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Twelve subadult bowhead whales were tagged with satellite-monitored radio

tags near the Mackenzie River delta in the Canadian Beaufort Sea in late summer

1992. All tags recorded information on dive durations and time spent at the surface

during eight summary periods daily. Ten tags recorded additional information on

dive depths and time spent in specific depth regimes during each period.

Both location and dive data were received for eight whales (two duration

tags, six duration/depth tags) over 3-33 days. Five tags reported dives 61 mm.

The longest dives recorded by the other three tags were 32, 45, and 56 (± 1) mm.

All six depth sensing tags reported dives >100 m, three reported dives >200 m,

and two reported dives >300 m. The deepest dive reported was 448 ± 8 m.

Duration and depth of the deepest dive in a summary period were positively

related for five whales (linear regression; slope coefficient p-values <0.05), but the

linear model did not explain much of the variation (adj. rZ values <43% in all

cases). Factors other than maximum depth may have a strong influence on dive

duration. All six whales spent most of their time in the upper 16 m of the water

column, but four spent more than half of at least one 3-h summary period at

depths greater than 48, 96, or 200 m. No consistent diel pattern in dive behavior

was found among tagged whales.

Three duration/depth tags reported periods with long/deep dives in

Mackenzie Canyon where whales spent more than half their time at depths >48

m. One duration tag also recorded long dives in this area. We suspect these

whales were feeding during these periods.
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Tags were exposed to the surface between 0 and 35.6% of a summary

period (n=560 periods). The unweighted mean was 5.5 ± 1.0% (sd, n = 8) or 3.3

mm/h exposed to air. Surfacing rates ranged from 0 to 110 surfacings/h (n=565).

There were significant differences among mean surfacing rates for individual

whales (range 18.2- 47.0 surtacings/h). Calculations suggest that the mean time

individual whales were potentially visible from the air ranged from 8.5 to 16.4 %.

The whale monitored for 33 days moved through regions with ice cover

90%. While this whale was in heavy ice, the tag recorded longer dives, fewer and

longer surfacings, and less time spent at depths 32 m.
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Dive and Surfacing Behavior of Bowhead Whales (Balaena mysticetus)
Monitored by Satellite-Telemetry

INTRODUCTION

For centuries whalers have found bowhead whales (Balaena mysticetus) by

watching for their blow when they surface to breathe. The bowhead, a baleen

whale endemic to arctic and subarctic seas, was first hunted by indigenous

peoples of the Bering Sea region about 2000 years ago (Collins, 1932; Bandi,

1969; Birket-Smith, 1959; McGhee, 1978; Bogoslovskaya et al., 1982; McCartney,

1984). But it was commercial whaling, not the subsistence hunt, that led to the

endangered status of this species (Stoker and Krupnik, 1993; Ross, 1993;

Bockstoce and Burns, 1993). Commercial exploitation of bowhead whales began

in the early 16th century near Labrador (Barkham, 1978, 1980, 1984). In the North

Atlantic region, the Spitzbergen, Davis Strait, and Hudson Bay stocks all drew the

attention of commercial whalers. These stocks were severely depleted; at least

120,000 whales were killed over a period of two and a half centuries (reviewed by

Ross, 1993). The last bowhead stocks discovered and hunted by commercial

whalers were in the North Pacific region. From 1848 through 1914 over 20,000

bowheads were killed in the Bering, Chukchi, and Beaufort Seas and the Sea of

Okhotsk (Bockstoce and Botkin, 1983).

The Bering Sea stock is the largest remaining population of bowhead

whales, comprising approximately 7500 animals (IWC, 1992). Current population

estimates of bowhead whale stocks total on the order of 8200 animals worldwide

(Zeh et aL, 1993). Although information on seasonal movements of Bering Sea

bowheads is incomplete, Moore and Reeves (1993) give an excellent review of

work done to date on the seasonal distribution and movement of this stock. During

spring, part of the population is known to migrate north through the Bering Strait

along the northwest Alaska coast in the Chukchi Sea, then east into the Canadian

Beaufort Sea and the Amundsen Gulf where they spend summer and early fall.
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Indeed, most estimates of this population are based on survey counts of animals

passing Point Barrow to the Beaufort Sea in spring (Zeh et al., 1993).

Observations in Russian waters suggest that part of the population migrates

northwest along the Chukchi Peninsula in spring, and there have been sightings

of bowheads in the eastern Chukchi Sea and along the Chukchi Peninsula in

summer. It is not yet clear whether this is a distinct stock. In fall, bowheads in the

Beaufort Sea migrate westward into the Chukchi Sea, then south to overwinter in

polynas and along the edges of pack ice in the western and central Bering Sea.

Most of the recent aerial and shipboard sightings during winter months were near

St. Mathews Island, St. Lawrence Island, and in the northern Gulf of Anadyr.

Additional opportunistic sightings during the winter reveal that bowheads also

inhabit the Sirenikovskaya polyna along the southwest coast of the Chukchi

Peninsula, and another polyna in the Anadyr Strait.

Policies protecting bowhead whales were first established in 1931 with the

League of Nations Convention and continue today (Montague, 1993). Although

bowheads are not hunted commerciafly at present, subsistence hunting of the

Bering Sea stock continues, and other human activities, such as mineral

exploitation, shipping, and pollution may affect these animals. Concerns over these

potential impacts have led to numerous studies of bowheads in the Beaufort and

Chukchi Seas (Montague, 1993).

Today researchers studying bowheads still find them by watching for their

blow when they surface to breathe. The surfacing and dive behavior of bowhead

whales is an important aspect of their lives. Estimates of surfacing rate are

essential for calculating detection probabilities to adjust abundance estimates from

survey data (Hiby and Hammond, 1989). Dive, surfacing, and respiration patterns

have been used to estimate the proportion of time bowheads are visible from the

air (Carroll and Smithhisler, 1980; Würsig et al., 1984; Dorsey et al., 1989; Zeh et

al., 1993) and to calculate correction factors for animals underwater that are

missed during surveys (Davis et al., 1982). Factors that may affect dive and

surfacing behavior of undisturbed bowheads have been investigated (Würsig et al.,
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1984; Dorsey et at., 1989) and changes in these behaviors have been used as a

measure of disturbance by vessel, industrial, and seismic activity (Richardson et

at., 1985, 1986; Ljungblad et aL, 1988). Respiration rates have been used to

estimate energetic budgets (Thomson, 1987). Despite intensive study of their dive

behavior, little is known about depths to which bowheads dive, where in the water

column they spend time, their nighttime activity, or their dive behavior in heavy ice

conditions. Although observations indicate that bowheads make longer dives when

in deep than in shallow water (Wursig et at., 1984; Dorsey et at., 1989; Richardson

et at., 1995), the relationship between dive depth and duration remains unclear.

Until recently researchers have been unable to investigate the dive and

surfacing behavior of cetaceans in the wild unless individual animals were readily

visible and identifiable. The advent of miniature satettite-radiotelemetry equipment

has helped change this situation. Data can now be gathered around the clock on

free ranging cetaceans worldwide (e.g., Mate et at., 1992; Mate and Nieukirk,

1993; Mate et aL, 1994; Mate et al., 1995; Mate et al., in press; Martin and Smith,

1992; Martin et at., 1993). Here we present results from the first successful use of

satellite-monitored radio telemetry technology on bowhead whales. Our aim is to

increase understanding of bowhead whale dive behavior and habitat utilization in

waters that seasonally host the largest remaining population of this species.
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METHODS

Study Area and Tagging Operations

The study area was the Beaufort and Chukchi Seas of the Canadian, U.S.,

and Russian Arctic (Figure 1). Tagging was done from a 2.5 m long platform

extending off the starboard bow of the 13.7 m twin diesel RN Annika Marie. Tags

were placed in a pushrod, a "C"-shaped tag holder on an aluminum shaft (Figure

2), and applied as a projectile from a modified Barnett 68 kg compound crossbow.

A bobbin-wound, 9 kg test line was used to recover the pushrod (and the tag if it

missed its mark). Ideally, tags were applied several meters behind the blowholes

as close to the mid dorsal line as possible (Figure 3) to assure tag and antenna

exposure during surfacings and to reduce tag loss when whales used the raised

area around their blowholes to break ice to breathe. Twelve bowhead whales were

tagged between 30 August and 6 September, 1992. All whales tagged were of

unknown sex and estimated to be juveniles/subadults between 8 and 12 m in

length (Koski et al., 1993). Whales were tagged at close range (8 m) in water

depths 10 m near Shingle Pt., Yukon Territory, Canada (68° 59' N, 137° 26' W).

Tag Description

Two types of tags were deployed: two duration tags (D-1, D-2) and ten

duration/depth tags (D/Z-1 through D/Z-1 0). Tags consisted of a folded Telonics®

(Telonics, Inc., Mesa, AZ) ST-6 UHF radio transmitter, a customized controller

board supplied by Telonics for duration tags or by Wildlife Computers Inc.

(Redmond, WA) for duration/depth tags, and eight 2/3 A manganese dioxide

batteries packaged in a stainless steel cylinder. Cylinders measured 189 mm long

x 49 mm Diam (duration tags) or 192 mm long x 54 mm Diam (duration/depth

tags). The cylinder was potted with epoxy resin and soft wax. A plastic plug
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Figure 2. Push rod and satellite-monitored radio tag.
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equipped with a rubber 0-ring fit into each end of the cylinder to provide a

watertight seal. One of the plugs functioned as an insulator for the antenna and

saltwater switch. Conductivity was measured between the tag housing and the

saltwater switch to determine if the tag was submerged. The antenna consisted of

a 17 cm x 3 mm Diam stainless steel cable covered with plastic shrink wrap. An

uncoated 5-cm section near the base of the antenna served as a saltwater switch

on duration tags. On duration/depth tags, a pressure transducer and a screw head

that acted as the saltwater switch were incorporated in the plug that held the

antenna. Duration/depth tags also contained a temperature sensor in physical

contact with the inside of the tag housing. A stainless steel shaft (14 cm x 6 mm

Diam) was mounted through diametric holes at each end of the cylinder outside

the plug. An arrowhead made of two double-honed stainless steel blades at the

end of each shaft allowed penetration into the blubber, while two pairs of folding

barbs behind the blades secured the tag in place. The entire tag assemblies

weighed 0.46 kg (duration tags) or 0.80 kg (duration/depth tags) in air.

Sensor Data Collection and Transmission

Each tag collected sensor information during a summary period and stored

64-bit information packets for transmission at a later time. Duration tags collected

one packet for each summary period (Table 1); duration/depth tags collected three

packets for each summary period: 1) a duration packet; 2) a depth packet; and 3)

a time-at-depth (TAD) packet (Table 2). To screen for transmission errors, a cycJic

redundancy check (CRC) code for error detection was included with each packet

(Lin, 1970; Wakerly, 1978; Mate et al. 1992). All tags were initialized based on

Greenwich Mean Time (GMT) and all times and dates are reported as such. Our

experimental design was to have eight 3-h summary periods beginning at 0000

GMT each day. A software error in the duration/depth tags resulted in one 1-h

summary period, six 3-h summary periods, and one 5-h summary period beginning

at 0200 GMT each day (Figure 4).



Table 1. Data packet structure and transmission scheme for duration tags. Each
64 bit packet contained data for one summary period. One packet was sent each
transmission. Transmissions rotated through packets from the previous four
summary periods.

Transmission Field Unit # of Bits Underf low Overflow

Multiplier

packet identifier 1 2

# dives

1 mm 8 dives 6 7 504

> 1 mm to 4 mm 1 dive 7 127

> 4 mm to 7 mm 1 dive 6 63

> 7 miri to 10 mm 1 dive 5 31

>10 mm to 13 mm 1 dive 4 15

>13 mm to 16 mm 1 dive 4 15

>16 mm to 19 mm 1 dive 4 15

>19 mm 1 dive 4 15

time underwater 1.8 mm 6 <68.4 180

longest dive 2 mm 5 <12 72

longest surfacing 1 mm 5 < 1 31

error detection CRC 6

Total # of Bits in Packet 64
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Table 2. Data packet structure and transmission scheme for duration/depth tags.
AU three data packets were collected each summary period. Four of the six
packets from the previous two summary periods (256 bits) were sent each
transmission. One packet was rotated after each transmission. Thus, a packet was
transmitted four times in a row, then left out for two transmissions.

Transmission Field Unit # of Bits Underf low Overflow

Packet #1: Dive Duration Information

packet/period ID # 1 3

# dives

lmin 4dives 6

> 1 mm to 4 mm 1 dive 7

> 4 mm to 7 mm 1 dive 6

> 7 mm to 10 mm 1 dive 6

>10 mm to 13 mm 1 dive 5

>l3mintol6min idive 4

>16 mm to 19 mm 1 dive 3

>19 mm to 25 mm 1 dive 3

>25 mm 1 dive 3

duration of longest 2 mm 5

duration of deepest 1 mm S

CRC 6

Total Duration Packet Bits 64

<2 250

127

63

63

31

15

61

31
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Table 2, Continued.

Packet #2: Dive Depth Information

packet/period ID # 1 3

# of dives

16 m 2 dives 7 0 253

17 m to 32 m 2 dives 7 0 253

33 m to 48 m 1 dive 6 63

49 m to 96 m 1 dive 6 63

97 m to 200 m 1 dive 5 31

201 m to 400 m 1 dive 4 15

401 m to 800 m 1 dive 3 ---- 7

>801m ldive 3 7

maximum depth 16 m 7 1024

temperature @ depth 0.682°C 5 -2.808°C 17.280°C

CRC 6

Total Depth Packet Bits 64

Packet #3: Time At Depth (TAD) Information

period/packet ID # 1 3

Time Spent

16 m 3.6 mm 6 1.7 225.0

17 m to 32 m 3.6 miii 6 1.7 225.0

33mto 48m 3.6mm 6 1.7 225.0
49 m to 96 m 3.6 miii 6 1.7 225.0

97 m to 200 m 3.6 miii 5 1.7 110.8

201 m to 400 m 3.6 mm 4 1.7 52.2

401 m to 800 m 3.6 miii 4 1.7 53.2

> 801 m 3.6 mm 3 1.7 23.4

Longest Surfacing 1 miii 6 0.4 62.5

Total Surface Time 1 mm 7 0.4 126.5

Error detection CRC 6

Total Time At Depth Bits 64
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Duration tags interrogated the saltwater switch every 0.25-s to determine

if the tag was submerged, but tallied time in 2-s intervals. Duration/depth tags

tallied time in 6-s intervals, but interrogated the saltwater switch, pressure

transducer, and temperature sensor at variable intervals: 0.25-s while at depths

<8 m; 1-s while at depths from 8 to 32 m; 6-s while at depths >32 m. This was

done to conserve battery power during dives while assuring that surfacings were

not missed. To avoid counting swells and splashes as dives, dives were defined

to be a submergence of the tag 6 s. Dives and surlacings were reported in the

summary period in which they ended. Each dive was registered in one of eight

(duration tags, Table 1) or nine (duration\depth tags, Table 2) duration bins. Both

types of tags reported duration of the period's longest dive. Duration/depth tags

also repOrted the duration of the first dive to the maximum depth reached during

the period. The pressure transducer in the duration\depth tags measured ambient

pressure and registered the equivalent depth of sea water in 8-rn increments.

Duration\depth tags recorded the maximum depth reached during the period and

registered each dive in one of eight depth bins based on the maximum depth
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monitored during the dive (Table 2). Tags were not tested for accuracy of depth

readings. Two tags pressure tested to approximately 8350 kPa (827 m) registered

maximum depths of 864 m and 888 m. The temperature sensor measured

approximate water temperature to which these tags had recently been exposed.

The temperature reading at the maximum depth was reported (Table 2). Duration

tags recorded total time spent underwater and the duration of the longest surfacing

(Table 1). Duration/depth tags recorded the duration of the longest surfacing and

the total time spent at the surface and in each of eight depth bins underwater

(Table 2). Underflow\overflow values were returned if data values fell outside the

range of values allowed by the bit structure (Tables 1 and 2). For example,

duration tags counted dives 1 mm in groups of 8 up to 504 dives (Table 1). If 7

or fewer dives of this duration were registered during a summary period, zero was

transmitted indicating an underf low. If 504 or more dives of this duration were

registered, the maximum allowed in the 6-bit field (63) was transmitted, indicating

an overflow. An underl Iow/overf low thus established the maximum/minimum value

for that transmission field.

Duration tags were programmed with a transmission duty cycle providing

for transmissions during the first 100 mm each 12 h. A transmission included one

data packet (Table 2). Transmissions rotated through the data packets from the

previous four summary periods, representing 12 h of data.

For duration/depth tags a software error caused the scheduled transmission

duty cycle (2-h on/4-h off) to fail. Consequently, these tags transmitted at each

surfacing >40 s since the last transmission. Normal duration/depth tag

transmissions included four of the six data packets from the two previously

completed summary periods on a rotating basis. Every 15th transmission,

duration/depth tags transmitted a special status packet that included total number

of transmissions since the tag was initialized, battery voltage, temperature

recorded near the surface, and pressure transducer offsets.

Transmissions were triggered by surfacing of the tag. A 400 mW signal was

transmitted at 401.65 MHz for either 0.44 s (duration tags) or 0.96 S
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(duration/depth tags). The message identified the tag and contained 64 or 256 bits

of information, respectively. Transmissions were monitored by the Argos Data

Collection and Location System (ADCLS) receivers aboard NOAA weather

satellites. When multiple signals from a transmitter were received during one

satellite pass, the ADCLS calculated fixes on the transmitter based on Doppler

shift in frequency of the received signals so movements of individual animals could

be tracked (described in Fancy et al. 1988). Service Argos classified location fixes

on transmitters by their estimated accuracy: location class (LC) 0 to 3. A fix can

be calculated from as few as two transmissions, but the accuracy of such a

location is unknown (LC 0). Argos estimates that at least 67% of the locations

classified as LC 1, 2, 3 are within 1000 m, 350 m, and 150 m, respectively, of the

true position.

Data Screening, Recovery, and Manipulation

By comparing the times of fixes with sensor data summary periods we were

able to get an idea of where animals were when dive and surfacing data were

recorded. Each fix was plotted on either NOAA chart # 16003 or U.S. Defense

Mapping Agency chart # 15026. Fixes were eliminated if they were either 1) clearly

on land (>5 km inland to allow for ambiguity in Argos locations nearshore), or 2)

indicated minimum speeds 25 km/h between adjacent locations.

Transmissions identified as having CRC errors were eliminated from

consideration. Summary period data were checked for logical consistency.

