlilly variable,

I , " ,",' " r, . ,
depending on activiti¢s. . .' I:; , '

I . , , ! I ~ ,
Ambient noise levels in the Beaufort Sea vary from bel;ow the levels

I ' " , ' I I ~ I ' :

e~pected for seastaFe zero (deep water) to above le~~ls expected
for Beaufort Wind Force 8. The median level I for the i '20-1000 Hz
b~nd" excluding mea,'su~ements nea,r industrial sHies, ~~as'!~.9, dB.:, This
is equivalent to ,the: expected level for Beaufort Windllrorce~. It
should be noted that ineasurements were generall~ IlOt made' during bad
w~ather, . either fr~m' the soundboaFor the airplane, I~a:nd th~ true
median level would be higher. ' .1' I

, ,. ' I
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:. . ~~s section summarizes jseasonal and year-to-year Itrends l~~ the Summer
dis:tribution ;of bowheads: during 1980-84. . It identifies locations where
bowhe~d~ tended to concentrate,. document$ ,the . lo~atiOl1S Iii pf offshore
ind:us~rial operations within the summering area, and discusses Iwhether any
yea:r·-pofyear ;changes in distt'ibution are attributable ! tooi~ IllexPloration.
Sig:ht~n~s lof bowheads dUring., ,al.l ,studies i.n"th.e ',Cana?i. an Bel~~fort S.'ea in
mid.-1atr s~mmer of 1980-1984 ~re mapped by 10-d period. pther' map:~ show sites
of ;o~fsho~e drilling, dredglrtg,boat and helicopter traffic, +fii:sm~clines,
an~ iicel c9nd1tions. The'mai;n industrial area' is off I the MafFenZ1eDelta,
and ilncfl.udes island construction, drilling, dredging, and iDlte~live boat and
helliCbpt

l

1

eri traffic. Seism~ce~PlorationoccuJ;'s over a wi~er I3lre~.1

I :In Ip80, bowheads were. more numerous close to i shore Ii~han in the
sUbse~uTnti four years. Some w;ere <5 km from an island c;onstruc~,~~n op~ration

off the central Mackenzie Delta. By late August,: very 'large numbers
(pt;o~ab~y Iwell over half the ,population) were widely i disl:ri~~ted off the
T~Kto:yaft~k Peninsula, many fn water <20m deep. Numbefs off FIle Delta were
somew""r <educed by Isee Augu. e, bue still bigh. In ~ 1981_, 'mos e bowheads
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remained farther offshore.,'iW~~~;i.~:f:ly Aug~"~H~,~~,~y moved south onto the outer
continental shelf off the 'MacKenzie Delta,' with lesser numbers off the Tuk
Peninsula. None were seen where whales were abundant in early August 1980. In
mid August the whales were widely distributed in waters )50 m deep, but there
was a concentration off the central Delta, with some whales (10 km from
industrial sites.

In 1982, most bowheads were far enough offshore or west to be outside
the main industrial area. In mid-late August, there were concentrations near
Herschel lsI and near the shelf break. In 1983, most bowheads again remained
outside the main industrial area. In early August, bowheads were found far
off the western Yukon, sometimes exposed to noise from distant seismic
exploration. In mid and late August, several hundred subadult bowheads were
along the Yukon coast, distant from industrial activity. ,Some bowheads were
near the edges of the industrial area in late Aug-early Sept. In 1984,
bowheads were somewhat more common in the main industrial area than in-r982
and 1983, although less so than in 1980 and 1981. Most of those in the
industrial area were around its periphery, not in the central part where
bowheads were abundant in 1980 and, to a lesser extent, 1981. From mid Aug to
early Sept, many were along the Yukon coast and along the edge of the turbid
Mackenzie River water in Mackenzie Bay.

Discussion.--From 1980 to .1982, bowhead distribution overlapped
, progressively less with the main industrial area. Peak numbers there in 1983

were slightly greater than in 1982, and there was some further increase in
1984. Most of those in the industrial area in 1983-84 were near its edges,
unlike the situation in 1980. Intense offshore industrial activity began
north of the Mackenzie Delta in 1976. Very limited data from 1976-79 indicate
that bowheads were numerous in the central part of the main industrial area
in August of 1976 and 1977 but not 1978 or 1979, i.e. in 3 of 5 years from
1976-80, and in 0 of 4 years from 1981-84. The reappearance of many whales
in 1980 makes it questionable whether the apparent trend toward reduced
utilization of the main industrial area was attributable to industrial
activi ty. However, offshore industrial activities have increased gradually
since 1976; industry may have begun to affect bowheads after 1980.

In 1980-84, seismic exploration occurred both within and beyond the main
industrial area. Bowheads were often seen in areas with seismic noise, and in
areas where whales had been exposed to seismic noise the preceding year.
Thus, we found no evidence that bowheads avoided areas of previous exposure
to seismic noise.

Bowhead distribution varied markedly from summer to summer. in the
feeding grounds of the Canadian Beaufort Sea. This variation occurred outside
as well as within the main industrial area. At present, it is not possible to
determine whether the scare! ty of bowheads in the central part of the main
industrial area ,in 1982-84 was related to industrial activities. Assumed
variation in food avallabili ty (zooplankton' concentrations) may also have
been involved. Zooplankton is probably controlled by oceanographic and
meteorological factors that vary seasonally and annually. Until the
influences of these natural factors on zooplankton and bowhead distribution
are understood, it may be impossible to determine whether any of the
variation in bowhead distribution is a result of industrial activities.
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INTRODUCTION

I
!
I
I

I

I
The main focus of this volume is a study of short-term ~ behavioral, I 'I

reactions of bowhead whales to offshore industrial activities. An observable
b~haviorfl I response provides, an immediate indicatio~, that I: whales: are
sens1t:iv~ tto the industrial activity. However, it is difficult I to determine
whetheir bdef behavioral reactions have any long-term negative consequences.

I I ' I,' , :
Lang ~et'f feactions might, in theory, include such intEfrrelatEfd factors as
increa1se? ~tress, reduced overall food intake during: the slfJ;D.1p.er feeding
season, r-e1uced reproductive success or surviva.l rate, apd di.sp;l~cement from
parts of the traditional range. Of these, the potential effect tQat might be
"I, 't '

detected most easily is diSplacement.
I I

The 1i teraturecontains 11 ttle quantitative informa'tion ablQut prolonged
displacemerlt of other spec1e~ of baleen whales by human a,ct~vities. Gray
whales Jpp~rently were' displaced from a wintering lagodn whenl:'ship traffic

I I , ., " I ,

and otihef ~uman activities intensified, and returned several yeB;rslater when
ship traffic decreased (Gard 1974; Reeves 1977; Bryant et al. 1984). In. other
Ciises" lsu~gested displacements have not, been . demon~trated i' eonvin~ingly
(t"evieweICl IbY Richardson et a1. 1983b) • These possible i cases ii,qclude ,other
graywh~le l4ntering areas and migration routes (Rice 1?65; Ri~.~ and Wolman
1971; WoUson 1977; Dohl and Guess 1979), humpback WhalE! ~nter1ng and
feeding lar~as(Norris and :Reeves 1978; Jurasz and Juras2i 1979; :triMc 1979/80),
andwha~es: in areas of heavy ship traffic off Japan (Nlshiw~l,<.l and' Sasao
1977)~ Mo~tof these data are equivocal regarding whether I whales are
d'isPlac~d Iby industrial activities. However, it is clear that! whales often
r,eturn each year to areas where they have been hunted' or e~xpos:ed to heavy

, I I .-

vessel traffic. , '

I
I I

. By 1~80, when detailed studies . of Western Arcti~ bowh~ads in their
Canadian summering areas began, full-scale offshore oil exploration had been
underwa~ f;or 'some years. Drilling from artificial iSl~n~s inl~~ery shallow
qears\1o~e raters off the Mackenzie Delta began in 1972.i In 197~, drillships
began o~erating offshore,and -island-construction also e~tendedIoff shore into
waters whe1re bowheads occur. The intensity of offshore: industrial activity
has gen.bralllY increased since 1976. By 19'83 and 1984, jfive drillships, two
active drillling caissons, 5-6 suction and hopper dredge1s, 9,-10 helicopters,
3-4 sei1smic exploration boats, four industry-owned icebreakel's, about 10
supply 'hilps and many other support vessels 'were operating of~~hore in the
southeaste,rn Beaufort Sea (Fig. 1). I:

" I I .
, . Be10rle 1980, the only data about summer distrlbut~on of [lloWheads were

fromcofmercial whalers operating in the area around ~890-191h and recent
inC,ide,' ntall Si,ghtings. Those "records, showed that bOwhe fl,ds ,Jni~,:i:ate eastward
into thie Canadian Beaufort Sea in May and June, mai~ly along~ routes far
offshpre in the pack ice (Fraker 1979; Braham et ale 1980). Most'sightings in

I I '. ":' "early sum1l'/er were in western Amundsen Gulf and the ext~eme ea;stern part of
the Gan1adian Beaufort Sea -- east of the area of offshore oU' exploration
(Townse-bd 11935; Sergeant and Hoek 1974; Fraker et aU 197'8;1i Fraker 1979;
Fraker lan4 Bockstoce 198?). Some bowheads occurred as I far e~l1li: as western
Victoria lsland (1l8°W) 1n May-August (Sergeant and Hoek 1974; Hazard and
C~bbage 19

1

82).

I

, : I
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Aerial surveys provide the type of comprehensive information about
bowhead distribution that can be used to detect changes in distribution.
Systematic surveys of parts of the Beaufort Sea ~ere conducted in late summer
of 1980-84. Coverage was incomplete and variable, but provided a far more
detailed view of bo~head distribution and movements than was evident up to
1980. The surveys also showed major year to year differences in summer
distribution, and in number of bowheads. within the area of offshore oil
exploration (Renaud and Davis 1981; Davis et a1. 1982; Harwood and Ford 1983;
Harwood and Borstad 1984; McLaren and Davis 1985).

FIGURE 1. The eastern Beaufort Sea, study area for this project, showing the
main sites of offshore industrial activity in August and early September,
1980-84. Inset: Generalized pattern of seasonal mov.ement of the Western
Arctic population of bowhead whales.

During both the whaling era and the 1970's, the distribution of bowheads
seemed to spread gradually westward off the 'l'uktoyaktuk Peninsula, Mackenzie
Delta and Yukon coast in August (Townsend 1935; Sergeant and Hoek 1974;
Fraker et ale 1978). The westward trend was considered real although (1)
changing ice conditions were known to cause biases in detectabili ty, and (2)
most bowheads seen during August 1976-78 were oriented eastward (Fraker and
Bockstoce 1980). In September, bowheads moved westward between Cape Bathurst
(128°W) and the Alaska border (Sergeant and Hoek 1974), sometimes
concentrating near the Yukon coast (Fraker and Bockstoce 1980). The last
sightings in Canadian waters were in early October (Fraker and Bockstoce
1980) •
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Besiaes the systematic surveys, numerous other studies of b'0wheads have
been c<:mducted in the eastern Beaufort Sea since 1980. ,These fncluded' the
behaviorall hudy reported in this volume (1980-84), phot:ogralllllllle'tric st~dies
(1982-84), IAlaskan aerial, sur~eys that sometimes extended i~F~ Canadian
waiters 0980-84), and an attempt at radio-tagging (1980) ~ All these studies
included a~rial surveys or ireconnaissance; all bowhead si~~tings i were
recorded, a~th()ugh many of thrse distributional data w~re not I',~ncluded in
resulting. project reports. These non-systematic data incl~ded many locations
and perio/'dsIfor. which 00 systeu¥>ric survey coverage WaS o~t;Uoed~ '.1 :

, Tne tolUectives of this report are twofold:, '

1. Drlw together in a standardized way the available p~tilished and
unpublished information about bowhead distribut'ion in I:'rielation to

I • ,

intlustrial activities in the eastern Beaufort Sea duringl ~he summers
Of[1980 to 1984. : ; i

2. Assess whether there, are any consistent trends in!: ithe summer
di~tribution of bowheads during this period, and whether any such

I . iii: j

trends can be related to industrial activities. I, I

I ' I

For each 10-day period in' the late summers of 1980-84, we ~f~sent a map
of the aeri!al survey routes (systematic and non-systematic) and tlh'e sightings
of bowhehds. For each of the ·five years, we also include mnpsl, ~howing the
active dff~hore industrial sites, vessel and helicopter traf:fic, seismic
explorationl, and ice conditions. The very limited avail~ble datA i on bowhead
distrj~buho:n in the summeisof 1976-79 are also summarized. W~': ~hen assess
whet.he.r /thrre were any consistent .. trends in the sU~.'.er dis:~ribution of
b<;lwheads in recent years, and, whether the trends are rt71ated ~pl industrial
a.ctiVities.1 We use the term "main industrial area" to refer to the zone with
d.'J;illiLng! island cons truct io.;n , and intensive su.pport by I~~ssels; and

, 1 . ' 111 !

helicopters,. Some seismic exploration is in the main industrial area, but
seismilc terels often operate ~utside that z~ne. , ~: :

