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INTRODUCTION

The bowhead whal e, Bal aena mysticetus, inhabits cold northern waters.
Al popul ations were exploited heavily by commercial whalers in the 18th or
19th centuries, and all were seriously reduced. Bowheads are considered
endangered under U.S. |egislation.

Bowheads of the Western Arctic (= Bering Sea) popul ation, the one group
occurring in U.S. waters, wnter in the Bering Sea, summrer in the eastern
Beaufort Sea, and migrate around western and northern Alaska in spring and
autum (Fig. 1, inset). The size of this population was nuch reduced by
intensive conmercial whaling between 1848 and 1914 (Bockstoce and Botkin
1983). The extent of the summer range was apparently also nuch reduced
(Dahlheim et al. 1980; Fraker and Bockstoce 1980). A subsistence harvest
continues annually in Alaska. The International Whaling Conm ssionVs current
‘best estimate’ of the stock size is 3871 individuals (I.W.C. 1984).

The spring migration of Western Arctic bowheads is close to shore in the
Chukchi Sea, but well of fshore in the Al askan Beaufort Sea (Braham et al.
1980, 1984; Ljungblad et al. 1982a). Thus, the eastward spring mgration
t hrough the Al askan Beaufort Sea in April-June is well north of the area of
oil exploration near the coast. However, during the westward autum mgration
in August - Cctober, many bowheads occur close to shore, within or near some
of fshore oil |eases (Braham et al. 1984; Ljungblad et al. 1984}.

From June to early Septenber, the great majority of the Western Arctic
bowheads are in Canadi an waters (Fraker 1979; Fraker and Bockstoce 1980;
Davis et al. 1982). Intensive offshore oil exploration began several years
earlier in the Canadi an part of the Beaufort Sea than in the Al askan
portion. Nearshore drilling fromartificial islands has been underway in the
south-central part of the sunmering area since about 1972, with drillships in
use farther offshore since 1976. Seismic exploration began there earlier and
still continues. The main area of offshore drilling i s north of the Mackenzie
Delta and the western Tuktoyaktuk Peninsula (Fig. 1). Summering bowheads are
sonetimes conmon in and around that area (Fraker and Bockstoce 1980).

POTENTI AL FOR DI STURBANCE

The scientific literature contains few descriptions of the reactions of
bal een whales to boats, aircraft, drillships, and other activities associated
with offshore oil exploration. Until 1980 there had been few detailed or
control l ed studies of these reactions. Controlled studies are especially
desirabl e because whal e behavior is quite variable. In the absence of
experinmental control, it is difficult to determ ne whether a change in
behavior is ‘natural “or a response to sone human activity. Long term effects
of offshore industrial activities on whales are even nore difficult to
study. The literature on these topics has been reviewed recently by Fraker
and Ri chardson (1980), Geraci and St. Aubin (1980), Acoustical Society of
Anerica (1981), Gales (1982), Malme et al. (1983), and Richardson et al.
(1983).

Noise is one attribute of offshore oil exploration and devel opment that
may affect whales. Unlike major oil spills, noise is an ongoing conponent of
normal offshore operations. Noise is introduced into the sea by nobst of the
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FIGURE 1. The eastern Beaufort Sea, study area for this project, show ng the

main sites of offshore industrial activity in August and early Septenber,
1980- 84. Inset: Ceneralized pattern of seasonal novenent of the Western
Arctic popul ation of bowhead whal es.

of fshore activities associated with the oil industry, including boat and
aircraft traffic, seismc exploration, dredging and drilling (Acoustical
Society of America 1981; Richardson et al. 1983). Many of the sounds produced
are at rather |ow frequencies (below 1000 Hz). This is the frequency range of
nmost bowhead calls (Ljungblad et al. 1982b; O ark and Johnson 1984). Hearing
sensitivity of bal een whal es has not been nmeasured, but the predom nance of
| ow frequency calls (Thonpson et al. 1979) plus anatomical evidence
(Fleischer 1976) suggest specialization for detecting |ow frequencies.

Sound, unlike light, can propagate long distances through water (Payne
and Webb 1971; Urick 1975). Wth calmto noderate sea states, noise from
boats, dredging and drilling is readily detectable by instruments, and
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probably by bowheads, at ranges of several kilometres or nore (Richardson et
al. 1983). Noise from seisnic exploration in open water is much nobre intense,
and often detectable at ranges of several tens of kilonetres (Ljungblad et
al. 1980, 1982a; Richardson et al. 1983; Reeves et al. 1984). |t is probable,
therefore, that bowheads detect noise from offshore oil exploration and other
of fshore industrial operations at rather long distances--much |onger than the
di stances to which vision or other sensory nodalities could detect the

industrial activity.

Within the often-large area around industrial activity where a bowhead
coul d detect industrial noise, there is the potential for disturbance. This
could take at least four interrelated forns: disruption of normal behavior,
di spl acenent (short- or long-term, physiological stress, or masking of
natural sounds. The potential negative effects of these types of disturbance
were discussed at length in the reviews cited above.

The inportance of interference with detection of natural sounds is
perhaps the |east obvious of these types of potential disturbance. Increased
noi se levels reduce signal to noise ratios and, consequently, the range at
whi ch the sound signal becones undetectable. Calls by bal een whal es seem
i mportant for comrunication (Cark 1983) , sonetines over distances of
kilometres (WAt ki ns 1981; Tyack and Whitehead 1983). I ncreased noi se levels
at frequencies simlar to those of the calls will reduce the distances over
which the calls can be detected. Detection of other environnental sounds may
al so be inportant to bowheads. For exanple, noise fromice or breaking waves
may be inportant in finding open water within areas of heavy ice. Industrial
noi se may reduce the range to which bowheads can detect such noises, and
consequently nmay del ay whal e novenents in the presence of ice, or even
increase the probability of entrapment by ice.

OBJECTI VES AND TASKS

Because of the endangered status of the bowhead whale, U S. regul atory
agenci es were required, before permtting offshore hydrocarbon exploration in
Al askan waters, to assess whether that exploration would harm bowheads. After
consul tation among the responsi ble agencies, it was decided that there was
insufficient information to determne the degree of jeopardy. Hence, research
concerning the acoustic and non-acoustic effects of offshore hydrocarbon
activities on bowheads was deemed necessary.

As part of its response, the U S. Department of the Interior (USDI)
awarded LGL Ecol ogical Research Associates, Inc., a contract to investigate
various aspects of potential i ndustri al di sturbance. The work was
adm ni stered through UsSbi's Bureau of Land Management in 1980-81, and the
M neral s Managenent Service in 1982-85. The general objectives were as
foll ows:

1. *“ldentify and describe, qualitatively and quantitatively, the daily
and seasonal behavior (e.g., feeding, breeding, calving) and
activity patterns of the various age and sex classes of bowhead
whal es that occur in the eastern Beaufort Sea, and as it relates to
the U S. Beaufort Sea | ease sale area.
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2. “Determine, as possible, how and to what extent acoustic and [other]
stimuli fromoil and gas exploration/devel opnent activities may be
expected to affect the distribution, novenents, activities and
activity patterns, and, ultimately, the survival and productivity of
bowhead whal es.

3. “Provide reliable baseline information which, in conjunction with
long-term nonitoring prograns, can be used to detect changes in
bowhead whale distribution, movenents, activity patterns, etc. that
may be caused by offshore oil and gas devel opnent in the Beaufort
Sea.

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

5. “"Meet the study requirements of the Beaufort Sea, Endangered Species
Act, Section 7 consultation...”

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
modi fication;

Task 1. Prepare a literature review concerning (a) the distribution,
nmovenents , and activities, of bowhead whales; (b) the stimuli associated with
of fshore oil and gas exploration and devel opnent; and (c) present know edge
of the potential effects of those stinuli on bowheads. Task (1) was conpleted
in 1980 (Fraker and Richardson 1980).

Task 2. otain baseline data on the activities and behavior of bowhead
whal es in the absence of sources of potential disturbance. This task was done
because an understanding of the activities of bowheads in the absence of
di sturbance was necessary in order to interpret their behavi or near
industrial activities. There had been no previous study of the behavior of
sunmering 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
|ater years task (2) was a priority only when it provided specific control
data needed for interpretation of disturbance responses.

Task 3: Conduct perturbation experinents and other studies to determ ne
the behavioral reactions of bowhead whales to offshore oil and gas
activities. Boat and aircraft traffic, seismc exploration, drilling, and
construction activities were identified as the  priority industrial
activities. Both uncontrolled observational work and controlled experinments
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 accunul ated about some topics.

Task 4. Deternmine the characteristics of bowhead feeding areas, with

enphasis on =zooplankton and the physical characteristics of the water
masses. This task was linmted in scope and was not continued after 1981. We
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found that, in sumer, bowheads tended to occur in areas with higher than
average abundance of copepods, one of the known prey groups (Lowy and
Burns 1980). The final report on this 1980-81 task was Giffiths and Buchanan
(1982); the present volume does not cover this topic.

Task 5: Docunment occurrence and intensity of industrial activity in the
Beaufort Sea during 1980-84 and, as possible, relate such patterns to recent
trends in behavior and distribution of bowheads. This task was first
identified in 1982; it included a retrospective analysis of existing 1980-81
data plus accunulation of additional data in 1982-84. The main intent was to
assess whether there was any evidence of change in the distribution of
sunmmering bowheads with respect to the main area of offshore oil exploration
in the eastern Beaufort Sea.

The present report summarizes the results pertaining to tasks (2), (3),
and (5). Results fromtask (2) are covered in the ‘Normal Behavior of
Bowheads’ section of this report (Wirsig et al. 1985). Results fromtask (3)
are covered in the ‘D sturbance Responses of Bowheads' section (R chardson et
al. 1985¢c) and in the ‘Characteristics of Waterborne Industrial Noise'
section (Geene 1985). Task (5) is covered in the ‘Distribution of Bowheads
and Industrial Activity’ section (Richardson et al. 1985a) . The present
report is a self-contained account of the main results from all five years of
the study, including previously unreported results from 1984. Additional
details for 1980-81, 1982 and 1983 can be found in earlier reports
(Richardson [cd. ] 1982, 1983, 1984).

The present report excludes certain aspects of the project. Tasks (1)
and (4) ended with the submission of the aforenentioned reports by Fraker and
Ri chardson (1980) and Griffiths and Buchanan (1982). A joint effort by Naval
Ccean Systens Center and LGL to study bowhead behavior and reactions
to seismc vessels in the Al askan Beaufort Sea in autum 1981 is reported
separately (Fraker et al. in prep.). Plans to conduct spring sound
propagation tests in Alaska in 1982, and artificial island noise neasurenents
in Alaska or Canada in 1983, could not be inplemented because of |ogistical
constraints; funds allocated for these two efforts were redirected to task
(3) in 1984.

APPROACH | N THIS STUDY

Study Area

The study area was the sanme in each year of the study: the southeastern
Beaufort Sea, including the area of offshore oil exploration and surrounding
waters to the west, north and east (Fig. 1). Cbservation sites were between
127°W and 141°W, and fromthe shore to 190 km- offshore. The study period each
year has been fromlate July or early August to late August or early
Septenber. This area and season were chosen (1) to take advantage of sunmer
weat her, light and ice conditions, (2) because bowheads travel |ess and thus
are easier to study when feeding in sunmer than when mgrating in spring or
autums and (3) because this is the part of the bowheads' range where
offshore oil exploration is furthest advanced. The presence of extensive
of fshore oil exploration provided opportunities for observation that did not
exist in the Al askan Beaufort Sea. Because this study was conducted in the
eastern (Canadian) Beaufort Sea, site-specific information about reactions of
bowheads to industrial activities in the Al askan |ease areas was not
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obtained. However, we believe that npst data collected in the eastern
Beaufort Sea are applicable to the Al askan situation.

The eastern Beaufort Sea is largely ice covered from Cctober to June,
but by July there is usually open water south and east of a line from
Herschel Island northeast to Banks Island (Fig. 1). However, wind shifts can
bl ow nuch ice back into this area at any tine. Mst of our work was on whal es
in open water, but some was near or in pack ice. In nost parts of the study
area, water depths increase very gradually out to the shelf break near the
100 m contour, and then increase nore rapidly to >1000 m (Fig. 1). The 100 m
contour ranges from 15 to 150 km from shore.

Bowhead distribution in sumrer is variable within and between years.
Whal es 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 Septenmber are times of peak abundance in shallow areas.
Feeding, socializing and traveling are the nmain activities.

O fshore drilling in the eastern Beaufort Sea began in 1972, initially
fromartificial 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 100 mcontour, and artificial islands and
cai ssons for drilling were conpleted in waters as deep as 31 m(Fig. 1).
Dredges were wdely wused 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. O fshore seismc exploration
occurs in the study area each summer. At nost times in recent open water
seasons, 2-4 seismic boats using airgun arrays or other high-energy noise
sources have operated in the eastern Beaufort Sea. Each seismic boat produces
an intense noi se pulse every 6-15 s.

Approach and Logistics

Behavi or of undisturbed bowheads (Task 2) was studied before and after
di sturbance experiments, thereby providing control data, and on other
occasi ons when experinents were not possible. Wen logistical difficulties
prevented us from conducting experinents, we collected data on undisturbed
behavi or.

Whenever possible in all years of the study, we conducted experinmenta
tests of reactions of bowheads to industrial activities (Task 3). In these
tests, we conpared behavior of a specific group of bowheads before, during
and after exposure. This method is nore sensitive than uncontrolled
observations of some whales in the presence of the industrial activity and
others in its absence. Many factors aside fromindustrial activity may differ
bet ween groups of whales observed at different places and times. However, the
uncontrol | ed observations were also of interest. For exanple, they showed
that some bowheads approached full-scale industrial sites that could not be
simul at ed adequately during experinents.

No field work specifically directed at determining bowhead distribution
in relation to industrial activities (Task 5) was funded under this project.
However, many distributional data were obtained Incidental to our behavioral
work. When task (5) was initiated in 1982, we conpiled these distributional
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data, along with results from other studies of bowheads conducted in the sanme
study area during 1980-84.

Qur observations were obtained fromthree types of ‘platforms'—-air-
craft, boats, and shore:

Aircraft: Mst behavioral observations were froman aircraft circling high
enough above whales to avoid aircraft disturbance. The aircraft crew had
the advantages of great nobility and a good vantage point for
observations. The aircraft crew could drop somobuoys near bowheads to
record the underwater sounds to which whales were exposed, as well as
the calls that they emtted. An Islander aircraft was used in all years,
although a Twin Qter was also used for part of the 1983 field season.

Boat: A boat, usually a 12.5-m fishing vessel, was chartered for at |east
part of each field season. The main functions of the boat were to
conduct disturbance experinents, to record underwater sounds near whal es
and near industrial sites, and (in 1980-81 only) to conduct the
‘characteristics of bowhead feeding areas' task.

Shore: Shore based observations were attenmpted at Herschel |sland and
King Point (Fig. 1) in 1980-81 but not in 1982-84. Many whal es had been
seen close to shore at these locations in sone earlier years (Fraker
and Bockstoce 1980). Virtually none were. near King Point in 1980-81,
and those near Herschel Island were too far offshore for effective
shore-based observations or experinments. No shore based work was
attenpted in 1982-84. 1In 1983 and 1984 bowheads did occur close to
shore at King Point, and nmuch of our aircraft- and boat-based work in
1983 was in that area.

Results from the various tasks, platfornms and years of the study were

conpl enent ary. Detailed results fromall five years are presented in the
following four sections on normnal behavi or, di sturbance responses,
characteristics of waterborne industrial noise, and sumrer distribution
relative to industrial activities. Results  concerning  zoopl ankton

conposi tion and bionmass in some |ocations where bowheads were and were not
observed in August 1980 and 1981 were presented in an earlier final report
(Griffiths and Buchanan 1982). A summary of the entire study appears in a
separate volume (Richardson, Greene and Wiirsig 1985b),
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ABSTRACT

Behavi or of bowheads was observed during August and early Septenber of
1980-84, mminly during 98.5 h while an observation aircraft circled at
altitude >457 m above ' presunably undisturbed whales. In 1980, 1983 and
1984, most whales studied were in waters 10-30 m deep, although not in the
same areas during various years. In 1981 they were often in water about 50 m
deep, and in 1982 nost were in water >100 m deep. Year to year variation in
distribution and behavior may have been attributable to changes in
zoopl ankton availability, although this is unproven.

Surfacing, Respiration and Dive Cycles. --Interval s between successive
blows were relatively stable, averaging 13.5 + s.d. 8.88 s (n = 5161, calves
excluded) over the five years. Nunber of blows per surfacing (4.34 + 3.254, n
= 626) and duration of surfacing (1.19 + 1.137 ninn = 715) were positively
correlated. Dives averaged 4.42_+ 6.319 min in duration (n = 333), with a
skewed distribution and a maxi mum of 31 min. Blow rate, averaged over surface
plus dive tinme, was 1.10 + 0.873 blows/rein (n = 156). Surfacing-respiration-
dive variables were not strongly related to tine of day or date in season but
were different for nothers and cal ves than for other whales.

Feeding occupi ed much of the time of bowhead whal es in sumrer. Wal es
sometimes skimfed at the surface either alone or in coordinated echel ons of
up to 14 aninmals. Bottom feeding was indicated when whal es surfaced with nud
emanating fromtheir nmouths, usually in water 6-24 m deep and with whales >75
m apart. Near bottom feeding was suspected on other occasions when nud
streamed fromthe body but not the nouth. We suspected that whales fed in the
water columm on the nany occasi ons when they dove repeatedly in an area
Wi thout making forward progress, and did not surface with nud.

Soci al _behavior, including nudging, chasing, or orienting toward one
anot her when <% body length apart, was nmore frequent in early August than
later in sumer. Apparent mating was seen only tw ce. Bowheads in groups
often surfaced and dove in rough synchrony, and those within 3 km of one
another did so at times.

O her 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 tines,
tailslapped 36 times, and flipperslapped 49 times in 75 mn. Pre-dive flexes,
consi sting of a concave bending of the back, and raised flukes as the whale
dove, were nmost common before |long dives. Underwater blows occurred
irregularly, but often during socializing.
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| NTRODUCTI ON

Several early authors--notably Scoresby (1820) , Scammon {1874) and
Bodfish (1936)--di scussed behavi or of bowheads, mainly of whales that were
under. stress during capture. Systematic observations of undisturbed behavior
commenced only recently. Braham et al. (1979) and Rugh and Cabbage” (1980)
gathered informati on about durations of dives, surface times and swi mm ng
speeds for bowheads migrating past Cape Lisburne, Al aska,and Davis and Koski
(1980) and Koski and Davis (1980) did sinmilar work on bowheads mgrating in
the eastern Canadian arctic. Everitt and Krognman (1979) descri bed six whales
that were apparently involved in mating activity during the spring migration
past Point Barrow, and there are other accounts of bowheads engaging in
precopulatory behavior in the Bering and Chukchi Seas in spring. It has been
known since commercial whaling days in the 19th century that feeding is the
predom nant activity of bowheads in the Beaufort Sea in summrer.

Qur study of behavior of undisturbed bowhead whales in the Canadi an
Beaufort Sea was conducted along with a study of disturbance responses
(Richardson et al. 1985¢) during the summers of 1980 through 1984, Results
of these studies were described in yearly reports to the U S. Mnerals
Managenment Service, and data for 1980-1982 are published in Wirsig et al.
(1984a, in press), The present report summarizes data for all five years of
research. In 1982-84, a study simlar to ours has been conducted on bowhead
whal es feeding and migrating in the Alaskan Beaufort Sea later in the season,
in Septenber. The behavioral findings of this Al askan work for 1982 and 1983
are in Reeves et al. (1984) and Ljungblad et al. (1984b), respectively.

(bj ectives and Approach

The two main objectives of the 'Normal Behavior' task were (1) to
provide a description of presumably undisturbed behavior inmmediately before
and after experimental disturbance trials, against which the results of these
trials could be conpared, and (2) to provide general information on the
normal behavi or of bowhead whal es. The first task is essential to an
interpretation of how whales react to potential disturbance and we attenpted
to obtain information on the behavior of the same individual aninals
i medi ately before and after the period of potential disturbance. The second
mai n objective of the normal behavior study is also essential to a study of
potential disturbance, because we nust have a basic know edge of undisturbed
behavi or patterns in-order to properly assess disturbance reactions. There
was considerable variability in behavior fromyear to year, and an ongoi ng
study of normal behavior allows us to address whether whales m ght be nore
susceptible to disturbance in sone situations or years than in others.
Nor mal behavi or studies were carried out (1) in association wth experinental
di sturbance trials, and (2) when studies of disturbance effects were not
possi bl e.

Background information concerning the rationale and design of the study,
and the choice of the eastern Beaufort Sea as the study area, iSs given in the
previous section ‘Project Rationale and Design’ (Richardson et al. 1985b).

Field work occurred mainly in August, with sone additional observations
in late July and early Septenber during certain years. Work was based at
Tuktoyaktuk, Northwest Territories (Fig. 1). Observations of behavior were
conducted fromthe air, froma boat, and--in 1980 and 1981 only--from shore

N N
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mentioned in the text, and |ocations of behavioral observation sessions.

at Herschel Island, Yukon. Aircraft-based observers had the advantage of
high mobility and a good vantage point and consequently collected nost of the
behavi oral data. When whal es were observed, sonobuoys were often dropped
fromthe aircraft to allow us to hear and record bowhead sounds. Sonobuoys
also allowed us to deternm ne when industrial noises were present in the
water. Boat-based observers used hydrophores for this purpose. Cbservations
of bowheads in the presence of strong industrial noise may not represent
undi st urbed behavior, and were excluded fromthis section on ‘ Nornal
Behavi or’

METHODS AND DATA BASE

Aerial Qbservations

Most behavi oral observati ons were nade from a Britten-Norman | sl ander
aircraft, although observations from 1-12 August 1983 were from a deHavilland
Series 300 Twin Oter. These aircraft have twin engines, high wng
configuration, and low stall speed. Both aircraft were equipped with
radar altineters and Very Low Frequency (VLF) navigation systems. Positions
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and flight tracks were recorded manually fromthe VLF systens. Both aircraft
had an endurance of about 5.5-6.0 h plus reserves. The |slander had a
forward-1ooking radar useful for determining distances to industrial sites
shore, etc. Sonobuoys (AN/SSQ-57A or AN/SSQ-41B) were depl oyed and nonitored
from both aircraft in order to record waterborne sounds from bowheads and
i ndustrial sources (details in Geene 1985). A hand-held col or video canera
(JvCc-Cv-0001 or Sony HVC=2000) connected to a portable videocassette recorder
(Sony SL0-340 or SL-2000) was used through a side wi ndow to record oblique
views of bowheads.

Qur usual strategy was to search until we encountered bowheads and then
circle over themas long as possible while making observations. Once contact
was lost, we searched for another group. W created a fixed reference point
about which to circle when bowheads were bel ow the surface by deploying a dye
mar ker (1-2 teaspoons of fluorescein dye in about 1 litre of water in a
plastic ‘freezer’ bag, which burst on inpact with the water). Near the start
of nost periods of circling above whal es, a sonobuoy was depl oyed

W made 132 offshore flights during the five seasons, and we gathered
behavi oral observations of bowheads during 85 of these flights. Mst flights
lasted 4 to 5.5 h, and we observed bowhead whales for a total of 186.3 h. W
usually did not fly when wind speed exceeded 25 km/h; whales are difficult to
detect and behavior is not reliably observable in nore severe conditions.
Wi | e searching for whales, we usually flew at 457 or 610 m (1500 or 2000 ft)
above sea |level (a.s.1.), and at 185 kni h. Bowheads rarely appeared to be
di sturbed by the aircraft when it remained at or above 457 m (Ri chardson et
al. 1985¢).

The aircraft crew usually consisted of four biologists and the pilot,
In the Islander, from which nost behavioral observations were obtained, three
bi ol ogi sts were seated on the right side of the aircraft, which circled to
the right when we were obtaining behavioral observations. Biologists seated
in the right front (co-pilot’'s) seat and in the seat directly behind it were
responsi bl e for describing whal e behavior. This information was recorded
onto audi otape and al so, on npbst occasions, onto the audi o channel of the
vi deotape recorder. A third biologist in the right rear seat operated the
video canera during nmost periods while we circled above whales visible at the
surface. That individual was also responsible for sone record keeping, radar
measurenent of distances to industrial activities, and overall direction of
the work. A fourth biologist, in the left rear seat, searched for bowheads
outside of the area being circled, | aunched sonobuoys and dye markers, and
operated sound recording equipnent. The biol ogists and pilot were in
constant conmuni cation -via intercom The Twin Oter circled to the left
during behavi oral observations; three biologists were seated on the left side
behind the pilot and one in the right front (co-pilot’s) seat,

W obtained consistent data of 15 types:

l. location of sighting (and therefore approx. water depth from
charts);

2. Time of day;

3. Nunber of individuals visible in area; nunber of calves;

4. Individually distinguishing features (if any) on whal es
5. Heading in degrees true, turns, and estimated swi nm ng speed of
each whal e;
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6. Distances between individuals (estimated in adult whale |engths);

7. Durations of tinme at surface and sonetinmes duration of dive;

8. Timing and nunber of respirations, or blows;

9 I ndications of feeding: e.g., open nouth, defecation, nmud stream ng
from nout h;

10.  Soci ali zi ng; probabl e mating;

11. Probable nursing;

12, Play with surface debris or |ogs;

13. Underwater blow (releasing a |arge burst of bubbles underwater);

14,  Aerial activity: breaches, tailslaps, flipper slaps, lunges ,
rolls;

15. Behavior at start of dive: fluke out, peduncle arch, pre-dive
flex.

Descriptions of these behaviors appear later in this report and, in nore
detai 1, in wWirsig et al. (in press).

W were at tines 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 deternmine dive durations for these
i ndi vi dual s. Davis et al. (1983) showed that smaller bowheads tend to have
fewer such white marks than do |arger whales.

Water depths were determined by consulting Canadi an Hydrographic Service
chart #7650 (1980 printing) and Done Petrol eum Ltd. chart E-BFT-100 O3. The
di stributions of behavioral observations by 10-day period, depth of water,
and hour of day are presented in Figure 2, Mst observations in 1980, 1983,
and 1984 were in shallow water. Mst 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, with rare exceptions that are specifi-
cal 1y indicated, we describe only the behavior observed with no known
potenti al di sturbances. Data collected during periods of potential
di sturbance are described separately in the ‘Disturbance’ section (Richardson
et al. 1985c). Whales were classified as ‘presumably undisturbed only if
the observation aircraft was at an altitude of at |east 457 m (1500 ft)
a.s.l., no vessels were underway within 4 km and no other industrial
activities were close enough to create waterborne sounds prominent to the
hunman ear. Observations in the presence of noise inpulses from distant
seismc vessels were treated as potentially disturbed and were excluded.
Some observations were collected when our 12.5 m boat was nearby; the whal es
were considered to be presumably undisturbed if the boat had been anchored or
drifting quietly with engine off for at least 30 min. O 186.3 h spent
observing bowheads, 98.5 h were during presumably undisturbed periods.

Behavi oral observations were transcribed from audi otape onto data sheets
during periods of poor weather between observation flights. The vi deot ape
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 audi otape and converted into a standardi zed nurmerical fornmat with one
record per surfacing or dive of each whale that was under detailed
observation. These records were hand-checked by a different individual and
entered into a nmicroconputer for subsequent conputer validation, tabulation,
and statistical analysis. The standardized data files contain the foll ow ng:
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Year Surfaci ng Records Dive Records  Total Records

1980 563 223 786
1981 778 223 1001
1982 312 141 453
1983 1401 242 1643
1984 1283 129 1412
Tot al 4337 958 5295

O these, 2129 surfacing and 475 dive records were from presunably
undi sturbed peri ods.

Met hods of anal ysis of bowhead sounds recorded via sonobuoys are
described in the ‘Bowhead Sounds’ section of the results, bel ow

Shore and Boat - Based Observations

Most behavi oral observations were nade fromthe air, but observations
fromshore and a boat at times hel ped us to understand activity patterns when
the airplane was not present, and allowed us to obtain some data (precise
speed information, for exanple) that we could not obtain fromthe air. Qur
limted theodolite tracking information appears in Wirsig et al. (in press)
and is not repeated here. Because our observations from boats pertain nostly
to disturbance trials, these data are detailed in the ‘Disturbance’ section.

RESULTS

Respiration, Surfacing and Dive Characteristics

Four characteristics of a surfacing |end thenselves to repeated
quantitative sampling: the interval between blows in a surfacing (blow
interval), the nunber of blows per surfacing, the duration of surfacing
(surface tine) and the duration of dive between surfacings (dive tine).
Because these variables are conparatively easy to assess quantitatively, they
are suitable for use in analysis of responses to disturbances. A detailed
under standi ng of respiration, surfacing and dive behavior under undi sturbed
conditions is a prerequisite for interpretation of disturbance responses.

Definition of Terns

The neasurenent of each of these four quantities depends on how a
surfacing and dive are defined. Bowheads that are migrating or traveling
for relatively long distances usually nmake two distinguishable types of
dives-—brief, shallow dives between successive respirations, and |long, deeper
di ves 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, however, remained at the surface between
successive respirations. Moreover, from our aerial vantage point we could
not always determ ne whether a whale was at the surface or slightly bel ow
it. As a result, we defined only one type of dive, the sounding dive, during
whi ch the whal e was out of sight underwater. W 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 shall ow ‘dives' that
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occurred for a few seconds between respirations were not counted as dives, or
as interruptions of a surfacing.

Observers working from low vantage points on ice, shore or a boat would
treat such shallow dives differently because the whale would usually be out
of their sight as soon as it went below the surface. Thus the definitions of
surfacings and dives used in this study are in part a function of our aerial
vantage point, and one must use caution when conparing our data with those
collected from | ow vantage points.

On rare occasions a whale remained visible just under the surface of the
water for periods of up to several mnutes; these were considered dives if
they exceeded an arbitrary mnimm of 60 s. W used an additional convention
in 1983 and 1984, when the water at observation sites was usually nore turbid
than in previous years; in these cases, whales were less easily visible while
underwater. Periods of submergence lasting less than 15 s were not counted
as dives in 1983-84 unless, before subnerging the whale lifted its flukes
out of the water, arched strongly or perforned a pre-dive flex.

A blow is an exhalation of air by a whale. It. can occur either above or
below the surface. Surface blows are usually visible as a nmisty white
cloud. We calculated blow intervals only for successive blows within a single
surfaci ng when our view of the whale was not interrupted between the bl ows.
Underwat er bl ows becorme visible at the surface as a white circular burst of
bubbles that may grow to 15 min diangeter. They are discussed in a later

section.

Cal ves, because of their small size, are nuch nore difficult to observe
when just under the surface of the water than are adults under similar
condi tions. We anal yzed our observations of calves separately and will
present that analysis follow ng the non-calf observations. The renainder of
this section considers undisturbed whales excluding calves, i.e. all adults
and subadults that we observed.

Bl ow | nt erval

In 1980-84, we neasured 5161 blow intervals for undi sturbed non-cal ves.
The frequency distributions were very sinmlar im all five years; the nodal
category of blow intervals was 10-13 s in each year. The year 1984 had the
shortest nmean blow interval of the five years, and 1983 had the |ongest.
Table 1 presents the summary statistics for blow intervals for the five years
of this study. The overall mean blow interval for presunably undisturbed
non- cal ves observed in 1980-84 was 13.5 * 8.88 s (n "5161, range "1-173 s).

W wondered whether the first blow interval in a surfacing mght be
shorter than subsequent blow intervals, i.e., whether a whale tends to
breat he nore quickly at the start of a surfacing than for the remainder of a
surfacing. For each year, we conpared the first blow interval and the mean
of the subsequent blow intervals in all surfacings that had three or nore
blows (two or more blow intervals) and for which all blows were tined. Only
presumabl y undi sturbed non-cal ves were considered. On average, the first
blow interval was significantly shorter only in 1982 (paired t = 2.40, df =
43, 0.02<p<0.05), which was the year with the longest dives and |ongest
surfaci ngs. In 1981 and 1983, the first blow interval averaged shorter than
the mean of the subsequent blow intervals, but not significantly so, while in

x



Tabl e 1, Smmary statistics for the principal surfacing, respiration ad dive variables in presumably undisturbed boweads in
1980-84. Calves are excluded fron every line except that labelled ‘cal ves’.

Number of
blows per Length of Lergth of dive
Bl ow interval (S) surfacing surfacing (rein) (rein)
mean s n mean  s.d. n mean  s.d. n mean s« n

AT non-cal ves 1983 12.9 8.61 915 4.8 2.91 70 1.25 0.723 % 2.25 3.549 25
1981 13¥0  8.0S 1113 4.2 2.91 194 1.06 0.764 204 3.80 4.986 &

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 1,06 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 37

1980-84 13.5 8.89 5161 4.3 3.25 626 1.19 1L.137 715 4.42 6.319 333

cal ves 1980 5.1 10.33 30 3.3 2.06 4 0.71 0.472 5 1.80  1.958 3
1981 11.6 7.65 34 0.8 1.47 1 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 0.90 7 0.36 0.478 8 1.98 2. 70 7

1984 8.4 201 10 — — 0 1.20 0 | — - 0

1980-84 16.0 13.58 178 2.6 2.45 41 1.05 113 51 4.%  5.358 45

Mults with cal f 1983 14.1 6. 65 49 3,13 6 0.683 9 0.% 1.692 5

1991 5.1 5.30 91
1982 18.6 9.45 178
1983 8.0  9.29 7

20 1.593 23 8. 62 5. 862 22

0.91

2.98 11 1.38  1.065 13 9.99  7.707 10
2.X)
1.45  0.259 2 12.18  1.002 2

O1 N W w
TS
o oo

S

~

~

1984 — — 0 — — 0 — 0 0 g
19%9- 84 16.9 8.27 325 5.1 4.16 38 1.74 1. 387 47 8.17 6. 485 39 g
}.—l
Al other non-calves 1980 12. 8 8.71 866 4.9 2.87 64 1.29 0.722 85 2.57 3. 842 20 W
1981 12.8 8.26 1022 4.2 2.91 183 1.04 0.738 191 2.92 3.791 70 g
1982 13.8 8.11 617 8.0 5.25 38 1.93 1.164 47 14.70 10,361 29 p:
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 H
1980-84 13.3 8.88 4836 4.3 3.19 588 1.15 1.108 668 3.92 6.138 294 ™

Continuved.. .



Table 1. Conti nued.

Number of
blows per Tength of Length of dive
Blow interval (s) surfacing surfacing (rein) (min)

mean S Jd. n mean 5 o, n mean S 4. n mean § ode n

Skim-feeding vhales 1980 13,7 11.36 30 —_ — 0 — — 0 — — 0
1981 16.4  12.90 48 2.8 2.05 13 0.70 0.702 12 3. 34 4,258 9

1982 - - 0 - - 0 . - 0 - - 0

1983 31.7 23.79 120 6.9 3.99 10 5.20 3.636 15 0.3 1.001 16

1984 . - 0 - - 0 - - 0 - - 0

1980- 84 25.3 21,58 198 4,6 3.63 23 3.19 3.549 27 1.8 2,840 25

Bottom-feeding ties 1980 - - 0 - - 0 - - 0 —_ 0
1981 — 0 - - 0 - - 0 —_ — 0

1982 —_ - 0 - - 0 - - 0 - — 0

1983 11.5 5*39 6 3.0 2,65 3 o I3 0. 130 2 0.42 0.024 2

1984 11.9 5.13 133 7.0 3.42 7 1.43 0.480 10 12,31  14.555 2

1980-84 11.9 5 12 139 5.8  3.61 10 .21 0,668 12 6,36 10.851 4

All other mm cal ves 1980 12.8 8.51 885 4,8 2.91 70 1.25 0.723 % 25 3.549 25
(ot skim or bottom 1981 12.8 1.77 1065 4,3 2.94 181 1.09 0. 668 192 86 5.095 71
feedi ng] 1982 14.9 8. 66 795 7.4 5.11 58 2.05 1.320 70 0 ;] 9.153 51
1983 14.6 8.97 740 3.0 2.14 216 0.79 0.600 231 .03 2,466 122

1984 11.6 4,62 1339 5.3 2,91 68 1.06 0.557 89 93 6.806 35

1980~-84 13.1 7.66 4824 4,3 3*23 593 1.10 1.051 676 6l 6. 427 304
Socializing wvhales 1980 13.6 9.10 127 4.7 2.08 3 1.40 0.488 10 0. 25 0. 186 3
(including only \Whal es 1981 14,2 11,60 223 3.8 2.17 4 L15 0. 868 43 3,07 3.19 24

t hat were actively 1982 14,2 8,01 74 3% 2.75 4 1.% 0.7% 5 0.8 0 1
interacting) 1983 15.6 9.70 85 4.3 2.46 13 1.22 0.711 14 0.62 0.235 3
1984 14,0 5.56 44 - 0 1,42 0.309 4 8. 35 0 1

1980-84 14.2 9.93 553 3.9 2.23 61 1,22 0,766 76 2,66 3.139 32

Continued oo
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Table 1. Continued.

Number of

bl ows per Length of Length of dive
Blov interval (s) surfacing surfacing (mn) (rein)
mean s.d. n mean S Jd. n mean S . n mean S .. n

Nomr-socializing whal es 1980 12.8 8.63 760 4.7 2.94 65 1.22 0.745 82 2.52 3.707 2
(excluding whales 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 were mt 1982 14.9  8.72 721 1.7 5.15 54 2.10 1.341 65 12.31 9.09 30
actively interacting) 1983 17.3 13.92 766 3.1 2.36 215 1.04 1.527 231 1.92 2.381 135

1984 11.6 4.62 1428 5.5 2.97 75 1.10  0.557 93 6.51 7.399 34

198(H?4 13,4 8.75 4536 4.4 3.35 555 1.19 1,181 625 4.65 6.577 297

Singl e vhales 1983 3.3 10,20 324 5.2 3.20 32 1,32 0.955 33 1.26  2.154 T
(excluding skimfeeders) 1981 12,1 509 3% 5.4 3.07 351 1.24  0.684 56 3.89  4.709 20
1982 13,7 822 530 8.6 5.09 31 2.10 1,19 40 15.82  9.844 27
1983 4.0 7.89 52 3.0 215 151 0.7 0. % 151 2.12  2.466 74
1984 11.6  4.66 1331 5.5 2.95 66 1.13  0.558 83 6.14  7.075 30
1980- 84 126 6.82 3103 4.6 340 331 1.10 0.822 363 541  7.474 158
Whales in groups 1980 128 718 401 4.7 3.04 23 1.30 0.59 41 .31 2.243 9
(excluling skim-feeders) 1981 14.3 10,55 415 3.7 2.55 85 1.09 0.833 88 4.03  5.439 44
1982 7.2 9.06 265 6.0 4.86 27 1.9  1.49 33 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 4,80 126 5.3 3.35 9 0.% 0.558 16 6.83 8261 7
1980- 84 145 925 1432 4.0  3.05 212 1.16  0.904 257 3.85 5,200 134 §
— &
os]
Depth (m) <16 1980 126 7.13 89 2.7 1.67 19 0.70 0.403 24 0.76 1.236 9 &
1981 — — 0 — — 0 — — 0 — — 0 8
1982 — — 0 - — 0 - - 0 — — 0 b
1983 19.4 16.% 459 3.4 2.66 111 1.32 1.934 131 .69 L757 87 "
1984 1.0 4.1 221 6.0 2.77 13 1.07 0.469 15 12.44 7.839 10 o
1980- 84 16.2 13.79 769 3.5 267 143 .21 1.722 170 2,62 4.251 106 b

m’ltirllﬁ...
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Tabl e 1. Concl uded.

Nunber of
blows per Length of Length of dive
Blas interval (s) surfacing surfacing (rein) (rein)
nmean  s.d. n mean  s.d, n nmean S.d. n mean  S.d n
Vhales wi th flukes raised at 1981 — — 4.6 2.71 62 1.13 0.688 66 — — -
end of surfacing/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 0.80  0.492 40 1.48 1.820 28
1984 11.6  4.43 701 6.2 2.9 39 1.22  0.530 51 7.06  7.895 18
1981-84 12,0 540 845 5.0 342 167 1.22  0.810 182 3.66  5.756 46
Wal es with flukes not raised 1981 - 3.9 2.58 85 1.02 0.742 85 — —_ -
at end of surfacing/start 1982 — — — 7.1 4.64 35 . 1.126 37 - — —
of dive 1983 18.0 14,80 614 3.2 2.44 178 1.11 1.614 204 1.86  2.233 105
1984 11.7 489 549 4.9 2.76 35 0.98  0.561 47 574 6,712 18
1981-84 5.0 1169 1163 4.0 3.05 333 1.15 1.329 373 2.43  3.524 123
Wales with pmdive f lex 1981 11.0 5. 84 85 6.5 2.42 11 1.30 0.499 11 0.44  0.312 3
1982 4.3 9.82 280 12,5 3.62 11 3.09 1.038 14 19.00 7.877 13
1983 17.2 13.52 117 5.1 2.77 32 1.55 1.262 26 181 2.321 19
1984 1.5 4.47 229 6.5 2.03 16 1.28  0.454 19 10.79 6. 367 10
1981-84 13.8  9.57 1 6.8 3.69 70 .74 1.159 70 8.68  9.215 45
Whales without pre-dive flex 1981 3.2 8.59 534 4.3 2.73 105 1.07 0.723 109 5.05 4.970 Q0
1982 15.4 812 473 6,2 4.68 44 1.79 1.284 52 10. 15 7.465 36
1983 8.2 1473 517 2.9 2,19 177 1.04 1.624 186 1.75  2.088 97
1984 1.9 4.83 841 52 3.14 59 0.99 0.582 63 5. 68 7. 7% 19
1981- 84 143 9.55 2365 4.0 3.09 385 1.13 1.285 410 4.40  5.765 192
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Normal Behavi or 28

1980 and 1984 the first blow interval averaged slightly longer than the mean
of the subsequent ones.

Bl ON6 per Surfacing and Duration of Surfacing

In 1980-84 we neasured the nunber of bl ows per surfacing and the
duration of surfacing in presumably undisturbed non-calves 626 and 715 tines,
respectively. The overall nean values were 4.34 + s.d. 3.254 blows per
surfacing (range = 0-19 blows) and 1.19 + s.d. 1.137 min at the surface
(range = 0.03-13.17 rein). Table 1 presents the values for each year of this

study . These two variables showed a highly significant positive correlation
with each other in each year . (Table 2B), This positive correlation is a
result of the relative stability of blow intervals. The frequency

di stributions for nunber of blows per surfacing and duration of surfacing

(Figs. 3B, 3C) show considerably more variation fromyear to year than do the
frequency distributions for blow intervals.

Duration of Dives

Qur estinmates of nean dive duration are biased downward to a degree that
has varied somewhat from year to year. The reason for this bias is that it
is more difficult to find and recognize a whale when it resurfaces after a
long dive than after a short dive. In 1982, the conditions for neasuring
durations of long dives were better than in any other year because many of
the whal es were recogni zable and we often circled over only one or two whales
and could be certain that we had not nissed any surfacings. Table 1 presents
the nean duration of dive neasured for each year. The substantially higher
nmean dive tinme for 1982 is only in part the result of the reduced bias
agai nst |ong dives, however, for in that year it was obvi ous that npst whal es
were in fact making proportionally nore |long dives and fewer short dives than
in any other year, In 1983, we obtained the [owest nean dive tinme for the
study, but there was an especially strong sanpling bias against long dives:
most whales we circled in 1983 had few or no distinguishing marks and were in
relatively large groups. The overall mean dive tine for presumably
undi sturbed non-calves for all five years of this study was 4.42 * s.d. 6.319
mn (n = 333, range = 0.03-30.98 rein).

Figure 3D presents the frequency distributions for duration of dive. In
al 1 years except 1982 there was marked skewing of the frequency
distributions. For this reason, all statistical conparisons of dive tines
were done non-paranetrically.

In 4 of 5 years there was a significant positive correlation between
dive times before and after a surfacing;-in 1980 the correlation was strong
(0.659) but only marginally significant due to |low sanple size (Table 2A).
Thus , a whale tends to nake a series of dives of similar lemgth rather than
alternating short and |ong dives.

In most years, the duration of the dive preceding a surfacing was better
correlated with both the duration of that surfacing and the number of bl ows
in it than was the duration of the dive followi ng the surfacing. The nunber
of blows per surfacing showed a positive correlation with previous dive tine
that was significant in all five years and highly significant in nost of them
(Table 2D). The duration of surfacing sinmlarly showed a highly significant
positive correlation with the duration of the previous dive in all years
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Table 2. Degree of correlation between all pairs of the follow ng four
variables: nunmber of blows per surf acing, duration of surfacing,
duration of previous dive, and duration of subsequent dive. only
presumabl y undi sturbed non-cal ves are included. ‘s is the Spearman
rank correlation.

A. Previous dive vs. subsequent divea B. Number of blows vs. surface tinme’

sign. sign.
s n | evel Ms n | evel
1980 0. 659 8 (*) 1980 0.801 65 e
1981 0.371 35 * 1981 0. 852 193 e
1982 0. 695 29 kkx 1982 0.936 56 kdk
1983 0.313 80 * 1983 0. 829 218 Rk
1984 0. 682 11 * 1984 0. 875 75 rE
C. Previous dive vs. surface tinmes D. Previous dive vs. nunber of blows
sign. sign.
rs n level I n | evel
1980 0. 757 15 * 1980 0. 859 13 e
1981 0. 509 73 o 1981 0. 550 70 e
1982 0.734 35 e 1982 0.677 32 *kk
1983 0.033 116 ns 1983 0.225 98 i
1984 0.613 26 * 1984 0. 607 24 *
E. Subsequent dive vs. surface tinmge’ F. Subsequent dive vs. nunber of bl ows
sign. sign.
M n | evel My n | evel
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 *
significance |evels: ns | p>0.10
(*). 0.05<p<0.10
*.. 0.01<p<0.05
** + 0.001<p0.01
e p<0.001

a See Wirsig et al. (1984a) for scatter diagramns.
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except 1983 (Table 20Q). In contrast, nunber of blows per surfacing and
surface time were significantly correlated with the subsequent dive time only
in 1982 and 1984 (Table 2E, F). This suggests that the respiration and
surfacing behavior of bowhead whales is determned nore by the duration of
the dive that has just ended than it is by the duration of the dive that is
about to begin.

Bl ow Rate

The blow rate was cal cul ated by dividing the nunber of blows during a
conpl ete 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 fromthis analysis as too short to be meaningful). The resulting
nunber of blows per minute is a function of the surface tine, dive tinme, and
nunber of blows per surfacing, and describes the respiratory activity of the
whal e during a longer period of time than any of the constituent variables
consi dered separately. W neasured the blow rate for presumably undisturbed
non-cal ves 156 tinmes in 1980-84 and obtained an overall nean value of 1,10 +
s.d. 0.873 blows per nmin (range = O 4.36). The frequency distributions for
blow rates (Fig. 4A) show considerable variability from year to year; the
mean value for 1982 was the | owest observed.

Proportion of Tine at the Surface

The proportion of tine that a whale was at the surface was cal cul ated
fromall surfacings of known duration that were followed by dives of known
dur ati on. As expl ai ned above, if a whale made shal |l ow subnergence between
blows in the nmiddle of a surfacing, it was considered to be at the surface
the whole time. W neasured the proportion of time at the surface for 235
surface—di ve cycles for presumably undi sturbed non-calves in 1980-84 and
obtained an overall nean 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 fromyear to year. The nean values in 1982 and 1984 were | ower
than in other years.

The data in Figure 4B wei ght each surfacing/dive cycle equally,
regardless of its total duration. For purposes of evaluating sighting
probability during aerial surveys, each cycle should be wei ghted proportiona
to its duration (Davis et al. 1982). Based on this method, the overall nean
proportion of tine at the surface was 0.27; values for 1980-84 were 0. 28,
0.25, 0.19, 0.43 and 0.11, respectively.

Cal ves and Mt hers

Behavi or of Mther-Calf Pairs

Calves of the year are light tan in color, distinct fromthe black or
gray of non-calf bowhead whales. An adult whale close to a calf was assuned
to be its nother unless there was anbiguity due to the close proxinmty of a
second adul t. In 1980, 1981 and 1982, calves were sighted 12, 16, and 16
tinmes, respectively. In 1983 they were only sighted 5 tinmes, and in 1984
only 2 times, despite the fact that we spent more tine circling over whales
in these two years than in earlier years (Table 3).
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FIGURE 4. Frequency distributions of (A) blow rate and (B) proportion of
time at surface for presumably undisturbed non-cal ves, 1980-84. See text for

definitions.
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Table 3. Calf sightings and observation time in 1980-84. Both presumably
undi sturbed and potentially disturbed periods are included. The
nunber of sightings of calves is approximate because nultiple
counts of the same calf were possible where the calf and its nother
were not recognizabl e.

1980 1981 1982 1983 1984
Nunber of calf sightings 12 16 16 5 2
Nurmber of flightsa 14 18 14 15 24
Cal f sightings per flight 0.86 0.89 1.14 0.33 0.08
Hours in plane over whal es 30.4 30.8 36.5 38.4 50.2
Cal f sightings per hour 0.39 0. 52 0.44 0.13 0.04
Total calf tine at surface 22.0 30.2 101. 3 20.1 2.15

(rein)

% of calf surface tine 7.3% 42. 1% 37 . 1% 57.2% 100%

unacconpani ed by not her

a Only flights with behavioral observations are considered.

In 1981, 1982, and 1983, calves spent about 40-60% of their time at the
surface unacconpani ed by an adult, and during the two short observations of
1984, calves were alone 100% of the tinme. In 1980, however, they were seen
nmost of the time with the presumed nother. At times, nothers will dive--
presumably to feed in the water colum--while the calf remains at the

surface; at other times the calf dives with the nmother but surfaces before
the mother surfaces. W have seen |one calves and presumed nothers rejoin on

several occasions, once fromas far apart as 1.6 km Details of rejoining
are presented in Wirsig et al. (in press).

W suspected that nursing was taking place when a calf dove toward the
teat region of the nother. During apparent nursing, the nother was usually
quite inactive at the surface. The I ongest 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 colum) for at |east
71 mn. The calf dove towards the nother’'s teat region six tines, for
subnergence lasting 18, 11, 27, 17, 12, and 10 s (nmean = 15.8 + s.d. 6.37
s). Brief surfacings between the 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. Al t hough nost bouts of nursing were shorter and
involved only one to two nursing dives, the nunber of blows per surfacing,
duration of surfacing, and duration of dive were all considerably reduced for
cal ves whenever they were nursing. The bl ow rates of calves while nursing
were higher than while with their nothers but not nursing (nursing blow rate:
2.8 + s.d. 0.93 blows/rein, n = 5; non-nursing blow rate: 0.5 + s.d. 0.28
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blows/rein, n =10; t' = 5.40, df = 4.5, p<0.01)3, We have detail ed data
on blow rates for one nother calf pair: during 1.7 h on 24 August 1982, while
a pair was diving, traveling, and nursing, there was a significant positive
correl ation between the blow rates of the two animals (r = 0.87, n = 10, p =
0.001). Further details on nother and calf behaviors are in Wirsig et al.
(1984a, in press).

Segregation by Age Class

In all years, we noticed sone clunping of nother-calf sightings, with
usual Iy nore than one calf sighted in a particular area during a flight in
which a calf was seen, interspersed with sone flights or areas with no
calves. W also had the inpression that subadults, that is, non-calves that
were not full grown, were often sighted together. Qur ability to detect such
segregation was weak , however, because we usually did not have |ength
measurenents for the specific whales that we observed. Davis et al. (1982,
1983, in prep.) and Cubbage et al. (1984) neasured bowhead whal es photogram—
netrically in the eastern Beaufort Sea in the summers of 1981-84. In each
year they found geographic variation in the distribution of length classes
over several hundred kilometres. |In 1982 they also’ had evidence that the
distribution of length classes within a single area varied over tine on a
scal e of days or weeks.

In 1983 we sighted calves with nothers only during the first two
observation flights of the season, both on 7 August. These calf sightings
occurred in deep water far offshore fromour nain area of observations in
1983, which was in shall ow water in Mckenzie Bay, along the Yukon coast
(Fig. 1) Inthe latter area nost whales appeared smaller than full grown
adults , and lacked the large white chin patches and pignmented tailstocks
coomon in larger whales (cf. Davis et al. 1983). W obtained a few
photogrammetric measurenent s—dsing the techniques of Davis et al. (1983);
these confirmed that, indeed, nost whales in the Mackenzie Bay area were only
7-12 mlong, i .e. shorter than the 13-mlength at maturity:

Length category (m 7-8 8-9 9-10 10-11 11-12 12-13
Nunmber of whales 4 2 2 8 4 2

Thus , nobst of our 1983 data cane from a nmmjor concentration of subadult
whal es that included few adults.

Si mul t aneous with our 1983 study, Cubbage et al. (1984) neasured a
| arger sample of whales over a wider area. They found that bowheads west of
Tukt oyakt uk tended to be <13 mlong, a higher proportion of those off the
Tukt oyakt uk Peninsula were >13 mlong, and virtually all those whales farther
east in Franklin Bay were >13 m

In 1984 we observed only two cal ves, both on 17 August in Mackenzi e Bay
close to the Yukon shore. They were within an area where whal es appeared to
us to be mainly poorly-marked subadults, as in 1983, Ext ensi ve

at’ is the t-statistic calculated assuming that the popul ation variances are
unequal .
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phot ogranmetric data confirmed that nost whales in Mackenzie Bay in August
1984 were again subadults (Davis et al. in prep.).

Mt hers and Cal ves Compared to Ot her Bowheads

The respiration, surfacing and dive variables tor cal ves, nothers, and
all other non-calves are presented in Table 1 (all years) and in Figure 5
(overall 1980-84 values only). Due to the strong segregation by age class in
1983 and 1984, it is likely that nany or nobst whales in the “all other
non-cal f” category were not fully mature animals, at least in those two
years. Mdthers with calves (labelled as ‘adults with calves’ in Fig. 5) were
the only bowheads whose maturity we could ascertain. The overall nean blow
intervals both of calves and of mothers were significantly |onger than the
mean for all other whales. For mothers, the mean blow interval was higher
than that for other non-calves within every year as well as over all years,
but for calves, the nmean blow interval was higher than that for other
non-calves only within two of the five years (Table 1). Since over half of
the 1980-84 blow intervals for calves came fromthe year with the highest
mean (1982), it is possible that our sonmewhat unexpected finding of |onger
bl ow intervals in calves than in other non-calves is not representative. The

mean bl ow intervals of nothers and calves were not significantly different
from each other.

For nunber of Dblows per surfacing, the overall nean for nothers was not
significantly higher than that for other non-calves; but the nean ror cal ves
was significantly |ower than that either for nothers or for other non-
cal ves. For duration of surfacing, relative values of the three means were
the same as for nunber of blows, wth calves |owest and nothers highest.
However, the difference between calves and other whales was not significant,
whereas the nean surface time for nmothers was significantly |onger than the
mean for either other category. Miltivariate analysis, however, showed that
the longer surface times for nothers may have been an artefact of depth or
year effects (see bel ow).

Mot hers with cal ves showed the | ongest overall mean dive time of these
three categories of whales; the nean dive tine of mothers was significantly
| onger than that for other non-calves, but was not significantly |onger than
the nean for calves (Fig. 5). The calves’ nean dive time was significantly
| onger than the mean for other non-calves. This latter difference may be an
artefact of year-to-year differences in sanple size and in nmean dive tine,
however. Wthin any one year, calves had a shorter nean dive time than other
whales , except in 1983 when the two means were quite close. But over 60% of
t he 1980-84 sanple for calves came from 1982 when dives for all categories of
whal es were very long, whereas |ess than 10% of the 1980-84 sanple for other
whal es cane from 1982 and al nbost 50% cane from 1983 when nost measured dives
were very short (Table 1).

There was no significant difference between the blow rates of nothers
and calves , but the nean blow rates for both nothers and cal ves were
significantly lower than for other non-calves. There was |ikew se no
significant difference between the proportion of tine at the surface for
mot hers and cal ves, but the nean value of each or these categories was |ower
than the mean for other non-cal ves.
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Feedi ng Behavi or

During the five years of this study we obtained data on several types of
feedi ng by bowheads: feeding at or just below the surface, at or near the
bottom and probably in the water columm (see Wirsig et al. in press for nore
details).

Types of Feeding

Skim feeding occurred when whal es nmoved forward with nout hs open at or
just under the surface. At tinmes, whales skimfed al one; under such
circunstances they were separated >75 m from other whales and were oriented
in various directions. At other times, skim feeding occurred in coordinated
echelons of up to 14 whales. Wales skim feeding in echelon were staggered
to the side and behind the whale at the apex, with each whale separated by 5
to 50 mfromthe next whale. W suspect that echelon feeding increases the
feeding efficiency of these whales, perhaps by helping themto catch prey
that escape or spill fromthe nouth of an adjacent whale, or by reducing the
ability of prey to escape to the side. W saw skimfeeding only for several
days in 1980, 1981, and 1983.

Bottom feeding had apparently occurred when whales surfaced with nud
emanating fromtheir nouths. W 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 anobunt of probable bottom feeding was seen, we observed 96
incidents of whales with nmud, from 13 August through 2 Septenber, in water
6-24 m deep. Bottom feedi ng whal es were usually >75 m from each other and
did not appear to be cooperating while feeding. Interestingly, mud did not
al ways enmanate from the nouths of bottom feeding whal es when they first
surfaced. O 14 complete surfacings when nud emanated directly from the
mouth, it did so at the start of the surfacing only 5 tines, and came from
the mouth 10 to 83 s after surfacing during the remaining 9 surfacings (nean
time after surfacing was 31 * s.d. 28.1 s). This indicates that the nouth
may stay closed for a considerable period after surfacing.

The bal een whal e that is best known for feeding on organisns in bottom

sedinent is the gray whale, Eschrichtius robustus (Nerini 1984). The
relatively short and coarsely fringed bal een of that species probably is

particularly adapted to bottom feeding. In contrast, bowhead whal es have
very long, finely fringed baleen well suited for skimmng through clouds of
prey and seemingly not well suited for bottom feeding. Nevert hel ess, the

amounts of nud that we have occasionally seen pouring fromthe nouths of
bowheads appeared too great to have been picked up incidentally while
bowheads fed on water columm organisnms near the bottom Therefore, bowheads
at  tinmes take in considerable quantities of sedinment or suspended
particulate while feeding near the bottom

Pebbles and bottom dwelling species have been found in bowhead
stonmachs (Johnson et al. 1966; Durham 1972; Lowy and Burns 1980; Hazard and
Lowy 1984; Lowy and Frost 1984). Lowy and Burns (1980) found that nost
species in the stomachs of five bowhead whales killed off Kaktovik, Al aska,
in fall were benthic anphipods. However, the benthic anphi pods were an
insignificant part of the overall volune of stomach contents; pelagic prey
such as calanocid copepods and euphausiids were predomnant. Lowy and Burns
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suggested that a feeding dive probably involves swinmmng obliquely from
surface to bottom and back, feeding the entire time. This is possible, but
we suspect that bowheads usually concentrate their feeding at depths where
prey is nmpst abundant.

St omachs of small, subadult bowheads have been found to contain sone
benthic prey, whereas stomachs of large adult bowheads contained only
plankton (Lowry and Frost 1984). Interestingly,photogrammetric data showed
that the area where we observed bottom feeding in 1983 and 1984 was occupied
mainly by small, subadult bowheads (this study; Davis et al. in prep.).
Thus , it is possible that bottom feeding is primarily or even exclusively an

activity of young bowheads.

Water-colum feeding probably occurs often in the Beaufort Sea in
summer, but because it occurs below the surface and is not associated with
mud, we have not been able to ascertain its frequency. We believe that
wat er - col utm feeding occurred in nost years and was the mgjor feeding nmode
during 1982, when bowhead whal es were generally encountered in deep water and
dove for up to 0.5 h at a time. W suspect that feeding in the water column
is generally not done cooperatively, unlike skim feeding in echelon. \hales
believed to be water-colum feeding were usually separated from each other by
several hundred metres.

We saw reddi sh-brown feces near bowhead whales only sporadically (23,
11, 1, 11, and 5 tines during 1980-84, respectively). W assume that nuch
defecati on occurred out of our sight below the surface of the water. It
therefore does not appear possible .te use incidence of defecation as an
indication of relative anount of feeding

Respiration and Surfacing Characteristics of Feedi ng Bowheads

Figure 6 and Table 1 summarize the principal respiration, surfacing and

dive variables for skimfeeders, bottom feeders, and other bowheads. Many of
the ‘other’ whales were probably feeding in the water col um.

There were no significant differences in the respirat.ion, surfacing and
di ve characteristics of bottom feeding whal es conpared to other whales. The
sampl e sizes were low for bottom feeding whal es, because all bottom feeders
observed in 1980 and 1981 and nost of those observed in 1983 were near
industrial activities and were therefore excluded from this consideration
Ski m f eedi ng whal es, on the other hand, had a significantly |onger overal
mean blow interval than either bottom feeding whal es or non-feeding whal es.
Skim feeding whales also tended to remain at the surface significantly |onger
per surfacing than either other category of whale. The nmean nunber of blows
per surfacing for skimfeeding whales was not significantly different from
the mean for either other category of whales, probably because of the Ilong
blow intervals for skimfeeders. The dives of skimfeeding whales were
shorter than for either other category of whales, but the differences were
not statistically significant.

Soci al Behavi or

Behavi or was termed social when whales appeared to be nudging or pushing
one another, orienting toward each other when <1/2 whale |ength apart, or
chasi ng each other. W observed apparent nating--consisting of two whal es
rolling ventrumto ventrum and stroking each other with their flippers--on
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only two occasions, both in 1981, Wiirsig et al. (in press) provide further
descriptions of social interactions. I nteracti ons between nothers and
cal ves, between whales skimfeeding in close proxinmty, and between whal es
lying close together but not actively interacting were not included as social
interactions in this analysis. Whales may, of course, comunicate by sound

and thus may socialize over far greater distances than those described here.
Because groups of whales usually could not be reidentified positively from
one dive to the next, we treated observations of social behavior at intervals
>5 min as independent for the purpose of counting nunbers of interactions
Conversely, we did not score social behavior in the sane area nore than once
in 5 mn when counting its frequency unless separate groups were
i dentifiable. W observed socializing that involved calves on only one
occasi on, on 7 August 1983, when two calves interacted quite boisterously for
about 5 min. This case occurred in the presence of seismc noise, so itis
not included in the analysis below.

Soci al behavior occurred with rather low frequency in all years. W
cal cul at ed rates of socializing by dividing the nunber of instances of
socializing by the nunmber of whale-hours at the surface (the sum 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
i nconplete to allow cal cul ation of a precise socializing rate. In 1981-84

the socializing rate varied fromyear to year by as nuch as a factor of
five. The highest and |owest rates were observed in 1981 and 1982

respectively (Table 4).

Table 4. Rate of active socializing among presunmably undi sturbed
bowhead whal es, 1981-1984.

Year 1981 1982 1983 1984
Nunber of instances of socializing 36 7 20 14
Whal e- 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 begi nni ng of Septenber (Fig. 7A, chi-square 19.42, df = 3, p<0.001).
This trend was evident every year. There seemed to be nore social activity
in water 16-50 m deep than in other depths (Fig. 7B), but the socializing
data in the 16-50 mcategory cone nainly fromseveral days in 1981, and nay
not be representative. There was no consistent. trend in the rate of
socializing with respect to tine of day (Fig. 7C), contrary to our earlier
suggestion based on fewer data (Wirsig et al. in press).

Soci alizing Whal es Conpared to Non-Socializing Wal es

The nmean blow interval for socializing whales was slightly but
significantly longer than for non-socializing whales (Fig. 8 and Table 1).
Duration of surfacing and nunber of blows per surfacing were simlar for
socializing and non-socializing whales, but multivariate anal ysis (bel ow)

reveal ed a tendency for surfacings to be longer in socializing whales, after
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allowing for other factors. Dives by socializing whales tended to be shorter
than dives by whal es that were not socializing, but not significantly
shorter. Both the mean bl ow 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 cone to the surface and dive again w thout changing direction. The
difference in frequency of turns between these categories of whales was very
highly significant (chi-square = 21.68, df = 1, p<<0.001; see Table 5).

Table 5. Frequency of turns during conplete surfacings of
actively socializing and non-socializing bowheads,
1980- 1984. Only presumably undi sturbed non-cal ves
are included.

Soci al'i zi ng Non-soci al i zi ng
Vihal es Vihal es
Surfacings with turns 35 171
Surfacings without turns 30 477
Total surfacings 65 648
4 surfacings with turns 53. 8% 26 . 4%

Whal es in Goups vs. Lone Wal es

W al so anal yzed the effect of group size on the main surfacing,
respiration, and dive variables by conparing |one whales to whales in groups

of two or nore. A group was defined as all whales within five body Iengths
of each other. Whales in a group are not necessarily interacting socially in

the way that we have defined for socializing above. However, the proxinmty
required for whales to be classified as being in a group nornmally nust
represent at least a minimmlevel of social interaction. For this analysis
of lone whales vs. whales in groups, we excluded skimfeeding whales from
both categories in order not to confuse the effect of skimfeeding, which
often occurred in groups, with any effect of group size.

Trends in respiration, surfacing and dive variables for |one whales vs.
whales in groups were, for the nbst 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 was significantly higher than that
for lone whales, and the overall mean nunber of blows per surfacing for
whal es in groups was significantly |ower. There was no significant
difference in the mean surface tine or mean dive time. The overall mean blow
rates were not significantly different, but the whales in groups spent a
significantly higher nmean proportion of their tine at the surface than did
the |one whales.
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Envi ronnental Factors

Depth of Water

Blow intervals did not show any consistent trend with depth (Fig. 10;

Table 1). Therefore, al though there were statistically significant
di fferences between means for various depth categories, we suspect that these
differences were due to factors other than depth. The other three

vari abl es-- nunber of blows per surfacing, surface time, and dive tine--all
showed nore or |ess clear tendencies to increase with increasing depth.

Nunber of Dbl ows per surfacing showed the increasing trend nost clearly
(Fig. 10). The neans for the shal | owest three categories (<100 m) were not
significantly different from each other, but the neans for each of the two
deepest categories were significantly different fromthe means for each of
the three shallower depths (p<0.05 in each case, Newman-Keuls tests).
Subsequent multivariate anal ysis, however, showed that this apparent effect
of water depth nay be an artefact of year-to-year effects (see bel ow).

For duration of surfacing, as for number of blows per surfacing, the
means for the three shallowest depth categories did not differ
significantly. The nmean for the deepest category, >250 m was significantly
hi gher than any of the other neans (p<0.00l in each case, Newman-Keuls
tests) . The nean for 101-250 mwas significantly higher than the neans for
<16 mand for 16-50 m (p<0.025 in each case).

For duration of dive, neans for the two deepest categories were
significantly greater than neans for the three shallowest categories (Dunn's
multiple conparisons, p<0.05 in each case). Means for the two deepest
categories were simlar, as were neans for the three shal |l owest categories.

In general, nunmber of blows per surfacing, duration of surfacing and
duration of dive tended to be greater in deep (>100 m) water than in shallow
(<100 m water. These trends were largely attributable to the high val ues of
these variables in 1982, a year when npst observations were in deep water
(Figs. 1,2). There was only very limted evidence that the trends existed
within single years (see Wirsig et al. 1984a and Table 1). Thus , it is
difficult to determine whether the trends were attributable to depth or year
effects (see ‘Miltivariate Analysis’ section bel ow).

Time of Day and Date in Season

For each of the four principal surfacing, respiration, and dive
variables, we |ooked at the nean value for presumably undisturbed non-cal ves
by hour of day. W 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 comnbined. The
only exception was for blow intervals in 1983 when nean val ues were
consi derably longer in the hours 16:00 to 18:00 MDT. These were hours when
much skim feeding was observed; skim feeding whales in 1983 had particularly
long blow intervals, and the long mean blow intervals at this tine probably
were due to the activity of the whales rather than the tine of day. W
conclude that tine of day had no consistent effect on any of the four
principal variables.
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W al so | ooked for seasonal trends in the four principal surfacing,
respiration, and dive variables over the period of our study, from 1 August
to 10 Septenber. W divided this period into four 10- or n-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). Bl ow interval, nunber of
bl ows per surfacing, duration of surfacing and duration of dive all showed
no consistent trend across these 10-day peri ods. As previously noted,
frequency of active socializing did decline over the period (Fig. 7A).

Mul tivariate Analysis

| ntroduction

In preceding sections, we analyzed relationships of the principal
surfacing, respiration and dive variables (for presumably undisturbed bowhead
whal es) to environnental factors and whale activities. Factors that appeared
to have a statistically significant effect on at least one of the variables
were the following: status of whale (nother, calf or other), behavior of
whal e (skim feeding or not feeding; socializing or not), group size, depth of
water, and year of observation. W found no evidence that surfacing,
respiration and dive variables were affected by occurrence of bottom feeding,
tine of day, or date within our short field season. In sonme cases we
partitioned the data by year, activity of whale, etc. , in an attenpt to allow
for the multiplicity of factors that might sinultaneously affect the variable
in question. In all cases we separated calves from ol der whales. Wth these
exceptions, however, all preceding analyses exam ned one factor at a tine.
We knew that sonme factors were interrelated, |ike year and depth of water,
and suspected that others might be. Hence we used nultiple regression
analysis to try to sort out the relative inportance of each factor.