Summary periods where underflow/overflow values, or other logical consistency

error conditions existed were examined on an individual basis to determine if they

contained valid sensor information. Because summary period length was known,

an overflow condition in one time at depth bin could be recovered by subtracting

the time accounted for in the other bins from the summary period length. An

underflow/overflow in the duration of the longest dive or the first dive to the

maximum depth determined the maximum/minimum duration for those respective
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dives. An overflow in the number of dives in a given bin determined the minimum

number of dives in that bin.

Because duration tags reported the minimum time submerged in increments

of 1.8 mm, we added half of that increment (0.9 mm or 0.5% of the period) to the

value returned to avoid a consistent downward bias.

Tags reported short dives (1 mm) in multiples of either four (Table 2) or

eight (Table 1) and shallow dives (32 m) in multiples of two (Table 2). For periods

where duration/depth tags reported both the duration packet and the depth packet,

the minimum and maximum number of dives in each packet were compared to

obtain the smallest possible range of values. For all tags, the number of dives in

the first duration bin (1 mm) was taken to be the mean of the minimum and

maximum number of dives possible in that bin during the period. Any uncertainty

in the number of dives in the first two depth bins was spread equally between

them. Thus, the final count of dives allowed for partial dives in some bins. For

duration tags, the total number of dives in a period was always ± 3.5. For

duration/depth tags, the total number of dives in a period was the exact number

or either ± 0.5, ± 1.0, or ± 1.5. Surfacing rate (surfacings/h) for the summary

period was taken to be the total number of dives divided by period length.

We considered dives >1 mm to be sounding dives. In order to characterize

sounding dives for each period and to make statistical comparisons, we collapsed

the duration data for each summary period into one variable: average duration of

sounding dives, SDUR1. Summary periods where the duration of the longest dive

was unknown (overflow value 61 mm for durations/depth tags) were excluded

from these analyses (see discussion of longest dives below).

1

SDUR = E(# dives in duration bin * mid-point of the bin)/(total # of sounding dives). For dives
in the longest bin (>19 mm for duration tags, >25 mm for duration/depth tags) the duration of
the longest dive (and the first dive to maximum depth for duration/depth tags) was known and
used in the calculation. Subsequent dives in this bin were multiplied by the mid-point between
the longest dive and 19 or 25 mm, respectively.
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Environmental Variables

Approximate daily sunrise and sunset times (GMT) were determined based

on date, Argos determined locations for each whale, and published sunrise and

sunset information (U.S. Dept. of Commerce, 1991). Summary periods were

assigned one of four classifications to indicate time of day: 1) night, if they began

more than an hour after local sunset and ended more than an hour before local

sunrise; 2) dawn, if sunrise occurred either during the period or within an hour of

the end of the period; 3) day, if they began and ended between sunrise and

sunset; 4) dusk, if sunset occurred either during the period or within an hour of

when the period began (Figure 4). For summary periods with fixes, approximate

water depths available to whales were determined from plotted whale locations. Ice

cover conditions near whale locations were evaluated from daily ice analysis charts

issued by Environment Canada's Ice Centre Ottawa (Appendix I) or satellite

images collected at the Anchorage branch of the U.S. National Weather Service.

Statistical Methods

Statistical comparisons were accomplished with parametric tests when

possible. Visual observation of residual plots and/or Kilmorgorov-Smirn off test for

normality were used to determine if parametric tests were appropriate. Values

typically reported include mean, standard deviation, and sample size. Differences

between means are reported with 95% confidence intervals. Data were log

transformed for parametric tests where appropriate and geometric mean values

with 95% confidence intervals subsequently reported. Comparisons of means in

analysis of variance tests were accomplished with the conservative Tukey HSD

technique. Nonparametric tests were used to compare medians if data included

underf low/overt low values or if data transformations failed to meet the assumptions

required for parametric tests. Significance level for all tests was set at 0.05.

Statgraphics statistical software package was used in data analysis.
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RESULTS

Data Return and Tag Performance

Transmissions were received from all 12 tags; sensor information was

received for 11 of the animals; and fixes were calculated for eight whales (Table

3). Position of the tag on the animal critically affected tag performance. Few

transmissions, and consequently little or no valid data, were received from four

duration/depth tags (Table 3). Three of these tags (D/Z-7, D/Z-9, and D/Z-1 0) were

positioned low on the animal's body (Table 3) so they probably seldom cleared the

water to transmit and may not have had a clear line of sight to a satellite when

they did. Due to the position of these tags on the whale, dive counts, dive

durations, and time at the surface recorded by these tags were likely to be

inaccurate. The reason(s) for poor performance by tag D/Z-8 are not known. Only

data from the eight whales that returned both location and sensor information were

considered in this paper.

Period Lengths

Because duration/depth tags collected data during summary periods of 1-,

3-, and 5-h, we tried to determine if the length of the summary period affected the

data collected. All 1- and 5-h periods occurred in daylight. To eliminate light level

as a confounding variable, we considered only 3-h 'periods that occurred during

daylight in this analysis. We used multiple linear regression analysis to compare

each of the variables by summary period length while allowing for differences



Table 3. Attachment position, transmissions received, and data returned for bowhead whales tagged in 1992.

Tag # Tag Total # of # of Number of Summary Periods

Position Xmits Days Locations Duration Depth TAD*

0-1 good 60 24 9 33

0-2 excellent 73 17 15 49

D/Z-1 excellent 984 34 203 222 220 223
DIZ-2 good 140 10 17 42 44 46
D/Z-3 excellent 66 4 5 19 12 15

D/Z-4 excellent 304 12 63 78 76 78

D/Z-5 excellent 202 10 31 59 55 53

D/Z-6 good 211 11 42 63 58 54
DIZ-7 poor 3 25 0 0 1 1

D/Z-8 good 9 5 0 1 1 2

D/Z-9 poor 5 49 0 0 0 0

D/Z-10 poor 3 10 0 0 0 1

Totals 2060 211 331 566 467 473

*Time at Depth -
0)
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among the six whales1 (Ramsey and Schafer, 1996). Data for summary periods

where the duration of the longest dive or the first dive to maximum depth

overflowed (61 minutes) were not included in this analysis (see discussion under

dive duration data below).

Summary period length was not found to significantly affect the surfacing

rate, the percentage of the period spent underwater or at the surface, SDUR, the

duration of the first dive to the maximum depth, or the maximum depth reached

for any of the six tags (multiple linear regression, p-value >0.1 for period length

coefficient and p-values >0.05 for period length and tag interaction terms).

Therefore, summary periods were treated equally in subsequent statistical

comparisons of these variables.

There was a significant positive relationship between period length and log

transformed longest dive duration recorded during the summary period (multiple

linear regression model p-value < 0.0001 on 11 and 201 df, p-value for period

length coefficient = 0.0016). The effect of differing period lengths appeared to be

similar for all tags (p-values for interaction coefficients > 0.1). Thus, tags were

more likely to record a longer dive when sampling over a longer time period.

Consequently, any statistical comparisons of the longest dive durations were done

only for summary periods of equal length.

dep var = 0 + p1(period length) + p2(D/Z-2) + p3(D/Z-3) + p4(D/Z-4) + p5(D/Z.5) + p,(D,Z.6) + p7(period length)(D/Z-2)
+ 8(period Iength)(D/Z-3) + p9(penod length)(DIZ-4) + p10(period length)(D/Z-5) + p(period length)(DJZ.6)

Dependent variables were substituted into the above regression equation. Period lengths were 1-,
3-, and 5-h. Tag D/Z-1 was used as the standard and other tags (D/Z-2 through D/Z-6) were put
into the equation as indicator variables (1 or 0) to allow for differences among tags. Interaction
terms, multiples of period length and tag indicator, allowed for differences in the effect of period
length by tag. The t-value and associated p-value for each coefficient, l3, in the equation
determined the significance of that factor in the model.
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Dive Durations

Eight tags measured the duration of 42,306 dives during 1695 h (565

summary periods) of monitoring. Overall, 77.4% of these dives were 1 mm.

Distribution of dives in the duration bins was highly skewed for every animal. Dives

1 mm comprised from 64.0% (tag D/Z-3) to 82.9% (tag D-1) of the total number

of dives recorded for each animal (Figure 5).

Tags recorded the duration of 9573 sounding dives. Four animals showed

a peak in one or more of the longer duration bins: tag D/Z-1 at 7-10 mm; tags D-2

and DIZ-6 at 10-13 mm; and tag DIZ-2 at 13-19 mm (Figure 5). The other four

animals (D-1, DIZ-3, D/Z-4, D/Z-5) exhibited a general decline in number of dives

in each increasing duration bin (Figure 5).

The SDUR in a summary period ranged from 2.6 to 30.4 mm (1= 10.5 ±

4.6 mm, n = 536). Mean SDUR values for individuals ranged from 6.9 ± 3.0 mm

(n = 19) for tag DIZ-3 to 14.1 ± 4.6 mm (n = 41) for tag D/Z-2 (1=10.4 ± 2.4 mm,

n = 8). Most individuals exhibited a range of 20 mm or more for SDUR across

summary periods (Figure 6). Data were log transformed to make comparisons

among individuals. There were significant differences among individual animals

(ANOVA F7 528 = 14.2, p-value <<0.0001). The geometric mean SDUR for tags

DIZ-2 and D-2 was significantly higher than for all other tags (Table 4). The

geometric mean SDUR for tag D/Z-2 was 2.1 times (95% Ci. 1.5 3.0 times) as

long as that for tag D/Z-3 (6.2 mm); this was the greatest difference between tags.

Five of the eight tags reported being submerged for at least 61 mm: D-1

(Figure 7), D/Z-1, DIZ-2, D/Z-4, and D/Z-5 (Figure 8). The longest dive of known

duration, reported by tag D-1, was between 62 and 64 mm. Unfortunately, 61 mm

was the overflow value for the duration/depth tags. Consequently, the longest dive

is only known to be at least 61 mm for 29 of the 483 summary periods (6.0%)

reported by these tags. Most very long dives were recorded when whales were in

heavy ice conditions.
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Table 4. Comparison of SDUR among whales. Data were log-transformed for
statistical comparisons. Values given are back transformed to geometric mean with
95% C.l. (mm). Different superscript letters indicate significant differences among
tags (ANOVA Tukey HSD 95% C.l.). Whales are listed from shortest to longest
values. Sample size is the number of summary periods.

Tag# SDUR 95%C.l.
(mm) n (mm)

DIZ-3 6.2a 19 5.0 7.8

D-1 69ab 5.7 8.4

D/Z-4 86bc 7.8 - 9.5

D/Z-1 95C 197 9.0 - 10.1

D/Z-5 95C 57 8.6 10.6

DIZ-6 99C 63 9.0 10.9

D-2 126d 49 11.4 13.8

D/Z-2 133d
41 11.8 14.9

Statistical comparisons of the longest dives were made only between tags

of the same type because the two tag types collected these data differently. For

duration tags, the longest dive during a summary period ranged from <12 mm

(under-flow value) to between 62 and 64 mm. For tag D-1 the longest dive was <12

mm in 18 (55%) of the 33 summary periods reported, whereas the longest dive

was <12 mm in only 1 (2%) of 49 summary periods reported by tag D-2 (Figure 7).

The median of the longest dives for tag D-2 (24-26 mm) was significantly greater

than for tag D-1 (<12 mm) (Mann-Whitney U-test, df = 80, Z = 4.56, 2 sided p-

value <0.0001).

The periods with dives 61 mm were not included in the calculations and

analysis presented here for duration/depth tags. This biases the mean values for

the longest dive duration downward for four of the six animals considered. The

bias is important only if these long submergences are real dives rather than an
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artifact of surfacing behavior that does not expose the tag to the air as discussed

below. Because the longest dive recorded during a period was significantly

affected by summary period length, comparisons among animals were done for

periods of equal length. Data were log transformed. For 3-h periods (the largest

sample sizes) there were significant differences in the geometric mean of longest

dives among the six individual animals (ANOVA F5 21 = 7.03, p-value <<0.0001,

Table 5). The geometric mean of longest dives for tag D/Z-3 was significantly less

than that for all other animals. The greatest difference in geometric mean values

was between animals D/Z-5 (20.7 mm, 95 % C.l. 18.4-23.2 mm) and D/Z-3 (11.3

mm, 95 % Ci. 9.2-13.8 mm). The geometric mean of longest submergences for

tag D/Z-5 was also significantly longer than that for tag D/Z-4 (16.2 mm, 95 % C.l.

14.8-17.9 mm). Sample sizes for some animals were too small to make formal

statistical comparisons among individuals for 1- and 5-h periods. Nevertheless,

individual animals showed similar trends for longest dive durations in these periods

as in 3-h periods (Table 5).

Table 5. Comparison of longest dives for duration/depth tags in 1-, 3-, and 5-hour
summary periods. Statistical comparisons among tags were made using log-
transformed data for 3-h periods. Different superscript letters indicate significant
differences in longest dives among tags (ANOVA Tukey HSD 95% C.l.). Values
given are back transformed to geometric mean. Whales are listed from shortest to
longest values for 3-h periods.

GEOMETRIC MEAN DURATION OF LONGEST DIVES.
TAG#

1-hour periods 3-hour periods 5-hour periods
mm n mm n mm n

D/Z-3 9.8 2 11.3 14 15.0 3

D/Z-4 13.5 8 162b 62 22.4 7

D/Z-6 13.8 7 16.9 49 17.2 7

D/Z-1 13.2 24 18.1 152 18.9 21

D/Z-2 16.2 5 20.3 32 20.9 4

D/Z-5 15.4 7 20.7° 42 22.4 8
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Dive Depths

Tags measured the maximum depth of 32,603 dives made by six whales

during 1385 h (465 summary periods). The distribution of these dives in the eight

depth bins was highly skewed for every animal. Dives 16 m accounted for 67.7-

92.9 % of the total number of dives for each whale (Figure 9).

Several tagged whales showed a secondary peak in the overall number of

dives to between 48 and 96 m (tags D/Z-1, D/Z-4, DIZ-5, D/Z-6) or to between 97

and 200 m (tag D/Z-2, Figure 9). For some of these animals the higher frequency

of dives to a specific depth bin resulted from bouts of repeated dives to that depth

regime during relatively few of the periods monitored (see description of individual

whales below).

The deepest dive was less than 153 m in 426 (91.6 %) of the 465 summary

periods reported by the six animals. Maximum depths reached during a summary

period ranged from <8 to 455 m. All six tags reported dives >100 m, three tags

reported dives >200 m, and two tags reported dives >300 m (Table 6). Whale

DIZ-5 recorded the deepest dive for any tag (between 440 and 455 m). This

animal was the deepest diver by all measures: the minimum, maximum, mean,

median, mode, and upper and lower quartiles for the deepest dive during summary

periods were greater for tag D/Z-5 than for any other whale (Table 6). Whale D/Z-5

was also located in deep water more often than other animals (Table 7).
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Table 6. Deepest dive during summary periods for duration/depth tags.

Tag n mm max quartiles

lower upper

median mode mean s.d.

DIZ-1 220 32 352 80 112 96 96 97 41.1

D/Z-2 44 0 160 16 32 32 32 38 33.6

D/Z-3 12 0 128 0 88 56 0 52 48.8
D/Z-4 76 16 160 32 112 48 32 63 43.4

D/Z-5 55 64 448 112 192 144 144 160 66.1

D/Z-6 58 16 240 64 112 88 96 84 39.5

(0
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Table 7. Water depth (m) during summary period at satellite-acquired locations.

Tag 0-50 51-100 101-200 201-500 > 500
J_Total

D/Z-1 82 39 7 5 4 137

D/Z-2 14 0 0 2 0 16

D/Z-3 5 0 0 0 0 5

D/Z-4 28 15 9 0 0 52

D/Z-5 12 4 1 0 9 26

D/Z-6 21 6 0 1 5 33

D-1 9 0 0 0 0 9

D-2 11 0 1 0 1 13

Total 182 64 18 8 19 291

Time at Der,th Information

Six duration/depth tags reported time at depth (TAD) data for 1385 h (469

summary periods). Overall, 60% of the time accounted for by all animals was

spent between the surface and 16 m, 30% of the time was spent between 17 and

96 m, while <3% was spent at depths greater than 96 m. Every whale spent most

of its time between the surface and 16 m (Figure 10), but four animals (D/Z-1, D/Z-

2, DIZ-4, and D/Z-5) spent more than half of some periods at depths greater than

48 m (see description of individuals below).
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Relationship Between Dive Depth and Duration

Short Shallow Dives

There was a significant positive correlation between the number of short (1

mm) and the number of shallow (16 m) dives recorded in a summary period for

all six animals with duration/depth tags (r values between 0.95 and 0.97, p-values

<0.0001, Figure 11). Thus, the short series dives during a surfacing sequence

were probably shallow.

Duration of First Dive to Deepest Depth During Summary Periods

Duration/depth tags reported the duration of the first dive to the maximum

depth in 473 summary periods. Values ranged from <1 to 61 mm. Duration of the

first dive to the maximum depth reached during the summary period was reported

as 0 (meaning <1 mm) by four tags in 21(4.4%) of the 473 periods. Depth data

were reported in 17 of these 21 periods. The deepest dive was <8 m in five of

these periods, 8-16 m in seven periods, and 17-32 m in the other five periods.

Considering the close association of short and shallow dives, it seems likely that

the first dive to the maximum depth recorded during these periods was one of the

short series dives during a surfacing sequence. The overflow value, 61 mm, was

recorded by four tags in 17 (3.6%) of the 473 summary periods reported. Of these

17 periods, 12 (70.6 %) were reported by tag D/Z-1 in heavy ice conditions.

Maximum depths reported in these 17 periods ranged from 16 to 208 m. The first

dive to the maximum depth during the period was also the longest dive during the

period in 120 (28.4%) of the 423 summary periods where both durations were

known.

To investigate the relationship between duration and depth of the first dive

to maximum depth during the summary period, a regression analysis was

performed for each tag. The 38 summary periods with 0 or 61 mm durations for

the first dive to the maximum depth were not included in the following analysis.

Duration significantly increased with the depth of dive for five whales, but the linear
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model explained less than half of the variation around the mean in all cases

(Figure 12). One outlier value strongly influenced the analysis for tag DIZ-6 (Figure

12). A significant positive relationship was still found if the outlier was excluded

from the analysis (p-value = 0.03).

Surface Time

Longest Surface Durations

Although the resolution was different, both types of tags recorded the

longest surface duration in each summary period. Whales rarely exposed the tags

to the air for very long. Four of the eight tags were exposed to the surface for 3.5

mm at one time (Figures 13 and 14). These long surfacings occurred in only 5

(0.89 %) of the 560 summary periods reported by 8 tags and were approximately

14, 8, 5, 4, and 4 mm long.