This analysis of possible medium- to long-term effects complements our
study ,ofl stlort-term behavioral: reactions to industrial activities I(Richardson
e~ d. t9~5~,b), and should be helpful in assessing ~hethl~r I?tfshore oil
explor,at1.on 1.n the Alaskan waters is likely to displace I bowheadI'I from parts
of:thelt· ~raditional Alaskan range. The present finAl report is 'self-

~~:::;~7dllei~~i~~Cl:::ssiotn~e ~:t~h~~d r~~~:~pr(::~~~;~s~:r~~in:ln.gf~e;;~ ~;:Z:)
I I'include more details for 1980-82 and for 1983, respectively, ~!J:!articularly

concerninglindustrial activities in those yearsfl ; ': 1 I

Thel ~carcity of information about natural factors a~~ecting the
distribufion of summering bowheads, or their zooplankton, prey', ~sl' recog..nized
as a ser~ous problem in attempting to interpret the data I, on bowhead

I I.· i I,
dJistribution. : Variables that could be important in' aff'ectiJng bowhead

di.'.'.st'ri.:bul~iJn., directly or throu.gh effects on. zooPlanktot;l.',. might.,'.•:.' I.i.nclud..•.'e the
var~able oilitflow from the Mackenzie River, the variable Iextent i'and location
of :the Mapkenzie plume, the, variable distribution of: ice, :'!i~d variable
hydrographic phenomena at the shelf break, ice edge and )elSe~lhere (Griffiths
and Buch!an~n 1982; Borstad 1984; LGL, ESL and ESSA 1984).1 Ongoirig land pianned
work to lad~ress these factors, will, when completed, be' important in under
standingl tae distribution of bowheads as documented below.
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HETHODS AND DATA SOURCES
:<~Eii~!WJ! Ji"': ,.,~';>~'.}~ttt~~

,o"'Bowhead Sightings

Information about bowhead distribution in the eastern Beaufort Sea is
available from early August to early or mid September of 1980-84, plus parts
of July in 1981 and 1984 (Table 1). We include maps of bowhead distribution
for four 10- or ll-day periods: 1-10, 11-21 and 22-31 August, and 1-10
September. A map for late July 1981 is also included. Almost all bowheads
seen in the area of intense industrial activity off the Mackenzie Delta were
seen in these periods. Our study area was the Canadian Beaufort Sea from Cape
Bathurst (l2rW) to the Alaska border (l41°W), and north to nON (Fig. 1).
The map for each 10-d period shows all flight lines and bowhead sightings
within the study area during the studies listed in Table 1.

Field procedures during the various surveys are described in the
reports cited in Table 1. During almost all surveys, Very Low Frequency (VLF)
navigation systems were used to determine flight routes and sighting
locations. Many flights were not systematic surveys with defined transect
widths. Hence, we mapped all sightings, whether or not they were classified
as on- or off-transect in the original reports. Symbols of progressively
increasing prominence are used to show sightings of 1-3, 4-7, 8-15, 16-30 or
31-80 bowheads. When two or more sightings were so close together that their
symbols overlapped broadly, only the larger of the two symbols was shown.
This procedure reflects the fact that some whales undoubtedly were seen more
than once during single 10-d periods.

The map for each 10- or 11-d period differentiates sightings and routes
during the first 5 days from those during the next 5 or6 days. In some 10-d
periods, there were so many aerial surveys in certain areas that it was
impractical to show every flight line. these 'intensive coverage areas' are
demarcated with a heavy line. Within these areas only the bowhead sightings,
not the flight routes, are shown.

We emphasize that the non-systematic surveys provide only a qualitative
indication of the relative abundance of bowheads in different areas, and must
be interpreted with caution. Survey procedures differed among projects, and
detectabUity of whales was better during some flights than others. Survey
effort in different parts of the study area ranged from nil to intensive, and
non-systematic surveys tended to be concentrated in areas with many.
bowheads. Some whales are undoubtedly mapped more than once in a 10-d period,
especially in area~.where there was much coverage •

Offshore Industrial Sites and Vessel Movements

For each year from 1980 to 1984, we mapped the offshore locations where
industrial activities "'ere concentrated in the 1 August to 10 September
period. The main site-specific activities were dredging, island construction
or maintenance, drilling from drl1lships or islands, and island clean-up.
These activities are shown by various symbol types. Construction of
underwater berms and of islands were not differentiated. Offshore sites were
mapped even if active for only a few days.



. Table:l. sYsteinatiCam·mil-1lySteiiiadC aenalc6UIV~ofbaWlea:l·~esiIltre·Canaii~8ea1foit·sea,15July-to 20 Septaober.of .19lD.to_19Wi•..&lIveyeffurt.. i.s..sur
marlzaLinteImsof ~,days_ofsuxv.eying;!,~ of of.f.~ll)re fl.:ightl; U!.' bours Of s\UV~; k1B; kilauetteS Of stra:i.ght-l.ini transects. .

·--------- 19lD. ____- __1~l!l . 19& 1983 19Wi

Systallat:iC
surveys·

Behavior &
disllJrban::e

Alaskan
surveys
ex:teniing
into Canalad

Photogrcm
metric &
ottEr
studies

- JieDaJd & Davis (1981.)
-6Aug-4sept
- 7 d/6'l58 l<in
- 3 Slm/eys off

'l\Jk Pen "
(133° to 129"W)

- R1cl:JardlDn (198l)b
- 3-31 AugtB t
-16 f/l01 h
- Mlstly· N of Mack

Delta &'l\Jk Pen

- IJq;blai (l981)d
- 28 July-24 Oct
- 8 f/8rP
- ~tly off M«m;

sane off 'l\Jk

- Jbbbs& QlEbel (l9ll2)
- 21 July"12 Sept

- 13 f/13 ""
- Mlstly off 'fuk

Pen & Co Bathurst

- Davis ec ale (19&)
.,. 18 July"14..Sept.
- 28 d/37,745 ~
- 4 suxv.eys. J¥..
. border to Imuni Mf
(1~0:"141° to 117"-126°)

- RfclpgdSln (l98Z)b
- 27 Jul~ sePt
- 27. d/32 ..f/117h
- ~stly Nof M3Ck

Delta & M«m

. - LjUJglilildet at. (l981)Ci
- 15 Aug-20 Sept
- 10£/10 d
- Mlstly off Yukon

- pu:t of DaIiis et al.
(19&); see ab<we

- I!an!oal & fum (1983)
- 18Au:g:'13SePt
- 9 d/1442 1<m
- 2 Slm/eys, g. bolder to
. Co Dalhousie

(140°-141° to 129°-130"W)

- Rfclpgds>n (l983)b
- 1-31 AugtBt
~ .l9d/27 f/122 h
- Widespread off

Delta &. M«m

- IJmgblad eI: ai. (l983)ll
- 2 Aug-15 Oct
- 16f/16 rP
- Mls tly off W YI.Jkon

.,. Davis ec ai. (l9lB)
.,. 12 Aug-5 sept
- 15 d/72+ h!>6781 1<m
- AK bolder to Co

patry (141 °.,-125°)

- H:Iaren & Davis (1985)
- 19 Aug-11 Sept
- 9 di7045 -1<m .
- 2 suxv.eys, AK bolder

to Co Dalrousie
(141° to 129"W)

- Richlmilbn (198\ j»
- 1 Aug-l Sept
-18d/28 f/114 h
-Mostly N of ~k

Delta & Yukon

- IJmgblad et ale
(l98\a.b. u:qdJl.c)d

- 2 Aug-5 Oct
- 29 f/23 rP
- Mlstly off WYukon

- 01b1Bge et al. (198\)
-' 7 Aug-6 Sept
- 24 f
-' AK bolder to Imu1d

Wlf (141°-122")

- Bmioai & Iomtal (19Wt)
- 18 Aug-18 sept8
-' it> dl1 f,ff(fiQiia"
- 2 surveysa, AI< bolder

to Fracklin Bay
(141" to 126"W)

- Richlmilbn (this wl.)b
- 1 Aug-3 Sept
- 23 dl33 f/14O h
- W.1deSie8l;nx:h
. in Mack Bay

- I;lmgblad (1IlpdJl..)c,d
- 17 July-a Oct
- 24 ft21 rP
- ~tly off WYukon

- Davis et al. (in P:Ep.)
- 14 Aug-14 sept
- 23 d/9Or h
- AI< bOlder. to FraDklin

Bay. (141 °"'1260)

- lbroon FraIler & FralIer
(1981)

- 24 July--9 Aug
- 3 f/3 d

·--:"Nc)f nllta near--·
Iss~

- --------- ----~._---_._- - -- ..

- D. Iugb. (U.s. lilt. !far.
MaID. Lab.)C

-13-11 Aug
-4 d/4 f

_.- _.- .. - .. --AI<-bolder-to-CO---
Bathw:st (141°-128°)

t::1....
Ul

- a81IW:XXl~aId';BorSta:l:;H98!1.):;iil8>:;s.iiJj.iji1ze:;fuUi'-'-JulY';surveys;(5:-JUlY-;-2:AlJg1:st:;:1981J.•"~12.;.d;;:apprQK •.:Ji,OO;km):;of:ttE:~~bOIrler~to;J~~;;Ba_tlurstarell:;:'<-1o~-!llldesn~.- __~ ~~_ ....-:- __
·-139°~r41°-fi)128°;;;131"W).· . _ ".. .... . .. _.- -----~ ~.~_~==-:::.&__-~':n~

b DLstribUt:l.cinal·diita <ilitaiIiai during the behavioral study have ncit been presented in detail elsewre. t:: "-
C Unpublished distribut:iDnal data are mappal !Ere~ the cooperation of tre investigators cited above. ~

d Fligh~~t_ex.~~~~.of .1~~~~:. ~llli~era:l ~r~._. "._ g
e Flights after 20 SeptaDber not COUllted. . -_. ... c. - _.- -- ....--.

f Exclu:les flights al8> mapped by Ljwgblad (1981). ~
g Incluies coverage in Jinunisen QJ1f as well as Beaufort Sea~~. N

- -- - _.• -- ,- - ,- - ,- _.- - - - -
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For 1 August to 10 Sept'ember in each of '1980 to 1984, the approximate
number of vessel trips along each route is shown by line thickness. We
included supply and crew boats, tug/barge trains, dredges, icebreakers, and
drillships moving between sites. Seismic, sounding and scientific research
vessels were excluded. The infortnation came from records kindly made
available' by the oil companies and other vessel operators (see
Acknowledgments). All major offshore operators allowed us to use their
records. The maps do not record every vessel movement, and the mapped routes
are approximations. Data for 1982-84 were more complete than those for
1980-81. However, the maps are indicative of the relative amounts of traffic
in various offshore areas and periods. The vessel maps in this report include
the entire 1 Aug-10 Sept period. For vessel traffic by 10-d periods in
1980-83, see Richardson et al. (1983a, 1984a).

For 1976 to 1979, we mapped the offshore sites that were active in the 1
August to 10 September period. On those maps, we indicate the routes that we
know or believe were used by vessels. However, we did not attempt to
determine how many vessels travelled along each route in 1976-79.

Seismic Exploration and Sounding

A third type of map shows the lines along which seismic vessels operated
in the 1 August to 10 September periods of 1980 to 1984. Noise impulses
emitted by seismic vessels are the most intense sounds routinely introduced
into the sea by the oil industry (Richardson et al. 1983b, 1985b; Greene
1985). Surveys by three types of vessels are distinguished: Solid lines
depict geophysical surveys shot by vessels using large arrays of airguns.
Dashed lines depict surveys by the 'Arctic 'Surveyor', a vessel with an array
of 12 sleeve exploders (1980-81) or 12 open bottom gas guns (1982-84). Dotted
lines show surveys by 'Canmar Teal', a vessel using a small array of

.airguns. Sounding and other activities involving single airguns and other
low-energy sources are not mapped here. The characteristics of the noise
sources and of the resulting sounds are summarized· by Greene (1982-85) and
Richardson et al. (l985b). For locations of the 1980-83 seismic surveys by
10-d periods, and for locations of 'low-energy sounding operations, see
Richardson et al. (l983a, 1984a).

The locations of seismic lines. were kindly provided by Geophysical
Service Inc., Western Geophysical Inc., Dome Petroleum Ltd., Esso Resources
Canada Ltd., and Gulf Canada Resources Inc. Supplementary information was
obtained from our sightings of seismic vessels at sea (Richardson et al.
1985b). Some seismic lines in the Alaskan Beaufort Sea extended east to 141°W
longitude, the nominal western edge of our study area, and some extended a
few kilometres farther east. These seismic lines are close to the western
edge of our maps, and we did not attempt .to include them. Seismic' lines that
crossed 141°W but also extended far to the east are included.

Helicopter Movements

A fourth type of map presented for each of 1981 to 1984 shows the
offshore industrial sites (as on the vessel traffic map) plus the number of
helicopter trips along each offshore route. The information was obtained from
Dome, Esso and Gulf records, and included data for helicopters chartered by
those oil companies. No other operators fly helicopters over the eastern



I!