Three  dependent variables were considered in separate mltiple
regression anal yses: nunber of blows per surfacing, duration of surfacing,
and mean bl ow interval. The last of the variables was the sum of all bl ow
intervals in a surfacing divided by the nunber of blow intervals. Thus, each
surfacing was represented by one case in each nultiple regression analysis.
Data from 1980 were excluded because too many of the necessary predictor
vari abl es were unknown. Data from cal ves were excluded because of the
consi derably different behavior of calves. Because of rightward skew in the
distributions of all three dependent variables (Fig. 3A-C), logarithmc
transfonnations were used:

LOGNBL = logm(NBLOWS +1), where NBLOAS = Oto 19;
LOGSFC = log'O(LENSFC), where LENSFC is in seconds;
LOGMBI:lo}gié(MEKNB’I)’; where MEANBI is in seconds.

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

Sevent een variabl es were considered as potential predictors of the three
dependent vari abl es:

YEAR 82 1if year = 1982; Oif not.
YEAR 83 1if year = 1983; Oif not.
YEAR 84 1if year = 1984; O if not.
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(Note: No ‘dummy variable for 1981 was needed; 1981 was treated
as the standard year against which others were conpared,)

DATE & DATE.SQ Date, in days after 31 July, and its square (to test
for non-linear relationship).

TI ME & TIME.SQ Hour + Min/60 (O 24 scale) and its square (to test
for non-linear relationship).

LOG.DEPTH log (Water depth in metres); transformed because of
extrenme skewness.

SEA.STATE Sea state, 0-5 scale.

I CE .% Percent ice cover.

GT.5%.ICE G eater than 5% ice cover = 1; otherwi se 0.

ALT.AIRCR Aircraft altitude, in hundreds of feet (cases wth

ALT<1 5 excluded because they were considered
potentially disturbed).

MOTHER 1if recognized as nother because of presence of
calf; Oif not.

BOTTOM.FEED 1 if whale brought nud to surface during this
surfacing> indicative of bottomfeeding; O if not.

SKIM.FEED 1if skim feeding during this surfacing; Oif not.

ACT ,SOCIAL 1 1f active socializing, Oif not.

Gl . ONE 1if group size>l (i.e., if another whale within 5

whale [ engths); O if not.

Only those cases for which all 17 predictors were known were used in the
anal yses. The resulting sanmple sizes were 479 for NBLOWS, 538 for LENSFC,
and 966 for MEANBI. The ratio of variables to cases was |ow in each
analysis, so the results are conparatively reliable.

Several nultiple regression equations were calculated for each of the
three dependent variables. These included equations containing

all 17 predictor variables,
all 14 predictors exclusive of year variables,

- the 3 year variables only, and

- the ‘backwards elimnation’ equation, including all variables that
were of significant value as predictors (nomnal p<0.05).

Equati ons including various other conbinations of variables were also
exam ned to assess the effects of intercorrelations anong predictors on the
results. We used an interactive stepwise multiple regression program ELF
version 5 (Winchendon Group 1983), with enhancenents by LG.. The accuracy of
this mcroconmputer programwas confirmed by duplicating similar analyses
previously done with BVMDP (Dixon and Brown 1977).

Because of the large sanple sizes, sinple and partial correlations were
statistically significant even when the degree of correlation was very |ow.
Mbst of the "highly significant’ correlations noted bel ow (p£0.001) invol ved
correlation coefficients in the 0,15 to 0.25 (or -0.15 to -0.25) range. Mbst
correlations significant at the 1% (0.01>p>0.001) level were in the + 0.10 to
+ 0.15 range. W have not placed much enphasis on variables significant only
at the 5%/ evel.
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Nunber of Blows per Surfacing (LOGNBL)

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 nothers, socializers, or skim- or bottom feeders; and there
was no obvious relationship to date or time of day (see Table 6A, univariate
col um). The sinmple correlations of the variables used in the multiple
regression anal yses showed that LOGNBL tended to be high in 1982 and 1984,
and lowin 1983, relative to other years (Table 6A, sinmple correlation
colum) . The only other strong sinple correlations were with water depth (r
= 0.226) and aircraft altitude (r = -0.153, all altitudes at least 457 n
There were also significant intercorrelations between many predictor
vari abl es. For “exanple, water depth and aircraft altitude were strongly
correlated with year.

When all 17 predictor variables were included in a nultiple regression
equation (Table 6A), the only variables significant at the nominal 1% |evel
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 were taken into account. If year variables were
excluded, depth was positively related to LOGNBL (rparriar = 0.190).  The
backwards elimination procedure resulted in an equation i'ncluding only three
predictor variables, all of which were year variables (Table 6A, ‘optimnmumn
col um).

In summary, year to year variation was the npst conspicuous contributor
to variation in nunber of blows per surfacing. Once year effects were taken
into account, there was no clear evidence that any other variable affected

LOGNBL . However, water depth and (to a |esser degree) group size, average
aircraft altitude and average ice cover at observation sites differed anong
years. It is possible, but unprovable, that depth or perhaps some of these

other variables affected LOGNBL. The nost inportant conclusion is that the
apparent effect of water depth on nunber of blows per surfacing, as suggested
by Fig. 10, cannot be distinguished froma generalized year effect.

Dur ati on of Surfacing (LOGSFC)

The earlier univariate anal yses showed that duration of surfacing tended
to be high in 1982 (Fig. 3), higher for mothers and skimfeeders than for
ot hers (Figs. 5,6), and higher for whales in deep water (Fig. 10). There was
not hi ng unusual about durations of surfacing by bottom feeders, socializers
or whales in groups, and there was no obvious relationship to tine or date
(Tabl e 6B, univariate colum). The sinple correlations of the variables used
in the multiple regression analyses provided very simlar results (Table 6B
simpl e correl. col um).

When all 17 predictors were considered together, five predictors were
positively related (at p<0.01) to LOGSFC: 1982, 1984, aircraft altitude, skim
feeding, and socializing. The backwards elimnination procedure resulted in an
equation that included these sane five variables at sinmilar significance
levels, plus three additional variables that were also positively related to
LOGSFC--date, Water depth and sea state (Table 6B, ‘optinum column). Note
that the nultiple regression analysis reveal ed apparent relationships between
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LOGSFC and both socializing and aircraft altitude even though there was no
significant sinple correlation with either variable. Conversely, there was
no evidence that nmothers had longer surface times after other factors were
taken into account. Skim feeding and socializing remained significant as
predictors of LOGSFC regardl ess what other variables were dropped fromthe
equation. This indicates that the higher surface tines for these two groups
of whales were real and not spurious indirect effects. However, the renoval
of any one of depth, altitude and year from the equation affected the
apparent significance of one or nore of the others. Hence their effects on
LOGSFC coul d not be separat ed.

In summary, skimfeeding and socializing bowheads tended to remain at
the surface for wunusually prolonged periods. The latter effect was not
recogni zabl e from univari ate anal yses. In contrast, the relatively |ong
surface tinmes displayed by nothers and by whales in deep water m ght be
spurious results of intercorrelated factors, nost notably the fact that many
sightings of mothers and nost sightings in deep water occurred in 1982, a
year with long surface tines. 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 apparent year effect was actually a depth effect.

Blowl nterval (LOGMBI)

Uni vari ate anal yses showed that blow intervals tended to be shortest in
1984 and longest in 1983 (Fig. 3). Bl ow intervals averaged |onger for
mothers (Fig. 5), skimfeeders (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, and no clear trends with respect to water depth,
time or date. The sinple correlations of the variables used in the nultiple
regression anal yses provided very simlar results, and also showed a negative
correlation between LOGMBI and sea state (Table 6C).

A nultiple regression equation including all 17 predictors explai ned
only 12.7% of the variance in LOGMBI, |ower than for either of the other two
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). Wth years renoved from the equation, the partial correlations
w th skim feeding and group size remai ned about as before, and only one
addi tional variable--depth--acquired marginal significance (Table 6c). This
suggests that, for blow intervals, the effects of years and other variables
are |less seriously confounded than was true in the analyses of LOGNBL and
LOGSFC . The backwards elimnation procedure produced an equation with six
predictor variables, including 1982, 1983, date, tine, skimfeeding, and
group size. Al partial correlations, except the nmarginal one with time,
were positive. The negative relationship to time suggests that LOGMBI had a
slight tendency to decrease late in the' day after effects of other variables
were taken into account.

These results confirmthe 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 nothers or socializers. However, the relationships of LOGMBI
to group size, nothers, and socializing were confounded. Socializing, by our
definition, occurs only in groups, and nothers are alnmost always identified
by close proximty of a calf. When group size was excluded fromthe
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regression equations, positive partial correlations (p<O 05 or better) with
mot hers and social i zing became evident.

Synchrony of Behaviors

Bowheads within groups often surfaced and dove in rough synchrony. At
times we al so had the strong inpression that whales of different groups,
greater than five whale I engths from each other, had partially synchronized
surfacing-dive patterns. However, because we usually did not know exactly
how many whales were in an area, and we could not identify all whales, our
analysis of potential synchrony is inconplete. W investigated the
possi bility of synchroni zed surfacing-dive patterns during five observation
sessions for which we believed we had nearly conplete records of the
surfacings of whales in our observation circle. We conpared the observed
number of 3-rein intervals with 0,1, 2, etc. single whales or groups at the
surface against the expected nunber if there were no synchrony, i.e.,
assuming a Poisson distribution.

During 4 of 5 tests, we found no significant deviation in surfacing
pattern from that of a Poisson distribution, although the data were
suggestive of possible synchrony during two tests. On 2 Septenber 1984,
however, synchrony was strongly indicated. The session involved
approximately three Ione whales within a 3 km di ameter circle, each whale
about 250-1000 mfromthe others. Surfacings and dives were nonitored for 42
3-rein intervals. There were fewer intervals with one whale and nore
intervals with two whales than expected (Table 7), indicating that two of the
separated whales tended to surface together (chi-square = 7,83, df = 2,
p<0.025); however, we do not know whether these were always the sane two
whal es.

Table 7. Data for analysis of surfacing synchrony in three
| one whal es on 2 Septenber 1984. Expect ed val ues

were derived from the observed nean of 1.2 whales at
the surface per 3-rein interval (+ s.d. 0.98, n = 42).
See text for discussion.

Maxi mum nunber

of whales at surface (bserved numnber Expected nunber
during 3-rein interval of intervals of intervals
0 13 12.7
1 10 15.2
2 16 9.1
>3 3 5.1

“Assumi ng a Poisson distribution with mean 1.2

Potential synchrony in surfacings and dives is especially difficult to
anal yze because nunber of whales involved is not known, whales may nove into
or out of the area while under observation, and whales may nove into or out
of groups. The apparent synchrony on 2 Septenber 1984 occurred while [one
whal es were possibly feeding in the water columm; during other tines when
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synchrony has been suspected (but has renained unsubstantiated by
anal ysi s), subsurface feeding has al so usually been indicated. W do not
know why whal es sone distance apart from each other would wish to be at or
below the surface at the same tine, but it is possible that in this nanner
they remain in better acoustic contact. Donal d Ljungblad (Naval Ccean
Systens Center, San Diego, pers. comm.) believes that bowheads sonetimes make
nore sounds just before they surface, and they may stay in contact and
synchroni ze surfacings in this nmanner. We attenpted to correlate sounds and
surface-dive behavior in this study, but our limted data do not substantiate

the suggestion that sounds are nore frequent at any particular part of the
dive cycle.

M scel | aneous Behavi ors

Play

Al t hough whal es 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
an object other than another whale. W saw such associations in 1981, 1982,
and 1984. Play behavior during 1981 and 1982 is sunmarized in Wirsig et al.
(in press), and we present only a brief overview here.

Log Play. --We observed whales playing with logs up to about 10 mlong on
two occasions in 1981, and once each in 1982 and 1984, for 5 s, 10 rein, at
least 1.5 h, and 5 rein, respectively. Most contact with the log consisted of
t he whal e nudging or pushing the log with the head or body. Sonetines the
| og 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 objects other than conspecifics has been described for
at least four other species of |arge whales (a humpback whale, Couch 1930; a
sperm whale, Nishiwaki 1962; right whales, Payne 1972; and gray whal es,
Swartz 1977). Some specific elements of log play in bowheads were strikingly
simlar to play with seaweed observed in southern right whales (Payne 1972);
both involved lifting the object with the head, noving the object along the
back, and patting it with the flippers. Attenpts to subnerge the |og
with the head are also remniscent of a notion nmade by male right whal es when
attenpting to mate with uncooperative fenales (Payne, in review.

Calf Play.--Calves were seen alone at the surface on about ten
occasions, apparently ‘waiting’ for their mthers to conme up from a dive.
Usual Iy calves were rather inactive at those tines; however, on two occasions
in 1982 they interacted with debris in the water. On 19 August 1982, a calf
swam in a neandering line of surface debris approximately 2 m w de and
probably conposed mainly of invertebrates. The calf associated with the line
for 12.3 rein, with rapid and often jerky novements, remniscent of any

uncoordi nated young mammal. W do not believe that the calf was feeding on
the debris in a concerted manner, although its nouth was open slightly for
brief periods. It is possible that the calf was practicing skills required

for skim feeding.

The second incident, on 23 August 1982, involved a calf noving within an

area about 40 m wide and 100 m |long marked by dispersed fluorescein dye from
one of our dye markers. The calf actively rolled and twisted within the dye,
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reorienting itself at the edge of the dye in order to stay within the dyed
area for 22.3 min. The association with this area ended when the calf |eft
the dye and oriented toward its nother, which was approaching the calf at 120
m di st ance. When the two joined, the calf began nursing. It is possible
that, as in the previous account, the calf nmay have oriented toward suspended
matter while practicing skills used to feed on clouds of invertebrate prey.
If so, sone play may be of functional val ue.

Aerial Activity

Aerial activity, consisting mainly of breaches, tailslaps, and flipper
slaps, occurred sporadically throughout our five field seasons. Cener al
descriptions of these activities are presented in Warsig et al. (in press),
and the frequency Of aerial activity each sumer is shown in Table 8.

Table 8. Frequency of aerial activity, 1980-84, based on whal e-hours of
observation at the surface. Bot h presunably undi sturbed and
potentially disturbed periods are included, Rates are probably
overestimted because we occasionally observed bowhe ads
specifically to docurment aerial behavior.

1980 1981 1982 1983 1984

Bouts of aerial activity 6 14 9 19 7
Whal e-hours at the surface 10.03 14,98 10.95 17,91 13.67
‘Rate of aerial activity 0. 60 0.93 0. 82 1.06 0.51

(bout s/ whal e- hour at surface)

Breaches were usually performed by whales that were >100 m from ot her
whales, and occurred both as single breaches and in series of up to 19
breaches with no interruptions by other surface activity. The mean interval
between breaches within a series was 0.53 + s.de 0.154 min (n = 66).
Tailslaps onto the surface of the water ‘included single slaps and
uninterrupted series of up to 148 slaps. The nean of 266 neasured intervals
bet ween successive tailslaps Was 4.9 s (+ s.d. 1.94 s). Fl i pper slaps onto
the surface of the water also included single slaps and up to 10 slaps in an
uni nterrupted series, With the nean of 43 measured intervals within a series
being 2.9 s (+ s.d. 1,62 s). Thus, breach intervals are |ongest, tailslap
intervals are much shorter, and flipper slap intervals are the shortest.
This ordering corresponds roughly to the anobunt of body nmass the whale lifts
above the surface of the water.

The | ongest bouts of aerial behavior that we observed were by |one
whal es and usually consisted of alternating series of tailslaps, flipper
sl aps, and breaches. A particularly dramatic series involving two whal es
occurred on 22 Aug 1983. A lone whale that was aerially active before we
began circling it interspersed 49 tailslaps with 6 breaches during 11.8 mn
of observati on. Its blow rate was 1.61 blows/rein if it did not blow during
the breaches or 2.12 blows/rein if it blew during every breach. A second
whal e began breaching 300 maway as the first whale surfaced after its |ast
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breach series. The second whal e made 64 breaches, 36 tailslaps and 48
flipper slaps during the 75 nin that we observed it. During that tine, its
bl ow rate was between 1.19 and 2.04 blows/rein, depending on whether or not it
bl ew during the breaches. The first whale noved away from the second as the
second began breaching, and we soon lost sight of it. W left the area about
9 nin after we last saw the second whal e subnerge, and we do not know whet her
it resumed aerial activity on its next surfacing.

Sone tailslaps and flipper slaps occurred in groups of whales, either as
single slaps or in short series of up to 10 slaps, sonetimes while the
whal es were actively socializing. On one occasion in 1981, the socializing
appeared to include copulation between two animals, in addition to nunerous
tailslaps and flipper slaps by both animals. On three occasions we have seen
a bowhead whale strike another with its tail flukes or a flipper in an
apparent|ly aggressive nanner: once each in 1980 and 1981, one whal e sl apped
its tail onto the head of another, and in 1983, a whale slapped a flipper
three times onto the back of another whale, which responded by hitting the
first whale on the back with its flukes six tines.

W& have observed only five spyhops, where a bowhead |lifted its head nore
or less vertically out of the water, up to the level of its flippers at the
highest, and sank back into the water tail first. Al spyhops were quite
brief. Four of the spyhops were perforned by whales that were socializing,
and one was interspersed with many other aerial behaviors.

W observed cal ves aerially active on only two occasions in five field
seasons. One involved a single tail slap and the second, seen from shore on
Herschel Island, was of a calf aerially active for 29 min during which it
nmade 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 within 1 km of the presuned nother, although it
covered a distance of at least 3 kmin its neandering course. This kind of
meandering is simlar to right whale calves breaching in ‘circles’ near their
mot hers (Thomas and Taber 1984). \Vhen the calf stopped breaching, it rapidly
headed back toward the adult. Further detail on the breaching of this calf
is supplied in Thonas (1982).

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 al. 1985c) or
when directed against a nonspecific. Bouts of aerial activity may signal
“arousal’ of some type, and may also serve to communicate to nearby
conspecifics., Qur  sonobuoy recordings showed that many breaches and
tailslaps produce pul ses of |owfrequency underwater noise (see ‘Bowhead
Sounds’ bel ow). Breaches, tail slaps and flipper slaps nmay also represent
pl ay behavior and may not always have a function beyond play.

In other species of |arge whales, the function of breaching and other

aerial behavior remains uncertain. Wi t ehead (1985), in reviewing current
hypot heses about functions of breaching, noted that breaching is nost comon
in species that have many close-range social interactions. I n hunpback

whales , Megaptera novaeangliae, breaching is nore conmmon on winter mating and
calving grounds than on summer feeding grounds. Whitehead suggested that a
breach might be a display of strength in nmale hunpbacks (directed at
receptive females and/or conpeting males) and that play might be the main
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function of breaching in calves. Payne (in review) argued that breaching by
southern right whales in winter functions at times as an acoustic signal to
maintain contact between animals. Both authors reported that tail slaps and
flipper slaps are often associated w th breaching, and both felt that
breachi ng likely has nore than one function. However, breach sounds nay not
be especially suitable as |ong-distance contact signals; they are created at
the surface and, at a distance, are no stronger than calls.

Behavi ors Associated with Dive

Several seconds before some (but not all) dives, bowhead whal es nmake a
pre-dive flex--a distinctive concave bending of the back, with the back about
0.5to0 1 m below the level of the tail and rostrum Rostrum and tail
usual ly 1ift slightly out of the water during the flex, and considerable
white water may be created near these two points. The whale then straightens
its back and lies nonentarily still before arching the back convexly as it
pitches forward and down. During 25 tinmed observations in 1983, pre-dive
flexes occurred a mean of 15.4 + s.d. 12.00 s before the dive. On rare
occasions we saw two or even three flexes before a dive.

W col |l ected consistent data on occurrence of pre-dive flexes in
1981-84. Wthin specific years, the proportion of dives preceded by flexes
ranged from about 1/10 to 1/4 (Table 9). Di ves preceded by a flex were
| onger than those not preceded by a flex (Table 1; for 1981-84, Mann-Whitney
u = 3302, 0.01<p<0.02). Surfacings with flexes were |longer and had nore
bl ows than surfacings wthout flexes (see Table 1; p<0.001 for both variables
in 1981-84). There was no significant difference in the mean blow interval
for surfacings with and without a pre-dive flex.

Table 9. Percent of dives preceded by a pre-dive flex or by raised flukes
in presunmably undisturbed non- cal ves.

1981 1982 1983 1984

% of dives preceded by pre-dive flex 10 1% 24.4% 15.5%  20.4%
Nunber of dives scored for pre-dive flex 178 131 277 269
Z of dives preceded by raised flukes 46.7%  48.8% 19.5% 51.3%
Nunber of dives scored for raised flukes 214 125 390 448

During the dive, the whale arches (rmakes its back. convex) and pitches
forward and down. During 51 timed arches in 1983, the arch began a nean of
5.1 + s.d. 8.36 s before the final disappearance of the whale's body. If the
angle of the dive is steep, the tail is usually raised above the surface; if
not, the tail may remain below or just touch the surface. Data on the
presence or absence of raised flukes during dives were tabulated for
1981- 84. Fl ukes were raised out of the water on about half of the dives in
every year, except in 1983, when only about one fifth of the dives were
preceded by raised flukes (Table 9). W had information on the presence or
absence of both raised flukes and pre-dive flexes for 803 surfacings in
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1981- 84. A flex occurred during 137 of these surfacings, and flukes were
raised at the end of 321 of the surfacings. These “two pre-dive behaviors
occurred together during 84 surfacings, mnuch nore frequently than the 55
times expected by chance (chi-square = 31.3, df = 1, p<<0.001).

In 1981-84, the nean duration of dives that started with raised flukes
was |onger than that for dives 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
wi thout raised flukes. The mean nunber of blows per surfacing was, however,
significantly higher for surfacings that ended with flukes raised (t = 5.21,
df = 498, p<0.001). In addition, the mean blow interval was significantly
| ower for surfacings that ended with flukes raised (t = 7.79, df = 2006,
p<0.001).

Under wat er Bl ows

The nunber of underwater blows that we observed varied widely fromyear
to year. Consi dering both disturbed and undisturbed periods, the number of
underwat er bl ows seen per year was as follows:

1980 1981 1982 1983 1984
158 66 6 347 5

W have been uncertain how to interpret underwater blows ever since we
first observed themin 1980. W tentatively classified them as a potential
type of feeding behavior in that first year, because of their simlarity to
sonme bursts of bubbles associated with feeding in hunpback whales (Hain et
al. 1982). W did not see any direct evidence of feeding in connection wth
underwater blowing in 1980, but in that year the incidence of underwater
bl ows seemed correlated with the incidence of various feeding behaviors. In
1981, there were again some indications that high nunbers of underwater bl ows
occurred on occasions with rmuch feeding behavior, but we again failed to see
any specific feeding behavior associated with any underwater blow. In 1983
we observed a very high nunber of underwater blows, and many of them occurred
near socializing whal es.

W observed the whales that made (or probably made) 43 of the 131
underwat er bl ows seen during presunmably undisturbed periods in 1983. Those
43 underwater blows were produced as or just after the whale dove out of
si ght. O those 43 blows, 14 were produced by whales that were actively
interacting with another whale just before the underwater blow, and 23 bl ows
(including the 14) were produced by whales within five body |engths of one or
more ot her whal es. In at |least one case it appeared that the interaction
continued underwater after the whales dove. O the 88 underwater bl ows
produced by unseen whales in 1983, 23 blows were within five body |engths of
one or nore whales at the surface. The remmining 65 underwater blows
appeared at the surface with no whal es visible nearby.

To quantify the relationship between underwater blowi ng and sociali zing,
we calcul ated underwater blow rates by dividing the nunber of underwater
bl ows seen by the total whal e-hours of observation, including periods both at
the surface and underwater. (The resulting rates somewhat underestimate the

actual underwater blow rate because underwater blows cannot occur while
whal es are at the surface. W felt that our estimtes of whal e-hours of
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observation while whal es were underwater were too inprecise to be useful,
however, especially when large nunbers of whales were under observation.)
For 1982 and 1984, the underwater blow rate was too low for meani ngful
analysis, and for 1980, adequate data were not available often enough for
reliable quantification. Based on behavioral observation sessions in 1981
and 1983, there was a positive correlation between rate of underwater blows
and rate of socializing (for 1981, Spearman r, = 0.53, n = 17 sessions,
0.02<p<0.05; for 1983, r, = 0.92, n = 15, p<0.001).

The correlation of underwater blows with socializing, plus observations
of underwater blows W.chin actively socializing groups in 1983, indicates
that underwater blows sometinmes were part of the repertoire of behaviors
i nvol ved in social interactions. O ark (1983) reported frequent under-water
bl ow sounds in interacting groups of southern right whal es. One of us (RP)
has noted that forceful underwater blows in these right whales often occur
during aggressive social interactions. For hunpback whales in apparently
aggressive social contexts, both forceful underwater blows and curtains of
bubbl es (produced by whales exhaling underwater while noving forward) have
been reported (Darling et al. 1983; Tyack and Whitehead 1983; Baker and
Herman 1984). We do not know whet her the underwater blows by socializing
bowheads in 1983 were |ikewi se of an aggressive nature, or whether at tines
underwat er blows in bowheads have functions unrelated to socializing.

Bowhead Sounds

There is now considerable infornmation about the acoustic behavior of the
bowhead whal e (Ljungblad et al. 1980, 1982, 1983, 1984a; Clark and Johnson
1984; this study). Mst of these efforts have concentrated on describing the
calls of the bowhead and their associations with various observed behaviors.
Interpretation of the biological significance of calls has relied heavily on
a conparison between bowhead and southern right whale calls. The two species
show remarkable similarities in their call repertoires, and nore is known
about the functions of calls of the southern right whale (Cark 1982, 1983).
In general, the majority of bowhead vocalizations are |ow (<400 Hz)
frequency-nodul ated (FM) calls. Bowheads al so produce a variety of other
sound types that are acoustically nore complex, sometines with energy up to
3-4 kHz, but less conmon than the sinple FM sounds.

In this section we first sunmarize the methods used to obtain, analyze
and categorize our field recordings of bowhead sounds. This is followed by
descriptions of the different sound types and the contexts, both social and
environmental , in which they were heard. To clarify factors that affect
bowhead acoustic behavior under presumably undisturbed conditions, we
searched for associations between these acoustic data and other rel evant
condi tions. These associations are inportant for the proper interpretation
of results obtained during potentially disturbed conditions.

Met hods

All sound recordings were obtained via 68 sonobuoys (AN/SSQ-57A or
AN/SSQ-41B) depl oyed near bowheads in the eastern Beaufort Sea (128° to 140°W
 ongi tude, Fig. 1) during the 1 August to 8 Septenber periods in 1980-1984.
Most sonobuoys were dropped 0.5-1.0 km from bowheads that were under
observation from the aircraft circling at 457-610 m altitude. Later in the
recording sessions, whales could either be closer or farther away. The



Nor mal Behavi or 59

hydrophore was deployed to 18 m below the surface (occasionally 9 min 1981)
in water depths ranging from 1l mto 950 m In a few cases water depth was
so shallow that the hydrophore was on the bottom Sonobuoy signais were
recorded with calibrated equipment aboard the observation aircraft (G eene
1985) .

The procedure for analyzing tape recordings was slightly different in
1980-81 than in 1982-84. For 1980-81, tapes were listened to at nornmal speed
and a general description of each sound and its tine of occurrence were
noted. Sounds judged to be of sufficient intensity were converted into hard
copy spectrogranms using a Spectral Dynamics SD 301C real -time analyzer or a

Kay 6019A spectrograph. From each spectrogram CWC neasured the sound’'s
initial, final, |owest and highest frequencies (+ 10 Hz) and its duration
(+ 0.1 s). From these anal yses and ongoi ng anal yses of bowhead calls

recorded during the spring nmigrations of 1979 and 1980 (C ark and Johnson
1984), eight general categories of sound types were recognized (see Table 11,
bel ow) . In later analyses the nunber of categories was reduced to seven
with any occurrences of the rare double call type pooled with the inflected
call type.

Al 1982-84 recordings were listened to at norrmal speed while a

continuous spectrographic output was displayed on a menory oscill oscope.

Thi s spectrographic visual image was obtained by playing the taped anal og
signal into the Spectral Dynanics SD 301C real -time anal yzer, which was
coupled to a Tektronix 5111 nmenory oscil | oscope. By this procedure the
anal yst (CWC) could sinultaneously 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 faint. Loud calls
represented whales near the sonobuoy; these whales were the ones being
observed visually, counted, and sonetimes subjected to sinulated industria

di st urbance.

In all years, sounds associated with respiration, referred to as bl ow
sounds, and sounds associated with aerial displays (breaching, tail sIaPping
flipper slapping), referred to as slap sounds, were noted. Al call data
were tabulated by the aforementioned seven call types and, in 1982-84, by
relative intensity. Al data were also categorized according to presence and
type of potential disturbance. In this section, we present results obtained
under presunmably undi sturbed conditions. The results obtained during
potentially disturbed conditions are presented in the disturbance section
(Richardson et al. 1985c).

COver all five sunmers, there were 129.2 h of recordings during 64
different recording sessions on 49 days, considering both presunmably
undi sturbed and potentially disturbed conditions. Under the presumably
undi sturbed conditions there were 56.5 h of recordings during 42 different
recordi ng sessions on 34 days. These 56.5 h of data from presunably
undi sturbed conditions are the basis of all further discussion in this
section. In sone cases, however, we deal with <56.5 h of data since there
were periods of acoustic recording when either the nunber of whales in the
observation area and/or their behavior was unknown.
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To standardi ze for observation periods of varying duration and with
different numbers of animals, call counts were expressed as calls per whale-
hour (calls/wh-h). This call rate was conputed by dividing the nunber of
sounds by the duration of the recording session and by the estimated nunber
of whales within about 5 km of the sonobuoy. To conpare acoustic behavior
under various conditions, we often determined the proportions of calls that
were conpl ex. The conplex call proportion was the sum of the hi gh, pulsed
tone and pulsive calls divided by the total nunber of calls.

Blow and Slap Sounds

A total 0f396 blow sounds were recorded in 1980-84 during presumably

undi sturbed peri ods. There were dramatic year-to-year variations in the
nunber of blow sounds recorded, and in the rate per whal e-hour (Table 10).
Especially 1large nunbers of blows were heard in 1983, Figure 1lla,b

illustrates a normal above-water blow sound and an underwater blow sound.

Changes in nunber of bl ow sounds appeared to be associated with the
anmount of feeding or socializing. On average there were a third nore bl ow
sounds during feeding or socializing (1.2 blow sounds/wh-h) than during other
behavi ors (0.8 bl ow sounds/wh-h). This general association was possibly a
result of a higher level of physical exertion, which may have caused the
whales to respire nmore deeply or forcefully during feeding or socializing
than during other behaviors. However 6 blow sounds were not always associated
with feeding and socializing. In 1980-81, 36 bl ow sounds were heard during
17.8 wh-h of feeding, while in 1984 no blow sounds were heard in 28.5 wh-h of
f eedi ng. In 1982, 22 blow sounds were heard in 53.3 wh-h of sociali zing,
while in 1983 there were 161 blow sounds in only 48.3 wh~h of socializing.
Many of the social blow sounds in 1983 were coincident with visible
underwat er blows, which were probably heard at greater distances than surface
bl ows due to better energy coupling with the water. Anot her factor
confoundi ng the general association between blow sounds and feeding or
socializing is that the number of bl ow sounds recorded was strongly affected
by the proximty of the hydrophores to the animals. For exanple, 35 blow
sounds were heard on 17 August 1984 between 15:24 and 17:04 h when several
different whales (not feeding or socializing) were within several hundred
metres of the hydrophores. Their blow sounds were extremely clear in their
aural detail, and we were able to hear an unusually l|arge number of these
animals’ respirations.

Bowhead slap sounds, which are best described as short (<0.2 s)
broadband signals with sharp onsets, were difficult to identify because of
their simlarity to certain ship noises. Therefore slap sounds were noted
only if they were loud and relatively undistorted and occurred when ships
were absent or quiet. Figure 1lle,d illustrates breach and tailslap sounds.
O the 64 slap sounds recorded, 21 were during a flight on 22 August 1983,
when a whale was engaged in a prolonged bout of breaching, tail slapping and
pectoral flipper slapping. These were our clearest exanples of bowhead slap
sounds associated with specific visual aerial behaviors that were observed.
At a range of several hundred metres, peak received | evels of slap sounds
from these breaches and tail slaps were 115-118 dB and 107-118 dB//1 pPa,
respectively (Geene 1984). Interestingly, not all aerial behaviors produced
audi bl e sl ap sounds. For exanple, during one 2.4 min period on 22 August
1983, we saw six breaches by one whale; only the first three breaches were
clearly audible. Simlar results were found for tail slaps and pectoral
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Table 10. Number and rates of blow sounds recorded in different years,
subdivided by activity of nearby bowheads.
No. of No. Blow Whal e- h Rat e,
Recor di ng Sounds Hours of of Blows per
Peri ods Recor ded Recor di ng Recor di ng Wal e-h

1980- 81
Feedi ng 2 36 2.2 17.8 2.0
Sot. & Feed. | 43 1.5 36.7 1.2
Soci al i zi ng 5 13 6.5 54.7 0.2
O her Behav. 2 18 0.7 4.2 4,3
Sub- Tot al 10 110 10.9 113.4 1,0
1982
Feedi ng 0 0 0.0 0.0 0.0
Soci al i zi ng 3 22 5.3 53.3 0.4
Qt her Behav., 8 7 9.0 48. 2 0.1
Sub- Tot al 1 29 14.3 101.5 0.3
1983
Feedi ng 2 35 1.5 9.1 3.8
Soci al i zi ng 5 161 4.2 48.3 3.3
O her Behav. 3 6 1.2 9.5 0.6
Sub- Tot al 10 202 6.9 66. 9 3*0
1984
Feedi ng 4 0 5.1 28.5 0.0
Soci al i zi ng 3 2 2.6 16.9 0.1
Q her Behav. 10 39 5.1 29.5 1.3
Sub- Tot al 17 41 12.8 74.9 0.5
1980- 84
Feedi ng 8 71 8.8 55.4 1.3
Sot. & Feed. | 43 1.5 36.7 1.2
Soci al i zi ng 16 198 18*6 173.2 1.1
O her Behav. 23 70 16.0 91.4 0.8
Tot al 48 382 44.9 356. 7 1.1
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FI GURE 11. Sounds produced by bowhead whal es: (a) normal blow sound; the
first half is the expiration and the second half is the inhalation; (b)
underwat er blow sound; (c) breach slap sound with several echo es; (d)
tailslap sound with single echo; (e-n) exanples of sinple FM calls; (0) three
calls froma series containing a total of 26 nearly identical FM downsweeps;
(p=t) exanpl es of pul sed tonal calls; and (u) series of pulsive screanms. See
Wirsig et al. (1982, p. 117) for additional exanples.
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flipper slaps. Apparently, there is considerable variation in the acoustic
level of different breaches, tail slaps and flipper slaps. Breach sounds
were concentrated at |ower frequencies than were tailslap sounds (Fig. llec
vs. 11 d; G eene 1984).

Cal | Types and Their Characteristics

Not including blow and slap sounds, the nmajority (86% of sounds
recorded in 1980-84 were tonal, frequency-mdulated calls lasting 1-2 s. Al
of the types of calls previously reported for mgrating bowheads (Ljungblad
et al. 1982; dark and Johnson 1984) were also recorded here. Figure 11
illustrates a variety of the cormon, low tonal FMcalls as well as the rarer
pul sed tonal and pulsive scream calls. The pulsed tone call was called a
harmonic call in our earlier reports. Table 11 is a sunmary of sone of the
acoustic characteristics for these call types in 1980-81. Al t hough no
quantitative conparisons were made between seasons, Visual inspection of
spectrograns and aural judgnents indicated that there were no differences
between the general characteristics of sounds in the summers of 1980-84.

Variations in Acoustic Behavior

In 1980-81, calls were not coded as either loud or faint, and therefore
call rates were conmputed using the total nunber of sounds heard. |In 1982-84
when the loud/faint distinction was nade, call rates were conputed using
either the total nunber 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 are only estimtes.

Call production may be influenced by environmental factors such as water
depth, sea state and percent ice cover, all of which affect detectability of
calls and may also affect the whales’ acoustic behavior. Oher factors that
may affect rates of vocalization include the density, ages and activities of
the whal es, abundance of food, etc.

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

1980- 81 1982 1983 1984
Total call rate (calls/wh-h) 2.2 45*3 2.8 2.6
Loud call rate (calls/wh-h) 8.3 0.9 0.9
Whal e- h 114.1 108.8 91.6 82.0
Average depth (m 29 260 24 31

The high apparent call rates in 1982 were probably related to a greater range
of detectability in deep water. |n 1982 npbst sonobuoys were in deep water

(260 mon average); in all other years nost were in shallow water (28 m
average). The calculated call rates per whal e-hour consider only the whal es
within about 5 km In 1982 we probably underestimted the nunber 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)



Table 1l. Acoustic parameters of bowhead call types during presumably undisturbed conditions, 1980-8l. Mean + s«d. are shown.

Call Type
Pulsed

Acoustic Parameter Up Down Constant Inflected Double High Tone Pulsive
Initial frequency (Hz) 146 t 62 200 + 53 230 £ 24 249 T 41 210 45 720 t 295 68t i6
Final frequency (Hz) 176 £ 80 133t 40 29+ 23 255 £ 25 250 £115 666 £ 216 65 % 16 -
Lowest frequency (Hz) 146 £ 62 200 £ 53 230 £ 24 156 £ 29 146 £ 50 590 £ 160 - 1006 £ 387
Highest frequency (Hz) 174 £ 80 133+ 40 230 t 24 254 40 256 £ 82 793 i - 1470 * 405
Duration (s) .5*0.4 1,3%0.4 1.2%0.4 1,2%0.6 21%t0,2 0.7%0.3 1.5%0.4 1.3+ 0.5
Sample size 75 26 14 11 9 15 47 57
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between water depth and total call rate when all five years were considered.
There were no significant correlations between call rates and sea state or
ice conditions.

Ef fects of Social and Behavioral Context. --In the follow ng discussion
we conpare the call types recorded near socializing and non-socializing
whal es , feeding and non-feeding whales, whales with and without calves, and
situations when nost whales were subadults (1983, 1984 Yukon Coast) or adults
(1982 Herschel Island). The variabl e conpared was the proportion of calls
that were conplex. Proportions rather than actual rates were used since 1982
rates were extrenmely high regardless of whale activity; this year effect
m ght mask any possible relationship between social context and acoustic
behavior if call rates were considered. The Mann-Witney U test was used to
test for the significance of differences between call proportions under these
various conditions.

Socializing vs. Non-socializing -- Types and rates of bowhead calls may
be related to the social context according to prelininary analysis of (a) our
1980- 81 summer data, and (b) spring and fall data from Al aska (Ljungblad et
al. 1983, 1984a). In both of these studies, there were several cases when
hi gh proportions of conplex calls clearly were associated with high levels of
social activity. These anal yses suggested that swi nmming and resting bowheads
produce nostly low FM tonal calls, whereas bowheads in active social groups
produce a variety of conplex sounds. To test this hypothesis, we conpared
the proportion of calls that were conplex during periods when at |east sone
of the whales near the sonobuoy were socializing . periods when no
soci alizing was observed. We found a higher proportion of conplex ealls
during periods with socializing, but the difference was not statistically
significant. This was true both 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). The lack of a significant association between
socializing and conplex calls is simlar to results reported by Ljungblad et
al. (1984a). Qur failure to observe a significant association between
socializing and conplex calls may be the result of our inability to isolate
the sounds of socializing whal es. During periods with socializing, there
were al most always other whales in the area that were not socializing but may
have been vocali zing. In addition, we could not tell whether socializing
continued underwater after we observed it occurring at the surface. W
scored a whole recording session as “'social’” if any socializing was seen;

however, socializing may not have lasted for the entire session, further
diluting the sounds of socializing whales with sounds of non-socializers.

Feeding vs. Non-feeding -- There was no significant difference between
the proportions of loud calls that were complex on occasions with and without
skim—- or bottomfeeding (U = 33; n = 2 feeding vs. 25 other occasi ons).
There was a tendency for loud tonal call rates to be lower for skim or
bottom feeding whales as conpared with other whales (1983-84 data only, 0.58
vs. 0.95 tonal calls/wh-h).

Calves Present vs. Absent -- Wien a calf was present, the presuned
mot her was sonetimes very near the calf, but at other times they were
separated either horizontally or vertically. W suspected that calls were
involved in the process of rejoining. To conpare calls in the presence and
absence of calves, we analyzed the proportions of loud calls that were
coml ex. There was no significant difference (U = 8l; n = 9 occasions Wth
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calves vs. 18 without). Altogether, loud tonal call rates were higher for
periods with calves than for periods W thout calves but this result. is a
consequence of the fact that 8 of 9 ‘with-calf' periods were in 1982 when
call rates were exceptionally high.

Subadults vs. Adults -- In 1982 not only were most observations nade
over deep water but the majority of animals were estimated to be adults
(large, well-marked animals, cf. Davis et al. 1983.). This contrasts with the
1983 and 1984 data taken in-shallow water when most of the animals were
subadults (small, poorly-marked aninmals, cf. Davis et al. in prep.). To
conpare calls in 1982 with 1983-84, the proportions of loud calls that were
conpl ex were examined. There was no significant difference between results
from1982 and 1983-84 (U = 90.5; n = 12 occasions in 1982 vs. 15 in 1983-84).

Conparison with Acoustic Behavior During Magration

The types of sounds recorded during the summers of 1980-84 jn the
eastern Beaufort Sea are qualitatively very sinmilar to those reported during
the spring and fall mgrations (Ljungblad et al. 1980, 1982; dark and
Johnson 1984). Conparisons can be made, in terns of proportions and rates
(calls/h), between our summer data and the data from the 1984 spring
mgration past Barrow (Clark et al. 1985) since the two data sets have been
anal yzed simlarly.

The relative proportions of tonal and conmplex calls were very simlar at
the two times of year; 85%of springtine calls were tonal as conpared to 83%
in summer. Correspondi ngly, 15% of the springtime calls were conplex as
conpared to 17% in summer. However, considering the seven recognized types
of calls, there were differences in the proportions of the different call
types depending on the season:

Percent of Calls of Each Type

Con- Inf 1- Pul sed Pul-
Up Down stant ected Hi gh Tone S ive
Spring 1984 37.3 19.3 11.7 16.9 0.1 11.7 3.0
(n = 15876 calls, 321.5 h)
Sumrer 1980- 84 34.9 21.5 18.7 8.2 4,1 6.2 6.3

(n= 6537 calls, 56.6 h)

There were proportionately twice as many inflected and pul sed tone calls
in spring as in sunmer. There were, proportionally, only one-fortieth as
many high calls and half as many pulsive calls in the spring as in the
summer.  The results concerning high and pulsive calls must be qualified by
the consideration that these two call types are often very difficult to
identify in the spring because of their simlarity to sone sounds produced by
white whal es (Del phi napterus leucas), which were sonetines nunerous near the
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hydr ophores. However, this problem did not exist for either the inflected or
pul sed tone call types, which were certainly nore prevalent in the spring
than in the sumrer. The reason for this seasonal difference is not clear.

Overall, apparent calling rates in calls/h were greater in the sumer
(115.5 calls/h) than in the spring (49.4 calls/h). However, the inportance
of these rate differences is not clear since we do not know the nunber of
whal es nearby during each period of observation in spring, and therefore the
spring rates cannot be standardized in terns of calls per whale-hour. Aso,
depths at recording sites in spring were shallower (20-25 nm) than the average
depth in sumrer (113 nj. Spring recording sessions |asted for many days,
including periods when few or no whal es were nearby, whereas summer sessions
were for several hours and were always near whal es.

Ljungblad et al. (1983, 1984a) report relative proportions of tonal and
conplex calls for spring and fall that are quite different fromthose
reported here (in spring, 57% conplex in 1982 and 41% conplex in 1983; in
fall 28% conplex in 1982 and 37% conplex in 1983). These higher proportions
of conplex calls are probably a result of sonobuoys being dropped nore often
near socializing groups. The difference is not a result of discrepancies in
procedures for call ~categorization since the different anal ysts have
conferred and agreed on this nethod.

Associ ati ons of Bowheads with O her Species

During the 5 years of this study, we occasionally observed a few other
ani mal species near bowheads: glaucous gulls (Larus hyperboreus), arctic
terns (Sterna paradisaea) , phalaropes (probably red-necked phal aropes,
Phalaropus lobatus), gray whal es (Eschrichtius robustus), ringed seals (Phoca
hispida), and white whal es (Del phi napterus leucas).

During this study, birds were seen near bowheads on at |east 30
occasi ons. Fl ocks of up to 50 phalaropes were often present near
ski mfeeding bowheads. At tines, phalaropes appeared to follow the whales,
alighting on water disturbed by the whales. The birds probably fed on sone
of the sane plankton species that the bowheads were eating. MacIver (1984)
reported red-necked phalaropes associating with feeding hunpback whal es.
Whal ers often used the presence of phalaropes to indicate presence of ‘whale
feed” and, therefore, where whales were likely to be found (Bockstoce in

press) . daucous gulls and arctic terns were also seen circling and passing
over skimfeeding bowheads on a few occasions, presunebly foraging on the
pl ankt on brought to the surface or perhaps bowhead feces. The nunber of
gulls and terns in any one incident ranged from1l to 8. In Baffin Bay,

northern fulmars (Fulmarus glacialis) have been seen feeding on bowhead feces
(C.R., Evans, LG, pers. comm.).

White whal es were observed in the sane general area as bowheads on at
| east 15 occasions in 1980-84. The cl osest approach seen was on 17 August
1983 when two white whales were 45 m from a bowhead and oriented toward it.
On 22 August 1983 we observed a white whale within 100 m of a bowhead whal e.
In neither case did we see any obvious interaction between the two species.
The sounds made by white whal es underwater are at higher frequencies than
most bowhead sounds, but are often intense (e.g. , Ford 1977; Wod and Evans
1980). It is likely, therefore, that bowhead whal es and white whal es knew of
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each other’s presence on several occasions , but we do not know what effects
their sounds may have had on each other.

Ri nged seals were seen near bowheads on at |east five occasions, once
within 15 m (24 Aug1981). No obvious interactions were noted. However, the
seals may have been feeding on sone of the same organi sns as the whales, or
on ot her organisns (e.g., fish) that were feeding on the same species as the
bowheads. Lowry et al. (1978) found large zooplankton--euphausiids and
amphipods--in the stomachs of both ringed seals and bowhead whal es that had
been taken in Al askan waters.

Lone gray whal es were seen in the general vicinity of bowheads on two
occasions. On 29 August 1980, a gray whal e was seen very briefly at 70°%2'N,
128°58°'W; it was about 800 m from a bowhead whale. On 18 August 1982, a gray
whal e was seen with nuddy water stream ng from its mouth, indicative of
bott om feedi ng. The whale was at 69°37'N, 138°30°'W in an area wth
approxi mately six bowheads, none of which appeared to be bottom feeding. The
gray whale was about 500 m fromthe cl osest bowhead, and there was no
apparent interaction between them Rugh and Fraker (.1981) reviewed earlier
sightings of gray whales in the Canadi an Beaufort Sea.

DI SCUSSI ON

Year-to-Year Variations in Behavior of Bowheads

O the year-to-year variations in behavior that we observed during the
five years of this study, one of the nore dramatic has been the considerable
differences in the locations where we encountered bowhead whales each year
(Richardson et al. 1985a). In 1980, many bowheads cane close t0 shore oOf f
the Mackenzi e Delta and Tuktoyaktuk Peninsula. From 1980 to 1982 there was a
progressive increase in the depth of water in which bowheads were observed.
In 1983 and 1984 we again found bowheads in very shallow water close to
shore, but in a different part of the study area. I'n 1983 and 1984, the
nearshore whales were along the Yukon coast in a region from which they were
absent in 1980 and 1981, west of the area where they were so conmon in 1980.

Anot her difference between 1983-84 and 1980 was the age conposition of

near shore whal es. In 1980 these whales included calves and nothers and ot her
presumably mature whales, as indicated by large white chin patches and white
areas on the tailstock and fl ukes. In 1983, nothers with cal ves were

encountered only in deep water >100 km north of the inmature group (this
study) and in offshore areas nuch farther east (MlLaren and Davis 1985; J.

Cubbage pers. comm.). In 1984, calves were sighted near shore during only
one flight. Mst whal es near shore in 1983 and 1984 were subadults, based on
| ength neasurements and the rarity of white markings on the tail. Because of

age-cl ass segregation and because we rarely flew far offshore in 1983 and
1984, our calf sighting rate was lower in 1983-84 than in 1980-82 (Table 3).

Feeding is presuned to be the predom nant activity of bowheads summering
in the Beaufort Sea. (Observed frequencies of various types of feeding varied
fromyear to year; in 1980 we saw indications of bottom feeding, skim—
feeding, and water-colum feeding; in 1981 we saw ski mfeeding and water-
colum feeding; and in 1982 we presuned that nost whal es were water—column
feeding but had little direct evidence for this aside from observations of
long dives. Feeding activity in 1983 was probably nost like that in 1980, as
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t he feedi ng behavi or observed near shore was bottom feeding and skim-
feeding. In contrast to 1980 and 1981, none of the skimfeeding observed in
1983 was by whales in echelon formation. In 1984, bottom feeding but no skim
feeding was observed; water colum feeding probably also occurred.

We saw variable amounts of social behavior over the years, with the rate
of socializing |owest in 1982, when whales were in the deepest water, and
highest in 1981 (Table 4). In all years the rate of socializing was |ower in
| ate August and early Septenber than in early August. W presune that this
seasonal decrease is part of a longer term seasonal decline in frequency of
socializing fromspring migration, when mating and boi sterous interactions
appear to occur (cf. Rugh and Cubbage 1980), to fall migration, when there is
little social behavior.

There was considerable variation in the nunber of underwater blows, with
by far the highest nunmber in 1983. In 1981 and 1983, there was a positive
correl ation between rates of underwater blow ng and of socializing, and in
1983 we observed nmany underwater bl ows near actively socializing whales.

The rate of aerial activity has not varied very much from year to year.
It is interesting that the rate of aerial activity should have been so stable
over five years when so many other activities have varied to a nmuch greater
extent.

The types of sounds recorded underwater in the presence of bowheads have
been the same in all five years of this study. Measured call rates, however
vari ed considerably anobng years. There were indications that changes in
depth of water and social context were related to the variations in apparent
call rates. For exanple, in 1982, when there was a six-fold increase in
average water depth during recording sessions conpared to 1980-81, tota
number of calls recorded was much higher. Calls fromwhales far away are
nore likely to be detected in deep than in shall ow water. In 1982, the
mejority of the calls were low, frequency-nodulated calls and the rate of
socializing was less than in 1980-81. Associated with this drop in
socializing was a decrease in the proportion of conplex harnonic or pulsive
sounds from 56% in 1980-81 to 10%in 1982. In 1983, this value increased to
15% concurrent with an increase in socializing. Conplex pulsive sounds are
believed to be associated with socializing in southern right whales as well
as bowheads (Cl ark 1982, 1983).

W wondered whether there night be some cyclicity to the year-to-year
changes in behavi or of bowhead whal es. In the southern right whale, nost
mature fenal es bear calves every third year and are absent fromthe cal ving
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
calf--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 is possible that the breeding cycle in bowhead
whales is simlar to that of southern right whales (Davis et al. 1983; Nerini
et al. 1984), but, after five years of study, we have no consistent evidence
that the considerable year-to-year variation in behavior of bowheads forns a
repeating pattern
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Year-to-Year Variations in Behavior of Oher Cetaceans

In our study, two of the main attributes that varied fromyear to year
were (a) bowhead distribution within the eastern Beaufort Sea, and (b) the

frequency and type of feeding. Both might reflect changes in prey
distribution, abundance, or species conposition. We do not have sufficient
data on the prey of these bowheads to test such a relationship. St omach

contents of bowheads fromthe eastern (i.e. Canadian) Beaufort Sea have not
been collected, and factors affecting zooplankton dynanics in that area have
not been studied in any detail. There are indications, however, that sonme of
the variability in bowhead distribution is related to variability in water
mass characteristics, which are presumed to reflect differences in prey
availability (Borstad 1984; LGL, ESL and ESSA 1984). In addition, the nost
i mpressive case of near-surface skim feeding that we observed (18 Aug 1981)
was at a location where copepod abundance in near-surface waters was
unusual Iy high (Griffiths and Buchanan 1982).

Studi es of other baleen whales provide quite direect evidence for changes
in geographic distribution in response to changes in their prey. Hunpback
whal es are a good exanple of this because they feed on different ki nds of
prey in different areas and they have been studied intensively in recent
years. On Stellwagen Bank near Cape Cod, where sand |ance (Ammodytes
americanus) were present in large concentrations, individual hunpback whal es
returned in consecutive years (Mayo 1982, 1983). Their novenents within each
summer were quite predictable even to the extent of which points on the bank
(separated by only 25 kn)” they occupied early and |late in the season. In
contrast, hunpback whales that feed farther north near Newf oundl and utilize
mai nly capelin (Mallotus villosus). Sighting rates for hunpbacks in one
small nearshore area roughly quadrupled over three years, while humpbacks
di sappeared from a second area farther offshore (Whitehead 1981). Capelin
stocks of fshore collapsed at the same time that hunpbacks and spawning
school s of capelin becane plentiful inshore. Witehead concluded that summer
di stribution of hunmpbacks changed in direct response to the failure of
of fshore capelin stocks. Similarly, Bryant et al. (1981) found evi dence that
t he di sappearance of hunpbacks from d acier Bay, Al aska, in 1980 was
attributable to a |ow krill population in that year. Thus , when the prey
species renained in the sane place in high abundance, hunpback whal es
returned each year to the same area. \Wen the prey noved dramatically, the
whal es al so noved.

The above exanples are from hunpback whales that summer and feed
nearshore, but the same kinds of conclusions have been drawn from studies of
whal es feeding farther from shore, in open ocean areas in the Antarctic amd
inthe North Pacific. Data obtained from the *‘Discovery’ expeditions showed
that changing distributions of rorquals in the Antarctic Ccean were rel ated
to the variable distribution of their principal prey, the krill Euphausia
super ba (Macki ntosh 1965). Mauchline and Fisher (1969) denonstrated that
mej or concentrations of krill in the Antarctic may occur in different places
in different years, appearing unpredictably in any given year at new
| ocations often hundreds of kilometres away from the concentration centers of
a previous year. Met eor ol ogi cal factors, specifically the tracks of major
storms, may be partly responsible for the variable distribution of krill and,
hence, whal es (Beklemishev 1960).
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In rorquals feeding in the open North Pacific ocean, there is great
year-to-year variability in food availability, whale  diet, whal e
distribution, and time of occurrence on the feeding grounds (Nempto 1959).
Over 6 years, the principal prey of fin whales alternated each year between

euphausiids and Calanus copepods. Pl ankton tows denonstrated that this
reflected alternating abundance of these prey itenms in the area (Nemoto
1957). Nenpto al so noted that blue whales do not migrate to an area

sout heast of the Kamchatka Peninsul a when euphausiids are not abundant.
However, when euphausiids are abundant, blue whales arrive there early in
surmer. The entire migration route of blue whales in the North Pacific may
be deternined by annual fluctuations in the distribution of the main centers
of euphausiid concentration (Nemoto 1957).

It is not surprising that annual changes in prey distribution can cause
changes in whale distribution. Baleen whales apparently cannot obtain enough
food by feeding in areas of average prey abundance; they nust feed
selectively in areas of concentrated prey (Nemoto 1970; Brodie et al. 1978;
Brodie 1981; Giffiths and Buchanan 1982). Year-to-year or other variations
in the types and vertical distribution of prey could presumably affect the
relative frequencies of surface, water-colum, and near-bottom feeding.

Changes in prey availability probably affect other aspects of behavior,
such as social and aerial behavior. Gray whales on the north side of the
Al aska Peninsula in spring apparently feed on both inbenthic and epibenthic
prey (GIl and Hall 1983). While feeding on the bottom gray whales are
usually solitary, but while feeding on patchily distributed prey in the water
colum, they tend to aggregate. This aggregation gives a greater chance for
social interactions (BW pers. observ.). As well, lowintensity 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 during bottom feeding. This variation in behaviors
exists on a regional basis and a day to day tenmporal basis, and probably is
related to different relative abundances of food types. Hunpback whales in
the Frederick Sound area of southeast Alaska also fees near the surface and
below it, and the relative frequencies of different feeding nodes change

bet ween years (C.S. Baker, Univ. Hawaii, pers. comm.). Surface feeding
i nvol ves lunges through the prey, often resulting in half-breaches and other
forms of aerial activity. Feeding in the water columm involves little
surface activity. Surface lunge feeding often occurs in concert with other

whal es; non-surface feeding is nmore often solitary (Jurasz and Jurasz 1979).

G ven 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 their prey. For exanple, we saw little socializing
in 1982, when bowheads appeared to feed mainly in the water colum, and nore
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, 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 (1) timng and amount of spring run off from the Mackenzie River, (2)
distribution of ice during spring and sunmer, (3) wind patterns and paths of
major storms, and (4) the variable distribution of the plune of turbid
bracki sh water from the Mackenzie River. Any or all of these interrelated
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factors could affect prey distribution and therefore the distribution and
behavi or of bowheads (Borstad 1984; LGL Ltd. in prep.).

A further uncertainty is the degree to which the present Western Arctic
bowhead stock is food-limted. The total size of this stock is clearly lower
than before commercial exploitation, so the present stock m ght not be
food-l1imted. If so, details of summer distribution of bowheads m ght not be
predi ctable even with a detailed understanding of prey distribution.
However, the number of bowheads now summering in the eastern Beaufort Sea may
be a high proportion of the nunmber that sunmered there before conmerci al
expl oi tation (Fraker 1983). Also, populations of potential food conpetitors
(e.g., arctic cod, Boreogadus saida; Lowy and Frost 1981; Frost and Lowy
1984) may have increased since the beginning of commercial whaling. Thus
bowheads summering in the eastern Beaufort Sea may be food-limted at
present. Also, the inportant limtation is probably not the total anount of
food available. Bowheads apparently nust concentrate their feeding in areas
with dense patches of zooplankton (Brodie 1981; Griffiths and Buchanan
1982), If patch locations vary, as is likely, then bowhead distribution is
also likely to vary. Thus , an understanding of prey variability would be
especially inportant in understanding the variable activities and
distributions of bowhead whal es.

Conpari sons with Bowhead Wial es in the Al askan Beaufort Sea

During both spring and fall mgration into and out of the Beaufort Sea,
bowhead whal es engage in all of the ngjor behaviors observed on the sunmering
grounds, but with different relative frequencies. Thus, while traveling is
the predominant activity during nigration, socializing and mating also occur,
more often in spring than in summer or fall. Feeding has been reported in

fall, and (rarely) in spring, as well as summer. Aerial activity occurs in
spring, sumrer and fall, and young-of-the-year are closely associated with
their mothers, probably nursing, in all three seasons. VW will review the

evi dence for each of these types of activity in turn.

During spring migration, bowhead whales appear to do little feeding

before they reach the Canadi an Beaufort Sea. Bowheads taken in Al askan
waters in spring usually have nearly enpty stomachs (see Marquette et al.
1982 for review). Some, however, do contain food (e.g., Hazard and Lowy
1984),

Bowheads seen off northern Alaska in Septenmber as well as Cctober are
often described as migrating, but it is clear that nmany are feeding,
loitering, and exhibiting behavior very sinmlar to that in the Canadian
Beaufort Sea in summer. Bowheads may loiter for considerable periods in the
eastern portion of the A askan Beaufort Sea during late August through early
Cctober, and considerable feeding occurs at these tines between Kaktovik,
Alaska, and the Al aska-Yukon border (Ljungblad et al. 1980, 1983, 1984a;
Lowy and Burns 1980; Ljungblad 1981; Lowy and Frost 1984). Bowheads seen
in this area in late August and Septenber typically dive repeatedly in the
same locations, and do not begin to travel rapidly westward until later in
Septenber or early October when freeze-up accelerates. N ne bowheads Kkilled
and exam ned near Kaktovik in autum had been feeding recently, nmainly on
copepods Or euphausiids (Lowy and Frost 1984). The eastern part of the
Al askan Beaufort apparently is a part of the main sunmmer feeding range.



Nor mal Behavi or 73

Later in autum, bowheads tend to travel nore consistently and rapidly
toward the west. However, feeding has also been reported just east of Point
Barrow during several autums, and also off the Soviet coast (e.g. , Braham
and Krogman 1977; Brahamet al. 1977; Lowy et al. 1978; Johnson et al. 1981;
Marquette et al. 1982). The rate and consi stency of feeding during fall
mgration probably are lower than in summer, but quantitative data are
| acki ng.

The prinmary mating period of bowhead whales is in early spring and

includes the spring nmigration (Everitt and Krogman 1979; Carroll and
Smithhisler 1980; Johnson et al. 1981; Ljungblad 1981). Everitt and Krogman
(1979) described a particularly active mating group of six whales seen on 8
May 1976 near Point Barrow, Al aska. W saw some evidence for mating in the
Canadi an Beaufort Sea in August of both 1980 and 1981, but not in later
years. Even the active rolling at the surface that we observed in 1981,
however, was not as boisterously active as the large mating group described
by Everitt and Krogman. Mating probably is nmore comron during spring
mgration than during summer in the Beaufort Sea. Non-mating social activity
al so appears to be nore common during the spring nigration, but quantitative
data for spring are lacking. There is a waning of social activity during the
sunmer, and by late fall it does not occur often (Ljungblad et al. 1984a,b).

Aerial activity simlar to what we observed in the eastern Beaufort
Sea- -breaches, tail slaps, flipper slaps, spy hops and rolls——has been
observed in bowheads during spring migration (Carroll and Smithhisler 1980;
Rugh and Cubbage 1980) . Rugh and Cubbage recorded breaches by 23% of 280
bowheads observed in 1978 from Cape Lisburne, Alaska, a rate far above what
we observed, but also higher than the reports fromother spring observation
sites (Pt. Barrow and Pt. Hope, Alaska). Although quantitative comparisons
are not possible anong the various observation sites, our inpression is that
aerial behavior is more frequent during spring migration than on the summer
feeding grounds. This is consistent with the fact that Rugh and Cubbage
{1980) observed the rate of breaching to decline through the spring season.
Aerial activity in fall appears to occur at about the same frequency as in
summer (B. Wursig, pers. ohs.).

Traveling is clearly nore pronounced in spring and late autumm than in
sumer but bowheads sonetimes nove |long distances within the July-early
Septenber period. Carroll and Smithhisler (1980) estimted that 95% of the
time that bowheads were observed 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. Simlarly,
Davis and Koski (1980) and Koski and Davis (1980) found that eastern arctic
bowheads migrating along the coast of Baffin Island in fall travelled
consistently to the southeast. Ljungblad et al. (1984a) have found that,
after a certain year-specific date in late Septenber, nost bowheads seen in
the Al askan Beaufort Sea are traveling strongly westward, whereas before
that date nost are feeding and | oitering. We have no estimate for the
percent of time that bowheads summering in the eastern Beaufort Sea were
actively traveling; it was low but not zero. Although direct observations
of rapid travel during sunmer were infrequent, changes in distribution from
week to week and nonth to nonth provided proof that |arge nunmbers of whal es
often travel long distances within the eastern Beaufort Sea and Amundsen Gulf
during summer (Renaud and Davis 1981; Davis et al. 1982; Richardson et al.
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1985a). Wt hin-season resightings of individually-recogni zabl e bowheads al so
show consi der abl e novenent within the summer (Davis et al. 1983, in preps).
One identifiable whale was photographed near Herschel Island on 18 August
1982, 154 km to the northeast on 23 August 1982, and again near Herschel
Island on 5 Septenber 1982 (Davis et al. 1983).

Because the predomnant activity of bowheads during spring and late fall
is traveling, their surfacing pattern is slightly different from that
usually seen in sumer. During the intervals between bl ows within a
surfaci ng sequence, migrating bowheads usually make brief shallow dives
called ‘series' dives (Rugh and Cubbage 1980). Series dives nay occur
because of the hydrodynam ¢ advantage to a mnoving whal e of avoiding wave
generation at the air-water interface. Sumering bowheads, on the other
hand, often remain at the surface between blows, probably because it is
easier to breathe if the whale remains at the surface and because subnerging
provi des no hydrodynanmi ¢ advantage if the whal e is not trying to nake forward
progress.

The behavi or of bowhead cal ves during autum emigration is very simlar to
behavi or seen in summer. It includes nursing and ‘waiting at the surface'
while nmothers are diving (B. Wirsig, pers. ohs.). Mst calves are apparently
born in late winter or spring; nursing presumably occurs during spring
mgration as well as sumer and autum. Many bowhead cal ves remain with
their nmothers for at least the first part of the fall migration (Davis and
Koski 1980; Ljungblad et al. 1984a). The age of weaning of bowhead calves is
not known, but some southern right whale calves remain with their nmothers for
one year and ultimately separate fromtheir nmothers after returning to the
Wi ntering area (Taber and Thomas 1982).

In conparing the quantitative data on surfacing, respiration and dives
that we have gathered for summering bowheads wWith simlar data for migrating
bowheads, we nust use caution. Different investigators have gathered their
informati on and defined their variables in sonewhat different ways, because
of differences in vantage point and in surfacing behavior of the whales. The
conmpari sons that seemvalid are presented here.

In conmparison with our results, Koski and Davis (1980) found |onger blow
intervals for eastern arctic bowheads migrating along the coast of Baffin
Island in the autum of 1979 (our data for non-cal ves 1980-84: 13.5 +* s.d.
8.88 s, n = 5161; Koski and Davis: 16.1 + s.d. 8.29 s, n "399; t ~5.66,
p<0.001).

The overall nean nunmber of blows per surfacing that we recorded for non-

calves in the eastern Beaufort Sea from 1980 through 1984 was 4.3 + s.d. 3.25
(n = 626), less than the values reported for bowheads on their spring
mgration off Alaska by Carroll and Smithhisler (1980; nean = 6.5 + s.d. 2. 84
bl ows per surfacing, n ="41; t = 4.23 p<0.001) and by Rugh and Cubbage (1980;
a mean of approximtely 6.4 blows per surfacing). The overall mean duration
of surfacing that we observed in non-calves during 1980-84 was 1.2 + sod.
lol4 min (n = 715). This was slightly shorter than the approxi mate mean of
1.52 min that we derived from data collected by Carroll and Smthhisler
(1980) from bowheads during spring mgration. Qur value was also shorter
than the mean reported for bowheads during fall migration in the eastern
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arctic by Koski and Davis (1980): 1.69 + 1.01 rein, n = 93; in conparison with
our data, t = 4.03, df = 806, p<0.001,

During summer, durations of dives by undisturbed non-calf bowheads
varied nore fromyear to year than did the aforenmentioned variabl es. The
overal | nmean dive duration for 1980-84 was 4.4 + s.d. 6.32 nmin (n = 333
range = 0.03 to 31.0 rein). Braham et al. (1979) reported that dives of
whal es migrating past Cape Lisburne, Alaska, in spring ranged from 1.7 to 28
rein, but those authors did not give a mean. Carroll and Smithhisler (1980)
found long dives, 15.6 + s.d. 5.0 min (n = 63), during spring mgration; and
Koski and Davis (1980) found somewhat shorter dives of duration 8.65 + s.d.
2.73 min (n = 88) during autumm migration in the eastern arctic. Bot h of
these nean dive times for migrating bowheads exceed our overall 1980-84 nean
for sumrering whales. However, our results fromthe summer of 1982 (12.08 +
s«d. 9.15 rein, n = 51) are nore sinmlar to observations during mgration.

On 6-30 Septenber 1983, behavior of bowheads was studied in the Al askan
Beaufort Sea, between Prudhoe Bay and the Al aska-Yukon border (Ljungblad et
al. 1984b). These data were gathered froma circling Twin Oter aircraft;
techniques were simlar to those during our study. Blow intervals, nunber of
bl ows per surfacing, duration of surfacing and duration of dives for
non-cal ves all averaged somewhat higher in the Al askan study than in our
five-year study. However, there was a great deal of overlap, and for each
variable, some of our annual neans were higher than the nmean value in Al aska

in 1983. In the autum of 1983, Ljungblad et al. (1984b) found more
traveling and |less socializing than we found one nonth earlier in the
Canadi an Beaufort Sea. They found no skim- or bottom feeding in Al askan

waters in 1983, although both have been observed there in other autums.