The distribution of longest surf acings appears quite different for the two tag

types (Figures 13 and 14). The median of longest surfacings for every

duration/depth tag was between 0.5 and 1.4 mm and most of the longest

surfacings for five of these tags fell in this range (Figure 13). The median and

mode for both duration tags was <1 mm and very few periods had longer

surfacings (Figure 14). The apparent difference between tag types may be due to

the way they reported data. Duration/depth tags rounded up at every 0.5 mm, thus

only surfacings <0.5 mm were reported as 0, whereas duration tags reported 0 if

surfacings were < 1 mm. The longest surfacing was < 1.5 mm in 75.1% of the 478

periods reported by six duration/depth tags. However, 48 of the 51 periods with

longest surfacings 1.5 mm for tag DIZ-1 occurred in heavy ice conditions. If

summary periods when D/Z-1 was in heavy ice are excluded, the two tag types

were very similar: 81.1% of the longest surfacings for duration/depth tags (n = 376

periods) were <1.5 mm and 80.7% were <1.0 mm for duration tags (n = 82
periods).
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Surface Time per Summary Period

Tags were exposed to the surface <10% of the period or the equivalent of

6 mm/h in 96.1% of the summary periods reported (n = 560 periods, range 0 -

35.6%). Tag D/Z-1 reported 0 (<30 s) total surface time during four summary

periods. No dives were recorded in these periods which confirms that this tag was

not exposed to the air. All four were 1-h periods in the Chukchi Sea where heavy

ice cover (90%) existed.

The mean percentage of surface time for all animals was 5.5% ± 0.95 (Sd,

n = 8) of a summary period or 3.3 mm/hr exposed at the surface. Mean values for

percent of summary period at the surface for individual whales ranged from 4.0%

± 2.04 (sd, n=223) for tag D/Z-1 to 7.3% ± 4.32 (sd, n=16) for tag D/Z-3. There

were significant differences in the percent of a summary period at the surface

among individual animals (Kruskal-Wallis ANOVA by rank, p << 0.0001). Multiple

comparisons among individual animals (a = 0.05, Bonferroni method,

Hettmansperger, 1984) revealed two groups of whales: three animals with the

lowest surface times and five animals with the highest surface times (Table 8). The

fact that surface times for tags D/Z-5 and D/Z-3 were not found to be significantly

different was due to low power of the test resulting from the relatively small sample

sizes for these tags.

Percent Time Visible from the Air

We calculated the proportion of summary periods tagged animals were

potentially visible from the air by assuming: 1) dives 1 mm are series dives

during a surfacing sequence, and 2) whales are visible during these series dives

but not before or after them. The calculation was as follows:

% time visible from air = 100*[(total surface time + dun * interbiow interval)/period length]

Series dives, dur1 were assigned the mean underwater interval (10.0 s) between

blows in a surfacing sequence measured in three ice based observational studies
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Table 8. Percentage of summary period tags were exposed to air. Tags with
different superscript Jetters were significantly different from one another (c = 0.05,
Bonferroni method for multiple comparisons for Kruskal-Wallis ANOVA by ranks).
Tags are listed in order of their rank. Mean, median, and mode are given for
convenience.

Tag # n mean median mode

223 4.0 3.7 3.3
D/Z4a 78 4.7 3.9 3.9
D/Z-5 16 4.8 4.4 5.0

D1c 33 5.7 5.5 5.5
D2c 49 5.6 5.5 5.5

D/Z6c 61 6.1 6.1 3.3
D/Z2c 46 5.9 6.4 7.2
D/Z-3 16 7.3 6.4 5.6

of bowhead behavior (Table 9). Although 10.0 s may be an underestimate,

because tags would likely be underwater while some whale body parts were still

visible to ice based observers, the difference would be small. Based on these

calculations tagged animals were potentially visible from the air between 0.9 and

42.1% of a summary period (n = 539 periods for 8 animals). Mean percent of

summary period visible from the air for individuals ranged from 8.5 - 16.4% (* =

11.1 ± 2.4%, n = 8, Table 10).

Surfacing Rate/Blow Rate

For most of the animals, surfacing rates measured during summary periods

had approximately normal distributions (Figure 15). Only distributions for tags DIZ-

1 and D/Z-6 were significantly different from normal (Kilmogorov-Smirnoff test,

approximate p-values 0.015 and <0.0001 respectively). The departure from

normality for D/Z-1 may be due to different behavior in areas with extensive ice



Table 9. Mean values for respiration and dive variables from studies of bowhead whales in the Beaufort and Chukchi Seas.

Mean Interbiow Interval (s) Mean # of Mean Dive Mean Mean Blow % Time Visible
Source: Visible Underwater Total Blows per Time Duration Rate' from the Air2

(n) (n) (n) Surfacing of Surfacing (blows/mm)
(n) (mm) (n) (mm) (n)

Carroll & Smlthhisler, 1980. 4.7 (31) 10.8 (30) 15.5 6.57 (63) 15.6 (63) 1.52 0.38 8.9
Carroll at al., 1987. feeding 11.9 (361) 12.6 (37) 14.70 (16) 2.32 (39) 0.74 13.6

migrating 1980-1985 13.7 (140) 6.5 (78) 11.72 (156) 1.59 (19) 0.48 11.9
Dorsey etal., 1989. 1980 12.9 (915) 4.8 (70) 2.25 (25) 1.25 (99) 1.37 35.7

1981 13.0 (1113) 4.2 (194) 3.80 (80) 1.06 (248) 0.86 21.8
1982 14.9 (795) 7.4 (58) 12.08 (51) 2.05 (70) 0.52 14.5

1983 17.0 (866) 3.2 (299) 1.88 (140) 1.05 (204) 1.09 35.8
1984 11.6 (1472) 5.5 (75) 6.27 (37) 1.10 (94) 0.75 14.9

Ljungblad et al. 1988. W. Beaufort 13.1 (158) 9.2 (10) 17.93 (10) 1.82 (13) 0.47 9.2
Western Aleutian 13.0 (49) 8.5 (8) 17.80 (4) 1.81 (8) 0.43 9.2

Arctic Star 15.3 (132) 3.8 (19) 14.15 (6) 1.07 (21) 0,25 7.0
Western Polans 14.8 (246) 8.0 (24) 16.17 (4) 1.97 (25) 0.44 10.9

Rugh & Cubbage, 1980. 6.1 (112) 11.6 (50) 17.9 (145) --- 7.5 (3)

Richardson at al., 1987. 1985 12.05 (480) 6.18 (17) 7.07 (5) 1.56 (36) 0.72 18.1

1986 11.24 (816) 5.08 (51) 6.32 (23) 0.99 (78) 0.69 13.5
Wartzok et al., 1990. 16.5 (388) 3.6 (52) 4.0 (22) 0.9 (52) 0.73 18.4

Zeh et al., 1993. 4.7(1701) 7.4 (1531) 12.1 7.4 (184) 9.9 (41) 1.3 (184) 0.66 11.6

Unweighted Mean ± Sd 5.2 ± 0.81 10.0 ± 2.3 13.91 ± 2.01 6.41 * 2.45 9.9 ± 5.49 1.48 ± 0.43 0.66 ± 0.28 16.2 ± 8.99
(n) (3) (3) (17) (16) (17) (16) (16) (16)

This Study: Unweighted Mean ± Sd 4.5 ± 1.1 10.4 ± 2.4 0.44 ± 0.15 11.1 ± 2.4
(n) (8) (8) (8) (8)

1

Calculated as: Mean # of Blows per Surfacing/(Mean Duration of Surfacing + Mean Diva Time).

2
Calculated as: 100(Mean Duration of Surfacingl(Mean Duration of Surfacing + Mean Dive Time)) 0



Tab'e 10. Statistics for percentage of time bowbeads were visible from the air during summary periods.

Tag n mm max quartiles median mode mean s.d.

lower upper

D-1 33 6.0 34.3 12.4 19.1 16.1 11.2 16.4 5.9
D-2 49 7.3 17.6 9.0 12.4 11.2 11.2 11.3 2.4

D/Z-1 214 0.9 15.5 8.0 11.4 9.7 9.0 9.5 3.0
D/Z-2 40 1.2 14.6 9.1 11.4 10.4 11.2 10.0 2.3
D/Z-3 15 4.1 28.1 8.5 14.6 13.2 11.7 12.5 5.8
D/Z-4 78 4.7 41.4 8.2 11.1 9.6 10.9 10.2 4.4
D/Z-5 51 1.3 18.5 6.9 9.9 8.8 8.5 8.5 3.6
D/Z-6 59 5.7 42.1 8.7 10.8 10.0 9.1 10.7 5.2
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cover (see section on individual animals). The departure from normality for tag

D/Z-6 was due to extreme outlier values for three summary periods, Interestingly,

these three summary periods composed one 7-h block: periods 1-3 on 13

September. It seems this animal was engaged in distinctly different behavior during

this 7-h interval than during the other 197 h that surf acings were counted. The very

high surfacing rates in these periods were due to the increased number of very

short (1 mm) and/or shallow dives (16 m). During period 1 tag D/Z-6 recorded

110.0 surfacings/h, overflow values returned in the 1 minute and/or 16 m bins

for the next two periods mean that at least 91.8 and 89.2 surfacings/h were

recorded during periods 2 and 3, respectively. Exclusion of these three periods

from the analysis below did not alter the significant differences in mean surfacing

rates among individual animals.

The mean surfacing rate ranged from 18.2/h for tag D/Z-2 to 47.0/h for tag

D-1. There were significant differences in the mean surfacing rates among the

eight animals (ANOVA F7 21.5, approximate p-value <<.0001). Because the

assumption of equal variance was not met, the p-value is approximate, but results

from a non-parametric test (Kruskal-Wallis ANOVA by ranks) confirmed the

differences in surfacing rates among tagged whales. The mean for tag D-1 (47.0

surfacings/h) was significantly higher than that for any other animal. Also, the two

lowest mean values, 18.2 and 18.9 surfacings/h for tags D/Z-2 and D/Z-5

respectively, were significantly less than mean values for tags D/Z-1 and D/Z-4

which were 25.1 and 26.9 surfacings/h.

In many studies mean blow rates (blows/rn in) rather than surfacing rates

(surfacings/h) are reported. Assuming that 1) there is a blow associated with each

dive a tag records, 2) the tag is submerged for at least six seconds between all

blows, and 3) the tag comes out of the water at every blow, the number of dives

counted can be used to determine blow rate for the summary period. Based on

these assumptions mean blow rates for individual animals ranged from 0.30 to

0.78 blows/mm (Table 11).



Table 11. Blowrate (blows/mm) during summary periods.

Tag n mm max quartiles median mode mean s.d.

lower upper

D-1 33 0.19 1.73 0.54 1.02 0.75 0.75 0.78 0.34

D-2 49 0.08 0.85 0.28 0.55 0.44 0.29 0.42 0.20

D/Z-1 229 0.03 0.84 0.28 0.54 0.46 0.48 0.42 0.18

D/Z-2 45 0.04 0.51 0.24 0.35 0.29 0.28 0.30 0.11

D/Z-3 19 0.16 0.85 0.26 0.69 0.34 0.29 0.42 0.22

D/Z-4 79 0.15 0.73 0.37 0.52 0.46 0.48 0.45 0.12

D/Z-5 63 0.06 0.58 0.21 0.42 0.33 0.42 0.31 0.13

D/Z-6 68 0.08 1.83 0.24 0.42 0.34 0.38 0.38 0.29
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Summary of Individuals' Movements and Dive Behavior

Detailed movement data for tagged bowheads are presented and discussed

elsewhere (Mate and Krutzikowsky, 1995), but a brief summary of individual animal

movements is presented here in relation to its dive and surfacing data.

All fixes for whales D/Z-3 and D-1 were in the Mackenzie Bay/Delta region.

Whale D/Z-3 was tracked for three days. After being tagged the whale

moved at least 70 km between five fixes clustered within 30 km of the tagging site

(Figure 16). Three fixes were LC 0, two were LC 1. All locations were in ice-free

waters <5 m deep. Only 29% of the original satellite-acquired locations survived

screening criteria, the worst for any tag.

This whale rarely made long sounding dives (Figure 17). All but two of the

523 sounding dives recorded by this whaie were <14.5 mm. There were

discrepancies between dive depth data and location information for this tag. Most

(61%) of the 44 dives >48 m, including both of the dives >100 m, were recorded

during the four consecutive summary periods (4-7) on 7 September (Figure 18).

No fixes were acquired during these periods. However, 13 dives between 49 and

96 m were recorded during period 7 on 6 September when a location fix put this

animal in 4 m of water. This whale spent from 88-96% of each summary period (R

= 92%, n = 15 periods) in the upper 16 m of the water column. Only five summary

periods registered time at depths >16 m. The tag registered 2% of each of these

periods at depths 17-32 m, and 2 % of one of these periods at depths of 33-48 m

(Figure 19).

Whale D-1 traveled at least 619 km between the tagging site and nine LC

0 fixes during 23 days (Figure 20). There were five gaps of three to five days

between locations. Sixty percent of satellite-acquired locations survived editing and

all of these were within 185 km of the tagging site. This whale apparently moved

back and forth inshore of a northeast southwest-oriented 50 m depth contour. The

last two locations were in an area with 80% ice cover four days apart.
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Figures 17, 21, 23, 27, 31, 35, 39, and 41. Time series sounding dive data from
bowhead whales. Dives >1 mm were considered sounding dives. Plots show the
percentage of sounding dives in each duration bin and the longest dive for each
summary period. Solid bar in bottom graph indicates valid data were received for
the summary period. Small tic marks = 1 summary period. Area abbreviations
show where most locations were for that day. Areas are: MB = Mackenzie Bay;
MD = Mackenzie Delta; MC = Mackenzie Canyon; AB = Arctic Basin; HI =
Herschel Island; MH = Mackenzie Bay and Herschel Island, ND = Nearshore
Demarcation Point; OD = Offshore Demarcation Point; DB = Demarcation Point to
Barter Island; CB = Camden Bay; CH = Camden Bay to Harrison Bay; C-CH =
Camden Bay and Camden Bay to Harrison Bay; HB = Harrison Bay; HP =
Harrison Bay to Point Barrow; and Chukchi Sea.

Figures 18, 24, 28, 32, 36, and 42. Time series dive depth data from bowhead
whales. Plots show deepest dive and percentage of dives to each depth bin for
each summary period. Solid bar in bottom graph indicates valid data were received
for the summary period. Small tic marks = 1 summary period. Area abbreviations
show where most locations for that day were. Areas are: MB = Mackenzie Bay;
MD = Mackenzie Delta; MC = Mackenzie Canyon; AB = Arctic Basin; HI =
Herschel Island; MH = MacKenzie Bay and Herschel Island, ND = Nearshore
Demarcation Point; OD = Offshore Demarcation Point; DB = Demarcation Point to
Barter Island; CB = Camden Bay; CH = Camden Bay to Harrison Bay; C-CH =
Camden Bay and Camden Bay to Harrison Bay; HB = Harrison Bay; HP =
Harrison Bay to Point Barrow; and Chukchi Sea.

Figures 19, 25, 29, 33, 37, and 43. Time series time-at-depth depth data from
bowhead whales. Plots show the percentage of time at the surface and in each
depth bin for each summary period. Solid bar in bottom graph indicates valid data
were received for the summary period. Small tic marks = 1 summary period. Areas
are: MB = Mackenzie Bay; MD = Mackenzie Delta; MC = Mackenzie Canyon; AB
= Arctic Basin; HI = Herschel Island; MH = Mackenzie Bay and Herschel Island,
ND = Nearshore Demarcation Point; OD = Offshore Demarcation Point; DB =
Demarcation Point to Barter Island; CB = Camden Bay; CH = Camden Bay to
Harrison Bay; C-CH = Camden Bay and Camden Bay to Harrison Bay; HB =
Harrison Bay; HP = Harrison Bay to Point Barrow; and Chukchi Sea.
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Whale D-1 made predominantly short sounding dives throughout the time

it was monitored (Figure 21). The longest dives in 55% of the 33 summary periods

were <12 mm (the underfiow value for D-tags). Of the 797 sounding dives

monitored, 15 were longer than 19 mm and 14 of those, including a 57 mm and

a 63 mm "dive", were recorded when this whale was in heavy ice conditions on 27

and 29 September (Figure 21).

Three whales (D/Z-2, D/Z-4, and D/Z-5) first spent time in the shallow

waters (<50 m) of Mackenzie Bay, near Herschel Island, or Demarcation Bay and

then in the deeper waters of Mackenzie Canyon or the arctic basin.

Whale D/Z-2 traveled 652 km between the tagging and 17 satellite-

acquired fixes (LC 0) in eight days (Figure 22). In that time the animal went to

Herschel Island, returned to Mackenzie Bay, went northwest toward the shelf break

off Demarcation Bay, then inshore to Demarcation Bay for three days before

moving back offshore and east to Mackenzie Canyon into water > 200 m deep.

Prior to the Canyon, all locations were in water <60 m deep. This animal was in

ice-free water while it was tracked. Of the original fixes, 45% survived screening.

The last two locations were in Mackenzie Canyon during periods 2 and 7

on 10 September. This whale made long, deep dives, and spent most of its time

deeper than 97 m when it was in the Canyon. For 9 h (periods 5-7, duration data

were not received for periods 2-4) 81.8 % of sounding dives recorded were >19

mm and longest dive each period was 30-32 mm (Figure 23). Animal D/Z-2

reported dive depth information for 44 summary periods, but all dives deeper than

48 m were recorded during four periods: 3, 5, 6, and 7 on 10 September (dive

depth data were not received for period 4 this day, Figure 24). During these four

periods (12 h) this animal made 25 dives >48 m: three between 49 and 96 m, and

22 between 97 and 200 m. The maximum depth reached in each period was 112,

128, 160, and 144 m, respectively. During periods 4-8 (17 h) on 10 September, tag

D/Z-2 reported an average of 70.6% (sd= 5.6, n=5, range 61 -78%) of each period

spent between 97 and 200 m (Figure 25).
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The number of summary periods of data from Mackenzie Canyon was too

small for statistical comparisons with data from when this whale was in shallower

waters. Nevertheless, the differences were dramatic. When it was in the deeper

canyon waters this whale spent less time at the surface, was potentially visible

from the air less of the time, and had a lower mean surfacing rate (Table 12). Both

the median of longest dives in these periods and the mean SDUR were

considerably longer in Mackenzie Canyon than elsewhere.

Whale DIZ-4 traveled 1113 km between the tagging and 63 satellite-

acquired locations during 11 days (Figure 26). Eight fixes were LC 1, all the rest

were LC 0. This whale spent two days in Mackenzie Bay after being tagged on 3

September, then four days in depths mostly < 50 m near Herschel Island, before

moving east into waters 50 to 200 m deep in Mackenzie Canyon on 10 September.

This animal made a short excursion back into Mackenzie Bay on 12 September,

then returned to the deeper waters of the canyon. This whale was never located

near any ice. This tag retained the highest percentage of locations (79%) after

editing.