Dish~bution 264
1:1: 1

! II I'

Beau,fo'tt Sea on a routine basis. However, a few singl~-eng:Ln~~1helicopters
occasionally travel offshore; we have not attempted to map their I~bvements.

I I· . ' !: ,
No adequate records of helicopter traffic in 1980 were avail1able, and no

I I .. . . I fl I

ID1~P was prepared for that year. In 1980, as in other; years ',: ,helicopters
undoubi:e4lyl travelled from Tuktoyaktuk to all of the ma~ped of~~rore sites,
as well as between some pairs of offshore sites. . :: I •

I I . '. ,j i
Offshore flights by fixed~wing aircraft are excluded; from thelhelicopter

traffiC ;ma~s. Whale survey flights are mapped on the: whale 'Id;istribution
maps,. Mo~t Icommercial and ice reconnaissance flights ar~ at al~iltudesabove
457 m .(1500 ft), and thus are too high to affect whales' signifiil:antly (cf.

I I ! I'll -Richardson et al. 1985a, b). . ~

-Ice Conditions ~ I

I I~l '
Ice conditions in early August and early Septemger of 1,~980-84 are

mapped,. The!se maps show the areas with over 1% cover and! over 80%!cover. The
maps arJ based on Weekly Composite Charts compiled !by Icell !Forecasting
centra.l, IE~vironment Canada. Th.·eir maps are based o.n s4tellit~ jPhotogr.·aphs
and ice reconnaissance flights. Locations of pack ice ~ometim~~ ichanged by
many kiilome1tres within a few hours. Thus, the generalizedl maps; presented here

I I I I ,. '

prb"ldde onl,y a rough indication. of ice cover. '~ !

RESULTS
i:

~owh~ad Distribution and Industrial Activities in 1980 (Fig.: 2-9)

I I .I '1 i

lndnst'risl IAct~V~tie•• 1980 . ;1
Trhe general level of indpstrial activity in 1980 ~as sli~h!tlY greater

than i.n 19176-79 but lower than in 1981-84. Esso ResouI1ces Can~da Ltd. and
Doin~ Pet,roleum Ltd. were the only two oil companies o~erat:lng'I~ffshore in

1980. I. ~ H:
~11 drilling during the 1980 study period was jfrom t?~I. four Dome

dril1s~ips,1 which were at four sites north of the Mackenz'ie DE!lta :for most or
all of th~ 1 Aug-10 Sept p~riod (Fig.' 6). The' one ~uctlon:' ~redge that
operated oUshore built or improved artificial islands at Issungnak (27 Jul 
24 Aug; depth 18 m) and later Alerk (25 Aug-Oct; depth:13 m; F~ig. 6). Most

:' I _ ~ -' ! • ~ I
vessel mOVilements were in support of these. drilling and island building
activitiFs in the central part of the study area. Howeve~, thE!rel!J.ere several
s~pply trips to points farther east and west (Fig. 6).: I I

I I
. ,

, ! i
. . I Ii' ,

At least five twin-engine turbine helicopters were used offshore in 1980
--~~wer Ithfn in 1981-84 (Table 2). Details concerning routes ~~I:i number of
fiig.htis were not available. However, most flights. were! from Ttik:toyaktuk to

, I . "HI
the offshore sites shown on Fig. 6, with lesser numbers lof trips I(a) between
thosesi1jteJ and (b) between McKinley Bay (Fig. 1) and th~ drills~ips. :Iii~ :

Seismic exploration occur~ed off the eastern part of the MidRenzieiDelta
and. mucH 9f the TuktoyaktukPeninsula throughout the 1i Aug-·10; 1,:~ePt period.
Seismic !occurred northwest of the Delta in mid and late August; " and far to. "

,
it
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Table 2. Number of. helicopters operating offshore from
Tuktoyaktui(~~~ii~·!t>:behalf bf ,'!')tlWi$~~oil industry in the
summers of 1980-84.

'I
:1
I

Type of Helicopter

Light twin (AS-355, BO-105)
Medium twin (B212, B412, S76)
Large twin (AS-332, B214ST, S61)

1980 1981

o 0
4+ 6+
1 1

1982 1983

1 2
5+ 5

2-3 3

1984

2
4

2-3

Bowhead Distribution, 1980

the east off Cape Bathurst in early Sept (Fig. 8). There was additional
seismic exploration at unknown locations and times dUring the summer of 1980.

In mid August 1980, bowheads were still numerous near Issungnak, but
inany appeared farther east off the Tuk Peninsula around 14 August (Fig. 3).
During flights on 19, 20 and 21 August, Hobbs and Goebel (1982) saw 114, 157
and 245 bowheads, mostly in shallow waters off the Tuk Peninsula. Many whales
were feeding in waters as shallow as 10m (WUrsig et ale 1982). Aerial

The whereabouts of the bowheads during late July 1980 is not known. None
were seen during an intensive but restricted survey north of the Delta around
Issungnak on 24 July (Norton Fraker and Fraker 1981). There were no definite
sightings during the four flights elsewhere in the study area (Ljungblad
1981; Hobbs and Goebel 1982).

8-9108+7+5+Total

Many bowheads moved into the area of heavies t industrial activity in
early August. Seismic exploration was occurring both north of Issungnak and
off the Tuk Peninsula. Besides traffic in support of the cons truction
operation at Issungnak, vessel and helicopter traffic to at least 3 of the 4
drillships passed through the area where bowheads were concentrated (Fig. 2
vs. 6).

In early August 1980, many bowheads moved into shallow water north of ·the
Delta (Fig. 2). From 2 August onward, aerial surveyors and industry personnel
saw many bowheads wi thin 5 km and a few within 1 km from the suet ion. dredge
and support vessels at Issungnak (Norton Fraker and Fraker 1981 ; Richardson
et al. 1985a,b). The whales were socializing, diving, and feeding in this
area. There were few bowheads off the Tuk Peninsula in early August (Renaud
and Davis 1981; Fig. 2).

Many bowheads occurred close to shore off the eastern Mackenzie Delta
'and western Tuk Peninsula in August 1980 (Figs. 2-4) .... -more so than in

1981-84. Survey coverage of the more remote areas was not comprehensive in
1980. Hence, large scale movements of the whales in 1980 are not well
documented. There was almost no ice in the areas surveyed during August, but
ice moved closer to shore in early September (Fig. 9).
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covet'a~e el?ewhere in the study area was virtually nil,) but o~slerv!,!rs: who
were at KjLng Point, Yukon coast, from 16 Aug to 13 Sept s~w onlYj lqne bowhead
throu,ghout that period, on 18 Aug (Wtirsig et 811. 1982).: '

I I ,. :
During mid August, isla~d construction and frequ~nt ve~Fel tr<jlffic

continuedl a~ound Issungnak; industrial activity was much ~ess :lnt,ense off the
Tuk Peqinsula(Fig. 6). One or two seismic boats worked ri.orth ofJfuktoyaktuk
032045'-1133040'). Some whales were exposed to strong n:oise puil.ses fr,om a
seismic ves~el as close as 8-13 km away on 20-21 Aug ~ (Richardson et 811.

1985a'b)'j, : :I, •

During late August 1980, very large numbers of bowheads ~~reloff the Tuk
pen."in,sU,lal; ?en,sities near Issu~gnak were reduced from thO,:se in iTar,ly AU,.gust
(Fig. 4). Renaud and Davis (1981) estimated that 755 bowheads were off the
Tuik Peninsulla within the 50 m contour on 21-24 Aug, with no allowanc~ for
mi'ssed .w~al~s. More whales appeared to be moving east than west,1 and numbers
were si9riticantly higher off the west than the eas~ part! of the; Tuk
Penins\!ll~ (Fig. 4, inset). Many bowheads were feeding at lor near; the surface
off the 'Eukl Peninsula; others were ,socializing (W'ursig etj 811. 19~2). The! size
of, this I c?ncentration was unique in the 5 years of study.I' Based on
conserva~iv\! correction factors for missed whales at and be1OWl the su~face

(Davis et a~. 1982), >50% of the Western Arctic bowhead p9pulation apparently
was In Ithe shallow. waters «50 m), off the Tuk PeninsulaH, Indus,trial
activities Iwere similar to those in mid August. Numerous whales were near
Alerk, w~ere there was dredging and seismic exploration,: but th+! majori:ty of
thosesejen were farther north and east where there was lLes~ industrial
activi.ty.

H• bJ d (' ) . ..1,o uS an Goebel 1982 found no bowheads faroffs~ore dur!ing a flight
northetist to Banks Island on 31 Aug, but 12 were seen in ~ateI' a~out 50-250 m
deep Offl tile Yukon on 22 Aug (Fig. 4). It is not known ~ethE!r powheads were
present ?ff1the. Yukon coast ea,rlier in August. No bowhe~ds ~r~1 seen in the
Alas,kan Beaufort Sea in July or August 1980 (Ljungblad 1961). :

I I , "., . i, :1
DUrin~ early September 1980, bowhead numbers off the Tuk P~ninsula were

a1;>out 1/13 fhose in late August, and all were in water iat lea~lt ·25 m deep
(Fig. 5Ivs\. 4, insets). ~st. were oriented southwest pr Wl!st,1 (Renaud and
Davis 198Q. Bowheads were still present far off the Tuk !Peninsu,la on 12 Sept
(Fi~. ,5;1 ¥obbs and Goebel 1982). None were seen dur~ng surVeys off the
Mackenzil! IDelta in early Sept, and only one was r~port,ed II by industry
personnel at Issungnak. Bowheads were present farther :west, near Herschel
tsl8,nd" fn learly Sept (Fig. 6). 'Observers on Herschel lsI sawr bRwheadsabout
5 km 'offsHore on 3-11 Sept; none were seen 19 Aug-2 ~ept 0Wrsig et 811.
1982). The Ilast September coverage was on 16 Sept, when Ljungblad (1981) saw
three botmeads just east of Herschel Island. . ; II '

I I ' , . . d
, ,1'1osf bowheads seen in early September were dist;ant fr~r industrial

activitYt However, a few off the eastern Tuk Peninsul'11 were Irear seismic
lines (Flgl 5,8). ii'

In thr Alaskan Beaufort Sea, the first autumn sighting wfs on 4 Sept
east of Barter Island (Ljungblad 1981). Bowheads becam~ numetous there by
14 Sept, ahd the last sighting in the Alaskan Beaufort ~as a p'ilot's report
on 17 Octl On 21 and 24 Oct, Ljungblad found no bowheadsl n~ar Herschel
Island. I '
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Bowhead Distribution and Industrial Activities in 1981 (Fig. 10-18)
~~i~'.~~~' : ~",'" .;J~

Industrial Activities, 1981·

The level of industrial activi ties, especially dredging, increased in
1981. Four dredges worked offshore, including the first two hopper dredges to
operate in the study area. The hopper dredges loaded at Herschel lsI, South
Tarsiut, Ukalerk and Banks lsI, and brought material to berm construction
sites at Tarslut (23 m deep) and Uviluk (31 m; Fig. 15). One suction dredge
alternated between two island construction sites NW and north of Tuktoyaktuk,
Itiyok and Alerk, from 20 July to 6 Sept (Fig. 15). Another dredged at South
Tarsiut until 12 Aug; barges hauled the material to Tarsiut (Fig. 15).

I
I
I

I
I
I
I

12"

71"

I

: I

I ', I
I I I
, I 4 I

I : : '

: I : :
, I I '

70- : : :
, I I, ' ,
, ' '". I,

.rr(:·,' ,.'<. 'tY:~::>';::, •.
I,,,

...
69"

Yukon

'40"

I

I

I

I

I

I

I

I

I I,
I,

4
I

I

I I I

: ' I I
I I I I

I I I I

: : : I
, , I,,,,

I I I of'
I I I '
I I I I

I I I I

I I I ,

I I I, ,,

132"

."....

...... '

.' .. '

.' .,.......

71"

FIG.IO 80whead sightings.22-31 July 'al.
Na. at bowheads 22·26,July 27·31 July

1·3 4 •

4·7 • •
8-15 •

16·30 •

31-80 A 0
Surveys ------ ---
EXIra coverage 18J9.21 July. • . • ••

I
I
I

I

All drilling during the 1981 study period was from four drillships
working at five drillsites. Drilling at Issungnak island ended before 1 Aug,
but the island was still occupied and serviced by vessels and helicopters
during August.

Most vessel traffic was in support of island building or drilling. The
oil industry used over 30 supply boats, tugs and other vessels, including one
icebreaker. Vessel traffic occurred over a wider area in 1981 than 1980,
partly because hopper dredges operated west to Herschel lsI and northeast to
Banks lsI, and partly to support the drlllship operating far to the east at
Kilanik (Fig. 15). There was additional traffic to the west because caissons
for Tarsiut were assembled at Herschel lsI in late summer.
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Helicopters travelled from Tuktoyaktuk to mostoffshor'e, industrial
sites~ a?d Ibetween ~any sites (Fig. 16). Because industri:al aeti~ftyextended
farthe1r west and east than in 1980, helicopters ranged more wlde~y in 1981.