Calls recorded in spring and fall were simlar to those recorded in
summer but occurred in different proportions. The nost common call types in
all seasons were tonal FM sounds. The proportions of conplex calls were
greater in sunmmer than in spring recordings fromice canps (Clark et al.
1985, Cdark pers. ohs.) but less than in spring or fall recordings via
sonobuoys dropped from aircraft (Ljungblad et al. 1983, 1984a). Thi s
difference resulted from the different sampling nethods, perhaps including a
tendency to drop sonobuoys near interacting groups of whales during spring

and fall. The higher proportion of complex calls in spring relative to fall
(Ljungblad et al. 1984a) appears to reflect the greater amount of soci al

activity in spring.

Bowhead whales on their summering grounds, including the eastern part of
the Al askan Beaufort Sea up to mid or |ate Septenber, appear to have the sane
basic repertoire of behaviors as do mgrating bowheads. However, sunmmering
and migrating bowheads differ in the relative anounts of tinme spent in
different activities—feeding, soci al i zi ng, breachi ng and ot her aeri al
behavior, and traveling. At least sone of the differences appear to occur
as a continuum between seasons rather than an abrupt change. Traveling is
the predominant activity during spring and fall migrations, while feeding is
the predominant activity during summrer. The average length of stay in any
one area is therefore longer in summer, but considerable traveling occurs in
sunmer and sone feeding occurs during migration, especially in fall.
Al'though quantitative conparisons of surfacing, respiration, dive and
acoustic characteristics are not always possible and need to be treated with
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caution, there appear to be some significant quantitative differences between
the seasons, but few qualitative differences.

Comparisons Wi th Other Bal een Wal es

Bowhead whales spend their entire lives in arctic. and near-arctic waters,
apparently never noving far fromthe ice edge. Thi s habit separates them
from all ot her baleen whales, which nmay nove into temperate or subtropical
waters (see, for exanple, review by Lockyer and Brown 1981). This nay be the
reason that parturition occurs mainly in spring in bowheads, but in early
wi nter for other species (Nerini et al. 1984). But behavior is in large part
determ ned by feeding nobde and related ecol ogical factors, and here
simlarities between bowhead whales and several other species are evident.

G ay, bowhead, and right whales are often found in shallow water, and all
of these species feed' on small invertebrates. While gray whales usually feed
near the bottom (e.g., Bogoslovskaya et al. 1981; Nerini 1984), both right
and bowhead whales may skim their food at or near the surface (Watkins and
Schevill 1976, 1979; Payne in review, for right whales; Wirsig et al. in
press for bowheads). But all three species are also adaptable in feeding
behavi or. Gray whales will feed on mysids associ ated with kel p (Darling
1977) for exanple, and apparently feed on Pleuroncodes sp. in the water
column (Norris et al. 1983). Right whales also feed bel ow the surface,
probably straining swarns of copepods and other small invertebrates in the
wat er column (Pivorunas 1979; Payne in review. Wile it has |ong been known
t hat bowhead whales feed at the surface and in the water column (Scoresby
1820), it was recently established from stomach content anal yses (Durham
1972; Lowy and Burns 1980; Hazard and Lowry 1984), and from our observations
of bowhead whales surfacing with nuddy water streaming fromtheir mouths,
t hat bowheads sonetines feed near or at the bottom It is not surprising
that we found many similarities in the behavior of these species. Bowhead
and right whales, in particular, are morphologically and taxonomically quite
similar, and appear to obtain their food in very nuch the same ways. In
fact, Rice (1977), mainly relying on a detailed conparison of norphology of
bowhead and right whales, suggested that the two species be put in the sane
genus, Balaena.

The sl eeker rorquals (Balaenopterid whal es) generally gather their food
nore actively by | unging through concentrations of prey, and at least in the
case of humpback whal es, have devel oped conplicated behavioral strategies for
confining and concentrating their prey (Jurasz and Jurasz 1979; Hain et al.
1982). 1In general, the behavior of bowhead whales is nore simlar to that of
gray and right whales than it is to the behavior of rorquals.

G ay whales spend part of the winter in warm water, near the shores of
Baja California, “and nost of the sumrer feed in the northern Bering and
sout hern Chukchi seas. Western Arctic bowheads nake nuch shorter mgrations,
spending their winters in the pack ice of the Bering Sea and their summers
predom nantly in the Beaufort Sea. The two species thus use the Bering Sea
at different seasons--gray whales to feed in summer and bowhead whal es
apparently to mate and calve in winter. However, the sunmer and autumm
habitats overlap in part. Both gray and bowhead whales feed in the southern
Chukchi Sea in autumm, and in the 19th century bowheads as well as gray
whales occurred there in summer (Townsend 1935; Dahlheim et al. 1980). W
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have seen single gray whales in the Canadian Beaufort Sea during four of our

five years of bowhead whale work, but this represents the outer fringe of the
gray whale's summer range {Rugh and Fraker 1981).

Li ke bowhead whales summering in the Beaufort Sea, gray whales summering
in the Bering Sea spend nost of their time feeding. However, both bowheads
and gray whal es (Sauer 1963; Fay 1963) occasionally socialize during the
sunmmer . The blow rate of gray whales feeding near St. Lawence Island in
July 1982 was simlar to that of non-calf bowhead whales in 1980-84 (gray
whal e mean = 0.93 + s.d. 0.229 blows/rein, n = 67 whal es; bowhead whal e mean =
1,10 + s.d. 0.873-blows/mn, n = 156 blow rates; gray whale data from Wirsig
et al. 1984b)., The basic pattern of diving for several minutes and then
surfacing, generally for 2-10 respirations, is also simlar for the two
species on their sunmer feeding grounds.

Ri ght whales, |ike bowhead whal es, often appear to feed in the water
colum and to stay in the sane general area for days. Ri ght whal es, 1like
bowheads, also skimfeed at the surface (Watkins and Schevill 1976, 1979),
and they at times aggregate 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 echel on.
However, Payne’s observations of right whal es have been obtained during the
late winter and early spring, which is not the period of maxi mum feeding
intensity for right whales. Bowhead and right whal es have both been observed
maki ng the sane kinds of nudges and pushes during socializing, but the
wi nter-spring social activity of right whales is nuch nore boisterous than
the sumrer social activity of bowheads. Observations of bowhead whales in
spring indicate that their social-sexual activity at that season can be every
bit as boisterous as is seen in nmating 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 position of a fenale bowhead
phot ographed in spring in the Al askan Beaufort (Everitt and Krogman 1979)
indicates that females may attenpt to evade potential mates who pursue them
inlarge mating aggregations in the sane way that female right whal es evade
mles in Argentine waters (Payne in review). A photograph showing ‘a
remarkably similar mating group of right whales is shown in Payne (1976).
The fact that simlar-1ooking social aggregations are seen in both species
argues for a similar social system although it does not show that the social
systens are simlar in all details.

The acoustic behavior of right whales and bowheads is renarkably
simlar. Their low tonal FMcalls are essentially identical, and the up call
is their mst common call type. In right whales, Clark (1982, 1983) has
shown that up calls are contact calls, and that conplex calls are associated
with highly active social groups, many of which were sexually active. For
the two cases in 1981 when bowheads were highly active, the proportions of

conplex calls were unusually high (72 and 85%. Ljungblad et al. (1983,
1984a) al so observed highly active, often mating, whales that were apparently
produci ng conplex calls at high rates. In this study, we were not able to
show an overall correlation between proportions of conplex calls and soci al
activity. Qur definition of socializing included groups that were only
mldly active. We were also not able to determne which specific whales
were responsible for the sounds being recorded. Thus , our results are

consistent with the idea that socializing bowheads tend to produce nmany
conplex calls, although our data do not specifically show this.
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Rel evance to Studies of Disturbance Responses

This study was planned primarily to assist. the interpretation of the

si mul taneous study of responses of bowheads to potential disturbance. The
results confirmthat data on normal behavior are essential. as a basis for
recognizing and evaluating reactions to disturbance. W found that

undi sturbed behavi or of summering bowheads varies considerably from day to
day and from year to year, both in terms of general activities and
di stribution and in terms oOf surfacing, respiration and di ve
characteristics. Consequent | y ,no observed variations in bowhead behavi or
that appear to be caused by disturbance can be properly attributed to the
di sturbance until natural variability has been taken into account.

"Data on surfacing, respiration and dive characteristics are useful for
assessing disturbance responses because these characteristics can be neasured
repeatedly with relative ease and because it is clear that they change in the
situation where immediate disturbance reactions are npDst dramatically
obvious, i.e. when .s boat travels through a group of whales (Richardson et
al. 1985¢). Anpng the obvious reactions of bowheads to this situation are
shortened surfacings with fewer blows per surfacing. It is reasonable to
expect that milder forns of disturbance might cause sinilar but less dramatic
changes in surfacing and respiration patterns, and the disturbance portion of
this overall study has found suggestions of such changes in the presence of
several different fornms of industrial activity. Throughout the analysis for
the presence or absence of disturbance responses, however, conparisons with
t he behavior of presumably undistutbed bowheads were made, as the only nethod
to identify potentially disturbed behavior.

An exanple of the use of normal behavior data in the analysis of
di sturbance responses is the selection of undisturbed whales to serve as
partial controls for the opportunistic observations of whales in the presence
of seismc noise (Richardson et al. 1985c) . Because we found considerabl e
differences in surfacing, respiration and dive characteristics between calves
and ot her bowheads, the few data from cal ves were excl uded. Because we found
suggestions of differences with depth of water, only whales in comparable
wat er depths were conpar ed. Because we found variations in behavior at
different times during the sumrer, only whal es observed during the same day
or on adjacent days were conpared, insofar as possible.

In some cases, data from several seasons of study were necessary in
order to detect an inportant relationship. For example, in all five years of
this study, the rate of socializing decreased progressively from early August
to early Septenber. If industrial activity were initiated in the niddle of
this period in a region frequented by bowheads, and if a lower rate of
socializing were observed after the potential disturbance started, that
change could be discounted as a reaction to the industrial activity as |ong
as the decrease were conparable to the mnormal seasonal decrease in
socializing identified during this study.

In addition to providing control observations against which to assess
observations in the presence of specific kinds of potential disturbance, an
under st andi ng of the normal behavi or of bowhead whal es is necessary to make
informed judgments on a nore general level about the likelihood that
industrial activity will have deleterious effects. For example, we observed
that nothers and calves at tinmes becone separated while the nothers are
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presumably feeding, and that they apparently reunite by calling to each
other. This indicates that prolonged masking of those calls by loud
i ndustrial noises mght cause premature separation of calves fromtheir
mot hers.  Anot her exanple derives from our discovery that sone bowheads feed
at the bottom  This result shows that the availability of prey at or near

the bottom shoul d be taken into account in evaluating the inportance of an
area to bowheads

Recommendati ons for Further Research

After five seasons of research, we have a solid base of information
on the short term normal behavior of bowhead whales during sumer.
However, we know virtually nothing about affiliations between whales,
lengths of tinmes individual whales are engaged in specific behaviors
before changing activity, and the relationship of feeding and other
behaviors to distribution and availability of prey. Many avenues of
research are possible, but we nmention several major ones which would build
directly on our foundation.

Bowhead whales are at tines recogni zable by natural markings peculiar
to an individual. However , our usual aerial vantage point, which
generally has us >1 kmfromwhales as we circle around them is not optim
for getting detailed information on the identifying features of individuals.

In addition, whales can travel underwater for several km and we often |ose
sight of them as they nove unobserved out of our circle of observation.

A radio tag on the back of one or nore whales would solve many of
these observational difficulties: we would be able to observe an el ectroni-
cally identified whale throughout an observation session, locate it even when
it travels away fromthe aircraft , nonitor its affiliations with other whales
not only during an observation session but also on subsequent days, obtain
dive time and surface time information during multiple observation sessions
possi bly including periods of bad weather and darkness, and nonitor |onger
range movenments than the ones we have been able to obtain. Because radio
taggi ng woul d enhance our know edge of the surfacing-dive pattern and all ow
us to stay- with a whale for long tines, this technique would also be
extrenely valuable for the nonitoring of potential disturbance reactions
during industrial activities. Several types of radio tags have been
successful on gray, fin, hunpback and bryde’s whales (Ray et al. 1978
Watkins et al. 1981; Goodyear 1983; Mate and Harvey 1984). By what ever
technique of attachnment, the radio could be nonitored directly from an
airplane, a boat, or the shore, as opportunity permits. A nore sophisticated
radio tag could probably give heart rate information, which has proven useful
in assessing harassment in free ranging bighorn sheep (MacArthur et al.
1879).

Davis et al. (1982, 1983) and Cubbage et al. (1984) recently showed
that high-resolution photogrammetry can distinguish many individual bowheads
by natural marks and pignmentation patterns. We recommend that such high
resol ution photography be continued and expanded, because it can give
valuable information on site tenacity, large scale novenent patterns of
individuals , and whal e-whale affiliations over time (including, perhaps,
between years). The photogrametric technique, which gives accurate data on

sizes of whales, can also assess age segregation over the entire range of
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bowhead whal es, and can therefore help us to determne the social structure
of bowhead whal es.

W have described several different feeding nodes and feeding areas in
our five-year study, and we have specul ated that variations in feeding
behavi or and location are largely due to variations in prey distributionm.
We have no direct evidence for this assertion, however. To assess the
i nportance of particular areas to bowhead whales, we need to confirm the
l'ink between distribution of prey and |ocation and feeding node of the
whal es. Trai ned behavi oral observers should work in conjunction with any
program to sample prey availability and factors controlling it. In this
way, distribution of prey can be linked with distribution and feeding
behavi or of bowhead whal es.

We know very 1little about the distribution and behavi or of bowhead
whales in winter or early spring. A though there are logistic difficulties,
we reconmmend systematic observations especially fromthe air, of bowhead
whales during late winter and spring. Many calves may be born then, but we
do not know what social affiliations occur im early spring, and how much
feeding, if any, occurs at that tine. A behavior study in early spring would
not just fill a nejor gap in understanding of the normal behavior of bowhead
whales , but would also allow us to assess the possibility of different
reactions to potential disturbance during the tine when bowhead whal es are
in the northern Bering Sea, with many engaged in mating.and cal ving.

ACKNOWLEDGMENTS

This work was funded by the U.S. Bureau of Land Managenent (1980-81) and
U S. Mnerals Mnagenent Service (1982-84), We thank Dr, C. Cowles, R.
Hansen, J. Imm, J. MacKay, Dr. J. Montague, Dr. B. Morris, and T. Sullivan of
BLM and/or MVS for their support. The work was conducted under permits from
t he Canadi an Dept of Fisheries and Cceans, N.W.T, and Yukon governnents, and
U S. National Mrine Fisheries Service.

We are grateful to the Polar Continental Shelf Project of the Department
of Energy, Mnes, and Resources (Canada) for logistical help in Tuktoyaktuk;
in particular we thank C. Barmig, E. Chapman, H Guben, G Hobson, B. Hough,
and F. Hunt. Donme Petroleum Ltd. provided some aviation gasoline and nuch
i nformation. We are grateful to NORCOR Engi neering and Research Ltd.,
Aklavik Flying Service, and Kenn Borek Air Ltd. for aircraft support, and to
pilots G. Davis, J. Merilees and B. McKinley. Personnel of the Beaufort

Weather Office were cooperative and patient with our continual requests for
i nformation.

We thank M.A., Fraker, who had a major role in initiating this project
and was field | eader in 1980. C.R. Greene provided the sound recording

systemfor use on the aircraft. G Alliston, K. Finley, W.R. Koski, P.
Tyack, and R. Wells hel ped with aerial observations. G- MIler, P. Thonas,
and L. Spear gathered information on behavior from vessel ‘'Sequel’. K.

Hazard, G. Silber, S. Taber, P. Thomas, and M Wirsig col |l ected data on the
whales observed from Herschel 1sland. P. Fraker, C.R. Geene, M Kilgo, W.
Renaud, and B. Stedman hel ped with canp operations at King Point. W. Dunlop
organi zed field equipment in 1980, and D. Blayney did so in 1981. For help
with data analysis, we thank J. Bird, L. Guinee, C. Holdsworth, V. Rowntree,
P. Thomas, R. Wlls, and M Wirsig. V. Rowntree prepared figures for this
report, and B, Giffen, L. Guinee, and V. Rowntree typed the text.

R ,

e e .



Nor mal Behavi or 81
LITERATURE C| TED
Bake r, C.S. and L.M. Hernan. 1984. Aggr essi ve behavi or between hunpback

whal es (Megaptera novaeangliae) wintering in Hawaiian waters. Can. J.
Zool. 62(10):1922-1937.

Beklemishev, C.W. 1960. Sout hern at nmospheric cyclones and the whal e
feeding grounds in the Antarctic. Nature 187(4736):530-531.

Bockstoce, J.R. INn press. \Whales, ice and nen: the history of commerci al
whaling in the Bering, Chukchi and Beaufort Seas, 1840-1936. University
of Washi ngton Press.

Bodfish, H.H. 1936. Chasi ng the bowhead. Harvard Univ. Press, Canbridge,

MA. 281 p.

Bogoslovskaya, L.S., L.M. Votrogov and T.N. Semenova. 1981. Feedi ng
habits of the gray whale off Chukotka. Rep. Int. Whal. Comm. 31:507
510.

Borstad, G.A. 1984. \WAter colour and tenperature in the southern Beaufort
Sea: renmpte sensing in support of ecological studies of the bowhead

whal e. Unpubl. Rep. by Arctic Labs Ltd., Inuvik, NWT., for Dept.
Fi sheries and Cceans, Sidney, B.C. 76 p + plates.

Braham H. and B.D. Krogman. 1977. Popul ati on biology of the bowhead
(Balaena nysticetus) and beluga (Delphinapterus leucas) whale in the
Bering, Chukchi, and Beaufort Seas. Unpubl. Proc. Rep. by Nat. Mar.
Mamm. Lab., Seattle, WA 29 p.

Braham H, B. Krogman and C. Fiscus. 1977. Bowhead (Balaena mysticetus)
and beluga (Del phi napterus 1leucas) whales in the Bering, Chukchi and
Beaufort Seas. p. 134-160 In: Envir. Assess. Alaskan Cont. Shelf,
Annu. Rep. Prin. Invest. , March 1977, Vol. 1. Recept or s- Mammal s.
NOAA/ BLM OCSEAP, Boul der, CO0O. 708 p.

Braham, H., B. Krogman, S. Leatherwood, W Marquette, D. Rugh, M Tillman,

J. Johnson and G Carroll. 1979. Prelimnary report of the 1978 spring
bowhead whal e research program results. Rep. Int. Whal. Comm. 29:291-
306.

Brodie, P.F. 1981 A prelimnary investigation of the energetic of the
bowhead whal e (Balaena nysticetus L). Rep. Int. Whal. Comm. 31:501-502,

Brodie, P.F., D.D. Saneoto and R.W. Shel don. 1978. Popul ati on densities of

euphausiids off Nova Scotia as indicated by net sanples, whale stonach
contents, and sonar. Limnol. Cceanogr. 23(6):1264~-1267,

Bryant, P.J., G N chols, T.B, Bryant, and K. Mller. 1981. Krill

availability and the distribution of hunpback whales in southeastern
Al aska. J. Mamm. 62(2):427-430,

Carroll, G.M. and J.R. Smithhisler. 1980. oservati ons of bowhead whal es
during spring migration. Mar. Fish. Rev. 42(9-10):80-85,



Nor mal Behavi or 82

Clark, C.W. 1982. The acoustic repertoire of the southern right whale, a
quantitative analysis. Anim. Behav. 30(4):1060-1071.

Clark, C.W. 1983. Acoustic comruni cation and behavior of the southern
ri ght whale (Eubalaena Australig), p. 163-198 In: R. Payne (cd.),
Communi cation and behavi or of whales. AAAS Selected Synposium 76,
Westview Press, Boulder, CO 643 p.

Clark, C.W., W.T. Ellison and K Beeman. 1985, Variations in the rates and
types of bowhead whale, Balaena mysticetus, vocalizations during the
spring (1984) migration off Point Barrow, Al aska. Abstr. M=6 In: 3rd
Conf. Biol. Bowhead Whale, 21-23 Jan 1985, Anchorage, AK North Sl ope
Bor ough, Barrow, AK.

Clark, C.W. and J.H. Johnson. 1984. The sounds of the bowhead whale,
Balaena mysticetus, during the spring migrations of 1979 and 1980.
Can. J. Zool.62(7): 1436-1441.

Couch, L.K. 1930. Hunpback whale killed in Puget Sound, Washington.
Murrelet 11(3):75.

Cubbage, J.C., J. Calambokidis and D.J. Rugh. 1984, Bowhead whale |ength
measured through stereophotogrammetry. Unpubl. Rep. Dby Cascadia Res.
Collective, A ynpia, WA, for U S. Nat. Mar. Mamm. Lab., Seattle, WA. 71
pﬂ

Dahlheim, M., T. Bray and H. Braham. 1980. Vessel survey for bowhead
whales in the Bering and Chukchi Seas,June-July 1978, Mar. Fish. Rev.
42(9-10):51=57,

Darling, J.D. 1977. Aspects of the behaviour and ecol ogy of Vancouver
I'sland gray whal es, Eschrictius [sic] glaucus Cope. M.Sc. Di ssertati on,
University of Victoria, 200 p.

Darling, J.D., K.M. G bson and G.K. Silber. 1983. Observations on the
abundance and behavi or of hunpback whal es (Megaptera novaeangliae) of f
West  Maui , Hawaii, 1977-79. po 201-222 1In: R. Payne (ed. ) ,
Conmmuni cation and behavi or of whales. AAAS Selected Symnposium 76,
West vi ew Press, Boul der, CO. 643 p.

Davi s, R.A. and W.R. Koski. 1980. Recent observations of the bowhead whal e
in the eastern Canadian High Arctic. Rep. Int. Whal. Comm. 30:439-444.

Davis, R A, W.,R., Koski and G.W. MIler. 1983. Prelimnary assessnent of
the length-frequency distribution and gross annual reproductive rate of
the Western Arctic bowhead whale as determined with |owlevel aerial
phot ogr aphy, with comments on life history. Unpubl. Rep. by LCL Lid.,
Toronto, for the U.S. Nat. Mar. Mamm. Lab., Seattle, WA 91 p.

Davis, R A, W.R. Koski, W.J. Richardson, C.R. Evans and W.:G. Alliston.
1982. Distribution, numbers and productivity of the Western Arctic
stock of bowhead whales in the eastern Beaufort Sea and Amundsen Gulf,
summer 1981. Unpubl. Rep. by LG Ltd., Toronto, for Sohio Alaska
Pe trol. CO, Anchor age, AK; and  Dome  Petrol. Ltd. Cal gary
(co-managers). 134 p. Summari zed as Int. Whal. Comm. Dot, SC/24/PS20.



Nor mal Behavi or 83

Di xon, W.J. and M.B. Brown (eds.). 1977. BVDP- 77 Bi oedi cal computer
prograns P-series. Univ. Calif. Press, Berkeley, CA

Durham F.E. 1972, Geenland or bowhead whale., p. 10-14 In: A Seed (cd.),
Baleen whales in eastern Nort h Pacific and “ Arctic wat ers.
Pacific Search Press, Seattle.

Everitt, R.D. and B.D. Krogman. 1979. Sexual behavior of bowhead whal es
observed off the north coast of Alaska. Arctic 32(3):277-280.

Fay, F.H. 1963. Unusual behavior of gray whales in sunmer. Psychol.
Forsch. 27:175-176.

Ford, J. 1977. Wiite whale - offshore exploration acoustic study. Unpubl.
Rep. by F.F. Slaney & Co., Ltd., Vancouver, for Inperial G| Ltd.,
Cal gary. 21 p. + Appendices.

Fraker, M.A. 1983. Bowhead whale stock identity in the Western Arctic.
Abstr., 2nd Conf. Biol. Bowhead Wal e Balaena mysticetus, 7-9 March
1983, Anchorage, ak.  North Slope Borough, Barrow, AK.

Frost, K.J. and L.F., Lowy. 1984. Trophic rel ati onshi ps of vertebrate
consunmers in the Al askan Beaufort Sea. p. 381-401 Ia: P.W. Barnes et
al . (eds.), The Al askan Beaufort Sea: ecosystems and environments.
Academ ¢ Press, Olando, FL. 466 p.

GllI, RE, Jr., and J.D. Hal|. 1983. Use of nearshore and estuarine areas
of the southeastern Bering Sea by gray whal es (Eschrichtius robustus).
Arctic 36(3):275-281.

Goodyear, J.D. 1983. N ght behavior of hunpback whales in the Qulf of Mine
as determned by radio tracking. p. 38-39 _In: Abstr. 5th Bien. Conf.
Biol. Mar. Mamm., 27 Nov.-1 Dec. 1983, Boston, MA .

Geene, C.R. 1984. Characteristics of waterborne industrial noise, 1983.
p. 217-308 In: W.J. Richardson (cd.), Behavior, disturbance responses
and distribution of bowhead whal es Balaena mysticetus in the eastern
Beaufort Sea, 1983. Chapter by G eeneridge Sciences, Inc., in Unpubl.
Rep. from LG Ecol. Res. Assoc., Inc., Bryan, TX, for US Mnerals
Management Service, Reston, VA 361 p.

Greene, C.R. 1985. Characteristics of waterborne industrial noise, 1980-84.
p. 197-253 1n: W.J. Richardson (cd., 1985 —this report).

Giffiths, W.B. and R.A. Buchanan. 1982. Characteristics of bowhead feed-
ing areas. p. 347-455 In: W.J. Richardson (cd.), Behavior, disturbance
responses and feeding of bowhead whal es Bal aena mysticetus in the
Beaufort Sea, 1980-81. Unpubl. Rep. from LG. Ecol. Res. AssocC., Inc.,
Bryan, TX, for U S. Bureau of Land Managenent, Washington, DC. 456 p.

Hain, J.H. W , G.R. Carter, S.D. Kraus, C.A.MayoandH.E,Winn. 1982.
Feedi ng behavior of the hunpback whale, Megaptera novaeangliae, in the
western North Atlantic. Fish. Bull., U'S. 80(2):259-268.



Nor mal Behavi or 83

D xon, W.J., and M.B. Brown (eds.). 1977. BMDP-77 Bi omedi cal conputer
programs P-series. Univ. Calif. Press, Berkeley, CA

Durham F.E. 1972. Geenland or bowhead whale. p. 10-14 In: A Seed (cd.),
Baleen whales in eastern North Pacific and ‘ Arctic wat ers.
Paci fic Search Press, Seattle.

Everitt, R.D. and B.D. Krogman. 1979. Sexual behavior of bowhead whal es
observed off the north coast of Al aska. Arctic 32(3):277-280.

Fay, F.H. 1963. Unusual behavior of gray whales in sunmer. Psychol.
Forsch. 27:175-176.

Ford, J. 1977. Wite whale - offshore exploration acoustic study. Unpubl.
Rep. by F.F. Slaney & Co., Ltd., Vancouver, for Inperial Ol Ltd,,
Cal gary. 21 p. + Appendices.

Fraker, M“.A., 1983 Bowhead whale stock identity in the Wstern Arctic.
Abstr., 2nd Conf. Biol. Bowhead \Wal e Bal aena nysticetus, 7-9 March
1983, Anchorage, AK. North Slope Borough, Barrow, AaK.

Frost, K.J. and L.F. Lowry. 1984, Trophic relationships of vertebrate
consuners in the A askan Beaufort Sea. p. 381-401 In: P.W. Barnes et

al. (eds.), The Al askan Beaufort Sea: ecosystems and environments,
Academ ¢ Press, Olando, FL. 466 p.

GllI, RE, Jr., and J.D., Hall. 1983. Use of nearshore and estuarine areas
of the southeastern Bering Sea by gray whal es (Eschrichtius robustus).
Arctic 36(3):275-281.

Goodyear, J.D. 1983. N ght behavior of hunpback whales in the Qulf of Mine
as determned by radio tracking. p. 38-39 In: Abstr. 5th Bien. Conf.
Biol., Mar. Mamm, 27 Nov.-1 Dec. 1983, Boston, MA.

G eene, C.R. 1984. Characteristics of waterborne industrial noise, 1983.
p. 217-308 In: W.J. Richardson (cd.), Behavior, disturbance responses
and distribution of bowhead whal es Bal aena nysticetus in the eastern
Beaufort Sea, 1983. Chapter by G eeneridge Sciences, Inc., in Unpubl.
Rep. from LG Ecol. Res. Assoc., Inc., Bryan, TX, for US. Mnerals
Management Service, Reston, VA. 361 p.

G eene, C.R. 1985. Characteristics of waterborne industrial noise, 1980-84.
p. 197-253 In: W.J. Richardson (cd., 1985 -- this report).

Giffiths, W.B. and R.A. Buchanan. 1982. Characteristics of bowhead feed-
ing areas. p. 347-455 |n: W.J. Richardson (cd.), Behavior, disturbance
responses and feeding of bowhead whal es Balaena nysticetus in the
Beaufort Sea, 1980-81. Unpubl. Rep. from LGL Ecol. Res. Assoc., Inc.,
Bryan, TX, for U S. Bureau of Land Management, Washington, DC. 456 p.

Hain, J.I1-1. W, G.R. Carter, S.D. Kraus, (C.A.MayoandH.E,Winn. 1982.
Feedi ng behavi or of the hunpback whal e, Megaptera novaeangliae, in the
western North Atlantic. Fish. Bull., U'S. 80(2):259-268.



Nor mal Behavi or 85

Lowy, L.F. and J.J. Burns. 1980. Foods utilized by bowhead whal es near
Barter Island, Al aska, autum 1979, Mar. Fish. Rev. 42(9-10):88-91,

Lowy, L.F. and K.J. Frost. 1981. Distribution, growth, and foods of arctic
cod (Boreogadus saida) in the Bering,Chukchi, and Beaufort Seas. Can.
Field-Nat. 95(2):186-191.

Lowy, L.F, and K.J. Frost. 1984. Foods and feeding of bowhead whales in
western and northern Alaska. Sci. Rep. Wales Res. Inst. 35:1-16,

Lowy, L.F., K.J. Frost and J.J. Burns. 1978. Food of ringed seals and
bowhead whal es near Point Barrow, Al aska. Can. Field-Nat. 92(1):67-70.

MacArt hur, R,.A., R.H. Johnston and V. Geist. 1979. Factors influencing

heart rate in free-ranging bi ghorn sheep: a physiological approach to
the study of wildlife harassment. Can. J. Zool. 57:2010-2021.

MaclIver, L.H. 1984. The effect of surface-feeding hunpback whal es on the

di stribution of red-necked phalaropes. p. 17 In: Abstr. Western North
Atlantic Mar. Mamm. Res. Assoc. Conf., Boston, MA,

McLaren, P.L. and R.A. Davis. 1985. Di stribution of bowhead whal es and
other marine mammals in the southeast Beaufort Sea, August - Septenber

1983.  Envir. Stud. Revolv. Funds Rep. No. 001. Can. Dept. Indian and
Northern Affairs, Qtawa. 62 p.

Macki ntosh, N.a.  1965. The stocks of whal es. Fi shing News (Books) Ltd.,
London. 232 »p.

Marquette, WM, H.W. Braham, M.K. Nerini and rR.v. Ml ler. 1982. Bowhead

whale studies, autumm 1980 - spring 1981: harvest, biology and
distribution. Rep. Int. Whal, Comm. 32:357-370.

Mate, B.R. and J.T. Harvey. 1984. Ccean novenents of radio-tagged gray
whal es. pr 577-589 In: M.L. Jones et al. (eds.), The gray whale
Eschrichtius robustus. Academic Press, Orlando, FL. 600 p.

Mauchline, J. and R L. Fisher. 1969. The bi ol ogy of euphausiids. Adv.
Mar. Biol. 7:1-454.

Mayo, C.A. 1982. Observations of cetaceans: Cape Cod Bay and sout hern

Stellwagen Bank Massachusetts  1975-1979. Ur S Dep. Conmer ce,
Springfield, VA  NIIS PB82-186263. 68 p.

Mayo, C.A. 1983. Patterns of distribution and occurrence of hunpback whal es

in the southern Gulf of Miine. p. 64 In: Abstr. 5th Bien. Conf. Biol.
Mar. Mamm, 27 Nov-1 Dec 1983, Boston, MA.

Nermoto, T. 1957. Foods of bal een whales in the northern Pacific. Sci .
Rep. Whales Res. Inst. 12:33-89,

Nemoto, T. 1959. Food of baleen whales with reference to whale novenents.
Sci. Rep. Whales Res. Inst. 14:149-29],



Nor mal Behavi or 86

Neroto, T. 1970. Feeding pattern of baleen whal es in the ocean. p» 241-252
In: J.H. Steele (cd.), Marine food chains. Qiver & Boyd, London.

Nerini, M. 1984. A review of gray whale feeding ecol ogy. p. 423-450 Im:
M.L. Jones et al. (eds.), The gray whale Eschrichtius robustus.
Academi ¢ Press, Ol ando, FL. 600 p-

Nerini, M. K., H.W. Braham, W.M. Marquette and D.J. Rugh, 1984, Life

history of the bowhead whale, Balaena mysticetus (Mammalia:Cetacea).
Ja Zoola, Lend 204:443—4689

Nishiwaki, M. 1962. Aerial photographs show sperm whal es’ interesting
habits. Norsk HvalFangst-Tid. 51(10):395-398.

Norris, K S., B. Villa-Ramitrez, G. Nichols, B. Wirsig and K. MIller. 1983,
Lagoon entrance and ot her aggregations of gray whales (Eschrichtius
robustus). p. 259-293 In: R.S. Payne (cd.), Communication and behavi or
of whal es. AAAS Selected Synposium 76, Westview Press, Boul der, CO. ,
643 p.

Payne, R. 1972. Swi nming with Patagonia's right whal es. Nat . Geogr.
142(4):576~587.

Payne, R. 1976. At home with right whales. Nat. Geogr. 149(3) :322-339,

Payne, R. In review. Behavi or of the southern right whale (Eubalaena
Australia). University of Chicago Press.

Pivorunas, A. 1979, The feeding nechanisns of baleen whales. Am. Sci.
67(4):432-440.

Ray, G.C., E.D. Mtchell, D. Wartzok, V.M. Kozi cki and R. Maiefski. 1978.

Radi o tracking of a fin whale (Balaenoptera_physalus). Sci ence (Wash.
D.C.) 202(4367):521-524.

Reeves, Rs, D.K. Ljungblad and J.T. C arke. 1984. Bowhead whal es and
acoustic seismc surveys in the Beaufort Sea. Polar Rec. 22(138):
271- 280.

Renaud, W.E. and R.A. Davi s. 1981. Aerial surveys of bowhead whal es and
ocher marine mammal s of f the Tuktoyaktuk Peninsula, N WT., August-
Sept ember 1980. Unpubl. Rep. by LA Ltd., Toronto, for Dome Petrol.
Ltd. , Calgary. 55 p.

Rice, D.W. 1977. A list of the marine manmals of the world. NOAA Tech.
Rep. MMFS SSRF-711. Nat. Oceanog. & Atmos. Admin., Washington.

Ri chardson, W.J., R.A. Davis, C.R. Evans and p. Norton. 1985a. Distribution
of bowheads and industrial activity, 1980-84. p. 255-306 _In: W.J.
Ri chardson (cd., 1985--this report).

Ri chardson, W.J., C.R. Greene and B. Wursig. 1985b. Project rationale and
design. p. 1=11 In: W.J. Richardson (cd., 1985--this report).



Nor mal Behavi or 87

Ri chardson, W J., R.S., Wlls and B. Wirsig. 1985c. Disturbance responses

of bowheads, 1980-84. p. 89-196 Ln: W.J. Richardson (cd., 1985--this
report).

Rugh, D.J. and J.C. Cubbage.  1980. M gration of bowhead whales past Cape
Li sburne, Alaska. Mar. Fish. Rev. 42(9-10):46-51.

Rugh, D.J. and M.A. Fraker. 1981. Gray whal e (Eschrichtius robustus)
sightings in eastern Beaufort Sea. Arctic 34(2):186-187.

Sauer, E.G.F. 1963. Courtship and copul ation of the gray whale in the
Bering Sea at St. Lawrence Island, Al aska. Psychol. Forsch.
27:157-174.

Scammon, C.M. 1874. The nmarine manmal s of the northwestern coast of
North Anerica. John H.  Carmany and Co., San Francisco, 319 p.
Reprinted (1968) by Dover Publ., Inc., NY.

Scoreshy, W, Jr. 1820. An account of the Arctic regions, with a history
and description of the northern whal e-fishery. Archi bal d Const abl e,
Edi nbur gh. 2 Vols. Reprinted (1969) by David and Charles, New on
Abbot, Devon, Engl and.

Swartz, S.L. 1977. “Friendly Whale" phenonena in Laguna San Ignacio,
Baja California, Mexico. p. 67 In: Abstr. 2nd Bien. Conf. Biol. Mar.
Manm , 12-15 Dec 1977.

Taber, S. and P. Thonas. 1982. Cal f devel opnent and nother-calf spati al
rel ationships in southern right whales. Anim Behav. 30(4):1072-1083,

Thomas, P.0. 1982 Cal f breaching. p. 126-130 In: Ww.J. Richardson (cd.),
Behavi or, disturbance responses and feeding of bowhead whal es Balaena
nysticetus in the Beaufort Sea, 1980-81. Unpubl. Rep. from LG. Ecol.
Res. Assoc., Inc., Bryan, TX, for U S. Bureau of Land Managenent,
Washi ngt on, D.C. 456 p.

Thomas, P.0. and S.M. Taber. 1984. Mt her-infant interaction and
behavi oral devel opnent in southern right whales, Eubalaena australis.
Behavi our 88(1/2):42-60.

Townsend, C.H. 1935. The distribution of certain whales as shown by
| ogbook records of Anerican whal eshi ps. Zool ogica (NY) 19(1):1-50 +
nmaps.

Tyack, P. and H Wit ehead. 1983. Mal e conpetition in large groups of
wi ntering humpback whales. Behaviour 83(1/2):132-154,

Watkins, WA., K.E. More, D. Wartzok and J.H. Johnson. 1981. Radi o
tracki ng of finback (Balaenoptera physalus) and hunpback (Megaptera
novaeangliae) Whales in Prince WIliam Sound, Al aska. Deep-Sea Res.
28A(6):577-588.

Wat ki ns, W.A. and W.E. Schevill. 1976. Ri ght whale feeding and bal een
rattle. J. Mamm. 57(1):58-66.



Nor mal Behavi or 88

Watkins, W.A. and W.E. Schevill, 1979. Aerial observation of feeding
behavi or in four baleen whal es: Eubalaena glacialis, Balaenoptera

borealis, Megaptera novaeangliae, and Balaenoptera physalus. J. Mamm.
60(1):155-163.

Whitehead, H.P. 1981. The behaviour and ecol ogy of the hunpback whal e in
the Northwest Atlantic. Ph.D. Dissertation. Canbridge University.
Variously pagi nat ed.

Whitehead, H. 1985. Wiy whales leap. Sci. Am. 252(3):84-93,

W nchendon G oup. 1983, Econometric Linear Forecasting user’s manual
[revised for version 5.0]. The Winchendon G oup, Alexandria, VA, 79 p. +
addenda.

Wod, F.G. and W.E. Evans. 1980. Adaptiveness and ecol ogy of echolocation

i n toothed whal es. p. 381-425 In: R.-G. Busnel and J.F. Fish (eds.),
Ani mal sonar systems. Plenum Press, N.Y. 1135 p.

Wirsig, B., E.M. Dorsey, M.A. Fraker, R.S. Payne and W.J. Richardson. 1In

press. Behavior of bowhead whal es, Balaena mysticetus, sumrering in the
Beaufort Sea: A description. Fish. Bull. U S

Wirsig, B., E.M. Dorsey, M.A. Fraker, R.S. Payne, W.J. Richardson and R.S.
ells. 1984a. Behavi or of bowhead whales, Balaena mysticetus,
summering 4in the Beaufort Sea: Surfacing, respiration, and dive
characteristics. Can. J. Zool. 62(10):1910-1921.

Wirsig, B., R.S. Wells and D.A. Croll. 1984b. Behavior of summering gray

whal es. p. 109-144 In: D.H. Thonson (cd.), Feeding ecol ogy of gray
whal es (Eschrichtius robustus) in the Chirikof Basin, sumer 1982.
Unpubl. Rep. by LG Al aska Res. Assoc., Inc., Anchorage, AK, for Nat.
Cceani ¢ & Atmos. Admi n., Juneau, AK., 222 p.

Wirsig, B., C.W. Clark, E.M. Dorsey, M.A. Fraker and R.S. Payne. 1982.
Normal behavior of bowheads. p. 33-143 In W.J. Richardson (ed.),
Behavior, disturbance responses and feeding of bowhead whal es Balaena
mysticetus in the Beaufort Sea, 1980-81. Chapter by New York Zool.
Sot. in unpubl. rep. from LG Ecol. Res. Assoc., Inc., Bryan, TX, for
U.S. Bureau of Land Managment, WAshi ngton, DC. 456 p.

@ mm



DI STURBANCE RESPONSES OF BOWHEADS , 1980-84*

by
W. John Richardson Randall S. Wl ls®and Bernd W'ﬁrsig3

ler Ltd. , environnental research associates
22 Fisher St., P.0. Box 280
King City, Ont. LOG 1KO, Canada

“Joseph M Long Marine Laboratory
University of California
Santa Cruz, CA 95064

3Moss Landi ng Marine Laboratories

P.0. Box 223
Moss Landi ng, CA 95039

June 1985

* Richardson, WJ., R.S. Wlls and B. Wursig. 1985. Di sturbance responses of

bowheads, 1980- 84. p. 89-196 In: W.J. Rchardson (cd. ), Behavior,
di sturbance responses and distribution of bowhead whal es_Balaena mysticetus,
in the eastern Beaufort Sea, 1980-84. Unpubl. Rep. from LG Ecol. Res.

Assoc., Inc., Bryan, TX for US. Mnerals Minagenent Service, Reston, VA
306 p.



Di st urbance 90

TABLE OF CONTENTS

Page

BB R T . . 9l
O Lt iVES v v o %
BDOACh . . o %
CENERAL METHODS . vt svonvvnven v smen v e i e v oo 95
Aerial Chservation ProcedUreS . . . . . o o o o 95
Goservations fromBoal . . . . . . . 97
BPRTIMENLS . . o 9
REACTIONS OF BOMHEADS T0 AIRCRAFT . . . . o o o o o e e e e 99
NethOdS --------------------------- 00 08 . . . B0 L L se0e0e000 100
Results . . . .. 0 TR0 L 102
(ccasions with Apparent Reactions . . . . . . . . . . 102
(bservations in the Presence and Absence of Aircraft . . . . . . . . . . . . .. 103
Observations fromDifferent Altitudes . . . . . . . . . . . . 103
Helicopter Qrerflights . . o o o o 105

DS CUSSI 0N . . v e 106
Characteristics of Responses to Aircraft . . . . . . . . . . . . ... ... 107
Variation in Sensitivity to Aircraft . . . . . . . ... 107
Reactions in Relation to Aircraft Noise Characteristics . . . . . . . . . . . 108
Reactions to Helicopters . . . . o o o 109
Reactions to Helicopters wvs. Fixed-Wng Arcraft . . ... ... ... ...... . 110
REACTI ONS OF BOWHEADS TO BOATS oo s s 00 55 06 esssso s ss0s . s. . . soocscoss. ssa 110
Methods o . . . L wee L wie. LT S bessB00 . . L . . . . 111
Boat -based Qbservations coceo. . . . ... . ecoeesecsa. oa 111
Arcraft-hased QOSErvations . . . . . . . . . 111
RESUHS @200 ABPORIOEOIVDBOGRAOTES ., . . . 0 e 0..0.. 112
Boat-based COSErvations . . . . . . . . o e 112
Arcraft-based QOSErVations . . . . . . . . . 114
DISCUSSION . o v v v e e 116
REACTIONS OF BOMHEADS TO SEISMC EXPLORATION . . . . . . . . . . o oo e 118
Methods . . ... ... .. 909900 gusvceere , L, ., e 119
Opportunistic Cbservations with Seismc Noise . . . . . . . . ... .. ... . .... 119
Airgun Experiments oeee . . . . . . . . . s oes coses . . 122
Experinent with Full-Scale Seismc Vessel . . . . . . . . . . . . . .. ... ... ..., 123
ReSUItS oar . wos L, WO L T T el 124
Opportunistic Chservations with Seismic Noise . . . . . . . . . . . . ... ... ... 124
ATQUn BXDRTIMENES . . . o o o 131
Hultivariate MalYSES . . . . . . . . 138
Experiment with Full-Scale Seismc Vessel . . . . . . . . . . . . . .. . ... .. ... 140
Discussion . . . ........ .. I 145
Results of This Study eoese. v sosesmson. o v v v oo oo cosseeses . o 145
Comparisons with Cther Studies . . . . . . . . . . 146
Ranges and Noise Levels \Were Effects Are Evident . . . . . . . . . . . . . .. .. 148
Levels of Seismic Noise Tolerated by Whales . . . . . . . . .. . .. ... . ... ... 148
REACTIONS OF BOMHEADS TO DRILLING ... o v 0o f 150
MBthodS . . eeween e B 151
Chservations near Drillsites . . . . . . . . . . e 151
Drillship Noise Playback Experiments . . . . . . . . . . . .. 151



-y e G O B0 PR NN un M DR Wk My uD G S ap W S En

Di st urbance 91

Page

RIS e 153
Chservations near Drillsites . . . . . v v v v 153
Drillship Noise Playback Experiments . . . . . . . . . . . . . 155

) T 163
REACTI ONS OF BOMHEADS TO DREDANG .. . . . v v v oo ovn oo 165
Methods ... . e o b 165
(hservations near’ |sland Constructlon Qperations . . . . . . . ... 165
Dredge Noise Playback Bxperiments . . . . . . . . . . .. .. 166
RSl o 168
(bservations near Island Construction Cperations . . . . . . . . . . . . . .. ... 168
Dredge Noise Playback Experiments . . . . . . . . . . . . 170

) T 176
GENERAL DISCUSSION ... oo e W 178
Progress During This Study e Y ... 178
Recommended ReSearch . . . . . . 181
Inplications of Short-Term Behavioral Reactions . . . . . . . . . . . .. . ... ..., 183
Interruption of Feeding . . . . . . . . e 183

Social DiSTUDtiON . o v 183

IS . o 184
Masking of Important Sounds . . . . . . . .. 184
Aoplicability to Alaska . . . . o . 187
ACKNOALEDGMENTS  *. . . . .. . . . . . . . . . Y e . ... ..o 188
LITERATURE CITED . . . . . e e 189

ABSTRACT

This report describes the behavior of bowhead whal es near actual or
simulated industrial activities in the Canadian Beaufort Sea. In the latter
experiments we conpared behavior of specific whales before, during and after
exposure to sinulated industrial activity:

- Aircraft at various altitudes.. 8 - Helicopter pass at 153 m alt.., 2*
- Boat disturbance exit . . . . . . .. .. T - Argun (40 in) exptees. . . . . . . 5
- Full-scale seismc exit . . . . . . .. 1 - Dredge noise playbacks . . . . . . .. 3
- Drillship noise playbacks . . . . 6

* plus 3 opportunistic heli copter overflights
Most observations were froman Islander aircraft circling 457-610 m above the
whal es, high enough to avoid significant disturbance. A 12.5-m boat was used
to conduct nost tests. Underwater sounds (industrial and bowhead) were
recorded in the aircraft by sonobuoys and on the boat by hydrophores.

Reactions to Aircraft. --Overt reactions to the observation aircraft were
somet i mes conspi cuous when it was bel ow 457 ma.s.l., unconmon at 457 m and
general |y undetectable at 610 m The usual reaction was a hasty dive when the
aircraft first approached, with little or no detectable effect thereafter.
On rare occasions, bowheads seened to nove away in response to the aircraft
circling at <457 m Reactions were nost common in nearshore waters <15 m
deep, where Tlateral propagation of aircraft noise was greatest. Wen we
circled the same whales at high (457 and/or 610 n) and |ower (305 m
altitudes, blow intervals tended to be shorter when the aircraft was |ow. We
concl ude that one pass by a small twin engined aircraft at altitudes <305 m
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sonetines causes bowheads to dive; continued circling at <305 m affects
respiration. Except in shallow nearshore areas, overflights at >457 m have
little effect.

On 5 occasions we observed bowheads before, during and after a
heli copter made a single pass overhead at 133 maltitude. No reactions were
detectable in real time, but the bowheads were bel ow the surface when the
helicopters were directly overhead. The whales did not | eave the area.

Reactions to Boats. --Bowheads reacted nore strongly to close approach by
various boats than to any other industrial activity. Bowheads began to swim
rapidly away as boats approached within 1-4 km The initial reaction was
often an attempt to outrun the boat. Wen the boat was within a few hundred
metres, Wwhales either turned and swam away from the boat's track, or dove.
G oups of whales scattered. Fleeing generally ceased a few nminutes after the
vessel passed, but scattering persisted | onger.

Reactions to Seisnmic |Inpulses. --On 21 occasions we observed bowheads in
the presence of noise from selismc vessels 6-99 km away; behavior was not
dramatically affected. There was no evidence of avoidance at such ranges,
but there were hints of subtle alterations in surfacing, respiration and
di ving behavi or. We could not confirmthat these weak and inconsistent
trends were attributable to the seismc noise, but the trends were consistent
with those -for bowheads exposed to stronger noise pul ses from closer seisnic
boats (1jungblad et al. 1985, pers. comm.) Or a single airgun nearby (this
study). Hence, subtle effects may sonetimes occur >6 km from seismc vessels
and at received levels bel ow the 160+ dB//1 pPa expected at that range.

Qur test with a full-scale seisnmic boat showed that bowheads began to
orient away when the airguns began to fire 7.5 km away. However, sone whal es
conti nued apparent near-bottom feeding until the vessel was only 3 km away.
Whal es were displaced by about 2 km Reactions were not nuch stronger than
those to any conventional vessel, However, tests with one airgun fired froma
qui et boat showed that bowheads nove away from a source of strong seismc
impul ses even if no boat noise is present. Thus , some bowheads react to
strong seismic inpulses per se, and- can detect their direction of arrival.

Reactions to Drillships and Dredges. --We saw bowheads <5 km from
operating drillships and dredges, well within the zones ensonified by
drillship or dredge noi se. However, when bowheads were exposed to similar
| evel s of drillship or dredge noi se during playback experinents, they tended
to orient away. In the drillship pl aybacks, call rate may also have
decreased. During one dredge playback, near-bottom feeding ceased; in
another, surfacing and respiration behavi or changed. However, dispersal was
not as rapid or consistent as when a boat approached.

Concl usi ons. —Bowhead behavi or can be affected narkedly but tenporarily
by the cl ose approach of ships or aircraft. Reactions were |ess obvious in
the cases of activities that continued for hours or days, such as distant
seismc exploration drilling and dredging; bowheads sonetimes occurred close
enough to these operations to be exposed to considerable noise. However,
experiments showed that sonme bowheads oriented away from sources of
drillship, dredge and seismic noise when the noise first becanme evident at
level s equal to those several kilometres from actual drillships, dredges and
seismc vessels.
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INTRODUCTION

The Western Arctic stock of bowhead whales winters in the Bering Sea,
sumrers in the eastern Beaufort Sea, and migrates around western and northern
Alaska in spring and fall. Ofshore oil and gas exploration is underway or
planned in several parts of the sunmer and w nter range and along the
mgration routes. Possible effects of oil and gas activities on bowheads are

one of the main environnmental concerns with respect to | eases in Al askan
wat ers.

Noi se from of fshore industrial activities may affect whal es (Acoust.
Sot. Amr 1981). Sound, unlike light, can propagate |ong distances through
water (Payne and Webb 1971; Urick 1975). Most bal een whal es, including
bowheads, produce |ow frequency calls (Thonmpson et al. 1979; Ljungblad et
al . 1982b). Hearing sensitivity of bal een whal es has not been measured, but
t he predom nance of |ow frequency calls plus anatom cal evidence (Fleischer
1976) suggest specialization for detecting low frequencies. Calls are
i mportant for communication between bal een whales (e.g. Watkins 198lb; O ark
1983; Tyack and Witehead 1983), although detailed functions are rarely
known. Detection of other environmental. sounds, e.g. from ice, breaking
waves , or perhaps prey, may also be inportant to bowheads.

Mst underwater industrial sounds also have peak energy at |ow
frequencies, predomnantly below 1 kHz (Acoust. Sot. Am 1981; Gales 1982;
G eene 1982-85; Richardson et al. 1983b). Thus, baleen whales nmay be
sensitive to industrial noise. The effects could, in theory, include
short-term behavioral reactions, masking of communication or other sounds,
physi ol ogi cal effects including stress, and short- or |ong-term displace-
ment. Vision or other sensory nodalities might also be involved in sone of
t hese hypot hesi zed effects.

The limted evidence available up to about 1980 concerning reactions of
whal es to industrial activities was reviewed, from various viewioints, by
Geraci and St. Aubin (1980), Acoust. Sot. Am (1981), Gales (1982), Malme et
al. (1983), and Richardson et al. (1983b). Since 1980, several studies of
this topic have been initiated, including Baker et al. (1982, 1983) for
humpback whal es (Megaptera novaeangliae), Malme et al. (1983, 1984) for gray
whal es (Eschrichtius robustus), and this study for bowheads.

The reactions of bowheads to industrial activities had not been
descri bed when this study began in 1980. In that year, the U S Bureau of
Land Managenent (BLM) funded us to assess the short-term behavioral responses
of bowheads sumrering in the eastern Beaufort Sea. The study continued each
summer from 1980 to 1984, wth the 1982-84 work being funded by the U S
M neral s Management Service (MM5). Results from 1980-81, 1982 and 1983 were
reported, respectively, by Fraker et al. (1982) and Richardson et al. (1983¢,
1984). Richardson et al. (1985b) summari zed the 1980-82 work. This report
summari zes all results, including previously unreported studies in 1984.

Obj ecti ves

The general objective of the ‘disturbance responses’ portion of the
study, as specified by BLM and M5, was to determne ‘how and to what extent
acoustic and [other] stimuli from oil and gas exploration/devel opnent
activities may be expected to affect the distribution, novenents, activities
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and activity patterns, and, ultimately the survival and productivity of
bowhead whales.’

This general objective was further defined as involving anal yses of

1. short-term behavioral reactions to five specific industrial
activities, viz. aircraft and boat traffiec, seism c exploration,
drilling and offshore construction, and

2. long-termeffects of offshore oil activities in general.

All five activities listed in (1) are major conponents of offshore oil and
gas exploration on continental shelves. All are either underway or
anticipated in the Alaskan Beaufort Sea. This section of the report describes
studies of short-term behavioral reactions and includes comrents on their
| onger-term inplications. A later section, Richardson et al. (1985a),
exam nes distributional data to further assess possible long-term effects.

Appr oach

The study area was the eastern (i.e. Canadian) part of the Beaufort Sea
(Fig. 1). Study conditions there are relatively favorable and of fshore oil
exploration is farther advanced than in Alaskan waters. The field season each
year was from late July or 1 August to the end of August or early Septenber.
Gl industry activities in the eastern Beaufort Sea during |late sunmmer,
1980- 84, involved 2-4 seismc boats, 4-5 drillships, 2-6 seagoi ng dredges,
5-10 twi n-engined helicopters, 1-4 icebreakers, and nmany other boats --
supply, tug, crew, and sounding boats, barges, etc. (R chardson et al.
1985a) . The overall level of offshore activity increased progressively from
year to year.

We used a conbination of (1) controlled experinments sinulating
industrial activities, and (2) opportunistic observations of distribution and
behavi or near ongoing full-scale industrial operations. The controlled tests
were helpful in detecting changes attributable to the sinmulated industrial
activity in the presence of natural variability, The opportunistic
observations were nore difficult to interpret. However, they provided
evi dence about the presence and behavior of whales near full-scale and
prol onged activities that we could not sinulate.

Over the 5 years, we obtained both opportunistic observations and
controll ed experinental data concerning reactions of bowheads to each of the
five types of industrial activities identified in ‘Objectives’, above.
Qpportunistic data included observations of bowhead behavior in the presence
of fixed-wing aircraft and helicopters, various boats, noise inpulses from
di stant seismc vessels, drillships, and island construction. Experinents
included fixed-wing aircraft overflights at different altitudes, helicopter
overflights, boat disturbance trials, tests of reactions to an airgun and a
full-scale seismc vessel, and underwater playbacks of recorded drilling and
dredge noise.

Most behavioral observations in all years were froma fixed-w ng
aircraft circling high over bowheads. A 12.5-m boat was used to conduct nost
experiments. Sonobuoys dropped fromthe aircraft and hydrophores depl oyed
from the boat were wused to record industrial and bowhead sounds.
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Characteristics of the industrial sounds are described in a conpanion section
by Geene (1985).

In 1980 and 1981 we also attenpted to study bowheads from shore stations
at Herschel Island and King Point, Yukon (Fig. 1). In previous years,
bowheads had sometines been seen there close to shore (Fraker and Bockstoce
1980). In 1980-81, the shore stations provided few data because bowheads were
too far offshore for detailed observation or experinments. Consequently, no
shore-based observations were attenpted in 1982-84. Bowheads were within 1-2
km of King Point on several days in md and |ate August of 1983-84, and we
conducted some of our boat- and aircraft-based experiments there (Fig. 1).
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FIGURE 1. Flap of the 1980.8; St udy eres, the southeastern Beaufort Sea.
Symbol s show the locations where we teeted the reactions of howheads to
similated industrial activities, and locations where we observed the behavior
Of bouheads €xposed to seismc impulses ().

GENERAL METHODS
The general nmethods used in all years (1980-84) were very simlar.
Met hods specific to each experinent or industrial activity are described
later, in the section dealing with that industrial activity.

Aerial Cbservation Procedures

Almost  all  aerial observations were from a specially-outfitted
Britten-Norman BN-2A-21 | sl ander (C-GYTC). This high-wi ng tw n-engined piston
aircraft had |ong-range fuel tanks, OnTrac VLF/Omega navi gati on system
inverters for AC power, side and bottom camera ports, and radar. The radar
was val uabl e in neasuring distances fromwhales to ships, islands, etc. For
part of the 1983 season (1-13 Aug) the Islander was not available and we used
a deHavilland DHC-6-300 Twin Qter ajrcraft (CG-BDR). This high-w ng
twi n-engined turboprop aircraft had a VLF navigation system |ong-range fuel
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tank, and bubble wi ndows, but no inverters or radar. Qur procedures in the
two aircraft were the sanme, with the exception that seating arrangenents
required that we circle to the left in the Twin Oter and to the right in the

| sl ander,

W rarely flew when wind speed exceeded 25 km/h, since high sea states
nake whales difficult to locate and observe. Flight routes were non-
systematic. When we had arranged to rendezvous with the boat for an
experinents we often flew directly to that site, searching for but not
pausi ng to circle whales en route. On ot her occasions, we searched within
areas where we expected whal es, with some enphasis on (1) places that woul d
be convenient for future experinents, and (2) the offshore industrial sites.
When whales were found near an industrial site, we circled for uwpto 4.2 h to
observe behavior. In the absence of whales near our boat and near industrial
sites, Wwe tried to | ocate and observe whales el sewhere.

While circling whales, we flew at 457 or 610 m a.s.l. (1500 or 2000 ft)
except during aircraft disturbance experiments or when clouds were bel ow 457
m. In 1980-81 we found that bowheads often reacted to the aircraft when it
was at 305 m (1000 ft) or below, but rarely did so when it was at 457 mor
above. Thereafter we used a standard altitude of 457 m, In 1983, when we
first observed many whales in shallow waters <5 km from shore, sonme whales
seened to react to the Islander aircraft even at 457 m Hence, we adopted a
standard altitude of 610 m for subsequent observations in shal |l ow nearshore
wat ers.

Dye markers (fluorescein solution in a plastic bag that burst upon
impact with sea) were dropped to identify the approximte . locations of whal es
during dives. W tried to select distinctively marked bowheads to observe.
Natural markings (scars and pignentation patterns) often al 1 owed
re-identification from one surfacing to the next, and thus determ nation of
di ve durations. However, many observations in 1983-84 were in Mackenzie Bay
and involved small bowheads that |acked obvious distinctive markings--
characteristics typical of immature bowheads (Davis et al. 1983). The turbid
water in nuch of Mackenzie Bay al so hindered individual recognition. Thus, in
1983 and 1984--unlike some previous years--we obtained few long series of
observations of specific whales.

A sonobuoy (AN/SSQ-41Bor AN/SSQ-57A) usually was dropped to nonitor
bowhead and industrial sounds while we circled overhead. Hydrophore depth was
almost always 18 m or bottom, whi chever was less (occasionally 9 min 1981}.
The signals were recorded on calibrated equi pnent aboard the aircraft. The
types and nunbers of bowhead calls later were tabulated by C.Ww. Cark, who
listened to the tapes at the sanme tinme as the signals were displayed on a
real -time anal yzer (see Wirsig et al. 1985b for details). Intensities and
spectral characteristics of industrial sounds recorded near bowheads were
anal yzed by calibrated digital processing techniques (G eene 1985),

The circling aircraft was usually at a radius of 0.5-2 kmfromthe
whales being studied. However it occasionally passed directly over them when
we dropped dye markers or sonobuoys, or when whales surfaced far fromtheir
previous |location. Aircraft noise was clearly detectable in the water
directly below the aircraft, but would be weak or undetectable at the center
of our circles (Greene 1982,1984a). Thus, whales being circled were exposed

N O R B S Ty AR BT O & I O N A O an B s
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to strong aircraft noise only on the infrequent occasions when the aircraft
passed al nost directly overhead.

Overall, we flew for 593 h during 132 offshore flights in 1980-84. W
circled over bowheads for 186.3 h during 85 of those flights. O this ting,
98.5 h and 87.8 h were under ‘presunably undisturbed” and ‘potentially
di sturbed’ conditions, respectively. Potentially disturbed cases were defined
as those when our aircraft was at <457 m a.s.l., a boat was underway within 4
km, or industrial noise was readily detectable in the water. The first half
hour after any of those ‘potential disturbances’ was also counted as
potentially disturbed. Locations of all behavioral observations are shown in
Wirsig et al. (1985b, Fig. 1).

Qur procedures for behavioral observations are described by Wirsig et
al. (1985b). Up to three ‘focal’ whales were observed in detail
sinultaneously. Linmited information about sonme other bowheads (e.g.
orientation, speed, and relative location) was al so obtained. Two observers,
one watching the focal animals through binoculars and the other observing a
broader area, dictated observations onto audiotape. A third observer operated
a video canera whenever the focal whales were at the surface, and a fourth
observer on the opposite side of the aircraft operated sonobuoy receivers and
noted whal es outside the area being circled.

After data were transcribed from audiotape, the videotape was exam ned
for details not noted in real tine. The conmbined data were coded with one
record per surfacing or dive of each focal whale (up to 45 variabl es per
record). Records were hand checked before entry into Apple |1+ nicroconputers
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 conditions.

Because the surfacing, respiration and diving behavior of bowhead cal ves
(<1 yr old) differs fromthat of ‘non-calves’ (Wirsig et al. 1984, 1985a,b),
nost parts of this report exclude data from cal ves. W enphasi ze the
quantitative variables that are anenable to statistical conparison and that
are | east susceptible to observer expectancy bias.

Observations from Boat

In 1981-84, we used MV ‘Sequel’, a 12.5-mvessel powered by a single 115
hp GM 471 diesel engine. Maxi num speed was about 16 kmih and idling speed
(engine idling; propeller engaged) was about 5.6 kmh. The crew included an
acoustician and 1-2 biologists to observe behavior. For boat disturbance
tests in 1980, we used the ‘Inperial Adgo', a 16-m diesel-powered crew boat
with top speed 41 km/h.

The behavi oral observer(s) watched for whal es when the boats were
underway, while the aircraft circled nearby, and at sone other times when
drifting or anchored. The observers recorded the estimted distances of
bowheads from the boat, heading relative to the boat, and the exact tine of
each blow. Goup size and the durations of surfacings and dives were recorded
when possible, but these variables were rarely recordable because of the |ow
angle of observation from small boats. Locations and water depths were
determined with a navigation satellite receiver and an echosounder.
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Underwat er sounds were recorded from the boat using hydrophores depl oyed
at 9 m depth, and sonetines at other standardi zed depths. Geene (1985)
describes the field and anal ysis procedures.

Experinents

Seven types of experinents were conducted (Table 1; Fig. 1). For one
type of test, fixed-wing aircraft at various altitudes, only the observation
aircraft was necessary. For all other experinents, either a boat or a
hel i copter as well as the observation aircraft had to be near whales. All
experiments were conducted while we were using the Islander aircraft. W used
the aircraft to locate bowheads, to direct the boat or helicopter toward
them, and to obtain nost of the behavioral observations. Experiments using a
boat or helicopter usually were possible only when whales lingered in an
accessible area under favorable weather and ice conditions. These
requirenents limted the nunber of experiments that could be done.

Table 1. Types and nunbers of experinental tests of react-
ions of bowheads” to sinulated industrial activi-
ti es eastern Beaufort Sea, 1980-84.

Type of experinment No. expts

Fi xed-wing aircraft at various altitudes
Hel i copter overflight at 153 m altitude
Boat disturbance experinents

Airgun experinments

Experinment with full-scale seisnic boat
Drilling noi se pl aybacks

Dredge noi se pl aybacks

Woi— o1~ N o

Total, all experinents 32*

* Plus 3 opportunistic helicopter overflights.

Wien experinments were possible, the usual procedure was first to observe
‘presumabl y undisturbed’ behavior, and then to continue observations as the
source of potential disturbance was introduced, \Wen possible, observations
continued after the end of the period of potential disturbance. Wth this
approach, each whale or group of whales served as its own control, mnimzing
potential confounding by individual variation or extraneous factors. During
sone airgun tests and all drillship and dredge noi se playback experinents
the boat was quiet (anchored or drifting) throughout the control, test and
post -t est periods. Observations during the first half hour after the boat's
notor was turned off were not counted as ‘econtrol' data. The boat was
underway during all boat and some airgun experiments. Detailed procedures for
each type of experiment are described in later sections.

Di stances and bearings of whales fromthe boat were estinmated for many
surfacings during experiments. Distances were often estimated relative to
sonobuoys or dye markers whose locations relative to the boat were, in turm,
estimated at frequent intervals. Whenever possible, we used the radar on the



Di st ur bance 99

observation aircraft to calibrate our visual estimates of distance from the
boat. The VLF navigation systemon the aircraft was also hel pful; the
indi cated absolute location was often incorrect by up to 2 km but relative
| ocations of two points overflown within a brief interval (e.g. boat and
whal es or sonobuoy) were much nore precise.

In analyzing whale orientations observed from the aircraft during
pl ayback and airgun experinments, only the first observation of each
‘non-calf’ whale in each phase of the experinment was used. Headings of the
whal es were converted into deviations fromthe ‘directly away from boat’
direction, i.e. 0° = directly away, 180° = directly toward, 90° = tangenti al
to right as viewed fromboat, 270° = 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
nodi fication of the Kol mbgorov-Snmirnov test applicable to directional data
(Batschelet 1981), was used to conpare orientations relative to the boat in
different phases of the experinents.

Interpretation of repeated observations of the orientation of individua
animals is difficult. Repeated observations of an animal that is continuing
to nove in a previously chosen direction provide only one neaningful value
in terms of contribution to sanple size for statistical analysis. Subsequent
observations are not independent of the first. One rarely can deternine how
qui ckly orientation becones independent of orientation at a previous tine
(Batschelet 1972). CQur use of only the first observation of each identifiable
whal e during a given phase of an experinent may be conservative in sone
cases. However, we were unable to recognize nost whales for prolonged periods
in 1983-84. Consequently, many whal es undoubtedly are represented nore than
once in the orientation data for a particular phase of an experinent. 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
i ndependent observations. Thus, the statistical tests on orientation data are
appr oxi mat e.

REACTI ONS OF BOWHEADS TO ATRCRAFT

Aircraft are used extensively in all phases of offshore oil exploration
and production. Fixed-wing aircraft are used principally for reconnai ssance,
while helicopters transport personnel and supplies. Aircraft may fly |ow
enough to create underwater noise at frequencies and intensities that are
presumabl y detectable to bowheads (G eene 1985). Thus, aircraft mght disturb
bowhead whales. It was also inportant to assess reactions of bowheads to our
observation aircraft, since we assune that it does not disturb whales
appreci ably during our routine behavioral observation sessions. A third
reason to assess reactions to aircraft was that aircraft are used to census
bowheads and to eval uate popul ation structure; reactions to the aircraft
could bias the results,

Opportuni stic observations suggest that responses of baleen whales to
aircraft vary fromdives and dispersal to no response (Bird 1983). Watkins
and Schevill (1979) were able to observe northern right whal es (Eubalaena
glacialis) and other bal een whales feeding below a light aircraft at 50-300 m

a.s.l. Wi thout any obvious response. Payne et al. (1983) found that southern

ri ght whal es (E. australis) rarely reacted strongly to a small aircraft
circling at 65-150 m a.s.1l. Marquette et al. (1982) suggested that bowheads
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rarely 'reacted in a negative manner' to a fixed-w ng survey aircraft flying
as low as 75 m a.s.l. Ljungblad et al. (1982a, 1983, 1984a) noted variable
sensitivity of bowheads to fixed-wing aircraft depending on date, whale
activity, and year. Berzin and Doroshenko (1981) and Dahlbeim (1981) observed
that. bowheads sometimes remain at the surface. when helicopters pass or even
circle overhead. However, none of these observations were from studies
designed specifically to test reactions of whales to aircraft.