There were extended bouts of both short and long sounding dives (Figure

27). For example, 82.6 % of sounding dives recorded during 20 h (periods 3-8) on

4 September in Mackenzie Bay were 7 mm, with the longest dive in each period

ranging from 6 to 16 mm. Most sounding dives were longer than 16 mm during

three bouts in Mackenzie Canyon on 11, 13, and 14 September (Figure 27).

Dive depths reported by this tag correspond well with location information.

One location on 6 September was in water >150 m deep and dives to 64 m were

recorded on this day (Figure 28). The deepest dive recorded by this tag was 160

m on 13 September in a summary period with a fix in approximately 150 m of

water. This whale made deep dives and spent much of its time below 49 m when

it was in Mackenzie Canyon especially on 11, 13, and 14 September (Figures 28

and 29). Although this tag reported dive depths for 76 periods, 194 (96.6 %) of the

201 dives >48 m were made in 29 periods from 10 to 14 September. This whale
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Table 12. Comparison surfacing and dive duration data reported by three tags in
shallow vs. deep water. Statistical comparioson were not made for tag D/Z-3
because of small sample sizes in deep water. Significance level indicated by * for
p < 0.05, ** for p <0.005, and *** for p < 0.0005 (Students t-test for all variables
except Mann-Whitney U test for longest dives).

Measure of Variable depths <50 m depths >50 m
JJ

mean % surface time 6.2 ± 1.7 (41) 2.7 ± 1.6 (5)
in periods
mean % time potentially 10.3 ± 2.1 (37) 5.9 ± 1.7 (3)
visible from the air
mean surfacing rate 18.5 ± 6.6 (41) 14.9 ± 4.6 (4)
(surfacings/h)
mean SDUR (mm) 13.4 ± 3.9 (38) 22.9 ± 3.6 (3)

median of longest dives 20 (38) 30 (3)
in 3-h periods (mm)
Ia D/Z-4
mean % surface time 4.3 ± 2.6 (46) 4.0 ± 2.3 (31)
in periods
mean % time potentially 10.3 ± 2.9 (46) 9.2 ± 1.9 (31)
visible from the air
mean surfacing rate 29.0 ± 6.6 (48) 23.8 ± 7.2 (31)
(surf acm gslh)**

mean SDUR (min)*** 7.3 ± 2.1 (46) 12.7 ± 5.4 (31)

median of longest dives 14 (33) 21 (28)
in 3-h periods (min)*

TagD/Z-5
mean % surface time 5.9 ± 3.8 %, n = 30 3.5 ± 2.0%, fl = 24)
in periods*

mean % time potentially 9.5 ± 3.5 %, n = 29 7.1 ± 3.3%, n = 22
visible from the air*
mean surfacing rate 19.2 ± 6.8 (35) 18.5 ± 9.2 (28)
(surf acm gs/h)

mean SDUR (mm) 10.1 ± 3.3 (33) 10.8 ± 6.1 (24)

median of longest dives 18 (26) 26 (16)
in 3-h oeriods (min)**
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Figure 27. Time series sounding dive data from bowhead whale DIZ-4.
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spent a great proportion of its time between 49 and 200 m during three extended

bouts (Figure 29). For 16 h, periods 1-6 on 11 September, a mean of 69% (Sd =

15.8, n = 6, range 34-78%) of each period was spent deeper than 48 m. For 15

h, periods 2-6 on 13 September, a mean of 66 % (Sd = 10.0, n = 5, range 58-81%)

of each period was spent deeper than 48 m. During periods 1-5 (13 h) on 14

September, a mean of 70.6 % (sd = 9.6, n = 6, range 58-80%) of each period was

spent deeper than 48 m.

Most fixes during the first six days of monitoring indicate the whale was in

shallow water (<50 m). From period 2 on 10 September through 14 September

most fixes were in the deeper waters of Mackenzie Canyon. Both the longest dives

during summary periods and SDUR were longer when the whale was in deeper

water (Table 12). The mean surfacing rate was lower in deep water, but the

percentage of time the tag was exposed to the air and the percentage of time the

whale was potentially visible from the air did not differ significantly in shallow vs

deep water (Table 12).

In eight days, whale D/Z-5 moved at least 622 km between the tagging

and 31 satellite-acquired locations (Figure 30). With five LC 2 and four LC 1

locations, this tag had the highest percentage of non-LC 0 locations. Fixes from

the time it was tagged on 3 September through early 8 September were in

Mackenzie Bay and south-east of Herschel Island within 60 km of the tagging site,

mostly in water <50 m. The animal then traveled north along the eastern side of

the Mackenzie Canyon and northeast into the deep basin region and water >1000

m. All of the LC 2 locations were during this latter time. This whale was located in

deep water during more summary periods (54% > 50 m and 35% > 500 m) than

any other tagged animal (Table 7). Four of the last five locations were in 10% to

50% ice. All the earlier locations were ice-f ree. Most of the original fixes (74%)

survived editing.

Most sounding dives were 7-16 mm when fixes for this whale were in the

shallow waters of Mackenzie Bay or around Herschel Island (Figure 31). After it
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moved to the deeper waters of Mackenzie Canyon and the arctic basin, most

sounding dives tended to be either <7 mm or >19 mm (Figure 31). The longest

dive tended to be longer in periods after the whale moved into deeper water late

on 8 September than earlier when it was in shallow water (Figure 31). Dives >61

mm were recorded during the last two summary periods duration data were

received.

Tag DIZ-5 recorded the deepest dives among tagged whales (Table 6).

However, dive depths reported by this tag for the first several days do not agree

well with location information. In every summary period through 8 September that

both fixes and dive depth data were obtained, the deepest dive reported was

greater than charted water depth (range 45-140 m deeper). Whale DIZ-5 recorded

the deepest dive for any tag (between 440 and 455 m) during period 6 on 9

September (Figure 32). No fixes for this animal were received on 9 September.

The last fix on 8 September, obtained at 2330, was near the 200 m contour on the

eastern side of Mackenzie Canyon, and the next fix, at 0207 on 10 September, put

the animal about 67 km NNW, near the 1000 m contour in the arctic basin. All

subsequent fixes were in water >900 m and maximum recorded dive depths range

from 64 m to 288 m for these periods.

Although tag DIZ-5 recorded the deepest dives, it only spent substantial

time at depths greater than 48 m on a few occasions (Figure 33). The first

occurred on 5 September. This tag recorded 46% and 28% of periods 5 and 6,

respectively, between 49 and 96 m. During these periods the animal probably

traversed the southern end of Mackenzie Canyon. For six hours on 9 September,

periods 2 and 3, tag D/Z-5 registered most of its time deeper than 96 m. During

period 2 its time was split nearly equally between the 97-200 m bin (30%) and the

201 -400 m bin (26%). During period 3 however, 62% of its time was recorded in

the 201-400 m bin and only 8% in the 97-200 m bin. The deepest dive in this

period was between 248 m and 263 m. This animal may have continued to spend

substantial time at these depths, but no time at depth data were received for the

next three periods (4-6). On 11 September this tag recorded 52% and 49% of
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periods 5 and 8, respectively, deeper than 48 m. The last locations for this animal,

received earlier that day, were in deep water (>1000 m) in the arctic basin.

Mean surfacing rate did not change significantly when this whale moved to

deeper water after period 7 on 8 September (Table 12). However, both the mean

surface time and the mean percentage of the period the whale was potentially

visible from the air were less in deep water (Table 12). Although the mean SDUR

for periods when the whale was in shallower water was not significantly different

than when it was in deep water, the median of longest dives was greater in deep

water (Table 12). The last two periods with dives >61 mm (overflow value) were

not included in this analysis.

Whale D/Z-6 had the second longest track among all whales, moving

1429 km between the tagging and 42 satellite-acquired locations in 10 days

(Figure 34). There were three LC 1 and three LC 2 fixes. After tagging on 4

September, fixes were in Mackenzie Bay until late on 6 September when the

whale was east of Herschel Island. The following day two fixes on the west side

of Herschel Island and one in deep water (almost 500 m) offshore from

Demarcation Bay were acquired. This animal then moved back to near Herschel

Island on 8 September. The next fix was offshore between Barter Island and

Demarcation Bay 22 h later. Over the next two and a half days the whale moved

inshore past Demarcation Bay to Herschel Island and then back to Mackenzie Bay.

Finally the animal traveled north to deep basin waters (<1500 m). There were

locations in 33 summary periods. In 64% of these periods locations were in water

<50 m, 18% in 50 to 100 m, 3% in 200 to 500 m, and 15% in > 500 m. The last

five locations were in ice cover of 50%, 20%, 40%, 70% and 40%, on 14

September. More than one-third of the original fixes from this tag did not meet

editing criteria.

No striking pattern emerges when the sounding dives recorded by this

whale are viewed in time series (Figure 35). Some dive depths reported by this tag

do not agree well with location information. Deepest dives of 80-112 m were
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recorded on 5, 6, and 7 September (Figure 36) during summary periods with fixes

in water <10 m. Depth information from other periods looked better. The deepest

dive recorded by this tag (240 m) was during period 7 on 13 September (Figure

36). Most of the time this tag recorded at depths >48 m also occurred on 13

September (Figure 37). Fixes on the 13th indicate this whale was just east of

Mackenzie Canyon heading north to cross the shelf break during period 7.

Because of the extensive movements of this animal and gaps between

some fixes it was difficult to tell where this whale was during many summary

periods. Nevertheless, three distinct areas and time frames were compared:

summary periods from the 5th through period 6 on the 6th when all fixes were in

very shallow (<15 m) Mackenzie Bay waters; summary periods with fixes in water

15-50 m as the whale moved past Demarcation Bay to Herschel Island from period

7 on the 9th through period 5 on the 11th; and those when all fixes were in deep

water (approx 100-1900 m)from period 7 on 13th through the 14th (Table 13). The

tag was exposed to air more while the animal was in mid-depth waters than when

it was in deep water, but in shallow water surface time was intermediate and did

not differ significantly from either of the other areas. The mean surfacing rate was

lower for the mid-depth waters than for either very shallow or deep water. Thus,

it appears that this animal made fewer but longer surfacings in mid-depth waters.

Interestingly, the mean percentage of time potentially visible from the air did not

differ significantly among the areas. This was because the lower surfacing rate and

the higher percentage of surface time in mid-depth waters offset each other in the

calculation of percehtage of time potentially visible from the air. Although the mean

SDUR was not significantly different among these areas, the median of longest

dives for periods in deep water was longer than for those in either shallow or mid-

depth water.
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Table 13. Comparison of surface time, visibility from the air, surfacing rate, and
dive durations reported by bowhead whale D/Z-6 in three different areas (see text
for details). Different superscript letters indicate significant differences (ANOVA for
all variables except Kruskal-Wallis ANOVA by ranks for longest dives).

Measure of Variable <15 m 15 50 m >100 m ANOVA
p-value

mean % surface time 5.9 ± 2.6' 8.1 23b 4.7 ± 2.3a 0.01
in periods (11) (13) (8)

mean % time potentially 10.6 ± 2.1 10.4 ± 0.9 9.3 ± 1.6 0.14
visible from the air (11) (12) (8)

mean surfacing rate 23.2 44a 14.6 77b 21.9 ± 5.8a 0.004
(surfacings/h) (12) (13) (8)

mean SDUR (mm) 10.3 ± 4.4 9.0 ± 2.4 10.0 ± 2.0 0.59
(12) (13) (8)

median of longest dives 13 14a 26b 0.02
in 3-h periods (mm) (10) (11) (6)

The two whales tracked farthest west (D-2 and D/Z-t) had different tag

types.

Whale D-2 traveled 1006 km between the tagging site and 15 satellite-

acquired locations in 15 days (Figure 38). Allfixes were LC 0. From the time it was

tagged on 6 September through 10 September all six fixes were in the shallow

waters of Mackenzie Bay. The animal then moved westward, with a fix in
Mackenzie Canyon on the 12th, and two fixes on the 14th between Herschel Island

and Demarcation Bay. Two fixes were obtained four days later on the 18th, one

in deep water north of Demarcation Bay in 30% ice cover and another northwest

of Barter Island in 80% ice cover. The whale moved west across Camden Bay,

then northwest to 150° W where it encountered 90% ice cover on the 20th. Then

it reversed course and was back almost to Camden Bay in 30% ice cover at its

last fix on 21 September. Except for the fix in Mackenzie Canyon and one north
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of Demarcation Bay, all locations were in water < 50 m. Seventy-five percent of the

original locations were retained, the second best of all tags.

Data returns were sporadic from this tag with several gaps of 6 to 9

summary periods (Figure 39). Sounding dives of 10 to 13 mm predominated when

this whale was in Mackenzie Bay (Figure 39). In contrast, all sounding dives were

>19 mm during the one data period when the whale was in Mackenzie Canyon on

the 12th. Sounding dives on 11 and 13 September when no fixes were acquired

were also mostly >19 mm (Figure 39). Long dives were prevalent again when the

whale was in heavy ice (Figure 39).

Whale DIZ-1 was tracked farther (4,053 km) and for a longer period (33

days) than any other whale (Figure 40). Of 277 original satellite-acquired locations,

203 (73%) were retained. Twenty six fixes were >LC 0. During the first 15 days

after being tagged on 2 September, whale DIZ-1 traversed across 10.74° of

longitude sometimes backtracking. Starting nearshore, whale DIZ-1 moved:

northeast in the shallow water (< 20 m) of Mackenzie Bay; northwest to the

western side of Mackenzie Canyon; to Herschel Island's northeast shoreline; west

to an area 35 km north of Demarcation Bay; northeast to the deep basin (1000 m);

west to the shelf break (80 to 100 km) north of Demarcation Bay; northeast to the

basin again; south to Herschel Island; west-northwest to Demarcation Point (25 km

offshore); past Barter Island and through Camden Bay inside the 50 m depth

contour. In contrast, during the last 18 days of monitoring this whale moved more

consistently west across 31.67° of longitude. Shortly after passing Camden Bay

this whale moved offshore and followed the 100 m depth contour to 152° W. It

then came inshore until passing Point Barrow into the Chukchi Sea. It moved

generally west across the Chukchi Sea between about 71° N and 72° N latitude

to within 30 km of Wrangel Island. Then it swam south approximately 150 km

before it was last heard from on 5 October. This whale started encountering ice

that covered more than half of the surface on 15 September. Location fixes for the

next four days put this animal in waters where ice cover was predicted to be



30-80%. This animal was in ice cover 90% from 20 September until it moved

west of the area covered by Canadian ice analysis charts on 23 September.

Satellite images indicate this animal was probably in 90% ice through 5 October,

when the last transmission was received.

Most of the summary periods in which this whale made predominately long

sounding dives (>19 mm) were after it was in the Chukchi Sea (Figure 41). This

tag was submerged 61 mm in 25 summary periods. Twenty-three of those

periods were recorded during late September in the Chukchi Sea where ice cover

was 90%, one period occurred on 16 September north of Camden Bay in 80%

ice cover, and one period occurred on 12 September between Demarcation Point

and Barter Island where ice cover was 30% (Figure 41).

The deepest dive recorded by D/Z-1 (between 344 and 359 m) was made

on 9 September while it was near the shelf break northwest of Demarcation Point

(Figure 42). In the Chukchi Sea most dives deeper than 16 m were to between 49

and 96 m (Figure 42). Though most of the dive depth data agree reasonably well

with location data, tag D/Z-1 did report dives to between 136 and 151 m in part of

the Chukchi Sea where charted water depths do not exceed about 60 m.

Whale D/Z-1 spent more than half of its time at depths >48 m in 59 (26.5%)

of the 223 summary periods time at depth information was received (Figure 43).

Of these 59 periods, 55 (93.2 %) occurred after 18 September. Beginning 19

September as this animal moved westward from Prudhoe Bay, a shift in behavior

seems to have occurred: the animal spent less time near the surface and more

time deeper than 48 m (Figure 43). This coincides with the time that this animal

began traveling through continuous heavy ice cover.

Only whale DIZ-1 provided large enough sample sizes to make statistical

comparisons of variables in different ice conditions. Unfortunately, the effect of ice

cannot readily be separated from changes in behavior that may be related to

migration. From 20 September until the last transmissions received on 5 October,

Argos locations indicate animal D/Z-1 was in waters where ice covered 90% of

the surface. We compared data for periods when ice cover was 90% (heavy ice)
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with data for periods when ice cover was <90%. Sensor data recorded dramatic

and significant differences in the behavior of this animal in heavy ice conditions

(Table 14).

Table 14. Comparison of data reported when bowhead whale D/Z-1 was in heavy
vs flght ice conditions. Medians are given for Mann-Whitney U tests, means and
standard deviations for Students t-tests, and geometric means for Students t-test
on log transformed data (*** indicates p-value < 0.0001). Sample size in
parentheses.

Measure of Variable 3-19 Sept. 20 Sept. - 5 Oct.
ice cover < 90% ice cover 90%

median % surface time
in periods***

median longest surfacing in
periods (min)***

mean % time potentially
visible from the air***

mean surfacing rate
(surfacings/h)***

geometric mean SDUR***

geometric mean of longest
dives in 3-h periods***

1% of total time 32 m

% of total time 33-96 m

3.5 (121) 4.8 (102)

<0.5 (121) 0.5-1.5 (102)

13.2 ± 3.3 (115) 10.9 ± 2.5 (76)

32.1 ± 6.8 (128) 16.3 ± 8.0 (101)

7.7 mm (120) 13.2 mm (77)

14.7 mm (91) 24.7 mm (61)

74% 33%

22% 60%

The median percentage of time spent at the surface was significantly

greater for periods with heavy ice (Table 14). Also, the median of longest

surfacings during heavy ice periods was significantly longer than for lighter ice

periods (Table 14). Although this tag recorded longer surfacings and more time at



the surface in heavy ice conditions, the mean surfacing rate and the mean

percentage of time visible from the air declined significantly in heavy ice conditions

(Table 14). The difference in surfacing rate was mostly in the number of short

dives (1 mm) recorded. In periods after 20 September when ice cover was heavy,

tag D/Z-1 registered fewer short dives per hour ( = 12.7/h, n = 122) than before

20 September when ice cover was light ( = 25.4/h, n = 100; Students-t = 13.7,

p-value <<0.0001). While the mean rate of short dives (#/h) was less for periods

with heavy ice conditions, the overall proportion of short dives declined only

slightly: 79.5% vs. 77.6% (Figure 44). This suggests that the animal was making

longer dives with fewer surfacing sequences and the average number of series

dives" per surfacing sequence declined slightly.