I I " II' ,
rihrre high-energy seismic, ships were present in 198~. TheYlloperated off

the Ma1ckenzie Delta and Yukon coast in late July; off the Mac:kenzie Delta in
, I I . , "" I II

early August; from the Delta to Cape Bathurst in mid and ilate August; and off
Tuktoy,aktu!J, the Delta. and the western Yukon in early ISeptemtier (Fig. 17;

I I . ' .' . ' I II
See Richardsonet al. 1983a for data by 10-d period). Some additional seismic
lines 'nof4n Fig. 17 apparently were also shot in August 1981.I!Furthermore,
at least six vessels performed low-energy sounding off the~ Delta and Tuk
P~ni:nsul~ iln 1981.' ~ '!

! I :
Bo~headpi~tribution, 1981

, 1 ,I '
'. lJ.arre scale features. of ~owhead distribution are b~tter do1cumented for

1981 than for 1980. Four systematic surveys of most jof the! southeastern
Beaufort! Sea were done betweert late July and early Sept!ember (Davis e:t al.
1982)., The I 19.81 coverage began earlier than f.n 1980, and exte1nded fa.rther
w~st andl offshore, of ten beyond the edge of thecontin~ntal S~~lf. In' some
period!s, c9verage also extended farther east. There were idear d,~fferences in
distri'bufi9n between the ,.two years, although cautious interpretation is
necessary Hecause of, the differ,ences in survey effort. I, 'I.

, I", , 'I
l,ce cover was extensive in western parts of the Canadian Beaufort Sea in

Aug 1981 bht not in Aug 1980' (Fig. 18 vs. 9). Surveys ioften ~x.tended well
into the p~ck ice in 1981bl.lt rarely did so in 1980. B9wheads I!were seen in
the ;Lee in August 1981; whether they were present there in August 1980 is
unknown. ' ;1'

,I '
In btfe July 1981, few bOViheadswere on the contine.qtal shelf wi thin the

e,a,'.st.ern BeaUfOi-. t Sea. An in,ten.sive s.urvey (19%.0 coverage)! of thel,te.• ntire shelf
o~ 18....251 Jttly detecte~ only six bowheads (N-S grid on Ffg. 10; IDavis et al.
1982). All!owing for whales between grid lines, below! the slffface, etc.,
roughly, !250 bowheads, ,were: tn that area. More whales were iIll ~undsen Gulf,
ft',om 127rW Ito 120 0 W (Davis 'et ale 1982).. However, the total E!stimate of 1250
wllales ~n fUnundsen Gulf and the surveyed areas of the ~aste:rnIlBeaufort Sea
accountefl ~or only 1/3 of the population, which is belieyed tt:o~e about 3871
whales (II.W.C. 1984). The majority were presumably in th~ Be~luf~rt Sea north
or west of Ithe, area surveyed by Davis et ale Limited no~-sysl:em,~tic coverage
of pa.ck Iige north of the 100 m contour conHrmed tha~ more ~owheads were
present far offshore (Fig. 10). There were no surveys ,of :the Alaskan Beaufort

I I "I Ii ' ,Sea at this time. Only the very few bowheads off the Yukon coast were near
indust.rikllactivities; noise from aseismic ship may hav~ rea.Ched t.hem.

, I" I ! '
Duriing early August 1981, many bowheads moved in:to the i southeastern

Beaufortl Sea. There was a 'concentration of wha.les about: 125 km north of the
Mackenzir Delta, near the sou,thern edge of the pack ice ~nd alorig the edge of
the. epnt:in~ntal shelf (Fig. 11). One group of 30 plus many; I singles and
smaller ~oups were found in open water on the shelf, with others in pack ice
farth~r Jno!rth. Numbers off the Yukon and Alaska were lunknown!} Based on a
secqnd siysfematic survey, :an estimated· 2860 bowheads (with bro~d ·confidence
limits) were off the .Delta. and 400 more were off the Tuk Pen:lns,;l1a (Davis et
ale 19821). Numbers in Amundsen Gulf (l28°-11rW) were very loW' on 5-17 Aug --

I I
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about 225 as opposed to 1000 in late July. Bowheads arriving in the SE
Beaufort Sea during earlY\~H:gustprobablY indfUaed animals travelling west
from Amundsen Gulf and south'from the offshore pack ice.

In early Aug 1981, unlike 1980, few whales were in the area of offshore
drilling and island construction. However, some were not far north of the
industrial area. Some whales far north from the Delta were exposed to seismic
impulses on 5 Aug (Richardson et al. 1985a,b) and probably other dates.

In mid August 1981, the area of greatest known whale abundance was in
shallow waters off the Delta, mainly between the 20 and 50 m depth contours,
and off the eastern Yukon in slightly deeper water. Surveys did not extend
far north of the Delta in mid August, but results from early and late August
suggest that the whale concentration extended far offshore throughout
August. Coverage off the Tuk Peninsula was minimal in mid August, but on both
6-10 and 22-26 Aug there were widely scattered whales far offshore (Fig. 11,
13).

In mid-August 1981,. some groups of bowheads were <15 km from Issungnak
island and North Issungnak drillship (Fig. 12, 15). However, most of those
seen were north or west of the major industrial sites, contrary to results in
mid-Aug 1980.

In late August 1981, some bowheads were in shallow water off the
Mackenzie Delta, but most were widely distributed near and beyond the 100 m
contour (Fig. 13). On 19-29 Aug, about 580, 1500 and 840 bowheads were
estimated to be in the sampled parts of the Yukon, Delta and Tuk Peninsula
zones, respectively (total 2918· + s.e. 1015; Davisetal. 1982). There were
apparently fewer whales off the Delta and more far off the Tuk Peninsula than
during the 5-17·Aug survey, although confidence limits on all estimates were
broad. The number and distribution of bowheads north of the Tuk Peninsula in
late August 1981 were very different than in 1980 (Fig. 13 vs. 4). Excluding
correction factors, estimated numbers were 755 in 1980 and 150 in 1981.

In late August, bowheads occurred at least as far west as Herschel lsI
(Fig. 13). Observers on Herschel 181 from 23 Aug to 13 Sept first sighted
bowheads on 29 Aug (WUrsig et al. 1982).

In late August, most whales were near or beyond the shelf break, beyond
most industrial operations. However, some whales far off the Tuk Peninsula
were close to seismic lines (Fig. 13 vs. 17). On 24-26 August, the captain of
'GSI Mariner' saw groups of 2-4 bowheads an estimated 2-5 km from the ship
while it was shooting here. Whales in shallow water off the Delta were near
various industrial operations (Fig. 13). On 25 Aug, one group was only 6-8 km
from a seismic ship; behavior was not noticeably unusual (Richardson et aL
1985a,b).

In early September 1981, most Western Arctic bowheads were apparently
still in Canadian waters. Based on their incomplete fourth survey on 7-14
Sept, Davis et al. (1982) estimated that >2500~owheads were still present.
The whales were widely distributed from east of Cape Bathurst (126°W) to west
of Herschel Island. Off the Tuk Peninsula, many whales were closer to shore
than in late Aug~st (Fig. 13,14), contrary to the trend at this time in 1980
(Fig. 4,5). Bowheads seemed more numerous around Herschel lsI in early



II '.'II
fl i ,

D~st~ibution 274

II" ,
Sep tembe1j o,f 1981 than of 1980 (Fig. 14 vs. 5). Obse~ets on t~r: island saw
whales until 10 Sept, and Ljungblad et ale (1982) saw bowheads !just east of

141owonl12i17 Sept. , : :1: ,

Some ,hales off the western Tuk Peninsula and Delta in earily Sept we~e

p~obably Ie~posed to seismic impulses, and some we~e in ~he gen:~~al a~ea of
drilling and dr-edging. Whales ,just east of 141°W definitely were exposed to
seismic imPrlses (Ljungblad et a1. 1982). i '! .

Thelfifst autumn sight~ng off Alaska was on 7 Sept n~ar thelhlaska-~ukon
border. Few whales moved west of Barter Island (l43°W) :until about 28 Sept
(Ljungbl~d :et a1. 1982). Some bowheads were present east I to aar~kor Islahd as
late as 9 Oct. .

BowJea6 Distribution and Industrial Activities in 19~2 (~'ig~19-26)
'I,'. . I I

Indus trial ,Act!vities, 1982

The le1vel of industrial activities incoreased again in 19821 Two suction
and four hbpper dredges constructed artificial island!)! or !;ub'sea beryts at
five, Siites,! including Nerleork in wateor 45 m dE7ep. Hopper ~redgestlused several
borrow slites from Herschel lsI to Banks Isl~ but Ukalerk was used most
heavily !(Flg. 23). Drilling from Tarsiut caisson-retained isl~lnd continued
i~to eatijlyl August•. Testing extended into September, ~nd se~+ral support
vesselis were usually present in August. Four drillshi~s oper;ated at five
wellsiites (IFig~ 23). I
. ,I I , I!'Iihe area of frequent vessel and helicopter movements exten(ied less far
to the east and west but somewhat farther north in 1982 than ir 1981 (Fig.
23,24 vsl. t5,16). There was no drillship northeast of the TukllPeninsu,la in
1982, un~i~e 1981. There were again a few vessel trips ~est '~:o nerschel lsI,
but acti~i~y there was reduce? from 1981. Vessels went north fio Kenalooak,
t~e ,northmostsite yet drilLed in the eastern Beaufort (dso drilled in
1980). Mbr~ helicopters (8+) were in use in 1982 than in 'earner; years (Table

2). . I I . II . '
Seismic exploration by tT.fo high-energy vessels waS pr:lmarily off the

I I '., I 'I,Mackenzie Delta and Yukon coast. Another vessel using a small array of
• .' I • , 'I, '

airguns wOfked mainly off the Delta and north of TUk,toyaktu,~, (Fig. 25).
Relative to 1981, seismic exploration was more extensive i off the Yukon coast
,and. mucHi lbss' so off the Tuk Peninsula. It was extensi;ve off ltthe Delta in
both year-s.1 Low-energysounding was ddne from seven vesse'ls operating off the
Delta ana Jestern Tuk Peninsula. ! q
- . • I I I

Bowhe~d pi.s:tribution, 1982 ;1

I I
~owhead distribution and movements in 1982 differed from bloth 1980 and

'1981. THer~ was much ice off the Yukon coast in 1982, 'especi~hy after 16
Aug. HoJev~r, north of the Delta and Tuk Peninsula, th~ ic,l~ Jage was much
farther bft!shot:'e than in 1980 or 1981 (Fig. 26). 'I

II' .: 'I,
][n ea~lyAugust 1982, bowheads were seen far offshqre in qpen wat,er NW

of the Delta, and in pan ice far north and NW of Herschel Islartd (Fig. 19).
I I ' ~

Surveys off Alaska found bowheads west to Barter lsI 044 OW) in deep waterI .. ,
I
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and heavy ice (Ljungblad et a1. 1983) • Intenslve surveys within the main
industrial area a~d limited*~9veragefartherno~~h and east found no bowheads
(Fig. 19). Many whales off the Delta and off Alaska were travelling west. The
sighting closest to any active offshore site was 21 k.m north of Tarsiut.
However, there was seismic exploration in this area, and on one day seismic
noise was measured near whales (Richardson et ale 1985a,b).

Distribution in early August was very different in 1982 than in 1980,
when there were many whales in the shallow waters of the industrial area.
Distributions in 1981 and 1982 were more similar, but in 1981 whales were
more widespread On the outer shelf and shelf break, and most seemed to be
travelling south, not west.

In mid August 1982, bowheads were concentrated off Herschel lsI, with
many more distributed at lower densities farther offshore from the Yukon
(Fig. 20). Most were close to or in pan ice; most either dove for long
periods with little travelling, or remained quiescent at the surface (WUrsig
et a1. 1983). Bowheads were common west to Barter lsI, Alaska (Ljungblad et
ale 1983). The only sightings in the main industrial area were of two whales
south of Tarsiut. Limited coverage north of the industrial area found few
whales, and the only ones found to the east were near Cape Bathurst (Fig.
20). Whether there were bowheads near the shelf break north and northeast of
the industrial area is unknown. Few whales were in water (50 m deep; those
close to Herschel lsI and Cape Bathurst were in areas where deep water occurs
near shore.

Although very few bowheads were in the main industrial area, those near
Herschel lsI were exposed to seismic impulses. Noise pulses up to 133 dB//l
pPa (up to 40 dB above ambient) were recorded near whales on 16 and 18 Aug
(Richardson et al. 1985a,b).

Distributions were very different in mid August 1980, 1981 and 1982. In
1980, whales were abundant in shallow water off the eastern Delta and western
Tuk Peninsula. In 1981 they were not found there, but were widespread farther
to the W, N and possibly NE. In 1982, they were most abundant off Herschel
lsI.

In late August 1982, there were still bowheads off Herschel lsI, but
others were distributed far offshore from west of Herschel lsI (l400W) to
Cape Bathurst (128°W), particularly near the steep shelf break north of the
Mackenzie Delta (Fig. 21). The few found off Alaska were far offshore at
145°W (Ljungblad et al. 1983). Few bowheads were within the main industrial
area. Distribution in late August 1982 was more 'clumped' than in 1981, with
more whales near Herschel lsI and fewer near the Delta (Fig. 21 vs. 13).
Distribution in late August of 1980 was very different.