In the only other systematic study of baleen whale responses to
aircraft, Malme et al. (1983, 1984) reported that gray whal es (Eschrichtius

robustus) tended to avoid a | ocation where recorded helicopter noise (Bell
212) was played back into the water. However, the playback rate of one
simul ated pass every 10 s to 2 min greatly exceeded typical helicopter
traffic rates along routes to offshore industrial sités.

During 1980-84 we conpared bowhead behavi or in the presence and absence
of fixed-wing aircraft and helicopters, and we conpared behavi or of whal es
overflown or circled at. different altitudes. Modst data were recorded by
aircraft-based observers using standardized techni ques but data from shore-
and boat-based observers were used in some conparisons.

Met hods

Reacti ons of bowheads to aircraft were observed primarily from our
fixed-wing observation aircraft, alnost always a Britten—Norman Islander, as
it passed or circled over whales (see 'General Methods', above).

bservations of the sane whal es in the presence and absence of the
aircraft were possible on 14 August 1984. Bowhead respiration data were
collected fromthe vessel "Sequel’ while its engine was shut down at 69°43'N,
136°48'W, water depth 24 m, before, during and after the Islander aircraft
circled nearby.

W conduct ed eight experinents to examine the effects of fixed-w ng
aircraft altitude on behavior patterns (Table 2). Typically, we circled and
observed whales from high altitude (457 and/or 610 m a.s.1l.) for 0.8-1.9 h,
and then descended to 305 m and observed the same whales for 0.3-1.7 h. W
once circled first at 260-305 mand then at 457 m and we once circled at 457
m then 305 m, and then 457 magain (Table 2). Al eight experinments were
done in the absence of other potential sources of disturbance.

To control for the possibility that any apparent responses were due to
the length of tine the aircraft was overhead regardl ess of altitude, we
exam ned the 10 presumably undisturbed sessions 'when the aircraft circled at
457-610 m a.s.l. for >70 min. Results during the first and second hal f of
each session were conpared. To examine the possibility of initial 'startle’
responses even when the aircraft was at >457 maltitude, we used 1984 data to
conpare nmean blow intervals in the initial 10 min foll owi ng arrival of the
aircraft with those of the same presunably undisturbed whales in subsequent
peri ods.

Qpportunities to nmeasure potential responses to helicopters occurred
during two planned experiments and on three other occasions during 1981-84
(Tabl e 3). The planned experinents involved overflights by Sikorsky s-76
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Table 2. Summary of f wes-stog aircraft disturbance experinents during 1981-84.

Hr. Arcraft Vit er # W]RI es
. . of ae. (M th Wthin
Dat e Locat 1 0N Time (M) O 2.l ) ﬁu Grele
6 Sep 81 69”57 ne 17:53-19:20 1.4 610 532 6-10?
139°55'W 19:22-19:40 0.3 457
19:41-20:02 0.4 305
8 sep 81 B o o i wt o 1B
°go! :26-18: . 150- 155 6
sAlg 82 BN laisiaens pd
31 ag 82 7030 N 10:15-12:08 1.9 457 550 1
136°50'W 12:08-13:47 1.7 305
17 Aug 83b 69°16'N 11:29-12:29 L0 260- 305 30 15
[38"10 W 12:30-13:12 0.7 457
22 Aug 83 69"07 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 1.2 310 32 b
137°54'W 16:47-18:03 1.3 05
1 Sep 84 70°01 °N 16:42-17:51 1.2 457 2 5
132°42'W 7:51-19:02 1.2 305
197857002 i

BLocations approxi mt e «e to inoperable aircraft _navi?ation system
Mbst whales 1n the area where this experiment ws done Were imatures (Wirsig er al.

1985b).

Tabl e . ry of helicopter disturbance experiments arid opportunistic helicopter wer-
> PRy e RS P P P

ing
Hel | CaO ter Hgfurs \iat teII"] #W?ﬁales
Tyre, . . n
Dat e Afifude  Location Phase Tie ( MOT)  Chs. D?Ru Qrele
STAUg R Sikorsk Bef 15:08-16:17 1.2 . 17 7
ug s °391 ef ore :08- 16: .
g L RN Bt e 03
153 m ter 16:35-17:38 1.1
2 Sep B4’ Si kor sky 69°35'N Before  19:28-20:16 (.8 25 5
s-76 137°05'W rng  20:17-20:3s (.3
153 m ter 20:35-21:42 L]
rtwmistic
28 aug 84d Bel | 69"33'N Befr%e 12:31-12:54 8431 Al | ta,
16 ST, 136°57'W 135-13: .
153 m /%’Jterg 11% igﬁ ié’ 0.5 a4er
31 Aug 83 Probabl% 69°51 N Before  14:19-14:49 0.5 19 6
Bell 412,  136°30'w During 1435015307 0.%
153 P After 15:08-16:08 |,
3 Sep 81 Unknown 69°37'N Before  11:10-12:49 1§ 407 b
gose, . 88"45' During  12:50-13:06 0.3
m PPIOX .

“Strong seismc inpulSes fm a V(ﬁse% ;8- 23 w away were received thougoue the 28 Aug 84

b t()?sr%er(lﬂogzeﬂfﬁlnppﬁoﬁest oft d sPYJerrbah%et foctuded S€I SM C NOI SE, jndustrial sites 13-19 kn
_away . and overfli qts at 153 Mas1 . by @ TLFrbo-Oommnder fixed-wng arrcrart.

The :I'slander ajrcraft had heen circling w the area at_<457 M as.a. e 1.7 h before cne
elicopter arrived. , ,

wst Whal €s I1n the area where this experiment was done Were imatures (wirsig €t g,
19s50; Davis et al. , inprep.).

d
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helicopters at 153 m a.s.l. following periods of control observations of the
same whales from the |slander aircraft circling at 457 m as.s.l. Each
experiment involved a single straight-line pass at mormal cruising speed (250
km/h). The experinents included three phases: (1) ‘before’ the arrival of the
helicopter, (2) ‘during’ the overflight and the 15 min period inmediately
following the pass, and (3) an ‘after' period of variable |ength. Because of
the brevity of the ‘during’ phase, only blow intervals were recorded
sufficiently often to allow statistical amalysis. The three opportunistic
helicopter overflights were also single passes through our observation circle
at or near altitude 153 m. However, conparisons of the latter three cases
with the two experiments nust be treated with caution as the opportunistic
observations involved different or unidentified helicopters, and all invol ved
other potential sources of disturbance (Table 3).

Resul ts

Qccasions Wth Apparent Reactions

In all years, instances when observers in the aircraft believed that
whal es were disturbed by the aircraft were recorded during searches for
whales and during behavioral observation sessions. Only cases where the
aircraft was the only potential source of disturbance are considered here.
The criteria used in assessing the occurrence of disturbance in these cases
were subjective, but were based on considerable experience concerning the
normal behavi or of bowheads. | ndications of disturbance have included both
i nst ant aneous responses, such as unusual changes in orientation or unusually
rapid surfacings or dives, and |onger-term responses such as gener al
novenent out of the area under observation, changes in general activities,
and changes in aerial behaviors, such as breaches, tailslaps, and pectoral
flipper slaps (Table 4). These observations should not be analyzed
guantitatively, given their subjectivity. However, reactions were most
frequent when the aircraft circled at <305 m, less frequent when it was at
457 m, and very rare when it was at »610 m This trend is even nore evident
if one allows for the fact that the a—rcraft was at <305 mfor only a snall
fraction of the total observation hours. The whales were in water <25 m deep
for 8 of 15 cases with reactions to the aircraft at 457 m, and for 2 of 2
cases at 610 m.

Tabl e 4. Nunber of occasions when one or nore bowheads apparently
responded to the observation aircraft, as recorded in real
time during 1980-84.

Aircraft Altitude (ma.s.l.)

Type of Response to Aircraft <305 457 2610
Hasty dive or surfacing 16 4 1
Change in orientation 3 3 0
Di spersal or moverment out of an area | 7 1
Change in activity 1 | 0
Change in aerial behavior 2 0 0
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Observations in the Presence and Absence of Aircraft

During 1980-84 there was only one opportunity to obtain an adequate
sanple of quantitative behavioral information on the same whales both in the
presence and absence of our observation aircraft. R chardson et al. (1983c,
1985b) di scussed two previous attenpts at this conparison using shore and
vessel observations, but different whales were observed under the ‘aircraft
present’ and ‘aircraft absent’ conditions, making the conparisons of
questionabl e value. On 14 August 1984, however, about 10 whal es were observed
fromthe vessel ‘Sequel’ before the Islander arrived, while it circled at 457
m and after it departed, in the absence of other potential disturbances
(Table 5). No significant differences were found between the two conditions.

Table 5. Respiration data collected by observers on
“Sequel’” for bowheads in the presence and
absence of the observation aircraft on 14 Aug
1984. Sanple sizes for duration of surfacings
and dives were too snall for analysis.

No. Blows/

Bl ow I nterval (s) Sur facing
Condi tion Mean s.d. n Mean s.d. n
Plane Absent 8.81 2.234 242 9.35 2.390 20
Pl ane Present 8.49 1.906 33 8.25 4,113 4
t-test t =0.78 p>0.2 t =0.75 p>0.2

Observations from Different Al titudes

Eight experinents involving observations of whales fromdifferent
altitudes in the absence of other potential disturbances were conducted
during 1981-84. The results of all but the single 1984 experinent were
detailed in Richardson et al. (1983c, 1984b, 1985b). During 7 of 8
experinments, intervals between blows were at l|east slightly reduced when the
aircraft circled at lower altitudes; in 4 of 8 cases the reduction was
significant (p<0.05, Fig. 2). The pooled trend was highly significant
(p<0.001, unwei ghed z nethod of Rosenthal 1978). Wen all experinents were
consi dered, duration of surfacings and nunber of blows per surfacing were not
consistently or significantly different when the aircraft circled at | ower
altitudes. Too few dive duration data were available for analysis.

Four additional behavioral variables were exami ned during the four
1983-84 experiments. Frequency of pre-dive flexes was |ower during the 305 m
a.s.1. phase of two of the three experinments in which it was measured, and
this relationship was significant when the data were pooled (p<0.01, Table
6). Estimated speed, frequency of turns, and frequency of fluke-out dives
were not significantly related to aircraft altitude.
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FIGURE 2. Blow intervals of bowheads observed from the |slander aircraft
circling at different altitudes during eight altitude experiments. Calves are
excl uded. The nean + 1s.d., + 95% confidence interval, and sample Size are

shown. Significance levels from t-tests or |-way ANOVA are coded as fol | ows:
ns neans p»>0.1, * means 0.05 » p > 0.01, and ** neans 0.01 > p > 0.001.

Table 6. Esti mated speed and occurrence of turns, pre-dive flexes, and

‘flukes-out’ by non-calf bowheads observed during four aircraft
altitude experinments 1983-84. Each surfacing by a whale is a unit

of observation.

Pre~-Dive Pre-Dive
Aircraft Turn Speed Fl ex “Fl ukes- Qut’
Al titude Zer 0- Mod-
(m as}.) No Yes Tot Slow Fast Tot No Yes Tot No Yes Tot
2457 47 18 65 58 23 81 54 17 71 71 58 129
305 43 14 57 50 12 62 66 5 71 76 41 117
Chi 2 (daf=1) 0.15, ns 1.55, ns “7.75, p <0.01 2.51, ns

Bowhead calls were detected during both high and low altitude phases of
all seven experiments during which underwater sounds were recorded. On three
occasions, call rate was higher when the aircraft was at higher altitude;
during two tests call rate was hi gher when the aircraft descended. (During
the other two tests, the whales noved away from the sonobuoy, preventing us
from obtai ning conparabl e data on call rates.) Overall, the seven types of
calls that we distinguished (Warsig et al. 1985b) occurred in simlar
proportions during the high and low altitude phases of the seven experinents:
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% of Calls that Were

No. of
Aircraft Con- Inf I- Pul sed Pul- Calls
Al titude up Down stant ected Hgh Tone sive Recorded
457-610 m 40 16 18 5 6 3 13 757
305 m 34 19 19 6 6 9 6 689

Hence, we found no evidence that the altitude of the circling aircraft
af fected bowhead calling in any consistent way.

Thus , the npbst consistent quantifiable response to an aircraft circling
at low altitude was a reduction in the interval between blows, as neasured in
experiments during 1981-84. The 1983-84 experinents also showed a significant
reduction in the frequency of pre-dive flexes when the aircraft circled at
| ow altitude.

One alternative hypothesis that might explain the reduced blow intervals
when the aircraft was low is the possibility that blow intervals decrease
with prol onged exposure to a circling aircraft, even if it stays at one
altitude. To test for this, we examined 10 observation sessions in which the
same whal es were observed for at least 70 min froma single high altitude
(3457 ma.s.1.) in the absence of other disturbances. In no case were bl ow
intervals in the first half of the session significantly different from those
in the second (p>0.1 in each of 10 t-tests). The pooled results were al so
non-significant (p>»0.1). Thus we conclude that blow intervals do not decrease
upon prol onged exposure to an aircraft circling high overhead, and that the
reduced blow intervals when the aircraft descended were directly attributable
to the change in altitude.

A major nethodol ogi cal concern in this study is the possibility that
presence of the observation aircraft at 457 m a.s.l. or nore night cause
subtle reactions. The aircraft altitude experinents showed that aircraft
di sturbance leads to reduced blow intervals. |f whales are often disturbed by
an aircraft circling 457 mor nore. overhead, one night hypothesize that blow
intervals would be short when the aircraft first arrives (startle response),
but then increase toward normal values. Totest this, we compared blow
intervals in the first 10 min following arrival of the aircraft wth
subsequent observations of the sanme whales (altitude >»457 m no other
di sturbances, 1984 data). In 6 of the 14 observation sesSions considered
mean blow interval was lower in the first 10 min than subsequently (7
expected by chance). There was no significant difference between means in the
first 10 mn of observation vs. later (Wilcoxon matched-pairs test, n = 14,
T = 42, p>>0.1). Hence, this test provided no evidence that blow intervals
were affected by the observation aircraft at 457 m or above.

Hel i copter Overflights

No  overt responses of bowheads to helicopter overflights at
approxi mately 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
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the helicopter passed through our observation circle and within 300 m of at
| ease some focal whales. However, whales were not at the surface at the exact
times of passage. Because of the brevity of the helicopter passes, only blow
interval data are available in sufficient quantities to warrant statistical
conpari sons (Table 7). No significant changes im blow intervals were found.
Trends during the two nost reliable cases--the Sikorsky S-76 experinments--
were in opposite directions. However, in 4 of 5 cases, nmean bl ow interval

decreased (by a non-significant amount) fromthe ‘before’ phase to the
‘during’ phase. This trend is consistent with that in the aircraft altitude
experiments, Thus, we have no conclusive evidence that a single helicopter
pass at 153 m a.s.l. di sturbs bowhead whal es that are bel ow the surface when
the helicopter is overhead. However, the data provide hints that there may be
a subtle reduction in blow intervals.

Table 7. Blow intervals of bowheads during planned and opportunistic
heli copter overflights in 1981-84. The ‘during period includes
the tine of the overflight plus the next 15 rein,

Hel i copter Tine re Bl ow Interval (s) Before
Type and Hel i copter V8o
Dat e Al titude (Phase) Mean s.de n Duri ng
Experi ment s
31 Aug 84 Sik.-76, Before 12,40 5.124 118 t' =0.24
153 m Duri ng 12.24 2,628 29 df = 90
After 10. 20 3.676 10 ns
2 Sep 84 Sik.=76, Before 11,40 1.783 48 t' = 1.43
153 m During 12,52 4.236 33 df =40
After 12.59 3.308 64 ns
Qpportunistic
28 Aug 84 Bell 2148T, Before 18.40 14.223 5 t' = 0.82
153 m During 12.80 5.675 5 df =6
After 35.00a 59, 880 10 ns
31 Aug 83 Pr ob. Before 16.25 6.496 16 t =0.70
Bell 412, During 14.76 5.761 17 df = 31
153 m After 13.71 7.623 80 ns
3 Sep 81 Unknown, Bef ore 12,70 8.869 56 t =0.28
153 m During 11.71 7.783 7 df =61
ns

a 16.11 + 4.457, n = 9, 1f one highly atypical 205 s blow interval is
excl uded,

Di scussi on

Bowheads sonetimes reacted when the observation fixed-wing aircraft flew
over or circled at <305 ma.s.1. Reactions were infrequent when it was at
457 m and virtually absent at >610 m. Except in shallow water, behavior can
al nost always be considered ‘presumably undisturbed by aircraft’ if the
aircraft remains >457 m a.s.l.
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Characteristics of Responses to Aircraft

Sudden or hasty dives are the mpbst frequently reported responses by
bowhead whal es approached by aircraft, especially at |low altitudes (Ljungblad
et al. 1983; this study). Overall results from 1981-84 indicated that, when
the aircraft was low, blow intervals were significantly reduced and pre-dive
flexes were |ess commobn. These results are consistent with our subjective
i mpression of a ‘quickening’ of the nmotions preceding a dive in apparent
response to a lowflying aircraft. Reduced blow intervals occurred during
prol onged periods of circling at low altitude over the sane whal es; 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.

Charges in orientation, dispersal, and changes in activities may al so
occur in response to aircraft. However, we found no consistent relationship
between aircraft altitude and 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 experinments, in which
most data were collected after the aircraft had been overhead for a prol onged
peri od. Ljungblad et al. (1983) reported that sw mm ng bowheads occasionally
responded to a survey aircraft at 600 ma.s.l. by abruptly changing speed
and/or direction. Payne et al. (1983) found that a few right whal es (probably
<29 swamrapidly or dove as a light aircraft came overhead; however, nopst
did not show such a clear startle reaction. Qur finding that blow intervals
of bowheads exposed to an aircraft circling at 457-610 m a.s.l. were no
different in the first 10 min of observation than |ater suggests that an
aircraft at >457 musually causes little or no startle response

Aerial behaviors have occasionally been reported as possible responses
to aircraft (Table 4; Bird 1983). Ljungblad et al. (1983) reported that
bowheads occasionally slapped their tails as an aircraft circled overhead,
possibly as an overt display toward the aircraft. However, aerial activities
al so occur in the absence of potential disturbance, and our aircraft altitude

experinments provided no evidence that aerial behavior was related to the
presence of aircraft.

Variation in Sensitivity to Aircraft

Al t hough bowheads often show a graded response relative to aircraft
al titude, the response is not predictable. Under simlar conditions,

responses may range fromno overt reaction (the usual situation) to a
dramatic disruption of activities and dispersal (which are rare).

We observed disruption of activity and/or dispersal on several occasions
(Table 4), but the nbst dramatic cases were on 17 August 1983. The whal es
were initially very close to shore “in quite shallow water. They dispersed
into deeper water when the observation aircraft began circling at 457 m
a.s.l. Later in the flight, whales showed decreased socializing and again
di spersed in apparent response to the aircraft. These unusually pronounced
reactions may have been related to the nultiple sources of disturbance
(aircraft, boat, playback) and the shallow water.
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Our observations during 1983-84 suggest that shallow water or proximity
to shore may also increase sensitivity to potential disturbances. Sone
observations by Ljungblad et al. (1983) al so suggest that factors restricting
hori zontal movenent. (ice in their case) may influence sensitivity to
di sturbances, but the data are inconclusive. Seasonal variations in response
have also been suggested (Ljungblad et al. 1980).

The responsi veness of bowheads to aircraft may depend on behavi oral
state. Bowheads engaged in socializing appear less sensitive to aircraft
than are bowheads engaged in other activities. Though a socializing group
observed from 457 m altitude on 9 August 1983 seened to be disrupted
temporarily, the whales eventually resumed socializing, even in the continued
presence of the aircraft and with seisnic noise. Wales observed on 17 August
1983 continued socializing in spite of our aircraft circling at 305 ma.s.l.

I n August 1981, LGL personnel im a Twin oOtter observed a group of apparently -

mat i ng bowheads. Gradual descents from 457 m a.s.l. to 152 m di d not cause
any apparent changes in behavior. Sinmilarly, socializing and mating groups of
bowheads in the Bering Sea seened |ess prone to disturbance than were
mgrating whales farther north in spring 1980 (Ljungblad 1981). Resting
whal es seened nost sensitive to aircraft, although reactions by quiescent
whal es may be nore noticeabl e than those of whal es engaged in higher levels
of activity (Ljungblad et al. 1984a).

“ Reactions of right whales to aircraft may al so be | ess pronounced when
soci alizing. Payne et al. (1983) noticed that groups of interacting southern
ri ght whales showed little reaction to a Cessna 180 circling at 65-150 m
a.S.1l. I N contrast, i solated individuals often reacted to the aircraft.

Bowheads may also be relatively insensitive to aircraft when feeding,
especially in groups. For exanple, we once circled at 305 m a.s.l. over a
group of skimfeeding bowheads for 30 min wthout causing apparent
di sturbance. On 26 August 1983, we observed ski mfeedi ng bowheads in shallow
water close to shore for several hours as the Islander circled at 610 m; no
overt response to the aircraft was noticed.

Al t hough responses of bowheads to aircraft appear related to behavioral
states, the relationships between sensitivity to disturbance, behavioral
states, and environnental factors renain unclear. Bowheads seem in general,
to be nore sensitive to aircraft than are certain other species of baleen
whal es (see Richardson et al. 1983b for review).

Reactions in Relation to Aircraft Noise Characteristics

Qur sonobuoys, and the neasurenents by G eene (1985), showed that
aircraft noise was promnent in the water directly bel ow the observation
aircraft. The noise received at the sonobuoy hydrophore 18 m deep was strong
for a few seconds, and often was audible (to humans) for 20-30 s. Directly
bel ow the observation aircraft, received noise levels close to the surface
(e.g. 3 mdepth) were several decibels higher than those at 9-18 mdepth, as
expected fromtheory (G eene 1984a, 1985). The reduction in received |evel
with increasing depth may be one reason why whales tended to dive hastily
when the aircraft first passed overhead. However, the diving response may be
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a startle reaction to sound and/or sight of the aircraft, unrelated to the
reduced noise |evel that can be achieved by diving.

Most of our behavioral observations were of whales 0.5-1.5 kmto the
side of the aircraft, at the center of our observation circle. Sound usually
woul d be perceptible at 9-18 mdepth no nore than a few hundred metres ahead,
behind , or to one side of an aircraft traveling at about 185 kmh (100
knots), given that our aircraft was usually audible for <30 s during a pass
directly over a hydrophore 9 or 18 m deep (G eene 1982, 1985). Al so,
wat er borne sound levels close to the surface (e.g. 3 mdepth) at locations to
the side of an aircraft are |ess than those at deeper depths, contrary to the
trend directly below the aircraft (Urick 1972; Greene 1985). Consequently,
when an observation aircraft circles to observe bowheads, little if any
aircraft noise would be detectable in the water at the center of the circle.

Lateral propagation of aircraft noise is greatest when the water is
shal | ow (Urick 1972; Greene 1985). This may have caused the seeningly high
sensitivity of bowheads to our aircraft at sone tinmes in 1983 and 1984. Sone
of the nobst conspicuous responses in 1983-84 were in water <10 m deep,
sometinmes <1 km from shore. Besides the effect of the shallow water on
| ateral propagation, the background noise |evel was often |low in these
areas. Both factors would contribute to a high signal-to-noise ratio for
aircraft noise relative to background noi se.

The noise level in water below an aircraft does not dimnish with
increasing aircraft altitude in the sane way that noise received from
in-water sources dimnishes with increasing horizontal range (G eene 1985).
Nonet hel ess , bowheads reacted nost strongly to the observation aircraft when
it was low. Perhaps the response by bowheads is at least partly to the sight
or shadow of the aircraft rather than to noise alone. Wile sight may be
important, gray whales respond to helicopter noise per se, at |east when the
noi se froma single pass is repeated at frequent intervals (Malme et al.
1983, 1984). Another possibility is that bowheads react nore strongly to
aircraft at low altitude because underwater noise |evels increase nore
abruptly, and often to a slightly higher peak level , when the aircraft is |ow
(Urick 1972; Greene 1982, 1984a, 1985).

Reactions to Helicopters

Helicopters are the npst frequent sources of potential aircraft
di sturbance in offshore oil operations. Dahlheim (1981) stated that, during
early spring, only 11% of the bowheads encountered ‘displayed an escape
reaction” to two Sikorsky H52A (= S-62A) turbine-powered helicopters flying
surveys at 152-228 m a.s.l. Berzin and Doroshenko (1981) indicated that sone
bowheads in the Sea of Okhotsk during August paid ‘no attention’ to a Mil-8
turbi ne-powered helicopter circling at low altitude and speed, while others
dove when it first approached. However, none of these observations were
detailed or well controlled. Qur limted results showed no major effect of
single helicopter passes, although there were hints of a slight reduction in
blow intervals, simlar to that below fixed-wing aircraft at low altitudes.

Malme et al. (1983, 1984) tested responses of migrating gray whales to
pl aybacks of Bell 212 sounds that we had recorded in the Beaufort Sea (G eene
1982). The noise was projected at randomintervals of 10 s to 2 mn (average
of 3 sinmulated passes per rein). There were significant course changes in
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apparent avoi dance of the sounds, and in sone cases the whales al SO slowed
down. The tests were not designed to determi ne whether gray whales would
respond to noi se from a single helicopter overflight, a nore realistic case.
Also, during playbacks it was inpossible to reproduce the strong low
frequency components of the helicopter noise. The results of Malme et al. are
inportant in show ng that gray whales respond to helicopter noise per se;
vision was mot invol ved.

Reactions to Helicopters vs. Fixed-Wng Aircraft

It is difficult to comment on this topiec because of the paucity of
conparative data. All of our observations of reactions to helicopter
overflights involved single passes, whereas all quantitative observations of
the effects of fixed-w ng aircraft involved prolonged circling above whales.
W noticed no overt responses to helicopters, whereas apparent responses to
the fixed-wing aircraft have occasionally been noticed in real time during
bot h single passes and while circling, However, there were far nore
opportunities for such observations during our 593 h of fixed-wing flight
time as opposed to the five brief helicopter passes that were observed. Wth
caution, we have noted that single helicopter passes at low altitude may
reduce blow intervals tenporarily as does a fixed-wing aircraft circling at.
| ow al titude.

A twin-engine Bell 212 helicopter, a type frequently used offshore,
produced underwater noise nore intense than that fromeither an Islander or
Twin Oter fixed-wing aircraft (Geene 1982, 1985). If reactions to aircraft
are actually in response to aircraft noise, then responses to a Bell 212
m ght be stronger than the docunmented reactions to the |slander. Nonetheless,
straight-1ine” passes by the Bell 212 produced underwater noise for only a
brief . period--little different. than that fromthe | slander or Twi n Otter
(Greene 1985). During straight-line passes at 152-610 m a.s.l. and 185 km/h,
the Bell 212 sound was detectable at 9 mdepth for only 16-27 s, and was
strong for only a few seconds (G eene 1985). This, along with our behavioral
observations during helicopter passes, suggests that occasional single passes
by helicopters are unlikely to produce prolonged or significant reactions by
bowhead whal es.

REACTIONS OF BOWHEADS TO BOATS

Vessel traffic is a major’ source of potential disturbance to bowhead
whal es near areas being explored or developed by the petroleumindustry. In
the Canadi an Beaufort Sea, mar ine traffic dincludes supply vessels,
crew change boats, tug/barge trains and icebreakers, plusdredges, seismc
vessel s and drillships noving between sites. Mst vessel traffic is within
the area where oil exploration is now occurring. Bowhead whal es summering in
this area are exposed to potential vessel disturbance, and there is also the
possibility of collisions.

This is the first systematic study of the short-termreactions of
bowheads to boats. O her bal een whal es show considerable tol erance of boats,
but often avoid rapidly or erratically noving vessels (Swartz and Cunmm ngs
1978; Ray et al. 1978; Bogoslovskaya et al. 198l; WAtkins 1981a; for reviews
see Bird 1983; Mansfield 1983; Richardson et al. 1983b). Baker et al. (1982)
found changes in the respiration and diving behavior of hunpback whal es
(Megapt era novaeangliae) when boats were within about 900 m; vessels that
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approached cl osely and noved erratically had the greatest effects. Sorensen
et al. (1984) found evidence that ‘squid eating’ toothed and beaked whales
were | ess common near boats than el sewhere; no such effect was found for
‘fish eating’ cetaceans, including sone bal een whales.

Long-term effects of boats on whales are especially difficult to
assess. Increased vessel traffic may have caused gray whal es to abandon one
wi ntering lagoon, which was subsequently reoccupi ed when shi pping decreased
(Gard 1974; Reeves 1977; Bryant et al. 1984). Possible [ong-term displacenent
of m nke (Balaenoptera acutorostrata) and hunpback whales as a result of
i ncreased vessel traffic (Nishiwaki and Sasao 1977; Norris and Reeves 1978;
U . S. Marine Manmal Commission 1979/80) is not adequately docunented. In some
situations, whales do occur each year in areas where there is nuch boat
traffic (Brodie 1981; Mayo 1982; Mtchell and Ghanime 1982)

Boat di sturbance studies were given high priority during 1980-81, but
not thereafter. During 1980-81, two planned and two opportunistic experinents
were conducted. One experinment was conducted each year during 1982-84.
Opportuni stic observations of whales from vessels were obtained during al

years.
Met hods

Boat - based Cbservations

Orientations of whales relative to boats were recorded from two vessels
during 1980-84. 1In 1980, we used a single observer aboard ‘Inperial Adgo , a
16-m di esel -powered crew boat with top speed 41 kmh (R chardson et al
1985b) . During 1981-84, we used 1-2 observers aboard ‘Sequel’, a 1205-m
di esel - powered (115 hp) fishing boat with top speed 16 km h. Boat-based
observers estimted boat-to-whal e distances and whal e orientations for each
surfacing. It generally was not possible to re-identify a whale following a
dive; thus whales were rarely followed through nmore than one surfacing. Wale
orientations were recorded once per surfacing in clock-face coordinates.
Whal es that oriented from 10 through 2 o’ clock were considered to be oriented
‘“away’; those oriented from 4 through 8 o' clock were facing ‘toward the
boat. The ‘neutral’ orientations of 3 and 9 o' clock were not included in our
anal yses. Data recorded from ‘Sequel’ during opportunistic observations and
boat disturbance experinents in 1981-84 were categorized as (1) engine off
for >30 rein, (2) engine off for <30 rein, and (3) engine engaged and boat
underway at 5-16 km/h. Data from 'Adgo ' in 1980 were collected and anal yzed
in a simlar manner

Aircraft-based Observations

On 7 days during 1980-84, personnel in the Britten-Nornman |slander
aircraft circling at 457-762 m a.s.1. observed bowhead behavior during close
approach by a boat (Fig. 1; Table 8). In five of these cases, small boats
(" Sequel’ and 'Adgo') were directed by radio fromthe aircraft. In the other
two cases, bowheads were watched while |arger vessels not under our contro
passed near whal es. 'Canmar 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) seismc boat that
was underway but not producing seismc signals. In all except the "Arctic
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Table 8. Sumary of boat disturbance experiments and observations during 1980-84. The

observation aircraft was at 2610 m altitude in all cases except 16 Aug 1982,
when it was at 457 m

Hours wat er No. of Cl osest

Time of Depth  \Whal es Point of
Dat e Vessel Location (MDT)  Obs. (m) Obs. Appr oach
19 Aug 80 'Canmar E of 19:19- 1.2 7-8 15+ 50 m
Supplier IV' Pullen Isl. 20: 32
27 Aug 80  'Tmperial = Wof 14:12- 24 17-19 4 <100
Adgo' MKinley Bay 16233
23 Aug 8la ‘Arctic N of 20 28- 0.2 23 7+ 100
Surveyor' Pullen Isl. 20: 41
25 Aug 81 " Sequel’ MW of 11:10- 3.3 11 4 100
Pullen Isl. 14225
16 Aug 82 “sequel ' NE of 14:04- 3.2 160 6-11 400
Herschel 1sle 17:18
18 Aug 83 "sequel’ Kay Pt. 19:55- 1.8 10 1520 150
21341
18 Aug 84b 'Sequel’ Mackenzie 13:48- 1.7 12-6 5 400
Bay 15:29

“No observations i n the absence of the boat on 23 Awg 1981. _
b Most whales in the grea where this experiment was done were immatures (Davis et al.,
in prep.).
Surveyor’ case, the whales were al so observed before and/or after the boat
passed.

Behavi oral data were recorded on all seven days; however, distance and
orientation data were obtained in sufficient quantities for analysis only
during the 1981-84 ' Sequel’ experinments. The anal yses considered 4
conditions: (1) ‘Quiet Boat' when the boat's engine had been off for nore
than 30 rein, (2) ‘Far Boat.' ;when the boat was underway 4-12 km from whales,
(3) ‘Near Boat', underway 2-4 km from whales, and (4) ‘Cl ose Boat', underway
within 2 km

Resul t's

Boat - based Observations

Bowheads at all distances within view of observers tended to orient away
from 'Adgo® when its engines were either engaged or idling disengaged (Fig.
3A, Richardson et al. 1985b). When the engines were off, the proportions of
whales orienting away from the boat were not significantly higher than
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FIGURE 3. (Oientations of bowheads observed from (A) the crew boat ‘ |Inperial
Adgo ' and (B) the fishing boat ‘Sequel’. Includes data from boat disturbance
experiments as well as opportunistic observations. Hypothetical orientations
are those expected if whales were oriented randomy with respect to the boat;
whales nmoving tangentially are excluded (see text). Significance deternined
by one-sided binomal tests; ns means p > 0.1, (*) means 0.1 > p > 0.05,
means 0.05 > p > 0.01, x** npans 0.01 > p > 0.001, and ##x neans p < 0.001.
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expected by chance (p> 0.05). Once when 'Adgo' was traveling at 41 km/h, she
nearly collided with a bowhead calf that was not noticed until the |ast
nonent. Bowheads, or at least calves, may have difficulty avoiding high-speed
boat s.

A similar pattern of response was observed from 'Sequel' during
1981-84. Whal es within 900 m showed a strong tendency to orient away when the
boat was underway, also tended to orient away in the 30 mn follow ng
shutdown, and were randomy oriented if the boat had been quiet for >30 min
(Fig. 3B). Unexpectedly, whales >900 m from ‘Sequel’ tended to orient away
fromthe boat during all three phases. Reactions to ‘'Adgo' in 1980 were
stronger than those to ‘Sequel’ in 1981-84 (Fig. 3), probably because 'Adgo’
is a nmore powerful, faster, and noisier boat.

Aircraft-based Observations

The responses of bowheads to boats were the strongest and the nost
consi stent of any of the apparent responses to potential disturbances that we
studi ed. Changes in orientations, SW nmi ng speeds, surfacing and respiration
characteristics, and general activities were recorded in response to boats.
These responses were graded relative to distance from boats.

In all seven cases involving 'Sequel’ or other boats, bowheads observed
fromthe circling aircraft responded strongly to the approaching boat by
swnmming rapidly away fromthe vessel. Direct observations of individual
whal es nmoving away fromthe boat at high speed showed that sonme bowheads
reacted strongly at distances as great as 4 km (Bowheads rarely travelled at
hi gh speed in the absence of disturbance.) 0On the other hand, sonme whales
showed no avoi dance response until the approaching boat was <1 km away. The
initial reaction of whales directly on the boat's path was often to attenpt
to 'outrun' the boat. \Wen the boat was within a few hundred metres, Whales
either dove or turned and swam nore or |ess perpendicularly away from the
boat's track.

Pooled results from the four experinments with 'Sequel’ showed t hat
whales oriented randomy with respect to the boat when it was underway >4 km
away. However, Whales tended to orient away from the boat when it was
underway 2-4 kmor <2 km away (p<0.05 and p<O 005, respectively; Fig. 4).
Also, orientation of whales with respect to the boat differed significantly
between the 2-4 kmand the >4 km categories (Kuiper test, K = 1231, n = 40,
74, p<0.005), but not between the 2-4 km and <2 km categories (K = 283, n =
29,40, p>0.1). Thus, bowheads showed clear reactions to vessels as nuch as 4

km away.

Reactions of whales to boats were also evident in conparisons of
behavi oral variables other than orientations. Rapid nmovement was noted in
response to approach by ‘Sequel’ in all four experinents. Significantly nore
whal es noved at noderate to fast speed when the boat was within 4 km
(p<0.001, Table 9). The increase in speed was evident when the boat was 2-4
km away, and was even nore pronounced when the boat was <2 km away (Table
9)* During the ‘Adgo’ and 'Canmar Supplier |V experinents, apparently
feedi ng whales scattered as the boats approached; some whal es noved as nuch
as 2 or 3 km In one case, nean inter-aninmal distance increased from?7.5 to
37 whale lengths, and the increase persisted for at least 1 h. During the
1981 ‘ Sequel’ experinment, whales engaged in socializing and playing with a
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FIGURE 4. Oientations of bowheads during four phases of four boat
di sturbance experinents, 1981-84. Each synbol represents the heading of one
whale relative to ‘Sequel’ as observed fromthe observation aircraft. The
direction and |ength of the mean vector are shown. The p val ues sumari ze
V-tests (Batschelet 1981) of the hypothesis that there was significant
orientation away from ‘Sequel’ . In the 1981 and 1982 tests, there was seisnic
noi se throughout the experinents.
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Table 9. Estimated speed and ocaurrence of turns, pre-dive flexes and 'flukes—out® by
nor-calf bowheads observed during four boat disturbance experiments imvolving
'Sequel’, 1981~84. Each surfacing of a whale is a unit of observation.

Estimated Speed i (&f = 1)
for ocomparison
Zero- Moderate- with > lm
Slow Fast Total Zay
Boat >4 km away or quiet 50 30 (38%) 80
Boat <4 km away and underway 12 39 (76% 51 18.97 ek
Boat 2~4 km and underway 9 15 (63%) 24 4,70 *
Boat <2 km and underway 3 24 (89% 27 21,33 Aok
Fre-Dive
Tumn Predive Flex "Flukes—Out*

No Yes Total No Yes Tot al No Yes Total.

Boat 4 km ammy 6 2 1 4 7 6 6 487 225 1237

or quiet

Boat <4km away 48 7 55 48 4 52 19 8 27
and underway

il (df - 1) 077, p »0.55 0.0, p >05 0.06, p >0.5

*p < 0.05; #* p < 0,001

| 0g ceased these behaviors and moved rapidly away from the approaching boat,

Thus , boat di sturbance caused tenporary disruption of activities, and
sonmetimes disrupted social groups.

Boat disturbance also tended to cause brief surfacings with unusually
few respirations per surfacing. Significantly shorter surfacings (p< 0.01) and
fewer respirations per surfacing (p< 0.02) were recorded when the boat was
underway within 4 kmthan when it was farther away, considering the six
occasi ons when whal es were observed in both situations (Table 10). Brief
surfacings were also noted during the seventh situation> when whal es were
near ‘Arctic Surveyor’.

Di scussi on

Bowheads respond strongly to close approach by vessels of a variety of
sizes. In general, whales began to orient. away fromthe approachi ng vessel
when it was as much as 4 km away. Some whal es increased swimming speed when
the boat was 2-4 km away, and nost whales were traveling away at increased
speed when the vessel was within 2 km Changes in surfacing and respiration
patterns also becane evident. Overall, our experinents revealed a significant
reduction in mean duration of surfacing, simlar to that reported for a fin
whal e (Balaenoptera physalus) by Ray et al. (1978).
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Table 10. Pooled surfacing and respiration characteristics of non-calf
bowheads observed during six boat disturbance experinents, 1980-
1984. Al observations were by aircraft-based observers. Too few
dive data were collected for analysis of dive durations.

Phase Mean s5.d. n Testa Mean s.d. n Test?®
Bl ow I nterval (s) No. Bl ows/ Surfacing
Boat >4 km away or qui et 12. 56 8.44 373 ns 3.86 3.10 76 *
Boat underway <4 km away 13.12 7.14 227 2.97 2.74 66

Duration of Surfacing (min)

Boat >4 km away or quiet 0.99 0.63 108 =**
Boat underway <4 km away 0.70 0.73 75

*0.05>p >0.01 ** 0.01 >p > 0.001.

“t-tests for individual experiments were pooled via the unweighed z nethod
of Rosenthal (1978).

The response of bowheads to boats was nobst dramatic within several
hundred netres of the boat and, as expected, dimnished with increasing
range. However, sensitivity to boats seemed quite variable. Sone bowheads
responded at ranges of at least 3 or 4 km and perhaps 5-7 km Chers did not
begin to nove away until the boat was within 1 km (e.g. ‘Adgo’ and 'Canmar
Supplier IV cases). The latter two cases were in water 7-19 m deep,
contradicting the idea that bowheads in shallow water nmight be nore sensitive
because avoi dance by deep diving is inpossible. In three cases when whal es
began to nmove away when boats were 2-4 km away, noise from seisnmic vessels or
drillships was detectable throughout the boat experinent. This suggests that
cunul ative effects of nmultiple noise sources may increase sensitivity.
However, other whale species sonetinmes react to boats at sinilar ranges.
Hunpback whales 2-4 km from boats engaged in ‘horizontal avoidance’, in which
speed and blow intervals increased while dive durations decreased (Baker et
al. 1983). Wthin 2 km of vessels, humpbacks began ‘vertical avoidance’ , in
which blow intervals and speed decreased, but the whales made |onger (though
not necessarily deeper) dives.

The escape response did not persist for long after the boat noved away.
However, bowheads did tend to orient away from boats for some time after they
had passed, and sonetimes even after the engine had stopped. Simlarly, some
hunpbacks were nost likely to nove away fromthe paths of vessels after the
vessel s had reached their point of closest approach (Baker et al. 1983).
G oups of bowheads sometimes scattered when a boat approached. The increased
spacing sonetimes continued |onger than the escape reaction. This indicates
some degree of social disruption.

The | ong-term biological effects of one-time or cumulative disturbance
of bowheads by boats remain unknown. As noted in the introduction to this
section, other species of baleen whales do occur each year in sone areas
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where there has been much boat traffic for many years. However, in at |east
one case intense bhoat traffic probably displaced gray whales froma cal ving
| agoon (Reeves 1977). Bowheads seem nore sensitive than summering gray whales
to short-term behavioral disturbance (R chardson et al. 1983b, 1985b; cf.
Bogoslovskaya et al. 1981), so one could hypothesize that bowheads would be
at least as likely to be displaced by repeated boat disturbance.

Bowheads responded to boats nore dramatically and consistently than to
any of the other industrial activities that we studied. This suggests that
boat disturbance experinments under a variety of water depths, ice conditions,
di stances fromshore, etc., would be a good way to neasure the effects of
those factors on sensitivity of bowheads to disturbance,

REACTIONS OF BOMHEADS TO SEI SM C EXPLORATI ON

Seism c surveys are the nain nethod of determ ning the Iikelihood that
oil and gas occur beneath the sea. Intense underwater noi se pulses are
created, and echoes fromrock strata are recorded for |ater analysis. Seismc
surveys in ice-free areas are conducted by ships. The ship travels in a grid
pattern and creates a noise pul se every several seconds. Broad-scale surveys
occur during the early stages of exploration in an area; grid lines are often
50-100 km |long and a few km apart. Later, fine-scale surveys are conducted to
choose exact drilling locations; grid lines may then be only a few kilometres
long and a few hundred metres apart. I n either case, the survey ship usually
operates in an area for at |east several days, and sonmetimes several weeks.
In recent years, several seism c vessels have operated in the Al askan and
Canadi an Beaufort Sea each summer.

Marine seismic exploration produces underwater noise with source levels
far above those of other routine activities associated with offshore oil
expl oration. Nowadays, this noise is usually created by arrays of airguns
(Barger and Hamblen 1980) towed behind the survey ship and fired
simul taneously several times per minute. H gh explosives, which can produce
even nore intense and instantaneous sounds, are now rarely used in North
Anerican waters (Brooks 1981).

Airgun arrays used to study deep geological formations typically cgntain
20 or nore guns with total gun volume 20-65 L (1200-4000 ing)‘ of”
conpressed air. Source levels are about 245-252 dB//1 pPa-m (R.C. Johnston
and B. Cain, in Richardson et al. 1983b). Received levels exceed 150 dB//1
pPa to a radius of several kilometres, and weaker noise is often detectable
25-90 km away (Ljungblad et al. 1980, 1982a, 1984b; G eene 1982-85; Malme et
al. 1983; Reeves et al., 1983). Characteristics of received pulses depend on
propagation conditions, range and depth. However, received pulses typically
are about 0.5 s in duration, wWith nmost energy bel ow 500 Hz. WWen the source
is an array of airguns, nore energy propagates perpendicular than parallel to
the axis of the array (e.g. Malme et al. 1983). Also, the received level is a
few decibels less just below the surface (e.g. 3 mdeep) than at greater
depths (G eene 1985).

Before 1980, reactions of whales to seismic exploration had not been
studi ed systematically. There had been a few observations of baleen whales in
the presence of noise pulses (Fitch and Young 1948; Payne and McVay 1971,
Ljungblad et al. 1980). However, there was insufficient evidence on which to
j udge whether any whal e species was affected by seismc noise.
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Since 1980, one of the primary objectives of the present study has been
an assessnent of the effects of seismic noise on bowheads. We used five
appr oaches:

1, Qpportunistic observations of bowhead behavior in the presence of
noi se from actual seisnmic exploration;

2. Controlled tests of reactions to a single airgun at close range,
simulating a full-scale seismc vessel farther away;

3. Controlled tests of reactions to an actual seismc vessel under our
direction;

4. Comparison of year-to-year trends in distribution of whales and
seismic exploration

5. Measurenment of levels and characteristics of seismic inpulses at
various distances from seisnic vessels.

In this section, we report the results of approaches (1)-(3) fromall five
years. Results of approaches (4) and (5) are treated in separate sections
(Greene 1985; Richardson et al. 1985a). Sone of the sane approaches have been
used in two simultaneous studies. Approaches (l), (3) and (5) have been
applied to bowheads feeding in or migrating through the Al askan Beaufort Sea
in autum (Ljungblad et al. 1982a, 1984b, 1985; Reeves et al. 1983, 1984;
Greene 1984b). Approaches (2)-(5) have been applied t0 gray whales migrating
along the California coast (Malme et al. 1983, 1984). The Discussion section
bel ow conpares the results of these two studies with our results

Met hods

Opportuni stic Observations with Seism c Noise

On 21 occasions, observers in a circling aircraft watched bowheads in
wat ers ensonified by noise pulses from distant seismc vessels (Table 113
Fig. 1). Al observations described here were obtained when the aircraft was
at altitude 457 m or greater, and no other source of potential disturbance
was within 4 km

On 17 of 21 occasions, sounds near the whales were nonitored by
sonobuoys dropped fromthe aircraft and/or by hydrophores depl oyed froma
qui et boat ('Sequel’). On the other four occasions (identified in Table 11),
sounds could not be nonitored, but the whales were close to an operating
seismc vessel and the water was deep enough to ensure propagation of seismic
noi se to the whales. On all 17 occasions when sounds were nonitored, the
seismc pulses were prominent to the human ear; no ‘barely detectable’ cases
are considered here. Signal to noise ratios were usually at least 15 dB, and
often nuch nore (peak pulse level vs. 20-1000 Hz band |evel between pul ses
see Greene 1982, 1983, 1984a, 1985 and Table 11).

Four different seismic vessels and six different sources of seisnic
pul ses were involved. However, noise pulses fromall sources were similar in
spectral and tenporal characteristics (Geene 1982, 1983, 1984a, 1985).
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1. "Arctic Surveyor’', sleeve exploders. On three occasions in 1980-81
(Table 11), we observed whales in shallow water 6-13 kmfromthis
ship while it fired 12 large (0.3 x 1.2 n) sleeve exploders. These
produced six noise pulses at intervals of 6-10 s and then were
silent for 0.5-2 min before beginning the next series of six
pul ses. Received noise levels were about 154 dB//1 pPa at 6 km and
141 dB at 13 km (G eene 1985).

2. ‘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
| evel was about 17-18 bar-m or 239 dB//1 pPa-m; this was slightly
greater than the level produced by the sleeve exploders (T. Buckl ey,

Esso, pers. comm.). Whal es were observed 52 km fromthis vessel on
31 Aug 1983.

3. ‘CSl Mariner’, 23 L airgun array. On 7 occasions in 1982-83 (Table
11), we observed bowheads 24-99 kmfromthis 36-mvessel. |t 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.),

4,  'CSI Mariner', 47 L airgun array. This vessel was fitted with nore
powerful compressors and a larger array of airguns in 1984. There
were about 30 guns, each of volunme 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 kmfromthis 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 al. 1983).

Statistical conparisons of bowhead behavior in the presence and absence
of seismic noise were conplicated by day-to-day and place-to-place variations
in behavior. ldeally, each set of observations in the presence of seismc
noi se should be matched with corresponding control observations differing
only by the absence of seismic noise. During our opportunistic observations
this ideal often was not net, since we had no control over the seismc
vessels. Three types of situations were actually encountered.

1. On sone occasions in 1983-84, seismc noise either started or
st opped while we were watching a group of whales. This provided
‘seismic’ and ‘control’ information fromthe same whal es at the sane
pl ace on the same day--the ideal situation.

2. Mre conmonly, seismc noise was  present t hr oughout t he
observations. W used data from ‘presumably undisturbed whales
observed nearby on the same or an adjacent day as the control data.
Wien 2 or 3 small sanples of ‘seismic’ or ‘control’ observations
were obtained in an area within 2 or 3 days, we pooled the data in
an attenpt to obtain one sanple of usable size.
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3. On a few occasions, no ‘presumably undisturbed” whales were observed
in the general area within a few days of the ‘seisnmic’ occasion. In
these cases we used as control data the average results for
prr]esumabl y undi sturbed whales at the correspondi ng water depth in
that vyear.

After the data from each ‘seismic’ occasion were conpared with the
corresponding control data, the results were pooled with the unwei ghed z
nmet hod (Rosenthal 1978). For example, there were 16 pairs of ‘seismic’ and
'control' data for which blow intervals could be conpared. The results of
these 16 separate statistical tests were pooled for an overall test of the
null hypothesis that blow interval is unaffected by seismc noise.

A r-gun Experinents

We conpleted four controlled tests with a single Bolt 40 in’(0.66 L)
ai rgun depl oyed from 'Sequel’. The airgun was 2-5 km from the whales during
these four tests. It was fired at 6 m depth every 10 s for 19-20 min on two
occasions in 1981, and every 15 s for 25-30 min on two occasions in 1983-84
(Table 11). The whales were observed fromthe Islander aircraft circling
overhead at 457 or 610 m a.s.l. before, during and after the period of airgun
firing.

Two different protocols were used. (1) During the 3 tests in 1981 and
1983, ‘Sequel’ travelled slowly (about 6 kmh) around the whales at a
presel ected radius throughout the entire observation period, towi ng the
airgun. The rational e was that boat disturbance, if any, would be constant
t hroughout all phases of the experinent. In fact, sonobucys depl oyed near the
whales showed that engine noise from 'Sequel®’ was not detectable at the
whales ' location during the 18 Aug 1981 experinent (5 kmrange), and was
barely detectable in the 19 Aug 1981 and 28 Aug 1983 experinments (about 3 km
range). (2) During the 1984 experinent, ‘Sequel’ was anchored with engine
of f. Thus, engine noise was not a factor in 1984.

The airgun operated from conpressed air tanks filled to at least 1900
psi (131 bars) before pre-airgun control observations began. Thus there was
no conpressor noise during the experiment. By the time firing ceased, air
pressure had dropped to about 400-500 psi and noise pul ses received by the
whales had decreased by several decibels. In each experinment, airgun sounds
were monitored by one or two sonobuoys near the whales. Airgun pulses were
always clearly audible, and sounded simlar to pulses fromdistant seismc
vessel s (Table 11; Greene 1982, 1984a, 1985).

In addition to the four conpleted airgun tests, a fifth inconplete test
with whales closer to the airgun was conducted (27 Aug 1984; Table 11). Qur
permts did not allow us to fire the airgun when bowheads were within 500 m.
On 27 Aug 1984 we twice began to fire the airgun when we believed that the
cl osest whales were >500 m away. In each case, a whale soon cane to the
surface about 200 mfromthe airgun. W ceased firing after two shots in the
first attenpt, and nine shots in the second. Quantitative analysis of data
fromthis aborted experinment was not warranted: (1) There were few
observations during the brief airgun firing periods. (2) The results were
confounded by noi se pul ses (122-131 dB//1 pPa) froma distant seisnmic vessel
for most of the pre-airgun period. (That vessel stopped shooting 3 mn before
the airgun firing period.)
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Experiment with Full-Scal e Seismc Vessel

To resolve uncertainties associated with uncontrolled opportunistic
observations and single airgun experinents, we wanted to conduct-controlled
tests with a full-scale seismic vessel. The aimwas to direct such a vessel
to pass about 1-1.5 kmto the side of a group of whales and to observe their
reactions. No opportunities for such tests were encountered before 1984.
However, w th the cooperati on of CGeophysical Service Inc., one test was
possi bl e during August 1984.

From 12:21-12:39 MDT on 16 Aug 1984, we observed several bowheads near

the eastern edge of pan ice in Mickenzie Bay. 'GSI Mariner’ was conducting
seism c surveys about 27 kmto the southwest. ‘Mriner’ was heading generally
toward the whales, and was expected to pass several kilonetres to the west of
themin md afternoon. W therefore refueled the aircraft and returned to the
whal es 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. W were in radio conmunication from
our observation aircraft to the 'GSI Mariner’ and to GSI's field manager
aboard another aircraft in the area. GSI then placed the vessel at our
di sposal for 2 h.

W requested that the vessel proceed eastward on a course that would
take her to a closest point of 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 seismc
pul ses as ‘Mariner’ maneuvered around ice, heading generally east from9 km
to 7.5 kmaway (Fig. 5). At 15:39, when ‘Mariner’ was 7.5 kmto the west and
traveling east at normal shooting speed (7.4 kmh), she began--at our
request--to fire her airgun array at a typical rate of one pulse every 10-15
S. By 16:22, "Mariner' was about 1.5 kmnorth of the closest whale. At 17:00,
when ‘Mariner’ was about 6 kmto the east, she ceased shooting and turned
nort heast. She continued traveling northeast and then northwest for several
nmore mnutes before stopping to haul her airguns and cable aboard. During
this ‘post-seismc’ period, ‘Mriner’ was 6-11 km from the whales. W
conti nued observing the bowheads until 18:48,

Thus , we observed for an initial 5 min period while ‘Mariner’ fired her
airgun array 9-10 km away, for 33 min while she was not shooting (approaching
from9 to 7.5 knm), for 81 min while she fired her array along a line from7.5
km west to 6 km east of the whales (CPA=1.,5 kn), and for 108 mn after she
ceased shooting (Fig. 5). The water depth was 18 m the sea state was 1, and
the closest significant ice (15% cover) was about 4 kmto the west. The
observation aircraft circled the whales at altitude 457 m

We dropped a sonobuoy amdst the whales near the start of the
experiment. After the vessel had passed the whales, we dropped a second
sonobuoy about 2 km farther south, where whales were then located. Wile the
ship maneuvered from9 to 7.5 km away, engine sounds were detectable but not
strong enough to mask water noise (received |evels 98-105 dB//1 pPa in
20- 1000 Hz band).

When ‘Mariner’ began to fire her airgun array 7.5 km away, the seisnmc
pul ses were extrenely strong--too intense to neasure accurately with the
sonobuoy sSystem The pulses Seened even more intense as 'GSI Mariner'
approached the whal es. The sonobuoy showed that received levels were at |east
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FI GURE 5. Movenents of 'GSI Mariner' during test of reacti ons of bowheads toO
full-scal e seismic vessel, 16 Aug 1984,

134-138 dB, even when the ship was 7 km away. Actual levels when the ship was
1.5 km away were probably well over 160 dB, the level nmeasured by hydrophore
about 12 km abeam from 'GSI Mariner® on 14 Aug 1984 (water depth 24 m; G eene
1985). Throughout the period while ‘Mariner’ was shooting, reverberations
from the pul ses were audi ble for nost or all of the 15 s interval between
pul ses. M ninmum received levels ‘ between’ pulses were 118-121 dB in the
20- 1000 Hz band. The second soncbuoy reveal ed that engi ne sounds and various
intermttent banging and whining sounds were reaching the whales during the
108 min ‘post-seismc’period, when ‘Mariner’ was hauling her airguns and
cable aboard. However, these sounds were not strong enough to mask the water
noi se (99-103 dB in 20- 1000 Hz band).

Resul t's

Opportuni stic Obhservations wth Seismc Noise

Ceneral Activities. --Activities of whales in the presence and absence
of seismc noise were usually indistinguishable. In both situations, bowheads
surfaced, dove and called, and sonetines travelled, socialized or fed near
the bottom

During 1 of 21 occasions, unusual behavior was noticed. On 1 Aug 198,
three bowheads in water 10 m deep were observed as 'GSI Mariner'travelled
northwestward 17-23 km to the north. One whale travelled back and forth on an
irregul ar course at nobderate or fast speed, diving and surfacing repeatedly.
The dives and surfacings were very short (average durations 0.77 and 0.13
min, respectively), with only one blow during nost surfacings. We believe
that the whale was disturbed by seismic sounds, the observation aircraft, or
both., Seism c sounds were of noderate intensity (at |east 117-119 dB//1 pPa),
but were ’concentrated at unusually high frequencies (500-1300 Hz, G eene
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1985) . Lower frequencies had probably been attenuated nmore rapidly by the
shal | ow water. However , given the shallow water, where |ateral propagation of
aircraft noise is nmpst pronounced (Urick 1972; G eene 1984a), aircraft
di sturbance is a possibility even though we circled at 457 m a.s.l,

On 5 of 6 occasions when seismc noise started or stopped as we watched
whal es, behavior did not change noticeably. The possible exception was on 24
Aug 1984. An identifiable whale had been surfacing and diving repeatedly in
one area before seismc began. This continued for 3/4 h after 'GSI Mariner’
began shooting 36 kmto the northwest, but the whale then began sw mmi ng
rapidly. It is doubtful that this change was attributable to the seisnic
noi se, since (1) the change did not begin until well after the seismc vessel
began to shoot, and (2) the whale headed north, partially toward the ship.

There was usually no evidence that bowheads were noving away fromthe
seismc vessel. The only possible case was on 7 Aug 1982, when whal es 49-40
km ahead of the approaching 'GSI Mariner’ were swiming consistently west at
noderate or fast speed. The ship was traveling northeast at a |ocation SSW
of the whales. To travel directly away fromthe ship, the bowheads woul d have
had to nove north, not west. However, their westward course took them away
fromthe projected track of the ship~-i.e., away from the anticipated closest
point of approach of the ship. The westward novenent probably was unrel ated
to the seismc vessel. Wales seen in that general area under presunably
undi sturbed conditions on 6 August were also noving west. The overall
distribution of bowheads seenmed to be shifting westward during early August
1982 (Ljungblad et al. 1983; Richardson et al. 1985a).

On two occasions with seisnic noise, we observed bowheads playing with
logs at the surface (25 Aug 1981, 1 Aug 1982). On 1 Aug 1982, the whale did
not dive during 1.6 h of observation. By remmining at the surface for
prol onged periods, bowheads would reduce the received |evel of seismc sounds
by several decibels (Geene 1985). However, there is no proof that |og play,
or failure to dive for a prolonged period, was related to seisnic sounds. W
have observed log play in the absence of seismic sounds (18 Aug 1984; Wirsig
et al. 1985b).

In summary, general activities of bowheads were sinmilar in the presence
and absence of noise pulses from seismc vessels 6-99 km away. In the few
cases when we suspected an overt reaction to the seismic vessel, the
seem ngly unusual behavi or may have been a reaction to sonething other than
the seismc vessel, or an uncommon conponent of normal undisturbed behavior.

Surfacing, Respiration and Dive Characteristics .--\Wen all observations
in the presence and absence of seismc noise were conbined. nunber of blows
per surfacing, surface time, and dive time all tended to be lower in the
presence of seismc noise (Fig. 6). Blow intervals were sinmilar with and
Wit hout seismic noise. Although suggestive, these results were confounded by
the many factors, aside from presence or absence of seismc noise, that
varied from day to day. Consequently, we conpared the data from each
‘seismc’ occasion with matched data from presumably undi sturbed whal es
observed under simlar circunstances (see Methods).

Our matched results from 1980-84 provided sonme evidence Of subtle
differences in surfacing, respiration and dive cycles in the presence and
absence of seismic noise. In 4 of 7 situations examned in 1980-82
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FIGURE 6. Surfacing,. regpiration and di ve characteristics of bowheads in the
presence and absence of seism c noise, 1980-84. ‘' Seisnic’ data are from18
dates with opportunistic data (Table 12A). 'No Seismic' data, from Wlrsig
et al. (1985b), i ncl ude all 'presumably undisturbed' observations in 1980-84.
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(Richardson et al. 1983c, 1985b) and in 6 of 9 situations exam ned in 1983-84
(Fig. 7), at least one of four variables differed significantly (p<0.05) from
values for ‘presumably  undi st urbed’ bowheads observed under sinilar
conditions (summarized in Table 12A)

VWen matched results fromall 5_years were pooled (Table 12D), bowheads
in the presence of seismc noise tended to have fewer” blows per-surfacing
(p<0.01), marginally shorter surfacings (p = 0.052), longer blow intervals
(p<0.05), and shorter dives (p<0.001). The fact that trends for two variabl es
(nunber of blows per surfacing and dive duration) were simlar in 1980-82 and
1983-84 (Table 12D) makes it nore likely that the effect is real

These results nust be interpreted cautiously: (1) The whal es observed in
the presence and absence of seismic noise usually were different animals. (2)
No one variable was consistently different in all situations. (3) In 3 of 4
cases when the seisnmic ship was within 13 km no significant differences were
found. (4) Most sanmple sizes were small and came from repeated observations
of still smaller nunbers of different whales. Wthout experimental control
it is inpossible to be sure whether the apparent effects were attributable to
seismc noise or to sone other 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 of one whale was quite unusual, possibly because
of aircraft rather than seismc disturbance (see above). |f that occasion is
excluded, the trends in nunber of blows per surfacing and duration ot
surfacing become non-significant (p>0.1). However, nmean blow interval renains
significantly longer (p<0.05) and nean dive duration significantly shorter
(p<0.001) in the presence of seisnmic noise (Table 12D).

In summary, opportunistic observations indicated that blow intervals
tended to be longer and dive durations shorter in the presence of seisnmic
noi se than in matched ‘no seismc’ cases. There were also indications that
nean duration of surfacing and mean nunber of blows per surfacing tended to
be reduced in the presence of seismc noise. However, there was much
variability and overlap; these trends were not always evident, and contrary
trends were found on sone occasions. In the absence of experinental control
it is inpossible to be sure that the trends were attributable to seismc
noi se as opposed to other factors (see 'Multivariate Anal yses' , bel ow).

Ot her Behavioral Variables. —Estinated speeds of bowheads usually were
simlar in the presence and absence of seisnmic noise. One exception was the
aforenentioned ‘1 Aug 1984 (site B)' case, when a whale travelled at noderate
or fast speed during nost surfacings. It is uncertain whether seismc noise
aircraft disturbance, or sone other factor was responsible. Aside from that
one case, there was no evidence that speed was affected by seismc noise
(Tabl e 14).

Turns and pre-dive flexes occurred nmore often without than with seismc

noi se, considering all available occasions together (Table 14). The presence
of seismic noise did not affect whether bowheads raised their flukes above
the water while diving (Table 14).

Bowhead Calls. --Calls were heard during 11 of the 14 occasi ons when
underwat er sounds were recorded near bowheads exposed to seisnic noise. The
overall calling rates for the 14 cases were 11.07 calls/whale-h and 1.72 |oud

call's/whal e-h (Table 15). These rates were only slightly less than rates




(46861 0 (O€8ET) °T® I UOSPIBYDTY 998 ‘BIBP 7g-086T 101 °9 °STg UJ SB UOTIBLIUSSDIy °POPNTOXS DIB

SIATED *P2IDITT02 2I9M BIBP ,IUSS|1g DTWSTAG, Buppuodsariod sYj ULYM 2SOY3 03 IBTTULS SUOFIELNITS UJ poA19sqO

2 59TBYs ,paqianisTpun A[qemnssid, woily sle SINSeI ,IUSSQY STWSTOg, YL °y8-£861 UT SUOTSEDDO0 91JFoods uo asyou
M OTUSTes yO 9oussqe pue @dussaid DYJ UT SPEOYMOq JC SDTISTIDIOBIBYD SATP pue uofzeifdssi fBuyoeyang °/ FUNOIA
m 861 86! €86l 14°] 8 8 14°] 8 147} 8 €8 £8
w by wgj > dny bny bny nyge ny Bny bny bny wol>ny nyny aS |- bBay
m ye W 1 6+L 82 -v2 .2 2 Pl L W ! PR nwee 6+L
A L i | P P [ | 14 L1 L1 [ {1 P
() ***m_m 73._7 | * * seokok Su su su su sy 1
a [¥ g -
L < % @
4 m . o
o z
. 2 oy 2l
g L ¥ ae pe” 3
- ~3l P j2z 6 .-. m
= o¢ o2 e ]
s » R o) ei e 191 | gy <
o Z €2 eg) =
- Ob  pEe 652 .
L Loz Z osz [2 1
o B ~ Pl =
|_4.> _ —0¢
861 861 14131 £86l £86! 86l 7861 ¥86i €861 286l
bny gz Bny woi> Bny  dag |- By bnygz bny wol> bny dag 1— bny
+ WN ,N_N Q_& .v_m ___< __ ?_4 m_m mi.. + 92 N_N 9_& v_m 1} “ bny 22 6 l
I ) ] L1 ]
su su ***J* ok su () () Ry ok su
o5 4 »S . W.
-c0 = ¢
i i :
piis P
= v6
o't 99 4 ~o @
e 82 m
401
° S g s L@ ol L ; ¢
- O [
gl G m 9 3
2 2¢ . ) o
Z — o
02 = -2t =
z IN3saY Omsias = &
IN3s3¥d  omsrasld




Di st urbance 129

Table 12, Surmmary o statistical conmparisons of surfacing, respiration and dive characteristics of non-calf towheads
observed in the presence and absence of seismic noise. See Richardson et al. (19 83e, 1985b) for 1980-82
data; Richardson et al. (1984b) for 1983 data; and Tables 13, 16 for 1984 data®.

G rcunmstances Conpared Setsmic Sound Variabl e®
km Recei ved
Seismc from Level Bl ows/ Surface Bl ow Dive
Seismc Controlb Vessel Vessel (dB//| pPa) Surf acing i me Interval Tine

A. OPPORTUNI STI C

20 Aug 80 20 + 22 Aug 80 At Surv c. 8 c. 150 m = + +)
21 hug 80 20 + 22Aug80 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 Al in <16 w Ar Surv 6-8 c. 150 ns ns (-) ns
7 Aug 82 All 1982 Mar i ner 49-40 107-113 ns -
16 Aug 82 14-19 Aug 82 Mar i ner 54-58  127-132 - + ()
18 Aug 82 14-19 Aug 82 Mar i ner 73-62 <125-133 ++
7 + 9 Aug 83 7 + 9 Aug 83° Mariner 7-99 110-131 ns ns (-)
31 Aug + 22-28 Aug 83 Ar Surv/ 26-53 107- 135 =+ =+ ns
1 Sept 83 W Aleut
1 Aug 84 A 7 Aug 84 Mar i ner 36-40 130- 125 ns
1 Aug 84 B Al in <16 m Mari ner 17-23 119- 117 -— ns -
7 Aug 84 7 Aug 84° Mar i ner 33 137 ns
14 Aug 84 14 Aug g4c¢ Mar i ner 20-10 <143- 158 ns
24 Aug 84 24 Aug 84¢ Mar i ner 36-29 ? (-) ns +HH+ (-)
27 Aug 84 24 + 2B Aug 84 Mari ner 11-37 122-131 () ns +
28 Aug B4 28 Aug 84¢ Mar i ner 18-23 137-148 +
B. SIN(ZI? AIRGUN EXPT
18 Aug 81 Pre & Post @un’ 1 gun 5 >123 (-) ns ns ns
19 Aug 81 Pre & Post Gun® 1 gun 3 2118 ns ns +
28 Aug 83 Pre Airgun® 1 gun 3.5 133-125 ns ns ns
17 Aug B4 Pre & Post Gun® 1gu g 2-4.5 124-131 ne
C. GSI MARINER EXPT
16 Aug B4 Pre & Post Firing’ Mari ner 7.5-1.5 >>134 ns ns -
D. pooLEDd
Al 1980-82 Opportunistic () (-) ns (-)
Al 1983-84 COpportunistic 0s + coC
Al Opportunistic - () +
Al Opportunistic except 'l Aug 84 B ns ns + -—
Al Single AirgunExpt ) () +) ns
Al Single Afrgun Expt + ‘ Mariner’ Expt ns ns ns ns

& Test results are coded as
ns if p> 0.1,
(+) i f mean value higher wth thanuwihout Sei smc noise, and 0.1 > p > 0. 05,
(-) if mean value lower with than without seismic noise, and 0.1 > p > 0.05,

+or - if 0.05 > p>0.01,
++ or —if 0.01 >_p > 0.001,
#+ or --- if p < 0.001.