Every measure of dive duration recorded by this tag showed substantial

differences, suggesting that this animal made longer sounding dives when ice

cover was 90%. There were significant differences in the median dive rate (#/hr)

for every duration bin (Mann- Whitney U test, Z = -7.8, -6.6, -8.7, -4.3, 5.2, 6.5,

6.9, 7.3 on 220 df for the number of dives/h 1-4 mm, 4-7 mm, 7-10 mm, 10-13 mm,

13-16 mm, 16-19 mm, 19-25 mm, and > 25 mm respectively, two-tailed p-values

<<0.0001 in all cases). Dives >13 mm were more frequent in heavy ice conditions;

dives 13 mm were more frequent in lighter ice conditions. The difference in the

overall distribution of dive durations before 20 September when ice cover was <

90% and in ice cover 90% from 20 September until 5 October can be clearly

seen (Figure 44). The geometric mean SDUR in summary periods from 20

September 5 October was 1.7 times longer (95% C.l. 1.6 1.9 times) than for

periods before 20 September (Table 14). Twenty-three (92%) of 25 periods where

the duration of the longest dive was 61 mm (overflow value) occurred when ice

covered at least 90% of the surface. The median duration of the longest dives was

significantly longer in heavy ice conditions than in lighter ice for all period lengths

(Mann-Whitney U test, Z = 3.71, 8.53, and 2.95, df 24, 168 and, 24 for 1, 3, and

5-h periods respectively, two-tailed p-values <0.0005). Even if summary periods

with overflow values are excluded, the means of log transformed data on the
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duration of the longest dives were significantly longer in periods with heavy ice

than in periods with lighter ice (Students-t tests, t 4.60, 8.95, and 1.75 on 22,

150, and 19 df, one-tailed p-values <0.0001, <0.0001, and 0.048, respectively).

For 3-h periods, the largest sample size, the geometric mean of these dives when

ice cover was 90% was 1.7 times longer (95% C.l. 1.5 to 1.9 times) than in

lighter ice (Table 14).

This animal spent less time in the two shallow bins (the upper 32 m) and

more time in the next two deeper bins (from 33 to 96 m) when it was in heavy ice

conditions (Figure 45). Because of the skewed distributions and unequal variances

for data in the other bins, only the difference in percent time in the first bin (the

upper 16 m) could be tested by parametric comparison. The geometric mean

percentage of time spent in the upper 16 m (53%) was 2.4 times greater (95% C.l.

2.1 to 2.7 times) for periods before 20 September when ice cover was <90% than

for periods when ice cover was 90% (geometric mean = 22%). This difference

was significant (Student's t-test, t = 13.97, df = 221, two-tailed p-value <<0.0001).

The differences in percent time spent in the other three depth bins to 96 m were

also significant (Mann-Whitney U test, Z = -3.63, 4.7, and 8.9 on 221 df for % time

17-32 m, 33-48 m, and 49-96 m respectively, p-values <<0.0001).

Light

Sunrise and sunset time varied with animal location and date. During most

of the time bowheads were monitored, dawn occurred in period 5 and was followed

by four periods of daylight (periods 6, 7, 8, and 1) then dusk (period 2) and two

periods (3 and 4) of darkness (Figure 4). Only the three animals (D-1, D-2, and

DIZ-1) monitored after mid-September varied from this pattern. For these animals

fewer periods per day were classified as light as the days got progressively

shorter. Because each animal recorded so few of them, dawn and dusk periods

were combined into a twilight category for statistical tests.



surface

0-16

17-32

33-48

49-96

97 - 200

201 -400

% of time

0 20 40 60

surface

0-16

17-32

.6 33-48

0.
ci)

97 - 200

201 -400

% of time

0 20 40

-5 Oct.

=298h

Figure 45. Percentage of time spent in depth bins for whale D/Z-1 in light (3 - 19 Sept.) vs heavy ice (20 Sept. 5 Oct.)



No significant differences in mean surfacing/blow rates, percent time at the

surface or underwater, log transformed duration of the longest dive, log

transformed duration of the first dive to the maximum depth, or the maximum

depth reached during the period were found between day, night or twilight periods

for any of the animals (ANOVA p-values >0.05).

For most animals we found no significant differences in the log transformed

SDUR between day, night, or twilight periods (ANOVA p-values >0.05). However,

SDUR did differ significantly with light level for two tags: D-1 (ANOVA F2, =

7.14, p-value = 0.003) and D/Z-6 (ANOVA F2 = 4.30, p-value = 0.018).

Although day and night periods did not differ significantly for tag D-1, the

geometric mean SDUR for twilight periods (12.3 mm, 95% C.l. 9.1 to 16.8 mm,

n = 7) was about twice as long as day (5.6 mm, 95% C.l. 4.6 to 6.9 mm, n = 16)

or night periods (6.4 mm, 95% C.I. 4.9 to 8.3 mm, n = 10). This difference was

likely influenced by heavy ice cover (90%) during two twilight periods on 29

September. These two periods contained 8 (53.3%) of the 15 sounding dives >19

mm recorded by this tag, with the longest dives being 56-58 mm and 62-64 mm.

These long dives may be artifacts of surfacing behavior without exposing the tag

in heavy ice conditions (see discussion of longest dives). Calculated values for

SDUR in these periods (30.4 mm) were extreme outliers in the distribution. If these

two summary periods were excluded from the analysis, twilight periods still

recorded longer SDUIRs (geometric mean = 8.6 mm, 95% C.l. 6.3 to 8.0 mm, n =

5) than day or night periods, but the differences were not significant (ANOVA F2

28= 2.33, p-value = 0.12).

For tag D/Z-6 the significant difference was between night and twilight

summary periods. SDUR was 1.5 times longer (95% C.I. 1.1 - 2.0 times longer)

for night periods (geometric mean = 11.7 mm, 95% C.l. = 10.1 - 13.7 mm, n = 16)

than for twilight periods (geometric mean = 8.0 mm, 95% Cl = 6.8 - 9.4, n = 14).

Daylight summary periods had intermediate SDURs (geometric mean = 10.0 mm,

95% C.l. 9.0 11.1, n = 33) and did not differ significantly from either night or

twilight periods.
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The high percentage of short dives (1 mm) was expected. Bowhead

whales, like most cetaceans, typically make a series of short dives between

breaths during a surfacing sequence followed by a longer sounding dive (Carroll

and Smithhisler, 1980; Rugh and Cubbage, 1980). The mean number of blows per

surfacing sequence for presumably undisturbed, non-calf bowhead whales in the

Beaufort and Chukchi Seas recorded in observational studies ranged from 3.6 to

12.6 blows and the mean interbiow interval ranged from 11.2 to 17.9 s (Table 9).

Thus, if we consider dives 1 mm recorded by the tags to be series dives in a

surfacing sequence, it is not surprising that they comprise 69-92% of all dives for

seven of the eight tags returning dive duration data.

During the 19 periods tag D/Z-3 returned dive duration data, 64.0% of the

1455 dives recorded were 1 mm. This tag recorded a higher percentage of 1-4

mm dives (15.8%) than other tags (range: 2.0-9.6%), but seldom recorded long

dives: 0.9% were 13 mm, less than any other tag (range: 1.1-12.4%). Several

hypotheses could explain the slightly lower than expected percentage of very short

dives. First, this animal may have had a much longer interblow interval, frequently

submerging for more than a mm between blows. This would account for the higher

percentage of 1-4 mm dives. However, this seems unlikely because mean

interbiow interval values from observational studies were all less than 18 s (Table

9) and the mean interbiow interval was found to be relatively constant for

bowheads engaged indifferent activities (Wursig et al., 1984; Dorsey et aL, 1989).

Second, this animal may have often remained at the surface or submerged the tag

for <6 s so that no dive was recorded between blows. Bowheads have been

observed blowing several times without submerging while summering in the

Beaufort Sea (Würsig et al., 1984) and after feeding under ice in spring (Carroll et

al., 1987). Consistent with this hypothesis, tag D/Z-3 recorded the highest mean
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percentage of time at the surface for any tag (Table 8). If this animal often

remained at the surface or submerged <6 s between blows, its mean blow rate

(0.42 blows/mm, the median value for all of the tagged whales) would be an

underestimate. Finally, this whale may have utilized a different respiration strategy

than other animals: short sounding dives, more surfacing sequences with fewer

blows per surfacing sequence. The lack of long dives is consistent with this

hypothesis. These are not mutually exclusive explanations. The slightly lower than

expected percentage of short dives recorded by this tag could result from a

combination of these behaviors.

Researchers studying bowhead surfacing and dive behavior visually (Table

9) count the short series dives as part of a "surfacing". A "dive" in those studies

was judged to be a sounding dive based on either: (1) raising of the flukes or a

pronounced body flexion, or (2) was a submergence greater than some specified

period of time (75 sfor Rugh and Cubbage, 1980; 60 slor WUrsig et aL, 1984; 15

s for Dorsey et al., 1989). The duration of 686 "dives" made by presumably

undisturbed, non-calf bowheads in the Beaufort and Chukchi Seas were measured

during eight published studies (Table 9). Mean dive times reported in those studies

ranged from 1.88 mm to 17.93 mm ( = 9.9 mm ± 5.49, n = 17, Table 9). Both

water depth and the activity that bowheads are engaged in may affect their dive

times. Dive times for bowheads summering in the Beaufort Sea tended to be

longer when the whales observed were in deeper water (Wursig et al., 1984;

Dorsey et al., 1989). These authors noted most of the long dives in deep water

were recorded in 1982 and that their results should be interpreted with caution

because the effect of water depth could not be seperated from numerous

confounding variables not controlled for in their opportunistic observational study.

Carroll et al. (1987) found mean dive times were significantly longer for bowheads

feeding under ice in spring 1985 than for whales actively migrating in spring 1980-

1985 and for those observed in the eastern Beaufort in summer and fall 1980-

1984. Examining previously published aerial observations of surfacing and dive

variables for undisturbed, non-calf bowheads in the western arctic, Richardson et
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al., (1995) found mean dive times were shorter for animals socializing in shallow

(50 m) water (2.65 ± 3.82 mm, n = 94) than for whales feeding in deep water

(11.05 ± 9.95 mm, n = 43) or migrating in fall (14.56 ± 8.62 mm, n = 42).

The mean SDUR for tagged whales is comparable to mean "dive" times

from visual studies (Table 9). The SDUR for individual bowhead whales tagged in

this study varied greatly across summary periods (Figure 6). Individual whales

exhibited extended bouts of sounding dives of similar duration, both short and long,

and occaisionally made sounding dives distributed evenly across duration bins

from 1-4 mm to 19-25 mm or bimodally distributed between short (1-4 mm) and

long (16-19 and 19-25 mm) bins. This demonstrates plasticity in dive behavior.

Although Würsig et at. (1984) state that "bowheads tend to make a series of dives

of similar duration rather than alternating long and short dives," the extended time

over which this can occur (e.g. 9 h of predominantly long dives for D/Z-2 and 20

h of predominantly short dives for D/Z-4) was previously unknown. However, it is

probably simplistic to think that bowheads always make sounding dives of similar

duration.

Bowheads have not been reported to remain submerged for over an hour

under normal circumstances. Harpooned bowheads have dived for 30, 40, and 60

mm in the North Atlantic (Scoresby, 1820) and 80 mm in the North Pacific

(Scammon, 1874). Carroll and Smithhisler (1980) refer to an unpublished

manuscript by Foote (1964) that claims bowhead whales can dive for up to 75 mm

if they are injured, frightened, or otherwise greatly disturbed. Some of the longest

dives recorded for undisturbed bowhead whales include visual observations of 26.7

(Carroll and Smithhisler, 1980) and 30.98 mm (Wursig et al., 1984), and time

between VHF radio tag signals of 32.3 (Wartzok et al., 1990) and 41 mm (Finley

and Goodyear, 1993). The investigators who used direct visual observation

acknowledge their sampling methods were biased toward shorter dives due to

difficulties keeping track of individual animals, especially during long dives.

Wartzok et al. (1990) suggest that dive durations measured as time between

received VHF radio signals may be biased upward since all signals may not be



received during a surfacing sequence, but the bias should be relatively small

corn pared to the duration of the dive. During our tagging operations we stayed with

a lone bowhead whale for approximately four hours. We had good sighting

conditions, winds of less than 22 km/h (12 kts) and good visibility, with the captain

and three experienced observers to spot the animal when it surfaced. Most of the

long sounding dives we observed were 18-22 mm. The longest time between

sightings of this animal was approximately 40 mm. Although it is possible that we

missed a surfacing, we believe that the animal actually dived for that long.

Five of the eight tags were submerged for at least 61 mm in one or more

summary periods. For some animals (tags D-1, D/Z-2, and D/Z-.4) these long

submergences appear to be extreme outliers, whereas for other animals (tags D/Z-

1 and D/Z-5) they may be viewed as part of the skewed distribution of longest

dives (Figure 8). The obvious question is whether these long submergences are

real "dives" or artifacts of the sampling method.

Bowhead whales modify their surfacing and breathing patterns in response

to ice cover conditions (Carroll and Smithhisler, 1980; Würsig et al., 1984). In

areas where extensive ice cover exists, bowheads have been observed breathing

in small pools of open water with just the blowhole exposed (George et aL, 1989).

Bowhead whales regularly break ice up to 20 cm thick to breathe and have been

observed to break ice 60 cm thick (George et aJ., 1989). Such surfacing behavior

in heavy ice cover could explain some of the very long dives recorded by several

animals. Tags would remain underwater when bowheads only expose their

blowholes or break ice to breathe, consequently they would register longer and

fewer dives than actually occurred.

The lower surfacing rates and longer dive durations recorded by tag D/Z-1

when this animal was in heavy ice are consistent with this hypothesis. Of the 31

periods where the duration of the longest submergence was 61 mm, 23 were

reported by tag D/Z-1 when it was in ice cover 90%.

Tag D-1 also recorded its longest dives when the animal was in heavy ice.

This whale seldom made long dives (Figure 14). The longest dive was >30 mm in
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only four (12%) of the 33 summary periods. The longest dives in three these

periods (56-58 mm, 30-32 mm, and 62-64 mm) were on 29 September when this

whale was in an area with >90% ice cover. Seventy-three percent of the dives

>19 mm recorded by this tag took place during these three summary periods.

Surfacing rates during these periods (11.2-18.5 surfacings/h) were considerably

lower than this whale's average (47.0 surfacings/h). No location was determined

during the other period with a dive >30 mm. However, locations on 25 and 29

September were both north of Richards Island less than 35 km apart. Ice cover

from 30% to >90% prevailed in this area on 27 September when this 32-34 mm

dive occurred.

The link between heavy ice cover and very long dives for tag D/Z-5 was

less clear. Dives of at least 61 mm were reported on 12 September during the last

two summary periods that data were received. The last location, determined more

than 30 h earlier, put the animal at approximately 71° 02' N 136° 20' W, in the

Canadian Basin near the ice edge.

Not all dives 61 mm occurred in heavy ice conditions. Tags D/Z-2 and

D/Z-4 each reported one period in which the duration of the longest submergence

was at least 61 mm while they were in open water northwest of Herschel Island

on 5 and 7 September, respectively. During spring migration, Carroll and

Smithhisler (1980) observed bowhead whales resting at the surface in open water

exposing only their blowholes to breath. These authors reported bowheads resting

at the surface for over an hour on four occasions. Thus, it is possible that resting

bowhead whales would not expose the tags to the surface for over an hour.

However, these two animals first reached the maximum depth for the period (8-23

m) during the 61 mm submergence so they could not have been resting at the

surface the whole time.

Overall, 91.5% of the longest submergences reported in 565 summary

periods from eight tags were <41 mm. In summary, we are unable to conclude

whether the long submergences were real dives or artifacts of surfacing behavior,

particularly in heavy ice conditions, that did not expose the tag to air.
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Dive Depths

The skewed distribution of dive depths is not surprising. Aerial observations

indicate bowheads are often visible beneath the water and do not dive deeply

between blows during a surfacing sequence (Würsig et al., 1984; Dorsey et al.,

1989). These observation are consistent with the high correlation between the

number of short and shallow dives recorded by tagged whales. The majority of

dives monitored were short (1 mm), and thus probably "series dives" during

surfacing sequences in which the animals stayed near the surface.

Dive depths partially reflect available water depths. Tagged whales were

often in shallow water and thus constrained from making deep dives. For example,

whales D/Z-2 and DIZ-4 did not make deep dives when they were in shallow water

near Demarcation Pt. and Herschel Is. respectively, but made repeated deep

dives (>97 m) when they were in the deep waters of Mackenzie Canyon (Figures

24 and 28). The three animals that were located in water >500 m dove to over 200

m. The deepest diving whale (DIZ-5) was in water >50 m during 54% of the

summary periods that fixes were obtained (Table 7).

Although dive depth and location information agreed well for D/Z-2 and

D/Z-4, four tags (DIZ-1, D/Z-3, DIZ-5, and D/Z-6) reported deeper dives than

charted water depths would indicate were possible in some periods. Several

factors may have contributed to the discrepancies, the main ones being inexact

locations and faulty depth readings from tags. Some of the discrepancy can be

attributed to the uncertainty associated with Argos determined locations. Many

locations were eliminated from the data set because they were on land. Also,

bowheads are very mobile animals and location fixes represent one instant in a

summary period up to 5-h long. Experiments indicate that location accuracy varies

between transmitters, even those of the same type (Fancy et al., 1988; Keating et

al., 1991). Most Argos fixes obtained in this study were of unknown accuracy

(LC 0). Experiments with transmitters on domestic animals in enclosures found

68% of LC 0 locations were within 14.3 km of the true position (range 0.1-39.6 km,
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n = 184; Keating et aL, 1991). Seventy-eight LC 0 fixes from roof top experiments

at our laboratory had a mean error of 8.3 km (range <1-58 km, Mate, unpublished

data). Nevertheless, the discrepancy between some recorded dive depths and

charted water depths is difficult to reconcile. Either water depths exceed charted

values or the tags reported depths greater than were achieved, It is possible that

there are uncharted deep spots, particularly in the Chukchi Sea where depth

soundings are widely separated. There is reason to suspect faulty depth readings

from tags. Maximum depth readings from the two pressure tested tags differed

from each other by 24 m and were roughly 4 and 7% deeper than expected

(827 m).

All fixes from tag DIZ-3 were LC 0, and 71% failed the screening criteria.

Most of its summary periods with deep dives had no location. In the one period

that dive depths exceeded charted water depth, the fix was within 45 km of

adequate depths. It seems likely that imprecise location data was a contributing

factor for this tag. Depth readings were probably at fault for tags D/Z-5 and D/Z-6.

Both these tags retained most of their original location and had fixes >LC 0. Most

of the differences between reported dive depths and charted water depths for

D/Z-1 arise in the Chukchi Sea. Perhaps all three factors contributed to the depth

dilemma posed by this tag. In future, the accuracy of the pressure transducer

measurements for each tag should be assessed before going into the field.