Based on a systematic survey on 18-24 Aug from 140° to 129°W and north
at least to the 100 m isobath, Harwood and Ford (1983) estimated that there
were >1224 whales off the Yukon, >256 off the Delta, and >459 off the Tuk
Penin~la. These estimates were -Conservative because (1) non-systematic
coverage found bowheads north of the surveyed area, and (2) correction for
missed animals was only partial.
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In e~rJy S~ptember 1982, bowheads still were abundanh ·off: H~rschellsl,
mainly over 150-200 m depths (Fig. 22). Few were found notth of the Delta or
Tuk Penidsula, but surveys. did not extend off the shelf I or eas~ of 130 oW.
Fromsystbm~tic surveys. on 5-13 Sept, .Harwood apd Ford 0,983) co~servativelY
estimatedI that ~1112 whales wer;e off the Yukon, ~163 off fthe Del;ta t and~l1S
off. the TU~ Peninsula. Very few were in the area of d,rilHng.1 and island
c0nstruct~ory. However t the many whales near Herschel; Isl were probably
exposed! to seismic noise, as. in. mid August. f.1

I ' ;
The ~ne consistent feature of bowhead distribution: in eafilY Sept of

19$0-82 was the occurrence of whales off Herschel lsI. Bowheads seemedI ; . , i l

especially numerous there in 1982. Fewer were found off: the Delta and Tuk
Peninsula ad this time in 1982 than in 1980-81. I [

, I . . i

Aside from . low numbers nea·r 145°W, few bowheads mov~d intoIthe Alaskan
Be~ufo~t fn~il 15 Sept in 1982. The main movement throug? Alas~n nearshore
waters began around 20 Sept (Johnson 1983; Ljungblad et al. 1983) •. A bowhead
was' seen kit Herschel Isl in 7/10 ice on 15 Oct (Ljungblad II'et al. 11983). '

I I II
. Bowhead Distribution and Industrial Act!vities in 1983 (Fill. 27--34)

, I I " J Ii
Industria[ Activities, 1983 I

. i i. .' .1 '
The leViel of offshore activit.ies increased furthe~ in fp83. A new

circul~r IdrillshiP began work iit Pitsiulak in late Augus:t, supp~rted by two
newCl~ss 41 ic~breakers and tlt!0 new icebreaking supply iships. IIDome 's . four
drHlship~ worked at specific drillsites from 1 Aug to 10 Sept (·Fig. 31). In
1983. as ~n 11982, two suction and four hopper dredges wer~ USE!d ;~oconstruct
sev:en lisla~ds and subsea berms; 2-3 barges with clamspells ~Tre al~o in
intermittbnt use. The main borrow sites were Uk.alerk, Issigak, and adjacent
to some ilsl~nd and berm construction sites (Fig.3l). ; !!

I
I . . I

Vessel traffic in 1983, con~isted mainly of movements: by the: Ifour hopper
d.redgesandl about 37 other vessels supporting the drilling, dredging and
islaM c4nsltruction (Fig. 31). Most helicopter traf'fic ~as fl~~1 Tuktoyaktuk
to the offshore sites, and between sites (Fig. 32). Mo~e he!licopters (10)
were use~ Iin 1983 than previously (Table 2.). Consi~erableII vessel and
helicopte1r traffic extended west to Herschel Basin (Fig. 31,32), Iwhich became

( a major sltaging area in mid-August 1983. . ,I '
, . I I ' '. . i; ° ;

.. Seis~ic exploration occurr~d from Alaska to Cape Dal:housjle IP29 W; .Fig.
33) •. Ih Ca~adian waters, one ship used gas guns, 1-3 u~ed. lar~e arrays of
airguns, a~done used a small array of airguns. Four :more s~ismic ships
operated near the Alaska border in late Aug-early Sept; Figure 331 shows their
general ~04tions by 'x' symbols, based on daily reports lUsted !~n Ljungblad
et al.U9~4b). Low-energy sounding was done from folir vE!ssels off, the
Mackenziel Delta and Tuktoyaktuk. ! I

'... . I I I
B,owhead Pis\:ribution, 1983 i

B J. I .' ,;1 3QWuead distribution and movements in August-early: September of 198
were mar~edllY different than in the three previous summ~rs. I~~ ,conditions
also differed. The usual band of open water north of: the Delta and Tuk

I I . .• ·1
Peninsula was somewhat narrower in August 1983 than in. 1980-82,. There was
li'ttle' iJe Inear the Yukon coast in August 1983 (and 1980), unLike 1981-82.

I
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Ice conditions in the Alas~~~f3bi~:~,~~fort s.~~a:i\o~'~~!rl~~83 were severe (Ljungblad et
ale 1984a, b), and ice al!so"'moved onto tlie'\'Yukon coast in early Sept
(Fig. 34).

There were no surveys in July, rot in early. August 1983, bowheads
occurred far off the western Yukon (Fig. 27). Most were in deep water
(200-2000 m) in or near pack ice. The western edge of their distribution
was just into Alaskan waters, near 142°W (Ljungblad et ale 1984a). Our
limited surveys north and east of the Delta detected only one I:x>whead
(Fig. 27).

Aerial surveys detected no bowheads in the main industrial area in
early August. We received two reports of 1-2 bowheads seen ~ industry
personn~l in early August near the east edge of the industrial area. Seismic
exploration occurred over a wider area, and sonobuoys showed that some whales
off the Yukon were exposed to seismic noise on at least 4 dates in early
August (Ljungblad et a1. 1984a; Richardson et al. 1985b).

In mid August 1983, we found a concentration of I:x>wheads along the Yukon
coast east of Herschel lsI, often <1 km from shore (Fig. 28). We saw 60
whales near the Yukon coast on· 17 August, with no allowance for unseen
animals. Whether bowheads were near the coast east of Herschel lsI before
the first survey there on 14 Aug is unknown.

Survey coverage elsewhere during mid August was extensive but of uneven
intensity. Bowheads were almost abJent from nearshore waters west of Herschel
lsI. A few were seen near the ice far offshore from the Yukon
(Fig. 28); none were seen west of 141°W (Ljungblad et al. 1984a). A few were
seen in or near the main industrial area during aerial surveys. More were
seen there ~ industry personnel rot numbers are unknown, in part because of
probable repeated sightings. Survey coverage off the Tuk Peninsula was
limited, rot Cubbage et ale (1984) sighted a large group of bowheads far off
Cape Dalhousie (Fig. 28). In general ,bowheads were scarce in most surveyed
parts of the SE 'Beaufort Sea, except along the Yukon coast.

Bowheads near the Yukon coast were not exposed to much human activity,
aside from survey aircraft and our distur bance experiments (Richardson et
ale 1985b). No seismic boats operated in Mackenzie Bay in mid-August. The
only other large groups seen were far north of Herschel lsI and Cape
Dalhousie, far from seismic boats and the industrial area. Some bowheads
were sighted in the industrial area, but no large concentration of whales
was found there.

In late August 1983, the concentration along the Yukon coast persisted
until at least 28 Aug (Fig. 29). Distances from shore were (1-15 km, varying
from day to day. McLaren and Davis (1985) saw 110 bowheads <4 km from shore
on 22 Aug. Whales often dove out of sight, and others were present farther
offshore, so numbers present were much greater than 110. Photogrammetric
data showed that whales along the coast were mainly immatures <13 m long
(W.R. Koski, in Wlirsig et ale 1985b).

Bowheads were scarce or a !sent in most offshore areas in late August.
The only concentrations were near the westernmost industrial sites, and far
to theeas t (Fig. 29). Based on a systematic survey on 19-24 Aug from the
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, 'I
Alaska ~rdFr to Cape Dalhousie (141°-129°W) and north reyon~l, the 200 m
contour, McI!;aren and Davis (1984) estimated that about 1057 bowheads were in

I I : [I
the surveyed area, excluding the concentration (apparently sE!ver~l hundred)
along thJ Yfkon coast. A few bowheads were seen in Alaskanwat~rs west to
14rW in lalte August, but numbers there seemed very lo~ (Ljun~lblad et ala
1984a, b). Larger numbers were found east of Ca,pe Bathur,st (CubjOOge et ale

1984). I , ' ':;1

BowhFads apparently moved into the western edge of :the ind:\fstrial area
in the last Iweek of August. Some were 10-12 km from the conical 'drillship at
PitS!u\ak!, find directly relow the helicopter route to t~at Sit~;, they were
alSO, ex,polse~ to strong se,ismic noise, at least' on 31 Aug:-1 sept,I(Richardson
et ale 198tb). There were apparently few bowheads in ,other parts of the

industriY rrea in late August. : , :I
Iii early September lI.983 , there were a few sightings: in, the main

industria1 larea, especially just inside its western edge nea'J :Pitsiulak.
These whAles may have come from the Yukon coast, where no whale'J ',were found
on 6 Sept. Few other bowheads were seen in the western haif of o~b study area
(Fig,. 30~. I Reduced detectability because of ice (Fig. ~4) may; 1 have: been
partly rfsPjonsi ble. However, the majority of the popula:tion wa~ apparently
far.ther ETas~. From a systematic survey on 6-11 Sept, McLaren and l:navis (1985)
estimated that about 1700 bowheads were north of the Delta and Tuk Peninsula,

, I I ,,' " ' " 'Iexcluding waters beyond the 500 m (approx.) contour. More! bowhead:s, not taken
, I I , I I '

into acc?unlt in the above estimate, were ,found farther ?ast in IFranklin Bay
(l26°W; CuBbage etal. 1984). I Bowheads were also preserit this far east in
early Se~t~mber of 1981 (DaVis et ala 1982). Some ~wheads off the Tuk

, ' I I ' I
Peninsula were probably exposed to noise from seismic vessels (Fig. 30,33).

. ,I I' . ,. !! 'I
Bo~ea~s seen during the 6-11 Sept survey were i oriemt,ed primarily

southwest dr west (McLaren and Davis 1985), and migration! into A~askan waters
was unrdetwJy bY 3 Sept (Ljung~lad et ala 1984a). Bowhea~s were I[ast seen in
canadlan!wJters on 2 Oct (~400; Ljungblad et al" 1984a). i ' ,

'BPwheJd Distribution and Industrial Activities in 19~4 (:Hg:. 35-42)

Indus~r:ill IActiVitieS, 1984 ' ' i J:

.' I :" r ,The region of offshore activities in late summer ofl 1984, Wi s similar to
that in 1~83; the levels of, various activities were ~imilartlor sl~ghtly
reduce,d. Five drUlships worked throughout the study period, dr:i!lling at six
sites(F~g.; 39). Drilling also. began at Amerk caisson-ret!ainec1 iiJland iq late
Au~st. rour hopper dredges aM several mrges with cla*shellsllwere used to
const~uctlSiX islands or subsea berms. The main bo~row siltes inqluded
~alerk,I I?serk, and Issigak" plus abandoned artificial i islands at Tarsiut,
Kadluk, Mgo and Sarpik (Fig. 39).' ; I .I I ' ,: : .

Patte~ns of vessel and helicopter traffic in 1984 w~re s:imHar to those
in 19631 (l'ig. 39, 40).However~ there was more traffi:b to H~:rschel Basin
because su~port vessels, including the tanker 'Gulf Beaufort', ~ere anchored
there thfOighout the 1984 seasone i,I

. Sei~mic exploration extended from the Alaska' border to Cape Bathurst.
However ,I alt most times seismic vessels operated in rather c~nfined areas
(Fig. 41), partly recause ice occurred relatively close to shore in 1984

I ' I
I
I

4'-
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(Fig. 42). Two or three ve.s~els w!th ~arge .arrays of airguns plus one with
gas guns were operating. lriiIN98'4t 'no Alask'a~b:;'f!d vessels operated near the
Alaska-Yukon border during our study period.

Bowhead Distribution, 1984

Surveys in early and mid July 1984 showed that few bowheads were over
the shelf off the Yukon, Delta or Tuk Peninsula (Harwood and Borstad 1984).
By late July, bowheads had 1:egun to move into this area, especially off the
eastern Yukon, Tuk Peninsula and Cape Bathurst. Most were in water 51-100 m
deep and pack ice, not in nearshore ice-free waters (Harwood and Borstad
1984). Only one bowhead was seen in the main industrial area during four
aerial surveys, but industry personnel reported 9 sightings totalling 16
rowheads there in July (Harwood and Borstad 1984). The whereaoouts of the
rest of the population in ·July is unknown. Bowheads were not seen in the
Alaskan Beaufort (D. Ljungblad pers. comm.). There were no surveys in
Amundsen Gulf or far offshore in the eastern Beaufort.

In early August 1984, there were still low numbers of bowheads off the
eastern Yukon, but larger num1:ers in open water off the eastern Tuk Peninsula
and Cape Bathurst (F.ig. 35). None were seen .west of Herschel lsI (Fig. 35,
D. Ljungblad pers. comm.). We saw none in the main industrial area, but some
were not far east of the easternmost drillship. The few whales east and north
of Herschel Isl sometimes were exposed to seismic noise (Fig. 35 vs. 41;
Richardson et ale 1985b).