M ssing values indicate n < 4 for at |east one of the situations being conpared. See the references and tables
cited above this table f?r details concerning the types of statistical tests applied.
All 'control + data came | rom Presumably undisturbed' whales.

¢ The sanme whal es were observed in both the presence and absence of seismic noise on this occasion.

d pooling done by the 'unweighted z' nethod (Rosenthal 1978).
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Table 13. Surfacing, respiration awd dive characteristics of momrcalf bwheads ObServed in the
presence am absence® Of seisnic mise, 1984, S€e Richardson et al. (1983c, 1984b) for
correspondi ng results from 1980-82 and 1983, respectively,

Pistdnce from
Date(s) Mariner’ (k) Mean s.de 0 Test?  Mean sud. n  Test?
Bloss/Surfacing Duration of Swrfacing (min)
1- 1984A 36-40 L0 - 1 012 - 1
7 Aug 198 Absent 5.0 2,49 6 L0 0.510 6
1 Aug 198 B 17-23 .07 0.328 54 t’ 0.14 0,138 55 ¢
M depth <16 M Absent 6.00 2.769 13 sk 1.07 0.469 15 #&
7 g 1984 33 3.00 l414 2 0.36 0.167 3
7 bug 198 Absent 486 1574 7 0.76 0,249 7
1 fug 1984 20-10 7.40 3.286 5 .63 0.601 8
14 ng 1984 Absent 6,00 - 1 1.25 - 1
2480 198 36-29 571 2, 138 7 t 1,08 0.292 8 t
24 wg 1984 Absent 8w 1.871 s *) L 017 5 ns
27 g 1984 11-37 4,70  3.093 10 t 0.% 0.742 12 t'
2%+ 28 Aug '8 Absent 7.67 1862 6 (%) 1,08 0,17 6 ns
28& 198 18-23 0 0
28&g 1984 Absent 6,00 - 1 0,93 - i
Blow Interval (s) Dive Duration (min)
1 Aug 1984 A 36-40 12.58  2.701 26 t’ 0.15 1
7 Aug 1984 Absent 13.80 7.356 40 ns .69 1.418 7
1Aug 1984 B 17-23 %7 5.09 9 t 0.76 0.767 52 3}
All depth <16 M Absent 10,99 4,110 221 na 12,46 7,809 10 ek
7 Aug 198 33 10.50 1L.915 4 t 6.11 1.752 3
7 Aug 198 Absent 9.36 3,80 31 ns 8.07 1,368 6
14 Aug 1984 20-10 11,95  4.442 161 t 0
1% tug 198 Absent 11.33  4.381 30 0s 0
248& 1984 36-29 11,77 4.418 43 t 8.87  4.647 6 U
24 pug 1984 Absent 8.40 230 40 sk 13.93  4.788 1 (*)
27 tug 198 11-37 12,41 6,136 153 t 0.65 0.509 3
2%+ 28 Aug '8 Absent . 11,00 5.038 113 * 13,93 4,788 I
28 hug 198 18-23 16.93. 8.704 * 14 t 0
2889 19% Absent 12,44 5.538 73 * 0

e "Mariper Absent ' lines include only ' presumably undisturbed' nomrcalf bowheads

D Values i N the PreSence and absence Of S€i SM C motse were compared wsing t he Student's t=test (t),
the {-teal not assuming equal variances (t'), O the Manmihitney U test (U). #= indicates p ¢
0.00L, ** means 0,001 < p <0.01, * means 0,05 < p < 0.01, (*) means 0.05 <p < 0. 1, and ns means”
> 0.1. Test not done whenn <4 for either group,’
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Table 14. Estimated speed and occurrence of turns, pre-dive flexes, and
‘“flukes out’ by non-calf bowheads observed in the presence and
absence of seisnmic noise, 1980-84. Each surfacing by a whale is a
unit of observation.

Speed

Zero slow Mderate Fast Tot al

Seismica 35 76 113 12 236

No Seismicb 39 53 67 6 165

Chi 2 (df = 3) 5.68, p> 0.1

Turn Pre-Dive Fl ex Pre-Dive ' Fl ukes Out’
No Yes Tot al No Yes Tot al No Yes Tot al

Seism ¢ 238 44 282 323 35 358 253 159 412
NO Seismich 127 44 171 170 46 216 173 117 290
Chi 2 (df=1) 6.98, p < 0.01 14.75, p < 0.001 0.22, p > 0.1

a Speed anal ysis excludes data from 1l Aug 1984 (site B).
*No seismic’ lines include only the ‘control’ occasions that were matched
with ‘seismic present’ occasions.

recorded near ‘presunably undisturbed whales in 1980-84, 14.26 total and
3.75 loud calls/whale-h. The slight reduction with seismc noise may not be
meani ngf ul because nunbers of whales responsible for the calls were only
roughly known. The proportional frequencies of the seven call types that we
di stingui shed were alnost identical in the presence and absence of seisnmic
noi se (Table 15). Thus, noise fromdistant seisnic boats did not have a
strong effect on calling by bowheads.

Sunmary. --Qpportunistic observations indicated that general activities
of bowheads are rarely if ever altered in any noticeable way by noise from
seismc vessels 6 kmor nmore away. There were, however, indications of subtle
alterations in surfacing-respiration-dive cycles, and in frequency of turns
and pre-dive flexes. Wiether these subtle trends were attributable to seisnic
noise or to other factors cannot be determined wth certainty from
opportuni stic observations. Bowheads produced calls of the usual types when
exposed to seismic pulses; the rate of calling was only slightly (if at all)
reduced.

A rgun Experinents

Strong pul ses of airgun noise reached the whales during all five airgun
experinments. During the four conpleted experinments, the whales were 2-5 km
fromthe airgun. Received |levels of the airgun pul ses were at |east 118-133
dB//1 pPa. In contrast, anbient noise |evels between airgun pul ses were



Table 15. NUNDErs ang types Of bowhead calls recorded in the presence and absence of seisnic noise, Canadian Beaufortsea, 19808s.
Data conpiled by cu. clark,

Chservation Source Total NO. ca11s of Each Type catls Per
Tine (or)a of whal €  Approx  \\hale- \thal e- Hour
— Seis. Activ- No. 0 Hour s Con~ 1Inf I- Pulsed Pul- e
Dat e stare  ENd  woiseP 1tiesc  \hales of Chs Up Down seant ected wmigh Tone Sive metal Total  Loud
21 Aug 1980 22025 23. 25 S1-Exp S0 7 7.00 17 b 1 3 9 3 3l 70  10.00
5 ag 1981 10.11 10, 41 Array 5 2.50 18 4 § 2 8 1 13 5 20.80
25 ag 1981 11.25 12.34  si-Exp  So, Bo 4-15 15.462 11 0 0 0 0 0 0 1 071
7 hug 1982 10.15 11. 06 Array So 5 4.25 66 10 25 11 4 0 8 186 43,29 8.00
6 Aug 1982 15.25 16. 30 Array S0 [ 7.58 101 32 24 19 ! ? 19 199 26.25 2.90
13 Aug 1982 16. 38 13.00 Array Ca § 10.93 63 80 90 17 13 56 § 327 20.92 256
7 Aug 1983 17.15 18.50 Array ? 2 3.17 0 0 0 0 0 0 0 0 000 0.00
9 Aug 1983 13.48 17.20 Arra So 12 39.40 61 54 29 25 36 1 59 265 6.73 1.04
31 Aug 1983 14.56 17.18 Gas- So, Bo b 14.20 25 29 25 58 6 1 2 46 7.3z 3.03
1 Sep 1983 16.57 18.26 Array S 5 7.41 4 1 1 0 0 0 0 6 o0.81 0.00
1 Aug 1984 A 16,38 17.23 Array 3 2.25 1 0 0 0 0 ! 0 2 0.89 0.4
1 Aug 1984 8 18.37 19.24 Array 2 1.57 0 0 0 0 0 O 0 0 0.00 0.00
27 Aug 198 A 17.52 18.45 Array Bo 6-7 4,35 0 0 0 0 0O O 0 0 000 0.00
27 Aug 1984 B 19.43 20.54 Array b 3.20 0 0 2 0 0 0 0 2 0.63 0.00
a1t 1980-81 Seismc 24.92 46 10 1 5 17 4 4 133 5.34
Al 1982 seismic 22.76 230 182 139 47 19 58 35 710 31.20  3.69
a1 1983 Seismc 64.18 190 84 55 83 42 2 6L 517  8.06 .31
Al1 1984 Seismc 11.37 l 0 2 0 0 ! 0 4 0.35 0.09
Al sefsmie Totals 123.23 467 206 203 135 78 65 wo 1364 .07 172
Percent 34 20 15 10 6 5
Al 1980-81 Undi st ur bed’ 114.14 69 20 8 15 29 29 83 B3 22
ALL 1982 Undisturbed 108.82 1655 1159 976 398 194 278 213 4933 4533 8.25
411 1983 Undj st ur bed 91.646 103 34 17 31 16 43 9 253 276 0.91
Al 1984 Undi sturbed 82.00 111 32 21 22 3 5 216 263 0.%
Al Undi sturbed Total s 396.60 1938 1245 1022 466 242 372 370 5655  14.26  3.75
Per cent 34 22 18 8 4 !

*Recor dings were not ail s continuous fromstart to end tine.

S1-Exp =12 sleeve €XPI OUErS. gas-¢ = 12 Open bottom gaa gus. Array = array of airguns.
So=socialjzing. s = boton feeding. ca = calf
d 'see wWarstg €1 a1.(19850) fOr detalls “concerning

¢

ZET @0uUBqINISIQ

gresen%.
al'ls by presumably undisturbed bowheads.
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88-102 dB in the 20-1000 Hz band. Signal to noise ratios were at |east 18-45
dB (Table 11; data from Geene 1982, 1984a, 1985). During the aborted
experiment on 27 Aug 1984, the whales were only 0.2-1.2 km away. Received

levels at range 1.5 km were probably above the nmeasured 124-134 dB val ues,
and | evels near the closest whales were undoubtedly greater

General Activities.—General activities of bowheads observed during the
three airgun experinents in 1981 and 1983 were unremarkabl e--skim feeding in
echelon formations on 18 Aug 1981, and slow to noderate travel with surfacing
and diving on the next tw occasions. General activities did not change
during the period of airgun firing (Table 11). However, during the first
experinment, echelons averaged 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
after; n = 21, 6, 12,—+respectively; | ack of independence precludes
statistical conparison). W do not know whether the apparent reduction in
echelon size during the airgun firing period was a result otf the airgun
noi se. Replication would be necessary to establish this. Unfortunately, we
had no opportunity for another airgun experinment while bowheads were echel on
feeding. In any case, general activities remained the same during the airgun
firing periods of all three experiments in 1981 and 1983.

During the two experinments in 1984, one conpleted on 17 August and one
aborted on 27 August, behavior was unrenarkable before the airgun began to
fire. However, during and shortly after the airgun firing period, nost
bowheads seen were traveling away from the airgun site (see Orientation
section, below). One difference in protocol was that the airgun was depl oyed
froma traveling vessel in 1981-83, but from a stationary and quiet vesse
in 1984. Received levels of airgun noise on 17 Aug 1984 may have been higher
than those during the 1981-83 experinents. Received |levels on 27 Aug 1984
were the highest because the airgun was closest to the whales on that date
(Table 11).

Surfacing and Respiration Characteristics.—+n general, there was much
overlap in values of surfacing and respiration variables before, during and
after the airgun firing periods (Fig. 8; Table 16). In npbst experinents,
values did not differ significantly in the presence and absence ot airgun
noi se (Table 12B; Fig. 8). However, the sanple sizes during the period of

airgun firing were small. Durations of dives were recorded too infrequently
for analysis (Fig. 8).

The slight differences that did occur showed some consistency across
experinents. During all three experiments with data, nean surface tine and
nmean nunber of blows per surfacing were slightly reduced during the airgun
firing period relative to pre-airgun values (Fig. 8). Pooled results fromthe
three experiments showed a marginally significant effect (p <0.1 for both
variables, Table 120). Conversely, nean blow intervals increased from the
pre-airgun to the airgun period in 3 of 4 experinents (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 three variables were all weak. The airgun
experiments do not prove that surfacing and respiration behavior is altered
in the presence of noise pulses. However, it is noteworthy that trends in all
three variables were in the same direction as was rtound during anal yses of
opportuni stic observations (Table 12D).
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Table 16. Surfacing , respiration arddive characteristics Of nom-calf bowheads obsetved during
airgm and ful |l -scal @ seismic experiments, Canadian Beaufort Sea, 1981-82,

Date Phase Mean sde N Test Man s«de N Test

Blows/ Surfacing Duration Of Surfacing (min)

SINGLE AIRGIN EXPT

18 Aug 1981 Before 317 2183 24 KrWal 0.8 0.829 23 Krial
(5 kn range) Durirg 2.9 3.4 7 &) 0.5 0.983 7 ns
After 2.60 2.230 15 0. 91 o.6% 15
19 Axg 1981 Before 410 3.004 29 Krial 1.06 00653 41 Krial
(3  range) Durirg 1 1.691 9 ns 0.78 0343 9 ns
After 2.69 L9413 1.01 0.571 15
28 mg 1983 Before 3.58 2612 36 t 0.77 0.515 37 t
(3 I range) During 3.29  2.059 7 ns 0.64 0.543 7 ng
After 5.00  3.606 3 0.98 0.624 3
17 hug 1984 Before 6.88  2.6% 8 1.35 0.452 15
(2-4 W range) During 0 0
Ater 0 0
(ST MARTNER EXPT
16 ag 1984 Before 5.00 2. %8 4 ANOVA 1.04 0.544 5 ANOVA
Seisnic 6.22  2.949 9 ns 1.14 0.526 11 na
After 4.8 L.472 6 1.02 0.328 6
Blow Interval (S) Di ve Dmration (min)
SINIE AIRGN EXPT
18 myg 1981 Before  15.80 15.362 70  ANOVA 3.04 4.124 10 KriWal
(5 km range) During 22,93 18.215 15 ns 1.8l 1.5% 6 ns
After  17.15  9.176 33 247 3.673 1l
19 aig 1981 Before 1145  6.262 138  AnovA 4.40 6.542 4
(3 km range) During 13543  8.441 21 0
After 15. 89 11.580 27 6.72 6. 591
28 g 1983 Before  12.67  7.044 148 t 3.02 3.89 13
(3 kn range) During 13.91 5.773 22 ns 3.13 3. %8 2
After 12.83  8.133 12 0
17 mg 1984 Before  10.88  4.3% 213 t 7.21 4.999 3
(2<% km rtange) During 8.00 3.000 5 ns 0
After 950 5.292 8 0
GSI MARINER EXPT
16 Aug 1984 Before 1173 3.769 40  ANOWA 0
Seismic  10.64  2.206 105 dedck 8.14 9.152 3
After 12,39 2.745 49 19.26 5.119 3

2 presentation as in Table 13.
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Orientation of Wales. --During the three airgun experiments in 1981- 83,
we found no evidence that bowheads were noving away fromthe airgun and boat
{Fraker et al. 1982; Richardson et al. 1983¢, 1984b). On 18 Aug 1981,

bowheads continued to skim feed in echelon formation during and after the
airgun firing period. They continued to swim back and forth through the same

area of high copepod abundance (Griffiths and Buchanan 1982) where they had
been feeding before the airgun began firing. On 19 Aug 1981, bowheads were
travel i ng sout hwest during all phases of the experinent. On 28 Aug 1983,
only four directional observations were obtained during the airgun firing
period; the whales were oriented Tangentially, not away.

On 17 Aug 1984, bowheads tended to orient away fromthe airgun when it.
fired 2-4.5 km away (Fig. 9; p<O 005 by V-test). Ian contrast, bowheads were
oriented more or less randomy with respect to the airgun before and after
the airgun firing period (p>0.1 in each case). The difference in orientation
bet ween the pre—airgun and airgun firing periods was significant (Kuiper
test; K = 398; p = 0.005). These tests include one data point for each
surfacing, excluding the very few occasions when an identifiable individual
was resighted within the same phase of the experinent.

I7 AUG '84

PRE-AIRGUN Al RGN POST-AIRGUN

P>>0l1
Toward

FI GURE 9. Rel ative orientations of bowheads before, during and after an
airgun fired 2-43 km away, 17 Aug 1984. Each synbol represents the heading
(relative to airgun) of one whal e during one surfacings as observed from the
observation aircraft. The directions and |engths of the mean vectors are
shown. The p values are from V-tests of the hypothesis that there was
significant orientation away.

Similarly, on 27 Aug 1984, bowheads swam away from the airgun on both
occasions when it was fired. Whales seen during the two brief airgun firing
periods and within 5 min after they ended were oriented within 40° of
directly away (n = 5), and were traveling at noderate or fast speed (n =
5). These whales were estimated to be 0.2-1.2 km from the airgun and boat.
‘Sequel’” had been anchored near whales for 3 h before the airgun began
firing, so their departure was presumably attributable to the airgun and not
to ‘Sequel’. Also, orientations and speeds were nore variable before the

" . . . . R . . e . - . . . . . . . . . .
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airgun began firing, with sone whal es heading toward ‘ Sequel’ and speeds
ranging fromzero to noderate. The effect was obvious in real time to the

aerial observers, but quantitative analysis is not practical, as noted above
in ‘Mthods?

Ot her Behavioral Variables.--Mst whales noved at slow or medi um speed
during all three phases of the four conpleted experinents (Table 17). Only
during the aborted 27 Aug 1984 experinment at ranges 0.2-1.2 kmwas there
evidence that bowheads tended to travel faster than normal during the airgun
firing period. Speeds nay 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 non-calf bowheads observed during four airgun

experiments, 1981-84. Each surfacing by a whale is a unit of
observation

Speed

Zero slow Moderate Fast Tot al

Pre-Airgun 30 34 54 6 124
A rgun | 3 4 0 8
Post-Airgun 7 6 7 4 24
Turn Pre-Di ve Flex Pre-Dive ‘Flukes Out’
No Yes Tot al No Yes Tot al No Yes Tot al
Pre-Airgun 81 30 111 98 33 131 54 84 138
A rgun 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 > 0.1 0.07, p>0.1 0.12, p> 0.1

Anal ysis of other variables provided no further indication that bowhead
behavi or was affected by airgun noise. The frequencies of turns, pre-dive
flexes, and fluke-out dives were all simlar before, during and after the
airgun was fired (p>>0.1 in each case; Table 17).

Bowhead Calls. --Calls were heard within the airgun firing period during
3 of the 4 conpleted airgun tests. During the 18 August 1981 test, whales
apparently stopped calling during the airgun firing period and resuned
thereafter (Table 18). However, the pre-airgun rate was sufficiently |ow that
only 2.5 calls would be expected during the airgun firing period if there
were no change in rate. Thus, the absence of calls while the airgun fired
coul d have been a sanpling artefact., Overall, there was no consistent trend
toward reduced call rates while the airgun fired, but sample sizes were snmal
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Table 18. Call rates (total calls/whale-h) of bowheads during four
conpl eted airgun experinents 1981-84. Data conpiled by
C.W. Clark.,

Bef ore Duri ng After Tot al

Air-gun Airgun Ai rgun Nurber

Fired Firing Fired of Calls®
18 Aug 81 0.3 0.0 1.1 11,0,36
19 Aug 81 005 0.6 03 4y1,1
28 Aug 83 2.7 3.2 40,8,-
17 Aug 84 1.3 0.6 0.8 15,2,3

*Values given are nunbers of calls before, during and after the
airgun fired, respectively.

(Table 18). 'Up' calls were the most cormobn call type in both the pre-airgun
periods (28 of 70 calls) and the airgun firing periods (7 of 11).

Sumary. —Bowheads sonetinmes continued normal activities (e.g. skim
feeding in echelons; surfacing and diving; travel) when an airgun began
firing 3-5 km away (received noise levels at least 118-133 dB//1 pPa).
However, bowheads oriented away during one experiment at range 2-4.5 km and
another at range 0.2-1.2 km (received |evels at least 124-131 and >124-134
dB, respectively). All of these received levels are mnimm estinates,
constrained by sonobuoy limtations. In the 0.2-1.2 km case, there was also
evidence of increased speeds when the airgun fired. Surfacing and respiration
vari abl es did not change dramatically when an airgun began firing 2-5 km
away, but trends were consistent With those in the opportunistic data.
Frequenci es of turns, pre-dive flexes, and fluke-out dives were sinilar with
and without airgun noise. CcCall rates and types did not change dramatically
during experinments.

Mul tivari ate Analvses

Surfacing and Respiration Variables Wth and Wthout Seismic Noise.--In
the ‘ Normal Behavior' section, we used nmultiple regression analysis (MRA) to
examne the relationships of three surfacing and respiration variables to 17
environmental and ‘whale activity' variables (Wirsig et al. 1985b). Here we
use MAto assess whether seismic noise affected surfacing and respiration
vari abl es, after allowing for their partial correlations to the 17
environmental and activity variables. The approach was as described in the
“Nor nal Behavior' section, ‘with two changes:

1. W used 1981-84 observations in the presence of noise pulses tfrom
(a) distant seismc vessels and (b) single airguns simulating them
along with (c) observations of presumably undisturbed bowheads. W\
excluded data from calves, from'l Aug 1984,site B' where a whale
may have been affected by the aircraft, and fromthe 16 Aug 1984
experiment with 'GSI Mariner’ (see next subsection).

2, SEISMC, an 18th predictor variable representing the presence (1) or
absence (0) of seismc pul ses, was considered as a predictor.

- N e
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As in the earlier analyses, the dependent variables were |logarithmc
transformati ons of number of blows per surfacing (LoGNBL, n = 690), duration
of surfacing (LOGSFC, n = 787), and nmean blow interval (LOGMBI, n = 1366)

Univariate analyses excluding the ‘1 Aug 1984B' data failed to find any
rel ati onship between seisnic noise and either nunber of blows per surfacing
or duration of surfacing (p>0.1; Table 12D), Simlarly, after excluding the
‘1 Aug 1984B' data, SEISMC showed little sinple correlation with LOGNBL
(O .1>p>0 .05) and none wi th LOGSFC (p>>0.1 ) . There was also no significant
partial correlation between SEISMC and these two variables after
relationships to other variables (year, date, water depth, sea state,
occurrence of skimfeeding or active socializing) were taken into account.

Uni vari ate anal yses showed that blow intervals tended to be slightly
greater in the presence of seismc noise. This was true whether or not the ‘1
Aug 1984B' data were included (p<0.05 in either case, Table 12D). However,
after taking into account year-to-year differences in LOGMBI and positive
partial correlations of LOGMBI with date, water depth, occurrence of
skimfeeding and group size, there was no evidence that LOGMBI was related to
presence or absence of seismc noise (p>0.l).

In summary, nultiple regression analyses did not find any clear evidence
that noise pulses fromdistant seisnmic vessels (actual or sinulated by one
airgun) affected various surfacing and respiration characteristics of
bowheads. These multivariate anal yses did not confirm the apparent univariate
trends for reduced surface times, fewer blows per surfacing, and |onger blow
intervals in the presence of seisnmic noise. The univariate trends nay have
been spurious, arising fromthe effects of covarying factors such as water
depth, sea state, occurrence of skimfeeding or socializing, and group size,
on surfacing and respiration behavior

The multiple regression anal yses show that there was no strong effect of
noise from distant seismc vessels on our standard surfacing and respiration
vari abl es. These anal yses do not rule out the possibility of weak effects.
Too many intercorrel ated di sturbance, environnental and ‘whale activity’

vari abl es were changing simultaneously for the analyses to detect weak
effects that may have existed.

Overal |l Behavior Wth and Wthout Seismc Noise.--Stepwise nultiple
di scrimnant analysis (Dixon and Brown 1977) was al so used to conpare whal e
activities and behavior, as defined by 12 variables, in the presence and
absence of noise from distant seismc vessels (actual or sinulated by one

airgun) . Each surfacing by a whale constituted a case. The 12 vari abl es
consi dered were

- LOG\BL, LOGSFC and LOGMBI, as in the previous analyses

- presence (1) or absence (0) of SKIMfeeding, Defecation, and MJD (MJD
being indicative of near-bottom feeding);

- presence or absence of active socializing (ACTSOC) and of group size
greater than one (GTONE}; actual group size (GRPSIZ);

- presence or absence of TURN, pre-dive FLEX, or pre-dive FLUKES-out.

In a prelinmnary analysis we al so considered estimated speed, but speed was

estimated too infrequently to allow inclusion in the final analysis. W again
excluded calves, the 1 Aug 1984B data, and data fromthe 16 Aug 1984
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'Mariner® experinent, This analysis did not control for differences in
environnmental factors such as year, water depth, and se on.

Surfacings in the presence and absence of distant seismc noise differed
significantly (F = 14.68, df = 3,437, p<0.001; n = 297 undi sturbed and 144
seismi c cases). Behavioral variables that differed significantly between
surfacings with and w thout seismc noise were

- bottom feeding (p<0.025, nore common with sei sm c noise),
- active socializing (p<0.001, nore common with seism c noise), and
- turns (p<0.001, nore common W thout seism c noise).

Once these three variables were taken into account, none of the other ni ne
variables differed significantly in the presence and absence of noise from
di stant seismic vessels (p>0.05 for GIONE; p>0.1 for all others).

Thi s discriminant anal ysis provided further evidence that surfacing and
respiration behavior was not strongly affected by noise fromdistant seismc
vessel s. The reduced frequency of turns in the presence of seismc noise was
al so evident from univariate anal ysis (Table 14). The greater frequency of
apparent bottom feeding and active socializing with seismc noise had not
been identified earlier. The conmbination of nore socializing but |ess turns
W th seismc noise was unexpected, since undisturbed bowheads tended to turn
more frequently when socializing (Wirsig et al. 1985b). Whet her occurrence of
turns, bottom feeding and socializing were actually affected by seismc noise
remai ns unknown. The apparent relationships may have been coincidental. The
active socializing seen with and without seismic noise was sinmilar; we did
;(;ot ok;serve behavior simlar to the ‘huddling’ described by Reeves et al.

1984).

Experinent with Full-Scale Seismc Vessel

CGeneral Activities.--Prior to the start of the 'experimental seisnic’
period, bowheads surfaced and dove, and noved at slow to medi um speed while
at the surface. During 7 of 16 surfacings (44%Z) bowheads brought mud to the
surface, indicative of feeding near the bottom _ During this period, 'GS
Mariner® concluded shooting 9 km away and then approached (not shooting) to
range 7.5 km (Fig. 5).

There was no conspi cuous change inm behavior when ‘Mriner’ resuned
shooting 7.5 km away. Bowheads continued to surface and dive, nobve at slow
to medium speed, and bring mud to the surface. The last surfacing with nud
occurred when ‘Mariner’ was 3 km away. Wien the ship was near its closest
poi nt of approach (CPA), about 1.5 kmnorth of the whales’ original |ocation,
some whales were still in the area. However, it became evident that sone
whales had noved southward; there were fewer sightings in the original
| ocation and nore sightings about 1-2 km to the south. This was confirned
when two recogni zabl e whales first seen at the original |ocation were later
seen about 2 km farther south. However, the novenents of whal es--at |east
while they were at the surface--were at the usual slow to noderate speeds.

No conspicuous change in behavior occurred when ‘Mariner’ ceased
shooting 6 km beyond the whal es. The bowheads were still surfacing and
diving, and noving at slow to nedium speed. During the 108 mn of
post-seismc observations, whales brought nmud to the surface during only 1
surfacing, 40 min after the end of seismc noise.
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Surfacing, Respiration and Dive Characteristics.--\W conpared behavior
during the three main phases of the experinent: (&) pre-seismic, With
“Mariner’ approaching at range 9-7.5 km (b) seismic, range 7.5to 1.5 to 6
km and (c) post-seisnic, range 6-11 km The duration of surfacing and nunber
of blows per surfacing were both similar during the three main phases of the
experiment (p>0.1 in each case; Fig. 8 and Table 16). However, mean bl ow
interval was significantly shorter during the seismc phase than during the
pre- or post-seismc phases (p<0.00i; Fig. 8 and Table 16). Few data
concerning dive duration were recorded, but there was a hint that dives were
shorter in the seismc than in the post-seisnic phase (Fig. 8).

Mean blow interval was significantly |ower when the airgun array was
firing, but the difference was small--11.7 s in the pre-seismc phase vs.
10.6 s in the seismc phase (Fig. 8, Table 16). Interestingly, the reduction
seened to begin when the approaching ship was about 8 km away, before the
airgun array began firing (Fig. 10). Engine noise fromthe ship was already
being detected by the sonobuoy near the whales at that tine.
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FIGURE 10. Bl ow intervals of bowheads at various times during the experinent
with, 'GSI Mariner’ , 16 Aug 1984. Times (and ship-whal e distances) are divided

into nore categories here than in Fig. 8; see Table 20 for definitions of
these categories. No calves present. Presentation as in Fig. 6.
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Oientation of Wales. --predom nant orientations of the whales changed
in ways that can be related to the novenents of 'GSI Mariner’ (Fig. 11).
These data concern orientations while whales were at the surface. Repeated
sightings of the two recognizable animals provided our only data on
orientation of underwater novements (see above).

Initially the whales were oriented mainly to the northwest and north
(Fig. 11A). As the ship approached from 7.5 kmwest to 2.5 km northwest of
the whales, firing her airgun array, the bowheads oriented mainly northeast
and east, away fromthe ship (Fig. 11B). Wen the ship was near CPA, <2.5 km
to the N\W N or NE, the whales oriented mainly SW This was not directly away
fromthe ship, but rather in the opposite direction to the ship's track
(Fig. 11C). The few orientations recorded while the ship was 2.5 to 6 kmto
the east were directed generally south (Fig. 11D).

In the post-seismic period, there was a tendency for northward
orientation (Fig. 11E). The aforenentioned observations of general activities
and recogni zabl e individuals showed that sone whales noved south as the ship
passed. Northward noverment would tend to return them toward their original
| ocati ons.

O her Behavioral Variables. --Speeds of bowheads were slow to noderate
during nost surfacings in all phases of the experiment (Table 19). Sanple
sizes-for turns and pre-dive flexes were small, but there was no evidence of
any change. Bowheads raised their flukes above the surface during 82% of 11
dives in the pre-seismic phase, but in only 47% of 30 dives in the seismc
phase (chi2 = 4.04, p<0.05). This apparent effect, unlike the reduction in
blow intervals, did not becone evident until the ship was near CPA (Table
20).

Bowheads brought nud to the surface during 7 of 16 surfacings in the
pre-seismic period and 5 of 21 surfacings as ‘Mariner’ fired her airguns
whi | e approaching from7.5 to 2.5 km away (chi2 = 1.65, df 1, p>0.1). The
| ast case was at range 3 km Mid was not seen during any of the subsequent 13
surfacings while ‘Mariner’ was firing at ranges 2.5t0 1.5 to 6 km (chi2 =
7.50, df = 1, p<0.01 for conparison with pre-seismc period). Thus, this
effect al so becane evident only when the ship was near CPA. Mid was seen
during only 1 of 19 surfacings (5% in the post-seismc period.

Only two calls were detected when ‘GSI Mariner’ was 9 to 7.5 km away and
not shooting, and no calls were detected during the shooting or pest-seisnic
peri ods.

Summary. --Bowhead whal es reacted to close approach by an operating
seismc vessel, but not in an abrupt or conspicuous nmanner. There was no
obvi ous change in activities when the ship began to fire its airgun array 7.5
km away. Near-bottom feeding ceased when the ship was 3 km away, and was not
seen again until 40 mn after seismc noise ceased. Wales tended to orient
away fromthe ship or, near CPA, in the opposite direction to the ship's
track. Orientation away from the ship began when the airguns started to tire,
7.5 km away.

Lo . . ‘ . B . . - .
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PRE EXPERIMENT

‘MARINER’
APPROACHING,
NOT SHOOTING

EXPERIMENT

73-27 km

> 2 28-52km
.
. - ‘MARINER’
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&4 SHOOTING
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FIGURE 11. Coinpass orientations of bowheads during various phases of the
experinent with 'GSI Mariner', 16 Aug 1984. Each synbol represents the
conpass headi ng of one whale during one surfacing, as observed fromthe
observation aircraft. The hatched band represents the bearing of the ship
from the whales.



Tabl e 19.
“flukes out’
sei sm c experiment,

a unit of observation

by non-cal f
16 August 1984.

Estimated speed and occurrence of turns,
bowheads observed during full-scale
Each surfacing by a whale is
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pre-dive flexes, and

Speed.
Zero Slow Moderate Fast Tot al
Pre-Seismicad 1 3 5 0 9
Seismich 2 13 12 1 28
Post—-Seismic® 1 6 3 0 10
Turn Pre~Dive Flex Pre-Dive ‘'Flukes-Qut’
No Yes Tot al No Yes Total No Yes Total
Pre-Seismica 5 0 5 6 3 9 2 9 11
Seismich 9 2 11 14 5 19 16 14 30
Post~Seismic® 3 1 4 10 2 12 6 9 15

a "GSI Mariner® approaching,
* 'GSI Mariner' shooting, 7.5 to

1.5 to 6 km away.

9to 7.5 km away, not shooti ng.

€ 'GSI Mariner'underway or hauling gear aboard, 6~11 km away.

Tabl e 20. Cccurrence of fluke-out dives at various tinmes during the full-

scale seism c experinent,

is a unit of observation.

16 Aug 1984. Each surfacing by a whale

Range No Per cent

Phase (km) Flukes Fl ukes Tot al Fl ukes
Fi ni sh seism c line 10-9 1 3 4 75
Pre-expt, first 15 min 9-8 2 4 6 67
Pre-expt, remai nder 8-7.5 0 5 5 100
Sei sm ¢ expt, approaching 7.5-2.5 7 12 19 63
Sei sm c expt, near CPA <2.5 4 2 6 33
Seisnic expt, departing 2.5-6 5 0 5 0
Post-seismic, first 15 mn 6-9 1 3 4 75
Post - sei smic,next 15 mn 9-11 3 2 5 40
Post - sei smic, remainder 7-11 2 4 6 67
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Two recogni zabl e whales noved about 2 km away from the ship’s path. Speeds
were slow to noderate in all phases of the experiment. Aside from orientation
and near-bottom feeding, the only behavioral variables in which changes were
found were blow intervals and frequency of fluke—out dives; both were
significantly reduced during the seismc period. Slightly reduced bl ow
intervals first became evident when the approaching ship was 38 km away,

before the airguns began firing but while engine noise was clearly detectable
near the whal es. The frequency of fluke-out dives did not decrease markedly
until the ship was within about 2.5 km well after the airguns began firing.

Di scussi on

Results of This Study

Short-term behavioral reactions of bowheads to seismic exploration were
surprisingly nild, considering the high intensity or the noise pul ses at
di stances up to nmany kilometres from a seismc vessel. Qur opportunistic
observations 6-99 km from active seisnm c vessels showed that bowheads engaged
in normal activities as close as 6 km away (received noise levels up to 158
dB//1 pPa). These activities included surfacing and diving, calling, and
sonmetinmes traveling, socializing or feeding.

Surfacing-respiration-cycles nmay have been altered subtly in the

presence of noise fromdistant seismc vessels. Qur inconsistent evidence was
as follows:

1. Durations of surfacings and dives and nunber of blows per surfacing
all tended to be reduced with seismc noise. Intervals between
successive blows tended to be greater with seismc noise. In the
case of the uncontrolled opportunistic observations, it was
i npossible to be sure that these weak trends were really
attributable to the seismc noise and not to other factors varying
si nul t aneousl y.

2. Simlar weak trends were evident during airgun experinments (Table
1200 , when the sanme whales were observed before, during and atter
the airgun fired, and when nost other factors were constant. This
strengthens the evidence that the trends were attributable to
seismc noise.

3. Multivariate analyses did not either confirm or rule out the
exi stence of the se trends after allowing for effects of other
intercorrelated vari abl es.

4. Such trends were not wident during our controlled test with a
full-scale seismc vessel, when blow intervals were shorter, not
| onger, with seismc noise.

Based on our data alone, there was no proof that distant seisnmc noise
affected surfacing-respiration-dive cycles. However, the trends were
consistent with results obtained within a few kilometres Of seismc vessels
in four experiments conducted by Ljungblad et al. (1985, pers. comm.). Thus,
our results concerning surfacing-respiration-dive cycles probably were
i ndicative of weak and barely detectable effects of noise trom di stant
seismc vessels.
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Qur opportunistic observations 6-99 km from seism c boats provided no
unequi vocal evidence that bowheads oriented away. The same was true during
three single-airgun experinents at ranges 3-5 km when noise |evels reaching
the whal es were at |east 118-133 dB//1 pPa. However, bowheads did tend to
orient away during two additional single-airgun experiments at ranges 0.2-4.5
km (received levels at |east 124-134 dB; sonetinmes considerably greater). In
the brief test at range 0.2-1.2 km, the limted data suggested that bowheads
reacted strongly when firing began; they noved away at increased speed.
During the test with a full-scale seismc vessel, bowheads al so noved away,
although at only slow to noderate speed. The whales started to orient away
when the airgun array began to fire 7.5 km away.

These results provide the first evidence that some bowheads nove away
from sources of intense seismic inmpulses. In the full-scale test, it is
not known whether whales reacted to the seismic inpulses or to the vessel's
engine noise. However, in the two airgun experinents that denonstrated
avoi dance, the airgun was deployed from a quiet, anchored vessel, Thus,
bowheads apparently can deternine the direction from which intense noise
i npul ses are arriving, and nove in the opposite direction. However, Strong
avoi dance reactions do not appear to occur unless the seismc inpulses are
very intense.

Certain other behavioral variables sonetimes differed significantly in
the presence and absence of seismic noise. Opportunistic data suggested that
there were |ower frequencies of turns and pre-dive flexes with seismc
noi se. The scarcity of pre-dive flexes and the tendency for shorter dives
W th seismc noise may have been related; in undisturbed bowheads, pre-dive
flexes tend to be followed by long dives (Wirsig et al. 1985b). The
full-scale seismc experinent suggested that fluke-out dives becanme less
frequent when the vessel was within 2.5 km. I n the absence of consi stent
trends, it is uncertain whether these differences were directly attributable
to seismc noise. However, bowheads clearly ceased bringing nmud to the
surface during the full-scale experiment when 'GSI Mariner approached within
3 knm.

Compari sons with Qher Studies

Bowheads in the Al askan Beaufort Sea.--Personnel fromthe y.s. Naval
Ccean Systens Center (NOSC), working in the Al askan Beaufort Sea and the
wes tern part of the Canadian Beaufort, have reported opportunistic
observations of bowheads as close as 3 km from operating seismc vessels
(Ljungblad et al. 1980, 1982a, 1984b; Reeves et al. 1983, 1984). Most NOSC
observations were obtained slightly later in the season (Sept-early Ot) and
slightly farther west than our observations. They, like we, have heard
bowhead calls in the presence of seismc noise, and during opportunistic
observations have found no clear indications of whales noving away trom
approachi ng seismc boats.

Reeves et al. (1983, 1984) described bowheads ‘huddling’ in a conpact
group in the presence of noise from'Gst Mariner’ 33 and 21 km away. However,
it was not certain that this behavior was in response to seisn c noise.
Reeves et al. did not see such behavior when they observed bowheads cl oser to
seismc vessels. W have not observed this behavior in either the presence or
t he absence of seisnic noise.

- P & ay W
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Average surface tinmes in A askan waters during 1982 were marginally
hi gher in the presence of seismic noise, contrary to nbst of our results trom
t he Canadi an Beaufort Sea (Reeves et al. 1983, 1984). However, they found
i ncreased surface times on only 1 of 3 days when whal es were watched both
with and without seisnic noise, and could not determ ne whether the apparent
difference was attributable to the seismic noise. The few data obtained with
seismc noise in 1983 suggested that mean nunber of blows per surfacing was
| ower and mean bl ow interval higher with seismc noise (Ljungblad et al.

1984t) . Both 1983 trends were consistent with the weak trends that we
observed.

Inportant information about seismic effects was obtained in Al askan
waters in 1984, including both opportunistic observations and four seismc
experiments. Detailed results are not yet available, but there was evidence
of avoi dance reactions when seismc ships were 3.5-6.7 km from bowheads
(Ljungblad et al. 1985). The vessel to which a reaction was first noted at
range 3.5 km used a relatively lowintensity noise source; reactions to the
three vessels with large arrays of airguns were noted at 4.4-6.7 km There
was al so a consistent tendency for reduced surface and dive times and tor
fewer blows per surfacing when seismic vessels were nearby (D. Ljungblad,
pers. comm.). These tendencies were consistent with our pooled opportunistic
observations (e.g. Fig. 6) and with the weak trends found in our airgun
experiments. However, we did not find these tendencies during our one
experiment with 'GSI Mariner’.

Gay Wiales Mgrating Past California react to seismic inmpulses, but
only when received levels are high (Malme et al. 1983, 1984). This study,
conducted by Bolt Beranek & Newman (BBN), tested reactions to a tull-scale
seisnic vessel at 1-90 kmrange, and to a towed and stationary 100 in*airgun
at ranges from<1l kn to 15 km

The 1983 BBN study showed that average pulse pressure levels ot >160
dB//1 pPa produced clear behavioral reactions: the whales generally slowed,
turned away fromthe noise source, and increased their respiration rates.
They sonetimes noved closer to shore, or into a ‘sound shadow created by
topography. Reactions to the full-scale array seemed npst pronounced when it
was oriented broadside to the whales, the horizontal direction in which nost
energy was radiated. The >160 dB average pul se pressure |evel corresponded to
peak levels >170 dB, and to ranges <5 km from the full-scale vessel and <1 km
fromthe single airgun (Malme et al. 1983, p. 9-2).

The 1984 BBN study showed that some gray whal es began to deflect their
tracks when as much as 2 or 3 kmfromthe 100 in3 airgun. However, by another
neasure the radii of 10% 50% and 90% avoi dance were 750 m 400 m and 10U m
(effective received levels 164 dB, 170 dB and 180 dB, respectively). In the
situation studied by Malme et al., these levels were equivalent to those
found 2.8, 2.1 and 1.2 km froma full-scale seisnic vessel, assunming source
and receiver depths of 50 m Assuming a typical 6 mdepth for a seismc array
and our standard receiver depth of 18 m the 164, 170 and 180 dB |evels would
be found 550, 365 and 145 mfromthe 100 in‘airgun and 1.35, 1.13 and 0.80

kmfromthe full-scale seisnic vessel, according to the equation of Malme et
al. (1983, p. 8-21).
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Ranges and Noise Levels \WWere Effects Are Evident

The three studies (LGL, NosC, BBN) of two whal e species all show that
whales tend to nove away froma full-scale seismc ship when seisnmc inpulses
are very strong (ship within about 4.4-7.5 km received |levels >160-170 dB//1
pPa). No unequivocal reactions to seismc ships have been denonstrated at
ranges exceeding about 7.5 km even though strong noi se inpul ses propagate
much farther, However, in both studies of bowheads there sonetines were hints
of subtle effects on surfacing-respiration-dive cycles at ranges far beyond 5

km. (In the gray whale study, these variables were not studied in detail.)
The ‘huddling’ seen at ranges up to 33 kmin the NOSC study may al so have

been a reaction to seismc noise, but was not seen in our 5-yr study.

Resul t s of single-airgun experiments have been consistent Wi th
observations near full-scale seismic ships. In both bowheads and gray whales,
avoi dance was found at close ranges (primarily <2 kn) where noise |evels were
high. At greater ranges, no conspicuous effects were found. However, in
bowheads there may have been subtle alterations in surfacing and respiration
behavi or at ranges 2-5 km where received |evels were at least 118-133 dB.

Level s of Seisnmic Noise Tolerated by Wal es

Qur results and those from Al aska show that bowheads do not exhibit
strong, consistent reactions to seismc noise pulses at levels as high as 150
dB//1 mPa, which is about 50 dB above the anmbient level in the 20-1000 Hz
band. Similarly, gray whales reacted clearly to seismc noise only when
received levels were at |east 160-170 dB, about 60-70 dB above ambient |evels
in the 50-315 Hz or simlar band (Malme et al. 1983, 1984). These figures and
signal-to-noise (S/N) ratios are not exactly conparable because of
di fferences in neasurenent procedures. In general, however, it is clear that
bowhead and gray whal es sonetines tolerate remarkably strong noi se pul ses.

In contrast, bowheads react to approaching boats when their received
noi se levels are much | ower. For exanple, when bowheads reacted to the crew
boat  ‘Inperial  Adgo’ idling 3-4 km away with propellers disengaged
(Richardson et al. 1985b), the received boat plus ambient noise was 107 dB//1
pPa in the 20-1000 Hz band, only 3 dB above ambient (C.R. Greene, unpubl.
data) . Simlarly, we found weak reactions to drillship noise at |evels of
about 100-113 dB (this study). Malme et al. (1983, 1984) found that sone gray
whal es react to industrial noises at SINratios as lowas OdB in the 1/3
octave band of maximum signal |evel.

Wiy are whales nore tolerant of strong seismc pulses than of certain
continuous industrial noises? One probable factor is that seisnmic pulses are
brief. Per haps bal een whales, |ike hunmans, perceive the noisiness of an
inpul sive sound to be nmuch |lower than that of a continuous sound of
equi val ent received level (Fidell et al. 1970).

A related factor is that typical seismic inpulses mask ot her sounds for
only a fraction of a second every 10-15 s. 1In contrast, continuous industrial
noise , even at a considerably lower level, may mask other sounds conpletely.
Masking has the potential to interfere with detection of environmental. sounds
and with acoustic conmunication, particularly communication over Llong ranges
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(Payne and Webb 1971; Richardson et al. 1983b). However, it is not known how

often weak (and therefore maskable) sounds from distant sources are inportant
to whal es.

The m ninmum | evel of noise inpulses necessary to cause physical damage
to a bowhead's auditory systemis not known. However, intermttent
| owfrequency noise at |evels of 160-170 dB probably is not harmtul, since
whal es presunably tolerate calls by conspecifics nearby. Source |evels of
bal een whale calls are often 180 dB//1 pPa-m (Thonpson et al. 1979), and
possibly as nuch as 196-200 dB in bowheads, based on a received level of 156
dB at 100-150 m (C ark and Johnson 1984). If bowheads enmit intense calls when
ot her bowheads are nearby, received |levels woul d exceed 160 dB at di stances
up to 10 and possibly 100 m

Most measurements of seismc sounds have been taken at 9-18 m depth
(Greene 1984a, 1985). Whales are exposed to those levels of noise when they
dive. However, nost behavioral data come from whales visible at or very near
the surface (exceptions: data on call rates and dive durations). Within a tew
metres of the surface, received |levels of seismc pulses are reduced by
several decibels because of pressure release effects (Geene 198b, 1985).
Recei ved | evel s of seismic pulses were 4-10 dB less at 3 mthan at 9 m
(Greene 1985).

Thus, whales at the surface are exposed to |lower |evels of seismc noise
than are present a few nmetres below The difference could be inportant when
whal es remain at the surface for prolonged periods. For exanple, whales that
were skim feeding during our airgun experinent on 18 Aug 1981 presumably were
rarely exposed to the level of airgun noise received by our sonobuoy.
Simlarly, the whale engaged in ‘log play’ 24-39 kmfrom a seismc vessel on
1 Aug 1982 did not dive during 1.6 h of observations (Wursig et al. 1983). It
probably was not exposed to noise |levels quite as high as those present
deeper in the water at that range.

The difference of several dB between received levels at 3 and Y mdepth
is significant, but small relative to measured S/N ratios (up to 50 dB) at Y
or 18 mdepth during nost of our observations of bowheads in the presence of
seismc or airgun noise. Thus, seismic pulses were presumably detectable to
whal es at 3 mdepth during nost observations. The effective receiver depth
for a bowhead at the surface is unknown. However, the ventral surface of the
whal e woul d be >3 m bel ow the water’s surrace. Furthernore, nost whal es
observed in the presence of seismc noise dove at |east occasionally, and
were exposed to the measured noise |evels during dives.

Because received |levels of seismc noise are reduced near the surtace,
whal es exposed to seismc noise mght spend nore time at the surface or mght
dive for shorter periods. Some of our observations are consistent with this
hypot hesis (e.g. prolonged log play at the surface and reduced average dive
duration with seismc noise; cessation of near-bottom feeding during °‘GSl
Mariner’ experiment). Ljungblad et al. (pers. comm.) have al so observed
reduced dive durations by bowheads when seismc vessels were nearby. However,
whal es often dove even W th Strong seismc noi se, even when 'GSI Mariner’ was
near its closest point of approach 1.5-2.5 km away. Thus, the reduced
tendency to dive into the zone of greater received noise levels is slight, at
| east for seismic vessels more than a few kilometres away.
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REACTI ONS O ? BOWHEADS TO DRI LLI NG

O fshore drilling can be fromartificial or natural islands, platforns
of various types, and drillships. In the Canadian Beaufort Sea, artificial
i slands constructed of uncontained sand and gravel have been used to drill in
waters as deep as 18 m Since 1981, caisson-retained islands and self-
contained drilling caissons have been used to drill in waters 12-33 m deep.
The former are steep-sided rings filled by sand; the latter are steel or
concrete structures ballasted down onto underwater berns. Drilling from
artificial islands and caissons can occur at any tine of year. Drillships, in
contrast, operate only during sumrer or autumm when ice is absent or thin.
Each year since 1976, 3 or 4 ice-strengthened conventional drillships have
drilled in the Canadian Beaufort Sea, usually in water 25-75 m deep. In 1983

and 1984, a new circular drilling vessel, 'Kulluk', was al so operating.

To date, there has been much less drilling in the Alaskan than in the
Canadi an Beaufort Sea. In Alaska, nost offshore wells have been on
uncontained artificial islands or natural barrier islands. However, drilling

froma concrete caisson (CIDS) began in the Al askan Beaufort Sea in 1984, and
i ndustry hopes to begin using drillships there in 1985.

Al'l offshore drilling produces underwater noise, minly bel ow 1000 Hz,
al though noise intensity and characteristics depend on type of platform
(Richardson et al. 1983b; Greene 1985). Besides the noise emanating fromthe
island, caisson or drillship, support traffic al so creates noi se. Drillsites
in the Canadian Beaufort Sea are supported by helicopter traffic from shore.
During the open water season, support vessels are often present near islands
and caissons. At least one stand-by vessel is stationed near each drillship.
Underwat er noise fromdrilling_per se usually cannot be distinguished from
that produced by other machinery and nearby vessels (G eene 1985).

Bal een whal es have been seen near drillships and drilling platforns
(Kapel 1979; Gales 1982; Sorensen et al. 1984). However, these authors did
not provide systematic information about distances of closest approach or
behavi oral reactions to offshore drilling.

Malme et al. (1983, 1984) tested reactions of nmigrating gray whales to
underwat er playbacks of noise froma drilling platform sem-submersible
drillship, and conventional drillship. For each noise type, gray whales
slowed as they approached the playback site. Wiales first reacted at ranges
where drilling sounds were barely detectable, i.e. SSNratios of 4 dB or |ess
(Malme et al . 1983, p. 8-3). At closer ranges, whales altered course slightly
to avoid the playback site. Malme et al. (1984, p. 9-6) estimated that 50% of
mgrating gray whales would alter course if 1.1 kmfromthe actual drillship
(broadband received noise |evel 117 dB//1 pPa). Estimted 50% avoi dance
ranges for the drilling platform and semni-submersible were <50 m, reflecting
their lower noise |levels. These estimated avoi dance ranges were based on
pl ayback tests; Malme et al. did not study gray whales near actual
drillsites.

W obtained two types of data concerning reactions of bowheads to
drilling: (1) opportunistic observations of bowheads near drillsites, and (2)
controlled tests of reactions to underwater playbacks of recorded drillship
noise. We also recorded and anal yzed underwater noise near drilling caissons
and drillships (G eene 1982, 1983, 1984a, 1985). For the playbacks, we used
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G eene’s (1982) recording of noise from the conventional drillship ‘ Canmar
Explorer I1' drilling in the Canadian Beaufort Sea. Malme et al. (1983, 1984)
used the sane recording for their playbacks near gray whal es.

Met hods

observati ons near Drillsites

Rout es 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.
Drilling from caisson-retained islands occurred for only a few days during
two field seasons, and there was no drilling from uncontained artificial
islands during our field seasons. (Mst drilling fromartificial islands and
caissons is in autum, winter and spring.) Wen bowheads were seen near
drillsites, a sonobuoy was dropped to record industrial and bowhead sounds.
Behavi oral observations were obtained by our usual nethods for aerial
observations. |In addition, industry personnel were requested to report
pronptly any bowhead sightings near drillsites.

Drillship Noise Playback Experinents

On six occasions in 1982-83, we broadcast recorded drillship noise into
the water near bowheads (Table 21). Playbacks were from MV ‘ Sequel ', whose
engi ne was off during experinments. The 1982 tests were in water 125-150 m
deep northeast or east of Herschel Island; the 1983 tests were in water 12-36
m deep near the Yukon coast southeast of Herschel Island (Fig. 1). Wale

behavi or before, during and after playbacks was observed from the I|slander
aircraft circling at 457 mor 610 m a,.s.l.

The recording of drillship noise used in all playbacks was nade on 6 Aug
1981 at a point 185 m from 'Canmar Explorer Il', which was drilling at depth
2031 m bel ow water 27 m deep; hydrophore depth was 9 m (G eene 1982). At the
recording location, the received level was 134 dB//1 jPa in the 20-1000 Hz
band, with a strong (128 dB) tone at 275-278 Hz.

The sequence of activities preceding an experinent was as follows.
‘Sequel’” maneuvered slowmy (5.5 kmih) to a point about 1 kmfroma 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 began 30 min or nore after ‘Sequel’ stopped. W
intended the control phase to last 45-60 rein, but it was usually |onger
because of |ogistical problens.

Drillship noi se was broadcast by a U S. Navy J-n projector at 9 m
depth, powered by a 250 W Bogen MIr250 anplifier operating fromfour 12 V
batteries. The sound level gradually increased for 10-13 rein, then was
constant for 10 min (1982) or 20 min (1983), and then gradual |y decreased for
10 min. This approach was used to avoid a sudden onset of sound at peak
intensity and the startle response that this mght evoke. W hoped that the
gradual change in |level would roughly similate what a bowhead woul d encounter
as it approached a drillship.



Table 21.

Circumstances of drillship NOI SE playback €xperinment off the wwn coast, 1982-83.

16 Aug '82 18 Aug ' 82 19 Aug 82 17 Aug 83t 18 aug'sst 22 aug '3l
Location - x. Lat. '43 "36 69°41" 18 69°%6, ' 69°15 !
- W Long. 13813 138" 22 138°32¢ 138°17 138732 13754
vater Depth
e Bogc (m 150 125 150 18 15 36
Whales 150 125 150 16 12 32
Sea State 1-2 [-2 1 3 | 3
Aircraft Altitude (@ 457 457 457 457 610 610
Durations (@i N) of
Post - Boat 30 20 28 \
Quiet Boat 52 1592 948 69°+ 26 45
['ayback, tnce. 1evel 13 18 9¢ 10 10 10
| ayback, peak 1evel 10 10 20 20 ik
Pl ayback, deer. |evel 10 10 10 10 10
~ Peat-playback [ 11 34 39 + 63b 57 104
Time (MDT) of gbsers, 21:25-23:27 15:21~18341 10:22-12:59 19:11-22:01 11:27-14:39 13:36-16:45
"Sequel ' quier After 21:25 09:10 c. 10:12 19:11 17 Aug, 23:42 11:35
Source Level of sound
during Peak eeriod
(dB/I/T  ppam) 155 164 157 162 164 164
Approx. Distances (kn,
Projector to sonobuoy 2 /i 1.5 24 1.2 1.2
Projector { O Whales 2-4.5 3-6.5 2-4,5 0.7-3.0 0.4-1,7 0.8-1.8
Noise level At Sonobuoy
AT, 201000 mee B 99f 92 918 78 03
Playback, 20-1000 b 100 110 99 - 108-112 112-113
Pl ayback, 275 Hz toneh 9% 105 92 104-109 107-110
Approx. No. Of Whales 57 8+ 9+ 10+ 13 10
ActiVity of Hhales st 1 avel ; Slow ‘co rapid Slow “travel, Mstly I one SONe social- Mstly Ione
some faster travel; come, nursing; whales Wi t izing; SOIE whales wth
travel dUriNg aerial activity  calf moves unknown behay- al one. Mostly  1icele foOrward
playback and socializing  alomg ior; dispersing  nediumor slow  novenent; sone
windrow of before & AUring  forward nove- brief social-
debris playback ment izing

* Pl avback delayed because calf present,

Minutes of observationoiwhales [N
bue NOt the Whal €S observed during e playback.

because{ calf
still

c

Pl ayback ,term nat ed
| ocation unknown.

d Sonobuoy from previous ??rllght

Ak ?Stelnr%g; preci se

ear ‘sequel’ (<3 km away)

201000 & band, immediately before and/or after playback.

T Seismic pulses with intensities UD 10 133 as//1 pra WEre Present at
several -secorr| imervals throughout the 18 awg ' 82 experinent; o9 s

was the ambjent | evel
red WtH

£

a hydrophore at
levels for the 20-~1000 Hz band and for the

between seismc pul ses.
depth g 'm belge %g;qté%

for the period of peak playback tevei.

L VoSt whales

in the area where

immatures (Wirsig et al. 1985 b).

this experinent

ne are given

was done were

Z¢T 2oueqInisi|g
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The source and received |evels of projected drillship sound were
neasured. Source level was nonitored by a hydrophore 1.9 m (1982) or 1.0 m
(1983) in front of the projector. This nonitor hydrophore also allowed us to
limt power output to avoid distortion. Peak source levels were 155-164 dB//1
pPa-m (Table 21). During 5 of 6 experinents, anbient and drillship noise
reachi ng the bowheads was recorded via sonobuoys dropped near the whal es,
1.2-2.0 km from ‘Sequel’ . The closest bowheads were, during the playback
phases of the six tests, 0.4-3 kmfrom‘Sequel’ (Table 21).

For purposes of data analysis, a ‘md-playback’ period was defined. It
began 5 min into the increasing |evel phase and ended 5 min before the end of
the decreasing | evel phase. Thus, observations when the projected noise |eve
was weak and possibly inaudible to the whal es were excluded. At the sonobuoy
| ocations, drillship noi se was detectable to the human ear throughout the
m d- pl ayback phase of each experinment.

In 1983 we nonitored behavior for longer periods after the playbacks
ended than was possible in 1982 (39-104 min in 1983; 7-34 min in 1982). In
1982, post-playback observations were curtailed by linited aircraft endurance
or approach of fog. In each case ‘Sequel’ remined quiet throughout the
period of post-playback nonitoring. In our analyses, data fromthe first 30
mn after playbacks ended (’post-playback’ phase) were distinguished trom
subsequent observations (' post-control’).

O the six playbacks attenpted, only four were successful. On 19 Aug
1982, the playback was aborted 9 nin into the increasing |evel phase when a
bowhead cal f appeared about 2kmfrom ‘Sequel’; permt restrictions prevented
tests on calves. On 17 Aug 1983, the experiment was in shallow water <1 km
off the Yukon coast. The whal es were already dispersing before the playback
began, probably in response to noise fromour observation aircraft circling
at 457 ma.s.l. As discussed earlier, bowheads in shallow water seem
especially sensitive to aircraft noi se. During  subsequent pl ayback
experiments in shallow water, the aircraft circled at 610 m a.s.1. to avoid
this problem Except where specifically noted, data fromthe two unsuccessfu

tests are not presented bel ow.
Resul t s

oservati ons near Drillsites

W saw bowheads within 4-20 km of drillships on several days in August
of 1981-84. Sone bowheads 8-20 km froma drillship were also exposed to
sounds from various conbi nations of seisnc exploration, helicopter and boat
traffic, and island construction. Despite this, whales were present in the

area for at least a few days (Fraker et al. 1982; Richardson et al. 1984,
1985b).

On five occasions when bowheads were seen 4-20 km from drillships (Table
22), the drillships and their standby vessels were the only sources of
possible  disturbance. CGener al activities of these  bowheads seemed
characteristic of undisturbed bowheads (Table 22). The whales were not
headi ng away from the drillship on any of these five occasions. Bowheads seen
4 km from ‘Explorer |1’ were socializing even though exposed to strong
drillship noise. The apparent lack of calling by whales 4 m fromthe ship is
noteworthy, since socializing bowheads usually call frequently (wWirsig et al
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Table 22. Ciramstances of observations Of bowheads nesr drillships, 1981-82. These were the
only otservations when the drillship was the only sowrce Of potential disturbance.

23 aug ' 81 23 Ang '8l Il ag '82 31 Ag '82 31 Aug ' 82

Location ~ N. Lat. 70°04' 70°05 70°50 70°28 70°27
W, Long. 134°54' 134°28° 134°18' 136°51 136°30*
Vater Depth (m 31 23 0 550 150- 390
Sea State 1 1 34 1-2a 24
Aircraft Altitude (m 457-610 610 457 457b 457
Duration of Chs. (tin) 62 63C 26 113P 194
Drillship
Identity Expl. || Expl. II Expl. IV Expl. III Expl. III
Range (km) 15-20 4 17 18-19 10~12
Activity Drilling Drilling Not drilling Drilling  Drilling
Det ectabl e* Yes Yes-strong Yes-weak No No
Approx. No. of whal es 8+ 3 I+ 1 2
Activity of Whales Sore? Mai nl y Urknown; Slow t O Long dives;
echel on socializing; some nedi um slow to
feeding & o calls calling speed medium
soci al i zi ng; det ect ed travel; travel;
calling calling some cal | i ng

2 No whitecaps tut heavy swell.

b Subsequent observations from 305 m a.s.l. are not considered here.
€ Excludes subsequent observations when boats nearby.

d Industrial noise detected by sonobuoy dropped near whales.

1985b) e However, faint calls mght have been present but not detected because
of the high noise level.

Surfacing, respiration and dive characteristics of bowheads near
drillships were usually within the ranges for undisturbed whales (see
Ri chardson et al. 1983c, p. 195-8 for details) . The one exception involved
two whales 10-12 kmfrom* Explorer Il * on. 31 Aug 1982. Their dive times were
consistently long (23.4 -31.0 rein). However, there was no evidence that the
long dives were related to the proximty of the drills hip. Indeed , a sonocbuoy
near these whales did not detect drillship sound.

I ndustry personnel reported sightings of bowheads near ‘Explorer 1v' and
‘Explorer 111’ on several occasions frommd-July to early August 1980. The
di stance of the whale(s) fromthe drillship was estimated for 7 sightings as
0.2-5 km 1In 1982 and 1983, industry personnel reported 3 sightings of single
bowheads near drillships, in each case at an estimated distance of 3.7 km (2
n.mi. ) . W probably did not [earn of all sightings by industry personnel.

There was no drilling fromuncontained artificial islands and little
from caissons during our field seasons. W saw no bowheads within 20 km of
caissons on which drilling was underway. However, personnel at Tarsiut
cai sson-retained island reported two sightings during a drilling period, one

only 0.2 km away. Two nmore bowheads were reported about 0.3 km away after

-
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drilling ended. Tarsiut was |ocated at 69°54'N, 136°20'W, in 23 m of water.
Sound | evel s near Tarsiut and its attendi ng support vessels during drilling
are unknown. However, noise levels were quite high during periods without
drilling: e.g. 121-130 dB//1 pPa in the 20-1000 Hz band at range 1.1 km on
one day; 119-125 dB at 0.46 km another day (G eene 1985).

I n summary, on several occasions we saw bowheads well within the zones
ensoni fied by drillships. These whal es were engaged in normal activities and

were not noving away. |ndustry personnel also reported seeing bowheads close
to drillships and to a caisson-retained island.

Drillship Noi se Playback Experinents

Sound Levels to \Wich Bowheads Were Exposed.—-On 16 and 18 Aug 1982, the
cl osest whales were 2-3 kmfromthe projector when the playback began; the
sonobuoy was 2 km away (Table 21). Thus, noise levels received by the closest
whal es were similar to those at the sonobuoys. At 2 km range, the broadband
(20- 1000 Hz) noise level during playbacks exceeded that before and after
pl aybacks by 16 and 11 dB on 16 and 18 Aug 1982, respectively (Table 21).
Signal to noise (SIN) ratios and levels received by the mpst distant whales,
4.5 and 6.5 km from the projector, were unnmeasured but woul d have been
several decibels lower. On 18 Aug 1982, noise pulses froma seismic vessel
60-73 km away were detectable throughout both the control and pl ayback
periods at received levels up to 133 dB//1 pPa. However, anbient, playback

and bowhead sounds were readily detectable in the periods between seismic
pul ses.

On 18 and 22 Aug 1983, the bowheads were 0.4-1.7 km and 0.8-1.8 km from
the projector, and the sonocbuoys were ani dst the whales 1.2 kmfromthe
projector (Table 21). At 1.2 km range, the broadband S/N noise |evel during
pl aybacks averaged 32 and 19.5 dB, respectively. Drillship noise |levels and
S/INratios at half and twice the 1.2 kmrange were probably about 3-6 dB
hi gher and |ower, respectively.

Noi se received at the sonobuoys during drillship playbacks sounded, to
che human ear, simlar to the original recording of drillship noi se. The
strong 275 Hz tone and some other less promnent tones in the projected sound
were also evident in the received signals (Fig. 12; Geene 1982, 1983,
1984a) . However, during sone experinents, especially the 1983 tests in
shal | ow water, the spectrum of the received sound had been nodified
considerably by differential attenuation of certain frequencies. This is a

natural phenonenon; sound enmnating from an actual drillship would also be
affected by differential attenuation.

How far fromthe actual drillship would a whale have to be in order to
receive underwater noise at the same level as that received during our
pl aybacks? To determine this, we used the sonobuoys to neasure the received
l evel of the strong 275 Hz tone present in the drillship noise. W conpared
these levels with Greene’'s (1982) equation for the received level of this
tone in shallow water (27 m) at various distances from the actual drillship:

RL (dB/ /I pPa) = 122.9 - 1.52R - 10*Log(R)

where R is range in kilometres. On 16 and 18 Aug 1982, received levels 2 km
fromthe projector (94 and 105 dB) equalled |l evels 12 and 6.5 kmfromthe
actual drillship. On 18 and 22 Aug 1983, received levels 1.2 kmfromthe
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FI GURE 12. Spectral characteristics
of drillship sounds during drillship
noi se playbacks. (&) is the spectrum
of the recorded drillship noi se.
(B-E) are spectra of the same sound
as received near bowheads during
four playback experinents. Anbient
levels before or after those
pl aybacks are superinposed as dotted
lines. Most tones in anbient spectra
were from the observation aircraft.
From Geene (1982, 1983, 1984a,
unpubl.).
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projector (106.5 and 108.5 dB) equal led levels 6 and 5 km from the actua
drillship.

CGeneral Activities .--Ceneral activities of the whales before the
pl aybacks began included many of the wusual activities of undisturbed
summering bowheads (Table 21). In each case the whales were surfacing and
diving in the usual manner. On 16 and 18 Aug 1982, the average distance of
the whales from ‘Sequel’ increased gradually during the pre-playback contr ol
period, although the whal es showed no consistent tendency to orient away from
‘Sequel’” while they were at the surface. In contrast, on 18 Aug 1983 the
majority were traveling toward ‘Sequel’. On 22 Aug 1983 there was little net
not i on.

During playbacks, general activities changed only slightly. In the two
successful tests in 1982, the observers believed that the whal es travelled
nore consistently and rapidly away from ‘Sequel’ than had been true in the
pre-playback control periods. During the 18 Aug 1983 pl ayback, nost whal es
seemed to interrupt their gradual travel toward ‘Sequel’. However, in al
three of these tests, the reaction was |ess conspicuous than the reaction of
bowheads to an approaching boat. On 22 Aug 1983, no change in behavior was
noted in real tinme.

Surfacing, Respiration and Dive Characteristics .--Neither duration of

surfacing nor number of blows per surfacing differed significantly anpbng
phases of the experinment on 18 Aug 1983, the only experinment when sanple
sizes were adequate for analysis (Table 23).

Blow intervals differed significantly anong the four phases 'of the 18
and 22 Aug 1983 experinments, but the trends were in opposite directions on
the two dates (Table 23). Blow intervals were rather long in the playback and
post-control phases on 18 August, but rather short in those phases on 22
August . VWWen these two disparate sets of results were pooled, t he
differences were non-significant (p>0.1). Blow intervals also did not differ
significantly anobng phases during the 1982 experinments (Table 23).

Dive duration was rarely measurable, mainly because the whal es were
difficult to reidentify after a dive. On 18 and 22 Aug 1983, dives during the
pl ayback periods tended to be shorter than those after playbacks ended (rneans

1.30 vs. 3.37 rein). The sanple sizes were small, but the difference was
significant (0.05>p>0.02; Table 23).