There is little information in the literature on depths to which bowhead

whales are capable of diving. In the western arctic, bowheads have been observed

surfacing with mud streaming from their mouths in water up to 40 rn deep

(Richardson et al., 1995). In the eastern Arctic near Isabella Bay, Baffin Island,

bowheads have been observed feeding in troughs 200 m deep where the highest

concentrations of copepods were at depths greater than 100 m (Finley, 1987,

1990). Our data indicates that bowheads are capable of diving to these depths and

beyond.



Time at Depth

This is the first detailed information about where bowhead whales spend

their time in the water column. That every animal spent most of its time in the

upper 16 m of the water column is not very surprising for several reasons. First,

whales must spend time near the surface to breathe. Second, bowheads are

known to feed, rest, and socialize near the surface (Würsig et al., 1985; Carroll

and Smithhisler, 1980). Finally, most of the animals were in shallow water during

the majority of summary periods that location fixes were acquired (Table 7).

However, four animals (D/Z- 1, D/Z-2, D/Z-4, and D/Z-5) favored greater depth

regimes for extended periods. What were these whales doing at these depths?

Feeding is believed to be the predominant activity for bowhead whales

summering in the Beaufort Sea (Würsig et al., 1985). Bowheads feed primarily on

zooplankton, especially copepods, euphausiids, and mysids (reviewed by Lowry,

1993). Several processes that increase productivity or concentrate zooplankton

in certain areas of the Beaufort Sea have been identified (Harwood and Borstad,

1985; Thomson, et al., 1986; Richardson et al., 1987): 1) an estuarine front in the

Mackenzie Bay/Delta region and west along the shores of King Point and Herschel

Island; 2) upwefling off the Yukon coast caused by easterly winds; 3) topographic

turbulence near Herschel Island and Cape Bathurst; and 4) oceanographic

phenomena near the shelf break, especially near Mackenzie Canyon. Zooplankton

samples collected near feeding bowhead whales have yielded higher prey biomass

than samples taken elsewhere in the region (Griffiths and Buchanan, 1982;

Bradstreet and Fissel, 1986; Bradstreet et al., 1987; Griffiths et al., 1987; Wartzok

et at., 1990). Bowheads likely spend time in the water column at depths where

their prey is abundant. Griffiths et al. (1987) found zooplankton distributions in the

Beaufort Sea to be patchy both vertically and horizontally with patches usually only

5-10 m thick and often extending several kilometers in the horizontal plane.

Typically they found the thickest layer of zooplankton was either mid-water or near

the bottom. Unfortunately, zooplankton studies provide very limited information on



abundance and distribution at depths >50 m in this region. In late summer,

Calanus hyperboreous and C. Qlacialis, two species of copepod which are

important prey for bowheads in the Beaufort Sea (Lowry and Burns, 1980; Lowry

and Frost, 1984; Lowry, 1993) make seasonal ontogenetic vertical migrations to

deeper water (>50 m) to overwinter, although when, and to what depths they

descend varies with geographic location (Conover, 1988; Dawson, 1978; Geinrikh

et aL, 1980; Hirche, 1991; Kosobokova, 1982; Longhurst et al., 1984; Maclellan,

1967; Prygunkova, 1968). Q.. hyrerboreous and Q alacialis that have descended

to deeper water in summer have substantially greater lipid content than those

found near the surface (Head and Harris, 1985; Kosobokova, 1990) and would be

a high calorie food source for bowheads.

Three whales (D/Z-2, D/Z-4, and D/Z-5) spent most of some summary

periods at these depths while in the vicinity of Mackenzie Canyon between 9 and

14 September. Although we can offer no direct proof, we suspect that animals

were feeding in the water column or near the bottom on dense zooptankton

patches, probably calanoid copepods during these periods.

Animal D/Z-1 spent most of its time deeper than 48 m while moving through

areas with heavy ice conditions near Pt. Barrow and in the Chukchi Sea. It has

been suggested that the southern Chukchi Sea may be an important feeding area

for bowheads in fall (Schell et al.,1987, 1989a, 1989b; Schell and Saupe, 1993).

The Anadyr Current brings nutrient-rich water and a biological assemblage of

bowhead prey species through the Bering Straight into the southern part of the

Chukchi Sea along the Alaskan and Siberian coasts (Springer et al., 1989); It is

unknown if areas of concentrated productivity extend north to this whale's track

line. The time spent at depth could represent feeding on zooplankton at or near

the bottom. However, the directed westward movement suggests that migration

rather than feeding was the dominant activity after 17 September. Implications of

time at depth data for this animal are discussed in the section on ice below.
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Relationship Between Dive Depth and Duration

Kramer (1988) proposed a "theory of optimal breathing" for air breathing

aquatic animals that predicts longer dive times as dive depth increases. Dive depth

and dive duration are positively correlated for many air breathing aquatic animals

in the wild. Examples include leatherback sea turtles, Dermochelys coriacea

(Eckert et al., 1986), cormo rants, Phalacrocorax sp. (Stone house, 1967), penguins,

Aptenodytes patagon icus and Pygoselis paua (Kooyman et aL, 1992; Williams et

aL, 1992), fur seals, Callorhinus ursinus and Arctocephalus pusillus (Gentry et al.,

1986; Kooyman and Gentry, 1986), California sea lions, Zalihus californianus

(Felkamp et aL, 1989), beluga whales, Delhinapterus leucas (Martin and Smith,

1992), narwhals (Monodon monoceros(Martinetal., 1994), and humpback whales,

Megaptera novaeanhiae (Dolphin, 1987a). Aerial observations of bowheads in the

Beaufort Sea indicate dive times for bowheads in deep water (>50 m) are longer

than for those in shallow water (Wursig et al, 1984; Dorsey et al., 1989;

Richardson et al., 1995). The implication is that individual bowheads are making

longer, deeper dives when they are in deep water.

Our analysis suggests that although depth significantly influenced the

duration of the first dive to the maximum depth during the period for tagged

bowheads, it was not a good predictor of the dive's duration. Factors other than

maximum depth may also strongly influence dive duration.

surfacing Behavior

Data on surfacing behavior of bowheads is important to management

agencies that need estimates of abundance. Surfacing behavior affects the

sightability of whales (Leatherwood, et al., 1982) and abundance estimates from

visual surveys depend on the probability of sighting a whale (Hiby and Hammond,

1989). The proportion of time that whales are potentially visible has been used to

calculate correction factors for submerged bowheads missed during surveys (Davis
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et al., 1982; Richardson et aL, 1987; Zeh et al., 1993). Mean surfacing rates are

used to calculate abundance from cue counting cetacean surveys (Hiby and

Hammond, 1989). Different mean surfacing rates can confound comparisons

between surveys. Because aerial surveys offer numerous advantages over

shipboard surveys, the motivation to develop unbiased estimators of abundance

for this technique has been strong (Hiby and Hammond, 1989). Many

observational studies report the proportion of time bowheads were potentially

visible from the air (Carroll and Smithhisler, 1980; Dorsey et al. 1989; Richardson

et al. 1987; Würsig et al. 1984; Zeh et al., 1993).

Radiotelemetry can provide information on surfacing patterns of individual

whales, but it is important to understand the limitations and potential problems or

biases in collecting these data by electronic means. For example, combined visual

and radio observations of bowheads tagged with VHF transmitters indicate that

radio transmissions were not always received when an animal breathed, and that

the correlation between transmissions and blows depended on the receiver's

proximity to the tagged animal (Wartzok et al., 1990). Although we were unable to

conduct extensive follow up observations of bowheads tagged in this study, we can

assess, compare, and interpret our surfacing data in light of what is known about

this species from extensive visual observations.

A few published reports give surface times for bowhead whales that are

comparable to surface time data our tags collected. As migrating bowheads

passed Pt. Barrow in the spring, some exposed part of the body was visible to ice-

based observers for 3.1% (Carroll and Smithhisler, 1980) and 5.2% (Zeh et al.,

1993) of the time. Mean surface times for most tagged bowheads were slightly

higher (4.0-7.3%, Table 8). A large proportion of the longest surfacing in periods

reported by duration/depth tags were between 0.5 to 1.4 mm (44.6%), but the

longest surfacing never exceeded 14.4 mm (Figure 13). Means for time visible

above water during each roll in a surfacing sequence during spring migration were

4.7 s (Carroll and Smithhisler, 1980; Zeh et al., 1993) and 6.1 s (Rugh and

Cubbage, 1980) with the greatest range (1.2 to 38.1 s) and sample size (n = 1701)
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given by Zeh et al. (1993). Tags would not be exposed to the air the entire time

that "some body part was visible", so it might be expected that tags would record

less overall time at the surface and few of the longest surfacings would be >0.5

mm. However, bowheads in the cited studies were actively migrating, whereas

tagged whales were monitored during late summer when they are more prone to

remain at the surface between blows if they are not actively traveling (Würsig et

al., 1984). In view of this, the longer surfacings recorded by duration/depth tags

seems reasonable, as do the overall percentages of surface time reported by all

tags. On the other hand, bowheads have been reported to rest at the surface for

over an hour (Carroll and Smithhisler, 1980). Either tagged whales did not rest at

the surface for that long or the whales' surface resting posture did not constantly

expose the tag to the air.

Blow rates (blows/rn in) rather than surfacing rates (surfacings/h) have been

published in many studies. In those observational studies, mean blow rate was

calculated from the number of blows per surfacing, the duration of surfacings, and

the duration of dives. Mean blow rate describes the respiratory activity of a whale

over a longer time period than any of the constituent variables from which it is

calculated (Wursig et al., 1984). While examining factors that affect surfacing and

dive behavior of bowheads in the Beaufort Sea, Dorsey et al. (1989) found that

comparisons of mean blow rates between species or even between studies have

been confounded by two different calculation methods. Method 1 divides the total

number of blows during a series of surfacing-dive cycles by the total duration of

those cycles (Sumich, 1983; Würsig et aL, 1986). Method 2 consists of calculating

a blow rate for each surfacing-dive cycle and calculating a mean for the number

of surfacing-dive cycles observed (Würsig et al., 1984; Dolphin, 1987a, 1987b).

Dorsey et al. (1989) reviewed the two methods and concluded that method 1 gives

a better estimate of overall blow rate because method 2 can give biased results

because each cycle is weighted equally regardless of its duration. Method 1 can

be approximated by dividing the mean number of blows per surfacing by the sum

of the mean durations for surfacings and dives (Dorsey et at., 1989). However,
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even this method is potentially biased upward because "most estimates of mean

dive duration are biased downward because it is more difficult to find and

recognize whales after a long dive than after a short dive" (Dorsey et aL, 1989).

For comparison, we recalculated the overall mean blow rates of presumably

undisturbed, non-calf bowhead whales in the Beaufort and Chukchi Seas from 16

sets of published mean values for number of blows per surfacing, duration of

surfacing, and dive time reported in observational studies (Table 9).

We converted the number of dives counted in a summary period to blow

rates in this study. However, any or all of the assumptions made to do so may be

violated during any given summary period. If tags were exposed when no breath

(blow) occurred, blow rate for the period was overestimated. If the whale took

multiple breaths without submerging the tag for 6 s or breathes without exposing

the tag, blow rate for the period was underestimated. Without extensive follow-up

observation of tagged animals a quantitative evaluation of bias in our sampling

method is not possible. However, because bowheads sometimes submerge for

less than 6 $ or do not submerge at all between blows (Carroll and Smithhisler,

1980; Carroll et al., 1987; Dorsey et al. 1989; Ljungblad et al., 1988; Rugh and

Cubbage, 1980; Richardson et al., 1987; Wartzok et al., 1990; Würsig et al. 1984;

Zeh et al., 1993), and because they may only expose their blowholes or break ice

to breathe (George et al., 1989), it seems more likely that our sampling method

underestimated rather than overestimated blow rates.

The mean blow rate for each tagged whale fell within the range of mean

blow rates calculated from observational studies (Tables 9 and 11). When the

potential biases of each sampling method are considered, this represents excellent

agreement in values for blow rates between tagged animals and observational

studies.

The seven hours of exceptionally high surfacing activity by whale D/Z-6

may indicate a bout of social behavior or mating activity. Bowheads do engage in

social/sexual activity in late summer and fall (Finley et al, 1986; Finley, 1987;

Richardson and Finley, 1989; Wartzok et at., 1989; Wursig et al., 1993), although
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in the Beaufort Sea this type of behavior was observed less frequently as fall

progressed (Würsig et at., 1985). Socializing bowheads observed in the Beaufort

Sea during late summer had higher mean blow rates and spent a significantly

greater proportion of their time "surfacing" than nonsocializing whales (Dorsey et

at., 1989). Bowhead mating activity often involves large groups of whales

boisterously nudging and pushing one another. Surfacing/blow rates have not been

measured for bowheads in mating aggregations because of the difficulty of

identifying individuals in all the white water activity, but sexually active whales are

thought to exhibit long surface times, short dive times, and high blow rates (Wursig

and Clark, 1993).

Like mean blow rates, methods of calculating percentage of time bowheads

are visible from the air have varied. We used the method recommended by Dorsey

et at. (1989) to recalculate the percentage of time bowheads were potentially

visible from the air for observational studies:

% time visible from the air = 1 OO*[mean duration of surIacing/(mean duration of surfacing + mean dive

time)J.

Values ranged from 8.9-35.8% (1 = 16.2 ± 8.99, Table 9). Although these values

do not represent the proportion of time individual animals were visible from the air,

they indicate the visibility of bowheads at the time and place of the studies. The

mean percentage of a summary period individual tagged bowheads in this study

were potentially visible from the air (8.5-16.4%, 11.1 ± 2.4%, n = 8, Table 10)

agrees well with the calculated values from visual observation studies. All the

calculations above assume whales to be visible from the air between serial dives

during a surfacing sequence. In the field, the depth to which whales dive and

environmental conditions such as water turbidity, sea state, ice cover, and light are

likely to affect the percentage of time that animals are actually visible from the air.
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Environmental Factors

Area and Water Depth

The longest dives for summary periods in shallow water were consistently

shorter than for periods in deeper water. The longest dives for the two whales that

stayed in shallow water near Mackenzie Bay (DIZ-3 and D/-1) were shorter than

those for other whales (Figures 7 and 8). Some of the difference was undoubtedly

due to variabilty between individual whales. But the median longest dive was

shorter for four whales (D/Z-2, DIZ-4, DIZ-5, and D/Z-6) in shallow vs deep (>50

m) water (Tables 12 and 13).

The two whales that stayed in Mackenzie Bay also made shorter sounding

dives than other tagged whales (Table 4). Individual whales for which shallow vs

deep water comparisons were made showed mixed results. The two whales whose

deep water excursions were exclusively in Mackenzie Canyon (DIZ-2 and DIZ-4),

made longer sounding dives there than when they were in shaJiow water

(Table 12). But the two that ventured into the even deeper waters of the arctic

basin (D/Z-5 and D/Z-6), did not make significantly longer sounding dives in deep

water (Tables 12 and 13).

No consistent trend for surfacing rate, percentage of surface time, and

percentage of time visible from the air was apparent for areas. Surfacing rate

decreased in Mackenzie Canyon for D/Z-2 and DIZ-4, but was lower in mid-depth

water for D/Z-6 than in either very shallow or deep water and did not change

significantly between areas for D/Z-5 (Tables 12 and 13). Surfacing rates for the

two whales that were exclusively in Mackenzie Bay (DIZ-3 and D-1) differed

significantly from each (25.5 vs 47.0 surfacings/h, respectively), but DIZ-3 did not

differ from other tagged bowheads. These two animals had the highest percentage

of time visible from the air for tagged whales and were in the group with a higher

percentage of surface time. Mean percentage of surface time and mean

percentage of time visible from the airtime decreased from shallow to deep water

for two whales (D/Z-2 and D/Z-5), and did not differ between areas for D/Z-4
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(Tables 12). In contrast, tag D/Z-6 was exposed to the air more during summary

periods when it was in mid-depth water than when it was in deep water (Table 6).

Because this whale made fewer surfacings/h in mid-depth water, the percentage

of time visible from the air did not differ for either very shallow or deep water

(Table 6). These results suggest that factors other than area or water depth

strongly influenced surfacing behavior. Individual variation, prey depth and

abundance, and the activity in which animals were engaged are likely factors.

Light

For many air breathing nektonic species, diel changes in dive behavior have

been linked to diel vertical migration of their prey. Examples include leatherback

sea turtles, Dermochelys coriacea (Eckert et aL, 1989), king and gentoo penguins,

ADtenodytes pataQonicus and Pyposelis arua (Kooyman et al., 1992; Williams et

al., 1992), Antarctic fur seals, Arctocephalus gazella (Croxall et al., 1985), and

California sea lions, ZaJohus californianus (Feldkamp et aL, 1989). In the Great

South Channel between Cape Cod and Georges Bank in 1988, right whales

(Eubalaena glacialis), which are closely related to bowheads, made longer dives

during the day when copepods migrated to near the bottom and shorter dives at

night when copepods were near the surface; but in 1989, when copepods did not

vertically migrate, no such difference in dive duration was found (Winn et al.,

1995). Vertical distribution of the bowhead's zooplankton prey in Arctic waters is

tied more to season than time of day with diel vertical migration absent or weak

for most species (Bogorov, 1946; Kosobokova, 1978; Longhurst et al., 1984;

Sameoto, 1984). Thus, the general lack of diel differences in behavior recorded by

tagged bowheads is not surprising. The longer sounding dives at night vs twilight

(geometric mean SDUR = 11.7 mm vs 8.0 mm) for tag DIZ-6 are somewhat of an

enigma.
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Heavy Ice

Statistics cannot establish cause and effect in this study, but data returned

from animal D/Z-1 in heavy ice cover (90%) were significantly different than when

less ice was present. The tag recorded fewer and longer dives, more time exposed

to the air in fewer surfacings, increased duration of longest surfacings, less time

in the upper part of the water column, and calculations suggest the animal would

have been visible from the air for less time when it was in heavy ice from 20

September on. These data suggest the animal's strategy for moving through areas

of heavy ice: long dives to the deeper portion of the water column (49-96 m, near

the bottom in the Chukchi Sea) and longer surface times when open water was

found. The four 1-h periods where the tag did not break the surface coupled with

the 23 very long "dives" (61 mm) recorded in heavy ice conditions suggest this

animal may have regularly broken ice to breathe. Time at depth information for

periods during which no surfacings were recorded hint that surfacing behavior still

occurred. Although this whale spent most of its time at greater depths in these

periods ( = 71.8 ± 9.8% >32 m, n=4), it still spent substantial time in the upper

16 m (1 = 25.8 ± 11.0%, n = 4), but spent very little time in between ( = 3.0 ±

5.2% 16-32 m, n = 4).