In mid August '1984, large numbers of bowheads moved into shallow waters
west of the Delta and along the Yukon coast (Fig. 36). Num1:ers along the
shore SE of Herschel lsI were lower than in mid Aug 1983. However, whales
also concentrated in some areas where they had not 1:een in 1983--along the
shore near and west of Herschel tsl, and in a narrow NNE-SSW band west of the
Delta. The latter bmd Was along a sharp discontinuity 1:etween tur bid water
of the Mackenzie River plume and lessturbi.d marine water. Bowheads were
still present at Cape Bathurst and' low num1:ers were scattered elsewhere
(Fig. 36). The westernmost sightings were just into Alaskan waters (141°25'W;
D. Ljungblad pers. comm.).

Only a few bowheads were seen during surveys of the main industrial area
north of the Delta. Some of the many whales along the plume edge west of the
Delta were just beyond the westernmost artificial islands and along a major
helicopter route (Fig. 40). They also were often exposed to strong seismic
noise (Fig. 4'1; Richardson et ale 1985 b). The concentrations along the Yukon
coast were exposed to much less industrial activity.

In late, August 1984, distribution was little changed. The largest
concentrations were still along the Yukon coast and the plume edge west of
the Delta (Fig. 37). Some whales in the latter area were exposed to
helicopter overflights, seismic impulses, and noise from island construction
at Minuk (Fig. 39-41; Richardson et ale 1985b). There also were several
sightings near the east and NE edges of the main industrial area in late
August. Whales were still present near Cape Bathurst, and probibly were
exposed to seismic noise there (Fig. 41). There were few or no sightings in
:other offshore parts of the study area (Fig. 37), and few bowheads were west
of the Alaska border (westernmost sightings at 143°W; D. Ljungblad pers.
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However, there were numerous whales east of our stlftly are~ in

Bay (126°W) at this time (Harwood and Borstad 1984; Davi~'et ale in

I
' I !

i '
I

In ~ar:J.ySeptember 1984, bowheads were still co~centrat~d,at some
locations lalbng the Yukon coast and west of the Delta (Fig. 38)./some of, the
latte,r Whale~ were again exposed to helicopter traffic an~ noise Ifrom island
constru~d.onl. Aerial surveyors saw no bowheads 'within tp.e industrial area
north of ~hJ Delta, but industry personnel reported some: sightiAgs, ,there in
Sept (Har~oo~ and Borstad 1984) 0 There was a concentration just 4pt,th of the
industrial area, about 10 km north of the drillship at Arluk (Fiig~ 38,39).

II ' , ' : II
Bo~heads Iwere still numerous off Cape Bathurst and fafther slQutheast in
Franklin jayl (Davis et ale in prep.). ; ,I

. Ofhrole coverage in early Sept was meagre, but a systemat~lc survey in
mid Sept de~ected virtually no bowheads far oft the Yukon, or De~ta, and few
north of Ithe Tuk Peninsula and Cape Bathurst (Fig. 38; Harwood Iland Borstad
1984). iBo~helads were still conc«;!nt rated along much of the Yukon COilast in mid
Sept (Davfs letal. in prep.). I,n general, many bowheads w~re siti~l, in the SE
Beaufor.t Sea, including Franklin Bay, in mid Sept, although others'had moved
west as ~a~ as Prudhoe Bay,'AK (LGL unpubl..data). Bowhec3lds [I were s,till
present nea~ shore SE of Kay Pt on 26 Sept and, in smaH.er numbers, 3 Oct
(Bo LjUngbl~d pers. comm.). On 5 Oct, a few bowheads were seerttravelling

weSt in ohsl'bnre" waters near tb", AlaS,ka-YUkOn, borde~ (LGL nnp,ut,Il0
1
d,ata). •

Bowhead Distributio~ and Industrial Act1vities,. 1976-~9

I lBefore 1980" bowheads in tihe Canadian Beaufort Sea were Ut~le-stu~iedo
Very UmiJted information came from (1) the commercial whaung ,.! era (1890
1914),(2D 6pportunistic obl;lervations during recent studi*s of oi::h~r topics,
and (3) r~p1rts by industry personnel (Fraker et ale 1978;; Fr.ake:~and Fraker
1979; lrake~ and Bockstoce 1980), along with (4) opportuni~tic vessel surveys

in 1979 (HII aiard and Cubbage 1982)., : 'I.
The area of shallow water off the eastern part of the Mac~enzie Delta

and western ITuktoyaktuk Peninsula is the one part of th~ Call1ad~lan Beaufort
se, a,,' wher~ t~ere,' was some s,tUdY, of bowheads each year si*ce 197?II' .(Figo :,',43).
This ate~ wfls within the main, area of offshore oil exp~oratio~ .in 1976-79
(Fig. 44147pas well as in 1980-84. Artificial islands i had b~r~ built in
very shallow waters just north of the ,Delta before 1976, ,but in 1976
island....bu\Uding extended out to Isserk in 13 m of water. In both 1976 and

, , I I '. • ' ·1
1977 ,t4ere fas much barge, traffic between a dredging sit~ at Tufit Point and
Is~erk. Ah.SQ, the first three drillships arrived in the Beaufort:lsea in,1976
and <;lr:illlbdlat several sites (Fig. 44). In 1978 and 1979, :dredgilwand island
construct~on occurred at Issungnak, in water 18 m deep fa,rthe~r qtfshore than
IS!'lerk (Eigl. 46, 47). There was much barge tra.fflc betw;een Tuft Point' and
Issuagnak in. 1978-79. A fourth drillship arrived in 1979. ' :1

I , : ii '
I~ 1976, man~ bowheads were seen in water <15 m de~p during the first

half of August, w~th a few others later (Table 3; Fig. ~43; Fraker 1977a).
About J5JI451 were seen on 10 August alone. Similarly in 1977, tHere were 26
sightings tQtalling almost 100 bowheads in water <I5 m de~poff ~heDelt'il and
western~uklPeninsula between 26 July and 17 Sept (Table: 3; ]?ig~ 43; Fraker
1977b). Many of these 1976-77 sightings were from vessels trave~ling farther
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Table 3. Bowhead sightingsoff the eastern Mackenzie Delta and western
Tuktoyaktuk Peri1JisTIU'''ln the 'iu~me~~~:;!of 1976-80a •

Systematic Offshore
Incidental Sightingsb' Surveys, 1-15 Aug Dates Observed .

No. of No. of No. of DensityC
Year Sightings Bowheads Bowheads (/1000 km2) First Last

1976 15 46 3 Aug 16 Sept
1977 26 98 26 July 17 Sept
1978 5 58 I d 0.5 26 July 14 Sept
1979 1 6 1 0.5 8 Aug 9 Sept
1980 18 136 139 41.0 2 Aug 11 Sept

a Sources: Fraker (1977a,b, 1978), Fraker et a!. (1978, 1982), Fraker
and Fraker (1979), Fraker and Bockstoce (1980), and P. Norton
(unpubl.).

b Sightings by industry personnel and biologists, excluding specific
studies of bowheads.

c Uncorrected density; no allowance for submerged or missed whales.
d Plus sightings totalling 4 whales on 26 July 1978.

offshore than was ~ommon in previous years. Opportunities for observations
thus were increased. Nonetheless, the sightings show that numerous whales
occurred in the shallow waters of the Mackenzie estuary in 1976 and 1977.

In 1978, there were fewer incidental sightings in the shallow water off
the Delta and western Tuk Peninsula--only 5 sightings of a total of 58
whales. All were seen from 7 to 14 Sept in water 11-18 m deep (Table 3; Fig.
43; Fraker 1978). Opportunities for incidental observations in August 1978
were similar to those in 1977, when many more whales were seen. Also, from 26
July to 8 Augus.t 1978, Fraker conducted four systematic aerial surveys north
to about the 50-60 m isobath off the eastern Delta. Only 5 whales
(uncorrected density 0.9/1000 km2) were found, all near the 50 m isobath
(Fig. 43). Only one was seen during the two August surveys (0.5/1000 km2).
Bowheads clearly did not move into shallow water off the eastern Delta as
early in 1978 as in 1976 or 1977.

In 1979, only one bowhead was seen during three systematic surveys off
the Delta on 21 July-8 Aug (Fig. 43; Fraker and Fraker 1979). The uncorrected
density was 0.3/1000 km2 , or 0.5/1000 km2 during two August surveys. Industry
personnel at Issungnak and elsewhere reported only one sighting in 1979--6+
bowheads in 12 m of water on 9 Sept (Fig. 43; Fraker and Fraker 1979).
Similarly, Hazard and Cubbage (1982) saw no bowheads west of 131°W, although
they did find bowheads farther east in late July and August.

In summary, the abundance of bowheads in shallow waters off the eastern
Mackenzie Delta varied markedly from 1976 to 1979. Bowheads were numerous
there in August 1976 and 1977, infrequent until 7 Sept in 1978, and
infrequent in 1979 (Fig. 43).

•
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Seasonal and Annual Trends in Distribution

,

I
i DISCUSSION

Bowhead distribution in the eastern Beaufort Sea has varied gre'atly
II' 'Iwithin and between summers. Nonetheless, some patterns :are ev~?ent•. The~e

patterns ~re summarized before, we consider whether there; are any trends ~n
distributtorl and, if so, whether these trends are related toll industrial
activit,ies.

i,
, i
,

i i
Fe~ jbovheads occurred in , the shallow shelf waters off the tITuktoyaktuk

Peninsula, IMackenzie Delta and Yukon before 1 August. In August, many
bowheads Imo-{,ed into these shallower waters, apparently from t~J, north and
east. HowevJr, the timing of movement and locations of concentraiions varied
from yearl td year. '. :! ;

summaJy Maps.--Figures 48 and 49 summarize distrib~tion i~, early and
late, Auguist Iof 1980-84. Areas 'tolith no survey coverage arF idE!nt~fied. 4reas
designateli as low, moderate and high density are those with, r~spectively,
widely se!patated sightings of 1-3 whales, many sightings! of 1-3/lwhales, and
large grJup~ of whales. The' categorization is necessadly subiiective. In
bo-rderlinb ~ases, we considered the amount of survey effo:rt;the~lgreater the
amou~t ofl shrvey effort, the less emphasis we gave to a~y si.ng~e, sighting.
The ,rea.der Ican compare Figures 48 and 49 with the detailed slig,hting andI ' , II

survey ,co1verage maps given earlier to corroborate our categori,zations.
, I ! :1,

Figul:"es 48 and 49 must be interpreted with considerable (~aution. Survey
cove+~ge Irahged from nil or sparse to extremely intense ,[(see ea;tlier maps),
an,d su.r,vey Iprocedures varied widely. Systematic surveys Iwere, ndt avail,able

I
I -I

from the entire study area in any period. In early August of 1982-84 there
wa,',13 con,',si1lietable non-systema,tiC," but essential,lY no systematic 'e::ovJr,'age. Wh,ere, I I .'1 •
and when available, systematic coverage was very helpful J.n 'compar~ng

l ' I ' , I 'Ire; ative Inumbers of bowheads. When there was substantial c:;overage of both the
sy~tematilc land non-systematic types, major concentratiors dl~t~fted by one
aPiProach Iwere generally detected by the other as well. However, wnen coverage
was sparse, Imoderate ,concentrations of whales were someti~es rnis~ed or,more
common1,y 'I great,ly underrepresented by one type of coverag~. ,: I

I : I
Both: systematic and non-systematic surveys had [major ;limitationso

Becaus~ ~ysltematic surveyors usually did not circle wh~les, n~h-sYstematic
coverage !commonly detected groups where systematic coverage detebted only 1
or 2 whale~, or even no 'tolhales. On the other hand, theconc~ntration of

• I I • '1 ' '
non-systematic coverage in ,areas where whales were e}cpected caused
consider~bl~ complications, in estimating relative nu~bers lrt,different

I I . I ,I '
areas,. Ideally, this could be allowed for by converting to 'sightings per
unit l~ffbrtl' 0 However, this was not practical here. Effort wa~! not always

I I , • :1
quant"ifiable, and it was necessary to combine results' from slt.udies with

I I I 'widely varying field procedures. ' ,I, I I I,

In summary, caution is necessary in interpreting Fiiures 48'1' and 49 even
for ,areaJ a!nd times when systematic surveys were done. Appar,ent' differences
in bowhe~d kbundance between areas and years should be coJsidererl,provenonly

1

I ' I
when the !dirference was large and there was considerable survey c?verage.

i

!

I
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Late July.--Only in 1981 and 1984 were there extensive surveys in late
July. In 1981, very few bow!i,l(!~ads -were in ,the,SR~'Beaufort Sea; more were in
Amundsen Gulf. However, only a minority of the population was detected.
Presumably most were far offshore in the pack ice, perhaps with some in
unsurveyed Alaskan waters. In 1984, few bowheads were in the SE Beaufort in
early-mid July (Harwood and Borstad 1984). Bowheads began to arrive in late
July, earlier than in 1981. None were seen in Alaskan waters in July 1984
(D. Ljungblad pers. comm.).