In general, there was little change in surfacing and respiration

behavi or during drillship noi se playbacks, but there was a hint of reduced
dive durations during playbacks.

Orientation of Wales. --In both 1982 and 1983, the experinments provided
weak evidence that bowheads tended to orient away from ‘Sequel’ during
pl aybacks (Fig. 13). W describe the tendency as weak because sone whal es
headed toward ‘Sequel’ even during playbacks, and because the results of the
statistical tests were often only marginally significant.

Before pl aybacks began, there was no evidence that the whales were
orienting away from ‘Sequel’ in either year or in both years pooled (p>>0.1

in each case; see V-test results in Fig. 13). During the playbacks, there was
evi dence of weak orientation away in both years (p<0.05 In each year; p<0.01
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Table 2. Surfacing, respiration and dive characteristics Of noncalf boteads observed
before, duing and after four playacks Of drillshlp noi se, 1982-83,

Date and Phase
of Experiment Mean 8 odo N Test Mesn S d.o N Test
No. Blows/Surfacing Duration of Surfacing (min)
A 18 fug ‘83
Pm Control 2.50 200 8 avowna 0.66 0.476 8 ANDVA
Mid-Playback? 2.73 1831 15 F = 2,1 0.63 0.5% 15 F = 155
Post—PlaybackP 5,00 3.162 6 d = 3,29 1.16 0750 6 & = 3,29
Post—ControlP 4,25 2217 4 p>0.l 0.98 0.477 4 p> 0.l
B. 22 Ag ' 83
Pre-Control 0 - 0 -
M d- Pl ayback 500 3.367 4 0.97 0.672 4
Post - Pl ayback 4 - 1 L2 - 1
Post~Control 215 1.089 20 0.66 0.362 20

C B+ 22 ag'83
Pre—Control
M d- Pl ayhack
Post - Pl ayback
Post-Control

D. 16 + 18 Aug '82
Pre~Control
Mid-Playback
Post - pl ayback

20 2.070 8 awow
3.21 2.323 B F =259
4,8 2,911 [ df =*:3,54
2.50 s 24 (

7.28 4,873 18 -
T

0.66 0.476 8 anow
0.70 o5 19 F = 1.67
1.16 0.685 7 df = 3,%
0.72 0391 24 p >0.1

L. 0.822 2 -
L77 1131

A 18 Ag '®3
Pre~Control
M d- Pl ayhack
Post-Playback
Post-Control

B. 22 Mg ' 83
Pre~Control
Mid-Playback
Post - Pl ayback
Post—Control

C. 18+ 22 g ' 83
Pre-Control
Mid—Playback
Post—Playback
*t-control

D. 16 + 18 Aug '82
Pre~Control
Mid-Playback
Post - Pl ayback

Biow TInterval (s)

1132 4667 28 awow
14,95 6,155 63 F= 3.63
13,21 2957 29 & = 3,144

17.04 11.689 28 *

15.40  10.407 5 avown
13.00 5747 4w F =516
19.70 W0X5 14 4= 3,122
11,93 5.6% 59 =

11.% 5.81 33 aAowa
14.15 6.026 11 F = 1.3
1533  7.505 43 ¢ = 3,270
1357 8398 87 p> 01

ANDVA
#4.19 6.623 13 F = 0.8
12.88 5,006 57 o = 2,232
14.60 2,191 5 p>0.1

(*) means 0.1>0>0.05 * means 0.05> D >0.01, and * meams 0.01> p_>0.001

The "Mid-Playback’ phase excludes the
last 5 min Of the decressing | evel phase.
The 'Post-Playback' phase is 0-30 min after the ed of the playback. The ‘Peat-@trol’

b

phase begins 30 min after the playback.

first 5 mn Of the increasing level phase and the

158

- N



Di st urbance 159

1982  °iigAuc 1083  °:'8,Aue
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] .0 .
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After 9*eeee0
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@ 0
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FIGURE 13. Relative orientations of bowheads during four drillship noi se
pl ayback experinents, 1982-83. Distances from projector to whales were 2-63
kmin 1982 and 0.4-1.8 kmin 1983. Presentation as in Fig. 9.
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for pooled 1982 + 1983 data). In 1982 there were alnobst no post-playback
data, but in 1983 the data showed no evidence of orientation away after
pl aybacks ended (p>>0.l, V-test; Fig. 13).

The V-tests and inspection of the data in Figure 13 show a greater
tendency for orientation away from 'Sequel' while drilling noise was being
broadcast than during the pre- or post-playback periods. However,the
difference between the orientations (relative to ‘Sequel’) before and during
pl aybacks was not significant in 1982 (p>0.5; Kuiper test), marginal in 1983
(p = 0.05), and very marginal overall (p = 0.1)

Because of small sanple sizes during individual experinments, we pool ed
data from 2 or 4 experiments in these conparisons. However, the tendency for
orientation away was evident in only one of two experinents in each year
(Fig. 13). A possible reason for the stronger reaction on 18 than on 22 Aug
1983 is that the anbient noise |evel was lower on 18 August (Table 21).
Consequently, the signal-to-noise ratio during the playback period was higher
on 18 than 22 August (32 vs. 19.5 dB). To the human ear, drillship sound
reaching the sonobuoy and whales on 18 Aug 1983 conpletely doninated the
underwater sound field. In contrast, water noise was still detectable along
with drillship noise on 22 Aug 1983

The vari abl e tendency of bowheads to orient away from the source of
drilling noise mght also be related to received noise level, which is a
function of distance, The above anal yses include whales 2-6.5 km from
“Sequel’ in 1982, and 0.4-1.8 kmaway in 1983. To test whether the tendency
to orient away during playbacks was a function of distance, we converted the
orientation relative to ‘Sequel’ data into a 0"-180° scale, where 0° was
directly away, 90° was tangential to either the right or 1left, and 180° was
directly toward. One would expect a positive correlation between this
orientation score and distance if whales close to ‘Sequel’ were nost likely
to orient away. In actuality, there was no significant correlation in either
1983 (Spearman rs = 0.09, n = 36, |-tailed p>0.1) or in 1982 plus 1983 pool ed
(rs = -0.01, n = 51, p>>0.1). Hence the tendency to orient away fromthe
source of drilling noise during playbacks did not seem to depend on range
fromthe projector, within the range of distances studied.

Thus, playback experiments showed a weak tendency for bowheads to orient
away from the source of drillship noise. All orientation data discussed above
were obtained by aerial observers, Boat-based observers recorded too few
observations of bowhead orientations during drillship pl aybacks to warrant

anal ysi s.

A gray whal e appeared 5.5 kmfrom ' Sequel’ and headed toward her 3 mn
into the increasing |evel phase of the 18 Aug 1982 experiment. By 1 min into
t he peak | evel phase, the gray whale was 4.5 km away and had turned to nove
tangentially. The last sighting was 7 min into the decreasing |evel phase
when the whale was noving slowly away. Whether the reorientation was
attributable to the drillship noise is unknown.

Gt her Behavioral Variables .--Pooled results from the 4 experinents

provided no evidence of greater speeds during the m d-playback period than
before playbacks. There was an indication of such an effect in the 1982

experiments (Richardson et al. 1983c¢c, 1985b), but this trend was not evident
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in 1983 or in the pooled results. Frequencies of turns, pre-dive flexes, and
fluke-out dives were apparently unaffected by the playbacks (Table 24).

Four mnutes into the increasing | evel phase of the aborted experinent
on 19 Aug 1982, a bowhead calf was observed noving along a w ndrow of debris
2 km from‘Sequel’. The playback was stopped 4.5 min later, by which tine the
received |evel of drillship sound 1.5 km from ' Sequel’ was 7 dB above anbient
(Table 21). The calf followed the debris during the brief playback and for &
mn thereafter. The calf stayed at or just below the surface, orienting
directly along the windrow and changing course as the wi ndrow neandered ri ght
or left. The calf’'s nmovenents disrupted the |ine of debris. W believe that
the calf was playing with the debris rather than feeding (Warsig et al. 1983,
p 80). In any event, the activity continued as the drillship noise |evel
increased, and then for 8 subsequent ninutes after the abrupt end ot the
pl ayback.

Table 24. Estimated speed and occurrence of turns, pre-dive flexes, and
‘flukes out’ Dby non-calf bowheads observed before, during and
after four drillship noi se playback experinents, 1982-83a. Each
surfacing by a whale is a unit of observation.

speed

Zero slow Mbderate Fast Tot al

Pre-Control 5 9 17 2 33

M d- Pl ayback ° 8 5 25 5 43

Post - Pl ayback 6 6 4 0 16

Post - Cont r ol 7 17 5 0 29

Chi 2 (df = 1)¢ 1.21, p > 0.25

Turn Pre-Dive Fl ex Pre-Dive ' Fl ukes-Qut’
No Yes Tot al No Yes Tot al No Yes Tot al

Pre-Control 29 7 36 36 3 39 31 17 48
M d- Pl ayback"23 8 31 34 0 34 41 “ 16 57
Post - Pl ayback 6 2 8 10 0 10 15 5 20
Post - Cont r ol 19 6 25 10 1 11 39 11 50
Chi 2 (df = 1)¢ 0.39, p>0.5 2.73, p > 0.05 0.65 p > 0.25

a2 |ncludes experinents on 16 and 18 August 1982, and on i8 and 22 August 1983.

b The ‘M d-Playback’ phase excludes the first 5 nin of the increasing |evel
phase and the last 5 min of the decreasing |evel phase.

€ Chi’tests conmpare frequencies in the pre-control vs. mid-playback phases.

In the analysis of speeds, zero plus slow were conpared with noderate pius
fast.
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Bowhead Calls .--Results from 1982 indicated that bowheads called |ess
during drillship noi se pl aybacks than before those playbacks (Table 25).
Results from 1983 were not as clear because of the lower overall calling rate
in 1983 (wirsig et al. 1985b). However, both total calls and |oud calls were
agai n | ess common during playback periods. The |ower total number of calls
during playbacks was probably partly an artefact of masking by drillship
noi se. However, drillship noise did not mask the |ouder calls, so the reduced
rate of loud ecalls during playbacks was probably real. The proportional
frequenci es of occurrence of the various call types were simlar before,
during and after playbacks (Fig. 14).

In summary, call rates seemed | ower during drillship noi se playbacks,
and bowheads tended to turn away from | ocati ons where drillship noi se was
originating. However, the effect was weak, and not all whales reacted, In
1983, dives were briefer when the water was ensonified by drillship noi se

Table 25. Call rates of bowheads during four drillship noise playback

experinents , 1982-83. Data conpiled by C.W. Clark. See
Ri chardson et al. (1984, p. 193) for a nore detail ed breakdown of
these data.

Bef ore During After

Pl ayback Pl ayback Pl ayback

Loud Calls/Wale-h

16 + 18 Aug 82a 4.4 1.8 1.6

18 + 22 Aug 83 0.9 0.1 0.7
Total Calls/Whale-hb

16 + 18 Aug 82° 36.1 17.5 35 *0

18 + 22 Aug 83 1.7 1.30 2.7
Total Calls/hb

16 + 18 Aug 82a 261 122 254

18 + 22 Aug 83 17 11 30
Wal e- h

16 + 18 Aug 82a 16.13 7.43 5.80

18 + 22 Aug 83 2.33 14. 47 29.25
Hours of Recording

16 + 18 Aug 82a 2.23 1.07 0. 80

18 + 22 Aug 83 0.23 1.27 2. 65

& Seismc inmpulses were present throughout the experiment on 18 Aug 1982.

b 'Total Calls/Whale-h" figures are especially inprecise because (1) the
number of whales within acoustic range probably exceeded the nunber under
observation and (2) sone otherw se detectable faint calls probably were
masked during noise playbacks. Limtation (2) also applies to ‘Total
Calls/h".
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FIGURE 14. Relative frequencies of seven call types during four drillship
noi se playbacks, 1982-83. Nurmbers of calls detected were nuch higher in
1982, when the whales were in deeper water. P.T. Pul sed Tone. Dat a
conmpi led by C.Ww. O ark.

than after such playbacks, but the sanple sizes were very small. None of the
ot her behavi or al vari abl es analyzed differed significantly between

pre~playback and pl ayback peri ods.

Di scussi on

Bowheads sonetines were found within a few kilometres of operating
drillships, well within the zone where drillship noise is clearly
detectable. General activities there seemed normal, and there was no
concl usi ve evidence that the noise affected surfacing, respiration or dive
cycl es.

The sightings near drillships show sone tolerance of drilling, but do
not prove that bowheads are unaffected by drillships. W do not know how many
more whal es might have been present if drillships had been absent, or whether
bowheads departed sooner because of the drillships, or whether the |ikelihood
of return in subsequent years was affected by exposure to drillship noi se.
Simlar questions arise with respect to occurrence of bowheads near dredges,
and we discuss these possibilities in the ‘Reactions of Bowheads to Dredging’
section, bel ow

Pl ayback experinents showed that sone bowheads reacted, although not
strongly, to drillship noise at intensities simlar to those several
kilometres from a real drillship. During playbacks, there was a weak tendency

to orient away fromthe playback site, and perhaps for reduced dive durations
and calling rates.
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Qur results from summering bowheads were generally consistent with
reactions of mgrating gray whales to the same drillship noise (cf. Malme et
al, 1983, 1984). Approaching gray whal es tended to change speed and course
slightly. Mst avoided the area within a few hundred nmetres of the playback
site. About 10% 50% and 90% of the gray whal es avoi ded the zones. where
drillship noi se levels (50-315 Hz band) were 110, 117 and 122 dB//1 pPa,
respectively. Initial reactions by -gray whales occurred at longer ranges,
where noi se levels were lower--within 4 dB of anbient levels. Sinilarly, in
our 1982 experinents, the closest bowheads received drillship noise at |evels
of only 100-110 dB (Table 21); nost bowheads were nore distant and thus
received slightly lower levels. Even in the 1983 tests, when bowheads were
closer to the playback sites, average received levels (range 1.2 km were
only about 110 dB and 112.5 dB*. Thus, reaction thresholds of bowheads and
gray whales to playbacks of drillship noise were simlar.

Wiy di d bowheads seem nore strongly affected by playbacks than by
drillships thensel ves? Bowheads remmined near drillships for hours and
perhaps days, whereas some bowheads oriented away from playback sites within
m nutes. During playbacks, bowheads received drillship noise with levels and
spectral characteristics simlar to those several kilometres from actual
drillships. One difference between the two situations is that playbacks
lasted only 30-40 rein, whereas a drillship produces sounds continuously. W
i ncreased the playback intensity gradually over 10-13 min in an attenpt to
avoid startle responses. However, a 10-min period of increasing noise may be
perceived differently than the slower increase that a whale would experience
as it swamtoward a drillship.

Another possibility is that some bowheads avoi d drillships whereas
others do not. During playbacks, only sone of the whales noved away. W do
not know whet her bowheads were as numerous near drillships as they would have
been in the sane areas and times in the absence of drillships.

In any case, sightings near drillships and the linited reactions to
pl aybacks show that some bowheads tol erate considerable drillship noi se.
Reactions of bowheads to drilling on artificial islands and caissons are not
known. However, underwater noi se levels at various distances froma drillrig
operating on a caisson-retained island (with support vessels nearby) were
simlar to levels at corresponding distances fromthe ‘Explorer II' drillship
(G eene 1985). In the case of gray whales, the received noise level that
caused 50% avoidance was simlar for a drillship, sem subnersible and
drilling platform (117-120 dB) despite differences in source |evels and
spectral characteristics (Malme et al. 1984). Sound levels near artificial
i slands and cai ssons not attended by support vessels are probably |ower than
those near attended structures or drillships. It i s reasonable to predict
that reactions of bowheads to such unattended drillsites would be | ess than
those to drillships.

* In 1983, the closest whales (0.4 km on 18 Aug) probably were exposed to no
more than 125 dB, the received level at range 0.4 kmduring a dredge noise
pl ayback with sinmilar source level and water depth (Table 26).
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REACTIONS OF BOWHEADS TO DREDAE NG

Several seagoing dredges are used in the eastern Beaufort Sea throughout
each open water season (Richardson et al. 1985a) . They construct artificial
i slands and undersea berns from sea bottom nmaterials. They also excavate
glory holes for wells to be drilled by drillships. Two types of dredges are

used. Suction dredges remain nearly stationary and continuously deposit the
material nearby via floating pipeline. Hopper dredges carry nmaterial to the

construction site, sonetinmes fromover 100 km away, and dunp it either
through gates in the bottomof the ship or via punp-out nethods. Both types
of dredges create continuous underwater noise detectable nany kilometres away
(Greene 1982, 1983, 1984a, 1985).

Previous to 1980 there had been no studies of reactions of any bal een
whal e species to dredging. Linmted data were available from a toothed whale,
t he white whal e Delphinapterus leucas, in nearshore waters of the eastern
Beaufort Sea. This species seened to react less strongly to stationary
dredges than to noving tugboats with barges (Fraker 1977a,b), despite
simlarities in acoustic source |levels and frequencies (Ford 1977). Fraker
concl uded that passage of white whal es along a shoreline was tenporarily
bl ocked by a nearshore dredging operation involving frequent barge traffic,

but not by dredging with little barge traffic. Shalleaberger (1978) suggested
t hat spinner dol phins Stenella longirostris ceased using a Hawaiian bay

because a noisy construction project began there.

We obtained two types of data concerning reactions of bowheads to
dredgi ng and associated island-construction activities: (1) Opportunistic
observations of bowheads near such activities, including measurenments of
underwater noise levels. (2) Controlled tests of reactions to underwater
pl aybacks of dredge noi se.

Met hods

Cbservations near |sland Construction Operations

| ssungnak, 1980.--In August 1980, many bowheads occurred around a dredge
at Issungnak artificial island in 19 mof water north of the Mackenzie Delta
(70°01'N, 134°19'Ww). This island was being inproved by the suction dredge
‘Beaver Mackenzie', an 87 mvessel which uses 3 punps of 1500-1700 hp to nove
dredged materials (up to 70,000 m3/d) along its suction and discharge pipes.
The operation also included a barge, tug boats, and helicopter and crew boat
traffic from shore. Underwater sounds from ‘Beaver Mackenzie' and associated
vessels were recorded at Issungnak on 7 Aug 1980, and sounds from the sane
dredge have also been recorded at other times (Geene 1982, 1984a, 1985).

To docunent bowhead distribution, aerial surveys of a grid centered at
Issungnak were flown six times in the 5-22 August 1980 period. There were
10-16 transect lines, depending on date and fog, spaced 3.2 km apart (for
details, see Norton Fraker and Fraker [19811, Fraker et al. [19821). Whale
sightings by industry personnel working at Issungnak were al so tabul ated.

Amerk, 1983.--Throughout our 1983 field season, the suction dredge
‘Beaver Mackenzie' was constructing an underwater berm at Amerk (69°59'N,
133°31'W; depth 26 n). Two or nore support boats were usually present, and
there was daily helicopter traffic. The Arerk bermwas the base for a
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drilling caisson, which was floated onto the bermin 1984. Industry personnel
reported bowheads near Anmerk on 12 August 1983. Low ceilings prevented aerial
observations, but our chartered boat, ‘Sequel’, travelled to Amerk on i3

August to observe bowheads and record underwater sounds.

Minuk, 1984. --On 30 and 31 August 1984, we observed bowheads in 17-20 m
of water 13 km southwest of an artificial island under construction at Minuk
(69°43'N, 136°28'W; depth 12 m). One or both of the hopper dredges fCornelis
Zanen' and 'W.D. Gateway’ were unloading at Minuk via the punp-out nethod
during our observations. 'Zanmen'is a 15,000 hp ship that can carry 8000 m
of dredged material. ‘Gateway’ is a 14,000 hp ship with capacity 6000 m3,
Sonobuoys showed that strong industrial sounds were reaching the whales as
the ships unloaded 13 km away (G eene 1985). On 30 August, we observed
bowheads for 2.0 h with no dredge in the area, for 0.33 h as 'Cornelis Zanen'
approached from22 to 13 km away, and for 1.67 h as she unloaded at Minuk 13
km away. On 31 August, we observed whales at the same location for 1.15 h as
one and then both ships unloaded at Mnuk. (Subsequent observations during a
hel i copter overflight experinent were described earlier.)

Dredge Noi se Pl ayback Experinents

Three dredge noi se playback experinents were conducted near the Yukon
coast in 1983-84 (Fig. 1; Table 26). Recorded noise fromthe ‘Beaver
Mackenzie' suction dredge was broadcast via a J1l projector deployed at 9 m
depth from ‘Sequel’ in the same manner as during playbacks of driliship noise
(see Reactions to Drilling section, above). In each experinent, ‘Sequel’ had
been quiet (drifting or anchored) for at least 0.6 h before the Islander
observation aircraft arrived.

The recording of dredge noise used in all experiments had been nade 1.2
km from ‘'Beaver Mackenzie' in water 18 m deep (hydrophore depth 13 m on 7
Aug 1980 (Greene 1982). At the recording location, the received |evel was 120
dB//1 mPa in the 20-1000 Hz band and 121 4B in the 20-2000 Hz band. There
were strong tones at 329 Hz (103 dB), 384 Hz (103-107 dB), and 1775 Hz
(94-101 dB) (see Fig. 16A, later).

Pre-playback control observations were obtained for 46-77 mn (Table
26). Each playback consisted of a 10 min increasing |level phase, a 20 min
peak | evel phase, and a 10 m n decreasing level phase. The source level of
the noise during the peak period was 161 dB//1 mPa-m. FOr purposes of data
analysis, a ‘mid-playback’ period was defined. It included the last 5 nmin of
the increasing level phase, the entire peak level phase, and the first 5 min
of the decreasing |evel phase. Post-playback observations were collected for
21-34 rein; they were curtailed by darkness twice and by fog once.

During the first two tests, distances of whales from* Sequel’ were 0.5-2
km and 0.15-2.25 km In the third experinment, five whales under detailed
observation were only 0.1-0.8 km from ‘ Sequel’ at the start. of the playback
period. During 2 of 3 experinents it was possible to drop a somobuoy anobngst
t he whal es. Sonobuoy |ocations, received noise levels, and general activities
of the whales before playbacks began are sunmmarized in Tabl e 26.
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Table 26. Circunstances of the three dredge noise playback experinments in
Mackenzi e Bay, 1983-84.

26 Aug '83 16 Aug ' 84 24 Aug ' 84
Location of *Sequel’ 69°07'N 69°11’ 69°05’
137°55'W 138°08’ 137°3%
Water Depth (m at
Boat 18 22 12
Whal es c.10 22 12
Sea State 1 1 2-3
Aircraft Altitude (m 610 610 457
Durations (rein) of Ohs.
Qui et Boat 72 77 46
Pl ayback,incr. | evel 10 10 10
Pl ayback, peak |evel 20 20 20
Pl ayback, deer. |evel 10 10 10
Post - pl ayback 32 21 34
Time (MDT) of Observ. 20:58-23:22 21:15-23:33 15:49-17:49
‘Sequel’ Quiet After 18:35 20:40 09: 42
Source Level of Sound
during Peak Period
(dB// 1 pPa-m) 161 161 161
Approx. Di stances (km
Proj ector to Sonobuoy -a 1 0.4
Projector to Wales 0.5-2 0.15-2.25 0.1-0.8P
Noi se level at Sonobuoy
(dB/ /1 pPa)
Anbi ent, 20-1000 Hz -a 100- 106 101- 102
Pl ayback, 20-1000 Hz 111-118 121-125
Initial No. of Whales
Wthin 5 km c* 15 9 c. 25
Wthin 2 km c. 8 3 c. 8
Activity of Whales Mostly lone Mostly |one Lone whal es
Bef ore Pl ayback whal es, =zero- whal es novi ng movi ng at
nmed. speed at medi um zer o- medi um
bet ween dives. speed. Speed.
Cccasi onal Appar ent
socializing. near - bottom
f eedi ng.

a No sonobuoy on 26 Aug 83.
*Most whal es 2+ km away by end of playback period on 24 Aug 84.
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Resul ts

bservations near |sland Constructi on Operations

I ssungnak, 1980. —bnderwater industrial noise was readily detectable
1.2 and 4.6 kmfromthe dredgi ng operation at Issungnak (119-120 and 117
dB//1 mPa in 20-1000 Hz band, respectively, Geene 1982, 1985). There were
tonal conponents at various frequencies up to 1775 Hz. No attenpt was made to
detect dredge noise >4.6 km from Issungnak. However, the sane dredge
operating in shallower water in 1981 was detectable at range 7.4 km Hence,
the dredge was presumably detectable >7.4 km from Issungnak.

During six surveys around Issungnak on 5-22 Aug 1980, bowheads were seen
as close as 0.8 km from the construction operation. As nmany as 12 bowheads
were seen within 5 kmduring a single survey, although bowheads were not
always that close (Fig. 15). Totals of 20 and 49 bowheads were seen within 5
and 10 km respectively, during all surveys combined. Al though these totals
probably include sone repeated sightings of the sane animals, other unseen
bowheads were no doubt present below the surface.

5 auG 198 9AUG 1980

YT 1GERER

|e®
ISSUNGNAK oo * B

;
\

o Ugg U U -G~ -

of aircraft

km

FIGURE 15. (hservations of bowheads during two Systematic surveys around an
i sland-construction operation at Issungnak, 5 and 9 Aug 1980. C osed and open
dote represent whales < 0.8 kmand > 0.8 km respectively, from the survey
lines. Circles denote radii of 5and 10 km From Norton Fraker and Fraker

(1981).

I ndustry personnel working at Issungnak reported 17 sightings of a total
of at least 135 whales on 2-18 Aug 1980 (see Fraker et al. 1982, p. 210, for
list). Several whales were estinat-ed to be <500 mfromthe dredge. Sightings
by industry personnel and ourselves were consistent in indicating that
bowheads were common within 5-10 km of Issungnak for about 17 days. Wet her
specific individual bowheads remained nearby for 17 d is unknown.
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In contrast, neither biologists nor industry personnel saw many bowheads
near Issungnak while it was being constructed in 1978 and 1979 (Fraker 1978;
Fraker and Fraker 1979). Bowheads also were infrequent or absent there in
1981 in the absence of construction, and in 1982-84 atter Issungnak Was
abandoned (Richardson et al. 1985a) . Thus, bowheads are not abundant in the
| ssungnak area during nost sumrers. The abundance of bowheads there in 1980
despite construction activity suggests that they exhibit some tol erance of
dredgi ng and associated construction activities.

Amerk, 1983.—Industry personnel reported one ornore bowheads near the
Amerk dredging site on 12 Aug 1983. ‘Sequel’ travelled to Amerk on 13 August
and, for about 2 h, observed two bowheads 2-4 km from the dredge and support
vessels. Deteriorating weather prevented further observations from ‘Sequel’ ,
but industry personnel reported three bowheads there at 00:20 on 15 August.
Thus , one or nore bowheads were apparently within a few kilometres of Amerk
at least internittently for >2 days. Underwater sounds 1.85 km from Amerk
were recorded on 13 August. Industrial noise was very noticeable, wth
received levels 111-114 dB//1 mPa in the 20-1000 Hz band at 9 and 13 m depth
(G eene 1984a, unpubl.).

M nuk, 1984. -~ Bowheads observed 13 km from hopper dredges unl oadi ng
at Mnuk on 30 and 31 Aug 1984 were nostly | one whales noving at slowto
moderate speed, with no tendency to orient away from the dredges. Numbers
present were about 12 and 7 whales on 30 and 31 August, respectively. The
observation site was the sane on the two days, but we cannot be sure that
i ndi vidual s present on 30 August were still present the next day. Wile the
whal es were at the surface, mud was often seen streanming from the body and,
especially on 30 August, the mouth. This indicates that near-bottom feeding
was occurring during dives. Sonobuoys showed that strong industrial sounds
were reaching the whales on both 30 and 31 Aug 1984. o0n 31 August when 1-2
dredges were unloading, the received |level was 115-117 dB//1 pPa in the
20-1000 Hz band, with no particularly strong tones (G eene, unpubl.).

On 30 August, when observations began 2.33 h before the dredge arrived
at Minuk, general activities did not change when the dredge approached or
began unl oadi ng. Mst standard behavioral variables (duration ot surfacing;
nunber of blows per surfacing; blow interval; estimated speed) were also
simlar before and after the dredge arrived at Minuk. Similarly, values of
nost behavioral variables recorded in the presence of dredges on 31 August
did not differ significantly from values recorded on control occasions—i.e. ,
in the sane area in the absence of potential disturbance sources on 28 Aug,
30 Aug and 2 Sept 1984.

Frequency of flukes out upon diving did differ in the presence and
absence of dredges. However, the trends were in different directions on the
two days:

No No
Fl ukes Fl ukes Fl ukes Fl ukes
30 Aug, pre-dredge 16 16 31 Aug, dredge(s) 6 23
", with dredge 15 4 Three ‘control’ days 66 44
Chi 2 (df=1) 4,19 (p<0.05) 14.20 (p<0.001)
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The lack of consistency in these trends suggests that some factor other than
the dredges was responsi bl e.

Sunmary. --Even in the shallow waters where seagoing dredges operate,
dredge noise is detectable underwater for at |east several kilometres.
Bowheads engaged in seenmingly normal activities have been seen well within
the zone ensonified by suction and hopper dredges. Bowheads have been seen in
areas with dredge noise for as much as 17 d, but it is uncertain whether
specific individuals ever remain in an ensonified area for that |ong.

Dredge Noi se Playback Experinents

Sound Levels to Wich Bowheads Were Exposed. --On 26 Aug 1983, bowheads
were 0.5-2 km (nmean 1.4 km} fromthe sound projector. Sound |evels reaching
the whal es were not neasured, The three experinents were done in sinmlar
areas and water depths (Fig. 1, Table 26). Hence, dredge noise |evels on 26
Aug 1983 were probably conparable to those at correspondi ng distances during
later tests.

On 16 Aug 1984, the whales were 0.15-2.25 km away (nean 1.0 km). The
received noise level 1 km away was 111-118 dB//1 aPa in the 20-1000 Hz band,
or 5-18 dB above anbient (Table 26). Based on the average |level of 114.5 dB
at range 1 km received levels 0.15 and 2,25 km away were probably about 127
and 109 dB, given that attenuation from1l mto 1 kmwas about 46.5 dB (Table
26), or 15.510g (range). The received level 1.2 km from the actual dredge
was 120 dB, or about 7 dB above the expected level at a correspondi ng
di stance from the playback site. Hence, received levels at any given range
fromthe projector were several decibels less than those at conparabl e range
fromthe actual dredge. The 114.5 dB level received 1 km from the pl ayback
site would be found about 2.7 kmfromthe actual dredge, given the 15.5 log R
rel ationship and the nmeasured 120 4B level 1.2 km fromthe dredge.

On 24 Aug 1984, bowheads were initially 0.1-0.8 km away from the sound
projector (rmean 0.5 kn). The received noise level 0.4 km away was 121-125
dB//1 wPa, or 19-24 dB above anbient (Table 26). Received levels 0.1 and 0.8
km away were probably about 132 and 119 dB, given that attenuation from1l =
to 400 mwas about 38 dB or 14.6 log (range). The estimated level at 0.8 km
was simlar to the neasured level 1.2 kmfromthe actual dredge. The average
received level 0.4 km fromthe projector (123 dB) would be expected 0.75 km
fromthe actual dredge.

Noi se received at the sonobuoys during dredge pl aybacks sounded sinmlar
to the original recording of dredge noise. Several of the strong tones in the
original recorded sound were also pronminent in the dredge noi se recorded at
t he sonobuoy | ocations anpngst the whales that were under observation (Fig.
16).

Ceneral Activities.--On 26 Aug 1983 (ranges 0.5-2 km), activities were
t he sane before, during and after the noise playback--nostly |one whales
surfacing and diving in shallow water; speeds zero to noderate while at the
surface; infrequent socializing, The aerial observers did not notice, in real
time, any obvi ous response of the whales to the playback, and the whales
remained in the area during and after the playback.
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On 16 Aug 1984 (ranges 0.15-2.25 km, general activities were again
simlar before, during and after the playback: nostly lone animals noving at
medi um 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 could not be used in the analysis of surfacing-
respiration-dive data.

On 24 Aug 1984 (ranges 0.1-0.8 kn), bowheads near ‘' Sequel’ were |one
i ndi vidual s noving at zero-medi um speed. Mid was brought to the surface,
indi cative of near-bottom feeding. About 8 bowheads were within 2 km of
“Sequel'; of these, about 5 were within 700 m During nmost surfacings
within the playback period, the whales were swiming away from ‘Sequel’ at
moderate speed. This change in behavior was obvious in real time to observers
in the aircraft and on ‘Sequel’. Near-bottom feeding apparently ceased (no
mud seen). By the end of the peak level phase (30 min after start of
pl ayback), we could find no bowheads within 2 km of ‘Sequel’.

Surfacing and Respiration Characteristics. —buring the first experinent
(26 Aug 1983), the dredge playback had no apparent effect on (a) mean nunber
of blows per surfacing, (b) 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. During the third experinent (24 Aug 1984), sanple
sizes for (a) and (b) were negligible, and there was no apparent effect on




Table 27.
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Surfacing, respirati on and dive characteristics of non-calf bowheads
observed before, during and after playbacks of dredge noise,

1983- 84.

The ' Md-Playback’ phase excludes the first 5 min of the increasing
level phase and the last 5 min of the decreasing level phase.

Date and Phase
of Experiment

Mean

S .d.

n

Tes t

Mean s .d.

n Test

26 Aug '83
Pre—Control

M d- Pl ayback
Post - Pl ayback

16 Aug ' 84
Pre—~Control

M d- Pl ayback
Post - Pl ayback

24 Aug '84
Pre=Control

M d- Pl ayback
Post - Pl ayback

26 Aug ' 83
Pre—Control
M d- Pl ayback
Post - Pl ayback

16 Aug ' 84
Pre—~Control
M d- Pl ayback
Post - Pl ayback

24 Aug ' 84
Pre-Control
M d- Pl ayback
Post - Pl ayback

No. Bl ows/ Surfacing

3.140
1,949

3.271
1.500

1.414

Blow | nterval

12.31
14,58
12.83

10.51
10.12
7.50

11.26
12,71
14.80

4,603
10,684
5,906

4.022
2.891
2,121

5. 006
5.213
5.630

15

o

0

~ 01

o

oy

(s)

85
19
12

104
25
2

31
28
5

t=0.27
df=18
P05

t'=2.46
df£=7
p<0.05

F=1.08
df=2,113
p>0.1

t=0.46
df=127
p>0.1

F=1 . 30
df=2,61
p>0. |

Duration of Surfacing (rein)

0.78 0.604
1.03 0,421
0.85

1.16 0.39%
0.50 0.537
1.06 0,790
0.58 -
0.13 -

16 t=0,86
5 df=19
1 p>0.2
9 t=2,48
4 df=11
0 p<0005
2 —_

—

Dive Duration (min)

4.44

4. 054

0.22 -

0.63 -

[ OO o

— oo
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blow intervals (Table 27). There were too few data on dive duration to allow
anal ysi s.

Oientation of Wales. --If bowheads respond to dredge noise, we
hypot hesi zed that they would orient nore consistently away from ‘' Sequel’
during the playback period than before or after the playback. Oientation
data collected fromboth the observation aircraft and ‘Sequel’ confirmed that
bowheads responded to the noise. The effect was weak on 26 Aug 1983 (ranges

0.5-2 km) but strong in the subsequent experinents (ranges ‘0.15-2.25 and
0.1-0.8 km:

10 On 26 Aug 1983, aerial observations showed that orientations during
the pre-playback and playback periods were only marginally different
(Kui per test, K=344, n=26,31, p<0.1). There was a slightly greater
tendency for orientation away during the playback (Fig. 17).

26 ac ' 83 6 AUG '84 24 AUG '84

®

Before

Playback
P=<Q. P01
Toward Toward
[3
. . . S .
.
.°.. Away .o:. .
oe®® L 3
. ‘e
During (_ / D o
Playback L
.\
P <0.05 ° P <0.01 £ <005
Towarg Towara Toward
. L] .
° L]
. Away o’
. o
. .
{
After —— EAAXXR T L) —
Playback | °
°
" P >x000 . . P>0.1 P>>0.
." . Toward : ® Towara Toward
.

FIGURE 17. Relative orientations of ©vowheads during three dredge noise
pl ayback experiments, 1983-84i. Presentation as in Fig. 9.
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(bservations from * Sequel’ provided nmore convincing evidence:

Away Toward 7% Away

Pre-playback 18 28 39
M d- pl ayback 15 4 79
Post - pl ayback 5 4 56

For ‘Sequel’ data, ‘away’ represents whales heading within 60° of
directly away; ‘toward mneans within 60° of directly toward; whales
headi ng tangentially are excluded. The pre- and mi d- pl ayback val ues
differ significantly (chi2=8.53, df=1, p<0.005).

2. On 16 Aug 1984, aerial observations showed a clear tendency for
orientation away during the playback period but not before or after
the playback (Fig. 17). Oientations during the pre- and mid-
pl ayback periods were significantly different (Kuiper K = 324, n ~
36, 18, p<0.05). Cbservations from ‘Sequel’ showed the same trend,
al though sample size was small during the md-playback period
(pre-playback, 61% away;, nid-playback, 100% away; n= 28 and 4).

3. Results on 24 Aug 1984 were sinilar; orientations were non-random
and predominantly ‘away’ during the md-playback period, but random
before and after the playback (Fig. 17). (Qbservers on ‘' Sequel’
could not record orientations during the playback period.)

When results fromthe three experinents were pooled, orientations in the
pre-= and post-playback periods were both random (p>>0.1, V tests).
Orientations during playbacks were significantly non-random in the ‘away’
direction (p<0.0001). Orientations in the pre~ and post-playback periods did
not differ significantly, but both differed fromorientations in the
m d- pl ayback peri od:

Pre vs. Post K = 878 n = 7547  p>0. 2
Pre vs. Md 1830 75, 61 p<0.001
Md vs. Post 1121 61, 47 p<0.01

One woul d expect a stronger reaction fromthe whal es closest to the
boat. To a first approximation, this was evident through the |esser effects
on orientation and surfacing/respiration variables in the first experinment
(nmean range 1.4 km than in the second (1.0 km) and third (0.5 km. A nore
direct test was done using the same procedure as applied in the analysis of
drillship noi se pl aybacks. Unexpectedly, the Spearman rank correlation
between ‘deviation of heading from directly away’ and ‘distance from
projector’ was only 0.105 (n = 58, p»0.1). Thus, within the range of
di stances considered (0.1-2.25 knm), there was no evidence that orientation
was nore consistently ‘away’ anong the closer bowheads.

Q her Behavioral Variables.--Overall, estimated speeds were similar in
t he pre- and mid-playback periods, although there were fewer notionless
whal es during playbacks (Table 28). The frequencies of turns, pre-dive
flexes, and fluke-out dives were unaffected by the playbacks (Table 28).

During the pre-playback period on 24 Aug 1984, bowheads brought nud to
the surface, indicative of feeding near the bottom This behavior ceased
during the playback, and did not resume during our linmited post-playback

R o - an e R OB e
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Table 28. Estinmated speed and occurrence of turns, pre-dive flexes, and
‘“flukes out’ by non-calf bowheads observed before, during and
after three dredge noise playback experinments, 1983-84. Each
surfacing by a whale is a unit of observation.

Speed

Zero slow Mbderate Fast Tot al

Pre—-Control 10 10 25 4 49

M d- Pl ayback® 1 8 14 3 26

Post - Pl ayback 3 4 10 | 18

Chi 2 (df = 1)b 0.28, p> 0.5

Turn Pre-Dive Flex Pre-Di ve 'Flukes—Qut’
No  Yes Tot al No Yes Total No Yes Tot al

Pre—-Control 19 7 26 29 9 38 32 40 72
Mid-Playback@ 5 2 7 10 7 17 13 14 27
Post - Pl ayback 2 1 3 5 4 9 14 12 26
Chi 2 (4f=1)b 0.01, p > 0.5 1.74, p> 0.1 0.11, p > 0.5

*The mi d-pl ayback phase excludes the first 5 min of the increasing |evel
phase and the last 5 nin of the decreasing |evel phase.
Chi “tests conpare frequencies in the pre-control vs. nid-playback phases.
In the analysis of speeds, zero plus slow were conpared with nobderate plus
fast.

observations. Mid was brought to the surface during 5 of 18 surfacings in the

pre-playback period and O of 19 during the playback (chi2 = 6.10, df =1,
p<0.05). No mud was seen during 11 surfacings in the post-playback period.

Bowhead Calls.--Few bowhead calls were heard during and after the
pl aybacks on 16 and 24 Aug 1984 (0.34 calls/whale-h during and 0.28 after).
No recordings were possible in the pre-playback periods on these dates, or at
any time during the 26 Aug 1983 test. "Thus, we do not know whether call rate
changed when dredge noi se began.

Sumary. --The three dredge noi se playback experinments showed that
bowheads often respond to the onset of strong dredge noise, even when the
noi se level is increased gradually over 10 nin as in our experinents. Wales
tended to orient away fromthe playback site. In 2 of 3 tests the tendency to
nove away was strong. On 24 Aug 1984, whales ceased feeding near the bottom
and vacated the area within 2 km of the playback site within 30 nin. On 16
Aug 1984, there was evidence of reduced surface tines and nunmber of blows per
surfacing during the playback.
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Di scussi on

Qbservations of bowheads near island and berm construction sites during
1980, 1983 and 1984 showed that sone bowheads occasionally tolerate these
industrial activities and their associated underwater noise. Only a few
bowheads approached industrial sites in 1983, but some whal es apparently
remai ned near the Amerk dredging operation for at least a day or two. In
1980, |arger nunbers of bowheads were found near the Issungnak dredge site,
someti mes feeding, for about 17 days. Sonetines several whales were within 5
km of the dredge; on other days there were no sightings that close. The 1980
and 1983 cases involved a suction dredge that operated continuously at one
site. In 1984, bowheads were seen on successive days well within the zone

ensoni fied by hopper dredges unloading at Minuk.

The sightings near dredges show sone tolerance of those operations, but
do not denpbnstrate that bowheads are unaffected by construction operations.

1. We do not know whether numbers at any given distance were as high as
they would have been if there had been no industrial activity.
Densities of bowheads were too |low and too variable to allow a
meani ngful statistical comparison of nunbers at different distances

from dredge sites.

2. It is uncertain how long particular individuals remained within the
area ensonified by the dredge noise in 1980. Al though bowheads were
in the area for about 17 days, the distances from the dredge varied
fromday to day (e.g. Fig. 15). W do not know whet her the sane
i ndi vidual s nmoved back toward the dredge after having once noved
away fromit, or whether whal es renained as |long as they would have
if there had been no dredging.

3. It is not known whether exposure to dredge noise reduced the
probability that specific bowheads would return to the sane areas in
subsequent years. (Indeed, there is no information about the
propensity of specific bowheads to return to any location in
subsequent summers.)

To resolve points (2) and (3), we would need data concerning novenents of
i ndividuals identifiable by natural markings or radio tags. This type of

i nformation could not be obtained within the scope of the present study of
short-term behavioral reactions of bowheads. Photo identification studies

have been conducted in our study area since 1981 (Davis et al, 1982, 1983, in
prep.; Cubbage et al. 1984). However, 1984 was the first year when the
identification work was specifically designed to address points (2) and (3),
and no definitive results bearing on these points are available yet.

W enphasize the above limtations of the opportunistic observations
near dredges because our playback experiments showed conclusively that, in
sone situations bowheads do react to dredge noise. During the 1983 test, the
response was barely detectable. However, during the two tests in 1984
bowheads definitely noved away fromthe playback site. In one of the 1984

cases, near-bottom feeding was interrupted and sone whal es moved as nuch as 2
km During the one 1984 test when surfacing and respiration behavior could be

docunmented quantitatively, mean duration of surfacing and nean nunber of
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bl ows per surfacing were reduced as the whal es swam away during the noise
pl ayback.

Received | evels of dredge noise at various distances from the ‘Beaver
Mackenzie'  suction dredge were several decibels greater than those at
correspondi ng di stances during our playbacks of her noise. Despite this,
bowheads were seen within 1-5 km from ‘ Beaver Mackenzie' on several days
wher eas bowheads at distances up to 2 km fromthe playback site reacted to
dredge noise. Furthernore, whales 13 km from two hopper dredges unloading at
Minuk on 31 Aug 1984 were receiving dredge noise as intense as that 1 km from
the playback site on 16 Aug 1984 (115-117 dB vs. 111-118 dB). Bowhead
behavi or seenmed normal 13 km from the dredges at Minuk, but bowheads headed
away during the 16 Aug 1984 pl ayback.

The obvious response to some playbacks despite the tolerance of sinilar
| evel s of noise from actual dredging operations ves presumably related to the
fact that the level of industrial noise increased rapidly during the
pl aybacks. However, the reaction to the playbacks was not a startle reaction
in the usual sense of a response to a sudden intense stinmulus. During our
pl ayback experiments, noise intensity increased gradually from zero to
maxi mum over 10 min. For exanple, during the 24 Aug 1984 test, when the
ambi ent noi se |level was 101-102 dB//! mPa in the 20-1000 Hz band, the noise
level 0.4 kmfromthe playback site was 107 dB 5 nmin into the playback
period, and 122-124 dB8 5 min later at the start of the period of peak |evel.

Besi des the rapid onset of noise during playback experinments, there nmay
be additional reasons for the seenmingly greater reaction to sone playbacks
than to actual dredges. Levels and spectral characteristics of dredge noise
close to the playback site were simlar to those sonewhat farther away from
the actual dredge (G eene 1985). However, two other attributes of the sounds
may have differed:

1. Received levels decrease with increasing range faster at short range
than at |onger range. A whale 200 m fromthe playback source would
be exposed to a noticeably reduced level (a few dB lower) if it swam
a few body lengths. In contrast, a whale exposed to the same noise
level 1 kmor nore from an actual dredge woul d experience much |ess
change in received level if it swam the sane distance. This
difference may affect the notivation of the whale to swim away from
the noise source.

2. Especially in the shallow water where dredges operate, multi-path
distortion of underwater sounds increases with increasing range.
This might reduce the ability of a bowhead to sense the direction of
a distant noise source. The acoustic localization ability of baleen

whal es is poorly known. Humpback and fin whales are known to orient
toward conspecifics calling several kilometres away (Tyack 1981;

VAt ki ns 1981b), but these observations were in deeper water where
multi-path effects mght be reduced.

‘Thus , the proximty of some whales to the playback site may have enhanced
their nmotivation or ability to nmove away. However, the fact that many did
move away when playbacks began indicates that bowheads preferred to avoid

dredge noise at levels equal to those a few kilometres from an actual
dredge. Bowheads a few kilometres from an actual dredge begi nning operations
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presunebly woul d have the same preference to avoid the sound, even if they
had less ability to do so because of (1) and (2).

The above discussion suggests sone reasons why ‘bowheads nmight react nore
strongly during our dredge noi se playbacks than to actual dredges. However,
it is also possible that sone bowheads did react to actual dredges in the
sane way as others reacted to playbacks. As already noted, we do not know
whet her bowhead nunbers near dredges were reduced relative to nunbers that
would have been there in the absence of dredging. During playbacks, some
bowheads failed to nove away from the playback site even when others at
conparabl e ranges did nmove “away. Thus, there are variations in reactions to
dredge noi se. The whal es seen near actual dredges may have been sone of the
| ess sensitive animals; those that were nore sensitive may have noved away
earlier, or may have avoided the area when they first encountered the noise
field.

CGENERAL DI SCUSSI ON

Progress During This Study

This study was designed to determine, by experinental and observational
nmeans, the inmedi ate behavioral reactions of bowhead whales to potential
sources of disturbance. W found strong reactions to approaching boats and
| ess consistently, to aircraft at low altitudes. W did not find such strong
reactions to seismc, drilling and dredging operations, although the onset of
intense stimuli of these types did cause loecal displacenent. Table 29
summari zes the types of reactions detected during our experinents, and the
approxi mate noi se levels and radii at which effects becane detectable. It
shoul d be noted that sonme bowheads tolerated industrial noise at |evels
exceeding those listed in Table 29; others may have reacted subtly to noise
level s | ess than those listed in the table.

Reactions of bowheads to our fixed-wing observation aircraft were
frequent when it was <305 m (1000 ft) a.s.l., infrequent when it was at 457 m
(1500 ft), and rare when it was at >610 m (2000 ft). Reactions to aircraft at
2457 m were nore frequent and pronounced when the whales were in shallow
wat er. Measurenents of aircraft noise confirned that |ateral propagation of
aircraft noise in the Beaufort Sea is greater in shallow than in deep water
(Greene 1985).

When helicopters at about 153 ma.s.l. flew single passes over bowheads
(subrerged at tines of passes), we detected no pronounced reactions; the
whal es rermained in the area. The npst reaction that we would expect is a
hasty dive

Boat disturbance experinents and opportunistic observations showed that
bowheads react strongly and rather consistently to approaching boats.
Bowheads began to swim rapidly away when boats approached within 1-4 km and
continued to do so for several minutes after the boat passed. Scattering and
alteration of activities sometinmes continued |onger. Approaching boats al so
resulted in shorter surfacings with fewer respirations per surfacing.

The behavi or of bowheads in the presence of noise from seisnmic vessels 6
kmor nore away was not dramatically different from behavior in the absence
of industrial activities. W found no evidence of avoidance at such ranges.

EHE e G O ue mEr B S B



Table 29, Summary of reactions of bowhead whales to five types of imdustrial activities.
radii and noise levels listed here are approxi mate.

distances ard lower NOi Se levels.
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Threstold

Subtle effects may occwr at longer

Drillship Dredge
Fixed-Wing Full-Scale Noise Moise
Aircraft Boat Seigmicd Playback?® Playback@
Apprak. radivs Of stromg 310 m 1-2 km 3 km 6 kP L2 kP
or frequent react ion altitude
Apprax. MAX. radius Of 457m 4km ~ 7.5 kn 12 kP 2.7 kP
inflwence (mild or altitude
occasional react ion)
Apprex. MmN, noise level 105 dB 107 dB >130 4 la) dB 114 a8
causi ng reaction (dB//| pPa)®
fpprax. nin. S :Nratio - 3 dB >30 a8 16 & 13 @
causing react ion (dB)©
React i 0NS
Hasty Dive Yes Yes Mo ') o
Change i N Activity Rare Yes Yes Slight Yes
Oient Away Rare Yes Yes Yes Yes
Displacement Rare Yes Yes Prob. ¢ Yes
Scattering Yes
Change in Surface Time Mo Yes Prob. " Mo Yes
Change i n Blows/ Sfcing No Yes Prob . No Yes
Change in Blow Interval Yes Mo Pr ob. Mo Mo
Charge in Dive Durat ion Prob. Poss,
Charge in Speed No Yes Yegd No No
Change in Turn Freq. No N Poss .t 1) I\'o)
Change in Pre-Dive Flx Yes No Poss. Mo No
Change i N Flukes—Out Yo o) Prob . No o
Change in Call Rate Mo el Prob.
Change in Call Types o) o) N

d Results from ePeriments with sirgle airguns are taken ingo accownt bere.

“*-" denotes "mo data”’.

f “Prob . and “Poss.” denote ~Probale” ard “possible”; evidence is equivocal.

*Sae bowhealds exposed to ongoing moise fram actual seisnmic,

drillship Or dredge operations tolerated
noi se | evel s exceeding those t0 which bowreads rexcted during control | ed eperiments.
"Equival ent distance fran actual drillship or dredge.
“Noise |evels for 20-1000 Hz band at 9-18 mdepth ( fram Greene 1985).
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There were hints of subtle alterations in surfacing, respiration and diving
behavior in the presence of noise pulses fromseisnc vessels 6-99 km away,
but we were unable’ to confirmthat these weak and inconsistent trends were
attributable to the seismic noise. The overall trends were consistent wth
t hose found when bowheads were exposed to stronger noise pul ses from cl oser
seismc boats (Ljungblad et al. 1985, pers. comm.) Or a single airgun nearby
(this study). Hence it is possible that subtle effects sonetimes do occur at
di stances >6 km from seisnmic vessels and at received noise | evels below the
160+ dB//1 mPa expected at that range.

A test with a full-scale seismic boat showed that bowheads began to

orient away from the vessel when it began firing its airguns 7.5 km away.
However, the reaction was not strong, and sone whal es continued apparent
near-bottom feeding until the vessel was only 3 km away. \Wales were
di spl aced by about 2 km Reactions were not nuch stronger than those to any
conventional vessel. However, tests with a single airgun fired froma quiet
boat showed that bowheads will nove away from a source of strong seisnic
i mpul ses even if no boat noise is present. This confirns wot only that they
react to seismic inpulses, but that they can detect the direction from which
the inpul ses are arriving.

We saw bowheads <5 km from operating drillships and dredges, well within
the zones ensonified by drillship and dredge noise. However, playback

experiments showed that some bowheads oriented away when they received
drillship and dredge noi se conparable in level and characteristics to that
several kilometres fromthe actual drillship or dredge. Cear reactions were
detected during the 16 Aug 1984 dredge noi se playback, and the 18 Aug 1983
drillship noi se playback, “when noise received by the whales was simlar to
that about 2.7 km and 6 kmfromthe dredge and drillship, respectively. There
were hints of reactions during the 16 Aug 1982 drillship noi se playback, when
the received noise was sinmilar to that »12 kmfrom the actual drillship. In
the drillship pl aybacks, call rate may have decreased. During one dredge
pl ayback, near-bottom feeding ceased; in another surfacing and respiration
behavi or changed. The reactions to drillship and dredge noise were not nearly
as consistent or dramatic as those to an approachi ng boat.

Table 29 shows that nore types of reactions were evident in the case of
dredge pl aybacks than for drillship pl aybacks. This was probably a result of
the fact that sone whales were closer to the playback site during dredge
pl aybacks. W found no evidence that bowheads were nore sensitive to dredge
noi se than to drillship noi se.

Overall, the study showed that bowhead behavior can be affected markedly

but tenporarily by the close approach of ships or aircraft. Reactions were
| ess obvious in the cases of industrial activities that continued for hours
or days, such as distant seisnmic exploration, drilling and dredging.

Sumrering bowheads sonetimes occurred close enough to drillships, dredges and
especially seismc vessels to be exposed to considerable industrial noise.
When seen near these ongoing operations, activities seemed normal and the
whal es were not swi nming consistently away. However tol erance of these types
of activities was not conplete. Qur experiments showed that bowheads tended
to orient away from sources of drillship, dredge and seisnic noise when this
noi se first becane evident at levels equal to those several kilonetres from
actual drillships, dredges and seismc vessels.
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Recommended Research

Reactions of bowheads to helicopters have not been docunmented in
detail. Some data were obtained in this study, but the whales were below the
surface at the nonents the helicopters were overhead (al so see comments by
Berzin and Doroshenko 1981; Dahlheim 1981). Reactions to fixed-wing aircraft
are better known, and we expect that reactions to helicopters and fixed-w ng
aircraft are simlar. However, sone helicopters produce rather intense noise
with strong | ow frequency conmponents and many tones (G eene 1985), so
reactions of bowheads to helicopters nay be nore pronounced than those to
fixed-wing aircraft. Playback experiments indicate that gray whales react to
repeated underwater playbacks of helicopter noise (Malme et al. 1983, 1984).
However, reactions of gray whales to the nore realistic case of single or
wi del y-spaced overflights by an actual helicopter are unknown.

Short-term reactions of bowheads to boats are conparatively well
docunented. However, sensitivity seens to vary, and the factors affecting
this variation are not well documented. Reactions to repeated boat trarfic
are unknown, although groups of bowheads have been seen repeatedly at
specific locations near major traffic lanes over periods ox days (R chardson
et al. 1985a). To test the effects of repeated vessel traffic, it would be
necessary to study bowheads that were individually recognizable either trom
natural markings or radio tags. Reactions to icebreakers breaking ice and to
hovercraft are unknown.

Mich has been | earned about reactions ot bowheads to seismc inpulses.
Bowheads often tolerate noise inpulses from distant seismc vessels (26 km
away) without exhibiting avoidance or conspicuous changes in behavior. In the
presence of strong seisnic noise (i.e. seismc vessel within a rew
kilometres), normal activities of many bowheads are affected, avoidance
occurs , and surfacing, respiration and dive behavior changes (this study;
Ljungblad et al. 1985, pers. comm.). However, a nunber of questions about the
effects of this noise remain unanswered.

1. Are there subtle reactions to noise from distant seisnic 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 noise from distant seismc vessels. However, mnuch
effort may be necessary to detect subtle effects in the presence of
the great natural variability in bowhead behavi or

2. \Wen bowheads alter their activities and avoid a nearby seismic
vessel , s there any negative effect on the individuals? Telenetry
of physiol ogical data could be hel pful here. A further requirenent
woul d be an analysis of food availability and patchiness relative to
the needs of bowheads

3. If the area from which they noved was inportant to them e.qg.
because of high food abundance, do they return to that area after
the seismc vessel has left? To address this question, it would be
necessary to recognize individuals, e.g. fromnatural markings or
radio tags.
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4.  Does exposure to intense seismc noise have any negative effect on
the hearing system of bowheads? Question (4) would be difficult to
answer, but data about the sensitivity of any bal een whale to sounds
of different frequencies would be hel pful (see Ridgway and Carder
[1981] for possible approach). Any such effect is likely to be
confined to short ranges.

5. Does exposure to seismc noise affect the probability that bowheads
will return to that area in future ‘years? (see Richardson et al.
1985a for discussion of available evidence.) To obtain definitive
data on this point, individually identifiable whales would have to
be detected over two or nore years.

Mich al so remains to be | earned about the |ong-distance propagation of
seism ¢ noi se through water. Received |evels decrease with increasing range,
but there is variation in the rate of attenuation of seismc pulses (G eene
1983-85). Besides distance, factors known or suspected to affect the
intensity and characteristics of the received noise pulse include
characteristics and depth of the noise source, aspect, Water depth, ice and
bottom conditions, and receiver depth (G eene 1982-85; Malme et al. 1983).
Al though G eene (1982-85) and others have obtained some data on all of these
points, no detailed study of their interactions has been done.

Reactions of bowheads to drillships and to playbacks of drillship noi se
have been examined in this study. Reactions of bowheads to other types of

drilling operations, e.g. on artificial islands and caissons, have not been
studied. Natural and artificial islands and caissons are the main types of
drilling platforns being used for drilling in the Al askan Beaufort Sea,

al though drillships may come into use there in 1985. Malme et al.(1984)
found that, for gray whales, reaction thresholds occurred at varying
di stances fromthe drillsite, depending on differences in the source |evels
of different drilling operations. Geene (1985) found that a drilling caisson
and attending support vessels produced noise |levels conparable to those
around a drillship. Thus, we predict that zones of influence around
drillships and caissons would be sinilar.

No nmeasurenments of underwater noise fromdrilling on an uncontained
island in the open water season have been reported; no such operation
occurred in the eastern Beaufort Sea during our five field seasons. This data
gap makes it difficult to predict the relative zones of influence around
uncontained artificial islands vs. drillships and cai ssons.

Bowheads sonetines tol erated considerable noise fromdrillships and
dredges, but playback experinents showed that some bowheads oriented away
from drillship and dredge noise. The inmportance of  short-distance
di spl acenent to the well-being of the whales is unknown. It is also unknown
whet her the whales that remained within the ensonified area were stressed or
otherwi se affected in any way. Techniques simlar to those suggested in
points (l)-(3) under seismc noise would be hel pful in addressing these
questi ons.

It would be desirable to perform playback experinments to determ ne
whet her bowheads react as strongly to non-industrial noise as they do to
drillship or dredge noise. If so, then the inmportance of their rather weak
reactions to drillship and dredge sounds would be questionable. Control
pl aybacks of this type were recogni zed as being a desirable part of this
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study, but there were too few opportunities for playback tests to pernmt this
wor k.

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 nuch |ess about the significance of those reactions to the
wel | -being of the whales, and about |ong-term effects on individuals and on
the popul ation. To address these nore refined questions, techniques that
allow physiological nonitoring, repeated observations of identifiable
individuals, or both, are increasingly necessary. Radio telenmetry or
i ntensive photographic work (Davis et al. 1983) are two prom sing approaches.

Anot her possi bl e approach to the question of long-termeffects is to
determ ne whether there has been displacement of bowheads from areas with
much industrial activity. The nunber of bowheads within the main industria
area in the Canadi an Beaufort Sea has varied dramatically during 1980-84
(Richardson et al. 1985a). However, it is not known whether any of this
variability is attributable to industrial activity rather than to variations
in natural factors such as food supply, ice conditions, etc. A better
understanding of production processes and of the feeding ecology of bowheads
will be necessary to determine the inportance of oceanographic variation in
affecting the variable sunmmer distribution of bowheads in and near the
industrial area (Borstad 1984; LGL, ESL and ESsSA 1984; Richardson et al.
1985a) . One inportant point that did enmerge from analysis of bowhead
distribution in the sumers of 1980-84 is that bowheads have not been
excluded fromthe wide area where seisnmic exploration has occurred each
sumer in recent years (Richardson et al. 1985a).

I nplications of Short-term Behavioral Reactions

Interruption of Feeding

Strong responses to boats and aircraft have been found in sone
situations, and weaker responses to other industrial activities have been
detected or suspected, especially when those activities or noise sources
first start up or approach. However, even the strong responses do not seemto
persist for |ong. Bowheads do not seemto travel nore than a few kilometres
in response to a single disturbance incident, and their activities do not
seemto be interrupted for |ong.

Cccasional brief interruption of feeding by a passing boat or aircraft
is probably not of mmjor significance. Simlarly, the energetic cost of
traveling a few kilometres is very small in conparison with the cost of
m gration between the central Bering and eastern Beaufort Seas. These factors
m ght becone significant if industrial activity were sufficiently intense to
cause repeated displacenent of specific individuals. A better understanding
of the energy bal ance, feeding dependencies and site tenacity of bowheads
woul d be necessary to address this question.

Social Disruption

Di sruption of social groupings, especially nother-calf pairs, could be
nmore inportant. Upon the approach of a boat, socializing whales ceased
socializing and swamrapidly away. W noticed increased spacing between
whales after some boat disturbance incidents, and there was an indication of
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reduced echelon size among skimfeeding whales during one airgun experinment.
Qur data on the durations of periods of increased spacing after boat
di sturbance are not extensive, but scattering persisted |onger than the
flight response, in one case for at least 1 h. Since the functions of nost
forns of socializing are unknown, we cannot predict whether disruption of
socializing groups would affect individuals significantly.

Di sruption of mating groups or nother-calf pairs could be particularly
serious. In the absence of industrial noise, nothers and calves that were
separated by a few hundred metres conmonly rejoined, apparently through
acoustic comuni cation (Wirsig et al. 1985a,b). Fenml e bowheads sonetines
becane separated fromtheir calves by distances up to 1 km If a boat
approached during one of these tenporary separations and caused the whales to
flee, the nmother and calf mght becone separated permanently. This would be
especially likely in an industrialized area where elevated noise |evels would
reduce the effective range of acoustic conmunication (see bel ow).

Stress

The subtle alterations in behavior that we sonetinmes detected m ght be
significant as indicators of otherw se-unobservable stress. Stress effects

are difficult to detect in any aninmal, and would be especially so in large
free-ranging whales. Nonetheless, stress m ght occur as a result of noi se or
other stimuli fromindustrial activity, and seeningly m nor changes in overt
behavior might be the one observable nanifestation. Radio telenetry of
physi ol ogi cal data may provide a means to study such phenomena in whal es
exposed to human activity, as has been done in a few terrestrial manmal s

(e.g. MacArthur et al. 1979).
Maski ng of |nportant Sounds

Conti nuous noi se reduces the maxi mum range to which a bowhead call or
other sound is detectable if the noise and the sound of interest are at
simlar frequencies. The 50-400 Hz band contains the peak energy of nost
i ndustrial sounds (Fig. 18A; Greene 1985), and also contains nost bowhead
calls (Fig. 18B; Ljungblad et al. 1982b; Clark and Johnson 1984; Wirsig et
al. 1985b). Calls are presumably inportant to bowheads for communication
(Clark 1983). Detection of ice and water noise also nay be inportant for a
speci es that depends on its ability to find open water in pack ice. Wth
spherical spreading, a 20 dB increase in noise level will, theoretically,
reduce the range of detectability of a given sound of simlar frequency by a
factor of 10, e.g. from 10 kmto 1 km (e.g. Mghl 1981; Ri chardson et al.
1983b) . Wth cylindrical spreading, the effect is even greater--a 20 dB
increase in noise reduces the range of detectability 100-fold.

Whet her the masking effect would actually be this severe, or inportant
to the whal es, depends on many factors, nost of which are poorly known or

unknown;

1. Is long-distance communication inportant to bowheads? Fin whales
sonetines respond to calls from other £in whales 25 km away, but

mos t acoustic communication is apparently over much shorter
distances, possibly <1 km (Watkins 1981b). Hunpback whales react to

calls from ot her hunpbacks up to 9 km distant (Tyack and Wi tehead
1983.). However, these are the extreme cases known to us, even though

. . . . . n
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bal een whal es are theoretically capable of comrunicating over much
greater distances in certain deep water situations (Payne and \Webb
1971).

Si nce bowheads can produce calls with source levels of 185 dB//1
aPa-m or nore (Cark and Johnson 1984), calls would be detectable at
ranges of 10 km or nore given typical anbient noise levels (G eene
1985) and the conservative assunption of spherical spreading. If
acoustic communication is nornally over shorter ranges, say 1 kmor
| ess, then bowheads could still communi cate over at least this range
i f background noise |evels increased.

Background noise levels are naturally high during storns and near
nmoving ice. The high source |evel of sone bowhead sounds may be an
adaptation to allow continued short-medi um range communication in
these situations, rather than long distance conmunication in quiet
condi tions.

I f bowheads sonetinmes do need to communi cate acoustically over long
di stances, or to detect other faint environnental noises, how often
is this inportant? Presunmably bowheads cantol erate occasi onal
storminduced interruption of their ability to detect faint sounds.
Can they tolerate additional restrictions inposed by industrial
noi se? Levels of industrial sounds from some stationary sites,e.g.
i sland construction sites, vary fromtime to time (G eene 1985).
O her sound sources nove, such that high levels are present in one
area only tenporarily.

Can bowheads increase the intensities of their calls to increase
communi cation range in the presence of el evated noise |evel s? Sone
t oot hed whal es adjust their echolocation calls as a function of
anbi ent noise and target range (Au 1980; Au et al. 1985). The
intensity of fin whale calls varies considerably (Watkins 1981b).
Ongoi ng work on acoustic |ocalization of bowheads (Clark et al.
1985) should provide information about the typical |evels of bowhead
calls. Received levels of FM upsweep calls average 6-10 dB greater
than the levels of all other call types, and are the least variable
(C.W. Cark, pers. comm.). This is consistent with the suggestion
that FM upsweeps serve a long range communicative function. This
woul d also inply that calls other than upsweeps are nore easily
masked by continuous industrial noise, although the whales could
possibly increase the source levels of these other calls and thereby
reduce masking effects.

Can bowheads change the frequencies of their calls to avoid
frequency bands with much industrial noise? Again, sone toothed
whal es seemto do this in chronically noisy situations (Au 1980; Au
et al. 1985). Bowhead calls occur over a considerable range of
frequencies. For particular types of tonal calls the range is
narrower but there is still sOne variation, e.g. 146 + s.d. 62 Hz
for the initial frequency of ‘Up’ calls; 720 + 295 Hz for 'high'
calls (Wirsig et al. 1985b). For manmmal species in which masking has
been studied experinentally, significant masking effects only occur
when the frequencies of the nmasking noise and the call are within
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about 1/3 octave of one another. Thus, it is possible that bowheads
can reduce masking effects by altering call frequencies.

6. Are bowhead calls enitted uniformy in all directions, or are they
to some extent ‘beamed’ ? Acoustic localization work during spring
m gration past Barrow, Alaska, provides hints of directional effects
(C.W. Clark, pers. comm.). Similarly, can bowheads |ocalize the
directions from which sounds are arriving? The fact that bowheads
tended to orient away during sone playback and airgun tests (this
study) Sh o that bowheads have sone | ocalization capability.
Directionality in either the emission of calls or in auditory
sensitivity could reduce the masking effect (Zaytseva et al. 1975).

G ven these uncertainties, quantitative assessnent of the masking
potential of noise fromoil industry activities is difficult. In general,
background levels of continuous underwater noise are elevated by >20 dB only
within a few hundred netres of nost industrial sites, and within a few
kilometres of the strongest sources (G eene 1985). Assuning that bowheads can
produce calls as intense as 185 dB//1 mPa when necessary, short-distance
communi cation would only be inpaired for whales very close to industrial
sites, at distances where disturbance effects are already likely to have
di spl aced the ani nmal s.