Most of these findings are consistent with observed behavior of bowheads

in ice. Wursig et aI. (1984) noted longer dive times and more blows per surfacing

for whales in ice than for those in open water and that about 75% of the animals

observed in ice rested quietly when at the surface. Richardson et al. (1995)

reported significantly shorter dive times for bowheads migrating through areas with

65-90% ice cover in fall 1983 (5.5 mm) than for whales migrating through areas

with <10% ice cover in the falls of 1985-86 (18.2 mm), but noted that the 1983 dive

times were probably biased downward by the difficulty of resighting animals in

heavy ice conditions after a long dive. Tag DIZ-1 certainly reported longer dives

in heavy ice. Although the number of serial dives to breathe in a surfacing

sequence decreased slightly, the increased percentage of surface time and longer
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quiescently at the surface between blows. Thus, the number of blows per surfacing

sequence may have increased without a corresponding increase in short series

dives recorded by the tag.

Perhaps the most interesting discovery about bowhead behavior while

migrating through areas with heavy ice conditions was where the animal spent its

time in the water column. Much less time was spent near the surface in heavy ice

conditions. Although submerged swimming offers hydrodynamic advantages over

swimming at the surface, animals need only submerge to about three times their

body diameter to avoid surface drag effects (Hertel, 1966). Bowheads would not

have to exceed depths of our shaltowest bin (16 m) for hydrodynamic

considerations. However, the deep keels of ice floes can reach to 50 m below the

surface (LaBelle et al., 1983). It is interesting to speculate on how bowheads

navigate through areas of heavy ice. Bowheads migrating under a frozen lead

where the water was 30 m deep avoided an area of deep-keeled, multi-year ice

and left bottom sediments in and around the hummocks created where they broke

14-18 cm newly formed ice to breath (George et al., 1989). Traveling at greater

depths may allow bowheads to travel more directly through areas with deep-

keeled, multi-year ice. Ellison et al. (1987) suggested that bowheads could use the

differential surface reverberations of their calls (at distances of 1 to 2 km) to

discriminate between areas of rough bottomed, deep keeled, multi-year ice versus

open water or smooth bottomed, young ice, thin enough to break though to

breathe. The authors assumed 10 m deep ice keels and a sound source at 15 m,

but they noted that the acoustic path of propagation of sound in the arctic might

allow bowheads in deep water to "see" beyond immediate obstructions if sounds

were broadcast below the horizontal. Perhaps by vocalizing at greater depths and

projecting their calls horizontally or slightly upward bowheads can get a "picture"

of ice conditions at greater distances.
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Summary and Conclusions

After such a long discussion it seems appropriate to summarize some of the

major findings of this study. 1) Bowheads exhibit plasticity in their dive durations,

sometimes making almost exclusively long (>19 mm) or short (<7 mm) sounding

dives for hours. 2) The diving capabilities of bowheads allow them access to

potential zooplan kton and epibenth ic prey to depths of at least 160 m. 3) Although

dive duration increased with dive depth, depth alone was a poor predictor of dive

duration. 4) Satellite-telemetry provides a viable means to collect surfacing data

useful in estimating abundance from surveys. 5) Area and water depth may

influence dive durations, but no consistent pattern for surfacing behavior was

evident for tagged bowheads. 6) No consistent diet pattern was evident in the dive

and surfacing behavior of tagged bowheads. 7) Ice conditions may play a major

role in bowhead dive and surfacing behavior.



110

LITERATURE CITED

Bandi, H. G. 1969. Eskimo prehistory. University of Washington Press.

Barkham, S. 1978. The Basques: filling a gap in our history between Jaques
Cartier and Champlain. Canadian Geographic Journal 96(1):8-19.

Barkham, S. 1980. A note on the Strait of Belle Isle during the period of Basque
contact with Indians and Inuit. Etudes lnuite 4(1-2):51 -58.

Barkham, 5. 1984. The Basque whaling establishments in Labrador 1536-1632--
a summary. Arctic 37:515-51 9.

Birket-Smith, K. 1959. The Eskimos. Mathuen and Company, Ltd., London.

Bockstoce, J. R. and D. B. Botkin. 1983. The historical status and reduction of the
western Arctic bowhead whale (Balaena mysticetus) population by the
pelagic whaling industry, 1848-1 914. Reports of the International Whaling
Commission (Special Issue 5): 107-141.

Bockstoce, J. R. and J. J. Burns. 1993. Commercial whaling in the North Pacific
sector. pp. 563-577 in J. J. Burns, J. J. Montague and C. J. Cowles, eds.
The bowhead whale. Special Publication No. 2. Society for Marine
Mammalogy, Lawrence, KS.

Bogorov, B. G., 1946. Peculiarities of diurnal vertical migrations of zooplankton in
polar seas. Journal of Marine Research Vl,1:25-32.

Bogoslovskaya, L. S., L. M. Votrogov, and I. I. Krupnik. 1982. The bowhead whale
off Chukotka: migrations and aboriginal whaling. Report of the international
Whaling Commission 32:391-399.

Bradstreet, M. S. W. and D. B. Fissel. 1986. Zooplankton of a bowhead whale
feeding area off the Yukon Coast in August, 1985. Report, LGL Ltd., King
City, Ontario, for Canada Department of Indian and Northern Affairs Ottowa.
155 p. Environ. Stud. No. 50 Department of Indian and Northern Affairs,
Ottowa.

Bradstreet, M. S. W., D. H. Thomson, and D. B. Fissel. 1987. Zooplankton and
bowhead feeding in the Canadian Beaufort Sea, 1986. Report, LGL Ltd.,
King City, Ontario, for Canada Department of Indian and Northern Affairs
Ottowa. 204 p. jn Environ. Stud. No. 50 Department of Indian and Northern
Affairs, Ottowa.



111

Burns, J. J., J. J. Montague, and C. J. Cowles, eds. The bowhead whale. Special
Publication No. 2. Society for Marine Mammalogy, Lawrence, KS.

Carroll, G. M., J. C. George, L. F. Lowry, and K. 0. Coyle. 1987. Bowhead whale
(Balaena mysticetus) feeding near Point Barrow, Alaska, during the 1985
spring migration. Arctic, 40:105-110.

Carroll, G. M. and J. R. Smithhisler. 1980. Observation of bowhead whales during
spring migration. Marine Fisheries Review, 42(9-1 0):80-85.

Collins, H. B. 1932. Prehistoric Eskimo culture on St. Lawrence Island.
Geographical Review 22:108-119.

Conover, R. J. 1988. Comparative life histories in the general Calanus and
Neocafanus in high latitudes of the northern hemisphere. Hydrobiologia
167/168:127-142.

Croxall, J. P., I. Everson, G. L. Kooyman, C. Ricketts, and R. W. Davis. 1985. Fur
seal diving behavior in relation to vertical distribution of krill. J. Anim. Ecol.
54:1-8.

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 Amundson Gulf, summer
1981. Report, LGL Ltd., Toronto, for Sohio Alaska Petroleum Co.,
Anchorage, and Dome Petroleum Ltd., Calgary. (Available at University of
Calgary Library (Arctic Institute of North America Collection), Calgary,
Alberta T2N 1 N4.)

Dawson, J. K., 1978. Vertical distribution of Calanus hyrerboreus in the central
Arctic Ocean. Limnol. Oceanogr. 23(5):950-957.

Dolphin, W. F. 1987a. Ventilation and dive patterns of humpback whales,
Megatera noveaeangliae, on their Alaskan feeding grounds. Can. J. Zool.
65:83-87.

Dolphin, W. F. 1 987b. Dive behavior and energy expenditure of foraging humpback
whales in southeast Alaska. Can. J. Zool. 65:354-362.

Dorsey, E. M., W. J. Richardson, and B. Wursig. 1989. Factors affecting surfacing,
respiration and dive behavior of bowhead whales, Balaena mysticetus,
summering in the Beaufort Sea. Can. J. Zool. 67:1801-1 815.



112

Eckert, S. A., D. W. Nellis, K. L. Eckert, and G. L. Kooyman. 1986. Diving patterns
of two leatherback sea turtles (Dermochelys coriacea) during internesting
intervals at Sandy Point, St. Croix, U.S. Virgin Islands. Herpetologica
42(3):381 -388.

Eckert, S. A., K. L. Eckert, P. Ponganis, and G. L. Kooyman. 1989. Diving and
foraging behavior of leatherback sea turtles (Dermochelys coriacea). Can.
J. Zool. 67:2834-2840.

Ellison, W. T., C. W. Clark, and G. C. Bishop. 1987. Potential use of surface
reverberation by bowhead whales, Balaena mysticetus, in under-ice
navigation: preliminary considerations. Report International Whaling
Commission 37:329-332.

Fancy, S. G., L. F. Pank, D. C. Douglas, C. H. Curby, G. W. Garner, S. Amstrup,
S. C., and W. L. Regelin. 1988. Satellite telemetry: a new tool for wildlife
research and management. U.S. Dept. of Interior, Fish & Wildlife Service,
Resource Publication 172, 55 pp.

Feldkamp, S. D., R. L. DeLong, and G. A. Antonelis. 1989. Diving patterns of
California sea lions, ZaloDhus californicus. Can. J. Zool. 67:872-883.

Finley, K. J., L. D. Munson, C. ft Evans and R. A. Davis. 1986. An investigation
of Isabella Bay, Baffin Island, as summer habitat for the eastern arctic
bowhead whale (Balaena mysticetus), 1983-1 985. Report by LGL Ltd. for
World Wildlife Fund Canada, 60 St. Clair Avenue East, Suite 201, Toronto,
Ontario, Canada M4T 1 N5. 77 pp.

Finley, K. J. 1987. Continuing studies of the eastern stock of bowhead whale at
Isabella Bay, Baff in Island, 1986. Report by LGL Ltd. for World Wildlife
Fund Canada, 60 St. Clair Avenue East, Suite 201, Toronto, Ontario,
Canada M4T1 N5. 95 pp.

Finley, K. J. 1990. Isabella Bay, Baffin Island: an important historical and present
day concentration area for the endangered bowhead whale (Balaena
mysticetus) of the eastern Canadian Arctic. Arctic. 43:137-152.

Finley, K. J. and J. D. Goodyear. 1993. (Abstract). Dive patterns and feeding
habitat of the bowhead whale in Baff in Bay. Abstracts. Tenth Biennial
Conference on the Biology of Marine Mammals, The Society for Marine
Mammalogy, Galveston , TX, November 11 - 15, 1993 p. 48.



113

Geinrikh, A. K., K. N. Kosobokova, and Yu. A. Rudyakov. 1980. Seasonal
variations in the vertical distribution of some prolific copepods of the Arctic
basin. Canadian Translation of Fisheries and Aquatic Sciences 4925. 22 pp.
(Transl. 1983 from Pages 155-166 in Biol. Tsentral'nogo Arkticheskogo
Basseina, 1980).

Gentry, R. L., G. L. Kooyman, and M. E. Goebel. 1986. Feeding and diving
behavior of northern fur seals ul: Fur seats, maternal strategies on land and
at sea. Edited by R. L. Gentry and G. L. Kooyman. Princeton University
Press, Princeton, NJ, pp. 61-78.

George, J. C., C. Clark, G. M. Carroll, and W. T. Ellison. 1989. Observation on the
ice-breaking and ice navigation behavior of migrating bowhead whales
(Bataena mysticetus) near Point Barrow, Alaska, spring 1985. Arctic. 42(1):
24-30.

Griffiths, W. B. and R. A. Buchanan. 1982. Characteristics of bowhead feeding
areas. Pages 347-355 in W. J. Richardson, ed. Behavior, disturbance
responses and feeding of bowhead whales Balaena mysticetus in the
Beaufort Sea, 1980-81. Report by LGL Ecological Research Associates Inc.,
Byran TX, for U.S. Bureau of Land Management, Washington, DC.
Available from National Technical Information Service, Springfield, VA. NTIS
PB86-1 52170.

Griffiths, W. B., D. H. Thomson, and G. E. Johnson. 1987. Zooplankton and
hydroaccoustics. Pages 135-256 i W. J. Richardson ed. Importance of the
eastern Alaskan Beaufort Sea to feeding bowhead whales, 1985-86. Report
by LGL Ecological Research Associates Inc. to U.S. Minerals Management
Service NTIS No. PB 150271/AS.

Harwood, L. A. and G. A. Borstad. 1985. Bowhead whale monitoring study in the
southeast Beaufort Sea. July-September 1984. Environmental Studies
Revolving Fund Report No. 009. Ottawa, Canada. 99 pp.

Head, E. J. H. and L. R. Harris. 1985. Physiological and biochemical changes in
Calanus hyberboreus from Jones Sound, NWT during the transition from
summer feeding to overwintering condition. Polar Biology. 4:99-106.

Hertel, H. 1966. Structure - form - movement. Reinhold Publishing Corporation,
New York. 251 pp. (see p. 227)

Hettmansperger, T. P. 1984. Statistical inference based on ranks. John Wiley and
Sons, New York. 323 pp.



114

Hiby, A. R. and P. S. Hammond. 1989. Survey techniques for estimating the
abundance of cetaceans. Reports of the International Whaling Commission
(Special Issue 1 1):47-80.

Hirche, H. -J. 1991. Distribution of dominant calanoid copepod species in the
Greenland Sea during late fall. Polar Biology. 11:351-362.

International Whaling Commission. 1992. Report of the Scientific Committee.
Report of the International Whaling Commission 42:51-270.

Keating, K. A., W. G. Brewster, and C. H. Key. 1991. Satellite telemetry:
performance of animal tracking systems. J. Wildi. Manage. 55:160-171.

Kooyman, G. L., Y. Cherel, Y. Le Maho, J. P. Croxall, P. H. Thorson, V. Ridoux,
and C. A. Kooyman. 1992. Diving behavior and energetics during foraging
cycles in king penguins. Ecological Monographs. 62(1):143-163.

Kooyman, G. L. and R. L. Gentry. 1986. Diving behavior of South African fur seals.
fl: Fur seals, maternal strategies on land and at sea. Edited by R. L. Gentry
and G. L. Kooyman, Princeton University Press, Princeton, NJ, pp. 142-1 52.

Koski, W. R., R. A. Davis, G. W. Miller and D. E. Withrow. 1993. Reproduction. pp.
239- 274. k J. J. Burns, J. J. Montague and C. J. Cowles, eds. The
bowhead whale. Special Publication No. 2. Society for Marine Mammalogy,
Lawrence, KS.

Kosobokova, K. N. 1978. Diurnal vertical distribution of Calanus hyøerboreus
Kroyer and Calanus glacialis Jaschnov in the Central Polar Basin.
Oceanology 1 8(4):476-480.

Kosobokova, K. N. 1982. Composition and distribution of the biomass of
zooplankton in the central Arctic basin. Oceanology. 22:744-750.

Kosobokova, K. N: 1990. Age-related and seasonal changes in the biochemical
makeup of the copepod Calanus glacialis as related to the characteristics
of its life cycle in the White Sea. Oceanology. 30:103-109.

Kramer, D. L. 1988. The behavioral ecology of air breathing by aquatic animals.
Can. J. Zoo). 66:89-94.

LaBelle, J. C., J. L. Wise, R. P. Voelker, R. H. Schulze, and G. M. WohI. 1983.
Alaska ice atlas. Arctic Environmental Information and Data Center,
University of Alaska, 707 A Street, Anchorage, AK 99501. 302 p.



115

Leatherwood, S., K. Goodrich, A. L. Kinter, and ft M. Truppo. 1982. Respiration
patterns and sightability of whales. Rep. i. Whal. Commn 32:601-13.

Lin, S. 1970. An introduction to error-correcting codes. Prentice-Hall, New Jersey.

Ljungbtad, D. K., B. Wursig, S. L. Swartz, and J. M. Keene. 1988. Observations
on the behavioral responses of bowhead whales (Balaena mysticetus) to
active geophysical vessels in the Alaskan Beaufort Sea. Arctic. 41(3):183-
194.

Longhurst, A., D. Sameoto, and A. Herman. 1984. Vertical distribution of Arctic
zooplankton in summer: eastern Canadian archipelago. Journal of Plankton
Research 6(1):137-1 68.

Lowry, L. F. 1993. Foods and feeding ecology. Pages 201-238 in J. J. Burns, J.
J. Montague and C. J. Cowles, eds. The bowhead whale. Special
Publication No. 2. Society for Marine Mammalogy, Lawrence, KS.

Lowry, L. F. and J. J. Burns. 1980. Foods utilized by bowhead whales near Barter
Island, Alaska, autumn 1979. Marine Fisheries Review 42(9-10):88-91.

Lowry, L.F. and K. J. Frost. 1984. Foods and feeding of bowhead whales in
western and northern Alaska. Scientific Reports of the Whales Research
Institute, Tokyo 35:1-16.

Maclellan, D. C. 1967. The annual cycle of certain calanoid species in west
Greenland. Can. J. Zool. 45:101-1 15.

Martin, A. R., M. C. S. Kingsley and M. A. Ramsay, 1993. Diving behaviour of
narwhals (Monodon monoceros) on their summer grounds. Can. J. Zool.
72:118-125.

Martin, A. R. and T. G. Smith, 1992. Deep diving in wild, free-ranging beluga
whales, DeIhinaDterus leucas. Can. J. Fish. Aquat. Sci. 49:462-466.

Mate, B. R., S. Nieukirk, R. Mesecar, and T. Martin. 1992. Application of remote
sensing methods for tracking large cetaceans: North Atlantic right whales
(Eubalaena Qlacialis). Final Report, Minerals Management Service 91 -0069,
167 pp.

Mate, B. R. and S. L. Nieukirk.1 993. Satellite-monitored movements and dive
behavior of the right whale, Eubalaena glacialis, in the western North
Atlantic. Final Supplemental Report - December 1992, OCS Study, MMS
93-0049, Contract No. 14-12-0001-30411, 80 pp.



116

Mate, B. R., K. M. Stafford, R. Nawojchik, and J. L. Dunn. 1994. Movements and
dive behavior of a satellite-monitored Atlantic whitesided dolphin
(Lagenorhynchus acutus) in the Gulf of Maine. Marine Mammal
Science, 10 (1):116-121.

Mate, B. R., S. L. Nieukirk, and S. D. Kraus. (in press). Satellite-monitored
movements of the northern right whale. Journal of Wildlife Management.

Mate, B. R., K. A. Rossbach, S. L. Nieukirk, R. S. Wells, A. B. Irvine, M. D. Scott,
A. J. Read. 1995. Satellite-monitored movements and dive behavior
of a bottlenose dolphin (Tursios truncatus) in Tampa Bay, Florida.
Marine Mammal Science 11 :(4) 452-463.