Early August.--Distribution in early August differed greatly among years
(Fig. 48). Within the 1980-84 period, only in 1980 did many bowheads move
into shallow waters north of the Mackenzie Delta in early August. There was
evidence of a similar concentration in early August of 1976 and 1977, but not
1978 or 1979 (Fig. 43). In early August 1981, bowheads were widely
distributed on the outer continental shelf, mainly near the ice edge and the
shelf break. Many seemed to be moving south on a broad front, although others
apparently moved west out of Amundsen Gulf.

In early August of 1982 and 1983, bowhead concentrations were found well
offshore in the western part of the study area (Fig. 48C, D). In 1982, many
were in open water but moving west. Coincidentally or not, this was toward
the ice edge, which was unusually far west. Other bowheads were in the ice,
including some far offshore in th~ pack ice of the Alaskan Beaufort Sea
(Ljungblad et ale 1983). In early August 1983, virtually all bowheads seen
were in or near the ice beyond the shelf break off the western Yukon (Fig.
48D). In that year bowheads did not extend far into Alaskan waters. In early
August 1984, as in late July ,there were small numbers of bowheads off the
Yukon, but more off the eastern Tuk Peninsula and Cape Bathurst, at or just
south of the ice edge.

In general, recent data provide evidence of westward movement out of
Amundsen Gulf in early August of some years, as hypothesized by Fraker and
Bockstoce (1980). However, the majority of whales that enter the SE Beaufort
Sea at this time probably come from the north, not the east. In 1980, many
bowheads were in open water well south of the ice by early August, but in
1981-84 most were in or just south of the ice. In 1982, the one recent year
when ice was absent east of Herschel Island, both ice and bowheads were
concentrated to the west.

Mid August.--In each of the five years studied in detail, the area of
peak whale concentration within the Canadian Beaufort Sea was closer to shore
in mid August than in early August. In 1980 the shift was slight, since
whales were already in shallow water in early August, but in 1981-84 the
shift was more dramatic. In mid August 1982, the only large concentration of
bowheads within the eastern Beaufort Sea was in an area where water )100 m
deep occurs close to shore near Herschel lsI. Adults, immatures and calves
were present (Davis et ale 1983). 'In mid August 1983, a concentration of
several hundred bowheads, mainly subadults, was found very close to the Yukon
shore SE of Herschel lsI. In mid August 1984, immature whales again
concentrated not only there, but also west of Herschel lsI and offshore in
Mackenzie Bay, along the edge of the turbid Mackenzie River plume. These
coastal concentrations were definitely not present· in 1980-82. In general.
movement toward shore occurred ,each year in mid August, but the area of
concentration varied among years.
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Sonobuoy confirmed seismic near bowheads mid Aug.6., late Aug.
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SEISMIC EXPLORATION AREA

None
No surveys

ABUNDANCEBOWHEAD

Few
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I
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I FIGURE 49. Distribution of bowheads on 18*-31 August 1980-84 in relation to
the area of industrial activity on 11-31 August. Triangles show locations
where sonobuoys dropped near bowheads confirmed that bowheads were exposed to
noise pulses from seismic vessels.

I * Systematic surveys for the 'late August' periods of 1980-84
Aug and ended on 24-29 Aug; all systematic coverage from 18
considered here., along with non-systematic coverage on 22-31

began on 18-21
to 29 Aug was

Aug.
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. ; Dist1ibution 2~4

La~e Al,lgust.--Distribut10ns in late August were r~lated to those 1n
early andl mid August, and differed among years. In 1980, I there ;.1a8 a large
area of conbentration off the Tuktoyaktuk (Tuk) Peninsula and e~siern Delta
(Fig. 491\!).1 This concentration was unique in the 1980-8!4 peribtl, probably
contain1ing ¥llell over half the population. The center of ab~ndancei!had shifted
eastward re]ative to that earlier in August. In 1981, th~ areas Itof greatest
abunqan.,cel wJrein shallow waters off the central Delta an.d in de.:eper wa.ters
ne~r the s~elf break (Fig. 49B). In late August 1982,! whale~\1 were still
concent'rated near Herschel lsI,. but there were also concentrat10ns, near the

II' , IIshelf break, especially where it is steepest off the Delta (Fig. 49C). In
late Auguh 10f. 1983 and 1984, the major nearshorE~ concentrations :1£ subaqults
persist1ed a]ong the Yukon coast and, especially in 1984, along tHe turbfdity
front in M~ckenzie Bay. In late August of 1981, 1983 ~nd 19Sh bowgeads
occurred near and beyond the eastern edge of our study; area (Fig. 49D,E;
Davis et all 1982, in prep.; CUbbage et ale 1984; Harwood' and Bo'Jstad 1984).

I . 'I II 'Nosurv.eys were conducted east of the study area in 1980 o,r 1982. .

E 1 1 lb' ib i d' ff d h 1 i i .,. ar f ~eptemer.--D1str ut ons ·1 ere somew at ess among years 1n
early' Sep'tember than in August. In 1980, numerous whales remaibbd over the
condnent~lIshelf off the TukPeninsula, ~although farth~r offs~pre than in
August., Alsp, whales appeared close to shore off Herschel lsI. In 1981,
wha,les mo~ed closer to shore off the Tuk Peninsula in e~rly seP:temberthan
they .. h~d Ibe~n in August. There were many whales near Hers~hel Isl;<tnd, and low
densit1es

l
9ff the Delta and. near Cape Bathurst. In '1982, !the la~gest

conce.'nt ral,tion was ne.ar and north of Hersche.1 lsI, but:. there ~ Iwe.re a.,. few
Si.g.htil1-.gS Oliff the Delta and TUk. Peninsula. In 1. 983, ~.hales I,re~e widely
distribut1ed on the outer shelf off the Tuk Peninsula (very siriili.lar tq the
pattern in early Sept 1980)" with some off the Delta but ivirtual\1y none :near
Herschel IIS~. In 1984, unlike .1983, bowheads remained near t~her !YUkOn (:oast
and Hersqhet lsI not only in early September (Fig. 38), but ~~l~ beyond (D.
Lj Ungbladl pers. comm.). r 'I I

'I .'. . :1:
Altllough some bowheads feed in the eastern Alaskan Beaufort :Sea in early

I .. ' . • ·1 '
Se.pte1Dbe~ ~LJungblad et ale 1984a), most ,are still ip Cana~[an waters.
Bowhead ?ea~dings recorded during systematic surveys in ~arly-tI4id Sept were
pr:edo~nantly westward in 1980, 1982 and 1983, butno~ in 1~81 or 1984.
Bowheads Iw~re present as far east as Franklin Bay 026°W) ~!n early-mid
Septi:!mber of all years with sUl"vey coverage (1981, 1983 and ]l984). The main
movetnent Iin'to Alaskan waters apparently is inmid-Septethber of It most years.
There hare Ibeen a few sightings in Canadian waters asi late as early-mid
October OLjung~lad et ale 1983, pers. comm.). ;!

Geographic Areas Where Bowheads Often Concentrate
I

AJilundsenGulf and Franklin Bay.--Bowheads appareritly concentrate in
AIJ1.undsEm IG~lf in early-mid sumiJDe r, presumably because br~ak-up :6ccursearly
there (Sergeant and Hoek 1974; Fraker et a!. 1978; Fraker 1979~ Fraker and
:BoCkstoc~ 1~80). In 1981, there was evidence that some ~OWhE!ad~ moved. we~t
Otlt of Amundsen Gulf around 1 August. However, bowheads rema1n commo.n 1n. . I I I IAmun4sen GU~f and especially Franklin Bay in late summer i(Dav:ls ;et ale 1982,
in prep.; Hazard and Cubbage 1982; Cubbage et a1. 1984; ;Harwood and Borstad
1984).Ii:

I
I
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Cape Bathurst .--Around 1900, bowheads were found near Cape Bathurst
throughout the summer (Frake,r,", and Bocks toce 1980). Bowheads also were seen

""IIi'~ ,,, " .

there annually from 1979 to 1984, with substantial numbers in 1981 and 1984
(Hazard and Cubbage 1982; this report). Strong currents and sharp water mass
boundaries occur there, and deepwater occurs close to shore.

Off Tuktoyaktuk Peninsula.--Around 1900, whalers took many bowheads in
shelf waters «50 m) off the Tuk Peninsula in August and early September
(Fraker and Bockstoce 1980). Bowheads still occur there at these times. The
dates of occurrence, specific locations, and numbers of whales vary among
years. Bowheads are often found over the outer shelf and shelf break north of
Cape Dalhousie.

Shelf Break off Mackenzie Delta.--In August 1981-82, bowheads often
concentrated about 125 km offshore NW or NNW of the Delta, at the edge of the
continental shelf. The bottom slope is steeper here than anywhere else in the
study area, dropping from 100 to 500 m in <10 km.

Yukon Coast.--During the 1970' s, bowheads often were seen a'long the
Yukon coast SE of Herschel lsI in late summer (Fraker and Bockstoce 1980). In
1980-82, there was no such coastal concentration, but in 1983 several hundred
bowheads, probably mostly immatures, were there from at least 14 to 28
August. In 1984, bowheads (largely immatures) again concentrated there, and
some remained until at least 3 October.

Herschel Island.--Bowheads were seen just Nand NE of Herschel lsI in
early September 1980-81, and starting' in mid-August in 1982 and 1984.
Bowheads also were found near Herschel Island in late summer and early autumn
around 1900 (Fraker and Bockstoce 1980). This is the second of the two places
in the study area where deep water occurs within a few kilometres of shore.
Interestingly, very few bowheads were seen northeast of Herschel lsI during
1983.

Near Alaska-Yukon Border.--In mid to late September, bowheads often
linger and feed in the 140o -142°W area (Ljungblad et al. 1980, 1982, 1983;
Johnson 1983).

Distribution in Relation to Industrial Activities

Behavioral studies suggest that bowheads rea.ct only briefly to transient
oil industry activities and to the onset of industrial noises, and that
bowheads habituate to noise from ongoing drilling, dredging or seismic
operations (Richardson et al. 1985a, b). However, the behavioral studies
cannot determine whether fewer whales move into an area if industrial
activity is present. They also cannot determine whether industrial operations
result in a reduced tendency to return to the area in subsequent years.
Large-scale survey results collected over a number of years provide a way to
address these questions.

In Figures 48 and 49, areas of industrial activity in early and mid-late
August 1980-84 are outlined on maps summarizing bowhead distribution in early
and late August. Industrial activities are separated into (1) site specific
'activities such as dredging, island construction and drilling, along with
vessel and helicopter traffic in support of those activities, and (2)
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~ype 1 ~s the 'main

I
I

offshor.e seJsmiC exploration. The area with activities of
industr.ial ~rea'.

Bo~heads lnJ the Main Industrial Area

.In 1198~, many bowheads were around the Issungnak island construction
site north 0f the Mackenzie Delta in early and mid August: (Fig. 48A). Vessel
and heUcbpter traffic to drillships farther offshore alsb passedJ through or

. . I I ' II'· i
near that whale concentration. Behavioral and acoustic data confirmed that
some whal~s Iwere exposed to dredge and boat noise (Fraker let a1. :~982; G~eene
1982; Ri~hardson et ale 1985a,b). By late August, most wpales were somewhat
eas... t Of., thel offshore constr.uction and drilling..... sites; however, tlt.he.. wes.,tern
edge of the whale concentration was near Issungnak (Fig+ 49A). i In' general,
the only Ikrlown concentration of bowheads was in the ar~a oJ: ritost intense
indu~tr,iaa. hctivities in early--mid August, and overlapped that ~r,ea in, late

Augus t 0 I. . i j I !

In 1981, the main industrial area extended farther: east: ~fd west
l

but
less far I offshore. Most bowheads remained nor.th or we;st of !~he area of
intease indastrial activity (Fig. 48B, 49B). The one conc,entration of whales
near indJst~ial sites was north of the Delta i,n midan4 late August. 'They
wet;e, on koJt days, 10 kIn or more west of the artificial iisland .iJ.d drillship
in the [sJung~ak area. However, some of these whaleS were11 expose~ to
drillShipl

l
., hoat and probably helicopter noise (Richardson :et a1. :.'1985a, b).

I . '. I . 'I. .
'. In 1989, there was very little overlap between whate d1st i1ibutioIl: and

the ~rea of Iint,ense offshore exploration (Fig. 48C, 49C). ITher,e were very few
si,ghHngs ~rhin the main industrial area at any, time during the ltummer. ' .