Long-di stance communication and detection of faint environmental sounds
are nuch nore likely to be affected, assuming that these abilities are
important to bowheads. However, even within the main area of offshore oil
exploration in the eastern Beaufort Sea, there are w de zones between
industrial sites where continuous industrial noise is barely or not
detectabl e nost of the time. (Passing ships and helicopters in these zones
cause only tenmporary increases in noise.) Hence, even in considerable
portions of the main industrial area, bowheads would not have to travel far
or wait long in order to avoid strong nmasking effects. It is not known
whet her such linmitations on detection of faint sounds are a significant

probl em for bowheads, given that natural factors (storm and ice noise)
sonetines linmt detection of faint sounds.

Seismc inpulses, even at high received |levels, probably do not cause
significant masking. During nost seismic operations, especially when high-
energy sources are used, the pulses are <1 s long and are spaced several
seconds apart. Anmbient sounds and bowhead calls were readily detectable by
our hydrophores, and presunmably by bowheads, in the intervals between
pul ses. Bowheads do not stop calling in the presence of seismc inpulses
(this study; Ljungblad et al. 1980).

Applicability to Al aska

Behavi or of bowheads in the Al askan Beaufort Sea in |ate sunmer and
early autum is quite simlar to that in the Canadian Beaufort Sea in late
summer. In both areas, bowheads feed, socialize and travel in areas of open
water and in pack ice (Ljungblad et al., 1984b; Wiirsig et al. 1985a,b). Al so,
sonme of our results were obtained off the Yukon coast, not far from Al askan
waters (Fig. 1). Hence, we believe that reactions of bowheads in the Al askan
Beaufort Sea up to late Septenber would be sinmlar to those that we
observed. Reactions to seismc noise, the only disturbance effects studied
systematically in both the A askan and Canadi an Beaufort Sea, were generally
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consistent in the two areas (no strong reaction by bowheads nore than a few
kilometres away from seismic vessel; displacenent of bowheads within a few
kilometres) .,

Later in autumm, bowheads begin to travel nore consistently westward
through the Al askan Beaufort Sea as freeze-up occurs. Qur results from late
sumrer nay be less applicable to these actively traveling whal es. The
activities and habitat of bowheads in winter and spring also differ
consi derably fromthose in summer, so our findings may be | ess applicable to
those situations than to late summer and autumm. |f detection of sounds from
ice, |l eads or other bowheads far away is inmportant during migration or wnter
(e.g. to find openings in ice), continuous industrial noise along mgration
routes and in wintering areas mght have effects that. sumrer and autum
studies could not detect.
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ABSTRACT

This section documents underwater sounds to which bowhead whal es were
exposed during disturbance experinents and other behavi oral observations in
t he Canadi an Beaufort Sea, 1980-84. Data were collected with calibrated
| ow noi se hydrophores suspended 3-18 m beneath a sparbuoy, and w th sonobuoys
dropped and nonitored fromthe aircraft used to study bowhead behavior.
Results are for hydrophore depth 9-18 m unless otherwi se stated. Laboratory
anal ysis included power spectrum anal yses of continuous sounds, and waveform
and peak signal analyses for seismc survey pulses. Overall levels are given
for the 20-1000 Hz band, which includes npst conponents of the industrial
and bowhead sounds.

Anbi ent noi se ranged from bel ow the typical values for sea state zero to
high levels characteristic of storns at sea. The median level for the
20-1000 Hz band in August 1980-84 was 99 dB, equivalent to sea state three.

Fi xed-wi ng aircraft sounds beneath the aircraft averaged a few decibels
greater at 3 mdepth than at 9 m Noise levels were highest when the passing
aircraft was low, but peak levels persisted for only a few seconds,
especially at low aircraft altitudes. During straight |ine passes, aircraft
were audible for longer in shallow than in deeper water. Sounds from an
Islander and Twin Qtter included numerous tones at frequencies related to
propel ler and engine rotation rates.

Hel i copter 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 maltitude than for 610 m. For oblique passes, the shallow (3
m hydrophore detected the | owest |evels.

Boat and ship sounds for the 20-1000 Hz band included the follow ng:

- Crew boats under way 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
-'Geopotes X dredge underway 150 dB at 0.5 km 131 dB at 7.4 km
- Anchored supertanker 120 dB at 0.2 km 95 dBat 9.3 km

'Geopotes X' was the strongest source of continuous noise studied during this

project. Received levels of boat noise were usually several dB less at depth
3 mthan at 9-18 m, as expected for an in-water source.

Seisnic signals from sleeve exploders, open-bottom gas guns, airgun
arrays, and a single airgun were simlar. Propagation in shallow water
el ongated the initially-sharp pulse into a |onger pulse wth quasi-sinusoidal
waveform gradual |y decreasing in frequency. At ranges of a few kilometres,
wat erborne pulses are typically 0.25-0.5 s long. The predom nant frequency at
the leading edge of the pulse is often 200-400 Hz, dimnishing to 100-200 Hz
at the end of the pulse a fraction of a second | ater. Energy at frequencies
<100 Hz is rapidly attenuated in shallow water, but can travel |ong distances
in sone sediments and may reenter the water far from the source. The
strongest seismc signal recorded was 177 dB//1 mPa froman array ot open
bottom gas guns at range 0.9 km Signals from airgun arrays ranged from 160
dB at 12 kmto <110 dB at 75 km Received levels were several dB |ess at
depth 3 mthan at 9 or 18 m
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Drillship sounds, including adjacent support vessels, were as follows:

-"Explorer 1", |ogging 122 dB at 0.17 km 100 dB at 10.3 km
-"Explorer Il', drilling 134 dB at 0.2 km 111 dB at 7.4 km
-'Kulluk' CDU, drilling 143 dB at 0.9 km 117 dB at 14.8 km

Dr edgi ng sounds recorded near suction and hopper dredges were as strong as
145 dB 0.6 km from a hopper dredge that was loading, and 118 dB from a dredge
at range 14.8 km Hopper dredge sounds tended to vary over time. Caisson-—

retained islands where there was construction , well testing, or drilling

produced sound levels of 130 dB at ranges 0.22 to 1.1 km and 111-118 dB near
3.8 km. Sone of this noise came from attending support vessels.

In general, nmany industrial sources increased the level of continuous
noi se {20-1000 Hz band) by about 25 dB at 1 kmradius and 10 dB at 10 km
radius , relative to the median anbient |evel. The noi si est ships produced
hi gher levels. Noise pulses from seismc surveys were far stronger and often
detectable >50 km away.
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| NTRODUCTI ON

Marine manmmal s (i ncl udi ng bowheads) use sound to communicate and to
receive information about their environnent. Sound travels very efficiently
in water, day or night, wnter or sumrer, and regardless of the water’s
clarity. At least in deep water, the intense, |ow-frequency sounds produced
by baleen whales, including bowheads, are believed to be transmtted
especially well and with little attenuation (Payne and Webb 1971). The very
advant ages of underwater sound so useful to marine mammals give rise to
potential problens related to underwater industrial sounds (Acoustical
Society of Anmerica 1981). Many industrial sounds are also intense and of |ow
frequency, and consequently are transnitted efficiently over relatively |ong
di st ances. Thus , the acoustic effects of industrial operations may be
mani fested far from their source, and this greatly expands the area
potentially affected. Possi bl e ways in which underwater industrial sounds
could affect whales include direct disturbance and the masking of inportant
communi cat i on, echolocation and/or envi ronnent al sounds ( Mghl 1981 ;
Ri chardson et al. 1985).

From 1980 to 84, the Bureau of Land Managenent and M nerals Managenent
Service, U S. Department of the Interior, have suppérted a study ot the
behavi or of bowhead whal es and how they may be influenced by oil industry
activities offshore in the Beaufort Sea. Motivation for the research cane
fromthe potential for oil exploration and devel opment north of Al aska, and
questions about its effects on bowheads. However, the field work was
conducted during August of 1980-84 in the Canadian part of the Beaufort Sea,
east of Alaska (Fig. 1.). Bowheads feed there at that tinme, and offshore
oil exploration is considerably nmore advanced in the Canadian than in the
Al askan part of the Beaufort Sea. Thus, the Canadi an Beaufort Sea provided a
study area with both aninals and potential sources of disturbance.

Appr oach

Qur general approach to the research centered on boat— and airplane-
based observations of whale behavior and neasurements of underwater sounds.
It was inportant to know what sounds the whales were exposed to while being
studied fromthe air, and the air crew depl oyed sonobuoys and recorded the
signals on the airplane. The boat crew, which included the acoustician,
recorded signals from hydrophores deployed from a sparbuoy drifting near the
boat. The boat notored to various industrial sites to record the sounds of
dredges, drillships, boats, and artificial islands; it anchored in open areas
to record the sounds of passing ships and aircraft. In 1980-81 we attenpted
shore-based studies of sounds and whal e behavior from canps at Herschel
Island and King Point, Yukon Territory (Fig. 1), but bowheads were not close
enough. In 1983-84 the whales were in those areas and we studied them from
the airplane and boat.

An underwater projector was used fromthe boat to perform controlled
‘playback’ experinents. Previously recorded underwater industrial sounds
were played back near whales being observed fromthe airplane. W also used
a single 40 in’(0.66 L) airgun deployed fromthe boat to conduct controlled
tests of bowhead reactions to seismc survey inmpulses. It was necessary to
neasure the sound levels to which bowheads were exposed during playback and
airgun tests.
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FIGURE 1. Map of the studyarea, east-central Beaufort Sea, showing major
industrial sites mentioned in the text.

The report describes our experinental nethods and equi pnment, the
measurenent results, and their significance. The results section is
organi zed by type of sound source (e.g., aircraft, boats and ships, seisnic
survey signals, drillships, dredges), paralleling the preceding ‘D sturbance
Responses of Bowheads’ section. For each type of industrial sound source,
the report contains a review of what was known before, our own results, and a
di scussi on.

Acoustic Term nol ogy

This section is provided to acquaint readers who are not acousticians
with the acoustical termnology used in this report. A good discussion of
these terns appears in Ross (1976, p. 4-8). In the follow ng discussion I
have used the term ‘signal’ to mean the. waveform of the sound pressure at the
hydr ophor e, I am not distinguishing anong the sources of that waveform as
being signals or noises but include them all,

A sinple formof a ‘sonar equation’ is

Recei ved level (dB//| pPa) = Source |level (dB//1 pPa at 1 m -
transmssion |loss (dB).
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The termnology used in this equation is defined bel ow In general, the
equation defines the transmission loss in terns of the difference in dB
bet ween the source level and the received level. Note that all terms in the

equation may vary with frequency and with direction fromthe source. The
equation could relate spectrum levels at source and receiver by changing the
reference unit from 1 uPa to 1 wPa?/Hz.

dB, deci bel: A unit on a logarithmc scale for sound |evels. Sound
pressure level in dB is defined by 20 |og (pP2/Pl) where P2 is a pressure of

interest, Pl is a reference pressure such as 1 microPascal, and the |ogarithm
is to the base 10.

Source |evel: An idealized description of the intensity or power of a
sound source in terns of a root mean square pressure at some short reference
distance (e.g. 1 m from the source. | deal i zation is essential because nost
sources of interest (e.g. drillship or dredge) are not point sources and an
actual measurenent at 1 mwould not yield the effective source level. The re
is a strong possibility of inaccurately conputing source level (at 1 m from
nmeasurenents at practical distances (say 200 n) when transm ssion tssfroml
mto the practical distance is assumed rather than neasured. The uncertainty
is especially high in shallow water.

Received Level: The sound level from a particular source of interest,
as received at sonme location of interest. Conceptual ly, received level is

the source |evel reduced by the transmission loss for the distance between
source and receiver.

Tone: A signal conponent whose energy is at one specific frequency——
i.e., whose bandwidth is infinitesinal or at |least small conpared to the
resol ution bandw dth of a spectrum anal yzer. It is difficult to present
tones and broadband conponents on the same graph correctly because the
ordinates differ: dB//1 mPa for tones and dB//1 pPa2/Hz for broadband
conponents.

Spectrum Level : This is a measure of sound intensity per unit
frequency. It is usually expressed in dB referred to 1 microPascal squared
per Hz (1 uPa2/ Hz), or to 1 wmPa per square root Hz.  ‘Spectrum density’ and
‘power spectrumdensity’ or ‘power spectrum are other terns 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 inplicitly that the spectrumis constant across the analysis
band.

Broadband Level: The total mean square pressure level of a signal in a
wi de frequency band. ‘Wde' generally neans |large conpared to 1 Hz. The
broadband level is obtained by integrating spectrum |levels over the band.
Nar r owband conponents (tones) falling within the band shoul d be included.

Spherical Spreading: The attenuation of intensity or power proportional
to the square of the distance travelled. It is described in dB by 20 |og
(R2/R1) where Rl is the reference range. Often, RL is 1 m and the
relationship reduces to *“spreading loss = 20 log (range in metres)"”.
ldeal |y, spherical spreading is ascribed to sound propagation where the
surface and bottom are far remved from the source amd receiver, and the ray
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paths are not refract ed significantly. Wth spherical spreading the
attenuation rate is 6 dB per distance doubl ed.

Cylindrical  Spreading: The attenuation of intensity or power
proportional to the distance travelled. It is described in dB by 10 | og
(R2/R1) where Rl is the reference range. Ideal Iy, cylindrical spreading is
ascribed to sound propagation where the source and receiver are far apart
compared to the water depth. The surface and bottomreflections or special
channel i ng processes serve to retain the energy within the water. Wth
cylindrical spreading the attenuation rate is 3 dB per distance doubl ed.

Units of Pressure: 1 Pascal 1 newton/m2

1 pbar = 1 dynef'c
1 Pascal = 10 ubars
100,000 pPa = 1 pbar

Thus, sound level (dB//1 pPa) = sound level (dB//I ubar) + 100.
METHODS
Two mai n data collection systens were used: the system used on the
airplane to record sonobuoy sSignals, and the system used on the sound boat.
Thissection also describes the analysis techniques.

Airplane System

The airplane sound recordi ng system was based on sonobuoys. Duri ng
flights to observe whales, at least three sonobuoys were carried. On nost
occasi ons when whales were found and observations of their behavior were to
be made, at |east one sonobuoy was depl oyed. Cccasionally a second sonobuoy
was depl oyed nearby, sometimes with a second group of whales, sometimes with
the first group after it had noved away from the first sonobuoy, and
sometimes at a different distance from a nearby source of actual or sinulated

i ndustrial noise. Sonobuoy hydrophores were set to deploy to 18 m depth,
with the exception of a few sonobuoys nodified for 9 m deployment in 1981.
Two calibrated receivers for sonobuoy FM radio signals were carried. The

signals were recorded on the two channels of a calibrated Sony Mdel TC-D5M
cassette tape recorder wth servo-controlled capstan for precise speed

control. The operator maintained a log of activities, sounds recorded, and
tape recorder settings, and he made voi ce announcenents at the begi nning of
each tape and otherw se as necessary. Positions were deternmined fromthe

aircraft’s VLF/Omega navigation system and an airborne radar provided
measurenents of distances from industrial sites.

W used two types of sonobuoys: AN/SSQ-57A and AN/SSQ-41B. The 57A's
are delivered with calibration data and the 41B's are not, but otherw se both
model s perform to the same specification. In 1980-81 we used the middle of
the all owabl e response envel ope as the calibration response for the 41B's.
In 1982-84 we used the average of the 57A calibrations as the calibration for
the 41B's. The two 41B calibrations were essentially the same.  Conparison
of results fromthe sonobuoy system and from sinultaneous recordings with the
cali brated hydrophores on the boat (see below) confirned that the sonocbuoy
system provi ded accurate data on sound levels and characteristics.
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To permt wider signal dynamic range w thout distortion, the sonobuoy
acoustic response attenuates |low frequencies relative to high frequencies.
Sounds at 10 Hz are deenphasi zed by about 35 dB relative to those at 10
kHz (see Greene 1982, Fig. 2, p. 269, or Mlitary Specification, sonobuoy
AN/SSQ-41B, M L-S-22793E (AS). U. S. Navy, 24 P., 1979). The rising slope of
t he sonobuoy response with increasing frequencies is roughly opposite to the
falling slope of average sea noise (low frequency ambient sounds tend to have
hi gher spectrum levels than do high frequencies). This procedure provides,
on average, an overall flat anmbient sound spectrum through the sonobuoy/
receiver system We corrected all received signal spectra to renove the
effect of the sloped sonobuoy system response and to provide sound spectra
based on a unit acoustic pressure of 1 wPa (nicroPascal), root mean square.

Boat System

The boat-based sound recording system used hydrophores suspended beneath

a 4-6 mlong sparbuoy made from 76 mm (3 in) id. PVC pipe. The sparbuoy

drifted vertically near the sound boat and served to decouple the hydrophores
from wave and boat notion. The boat was the 14-m wooden-hul |l ed ketch
'Ungaluk’ in 1980 and the 12.5-m fishing boat ‘Sequel’ in 1981-84. The
hydrophores were of two types: (1) US. Navy nodel H56 wi de band, |ow noise
hydrophores, and (2) |ow frequency, |ow noise bender hydrophores made by
Pol ar Research Laboratory. Both types had preanplifiers with the sensing
el ement . The noninal sensitivity of the H56’s was —172 dB//1v/uPa (dB

referred to 1 volt per microPascal); the nominal sensitivity of the benders
was -152 dB//lv/uPa.

In 1980 we attenpted to nake the recordings with hydrophore depth 18 m
for conpatibility with the sonobuoys, but shallower water forced
conpr oni ses. In 1981-82 we adopted 9 m as the standard hydrophore depth. In
1983-84 we used a vertical string of hydrophores at depths 3, 6, 9, and 13
m (Not all these depths could be recorded all the tine.)

W al ways used a Sony Mbdel 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 nodel 250
4—channel cassette recorder, pernitting sinultaneous recording of hydrophores
at nultiple depths. Al equipnent was battery—powered.

To test the reactions of bowhead whales to playbacks of recorded
industrial. sounds, we used a U S. Navy nodel JII underwater sound projector
driven by a 250 watt Bogen power anplifier. W operated the projector at
depth 9 m A nonitor hydrophore was mounted (1982) or suspended (1983-84) a
measured distance (1.9 min 1982; nomnally 1 min 1983-84) in tront of the
projector face to measure the projected sound |evel. The sanpl e of
i ndustrial sound being played back was recorded on a two-mnute tape |oop.

O her essential equi pnent on the boat included radar for distance
measurenents to industrial sources, coastlines, etc. , a satellite navigation
set to determ ne geographical positions accurately, and marine VHF and HF
radi os for conmmunications. There was also a portable aviation VHF radio for
conmuni cation wth the project airplane. Al'l recording and pl ayback
equi pnent was battery-powered; no generator or other engines were running on

the boat during acoustical work, although a small refrigerator conpressor
nmot or sonetines ran.
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Data Anal ysis

The recorded signals were analyzed using an anal og-to-digital converter

and a general. purpose digital conputer to process the digitized sanples. For
data collected in 1980-82, the analysis was done with Polar Research Lab’s

Data CGeneral Nova 3. In 1983 the work was done partly at Polar Research and
partly at Geeneridge on a Hew ett-Packard 9816 technical desktop conputer.
Sone anal yses were done on both systens to assure identical. results. In 1984

all the work was done on the G eeneridge system

Spectral Anal yses

Sounds that continued nore or |ess without change (continuous signals)
were analyzed for their frequency content usingFourier analysis to compute
average power spectra. The results were displayed in a graph of spectrum
level (dB//I ,uPaz/Hz) vs. frequency (Hz or kHz). The process began wth
lowpass filtering ('anti-aliasing') at a frequency just bel ow half the sanple
frequency, then sanpling and conversion to 12-bit nunbers, and storage of the
digitized data on disk. The sanple size was typically 17,408 values. At a
sanple rate of 2048 sanples/s, one of the standard rates, 8.5 s of data were
stored.

Power spectrum anal ysis was done on weighted, overl apped bl ocks of data
(Carter and Nuttall 1980). A bl ock of sanples, typically 2048 or 1024
sanples in length, was nultiplied by a *‘window' function (Bl ackman-Harris
m ni mum 3-term wi ndow, Harris 1978)to minimize ‘| eakage’ of the power in one
frequency cell from appearing in adjacent cells. The result was then
analyzed with a fast Fourier transform routine to conpute the power spectrum
for that block. Then another block of sanples was sel ected, half of which
had been in the previous block; it was anal yzed the same way as the previous

bl ock and the results were added to those fromthe previous bl ock. Thi s
process was continued until the entire set of sanples was analyzed and the
averaged power spectrum determ ned. The paraneters of power spectrum

analysis and the relationship of sanple frequency and analysis block size to
spectrum cell spacing and resolution are presented in Table l.

Table 1. Parameters of spectrum anal ysis. The nunber of cells in the
resulting spectrum was always 1 nore than half the nunber of
sanmples in the block.

Dat a Anal ysi s
Sanple Rate Block Size  Averaged Cell Spacing  Cell Resol. Range
(samp./s) (sanpl es) (s) (Hz) (Hz) (Hz)

1024 1024 16.5 1 1.7 0-512
2048 1024 8.25 2 3.4 0-1024
2048 2048 8.5 1 1.7 0-1024
4096 2048 4.25 2 304 0-2048
4096 1024 4,125 4 6.8 0-2048
8192 1024 2.06 8 13.7 0-4096
16384 1024 1.03 16 27.4 0-8192
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Qur calibrations did not generally extend below 10 Hz and we did not
conpute results below that frequency. Hi gh and extremely variable |evels of
water and wave noise often dominated the very |ow frequencies, and 20 Hz was
often the lower practical linit for consistent results. For an upper linit
we selected 500, 1000, 2000, 4000, or 8000 Hz as appropriate for the sampling
rate.

From the spectrum analysis results we derived two other types of
results. One was the level of each tonal conponent in the sound. The se
sinusoi dal conponents, which may thenselves be harnonics of conplicated
periodic conponents, theoretically have an infinite power density because
there is actually non-zero power at the exact frequency of the tone. W
computed the level of each tonal conponent by renmoving the correction for the
analysis cell bandwi dth. The result was a sound | evel expressed in dB//1
pPa.

The other result derived from spectrum analysis was the sound | evel
within a band of frequencies--the band level, expressed in dB//l pPa. For
specified band limts, we integrated the spectrum to conmpute the band |evel
within those linits. W generally used the band trom 20-1000 Hz, because
nost industrial (and bowhead) sounds contained very little power at higher
frequenci es. Because nost industrial sounds were mainly at <500 Hz, band
levels for 20-1000 Hz, 20-8000 Hz, etc., were usually <1 dB greater than
those for 20-500 Hz.

\Wavef orm Anal yses

For transient signals, those with definite starts and finishes |ike
seismc survey signals and bowhead tail slaps, we plotted the signal waveform
and measured the peak anplitude. Transient signals generally took on an
oscillatory formafter traveling a few kilometres in the shallow water of
the Beaufort Sea, and we converted the peak anplitude into an ‘effective
level” by (1) assuming a sinusoid of the nmeasured peak anplitude, (2)
determining the corresponding rms level, and (3) converting the result to a
level in decibels referred to 1 uPa.

Waterfall Diagrans

Itisoften val uable to see how the frequency content of an acoustic
signal varies with tine. For exanple, during the fraction of a second while
a waterborne seismc signal is received, its peak frequency decreases with
increasing tine when the receiver is nmore than 3 or 4 kmfromthe source in
shal low water. Whale calls often change in frequency across the duration of

the call. Sounds from an aircraft wax and wane as it passes overhead. To
di spl ay spectral anplitudes vs. frequency and tine, we used a ‘waterfall’
spect rogram The sanme discrete Fourier transform process used to conpute

average power spectral densities was used to conpute the waterfalls except
that (1) the overlap was 75-90% rather than 50% and (2) the results of
analyzing each block were not averaged but were presented in a tight
progression of spectra plotted against tine. The spectral magnitudes were
plotted, not powers or |og spectra, and all magnitudes were scaled relative
to the largest magnitude in each waterfall display.
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RESULTS AND DI SCUSSI ON

Sound Propagati on Conditions

Figure 2 presents sonme exanples of sound ray paths computed from
measured tenperature-salinity-depth profiles in our study area. Urick (1983,
., 111-128) presents a useful discussion of sound velocity amd ray paths.
IIJ'he upper 10 m of the depth dinension in Figures 2B and C denobnstrate how an
i ncreasing sound speed with increasing depth causes sound rays to bend
upward, reflecting fromthe surface but also being scattered by waves or
i ce. Figure 2A denmpnstrates how a decreasing sound speed with increasing
depth causes sound rays to bend downward, reflecting fromthe bottom but also
bei ng absorbed and scattered. In fact, for the generally shallow waters
studied, sound waves would be continually reflected fromthe surface and the
bottom continually losing energy to scattering and absorption.

Anbi ent Noi se

Backgr ound

In discussions of underwater sound, the standard ambi ent noi se fiducials
have been the average noi se spectra of Knudsen et al. (1948) for various sea
states. Hs data were generally for deep water and did not extend below 500
Hz; his noise spectra were for 1 kHz and above. H's curves show the anbi ent
noi se spectrum level to vary with sea state or wind force and to decrease at
5 dB per octave with increasing frequency, Knudsen's curves are often
extended to |ower frequencies by extrapolation at slope -5 dB/octave,
al though Wenz (1962) showed that noise at lower frequencies (10-200 Hz)
depends strongly on shipping traffic density rather than wi nd force. Urick
(1983, p. 202-236) presents a conprehensive discussion of ambient noise in
the sea. QG her reviews of ambient noise in cold water regions appear in
G eene (1981) and Richardson et al. (1983). Shallow water noises can extend
over a wide range of levels and should be measured on a site-specific basis.

In this report we use the sound level in the 20-1000 Hz frequency band

as an overall sunmmary value for industrial sounds. For conparison, the
integrated 20-1000 Hz level for Knudsen% Sea State Zero spectrum extended to
low frequencies is 87 dB//l mwPa. For Beaufort Wnd Force Five (approx. 31-39
km'h; Sea State Four), the corresponding level is 107 dB.

Measur enent s

We did not nake conprehensive measurements of underwater anbient noise,
but numerous recordings were anal yzed to determnmi ne background levels during
bowhead observations and to conpare with the strength of industrial sounds.
The data summari zed here were fromrecordings made specifically to docunent
background noi se. Weak industrial or aircraft sounds were sonetimes present,
but man-nade sounds were not dominant. Such background sounds are a part of
the anbient noise near the industrial part of the Beaufort Sea. \Wen several
anbi ent noi se neasurenents were made at nearly the same tine and place, we
averaged them to obtain a single independent measurement. However, data from
di fferent hydrophore depths were not averaged. There were 8L independent
nmeasurenments over the five years of study, although only 15 cane from
1980- 82. The data are the 20-1000 Hz band levels, in dB referred to 1
microPascal:



Industriszl Noi se 209

A 70° 09,5 N, ,34° 29.5'w,6aUGI9BI

SOUND SPEED M/S RANGE ,METERS
0 1434 1446 1458 1470 0 200 400 600 800

o
s

~
\

DEPTH METCRS
N —
£ @

w
e

w
(2]

B 8 N.MI. NE HERSCHEL 1, I7 AUG 1982

SOUND SPEED M/sS RANGE, METERS
51430 1450 1476 14 9 0 500 1000 500 2000

WA 0
201 N \
v
& 404
~-
w
z. 60
T
™
a
g 804
100+
120
C 8 N.MI. NE HERSCHEL 1, 18 AUG 1982
SOUND SPEED M/S RANGE, METERS
01430 1450 1471 1490 o] 500 1000 1500 2000
20+

&~
(o]
Iy

DEPTH METERS
© ']
S o

100~

120

FIGURE 2. Sound speed profiles and exanples of associated sound ray paths.
(A) is fromthe industrially active area north of Tuktoyaktuk, 6 August
1981. The source depth for the ray paths was 5 mand 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 fromwthin an area donminated by ice. The
cold surface water and the warner |ayer beneath account for a shallow surface
duct. (C) is the same area as (B) but one day later and without ice.
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Percentiles
Measur enent Dept h No. of
Sour ce (m Ohs. -0% 50% 90%
Sonobuoys 18 29 86 dB 99 dB 111 dB
Boat 18 22 81 99 117
Boat 9 15 77 94 112
Boat 3 15 71 99 121

For conparison, the expected |evels for sea states 0, 1, 2, 4 and 6 are 87,
95, 100, 107 and 112 dB, based on Kaudsen's curves extended to |ow
frequenci es.

Medi an levels -for the sonobuoy and boat measurements at hydrophore depth
18 m were the sane, 99 dB. This is 1 dB less than the fiducial. |evel
(extended to low frequencies) of 100 4B for Sea State Two (w nd 13-18 kmh).
It is inmportant to recognize that nost neasurenents from both the boat and
aircraft were nade in low wind conditions (Sea State 0-3). Thus, our
anal ysis excludes data fromtines expected to have high noise.

Analysis of the 1984 data alone revealed that the median level for

hydr ophore depth 3 mwas 8 dB | ower than the nedian level for depth 18 m.

Addi ng the 1983 neasurenents resulted in a median |evel for depth 3 m equal
to the nedi an level at depth 18 m. In both 1983 and 1984, the range of the
measured noi se levels was greater at depth 3 m than at depths 9 and 18 m.
Levels at 3 m were sonetines much higher than at 9 and 18 m depths, probably
because of surface wave action that affected low frequencies (<40 Hz). This
surface effect was not observed at depth 9 m.

Figure 3 presents five representative spectra for ambient noise observed
during the project. In 1982 we worked with bowheads near an area of ice
floes northeast of Herschel 1sland. Figure 3A is the background noise
spectrum frequency resolution 1.7 Hz over the 10-500 Hz band, detected with
a sonobuoy near ice. The water depth was 80 m, the sea state was zero, and
the ice coverage was 10%. Three strong tones appear from the Britten-Norman
I sl ander airplane. The 10-500 Hz and 20-1000 Hz band levels for this sanmple
were 97 and 98 dB, respectively. Excluding the three strong airplane tones,
the band | evel was 96 dB. Figure 3B is the 160-8000 Hz spectrum frequency
resolution 27.4 Hz, for the sane time. The 160-8000 Hz band | evel was 98 dB,
exenplifying the observation that the energy in the noise was concentrated at
| ower frequencies. The high levels, relative to the expected val ues for sea
state zero, were probably attributable to the ice. The dip in the spectrum
near 3000 Hz is unexpl ai ned.

Figures 3C and 3D are presented to provide a conparison of the anbient
noi se spectra at hydrophore depths 3 and 18 m, respectively. At the time of
the recording, ‘Sequel’ was in Mackenzie Bay, water depth 26 m, |ow sea
state. The 20-1000 Hz band |evels were 73 dB//1 uPa for depth 3 mand 85 dB
for depth 18 m exenplifying the commpn tendency for lower | evels at shall ow
receiver depths. The relatively low | evel spikes at frequencies <60 Hz
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suggest the presence of weak machinery SOuwd S, probably from a distant
source. This was a time of very |ow background noise.

Fi gure 3E shows the background noi se spectrumin Mackenzie Bay just
before the start of a disturbance experiment with a full-scale airgun array,
16 August 1984, The water depth was 18 m, as was the sonobuoy hydrophore
depth, and the sea state was one. The 20-1000 Hz band level was 98 dB.
Faint ship sounds could be heard, and the spectrum shows the presence of
tones; these probably came from the vessel 'GSI Mariner' , which was about 7.5
km fromthe sonobuoy.

Di scussi on

Qur data show instances of sound spectrum | evels well below Knudsen’s
fiducial curve for Sea State Zero extended, which is not surprising
consi dering the shallow water, relatively cal mweather, and the absence of
shipping noises in sone of the areas where we worked. At other tines, we
recorded high levels of anbient noise, simlar to |levels expected in storny
seas. W sonetimes found that sound levels at depth 3 mwere | ower than at
depth 18 m as theory predicts for sound pressure near the air/water boundary
(Urick 1983, p. 131-4). However, levels at 3 mdepth in open water appeared
to be strongly affected by wave action, and sonetines exceeded those at
deeper depths. Greene and Buck (1964) reported neasurements of anbient noise
below ice in deep water (Beaufort Sea) and noted that the level was nearly
constant bel ow a depth corresponding roughly to one-half the wavel ength.
Above that depth the level decreased. In shallow water the effect would be
nmodi fied by the influence of the bottom, depending on frequency, depth, and
bottom material characteristics.

Aircraft Sounds

Background

The theory of sound propagation from a source in air to a receiver
underwat er has been well documented but there are relatively few published
nmeasurenments of aircraft noise in water (Medwin and Hagy 1972; Urick 1972;
Waters 1972; Young 1973). Although sound power or energy is poorly
transmtted fromair into water, it is also true that sound pressure is
rather well transmitted fromair into water under the right circunstances.
Snell's |law predicts a critical angle of 13° fromthe vertical for the
transm ssion of sound pressure fromair into water. For greater angles the
sound is totally reflected.

For vertical incidence, the sound pressure at the water surface is twice
what the sound pressure would be at that distance fromthe source if the
wat er were not present. Wthin the water, the levels decrease as the
receiver depth increases. For receivers not directly beneath the
source, the pressure pattern is conplex. For internmediate lateral. distances,
on the order of the aircraft height and sonewhat greater, the sound pressure
is less near the surface than at greater depths, contrary to the situation
directly below the aircraft (Urick 1972). In rough water we expect the sound
to enter the water over a larger area tham in snooth water because the slope
of the waves extends the range at which sound rays inpact the surface within
13° of normal to the wave face. In shall ow water we expect bottom and



[ ndustrial Noise 213

surface reflections to carry the sound farther horizontally than would be the
case in deep water.

Measur enent s

Sounds from five types of aircraft were neasured during the project, two
types of fixed-wing airplanes (deHavilland DHC-6 Twin Otters and a Britten~
Nor man BN-2A-21 Islander) and three helicopters (Bell 212, Bell 214sT, and
Si korsky 61). Table 2 presents the 20-1000 Hz band | evels for these
measurements. The power settings were not all conparable for these aircraft,
as the Islander was at circling power for sone 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 al so present |slander
measurenents for the 40-1000 Hz band, along with the levels of the dom nant
blade rate tone in the Islander’s noise spectrum (Table 3). This tone was at
68- 74 Hz, depending upon operating power |evels.

Table 2. Measured 20-1000 Hz bard levels, in dB//1 wPa, for five types of aircraft vs.
aircraft altitude (152-610 m) and hydroptone depth (3-18 m). Al neasurenents are
for the 4 s during which peak sound | evel was received (i.e. while the aircraft
was directly overtead or almost so).

Water Alt. 610m At 457m Alt. 305m Altitude 152 m
Depth
Type (m 3m 9m 3m 9m 3m 9m 3m 9m 18m
Twin (tter 22 106 101 113
22 104 106
B-N Islamder 15 108 107 116 105 121 110 117 114
15 1062 1032 1058 122 112 123 113
15 1042 1052 1192 106°
15 109 108
Bell 212 25 108 111
Bell 214STd 22 104 aib.
Sikorsky 61c 37 102 111 105

2 Islander was circling at reduced power.

b The Bell 214ST di d not pass directly overhead and was barely audible at depth 18 m the
anbi ent level was 110 dB in the 20-1000 Hz band. The Bel | 214ST passed about 150m astern
of tte sound boat. The peak sound | evel S were received when the hel i copter was approach-
ing at range dout 200 m.

€ e Sikorsky 61 was not audibl e uwdersater during apass at altitude 1070 m Its pass at
altitude 152 mnas not overhead, but aout 50m to the side (i.e. at an estimated elevation
angle of 700).
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Tab le 3. Level of the 68-74 Hz blade rate tone and the 40-1000 Hz band
level, in dB//1 uPa, for the Britten-Norman |slander overflights at
152-610 maltitude on 18 August 1983. Levels were neasured over
the 4 s period of maxi mum amplitude. The background level in the
40-1000 Hz band was 83 dB at hydrophore depth 3 mand 85 dB at 9
m Water depth 15 m.

610 m 4.57 m 305 m 152 m

3m 9m 3m 9m 3m 9m 3m 9m

Level of blade rate tone at 68-74 Hz

1 02 94* 105 101 105 103 113 107
93* 97 103 109 106 114 108
90* 89* 98* 102%

105 103 102* 102*

101 97

40-1000 Hz band level

106* 103* 109 107 112 110 117 114
106* 102 105 113 112 117 113
103* 105* 106* 105%

109 108 108* 106*

108 107

*# These values came from ‘circling’ passes at 140 km/h. O her values cane
from straight-line passes at 200 km/h.

Tables 2 and 3 indicate that, for flights overhead, the sound levels

decreased with increasing aircraft altitude. This is especially clear from
Tabl e 3, where wave and water noise have been reduced by restricting the
frequency band to 40-1000 Hz. Also, the shallowest hydrophore usually
received the highest sound level. Noi se levels fromthe Twin Oter and
| sl ander, at 1least in the 20-1000 Hz band, were simlar to one another.

The limted sound level data for the Bell 212 helicopter were simlar to
those for the fixed-wing aircraft in the 20-1000 Hz band (Table 2). However,
levels at <20 Hz were higher for the Bell 212 because of its strong blade
rate tone near 11 Hz (see below). A conparison of the sound levels fromthe
three helicopters would be misleading, as there are no data for the Bell 212
at altitude 152 m and neither the Sikorsky 61 nor the Bell 214ST flew
directly overhead. In general, for helicopters it may be inportant to
include lower frequencies, at least down to 10 Hz, to assure that the
fundanental frequency resulting from the nain rotor blade rate is included.
Wet her bowhead whales can hear sounds at these low frequencies is unknown.

The Islander airplane was audible for |onger periods at depth 3 mthan

at 9 m(Table 4). The shallower water and the significantly lower background
| evel s account for the longer durations of audibility of the Islander than of

other aircraft. Sound physics predicts this shallow water effect because,
theoretically, airborne sound is reflected fromthe water surface except
within a cone delimted by 13° fromvertical. The shallow water pernmts the

o
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Tabl e 4. buration of audibility of various aircraft.

20~1000 Hz Duration (S)
Ambient at Depth
Aircraft Aircraft it er sea Yoi se
Type Alt itude Depth State at9m 3m 9m
B- N Islarder 457 m 15m 1 86 dB continwus % 75
(circling)
* 610 15 1 36 84-110 66-78
B- N Islander 152 15 1 86 7257 52-60
(Crui se rower)
" 305 15 1 86 53-76 49-75
457 15 1 86 44-58 34-42
610 15 1 86 59-&4 39-52
Bel | 212 152 25 1 - 100 16-.1
" 305 25 1 100 1827
457 25 1 100
610 25 1 100 26
Twin Otter 152 2285 0 95 3336
" 305 22.5 0 95 29
457 22.5 0 95 37
Bel | 214sT 152 22 3 1008 38 18
(oblique pass)

a Hydroptore depth wes 18 m, not 9 m in this case,

sound entering the water within the cone to be reflected fromthe bottomto
the surface and back, spreading out to nore distant ranges than would be
possible in deeper water. In theory, an aircraft flying over calmdeep water

at an altitude of 610 mand a speed of 200 km h woul d be heard for only about
5 s with a shall ow hydrophore.

In general, the sounds from approaching aircraft were detectable nuch
earlier in the air than in the water. For exanmple, prior tothe arrival of
the Bell 214 ST, itwasaudible for over 4 min in the air but for only about
20 s in the water (depth 3 .

Tones were present in the sound spectra fromall these aircraft (Fig.
4). In the five power spectra displayed (Fig. 4A-E), the frequency range is
20-1000 Hz, the analysis cell spacing is 2 Hz, the effective cell bandw dth
is 3.4 Hz, and the averaging tine is 4 s. For conparison, the dashed spectra
show t he background noise at the tines of the neasurenents.
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For a DHC-6-300 Twin Otter circling at altitude 457 m over a sonobuoy
(hydrophore depth 18 nm) in water 210 m deep (Fig. 4A), the fundanental
frequency of the harnmonic fanily is 83 Hz, corresponding to the propeller
blade rate on a shaft turning 1670 rpm (3-bladed propellers). The 20-1000 Hz
band | evel was 102 dB//1 pPa. Only the tonal conponents in the Twin Qter
spectrum extended above the anbient noise spectrum whose 20-1000 Hz band
| evel was 95 dB.

For the Islander circling over ‘Sequel’ at altitude 610 m hydrophore
depth 9 m water depth 15 m(Fig. 4B), the propeller blade rate tone is at 68
Hz, the fundanental frequency of a harmonic famly corresponding to an engine
shaft speed of 2040 rpm (2-bladed propellers). The cylinder firing rate is
102 Hz, the fundanental frequency of another harnonic famly whose second and
hi gher harnonics coincide with harnmonics fromthe blade rate. The 20-1000 Hz
band | evel was 103 dB; for the background noise it was 83 dB.

For a Bell 212 helicopter flying straight over ‘Sequel’ at 185 kmh,
altitude 305 m hydrophone depth 9 m water depth 25 m(Fig. 4C), strong
tones occur for harmonic fanmilies with fundamentals at 10.67 and 55 Hz. The
10. 67 Hz tone corresponds to a (2-bladed) main rotor rate of 320 rpm
conpared to 324 rpm reported by a factory representative as normal. The
fundamental frequency is not displayed in Figure 4C, as data are displayed
only for the frequency range 20-1000 Hz. The 55 Hz fundamental frequency is
for the tail rotor blade rate and corresponds to a rotation rate of 1650 rpm
(2-bladed tail rotor). This agrees with the normal speed reported to us by
the Bell factory representative. The 20-1000 Hz band level for this
overflight by the Bell 212 was 111 dB//1 pPa. The corresponding |evel for
t he background noi se was 99 dB.

For a Sikorsky 61 helicopter at altitude 152 mflying past ‘Sequel’ at
an elevation angle of approximately 70°, hydrophone depth 18 m water depth
37 m(Fig. 4D), the 20-1000 Hz band | evel was 105 dB. The two strongest
tones occurred at 68 and 102 Hz, but their levels were not nuch greater than

t he background spectrum |evels. The 20-1000 Hz | evel for the background
noi se was 104 dB.

For a Bell 214ST helicopter flying past ‘Sequel’ at an altitude of 152
m about 150 maft of the boat, the strongest sounds underwater occurred
before the cl osest point of approach, when the range was about 210 m and the

el evation angle was about 35° (Fig. 4E). The water depth was 22 m the
hydrophore depth was 3 m and the 20-1000 Hz band | evel was 104 dB//l uPa
(vs. 97 dB for background noise). This | evel cannot be compared with those

for other aircraft that flew directly overhead. The spectrum for depth 3 m
displays a harmonic fanm |y whose fundamental frequency is close to 11.8 Hz,
corresponding to a main rotor rate of 354 rpm (2-bladed rotor). For tones at
36 and 154 Hz, levels at depth 18 mwere 2 and 13 dB greater, respectively,
than levels at 3 mdepths. The theory of sound traveling fromair to water
predicts higher levels at greater depths for horizontal ranges greater than
the altitude (urick 1972), which was the case here.

Figure 4F is a waterfall spectrogram of the sane |slander overflight
whose average spectrumfor depth 9 mis presented in Figure 4B. However, the
waterfall is for depth 3 m Perhaps because of aspect changes as the
airplane flew over, or perhaps because of changes in reflection interference
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(water depth only 15 m) as the airplane flew over, the waterfall shows the
different tonal frequency conponents fading in and out over the 10 s period.

Di scussi on

Qur neasurenents denmonstrated that aircraft sounds are received at

significant levels underwater. It is not clear fromthe band level data that
any particular aircraft is louder than the others. However, the Bell 214ST
and the Sikorsky -61 did not pass over the hydrophore and are presunably
| ouder than the neasurenents indicate. In air, the Bell 214ST seens

particularly noisy to the human ear. The |slander overflights were over
shal | ower water than those of the Bell 212 or Twin Otter (15 mvs. 22-25 m,
whi ch probably accounts for the |onger periods of audibility for the
| sl ander.

More et al. ([1984] p. 40-42) report a sound power spectrum for a Twin
Oter at altitude 45(.1 ft (137 m), presumed to be nearly directly over a
sonobuoy. They found a strong family of tones with fundanental frequency
83.75 Hz; the shape of their spectrumwas sinmlar to ours (Fig. 4A).

Summarizing the main conclusions regarding underwater noise from
aircraft: (1) the levels are high for only a few seconds; (2) the duration of
audibility depends on the hydrophore and water depths; (3) immediately bel ow
the aircraft, the levels are highest just below the surface; (4) to the side,
in shallow water, the levels appear to be higher at greater depths; and (5)
there are many tones in aircraft signatures, and nost of the energy occurs at
frequenci es bel ow 500 Hz.

Boat and Ship Sounds

Background

Shi p-radi at ed noi se has always been of interest to navies because such
noi se, depending on its source, either permts or interferes with detection
ard tracking of submarines. Mch information on ship-radiated noise is not
available to the public. However, Ross (1976) provided an overview of noise
generation, and Buck and Chalfant (1972) and Cybulski (1977) provided
speci fic nmeasurenents of the sounds from large vessel s. Recent summari es
include Ross (1981) and Richardson et al. (1983, p. 41-46.).

On a ship or bhoat, the propul sion nachinery accounts for a mjor portion
of the radiated sound. This includes the main engines, notors (if diesel-
electric drive), gear reduction transmissions, and propellers. Oher sources
of sound include pumps, ship's service electric generators, ventilators,
conpressors and the like. Flow noise fromthe water dragging along the hull
is also a source of noise, as are the bubbles breaking in the wake.

The sounds may be of two types: (1) broad band ‘hissing’ sounds not
concentrated at any particular frequencies but spread continuously over a
band of frequencies, and (2) narrowband tonal sounds concentrated at
particular frequencies associated wth rates of events in nachinery
operation. Exanples of tonal sources are engine cylinder firing rates, shaft
rotation rates, and bl ade rotation rates in propeller and turbine operation.
Typical ly, t onal conponents from propulsion machinery are at | ow
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 harnmonic families of tonal conponents. Exanpl es of broadband noi ses
i nclude the rushing sounds of fluids in pipes, and the sounds of propeller

cavitation. Cavitation is a major source of sound, and it may be modulated
by | ow frequencies associated with the shaft and bl ade rates.

Al t hough sound levels enitted by a ship can be strongly affected by its
design and speed, there is a rough correlation between sound |levels and the
size of the vessel. Large size inplies high power. Even if only a snall
fraction of this power is radiated as acoustic power, it may create a strong
sound. Large vessels also tend to have large drafts, creating large hull
areas for efficient coupling to the water. Smal | vessels typically radiate
hi gher proportions of their sound at higher frequencies. Their propellers
are relatively small and turn relatively fast, operating under ideal
conditions for noisy cavitation.

Depending on the background noi se, low frequency sound from ships (bel ow
100 Hz) sonetinmes can be detected at great distances, on the order of
hundreds of kilometres, i n deep oceans. Hi gher frequency sounds do not

travel as far because of their generally lower source levels and higher rates
of absorption.

Measur enent s

During the project we neasured the sounds fromthree small diesel-
powered boats (personnel transports, our sound boat), four supply and survey
vessels, three dredges underway, and a |large tanker at anchor. The results
of band | evel analyses are sumarized in Table 5, which presents the received
sound levels for different measurement distances and different hydrophore
depths. Data for the 18 m hydrophore depth, and the 9 mdepth when 18 m was
not available, are also summarized in Figure 5 to show how the various boat
and ship sounds conpare with one anot her.

The highest levels were from hopper dredge 'Geopotes X underway at 24

km h, reportedly with a damaged propeller. Sonmewhat | ower |evels were
received fromthe bow thrusters on 'Cammar Supplier [I1’, 'Cammar Supplier
VI11" underway, and hopper dredges ‘ Gateway’ and 'Cornelis Zanen' underway.

Then, at sonewhat |ower values, are the levels from the anchored supertanker
'Gulf Beaufort’, the crew boats ‘Inperial Adgo’ and ‘Inperial Sarpik', the
fishing boat ' Sequel’, and survey vessel 'Canmar Teal’. The |owest |evels,
predictably, came fromthe anchored, small survey vessel ‘Arctic Sounder’
running only a generator for ship's service.

Figure 5 also provides an indication of the rate of attenuation of a
signal with increasing range. A reasonabl e nodel for received |evel vs.
range includes a log term for spreading loss and a linear term Eor the
conmbi nati on of absorption, scattering, and reflection |osses. The log term
plots as a straight line on a graph scaled like Figure 5, and the linear term
causes the line todroop with increasing range. This effect can be seen in
the plotted points for hopper dredge 'Cornelis Zanen' and for the three
longer ranges for hopper dredge 'Geopotes X . The anount of droop, i.e., the

magni tude of the linear coefficient of range, wll be greater for higher
frequency and/or shallower water (G eene 1982).
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Table 5. Boat and ship sound levels, in dB//l pPa, in the 20-1000
Hz  band. Vessel s were underway unless noted as
“anchored” or "bowthrusters”.

\at er Level at Depth
Depth  Range
(m (km 3m 9m 18 m
Small Di esel Boats 18.5 0.2 118
| mperial Adgo 18.5 0.4 117
(16 m crew bhoat) 18.5 3.7 107
I mperial Sarpik 11 2.8 107 110
(21 m crew boat) 11 4,6 105
Sequel 18 2.6 104
(12.5 m fishing boat)
Survey & Supply Boats
Arctic Sounder, anchored 11 0.5 103
11 0.9 97
Canmar Supplier III, 27 0.19 137
bowt hr ust er s
Canmar Supplier VIII 46 0.2 129
Canmar Teal 34 4.6 98 103 105
Dredges Underway
Geopotes X 25 0.46 150
(17,981 tons) 25 7.4 131
Gat eway 12 1.1 123
(14,000 hp; cap. 6000 nB) 12 1.1 130
12 1.3 131
12 1.5 128
12 1.5 131
Cornelis Zanen 20 2.4 128
(15,000 hp; cap. 8000 m3) 20 3.2 124
20 5.0 116
29 7.4 108
Tanker Anchored
Gulf Beaufort 20 0.19 114 120 120
(153,000 dwt) 20 0.37 113 118 118
20 0.93 115 120 120
20 0.93 116 121 122
20 1.85 103 110 111
20 3.7 88 101 103
20 9.3 89 95 95
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The peak in the data for ‘Qulf Beaufort' at 0.93 km (Fig. 5) shows
clearly that the source level of the sounds increased between the recordings
at 0.37 and 0.93 km  The final point, at range 9.3 km, may have included a
substantial |evel of background noise; unfortunately, we could not measure
t he background without the tanker sounds.

Representative boat and ship spectra are presented in Figure 6, along
wi th corresponding background noise spectra. All spectra span the frequency
range from 10-500 Hz with anal ysis cell spacing of 1 Hz, effective bandw dth
of 1.7 Hz, and 8.5 s averaging. Figure 6A shows the tones in the signature
of crew boat ‘Inperial Sarpik! underway at high speed at range 2.8 km water
depth 11 m The strongest tone was at 195 Hz, and other tones were separated
by 15-17 Hz. However, there was no clearly defined harmonic fanmily. The
tones can be accounted for by a nodul ation mbdel in which the 195 Hz tone is
modul ated by a signal rich in the harnonics of frequency 16 Hz, which nmay be
the blade rate. The 20-1000 Hz band | evel was 110 dB. The background
spectrum i ncluded tones presumed to be from‘Arctic Sounder'anchored 0.93 km
away and operating only housekeeping generators. The 20-1000 Hz background
noi se level was 99 dB. ‘Arctic Sounder’ was 2.2 km away when 'Sarpik' sounds
were recorded.

Figure 6B shows a harnonic famly from operation of the bow thrusters on
"Canmar Supplier 111' as it pulled away from drillship ‘' Expl orer II', range
0.2 km. The fundamental frequency was at 118 Hz, corresponding to a rate of
7080 events/s, probably the blade rate of a multibladed wheel. Although not
all are shown in this graph, the first nine harnmonics were pronminent, to 1064
Hz. The 20-1000 Hz band level of this signal was 138 dB. The corresponding
background noise level was 130 dB, the result of drillship ‘ Explorer II'
being only 0.2 km away.

For 'Cammar Supplier VIII' underway at range 0.2 km (Fig. 6C), the
20-1000 Hz band level was 129 dB. The strongest tone was at 57 Hz, 119 dB//1

AaPa. The background noise, recorded 1 min later, included sounds from
vessels 3.7 km away; the 20-1000 Hz |evel was 126 dB.

Figure 6D is the spectrum for hopper dredge 'Geopotes X' underway at 24
kmh at range alnost 500 m water depth 25 m, hydrophore depth 9 m. W were
infornmed that the ship had a danaged propeller that season, which probably
is at least partly responsible for the broad spectral hunp whose maxi mumis
at 80 Hz. A family of tones can be seen along the left, rising slope of the
hunp . These peaks were 4-7 Hz apart. The 20-1000 Hz band level was 150 dB
at range 0.5 km. ‘ Geopotes X' produced the strongest continuous noise
recorded during this project. The 20-1000 Hz background noi se level was 99
dB, but only a few conponents appear on Figure 6D because of the scal e needed
to show the strong ship sounds.

The relatively |ow received levels at frequencies below 50 Hz are
probably a result of the high rate of attenuation of these |ong-wavel ength
sounds in shallow water. Al though we have no data at ranges less than 0.5
km, it is very probable that nuch energy was produced at frequencies bel ow 30
Hz as well as near 80 Hz. This same effect is evident in Figures 6E and 6F,
and in sonme similar diagrams later in the report.
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For anot her hopper dredge underway, 'Cornelis Zanen' at range 2.4 km
(Fig. 6E), the 201000 Hz band |evel was 128 dB. The spacing between tones
was 5 Hz, but again these appear to be npdul ati on conponents, perhaps around
the peak tone at 54 Hz. The 20-1000 Hz background noise level was 98 dB,
i ncluding sonme weak ship sounds.

An anchored supertanker in Herschel Basin, ‘Gulf Beaufort', was running
only generators and housekeepi ng auxiliaries perhaps including punps. The
spectrum at range 0.2 km includes nany spikes from tones (Fig. 6F). The
20- 1000 Hz band level was 120 dB at both the 9 and 18 m hydrophore depths.
The *‘background’ noise, for conparison, was nmeasured 9.3 km from ‘ Cul f
Beaufort'; the 20-1000 Hz | evel was 95 dB.

Figure 7 presents spectra of the two di esel —powered boats used in boat
di sturbance tests during the project, the crewboat ‘Inperial Adgo’ and the
sound boat ‘Sequel®, The 20-1000 Hz band levels were 119 dB tor 'Adgo',
range approxinately 0.2 km, underway at 41 km/h, and 102 dB for ‘ Sequel ?,
range .2.6 km underway at 13 km/h. The spectrum for ‘Adgo’ shows several
t ones bel ow 400 Hz. Bot h boats produced considerabl e broadband noise at
frequencies of several hundred Hertz. The 20-1000 Hz background noise |evels
for the “Adgo’ and ‘Sequel’ nmeasurenents were 102 dB and 94 dB, respectively.
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FIGURE 7. Sound pressure spectra for two diesel-powered small boats used in
bowhead di sturbance tests, the crewboat ‘'Inperial Adgo’ and the sound boat
‘ Sequel ’.

*Adgo and ‘Sequel’ produced waterborne noise with levels generally
conparabl e to levels from crewboat 'Imperial Sarpik', survey vessel 'Cammar
Teal ', and the amchored tanker ‘' @ulf Beaufort® (Fig. 5). oOnly the anchored
survey boat ‘Arctic Sounder’ was significantly quieter. The large dredges
and supply boats produced |evels 25-30 dB higher than those of 'Sequel' and
“I'nmperial Adgo’ at corresponding ranges (Fig. 5).

588.8
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Di scussi on

Few detailed reports of noise fromsmall vessels and ships exist in the
open literature (for review, see Richardson et al. 1983). However, the
level s and the spectral characteristics nmeasured during this project are
consistent with those reported by others (Buck and Chalfant 1972, Ross 1976
Cybulski 1977); viz, high levels at |ow frequencies, broadband hunps in the
spectra (from propeller cavitation), and tones.

Seismc Signals

Backgr ound

Mari ne geophysical surveys are conducted to search beneath the sea for
strata and locations that may contain producible quantities of hydrocarbons.
Seismic survey signals were formerly produced by underwater detonations of
expl osives, but that technique now is rarely used in open waters, minly
because expl osives can danage marine life. During the open water season in
the Beaufort Sea, nost seismic exploration is with arrays of airguns, but
arrays of sleeve exploders or open-bottom gas guns are also used. Al t hough
the se techniques are not based on chemical high explosives, a sharp,
i mpul sive shock wave is generated at each source in the array, and the
accumul ati on of the individual inmpulses provides a strong inpulse beneath the
sea floor. Useful summaries of the technology may be found in Kramer et al

(1968), Barger and Hamblen (1980), Fricke et al. (1981) and Johnston and Cain
(1981).

Bowhead whales may be disturbed by seismc survey signal sources. To
deternmine the sound levels that mght cause a disturbance, it was inportant
to measure the noise levels near whales that were being studied by Richardson
et al. (1985). Also, measurenents of received level vs. range were desirable
to permt prediction of levels at different ranges. Wth such data, a ‘range
of disturbance’ for bowheads around survey vessels mght then be determ ned
for areas with simlar transnission |oss.

Until recently, little was published about the waterborne sounds created
by airgun arrays and other seismc sources. In 1979, Ljungblad et al. (1980)
found that bowhead whal es were sometimes exposed to noise pulses from seismc
vessel s operating many kilometres away. Ri chardson et al. (1983) summarized
the early results from the present project and other data available up to
1981. Additional data on characteristics of waterborne inpulses from seisnic
ships appear in Malme et al. (1983) and More et al.. (n.d.).

Measur ement s

3 W recorded seismic signals from Six survey vessels plus a single 40

in® airgun that we operated fromthe sound boat * Sequel’. Many of the
measurenents were of sets of signals fromthe same source vessel at different
ranges. We used multiple linear regression to determne coefficients of

equations to nodel the received signal level vs. range.

Sl eeve Exploder Signals. —Signals from the seismc survey vessel ‘Arctic
Surveyor’ were received at ‘Sequel’ nunerous times during 1981 while we were
recording background and industrial noises. The signal source consisted of
four sets of sleeve exploders, three sleeves per set, suspended over the side




Industrial Noi se 226

of ‘Surveyor’. The geonetry was a rectangle approximately 12 mlong and 25 m
wi de (athwartship). The cylindrical sleeves were each about 1.2 x 0.3 m and
were deployed 6 m below the surface, water depth permtting. A mxture of
propane and oxygen was exploded simultaneously in all the sleeves to produce
a strong signal focused wvertically. The signal echoes from bottom
i nhonogeneities were received at hydrophores in a long linear array deployed
behind the ship. At each station, echoes from six 'pops’ (= expl osions) were
recorded before the ship noved 40 mto the next station along the survey
track. Six to ten seconds el apsed between pops while the exhaust gas was
purged and the sleeves were recharged; 1/2-2 nin elapsed between series of 6
shots as the ship nmoved to the next station.

For our neasurements, the source (sleeve exploder array) depth was 6 m
the hydrophore depth was 9 m and the water depths at the recording sites
were about 15-30 m  Several signals were anal yzed from each of three ranges:
8 km 13 km, and 25.3-28.7 km The received level of the pul ses was 148-153
dB//1 mPa at 8 km and 115-117 dB at 28-29 km  After starting as an inpul se
at the source, the signal |ength was about 250 ns when received at 8 km and
over 400 ms at 28.7 km the reverberation extended much | onger. At our
wor ki ng ranges, the inpulse was received as a ‘chirp’ signal in which high
frequencies were received first, followed by a downward transition to | ower
frequencies (Fig. 8B,D,F). This frequency change is represented in Figure
8A,C,E by the closer spacing of the oscillations at the left than at the
right side of each pulse. These properties of inpulsive signal propagation
are characteristic of geometrical dispersion, which occurs when signals
undergo multiple reflections between the surface and bottom

Open Bottom Gas Guns.--1n 1982 we again recorded seismc survey signals
from‘Arctic Surveyor’ , but the sleeve exploders had been replaced by open
bottom gas guns. CQur recordings were made in water 9-11 m deep, hydrophore
depth 8 m ranges 0.9 to 14.8 km  Received levels ranged from 177 dB//1 uPa
at 0.9 km to 123 dB at 14.8 km

At the shortest range studied (0.9 km, £frequencies bel ow 100 Hz
predom nated (Fig. 9). At an internediate range (3.7 km), | ow frequencies
below 100 Hz arrived first, presunably via a bottom path, followed by
frequenci es above 200 Hz, presumably via a water path. At range 14.8 km
only frequencies above 200 Hz were received. I nformati on on bottom
stratigraphy might help explain the propagation of the |ow frequency
components. At 14.8 km it is noteworthy that high frequencies tended to
arrive slightly before lower frequencies (Fig. 9F), consistent with the
sl eeve expl oder results.

In 1983 seismic signals were received fromthe gas guns on ‘Arctic
Surveyor’ at ranges of 52-53 km. The received signal |evels ranged from
122-128 dB//1 mPa over 65 min. Then, 24 min later, the level was 119 dB, and
another 24 min later the level was bel ow t he anbi ent level of 107 dB. W
concluded that there had been enough movenent of the ship that sone
propagation anomaly within the 52 km range intruded to blank out the signal.
Water depth at the receiving |ocation was 19 m.

Airgun Arrays. --Seisnmic signals were received from *GSI Mariner’ on
numer ous occasi ons. Airguns were discharged every 12-16 s as the ship
steamed continuously at about 7 km'h along preselected lines. In 1982-83 the
airgun array volume was 23 L and its source level was reported to be about
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246 dB//1 uPa~m. In 1982, received levels included 119 dB//1 uPa at range 52
km 128 dB at range 54 km (different tine and transm ssion path), 126 dB at
range 66 km and 110 dB at range 75 km In 1983, with the sane airgun array,
received levels were 127-131 dB for ranges 79-81 km on 7 August and 123 dB
for range 57 kmon 9 August. These signals were received at sonobuoys, which
distort high anplitude signals; consequently, the foregoing |evels should be
taken as mninum estinates. The water depth for these signals was greater
than the depth for the ‘Arctic Surveyor’ signals, assuring |onger range
t ransni ssi on.

In August 1984 seismc signals were recorded from 'GSI Mariner’ on
several dates. The array volune had been increased to 47 L. Measur enent s
fromthe sound boat on 14 August reveal ed | evels between 143 and 160 dB for
ranges 12-17 km (water depth 20-24 m hydrophore depth 18 m).  Several hours

earlier, on a different track, ‘Mriner’ signals had been 154-158 dB for
ranges 16-16.7 km water depth 20 m In general, there was considerable
variability in received levels at specific ranges. Wat er depth, bottom

characteristics, and horizontal aspect of the array were probably
responsi ble. (Aspect is the orientation of the airgun array relative to the
bearing to the receiver; see Malme et al. 1983.) At the 12 km range, the

array was oriented broadside; thus, maxinum received |levels were expected on
that occasion.

On 16 August 1984, 'GSI Mariner’ participated in a bowhead disturbance
experiment (see Richardson et al. 1985, in this volune). Al though the ranges
were no greater than 7.5 km the airgun signal reverberation was |onger than
the 15 s period between firings. Such long reverberation times had not been
seen previously, regardless of range. Because of the reverberations the
received |evel between pulses did not decrease below 118 dB//1 uPa, which was
19 dB above the anbient |evel before the airguns began firing and after the
st opped. Figures 1O0A-B contain the recorded waveform and waterfal
spectrogram of a signal fromrange 7.5 km water depth 25 mat ship and 18 m
at sonobuoy. The received signal sounded distorted because of its high
anplitude relative to the” limted dynami c range of the sonobuoy. This signal
was fromthe start of the full scale airgun array disturbance test oa 16
August 1984, The long reverberation was characteristic of all the signals
recei ved at the sonobuoy during the test. It is possible that this Iong
‘reverberation’ was an overload response of the sonobuoy oOr the receiver,
al though this was not seen with other |ess severe overload signals.

Figures 10C-F were recorded with a hydrophore in an area somewhat west

of the disturbance test area, water depth 44 m ‘Sequel’ at anchor. Figures
10C-D were for range 8.7 kmfrom 'GSL Mariner’ | just slightly longer than the
range of Figures 10A-B, but with “Sequel’s” hydrophores and w thout the
severe reverberation. Figures 1CE-F were for range 20.3 km  The waveforns
in Figures 10C and 10E exenplify airgun signal propagation in shallow water
over increasingly higher velocity strata beneath the water. The signal s
first received have travelled down through the bottom bending upward back to
the hydrophore. 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
wat erborne signal is followed by additional bottom-travelling energy.
Mil tiple propagation nodes are evident, but the basic property to be observed
is that the waveformin Figure 10E, range 20.3 km is nuch |onger than the
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waveformin Figure 10C, range 8.7 km This denpbnstrates that the received
signal lengthens as range increases.

The anplitudes of the signals in Figure 10C and 10E were as foll ows:

Ef fective Pressure Recei vi ng
Figure Range dB//1 wPa System
10 C-D 8.7 157 Hydr ophor e
10 E-F 20. 3 147 Hydr ophor e

Because of the limtations of sonobuoys, the received levels of seismc
pul ses could not be neasured reliably during the experiment on 16 August
1984. Gven the received | evel s of about 160 dB at ranges 9-12 km nearby on
14 and 28 August 1984, received levels were presunably far above 160 dB when
“GSl Mariner’ reached its closest point of approach 1.5 km from the bowheads
on 16 August. In both the 12 kmand the 1.5 km cases, the long axis of the
airgun array was oriented broadside to the receiver--the condition in which

peak received |evels are expected (Barger and Hamblen 1980; Malme et al.
1983) .

On six occasions, pulses from 'GSI Mariner’ operating 9-17 km away were
received sinultaneously at hydrophore depths of 9 and 13 m The received
level at 9 mwas always 1-4 dB less than that at 18 m

Received seismic survey signals rarely included nmuch energy at
frequenci es above 500 Hz. However, on 1 August 1984 we received pul ses of
500- 1300 Hz energy from ‘GSI Mariner’. The signals were received by a
sonobuoy hydrophore on the bottomin 10 m of water, range 17-23 km depth at
boat 70 m received |level at least 119-117 dB. Wthin these pul ses, there
was the usual downsweep of frequencies. Al though the pul ses were consist-
en tly at 500-1300 Hz on this occasion, this was a unique and apparently
anomal ous situation.

Seismic signals fromtw other large arrays of airguns were recorded via
sonobuoys. Airgun signals 50 km from ‘' Edward O Vetter' were received at
hydrophore depth 9 mwith level 117 dB. Airgun array signals 26-31 km from
‘Western Aleutian’ were received at hydrophore depth 18 m water depth 19 m

|l evel s 120-135 dB. These levels nay be underestimates because of sonobuoy
limtations.

In 1983, signalsfrom a small 3-gun 5.4 L array on 'Cammar Teal’ were
received sinmultaneously at 3, 9 and 18 mdepth (water depth 34 m) for each of
several ranges (Table 6). These data cane fromthe hydrophores on the sound
boat, and do not suffer from the limitations of sonobuoys. On average, |evels
at 3 mdepth were 7 dB less than those at 9 m Nomi nal signal frequencies
were above 100 Hz, and approached 200 Hz at the shorter ranges. Wthin
pul ses, there was the usual decrease in peak frequency with increasing tine.

Single Airgun.--The crew on ‘Sequel’ deployed a 40 in’(0.66 L)
single airgun for controlled seisnmc disturbance tests when the aircrew could
observe bowheads before, during, and after a period of firing. W began nost
tests with an air tank at pressure 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 frequency properties of our airgun were simlar to
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Table 6. Effective levels (dB//| wPa) vs. range and hydrophore depth for
airgun signals from'Camar Teal " ; 11 August 1983.

Range (km: 3.0 5.9 8.2 9.3 10. 4 ukn.
Time (MT): 08:23 07:31 15:02 16:35 16:38 14:33
3 mlevel: 161 141 135 137 141 143
9 mlevel: 167 151 145 143 145 150
18 m | evel: 158 152 147 146 149 151

those of a full-sized array of airguns. The firing period was 19-20 mn with
10 s between firings (1981) or 25-30 min with 15 s between firings (1983~
84). W operated the airgun at depth 6 m, attenpting to sinmulate the
operating conditions of a full-sized airgun array. Figure 11 contains the
wavef orm and waterfall spectrogram of an airgun signal from ‘Sequel’ recorded
during a disturbance test on 28 August 1983 at range 5 km  The water depth
was 15 m. The received sound level of this and the other signals during the
test ranged from125 to at |east 133 dB. The circunmstances and sound | evels
of all airgun tests are summarized in Richardson et al. (1985: in this
vol ume) .

A. WAVEFORM B. WATERFALL
" START AIRGLUN EXP, FAR BUQOY
1 L}
FAR BUOY 8 28 AUG 83, 1325_
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FIGQURE 11. Waveform and waterfall of a signal fromthe single 40 in3 airgun
fired from*Sequel’ during a controlled seismic disturbance test on 28 August
1983. The range was about 5 km water depth 15 m
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Sound Transni ssion Loss

Transm ssion |oss information can be extracted from the neasurenents of

received | evel s at various ranges. Figure 12 shows the data and the
associated fitted curves for four seismc sources. The hydrophore was al ways

an H56 depl oyed at depth 18 m except when the water depth was |ess.  Sonobuoy
data were not used.