In ~98~, bowheads were virtually absent from the main industrial area 1n
early ~ugust (Fig. 48D). There were some sightlngs there, in lDid'!AUgust, but
no major Ico~centration. In late August a concentration of iwhales Iformed NW of. ' ' I I .'. i 'I
the De!lta (Fig. 49D). Some whales were only 10-20 km :from ttiePitsiulak
d,rillsit~ aitd the Kadluk island construction site (Fig. 31), and !-kere albng a
ma:in, hel~co~ter route. These whales were also eiposed to !seismid noise (Fig.
49D). bvJralll, however, only a small fraction6f the po~ulatiortwas iIi theI I . . , ,
ma;in i'ndfstrial area in late .. August 1983. Much larger Inumber~were found
O.uts,ide ~hel main industrial area, most notably along the !YukC?1l ~?ast and far
to the east (Cubbage et ale 1984; McLaren and Davis 1985). The concentration

. I . .' : 'I I.
NW of :th:a Delta persisted ~nto early September~ but mos~ bmiheads rema1ned
outsid.e ihel main industrial area (Fig. 30) 0 "II.:

In 198,4, bowheads were very scarce in the main industrial ,area in July
(Harwood Iarid Borstad 1984), and we saw none there in :early August (Fig.
48E). From lmid August to early, September, many bowheads occurredlwest of the
Delta inIcentral Mackenzie Bay (Fig. 49E) 0 Some of these WerE! o'Aly 10-15 kIn
west of tfie westernmost island construction site, a~d WE!re\ expose:d to
occaslonal Idredge noise from that site, seismic noise and helicopter
overfUgH.ts (Richardson et ale 1985b). Lesser numbers of bowheads occurred in
east,ern tarlts of the main industrial area (Fig. 49E) ~

General Trend.--Over the 1980-82 period, bowhead distribution overlapped
progressivejly less with the area of offshore dredging, cons't±ruction and
drilling~ T'IhiS was true in both early and late August. BOW.heads W,Fre abundant
within the main industrial area in 1980, much less abundant there in 1981,

! , I
I I
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. and virtually absent in 1982. Maximum numbers in the main industrial area in
1983 were slightly greater than in 1982; and thete was some further increase
in 1984. Most bowheads in the industrial area in 1983 and 1984 were near its
edges, unlike the situation in 1980. Thus, there was a pronounced decrease in
utilization of the main industrial area from 1980 to 1982, and a much less
pronounced'increase from 1982 to 1983 and 1984. There has been no recurrence
of the very large numbers seen in the main industrial area in 1980, or even
of the lesser numbers seen there in 1981.

Offshore oil exploration north of the Mackenzie Delta became intensive
in 1976 (Fig. 44-47). Thus, the appearance of many whales within the main
industrial area in 1980 occurred four years after offshore operations in that
area became intensive. The fragmentary data from 1976-79 indicate that many
bowheads were seen in the middle of the main industrial area in early August
of 1976 and 1977, but not in 1978 or 1979 (Fig. 43). Bowheads apparently
entered the industrial area in early September of 1978, but in 1979 there
were very few sightings at any time.

The presence of many whales in 1980, after a period of apparent scarcity
in 1978-79, casts doubt on the suggestion that there is a trend for
decreasing utilization of the main industrial area. However, bowheads were
apparently abundant in the central part of the main industrial area in 3 of 5
years from 1976 to 1980, but in ° of 4 subsequent years. The intensity of
offshore industrial activities increased gradually from 1976 to 1983-84, and
it is possible that industry began to affect bowhead distribution after 1980.

Overall, the data from 1980-84, and also those from 1976-84, provide
some evidence of reduced utilization of the main industrial area,·
particularly the central portion north ·of . the Mackenzie Delta, in recent
·years. However, some groups of bowheads occurred in the main industrial area
in 1983-84, especially near its periphery. It may be of interest that most of
the whales there in 1984, and possibly also 1983, were subadults (Davis et
al. in prep.). Year-to-year fluctuations in bowhead abundance also occurred
in most parts of the summer range outside the main industrial area. There is
evidence that some of these variations in distribution may be attributable to
variable food supply (see below). We conclude that it is presently uncertain

1. whether recent year-to-year variations in bowhead abundance are
indicative of a long-term trend for reduced utilization of the main
industrial area, and

2. whether these variations are connected with the gradually increasing
level of industrial activity.

Bowheads and Areas of Seismic Exploration

We provide separate discussions of bowhead distribution relative to
seismic exploration and the main industrial area. Seismic exploration
occurred over a broader area than drilling, dredging and support traffic in
1980-84. Also, noise from seismic exploration was very intense but quite
4iscontinuous, whereas drillsites, dredges and ships in the main industrial
area produced continuous but less intense noise (Greene 1985). The discontin
uity in seismic noise had two components: (I) seismic noise occurred as
pulses spaced several seconds apart, and (2) at any given time seismic



I
I
I

I
I

I

I

I

I

I

I

I
I

I

I

I
I

I

.I!-,Il ,

i
Many whales occurred in shallow water north of !Tuktoyaktuk in 1980,
a!nd apparently also in 1976 and 1977. SeiJmic eX~loration has

I I:, I0lccurred there every summer Since, 1971.

Wh
l

ales occurred off Tuk Peninsula in late Aug-~arly Sept of 1981-83
despite seismic exploration nearby at those times in 1980, 1981 and
tio a much lesser extent 1982 (Fig. 49).
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I-
I Dis~ribution 298

, I ' f"vessels 0p.erated in only a fraction of the entire zonelO seisml.c
:' Iexploriation.

S .Imill- l' i . d· hll ff th t l M knz1.'e,e1.s c exp oraton occurre l.n s a ow areas 0 ' e eSls ern, ac e
Delta evbd year from 1971 to 1984, including 1976, 1977 and 19180 when many
bowheadsI ~ere present. In 1980, 'Arctic Surveyor' ; operated 'north of
TiJktoy:aktuR throughout August, (Fig. 8). Bowheads were abundanti I nearby, and
were seeh ~n1y 8 and 13 km from the ship on two dates (Fig. 49~; Richardson
et a1. 1985a,b). In early August, when bowheads first ~oved i~to the area,
another ~eismic vessel was operating just to the north and north'Jast (Fig. 8,

, , ' I I ' , " II
48A). ,In early September, whales far off the Tuk Pen~nsub wrere probably
exposed lito [noise from seismic exploration just to the so~th (Fig. 8).

In August 1981, there was widespread seismic exp1qration I~orth of the
Mackenzie lJ>elta and, from mid-month on, the Tuk Peninsula: (Fig. 117). In early
August, lsofe whales far off the Delta were exposed t9 nOise/I ftom a, ship
closer tlo ~hore; in late August, whales in shallow water ioff th~ Delta and in
deeper "fater off the eastern Tuk Peninsula were expose;d to s~lrong seismic
sounds on some days (Fig. 48B, 49B; Richardsonet ale 1985a,b). In mid
Septembejlr, whales off the western Yukon were exposed (Ljungblad tt a1. 1982).

, 1:n 19~2, bowheads NW of the Mackenzie Delta in early August were, some
tfmesexposed to seismic noise, as was the concentration: off Het-sche1 'lsI in
mid AiJ~stl (Fig. 48C, 49C; Richardson et a1. 1985a, b).: There ijwas probably
contil1ue1d exposure in the latter area in early Septembe'r (Rich:ardson ~t a1.

,1983a). I , ' ,'I •
In 19!83 , fewer whales were found inside areas of,l seismi~ exploration

than Jin 19;80-82, but, whales Off the Yukon were often e}{posed~o noise from
distaat se~smic vessels (Fig.·48D, 49D; Ljungblad et aU .1984a;p; Rich?rdson
et a1. 198rb, 1985b). The same was probably true for bowheads o~f the eastern
Tuk ~enJinsula in late Aug-early Sept (Fig. 49D) • In I mid Augus t, a few
bowhead~ just nor~h of Tuktoyaktuk were exposed to: seism~-lc and loth7r
in,dust,'dall noise (Richardson et a,l. 1984b). Wh,alesnear !the l!dge of the, ma1.n
industr~al area northwest of the Delta definltely wer~) expost1d to seismic
noise on 3!l. Aug-l Sept (Fig. 49D; Richardson et al. 1985b • ;;, I I " ,

, J:n 19,84, the concentration of bowheads west of toe Delt~ in mid-late
August was often exposed to strong, noise pulses from!a se,is~c vessel as
close als /10 km away (Fig. 41 , 49E; Richardson et a1. 1985b). Bowheads

I ' IIscattered east and north ,of Herschel lsI in early August sometimes were
exposed I(FJig. 48E), and those near Cape Bathurst in late!August!probably were

(Fig. 49Et ' ,I,:

Redur:rence in Areas of Seismic Exploration.--Many bowheads Irere in areas
ensonifiedl by seismic noise each summer from 1980 to 1:984. Some concentra
tions wkre in areas where there was seismic exploratiorl during the previous
summer: I '

I.'
I '

I
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3. Bowheads occurred far north of the Yukon in early August of 1982 and
1983 (Fig. 48C ,D)1~despite seismic exploration there in the late
July-early Aug of 1981 and 1982 (Fig. 19 and 41 in Richardson et
ale 1983a).

4. Bowheads occurred west of the Delta in mid-Aug to early Sept 1984
despite the presence of seismic noise there in late Aug-early Sept
1983 (Fig. 49D,E).

Although these data suggest that seismic exploration has not caused
~arge scale abandonment of parts of the summer range, little is known about
recurrence of specific individual whales at places where they were exposed to
seismic noise in previous years. Cases of apparent recurrence might involve
different whales that were not exposed to seismic noise the previous year.

Natural Factors Affecting Bowhead Distribution

The predominant activity of bowheads in summer is feeding (WUrsig et
ale 1985a, b). To obtain sufficient energy, bowheads apparently must feed
primarily in areas of above-average plankton abundance (Brodie 1981;
Griffiths and Buchanan 1982). The latter authors found evidence that copepods
are more abundant in areas with bowheads than in nearby areas without
bowheads. Copepods and euphausiids are the main food items for bowheads in
the Alaskan Beaufort Sea during early autumn (Lowry and Frost 1984), and
presumably are also important to bowheads in the Canadian Beaufort Sea. Thus,
factors affecting availability of zooplankton in the eastern Beaufort Sea
probably have a strong influence on summer distribution of bowheads.
Variations in the distributions of some other species of baleen whales are
related to variations in their food supplies (for review, see WUrsiget aL
1985b).

There has been no detailed study of factors affecting zooplankton
abundance in different parts of the eastern Beaufort Sea. Thus, it is
impossible to assess whether observed variations in bowhead distribution have
any connection with variable zooplankton abundance. However, bowheads
sometimes concentrate in areas where high zooplankton abundance would be
expected. The early summer concentration in Amundsen Gulf might be related to
the early bloom of phyto- and zooplankton that presumably results from the
early ice breakup in that area. During late summer, concentrations of
zooplankton (and bowheads) may occur because of the hypothesized higher
productivity and/or concentrating effects associated with

- turbulence and eddies, e.g. near Cape Bathurst and Herschel lsI,
- hydrographic phenomena such as upwelling near the shelf break,
- occasional upwelling along the Yukon coast and ice edges, and
- hydrographic and nutrient conditions near the edge of the Mackenzie

Rive r plume.

(Herlinveaux and de Lange Boom 1975; Buckley et ale 1979; Owen 1981;
Griffiths and Buchanan 1982; Borstad 1984; LGL, ESL and ESSA 1984).

Locations of zooplankton concentrations are expected to vary over time.
For example, the occurrence of upwelling off the Yukon coast and the position
of the estuarine front bordering the Mackenzie plume depend strongly on wind
'conditions on preceding days (Herlinveaux and de Lange Boom 1975; MacNeill
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an. Garrett 11975). Thus, much of the within- an. between-season :triatiOn in
bo'ilhead liistribution may result from variati.on in areas of I. peak food
aViiilabillit~. It should be noted, however, that this argumen~ 'is largely
spec\.llati!on! There is very little empirical informa~ion a9?ut factors
affecting! z60plankton abundance in the eastern Beaufort: Seal. or about the
ways. in I 'il~ich bowheads respond to variable foo.d atiundance 'and other
environment~l factors. i

The Id~tailed distributional data from 1980-84 and; limit~? data from
19,76-79 document pronounced year to year changes in SUmlnell:' distribution of
bO,wheads. T~ere is no evidence of avoidance of areas of ~eismic Ifxpioration.
However, since 1980 fewer bowheads have tended to enter thE! main area of
drillb.g, dredging and support activities, particularly, its c~ntral zone.

, I • "
From present data it is not possible to determine whethe~ activ;ities in the
main indVS9rial area are affecting bowhead distribution!. Th4:! ~irend i$ too
imprecise, natural variability in bowhead distribution is too great, and our
. • I I, . I II
understanding of the roles of environmental factors, most notably food
supply~ ~s hoo .rudimentary.

If lnt bowheads, particularly adults, return to theicentral part of the
main i.ndJsti-ial area in future, this will constitute strong evidence that oil
eXPlbrat~onl'has n.ot excluded bowheads from part of their ~ange. T~e case I will
be especially strong if some recognizable individuals return to industrial
areas wh~re they were seen in previous years. Converselyit if a itl1,strib~tion
simila.r to that seen in 1980 dbes not recur, there will be increksing reason
for conc~rn about possible long term effects of oil expldra.tion Ibn bowheads.
In ei.thJr case, a better understanding of the interrelatetl roles .of

: • I .' , II, '
oceanographJic and meteorological phenomena in affecting i plankton abundance
and' bOwh'ead distributibn may be necessary be.fore finti conclUsions about
effects df ~ndustrial activity on bO'ilhead distribution can be drAkn.
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