The sl eeve expl oder nmeasurements spanned the range 8-29 km water depths
were 15-30 m  Wien we fitted a sinple logarithnmc spreading |oss nodel, we
obtai ned the term -61.6*log(range) . This was far fromthe expected -10%log
(range) term for cylindrical spreading or even -20%*log(range) for spherical
spreading. Wen we added a term linear in range, appropriate for absorption
and scattering losses, the fitted spreading |oss term became -10.12%log
(range)--very close to the expected -10*log(range) for cylindrical
spreadi ng. When we forced the spreading loss termto be cylindrical, the
resulting regression equation was

Received level (dB//l umPa) 170.1 - 1.39*R - 10*log(R),

where R is range in km The standard error (se) was 2.2 dB, the coefficient
of determ nation (rz) was 0.972, and the nunber of neasurenents (n) was
12.  The equation is plotted in Figure 12. The result was reasonabl e because
cylindrical spreading is expected in shallow water and because the | osses
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
i mpul sive sound propagation in shallow water.

The general regression equation for the open-bottom gas gung in water
9-11 mdeep was RL = 177 - 1.55*R - 26.,6*%log(R), se = 1.5 dB, r¢ = 0.997,
n= 6. The higher spreading |oss coefficient of 26.6 dB per range decade is
a result of including the much shorter ranges, and probably also the shallow
wat er dept h. When only the data fromthe three |ongest ranges (3.7, 7.4,

14.8 km) were used, and cylindrical spreading was forced, the best-fit
equation for received |level was

RL = 169.2 - 2.33*R - 10%log(R),

se = 0.26, r’= 1.000, n = 3. This result was for ranges conparable to
the ranges studied in 1981 with the sleeve exploder. The higher linear |oss

(2.33 VS. 1.39 dB/km) was probably attributable to the shallower water.

The ‘GSI Mariner’ airgun array data plotted in Figure 12 were not
neasured at the sane tine or 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 neasured from ‘ Sequel’ while anchored on 27 and 28 August
1984, water depth 44 m Six other measurements were also nade ot ‘Mariner’
seismic signals at that time and within that range span. The two points
plotted for ranges 52 and 75 km were neasured from ‘Sequel’ on 16 and 18
August 1982, water depth 110-130 m Because of the heterogeneous data, the
fitted equations may be only rough approximations of the results that woul d
be obtained in any one situation. Al 12 neasurenents were used to fit the
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general equation RL = 177.2 - 0.53*R - 15.67 *log(R), se = 2.1, rZ2 = 0.984, n
= 12. When cylindrical spreading was forced in the nmodel, the result was

RL = 171.8 - 0.61*R - 10%*log(R),
se = 2.0 dB r? = 0.975, n = 12. The absorption/scattering |o0ss
coefficient of 0.61 dB/km is smaller than the 1.39 and 2.33 dB/km terns
derived for the shallower water neasurements of the sleeve exploders and
open-bottom gas guns. This was expected; we expect |ower rates of scattering
| o0ss and bottom -absorption loss in the deeper water where these data were
col | ect ed.

Five neasurenents from the 3-airgun array on 'Cammar Teal’ are plotted
on Figure 12. The water depth for these measurenents was 34 m. An 'outlier'
received |evel of 149 dB at range 10.4 km caused a poor regression result.
When we averaged the neasurenents at the three |ongest ranges, 8.2-10.4 km
to obtain one ‘long-range’ datum we obtained the following fitted equation
with the -10*Log(R) term forced:

RL = 165.3 - 0.90%*R - 10*log(R),

se = 0.36 dB, r:2 = 0.992, n = 3. The equation is plotted as the dashed
[ine on Figure 12.

The four equations for received level provide an indication of the
behavi or of seismc signals in the shallow Beaufort Sea. The reliability and
utility of the equations could be enhanced with data froma w der span of
ranges (especially longer ranges). However, nore attention should be paid to
t he dependence of transm ssion |oss on frequency, water depth, sea state, and
bottom characteristics, and to the effects of aspect of the source array.

Di scussi on

When received at distances of at |east a few kilometres, pul ses from
sl eeve exploders, open-bottom gas guns and airgun arrays were very simlar.
Their characteristics can be summarized as follows:

Seismc survey signals were by far the strongest sounds encountered, but
they were alnost always of short duration, wth 8-15sbetween pulses. The
anplitudes at ranges 9-20 km were 12-30 dB greater than the 20-10u0 Hz band
|l evel of ‘Geopotes X at range 7.4 km  'Geopotes X produced the strongest

non-sei smc sounds detected in this study. The |l evel s of seism c pul ses
attenuated with increasing range in the sanme way that other sounds
attenuat ed. However, because of the very high source |levels of seismc

i mpul ses, they were received above the typical background level to distances
approaching 100 km, even in relatively shall ow water.

For concentrated neasurements of seismic signals from one vessel
operating in one area at nodest ranges (to about 15 km, we observed
consi st ent relationships between range and anplitude. As the range
decreased, the received levels increased. However, when we conpared results
from different survey tracks, the level vs. range relationships were not
al ways consistent. Contrary to expectation, the signal |evel was sometines
stronger at |onger ranges. Consistent with theory, the water depth and
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bottom nmateri al s appear to have an inportant influence on the levels of the
received seismc signals.

As with other sounds originating underwater, the received |levels of
seismc signals were less at shallower depths, increasing at |east until the
hydr ophore depth was 18 m. This is consistent with theory, which predicts
zero pressure at a pressure release boundary like the sea surface (Urick
1983, p. 131-4).

Pul se lengths tend to increase with increasing distances because of the
effects of different sound speeds for different nodes of propagation. Wthin
each nmode, different frequencies are received at different tinmes. For
shal l ow water propagation, high frequencies are received first, followed-hby
| ow frequencies. This leads to the ‘chirp’ signal characteristic of nany
seismc inpulses as received at |ong ranges. The opposite occurs for
propagation via bottom sedinentary |ayers. At ranges beyond a few
kilometres, the waterborne sound is nmainly at frequencies of 200-400 Hz, even
t hough nost energy at the source is <100 Hz (Barger and Hamblen 1980). Lower
frequencies (<100 Hz) are sonetinmes received via bottom pathways, but the | ow
frequency energy apparently is attenuated nore quickly than the slightly
hi gher frequencies in the shallow waters where nbst of our data were
obt ai ned.

Drillships
Background

Drillship sounds had not been reported before this project began,
al though there were reports of sound neasurenents near of fshore drilling
pl atforms and semni -subnersi bl es (Buerkle 1975; Gal es 1982). Results from
those studies are difficult to interpret because of |ow frequency resolution
(Buerkle 1975) or restrictions to near-field measurenents (Gales 1982).
Sounds from the 'SEDCO 708 semi-submersible were neasured recently during
drilling operations in the Aleutians (Geene, in press). Several tones from
'SEDCO 708" operating in water 114 m deep coul d be detected at range 18.5 km,
al t hough they were weak. Br oadband components were generally down to
background levels for ranges >1.9 km The background levels were 102-112
dB//1 pPa for the 10-4000 Hz frequency band.

One might predict that drillships woul d be noisier underwater than
senmi -subnersibles or drilling platfornms, given the broad hull area in contact
with the water. The hull would be expected to serve as a relatively
efficient radiator of |ow frequency sounds into the water.

Measur enent s

Sound | evels and spectra were measured at various ranges from three
drilling vessels: drillship ‘Explorer I' while logging, drillship ‘Explorer

I1' while drilling, and the Conical Drilling Unit (CDU) 'Kulluk' while
drilling (Fig. 13). 'RKulluk' is a circular platform 8L m across and sl opi ng
inward below the water line to deflect ice. It must be noved by support
vessel s and tugs, but it can operate longer in the fall because of its ice
defl ection design. ‘“Explorer I’ and 'Explorer 11' are conventional drill-
ships; four of these vessels operated in the Canadi an Beautfort Sea during
each year of our study. Loggi ng operations were not as noisy as drilling
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and the CDU drilling was clearly the noisiest of the three operations (Fig.
13). St and- by vessels were near each of the three drillships during our
recording sessions, and their variable activities were probably responsible
for sone of the apparent differences in sound |levels near the three

operati ons.

“Explorer I' was northwest of the Mackenzi e Delta (Fig. 1) in 1982 when
we recorded its sounds while it was conducting |ogging operations. The water
depth was 17 m; hydrophore depth was 9 m. The variability in the received
level s vs. range shown in Figure 13 probably was partly due to the changing
nature of machinery operations during the time of our measurenents. The
relatively low level at range 1.3 kmis conspicuous in this regard. The
support vessels in the vicinity did not appear to be active.

“Explorer 11" was drilling north of the Mackenzie Delta (Fig. 1) at
depth 2030 m water depth 27 m when we neasured its noise in 1981. The

hydr ophore depth was 9 m “Supplier 111" was drifting nearby.

@il f Canada’s CDU 'Rulluk' was drilling at East Amauligak in 1984 when
we recorded the sounds. Qur sound boat was not permitted within the moring
lines, restricting our closest range to about 1 km A tug was grappling for

| ost nooring anchors nearby, and there were other work boats around. It is
certain that our neasurenents of 'Kulluk' sounds also contain sounds from
these other active vessels. The vessel sounds overlap 'Kulluk' sounds in

both tinme and frequency, and the sounds of 'Kulluk' and other vessels cannot
be separated.

Figure 14A;B shows exanples of spectra computed for ‘Explorer II

drilling at ranges 0.2 and 7.4 km The strong tone at 278 Hz was
characteristic and easy to identify when heard on sonobuoys or the ‘Sequel’
hydr ophor es. This tone varied in frequency during the drilling operations

but was always acconpanied by a weaker tone at a slightly |ower frequency.
The 20-1000 Hz band level for range 0.2 kmwas 134 dB//1 pPa; for range 7.4
kmit was 111 dB.

Fi gure 14C-F shows spectra for 'Kulluk® drilling at ranges 1.0 and 14.8
km including spectra for hydrophore depths 3 mand 12 or 18 m (at 14.8 km
range, water depth was oanly 15 m denying us the use of a hydrophore at depth
18 n. The 'Rulluk' spectra are not especially distinctive, although tones
at 51 and 89 Hz were persistent. The strong tone at 333 Hz in Figure 14F was
not detected at ranges less than 7.4 km presumably because of some change in
the industrial activities between the recording times. Broadband levels were
unusual |y flat up to 750 Hz; the typical decrease in level with increasing
frequency was not evident in this frequency range (Fig. 14C-F)., Received
levels at 18 mdepth were 20 dB hi gher than those at 3 mfor frequencies
30-100 Hz, and about 9 dB hi gher for frequencies 250-500 Hz (Fig. 14E vs. C;
Fig. 14F vs. D), This difference was consistent in direction with results
for other in-water sources, but greater in magnitude than some others.

In sone of the spectra shown in Figure 14, received levels for

frequencies below about 50 Hz were lower than those for some higher
frequenci es. This was probably attributable ‘co the high rate of attenuation
of low frequency sounds in shall ow water.
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Di scussi on

The sound level for the 'SEDpco 708 drilling at range 0.19 km,
hydr ophore depth 10 m 20-500 Hz band, was 116 dB//1 pPa (Fig. 13; Greene, in
press). The sound level in the 400-1600 Hz band was 110.8 dB, naking the
level in the 20-1600 Hz band 117 dB at 0.19 km range. In contrast, the
qui et est drillship we neasured during this project was the ‘ Explorer I°
conducting |ogging operations; its sound |level in the 20-1000 Hz band was
122-125 dB at range 0.17 km Clearly, noise from the quietest drillship
operation was stronger than the seni-submersible during drilling. Drillship
levels were simlar to levels near an actively drilling caisson-retained

island (CRI) (Fig. 13).

The Conical Drilling Unit ‘Kulluk' was the noisiest of the drilling
vessel s studied during this project. Its large size and large hull area in
contact with the water probably contributed to the high noise |evels. The
nearby tug grappling for anchors probably accounted for some of the noise

neasured near 'Kulluk'.
Dredging
Backgr ound

Ford (1977) neasured the sounds from cutter suction dredge 'Beaver
Mackenzie'  during construction of the Arnak artificial island in the
sout heastern Beaufort Sea, July 1976. He found that nobst energy in the
sounds was at frequencies between 250 and 2000 Hz. W are unaware of other
reports concerning dredge sounds.

There are two nain types of dredge operation in the Beaufort Sea. In
one , a dredge like 'Beaver Mackenzie’ is noored in place and extends suction
pi pes to the bottom and di scharge pipes to a barge or construction site. In
the other, a hopper dredge noves over the dredging site picking up materi al
to £i1l its hoppers, and then steans to the construction site to dunp the
load either through gates ia the bottom of the ship or by punp-out methods.

Measur enent s

We neasured sounds both from dredges moored in place and from noving
hopper dredges during this project. W discussed the sounds of hopper
dredges underway in ‘Boat and Ship Sounds’ earlier in this report; here we
confine our presentation to the sounds of dredging.

Figure 15 displays measured 20-1000 Hz band levels vs. range for several
operating dredges. The strongest sounds came from hopper dredge ‘Cornelis
Zanen’ picking up a load at Ukalerk on 7 August 1983, ' Zanen' is powered by
11.1 MW, can nmake 28.7 kmh, and carries a load of 8000 m3, The water depth
was 20 m, the hydrophore depth was 9 m, and the ranges varied from0.63 to
2.45 km  The levels were on the same order as levels neasured for fGeopotes
X picking up a load at conparable ranges at the sane site on 29 August 1982,
for ‘Gateway’ dunping a load at Kadluk on 11 August 1982, and for fCormelis
Zanen’ punping out material on 31 August 1984, All three are hopper
dredges. These dredging data for 'Cornelis Zanen' were taken at shorter
ranges than the underway data for the same ship (see Fig. 5) but the two sets
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of levels line up, suggesting that the sound |evels while dredging may not be
much different than the |evels while underway.

“Aquarius’ is a suction dredge about 90 mlong and 12 mwde; it was
noored at Nerlerk on 12 August 1983 transferring material from the bottomto
a berm construction site. It can transfer up to 100, 000 m3/day. The sounds
were notably stronger (by 1015 dB) than those recorded for dredge ‘' Beaver
Mackenzie', which also operated as a transfer dredge capable of noving 70,000
n8/ day. We recorded 'Beaver Mackenzie’ sounds on 7 August 1980 at the
Issungnak artificial island construction site, and on 6 August 1981 at the
Alerk artificial island site. Interestingly, noise levels from ‘Beaver
Mackenzie' at Amerk on 13 August 1983 were 7-12 dB quieter than they had been
in 1980-81. The dredge sounded different to the human ear, and the spectrum
revealed nore tones in 1983 than in 1980-81. Water depths were 46 m at
Nerlerk, 18 m at Issungnak, 13 mat Alerk, and 29 mat Anerk (see Fig. 1 for
| ocations).

Figure 16presents sound |evel spectra for three dredges. Fi gures 16A
and B are from tw anal yses of the sane sound from ‘ Beaver Mackenzie' at
Issungnak. This recorded sound was used in the dredge playback experinments
on 16and 24 August 1984 (Richardson et al. 1985); the tone at 1775 Hz was
unusual ly strong for a tone at a frequency above 500 Hz. Figure 16Cis for
the same dredge at Amerk in 1983, when there was no strong tone between 1 and
2 kHz. Figure 16D is for 'Cornelis Zanen' picking up a |oad at Ukalerk, and
Figures 16E and F are for the dredge ‘Aquarius’ at Nerlerk, 0.2 and 14.8 km

ranges. Al'l these spectra are for dredges whose band levels are plotted
against range in Figure 15. |In sone spectra, received levels were rather |ow
for the |owest frequencies. As di scussed earlier for boat and drillship

sounds, low frequency sounds often attenuate at a high rate in shall ow water.
Di scussion

Based on our nmeasurenents, suction hopper dredges and sone transfer
dredges are the strongest sources of continuous industrial noise of any
activities associated with offshore oil exploration in the Beaufort Sea. The
hi gher levels from hopper dredges than from ‘Beaver Mackenzie' are probably
expl ai ned by the absence of sounds from propul sion machinery in the
cases of noored dredges. Although the measurenents did not overlap in range
data for '"Cornelis Zamen' indicated that sound levels from hopper dredges may
be simlar while dredging and underway. Sound | evels for hopper dredges
dunping a load and punping out a load were also simlar to the levels for
pi cking up a load.

Spectrum anal ysis did not reveal any unusual frequency characteristics
i n dredgi ng sounds other than the tone at 1775 Hz from ‘ Beaver Mackenzie' in
1980-81. There was no sinilar tone in 1983.

Operations at |slands

Background

Once an artificial island or berm has been constructed, equipnment and
facilities for exploration drilling are nmoved onto it. Malme and Mlawski
(1979) reported on the sounds of drilling fromislands during winter. They
reported, ‘the broadband conponent decayed rapidly within 0.5 to 1.0 miles
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fromthe rig |eaving low frequency tonal components . ..observed out to 4-6
mles under |ow anmbient noise conditions’

Measur enent s

During the project we measured sounds at three operating island sites:
(1) at the Tarsiut cai sson retained island (CRI); (2) at Kadluk while a
different caisson was being installed on a berm and (3) at the Arerk CR
during drilling.

- When the sound boat 'Sequel® reached Tarsiut on 6 August 1982, drilling
had al ready been conpleted and ‘wi per tripping’ was in progress. Anchored at
range 1.1 km water depth 21 m hydrophore depth 9 m we recorded sounds from
the area for over 12 h. The novenent of support craft (especially tugs and
workboatss a crane barge remained in place al ongside the caisson) undoubtedly
contributed to the sounds recorded. The 20-1000 Hz band levels varied from
121 to 130 dB. Further data were obtained on 15 August 1982, when activities
reportedly included pile driving on one corner of the island; 20-1000 Hz band
l evel s dimnished from 119-125 dB at 0.46 kmto 100 dB at 18.5 km W did
not distinguish any sounds that we could associate with pile driving.

On the evening of 16 August 1983, ‘Sequel’ anchored 3.8 km east of the
caisson being installed on a bermat Kadluk. This particular caisson was an
octagonal structure that had been floated over a berm and bal |l asted down. On
16 August 1983 it was being filled with sand to form the caisson-retained
i sl and. However, at the time of our neasurenments, filling was not in
progress. Kadluk was the first site where this particular caisson had been
installed. W recorded sounds at ranges of 3.8, 1.8, and 0.93 km where
wat er depths were 12, 13, and 13 m. Numerous support boats, a crane barge,
and dredge 'Cornelis Zanen' were all in the vicinity. The 20-1000 Hz band
|l evel s were 116, 119, and 117 dB, respectively, for ranges 3.8, 1.8, and 0.93
km, hydrophore depth 9 m« W attribute the lack of dependence on range to
the varying presence and activities of the operating vessels around the
Kadluk area. Measurenments at ranges that were large conpared to the
separations of the working vessels would be expected to show the usual sound
attenuation with increasing distances.

On 29 August 1984 we naneuvered ‘Sequel’ to a range of 0.2 km fromthe
same caisson, now installed at Amerk (Fig. 1). A crane barge and workboat
were noored at the caisson, and a second workboat was underway slowy
near by. After confirmng by radio that drilling was underway, we recorded
the sounds at ranges 0.22, 0.39, 1.85, 3.7, 7,8 and 13.2 km. The
correspondi ng sound levels in the 20-1000 Hz band were 130, 128, 128, 126,
118, 113 and 112 dB. However, it appears likely that the levels for ranges
7.8 and 13.2 km were predomninantly background noi se. The other five |evels
have been plotted on Figure 12 for conparison with the drillship sound | evel
measurenents vs. range. The CRI drilling sounds were conparable in level to
those from drillship ‘ Explorer II'.

Figure 17 contains six spectra associated with operations at caisson
retained island operations. Figure 17A is from Tarsiut at range 0.46 km on
15 August 1982, and Figure 17B is from Tarsiut at range 1.1 km on 7 August
1982 (hydrophore depth 9 m). The former shows a strong tone at 120 Hz; such
a tone is usually associated with electric power generation. Figure 17Cis a
spectrum for a hydrophore at depth 9 m at range 0.93 km from the cai sson
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being installed at Kadluk (water depth 12 n) . This case is unusual in that
l evel s increased with increasing frequency, up to 350 Hz. Figure 17D is a
spectrum for a hydrophore at depth 9 m at range 3.8 km from the sane
operati on. It shows a dip in received |level at frequencies up to 100 Hz; we
often noted such a dip in shallow water sound nmeasurenents, presunmably
because |ow frequency, long wavel ength sound energy is rapidly attenuated in
shal | ow wat er. Figure 17E is a spectrum to 500 Hz for the CRI during
drilling at Amerk, range 0.22 km, water depth 26 m hydrophore depth 18 m.
Figure 17F is the sane sound analyzed to 8 kHz; the tonal spikes can be seen
easily up to 5.7 kHz. The frequency resolution is only 27.4 Hz in Figure
17F, conpared to 1.7 Hz in Figure 17E, so the tones are not displayed as
prominently in Figure 17F.

Di scussi on

The activities at the three caisson retained island sites were widely

di ver se. The levels of sounds during drilling at Arerk were conparable to
the levels during drilling by the drillship ‘Explorer Il1’. Conparing the 20-
1000 Hz band levels of the three caisson island activities at range 1.8 km
the drilling operation at Amerk produced a sound |evel of 126 dB, the caisson

installation at Kadluk produced 119 dB, and the general activities at Tarsiut
produced 113 dB. However, at range 0.93 km the corresponding levels were
128, 117, and 124 dB, meking Tarsiut noisier than Kadluk. At all three
sites, the radiated sound levels could vary considerably because of the
varying activities of the surrounding support vessels. However, such vessel
support is standard practice at offshore exploration sites and it must be
expected to contribute to the overall industrial noise for such sites.

GENERAL Di scussi on

As an aid in conmparing the neasured sound |levels with one another and
with anbient levels, Figure 18 summarizes 20-1000 Hz band |evels vs. receiver
range. Only representative sound sources have been included (see also Figs.
S, 13, 15). However, we will di scuss other sounds in relation to those
pl otted.

The strongest |evels on the graph are airgun array signals from'GSI
Mariner’ at ranges 12-17 km These signals are transitory, usually lasting
less than a second and occurring once each 12-15 s. QG her 'GsS1I Mariner’
airgun array signal levels are plotted for ranges 62-73 km on 18 August
1982. We noted considerable variability in airgun signals from |onger
ranges, as shown by these exanples, and attribute it to the inportant
influences of water depth and bot tom sedinent properties on sound
propagati on. Aspect with respect to the long axis of the airgun array was
probably also a factor (Barger and Hamblen 1980; Malme et al. 1983).

Sounds from the sleeve exploders on ‘Arctic Surveyor’ were received at
nom nal ranges of 8, 13, and 28 kmin water 15-30 m deep, hydrophore depth 9
m. Figure 18 includes the curve derived from nultiple regression analysis of
the neasured levels relative to range. The curve shows that the sound levels
di m nished with increasing range in two ways: by cylindrical spreading
(lo*log(range)) and by a conbination of absorption and scattering losses
anounting to 1.4 dB per kilometre. The latter linear termis very inportant
for longer range sound transmission. Data not shown here (see Geene 1982,
p- 338) revealed that the linear term was generally larger for shallow depths
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and/ or higher frequencies. For exanple, for a 1000 Hz tone for 'Geopotes X
in water 25 m deep, the absorption/scattering |loss termwas 2.53 4B per
kilometre.

The strongest continuous type of signal received during the project cane
from hopper dredge ‘ Geopotes X underway. The ship was apparently operating
that season with a damaged propeller, which probably accounts for the high
levels. Also shown on Figure 18 is the curve connecting the neasured | evels
of sound from crewboat ‘Inperial Adgo' operating over shallow water (18.5
m. Sound levels fromcrewboat ‘| nperial Sarpik' and the sound boat * Sequel’
were similar. These were anmong the quietest industrial noises recorded.
Only ‘“Arctic Sounder’, anchored and running only its electric generator, was
quieter. Qher boat and ship sound levels, including those from supply boats
and ot her dredges underway, fell between the levels for 'Geopotes X' and
“Inperial Adgo'.

The sound levels near drillship ‘Explorer 11’ while drilling are also
presented in Figure 18. The sounds near conical drilling unit "Kulluk' while
drilling were stronger by 10-15 dB, but sounds from ‘Explorer |’ while
| oggi ng were 5-10.d4B weaker. Sounds from Amerk caisson retained island while
drilling were on the sane order as sounds from ' Explorer 11, In all these
cases, sonme of the sounds probably cane from ancillary vessels nearby, and
some of the differences may have been attributable to the variable types and
activities of those vessels.

The received levels for sounds from transfer dredges ‘' Aquarius’ and
‘Beaver Mackenzie' are graphed on Figure 18. Sounds from hopper dredges Iike
"Cornelis Zanen' picking up a |oad were received at sonmewhat hi gher levels
(by about 5 dB) than the sounds from ‘ Aquarius’ at conparable ranges. W
attributed the higher 1levels from hopper dredges to the contributions from
the propul sion machinery. ‘Beaver Mackenzie' in 1983 was significantly
quieter than it had been in 1980-81.

Bel ow the Industrial sound levels in Figure 18 we have plotted the
medi an of the ambient noise levels measured during the 1984 season (excluding
nmeasurenents near industrial sites) and the expected 20-1000 Hz band | evel
for sea state zero. The 1980-84 nedi an level (99 dB) was 1 dB less than the
expected level for Beaufort Wnd Force 3 (Sea State Two). These anbi ent
| evel s are not range dependent and are, therefore, plotted as straight lines
i ndependent of range.

The sound levels received fromoverflying aircraft are not plotted
because they were not analyzed for range dependence. However, the received
levels can be conpared with the plotted levels for other sources. For
exanpl e, the nmaxi num noise level below the Islander at altitude 152 m was
117-123 dB at a hydrophore 3 m deep; those levels are conparable to ‘Inperial
Adgo' at range 0.2 km and to drillship sounds at ranges near 4 km  Levels of
aircraft noise decreased with increasing aircraft altitude and increasing
hydr ophore depth. At depth 9 m, Twin Qiter and Islander sounds from altitude
457 m were 101-106 dB, or just above the 1984 median anbi ent noise |evel.
These levels are averages for the 4 s when the aircraft sound was strongest.
The maxi mum | evel ws received for only a few seconds.
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Sound l|evels from caisson retained islands at Kadluk and Tarsiut are not
plotted on Figure 18, but Tarsiut |evels were generally simlar to |levels
fromdrillship ‘Explorer 11’, CRI drilling, and dredge ‘Beaver Mackenzie' in
1980-81. Kadluk sound levels were also about the sane.

The followng are the fitted equations for received level in the 20-
1000 Hz band (dB//| ppPa) vs. range (km for three industrial sound sources in
the shallow Beaufort Sea. Cylindrical spreading (10*log R) was forced.

Drillship ‘Explorer |1’ drilling:

RL= 128.4 - 0.985*R - 10*log(R) se = 1.06 dB, r°= 0.892, n = 6.
Hopper dredge ‘ Geopotes X underway:

RL= 143.9 - 0.916*R  10*log(R) se = 2.27 dB, r’= 0.634, n = 5.
Dredge ‘Beaver Mackenzie' dredging (at Alerk):

RL= 127.1 - 1.197*R - 10%*log(R) se = 1.57 dB, r’= 0.847, n = 6.

For dredge ‘Aquarius’ dredging at Nerlerk (depth 46-60 m, we derived an
equation for received level in the 20-500 Hz band (dB//l pPa) as a function
of both range in km and hydrophore depth in m (from G eene 1984, p. 293):

RL = 119.9 - 0.42*%R - 1. 31*D - 10.8*log(R) + 29.6*1log(D)
se =2.1dB, r“ =0.96, n = 21.

W can make several summary statenents about industrial sounds in the
Beaufort Sea:

l. Sounds from an aircraft overhead dimnish in strength with
i ncreasing receiver depth. Sounds from an aircraft not directly
overhead increase in strength with increasing receiver depth. Low
flying aircraft induce stronger peak levels of sound underwater than
do high flying aircraft. The peak levels of aircraft sound are
short-lived, especially when the aircraft is |ow. Sounds from
passing aircraft are audi ble ionger in shallow water than in deep
wat er .

2. Sounds from underwater sources are weaker near the surface. For the
low frequencies (<100-200 Hz) dom nating the industrial sound
sources that we studied, this shallow depth effect is nost
noticeable within 9 m bel ow the surface.

3.  The inpulsive sounds from distant seismc surveys can travel via
both water and bottom paths. In shallow water, the waterborne sound
reaching ranges of several kilometres or nore is limted to
frequenci es above about 100 Hz, and sonetines to even higher
frequenci es. Cenerally, the sunmmation of multiple reflections over
a long path leads to the appearance of hi gher frequencies tirse,
fol l owed by decreasing frequencies, in the waterborne sound. Longer
di stances nean nore multipaths and, hence, a |onger-lasting signal.
Sound may also travel via bottom paths, bending upward and
reflecting at the surface many tinmes on its way to the receiver.
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Low frequencies travel via these bottom paths and generally the
| onest frequencies arrive first, followed by increasing frequencies.

4. Sounds from offshore sites generally include sounds from nunerous
support vessel s--supply boats, tugs, crane barges, and canp barges”
Drilling vessels are also sonetinmes protected by icebreakers. The
sounds fromthese vessels are an integral part of the noise fields
around the offshore sites, but these sounds can be highly variable,
depending on activities.

5. Anbient noise levels in the Beaufort Sea vary from below the |evels
expected for sea state zero (deep water) to above I|evels expected
for Beaufort Wnd Force 8. The medi an | evel for the 20-1000 Hz
band, excluding neasurenents near industrial sites, was 99 dB. This
is equivalent to the expected level for Beaufort Wnd Force 3. It
should be noted that neasurements were generally not made during bad
weather, either fromthe sound boat or the airplane, and the true
medi an | evel would be higher.
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This section sunmarizes seasonal and year-to-year trends in the summer
di stribution of bowheads during 1980-84. It identifies locations where
bowheads tended to concentrate, docunents the locations of offshore
industrial operations within the summering area, and discusses whether any
year-to-year changes in distribution are attributable to oil expl oration.
Si ghtings of bowheads during all studies in the Canadian Beaufort Sea in
m d-late sumrer of 1980-1984 are mapped by 10-d period. Qther maps show sites
of offshore drilling, dredging, boat and helicopter traffic, seisnic lines,
and ice conditions. The ‘main industrial area’ is off the Mickenzie Delta,
and includes i sland construction> drilling, dredging, and intensive boat and
helicopter traffic. Seismic exploration occurs over a wider area.

In 1980, bowheads were mnore numerous close to shore than in the
subsequent four years. Some were <5 km from an island construction operation
of f the central Mackenzie Delta. By | ate August, very large nunbers
(probably well over half the population) were widely distributed off the
Tukt oyakt uk Peni nsula, many in water <20 m deep. Nunbers off the Delta were
somewhat reduced by | ate August, but still high. In 1981, nost bowheads
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remai ned farther offshore. In early August many noved south onto the outer
continental shelf off the Mickenzie Delta, wth |esser nunmbers off the Tuk
Peni nsul a. None were seen where whal es were abundant in early August 1980. In
m d 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, nost bowheads were far enough offshore or west to be outside
the main industrial area. In md-late August, there were concentrations near
Herschel 1Isl and near the shelf break. In 1983, npost bowheads again remained
outside the main industrial area. |In early August, bowheads were found far
off the western Yukon, sonetinmes exposed to noise from distant seismic
exploration. In nmd 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 |ate Aug~early Sept. |In 1984,
bowheads were sonewhat nore common in the main industrial area than in 1982
and 1983, although less so than in 1980 and 1981. Myst of those in the
industrial area were around its periphery, not in the central part where
bowheads were abundant in 1980 and, to a |esser extent, 1981. Fromnmid 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 nunbers there in 1983
were slightly greater than in 1982, and there was sonme 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 limted data from 1976-79 indicate
t hat bowheads were nunerous 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 O of 4 years from 1981-84. The reappearance of many whal es
in 1980 makes it questionable whether the apparent trend toward reduced
utilization of the main industrial area was attributable to industrial
activity. 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 nain
industrial area. Bowheads were often seen in areas with seismc noise, and in
areas where whal es had been exposed to seismc noise the preceding year.
Thus, we found no evidence that bowheads avoi ded areas of previous exposure
to seisnmic noise.

Bowhead distribution varied markedly from sunmer to sumer 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
determ ne whether the scarcity of bowheads in the central part of the main
industrial area in 1982-84 was related to industrial activities. Assumed
variation in food availability (zooplankton concentrations) nay al so have
been involved. Zooplankton is probably controlled by oceanographic and
meteorol ogical factors that vary seasonally and annually. Until the
i nfl uences of these natural factors on zoopl ankton and bowhead di stribution
are understood, it nmmy be inpossible to determ ne whether any of the
variation in bowhead distribution is a result of industrial activities.
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| NTRODUCTI ON

The main focus of this wvolume is a study of short-term behavioral
reactions of bowhead whales to offshore industrial activities. An observable
behavioral response provides an inmediate indication that whales are
sensitive to the industrial activity. However, it is difficult to determ ne
whet her brief behavioral reactions have any |ong-term negative consequences.
Long termreactions might, in theory, include such interrelated factors as
increased stress, reduced overall food intake during the sumrer feeding
season, reduced reproductive success or survival rate, and displacement from
parts of the traditional range. O these, the potential effect that night be
detected most easily is displacenment.

The literature contains little quantitative information about prolonged
di spl acenent of other species of baleen whales by human activities. Gay
whal es apparently were displaced froma wintering |agoon when ship traffic
and other human activities intensified, and returned several years |ater when
ship traffic decreased (Gard 1974; Reeves 1977; Bryant et al. 1984). In other
cases, suggested displacements have not been denonstrated convincingly
(reviewed by Richardson et al. 1983b). These possi bl e cases include other
gray whale wintering areas and migration routes (Rice 1965; Rice and Wolman
1971; Wl fson 1977; Dohl and Quess 1979), hunpback whale w ntering and
feeding areas (Norris arid Reeves 1978; Jurasz and Jurasz 1979; MMC 1979/ 80),
and whales in areas of heavy ship traffic off Japan (Nishiwaki and Sasaoc
1977). Most of these data are equivocal regarding whether whales are
di spl aced by industrial activities. However, it is clear that whales often
return each year to areas where they have been hunted or exposed to heavy
vessel traffic.

By 1980, when detailed studies of Wstern Arctic bowheads in their
Canadi an summering areas began, full-scale offshore oil exploration had been
underway for some years. Drilling fromartificial islands in very shallow
nearshore waters off the Mackenzie Delta began in 1972. In 1976, drillships
began operating offshore, and island-construction also extended offshore into
wat ers where bowheads occur. The intensity of offshore industrial activity
has generally increased since 1976. By 1983 and 1984, five drillships, two
active drilling caissons, 5-6 suction and hopper dredges, 9-10 helicopters,
3-4 seismic exploration boats, four industry-owned icebreakers, about 10
supply ships and many other support vessels were operating offshore in the
sout heastern Beaufort Sea (Fig. 1)«

Before 1980, the only data about summer distribution of bowheads were
from conmerci al whalers operating in the area around 1890-1914, and recent
i ncidental sightings. Those records showed that bowheads nigrate eastward
into the Canadi an Beaufort Sea in May and June, mainly along routes far
of fshore in the pack ice (Fraker 1979; Braham et al. 1980). Mbst sightings in
early summer were in western Amundsen Qulf and the extreme eastern part of
the Canadian Beaufort Sea -- east of the area of offshore oil exploration
(Townsend 1935; Sergeant and Hock 1974; Fraker et al. 1978; Fraker 1979;
Fraker and Bockstoce 1980). Sonme bowheads occurred as far east as western
Victoria Island (118°W) in May-August (Sergeant and Hock 1974; Hazard and
Cubbage 1982).
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FIGURE 1. The eastern Beaufort Sea, study area for this project, showing the
main sites of offshore industrial activity in August and early Septenber,
1980- 84. Inset: Generalized pattern of seasonal novenment of the Wéstern
Arctic popul ation of bowhead whal es.

During both the whaling era and the 1970's, the distribution of bowheads
seened to spread gradual ly westward off the Tuktoyaktuk Peninsula, Mackenzie
Delta and Yukon coast in August (Townsend 1935; Sergeant and Hock 1974;
Fraker et al. 1978). The westward trend was considered real although (1)
changing ice conditions were known to cause bhiases in detectability, and (2)
most bowheads seen during August 1976-78 were oriented eastward (Fraker and
Bockstoce 1980). In Septenber, bowheads nmoved westward between Cape Bat hur st
(128°W) and the Alaska border (Sergeant and Hock 1974), sonetines
concentrating near the Yukon coast (Fraker and Bockstoce 1980). The | ast
sightings in Canadi an waters were in early Cctober (Fraker and Bockstoce
1980) .

Aerial surveys provide the type of conprehensive information about
bowhead distribution that can be used to detect changes in distribution.
Systematic surveys of parts of the Beaufort Sea wre conducted in late summrer
of 1980-84. Coverage was inconplete and variable, but provided a far nore
detail ed view of bowhead distribution and novenents than was evident up to
1980. The surveys also showed mamjor year to year differences in sunmer
distribution, and in nunber of bowheads within the area of offshore oil
exploration (Renaud and Davis 1981; Davis et al. 1982; Harwood and Ford 1983;
Harwood and Borstad 1984; McLaren and Davis 1985).
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Besi des the systematic surveys, nunerous other studies of bowheads have
been conducted in the eastern Beaufort Sea since 1980. These included the
behavi oral study reported in this volume (1980-84), photogrammetric studies
(1982-84), Al askan aerial surveys that sonetines extended into Canadian
waters (1980-84), and an attenpt at radio-tagging (1980). Al these studies
i ncl uded aerial surveys or reconnai ssance; all bowhead sightings were
recorded, although many of these distributional data were not included in
resulting project reports. These non-systematic data included many |ocations
and periods for which no systematic survey coverage was obt ai ned.

The objectives of this report are twofold:

1. Draw together in a standardi zed way the avail abl e published and
unpubl i shed information about bowhead distribution in relation to
industrial activities in the eastern Beaufort Sea during the summers
of 1980 to 1984.

2. Assess whether there are any consistent trends in the sumrer
di stribution of bowheads during this period, and whether any such
trends can be related to industrial activities.

For each 10-day period in the late sumrers of 1980-84, we present a map
of the aerial survey routes (systematic and non-systematic) and the sightings
of bowheads. For each of the five years, we also include maps showi ng the
active offshore industrial sites, vessel and helicopter traffic, seismc
exploration, and ice conditions. The very limted avail able data on bowhead
distribution in the summers of 1976-79 are also summarized. W then assess
whet her there were any consistent trends in the summer distribution of
bowheads in recent years, and whether the trends are related to industrial
activities. We use the tern "main industrial area” to refer to the zone with
drilling, island construction, and intensive support by vessels and
hel i copters. Some seismic exploration is in the main industrial area, but
seismc vessels often operate outside that zone.

This analysis of possible medium- to long-term effects conpl enents our
study of short-term behavioral reactions to industrial activities (Richardson
et al. 1985a,b), and should be hel pful in assessing whether offshore oil
exploration in the Al askan waters is likely to displace bowheads from parts
of their traditional Al askan range. The present final report is self-
contained and includes the data and interpretations pertaining to all years.
However, earlier versions of this report (R chardson et al. 1983a, 1984a)
include nore details for 1980-82 and for 1983, respectively, particularly
concerning industrial activities in those years.

The scarcity of information about natural factors affecting the
distribution of summering bowheads, or their zooplankton prey, is recognized
as a serious problemin attenpting to interpret the data on bowhead
di stribution. Variables that could be inportant in affecting bowhead
distribution, directly or through effects on zooplankton, m ght include the
variable outflow from the Mickenzie River, the variable extent and |ocation
of the Mackenzie plume, the variable distribution of ice, and variable
hydrographic phenonena at the shelf break, ice edge and el sewhere (Griffiths
and Buchanan 1982; Borstad 1984; LG, ESL and ESSA 1984). Ongoing and planned
work to address these factors will, when conpleted be inportant in under-
standing the distribution of bowheads as documented bel ow.
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METHODS AND DATA SOURCES

Bowhead Sightings

I nformati on about bowhead distribution in the eastern Beaufort Sea is
available fromearly August to early or md September of 1980-84, plus parts
of July in 1981 and 1984 (Table 1). W include maps of bowhead distribution
for four 10- or n-day periods: 1-10, 11-21 and 22-31 August, and 1-10
Septenber. A map for late July 1981 is also included. A npbst all bowheads
seen in” the area of intense industrial activity off the Mackenzie Delta were
seen in these periods. Qur study area was the Canadian Beaufort Sea from Cape
Bat hurst (127°W) to the Al aska border (141°W), and north to 72°N (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 alnost all surveys, Very Low Frequency (VLF)
navigation systerns were used to deternmine flight routes and sighting
| ocations. Many flights were not systematic surveys wth defined transect
wi dths. Hence, we mapped all sightings, whether or not they were classified
as on- or off-transect in the original reports. Synbols of progressively
i ncreasing promnence are used to show sightings of 1-3, 4-7, 8-15, 16-30 or
31-80 bowheads. Wen two or nore sightings were so close together that their
synmbol s overlapped broadly, only the larger of the two synbols was shown.
This procedure reflects the fact that some whales undoubtedly were seen nore
than once during single 10-d peri ods.

The map for each 10- or n-d period differentiates sightings and routes
during the first 5 days fromthose during the next 5 or 6 days. In some 10-d
periods, there were so many aerial surveys in certain areas that it was
inpractical to show every flight line. These ‘intensive coverage areas' are
demarcated with a heavy line. Wthin these areas only the bowhead sightings
not the flight routes, are shown.

W\ enphasi ze 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 amng projects, and
detectability of whales was better during sone flights than others. Survey
effort in different parts of the study area ranged fromnil to intensive, and
non-systematic surveys tended to be concentrated in areas wth many
bowheads. Sonme whal es are undoubtedly mapped nore than once in a 10-d period,
especially in areas where there was-nuch coverage

O fshore Industrial Sites and Vessel Movenents

For each year from 1980 to 1984, we napped the offshore |ocations where
industrial activities were concentrated in the 1 August to 10 Septenber
period. The main site-specific activities were dredging, island construction
or maintenance, drilling fromdrillships or islands, and island cl ean-up.
These activities are shown by various synbol types. Construction of
underwater berns and of islands were not differentiated. Ofshore sites were
mapped even if active for only a few days.



Table 1. Systematic ard non-systematic aerial surveys of bowhead ties inm the Canaiian Beaufort Sea, 15 July to 20 September of 1980 to 1984. Survey effort is sum-
marized in tems of d, days of surveying; £, mmber of off store flights; h, hours of surveying, kn, kilametres of straight-line transects.

1980 1981 1982 198 198
Systematic - Benad & Davis (1981) - Davis et al. (1982) - Hawod & B (1983) - Mclaren & Davis (1985) - Harwood & Borstal (1984)
surveys - 6 Augh Sept -18 July-14 Sept -18 A?g,-u Sept - 19 Aug-11 Sept -18 Aug-18 Sept?
-7 d/6258 km -28 d/37,745 -9 d/ 7442 -9 d/7045 km -10 d/11,170 lud
-3 survey. of f -4 surveys, 8K ~ 2 surveys, AK border to -2 surveys, AK bonder -2 surveys?, AK boxder
Tuk Pen border to mmd Gulf C. Dalhousie to C. Dalhousie to Franklin Bay
(133° w 139 (13"-141" t0 117"-1%") ot 1o 129" -130% (141" 10 129°W) (141°t0 1%6°W)
Benavior & - Richardson (1982)° - Richardson (1982)P - Richandson (1983)P - Richardson (198:)P - Richamdon (this wil.)?
disturbance -3-31 mugst -27 July-8 Sept -1-31 August -1 Aug-l Sept -1 A-a?a Sept
-16f/101 h 27 dJ32 £/117h -19 d/27 £/122 h -18 d/28 £/114 h -23 dr33 muo h
- YostlyN OF Mack YstlyN OF Mk - Widespread off - Mostly N of Mack - Widespreal; mch
Delta & Tuk Pen Delta & Yuon Delta & Yukon Deita & Yilon in Mack Bay
Alaskan - Ljughlal (1981)d - Ljwgblad et al. (1982)4 - Lijumgblad et al. (1983)3 -Ljwmgblad et al. " Ljugblad (unpubl.)Srd
surveys - 28 July-24 &t -15 Aug20 Sept -2 Aug-15 Oct (198ia,b, wopubl.Syd - July-11 Oct
. extending -8§8 & -10 0 d -16 £/16 & -2 AugS Oct 24 f21 @
into Canadsd - Mostly off Men:; - tostly Of f Yoo - Mostly off W Yukon -9 £/3 & - Mostly off W Yukon
sme Of I Tk - Mostly off W Yulon
Photogram~ - fobs & Gocbel (1982) - part of Davis et al. - Davis et al. (1983) - Cubtage ©f al. (198) -pavis et al. (in xep.)
metric & -21 -2 Sept (s); aee above -12 Aug5 Sept -7 Aug6 Sept -14 ang-14 Sept
other SERTEEN: -15 d/72+ h/>8781 km - 2% f -23d/%+h
s tudies - sy Off "NC - AK bonier to ¢, - &K bonier to Amnd - AK border to Franklin
Pen & C. Bathurst Parry (141°-125°) Gilf (141 "-122") w (141"-126°)
~ Norton Fraker & Fraker - D.Bugh (U.5. Bat. Mar,
(1981) Mamm, Lab.)¢
=24 uly9 hug -1317 aug
-3 £3d -4 d/4 £
- N of Delta near - AK border to C.
Issungnak Bathurst (141 °~128°)

4 Harwood and Borstad (1984) also sumarize four July swveys (5 July-2 August 198, 12 d, apprac. 6400 km) of the Alaska bomler to Cape Bathurst area (lorgitudes
139°~ 141° to 128°-131°W).

b pistributional data obtained during the behavioral study have not been presented in detail elsewhere.

€ Unpublished distributional data are mapped here through the cooperation of the imvestigators cited above,
d plights that extended east of 141°W are corsidered here.

© Flights after 20 September not counted.
£ Excludes flights also mapped by Ljungblad (1981).
€ Includes coverage in Ammdsen Gulf as well as Beaufort Sea per se.
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For 1 August to 10 Septenber in each of 1980 to 1984, the approximte
nunber of vessel trips along each route is shown by |line thickness. W
i ncluded supply and crew boats, tug/barge trains, dredges, icebreakers, and
drillships noving between sites. Seismic, sounding and scientific research
vessels were excluded. The information cane from records kindly made
available by the oil conpani es and other  vessel operators ( see
Acknowl edgnents). Al major offshore operators allowed us to use their
records. The maps do not record every vessel novenent, and the mapped routes
are approxinmations. Data for 1982-84 were nore conplete than those for
1980-81. However, the maps are indicative of the relative anpunts of traffic
in various offshore areas and periods. The vessel maps in this report include
the entire ! 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 napped the offshore sites that were active in the 1
August to 10 Septenber period. On those naps, we indicate the routes that we
know or believe were used by vessels. However, we did not attenpt to
deternmine how many vessels travelled al ong each route in 1976-79.

Sei sm ¢ Expl oration and Soundi ng

A third type of map shows the lines al ong which seisnmic vessels operated
in the 1 August to 10 Septenber periods of 1980 to 1984. Noi se inmpul ses
emtted by seismc vessels are the nbst intense sounds routinely introduced
into the sea by the oil industry (R chardson et al. 1983b, 1985b; G eene
1985). Surveys by three types of vessels are distinguished: Solid lines
depi ct 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
| ines show surveys by ‘Canmar Teal', a vessel using a snall array of
ai rguns. Sounding and other activities involving single airguns and other
| ow-energy sources are not mapped here. The characteristics of the noise
sources and of the resulting sounds are sunmarized by G eene (1982-85) and
Ri chardson et al. (1985b). For locations of the 1980-83 seisnic surveys by
10-d periods, and for locations of |ow energy sounding operations, see
Ri chardson et al. (1983a, 1984a).

The locations of seismic |lines were kindly provided by Geophysi cal
Service Inc., Wstern Geophysical Inc., Done Petroleum Ltd., ESsso Resources
Canada Ltd., and @l f Canada Resources Inc. Supplementary information was
obtained from our sightings of seismc vessels at sea (Richardson et al.
1985b). Some seisnmic lines in the Al askan Beaufort Sea extended east to 141°W
| ongi tude, the nominal western edge of our study area, and sonme extended a
few kilometres farther east. These seisnmic lines are close to the western
edge of our maps, and we did not attenpt to include them Seisnic lines that
crossed 141°W but also extended far to the east are included.

Hel i copter Mvenents

A fourth type of map presented for each of 1981 to 1984 shows the
of fshore industrial sites (as on the vessel traffic nap) plus the nunber of
hel i copter trips along each offshore route. The information was obtained from
Dome, Esso and Qulf records, and Included data for helicopters chartered by
those oil conpanies. No other operators fly helicopters over the eastern
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Beaufort Sea on a routine basis. However, a few single-engine helicopters
occasionally travel offshore; we have not attenpted to map their novenents.

No adequate records of helicopter traffic in 1980 were available, and no
map was prepared for that year. In 1980, as in other years, helicopters
undoubtedly travelled from Tuktoyaktuk to all of the mapped of fshore sites,
as well as between some pairs of offshore sites.

O fshore flights by fixed-wing aircraft are excluded from the helicopter
traffic maps. Whale survey flights are mapped on the whale distribution
maps. Most conmmercial and ice reconnaissance flights are at altitudes above
457" m (1500 ft), and thus are too high to affect whales significantly (cf.
Ri chardson et al. 1985a,b).

Ice Conditions

Ice conditions in early August and early Septenber of 1980-84 are
mapped. These maps show the areas with over 1% cover and over 80% cover. The
maps are based on Wekly Conposite Charts conpiled by Ice Forecasting
Central, Environment Canada, Their naps are based on satellite photographs
and ice reconnaissance flights. Locations of pack ice sonetimes changed by
many kilometres wWithin a few hours. Thus, the generalized maps presented here
provide only a rough indication of ice cover.

RESULTS

Bowhead Distribution and Industrial Activities in 1980 (Fig. 2-9)

Industrial Activities, 1980

The general 1level of industrial activity in 1980 was slightly greater
than in 1976-79 but lower than in 1981-84. Esso Resources Canada Ltd. and
Dome Petrol eum Ltd. were the only two oil conpani es operating offshore in
1980.

All drilling during the 1980 study period was fromthe four Done
drillships, which were at four sites north of the Mackenzie Delta for npost or
all of the 1 Aug-10 Sept period (Fig. 6). The one suction dredge that
operated offshore built or inproved artificial islands at Issungnak (27 Jul -
24 Aug; depth 18 n) and later Alerk (25 Aug-Ot; depth 13 m; Fig. 6). Most
vessel nmovenments were in support of these drilling and island buil di ng
activities in the central part of the study area. However, there were several
supply trips to points farther east and west (Fig. 6).

At least five tw n-engine turbine helicopters were used offshore in 1980
--fewer than in 1981-84 (rable 2). Details concerning routes and nunber of
flights were not available. However, nost flights were from Tuktoyaktuk to
the offshore sites shown on Fig. 6, with | esser nunbers of trips (a) between
those sites and (b) between McKinley Bay (Fig. 1) and the drillships.

Seismic exploration occurred off the eastern part of the Mackenzie Delta
and much of the Tuktoyaktuk Peninsul a throughout the 1 Aug-10 Sept peri od.
Seismic occurred northwest of the Delta in mid and |ate August, and far to
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Table 2.  Nunber of helicopters operating offshore from
Tukt oyakt uk on behalf of the oil industry in the
sumers of 1980-84.

Type of Helicopter 1980 1981 1982 1983 1984
Light twin (AS-355, BO 105) 0 0 1 2 2
Medium twi n (B212, B412, S76) 4+ 6+ 5+ 5 4
Large twin (AS-332, B214ST, S61) 1 1 2-3 3 2-3
Tot al 5+ 7+ 8+ 10 8-9

the east off Cape Bathurst in early Sept (Fig. 8). There was additional
seismc exploration at unknown |ocations and tinmes during the sunmer of 1980.

Bowhead Distribution, 1980

Many bowheads occurred close to shore off the eastern Mackenzie Delta
and western Tuk Peninsula in August 1980 (Figs. 2-4)--more soO than in
1981-84. Survey coverage of the nore renpte areas was not conprehensive in
1980. Hence, large scale novenents of the whales in 1980 are not well
docunented. There was alnobst no ice in the areas surveyed during August, but
ice noved closer to shore in early Septenber (Fig. 9).

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
I ssungnak 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).

In early August 1980, nany bowheads noved into shallow water north of the

Delta (Fig. 2). From 2 August onward, aerial surveyors and industry personnel
saw nmany bowheads within 5 kmand a few within 1 km from the suction dredge
and support vessels at Issungnak (Norton Fraker and Fraker198l; R chardson
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 noved into the area of heaviest industrial activity in
early August. Seismc exploration was occurring both north of Issungnak and
off the Tuk Peninsula. Besides traffic in support of the construction
operation at Issungnak, vessel and helicopter traffic to at |least 3of the 4
drillships passed through the area where bowheads were concentrated (Fig. 2
vs. 6).

In md August 1980, bowheads were still nunerous near Issungnak, but
many 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, nostly in shallow waters off the Tuk Peninsula. Many whal es
were feeding in waters as shallow as 10 m (Wirsig et al. 1982). Aerial
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coverage el sewhere in the study area was virtually nil, but observers who
were at King Point, Yukon coast, from 16 Aug to 13 Sept saw only one bowhead
t hroughout that period, on 18 Aug (Wirsig et al. 1982).

During m d August, island construction and frequent vessel traffic
continued around Issungnak; industrial activity was much less intense off the
Tuk Peninsula (Fig. 6).Oneor two seismc boats worked north of Tuktoyaktuk
(132°45'-133040" ). Sone whal es were exposed to strong noi se pulses froma
seism c vessel as close as 8-13 km away on 20-21 Aug (Richardson et al.
1985a,b).

During |ate August 1980, very large nunbers of bowheads were off the Tuk
Peninsul a; densities near Issungnak were reduced fromthose in early August
(Fig. 4). Renaud and Davis (1981) estinated that 755 bowheads were off the
Tuk Peninsula within the 50 mcontour on 21-24 Aug, with no allowance for
m ssed whales. More whal es appeared to be noving east than west, and nunbers
were significantly higher off the west than the east part of the Tuk
Peninsula (Fig. 4, inset). Many bowheads were feeding at or near the surface
off the Tuk Peninsula; others were socializing (Wirsig et al. 1982). The size
of this concentration was unique in the 5 years of study. Based on
conservative correction factors for m ssed whales at and below the surface
(Davis et al. 1982), >50% of the Western Arctic bowhead popul ation apparently
was in the shall owwaters (<50 m) off the Tuk Peninsula. Industrial
activities were similar to those in md August. Numerous whales were near
Alerk, where there was dredging and seismc exploration, but the majority of
those seen were farther north and east where there was |ess industrial
activity.

Hobbs and Goebel (1982) found no bowheads far offshore during a flight
northeast to Banks Island on 31Aug, but 12 were seen in water about 50-250 m
deep off the Yukon on 22 Aug (Fig. 4). It is not known whether bowheads were
present off the Yukon coast earlier in August. No bowheads were seen in the
Al askan Beaufort Sea in July or August 1980 (Ljungblad 1981).

During early September 1980, bowhead nunbers off the Tuk Peninsula were
about 1/3 those in |l ate August, and all were in water at least 25 m deep
(Fige 5 wvs.4, insets). Mbst were oriented sout hwest or west (Renaud and
Davi s 1981). Bowheads were still present far off the Tuk Peninsula on 12 Sept
(Fig. 5; Hobbs and Goebel 1982). None were seen during surveys off the
Mackenzie Delta in early Sept, and only one was reported by industry
personnel at Issungnak. Bowheads were present farther west, near Herschel
Island, in early Sept (Fig. 6). OQobservers on Herschel 1sl1 saw bowheads about
5 km of fshore on 3-11 Sept; none were seen 19 Aug-2 Sept (Wiirsig et al.
1982). The | ast September coverage was on 16 Sept, when Ljungblad (1981) saw
t hree bowheads just east of Herschel Island.

Most bowheads seen in early Septenber were distant from industrial
activity. However, a few off the eastern Tuk Peninsula were near seismc
lines (Fig. 5,8).

In the Al askan Beaufort Sea, the first autumm sighting ws on 4 Sept
east of Barter Island (Ljungblad 1981). Bowheads became nunerous there by
14 Sept, and the last sighting in the A askan Beaufort was a pilot’s report
onI 15 Cct. On 21 and 24 Ot, Ljungblad found no bowheads near Herschel
| sl and.



Di stribution 269

Bowhead Distribution and Industrial Activities in 1981 (Fig. 10-18)

Industrial Activities, 1981

The level of industrial activities, especially dredging, increased in
1981. Four dredges worked of fshore, including the first two hopper dredges to
operate in the study area. The hopper dredges |oaded at Herschel 1sl1, South
Tarsiut, Ukalerk and Banks 1s1, and brought material to berm construction
sites at Tarsiut (23 m deep) and Uviluk (31 m Fig. 15). One suction dredge
alternated between two island construction sites NWand 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 naterial to Tarsiut (Fig. 15).
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Al 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
oi | industry used over 30 supply boats, tugs and other vessels, including one
i cebreaker. Vessel traffic occurred over a wider area in 1981 than 1980,
partly because hopper dredges operated west to Herschel 1sl and northeast to
Banks 1sl, and partly to support the drillship operating far to the east at
Kilanik (Fig. 15). There was additional traffic to the west because caissons
for Tarsiut were assenbled at Herschel 1sl1 in late summer.
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Helicopters travelled from Tuktoyaktuk to nost offshore industrial
sites, and between many sites (Fig. 16). Because industrial activity extended
farther west and east than in 1980, helicopters ranged more widely in 1981.

Three high-energy seisnmic ships were present in 1981. They operated off
the Mackenzie Delta and Yukon coast in late July; off the Mackenzie Delta in
early August; fromthe Delta to Cape Bathurst in nid and |ate August; and off
Tuktoyaktuk, the Delta, and the western Yukon in early Septenber (Fig. 17;
see Richardson et al. 1983a for data by 10-d period). Some additional seismc
lines not on Fig. 17 apparently were also shot in August 1981. Furthernore,
at least six vessels performed | owenergy sounding off the Delta and Tuk
Peninsula in 1981.

Bowhead Distribution, 1981

Large scale features of bowhead distribution are better docunmented for
1981 than for 1980. Four systematic surveys of nost of the southeastern
Beaufort Sea were done between late July and early Septenber (Davis et al.
1982). The 1981 coverage began earlier than in 1980, and extended farther
west and offshore, often beyond the edge of the continental shelf. In some
periods, coverage also extended farther east. There were clear differences in
distribution between the two years, although cautious interpretation is
necessary because of the differences in survey effort.

Ice cover was extensive in western parts of the Canadian Beaufort Sea in
Aug 1981 but not in Aug 1980 (Fig. 18 vs. 9). Surveys often extended well
into the pack ice in 1981 but rarely did so in 1980. Bowheads were seen in
the ice in August 1981; whether they were present there in August 1980 is
unknown.

In late July 1981, few bowheads were on the continental shelf within the
eastern Beaufort Sea. An intensive survey (19% coverage) of the entire shelf
on 18-25 July detected only six bowheads (N-S grid on Fig. 10; Davis et al
1982). Allowing for whales between grid lines, below the surface, etc.
roughly 250 bowheads were in that area. Mre whales were in Amundsen Gulf,
from127°W to 120°W (Davis et al. 1982). However, the total estinmate of 1250
whal es in Amundsen Qulf and the surveyed areas of the eastern Beaufort Sea
accounted for only 1/3 of the population, which is believed to be about 3871
whal es (I.W.C. 1984). The majority were presunably in the Beaufort Sea north
or west of the area surveyed by Davis et al. Limted non-systematic coverage
of pack ice north of the 100 m contour confirmed that nore bowheads were
present far offshore (Fig. 10). There were no surveys of the A askan Beaufort
Sea at this tinme, Only the very few bowheads off the Yukon coast were near
industrial activities; noise froma seismc ship may have reached them

During early August 1981, many bowheads noved into the southeastern
Beaufort Sea. There was a concentration of whales about 125 kmnorth of the
Mackenzi e Delta, near the southern edge of the pack ice and along the edge of
the continental shelf (Fig. 11). One group of 30 plus many singles and
smal | er groups were found in open water on the shelf, with others in pack ice
farther north. Numbers off the Yukon and Al aska were unknown. Based on a
second systematic survey, an estinmated 2860 bowheads (with broad confidence
limts) were off the Delta, and 400 nore were off the Tuk Peninsula (Davis et
al. 1982). Nunbers in Anundsen Qulf (128°-117°W) were very low on 5-17 Aug --
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about 225 as opposed to 1000 in late July. Bowheads arriving in the SE
Beaufort Sea during early August probably included animals traveling uwest
from Amundsen Gulf and south fromthe of fshore pack ice.

In early Aug 1981, wunlike 1980, few whales were in the area of offshore
drilling and island construction. However, some were not far north of the
industrial area. Sone whales far north fromthe Delta were exposed to seismc
i mpul ses on 5 Aug (R chardson et al. 1985a,b) and probably other dates.

In md August 1981, the area of greatest known whal e abundance was in
shal low 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 md August, but results fromearly and |ate August
suggest that the whale concentration extended far offshore throughout
August. Coverage off the Tuk Peninsula was mnimal in md August, but on both
6~10 and 22-26 Aug there were widely scattered whales far offshore (Fig. 11,
13).

In md-August 1981, sone groups of bowheads were <15 km from Issungnak
island and North Issungnak drillship (Fig. 12, 15). However, nmost of those
seen were north or west of the major industrial sites, contrary to results in
m d- Aug 1980.

In late August 1981, sone bowheads were in shallow water off the
Mackenzie Delta, but nost 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 sanpled parts of the Yukon, Delta and Tuk Peninsul a
zones, respectively (total 2918 + se. 1015; Davis et al. 1982). There were
apparently fewer whales off the Delta and nmore far off the Tuk Peninsula than
during the 5-17 Aug survey, although confidence limts on all estimtes were
broad. The nunber and distribution of bowheads north of the Tuk Peninsula in
| ate 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 1s1
(Fig. 13). (nservers on Herschel 1s1 from 23 Aug to 13 Sept first sighted
bowheads on 29 Aug (wirsig et al. 1982).

In late August, nost whales were near or beyond the shelf break, beyond
most industrial operations. However, sone whales far off the Tuk Peninsul a
were close to seismc lines (Fig. 13vs. 17). On 24-26 August, the captain of
'GSI Mariner’ saw groups of 2-4 bowheads an estinmated 2-5 km fromthe ship
while it was shooting here. Wales in shallow water off the Delta were near
various industrial operations (Fig. 13). On 25 Aug, one group was only 6-8 km
froma seismc ship; behavior was not noticeably unusual (Richardson et al.
1985a,b).

In early Septenber 1981, nopst Western Arctic bowheads were apparently
still in Canadian waters. Based on their inconplete fourth survey on 7-14
Sept, Davis et al. (1982) estimated that >2500 bowheads were still present.
The whales were widely distributed from east of Cape Bathurst (126°W) to west
of Herschel Island. Of the Tuk Peninsula, many whal es were closer to shore
than in |ate August (Fig. 13,14), contrary to the trend at this tine in 1980
(Fig. 4,5). Bowheads seenmed nore nunmerous around Herschel 1s1 in early
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Sept enber of 1981 than of 1980 (Fig. 14 vs. 5). Oobservers on the island saw
whal es until 10 Sept, and Ljungblad et al. (1982) saw bowheads just east of
141°W on 12-17 Sept.

Sone whales of f the western Tuk Peninsula and Delta in early Sept were
probably exposed to seismic inpulses, and sonme were in the general area of
drilling and dredging. Whales just east of 141°W definitely were exposed to
sei smic impulses (Ljungblad et al. 1982).

The first autum sighting off Alaska was on 7 Sept near the Al aska-Yukon
border. Few whal es nmoved west of Barter Island (143°W) until about 28 Sept
(Ljungblad et al. 1982). Sone bowheads were present east to Barter Island as
late as 9 Cct.

Bowhead Distribution and Industrial Activities in 1982 (Fig. 19-26)

Industrial Activities, 1982

The level of industrial activities increased again in 1982. Two suction
and four hopper dredges constructed artificial islands or subsea berns at
five sites, including Nerlerk in water 45m deep. Hopper dredges used several
borrow sites from Herschel 1Isl to Banks Isl, but Ukalerk was used nost
heavily (Fig. 23). Drilling from Tarsiut caisson-retained island continued
into early August. Testing extended into Septenber, and several support
vessel s were usually present in August. Four drillships operated at five
wellsites (Fig. 23).

The area of frequent vessel and helicopter novenents extended |ess far
to the east and west but sonmewhat farther north in 1982 than in 1981 (Fig.
23,24 vs. 15,16). There was no drillship northeast of the Tuk Peninsula in
1982, unlike 1981. There were again a few vessel trips west to Herschel 1Isl,
but activity there was reduced from 1981. Vessels went north to Kenalooak,
t he northmost site yet drilled in the eastern Beaufort (al so drilled in
1)980). More helicopters (8+) were in use in 1982 than in earlier years (Table
2)0

Seism c exploration by two high-energy vessels was prinmarily off the
Mackenzie Delta and Yukon coast. Another vessel using a small array of
airguns worked mainly off the Delta and north of Tuktoyaktuk (Fig. 25).
Rel ative to 1981, seismc exploration was nore extensive off the Yukon coast
and much less so off the Tuk Peninsula. It was extensive Off the Delta in
both years. Low energy sounding was done from seven vessels operating off the
Delta and western Tuk Peninsul a.

Bowhead Distribution, 1982

Bowhead distribution and movements in 1982 differed from both 1980 and
1981. There was nuch ice off the Yukon coast in 1982, especially after 16
Aug. However, north of the Delta and Tuk Peninsula, the ice edge was nuch
farther offshore than in 1980 or 1981 (Fig. 26).

In early August 1982, bowheads were seen far offshore in open water NW
of the Delta, and in pan ice far north and NW of Herschel Island (Fig. 19).
Surveys off Al aska found bowheads west to Barter 1sl (144°W) in deep water
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and heavy ice (Ljungblad et al. 1983). |Intensive surveys within the main
industrial area and limted coverage farther north and east found no bowheads
(Fig. 19). Many whales off the Delta and off Al aska were traveling west. The
sighting closest to any active offshore site was 21 km north of Tarsiut.
However, there was seismc exploration in this area, and on one day seismc
noi se was measured near whales (Richardson et al. 1985a,b).

Distribution in early August was very different in 1982 than in 1980,
when there were nmany whales in the shallow waters of the industrial area.
Distributions in 1981 and 1982 were nore simlar, but in 1981 whales were
more wi despread on the outer shelf and shelf break, and nobst seermed to be
traveling south, not uest.

In md August 1982, bowheads were concentrated off Herschel Isl, with
many more distributed at |ower densities farther offshore from the Yukon
(Fig. 20). Mst were close to or in pan ice; nost either dove for |ong
periods with little traveling, or renained quiescent at the surface (Wirsig
et al. 1983). Bowheads were common west to Barter Isl, Al aska (Ljungblad et
al. 1983). The only sightings in the main industrial area were of two whal es
south of Tarsiut. Limted coverage north of the industrial area found few
whal es, and the only ones found to the east were near Cape Bathurst (Fig.
20). Vet her 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 1sl and Cape Bathurst were in areas where deep water occurs
near shore.

Al though very few bowheads were in the main industrial area, those near
Herschel 1sl1 were exposed to seismc inpulses. Noise pulses up to 133 dB//1
pPa (up to 40 dB above anbient) were recorded near whales on 16 and 18 Aug
(Richardson et al. 1985a, b).

Distributions were very different in md August 1980, 1981 and 1982. In
1980, whal es were abundant in shallow water off the eastern Delta and western
Tuk Peninsula. In 1981 they were not found there, but were w despread farther
to the W N and possibly NE. 1In 1982, they were nost abundant off Herschel
1s1.

In late August 1982, there were still bowheads off Herschel 1s1, but
others were distributed far offshore from west of Herschel 1s1 (140°W) to
Cape Bathurst (128°w), particularly near the steep shelf break north of the
Mackenzi e 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 [ate August 1982 was nore ‘clunped’ than in 1981, wth
nore waes Near Herschel 1s1 and fewer near the Delta (Fig. 21 vs. 13).
Distribution in [ate 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) estinated that there
were >1224 whales of f the Yukon, >256 off the Delta, and >459 off the Tuk
Peninsula. These estinmates were ‘conservative because (1) non-systenatic
coverage found bowheads north of the surveyed area, and (2) correction for
m ssed animals was only partial.
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