Mate, B. R. and G. K. Krutzikowsky. 1995. Application of remote methods of
large cetacean tracking: bowhead whales. Final Report June 1995, OCS
Study, MMS 95-0053, Contract No. 14-12-0001-30411, 174 pp.

McCartney, A. P. 1984. History of native whaling in the Arctic and Subarctic.
Pages 79-112 j Proceedings of the lnternnational Symposium (on) Arctic
Whaling, eruary 1983. University of Groningen (Arctic Center), Goningen.

McGhee, R. 1978. Canadian arctic prhistory. Van Nostrand Reinhol, Ltd., Toronto.

Montague, J. J. 1993. Introduction. pp. 1-21 in J. J. Burns, J. J. Montague and C.
J. Cowles, eds. The bowhead whale. Special Publication No. 2. Society for
Marine Mammalogy, Lawrence, KS.

Moore, S. E. and R. R. Reeves. 1993. Distribution and movement. : J. J. Burns,
J. J. Montague, and C. J. Cowles eds. The Bowhead Whale, pp. 313-386.

Prygunkova, R. V. 1968. On the growth cycle of Calanus glacialis Jaschnov in the
White Sea. Translated from Dokiady Akademil Nauk SSSR, 182(6):1447-
1450.

Ramsey, F. L., and D. W. Schafer. In press, 1996. The statistical sleuth. Duxbury
Press.

Richardson, W. J., M. A. Fraker, B. Würsig, and R. S. Wells. 1985. Behavior of
bowhead whales, Balaena mysticetus, summering in the Beaufort Sea:
reactions to industrial activities. Biological Conservation 32:195-230.

Richardson, W. J., B. Würsig, and C. R. Greene, Jr. 1986. Reactions of bowhead
whales, Balaena mysticetus, to seismic exploration in the Canadian
Beaufort Sea. Journal of the Acoustical Society of America 79:1117-1 128.



117

Richardson, W. J., B. Würsig, and G. W. Miller. 1987. Bowhead distribution,
numbers, and activities. Pages 257-366 in W. J. Richardson ed. Importance
of the eastern Alaskan Beaufort Sea to feeding bowhead whales, 1985-86.
Report by LGL Ecological Research Associates Inc. to U.S. Minerals
Management Service NTIS No. PB 150271/AS.

Richardson, W. J. and K. J. Finley. 1989. Comparison of behavior of bowhead
whales of the Davis Strait and Bering/Beaufort stocks. Report by LGL Ltd.
for U.S. Minerals Management Service. NTIS No. PB89-195556/AS.

Richardson, W. J., K. J. Finley, G. W. Miller, R. A. Davis) and W. A. Koski. 1995.
Feeding, social and migration behavior of bowhead whales, Balaena
mysticetus, in Baff in Bay vs. the Beaufort Sea - regions with different
amounts of human activity. Marine Mammal Science 11(1):1-45.

Ross, W. G. 1993. Commercial Whaling in the North Atlantic sector. pp. 511-561
in J. J. Burns, J. J. Montague and C. J. Cowles, eds. The bowbead whale.
Special Publication No. 2. Society for Marine Mammalogy, Lawrence, KS

Rugh, D. J. and J. C. Cubbage. 1980. Migration of bowhead whales past Cape
Lisburne, Alaska. Marine Fisheries Review, 42(9-1 0):46-51.

Sameoto, D. D. 1984. Vertical distribution of zooplankton biomass and species in
northeastern Baffin Bay related to temperature and salinity. Polar Biology
2:213-224.

Scammon, C. M. 1874. The Marine Mammals of the Northwestern Coast of North
America Together with an Account of the American Whale Fishery. J. H.
Carmany. San Francisco. 319 pp. (Reprinted 1968 in paperback. NY.
Dover.).

Schell, D. M. and S. M. Saupe. 1993. Feeding and growth as indicated by stable
isotopes. pp. 491 509. in J.J. Burns, J. J. Montague and C. J. Cowles,
eds. The bowhead whale. Special Publication No. 2. Society for Marine
Mammalogy, Lawrence, KS.

Schell, D. M., S. M. Saupe, and N. Haubenstock. 1987. Bowhead whale feeding:
allocation of regional habitat importance based on stable isotope
techniques. Pages 369-415 in W. J. Richardson, ed. Importance of the
eastern Alaskan Beaufort Sea to feeding bowhead whales, 1985-86. By
LGL Ecological Research Associates, Inc., for U.S. Minerals Management
Service, Anchorage, AK 547 pp. (NTIS PB88-150271/AF).



Schell, D. M., S. M. Saupe, and N. Haubenstock. 1989a. Natural isotope
abundances in bowhead whale (Balaena mysticetus) baleen: markers of
aging and habitat usage. Ecological Studies 68:260-269.

Schell, D. M., S.M. Saupe, and N. Haubenstock. 1989b. Bowhead whales (Balaena
mysticetus) growth and feeding as estimated by ô13C techniques. Marine
Biology 103:433-443.

Scoresby, W., Jr. 1820. An Account of the Arctic Regions with a history and
description of the northern whale-fishery: Vol. 1. The Arctic. 551 pp. Vol.
2. The Whale Fishery. 574 pp. Newton Abbot. Eng. David and Charles
Reprints.

Springer, A. M., C. P. McRoy and K. R. Turco. 1989. The paradox of pelagic food
webs in the northern Bering Sea -- II. Zooplankton communities. Continental
Shelf Research 9:359-386.

Stoker, S. W. and I. I. Krupnik. 1993. Subsistence whaling. pp. 579 - 629. j J. J.
Burns, J. J. Montague and C. J. Cowles, eds. The bowhead whale. Special
Publication No. 2. Society for Marine Mammalogy, Lawrence, KS.

Stonehouse, B. 1967. Feeding behaviour and diving rhythms of some New
Zealand shags, Phalacrocoracidae. Ibis 109:600-605.

Sumich, J. L. 1983. Swimming velocities, breathing patterns, and estimated costs
of locomotion in migrating gray whales, Eschrichtius robustus. Can. J. Zool.
61:647-652.

Thomson, D. H. 1987. Energetics of bowheads. Pages 417-448 in W. J.
Richardson ed. Importance of the eastern Alaskan Beaufort Sea to feeding
bowhead whales, 1985-86. Report by LGL Ecological Research Associates
Inc. to U.S. Minerals Management Service NTIS No. PB 150271/AS.

Thomson, D. H., D. B. Fissel, J. R. Marko, R. A. Davis, and G. A. Borstad. 1986.
Distribution of bowhead whales in relation to hydrometerological events in
the Beaufort Sea. Environmmental Studies Revolving Funds Report No.
028. 119 pp. (Available from Canadian Department of Indian Affairs and
Northern Development, Ottowa, Ontario, Canada Ki A).

Wakerly, J. 1978. Error detecting codes, self-checking circuits and applications.
North-Holland, New York.



119

Wartzok, D., W. A. Watkins, B. Würsig, and C. L Malme. 1989. Movements and
behaviors of bowhead whales in response torepeated exposures to noises
associated with industrial activities in the Beaufort Sea. Report to Amoco
Production Company, P. 0. Box 800, Denver, CO 80201 228 pp.

Wartzok, D., W. A. Watkins, B. Würsig, J. Guerrero, and J. Schoenherr, J. 1990.
Movements and behavior of bowhead whales. Report, Purdue University,
Fort Wayne, IN, for AMOCO Production Co. {POB 800, Denver, CO 80201).
197 pp.

Williams, T. D., A. Kato, J. P. Croxall, Y. Naito, D. R. Briggs, S. Rodwell, and T.
R. Barton. 1992. Diving pattern and performance in nonbreeding gentoo
penguins (PyQoscelis paua) during winter. The Auk. 109(2):223-234.

Winn, H. E., J. D. Goodyear, R. D. Kenney, and R. 0. Petricig. 1995. Dive patterns
of tagged right whales in the Great South Channel. Continental Shelf
Research. 15:593-611.

Würsig, B. and C. Clark. 1993. Behavior. Pages 157-199 j J. J. Burns, J. J.
Montague and C. J. Cowes, eds. The bowhead whale. Special Publication
No. 2, Society for Marine Mammalogy, Lawrence, KS.

WQrsig, B., E. M. Dorsey, M. A. Fraker, R. S. Paine, and W. J. Richardson.1985.
Behavior of bowhead whales, Balaena mysticetus, summering in the
Beaufort Sea: a description. Fishery Bulletin. 83:357-377.

Würsig, B., E. M. Dorsey, M. A. Fraker, R. A. Paine, W. J. Richardson, and R. S.
Wells. 1984. Behavior of bowhead whales, Balaena mysticetus, summering
in the Beaufort Sea: surfacing, respiration, and dive characteristics. Can. J.
Zool. 62:1910-1921.

Würsig, B.J., J. Guerrero, and G. K. Silber. 1993. Social and sexual behavior of
bowhead whales in fall in the western arctic: a re-examination of seasonal
trends. Marine Mammal Science 9:103-111.

Würsig, B., R. S. Wells, and D. A. Croll. 1986. Behavior of gray whales summering
near St. Lawrence Island, Bering Sea. Can. J. Zool. 64:611-621.

Zeh, J. E., C. W. Clark, J. C. George, D. Withrow, G. M. Carroll, and W. R. Koski.
1993. Current population size and dynamics. Pages 409-489 j. J. J. Burns,
J. J. Montague and C. J. Cowles, eds. The bowhead whale. Special
Publication No. 2. Society for Marine Mammalogy, Lawrence, KS.



120

APPENDIX

Ice Prediction Charts
from

Environment Canada's Ice Centre Ottowa



I

I
I I!i I

-.:"1. /11'
1 I / TTrff I f: \I\;\i:

';
'

I
k i

1'

1 L Hk
WIOW(I%O) 531 . !.'-J. .it--' -:1. . \Lo

. .
.

.
. .

. ..
'

,cmw . . .
. .. .

.. ..

'r4cz 7o/. I
r.. . . .. ... ... ... ...

.\.
... ..

I
.

. . .1.
I I'

I I
I

115 3 --;
i

. r - ..,_. - -
. -

-

:
'°A81 BT 1 LL'

.

04 7.4. 7.4. c
. . . '. . .

..

65 63! ..

.
.

..
I

. .

OIC '
.

I 63 8 1. EiI.
HR CASI DST

D .. '..- .

v pjç o 1

7.4.1
- .

U S(* 4 HR 46' E ______
I

WflON M4 145 74 U

axs,s w& u F63
3 SLP/SEPT 1992 7.

ml smuit W'TPT II
IP3/l4W

coawi. ...on-. .:
:

. 3':

.- + - 4: C' - - i - / r- . , . . 4 - ,-,,



z

h

'C

122

-,\

_\\

/\
L----* --".._4------

----.----flfl' ±L-""N'
-* Ttii'I1TiPk

4-

I

iIji1

iii
-----"'_7_'-'--__,_,:-- '..I

F .'."-,
lb

/-6O
SV3C:Q6. vd



1
2
3



S
E
P
.
 

6
 

'
9
2
 

5
:
i
4
P
 

A
E
S
 

i
C
E
 

C
T
R
 

O
T
T
A
A
 

5
1
3
 

5
6
3
 

1
C
4
3
3
-
P
,
 

1
/
 

4
 

j
i
j
 I
 I
 

-
 

Y
 

T
1
'
-
 

'
-
 

-
 

c
.
-
-
 

9
 

\
c
 

5
.
.
.
 

I
 

.
.
-
 

7
.
 

.
 

-
 

/
 

/
 

7
,
<
_
.
 

k
 

-
"
'
-
-
-
-
 

/
 

J
T
W
L
-
4
 

I
 

/
r
k
L
J
 

i
'
 

I
 

-
1
 

;
 

h
 

I
 

A
 

I
L
 

H
'
 

I
.
 



U)
C',
1

U,

t1

\ .L:
1

0..

:: .\. V
-S..

-I:4,v..
I- .

(l'jL V
.;

;./

''J K
./''I

r

A

C',

..'fl Vta

cc
tL i bL

tçZ

13

EM I JVI Q VI1a3

ZIl Mli I PIlII.a I .

S$ I./dL C IOLQ I

66t 14JS/d L
. lID .7-ID JII .CMSV gtjqw 3i

CII £I)l)NOII Ifi
9 \ ]AlJVd VtLJ

I&VIlI XI Joi
JL_i y

LIDIC 3I J933 VII

a - -

I7 *VIjIV1l. ILVIII
.w VccQ.f Q

SID ITI/1 115
CI

ISVi C
lII1lk ICCV' lIlt S

c ,-,t i
TIS

,1
/

C CL-IC I
IGI. S CC-Si S
Cnd.rrC C cl-SI

cx 1sg
'-I PS

_
.S.

I IUMSJ x
4CQCaS1Mx IC

-j' L''!
flLII13U.O

\ I ..CnSl:.D

/ V



(0
c'J

)W Mi.

66I *Id3S/d3S V

b 3O 3A'WIWSW
fsIUIQ

S.PCII K
f £

Lii!)()-1

VU'NI 1 1=!
I.I
i.Q3O L..

,,.1I i
tEI-Ot!

s1.-,oti
ic-ci c:

51-0! itn

Ct-.I(J
tu

_irn
.

3

v1

(X3
C.)



- -- -
I

2&l,I 4d3S 6
244t 8 RflflLflI- 24.I %--) 66t LrJ3S/d3 6

-
I

qg - zkmrv SA11W
ci ,,,r,w-:

(if - t_
w so

sø )5d 3I
U 5AI iQ

J ia U _ OYU ISN

I .

L -
I 1-

/

I
S 4 C,'

\- :(1 J qr&rJ\k'\j. - -i r'&? n-c
- .I-iL.iJ\-"1 1 ( P(/(./d14I -. 1Tc{.I :fl T 11k.-V\ (3f7Y

,, '-.1 }' i'\ ',) I

\ \ I N( I Lr j/4 /-

-.
i j /L41 44LL(Y/G/ [/\

t!

I

I
'

/ J
I II

Ttrt ?HjL/J /i'
rI \ \ i \ 1JiJJ_L_LLL 1 15' / Iii / 7777'1//:'/ /



9
9
2

,
-

-
-
i
.

1
2
8

I

I

-
.

_
_
_
_

/
'
F

:
'
5

-
-
_
1
1
_
7

)

-
7
_
.
:
-
-
-
.
'
,
-
,
7

1
.

(

1
 
7
\

I
'
,

ft

'
i
l
l
I

-
r
4

!
f
!
4
I
 
U
'
j
j
!



/ 'I / / / ii

I
/

I 1
1

1

/d\/1 '/ / /
'

/t?i
jL1j

J
f

I

\ \ \h

7[fl \.LV \

(1L1rH&1
/

L 1

.&n WP1
- - 0

I
-

/

tol I4 1

MMXaS .4MY( C fl .2it 1
to SP/sFPT 1992 r O3f? I I

0, I1

ID tfPrU_______ I 4

western arctic Scole/Echelle 1:2000000.0
(0



- I//'It '1.-.,j(/;.f!$. .// ;/j r/j //
I

f7'/ /1;]ii

i1
'

T+---L. 1 7'/,
/I

/

//f,JIfJ
"'!L:4/

L I
f-!----j C'-'/ tI£

k
e.s4/1

1 ,.. '4g1131
/ I.II - !LiU

JIE-I

I

c7-* H IitL/ pt

1- zpr1xr7i
1.5apU.z s LIvvn.wj-- 4 i

.E
L

MV1Y
Th C$r --

2 ,,q. II StP/PT 1992 -
mii.tSEPlb

6%SI_3 31P II
j _°

40
western arcticScale/Echelle 1:2000000.0

(.\
.

p

(I-,

h- C)
-' t-"

I

C.
I- I
C.

II--
S-,

C,

C))
0



I
.
E
 

I
.
 



1
3
2



:
--

Il *1 / /
/

j
/

-

.J:uuh1fuj;L±.
I I I

/ -if.; L

f i(,ijI (

I; II
/ . f- - ---

IA . -.

........

,

/ (7-... / _Lf I

-.
I

'

i

/ :
. I

E
' /

J )
I

i
I

I 4 r
2/ ET i..].TtJH

.

/
/

-

/

. ..
1f I K ill 1

/ L-
-

/ /
/'7;,

I r \t! -r
..I. . '.

F
-- !._.J' . 0

c.1TmI(l-w ,, ..

.
. -. . ./\C

- ) .

I I

-

-i! -m.c I.. "I - -

kh 17
-. . I - -

.
.

.ra 0(5 AC5 .
.

I

-
.

--
__-

.

I

. ..........
I.

n- /
1 -

'_I_

I o- ,
.

-.
.

,. ... .. .
.

, I

I / 4 1 .
I

.

-Ib

$ "-2c-" 1 -.
I r. i -

' i'j\ 1 -
!u'.0 Af7[ B(CfI\D(2\ ..

i__I_I
:J yj

CP( P11&E r CL//U \J '3.., l5
I I1M0IOO LI1 4

o.I

....

fi I(1'\
1

-

T
flhIT 14 ?T $3 \6!/ '-9

W. 9$fl5 II $170 $0 65
QI CT. NX A0 ,/0I I

wpctm tlrr-+1c ir ,0II,1 1U' t\

()

i

111
9+ ij

/\ 7T
'(i\ ( 11'\
T7.411 7.4. j

'in
(3)

(3)



1
3
4

E
?
.
 
1
5
 
'
9
2

5
:
;
j
F
M

A
S
 
C
E
 
C
T
R
 
O
T
T
.
'
A

?
J
I

-
i
i

t
,
,

:
T
T
.
q
j

-
'

E
1
J
E
I

'
'
\

.

r
-
4
-
C

I
'

!
!
t
i
l
l
f

f
J

F

c
K
f

h
!
'
V
1
r
I
u



I

n3 GU
DIast-MJ/

&0)
01



7 SEP/SEPT 1992

cT aH

&
c)
0)



t I

C)



8
C
 

I
.
 



L(WI PU IOUAtXI L5 uq
c'.i cs

E M&YSIM.1SE

20 SEP/SEPT 9Y2
caw ai.

0)
Co



-L

0



T ni
? (T1
L''I

I,

JI\

it\-v \1

\
.;

\\
'I

\ i-4----

\

I

-JW
-

-1 tdLz
I

7 i;i9s i.__
I24w j,JIzZ681 j43S/cI)S U

xwiw a
IC,

/,.woa'-'
SUAAOø

C-'-)
1j -.z

* LI--

'
I1311

s,,,.ccs

-
I*Oç

£cI-.IIr.-,
ICI))

I

-

0,10i
/t:it1

C)

i-I
(h.-4)m

-V

II
-

-

H
-

-.IoJ
/ f

-
-

1-
--------/---4iL / '7 -

Ji
i///iiflif7L//bp

_tttt7t/1fi7IA/i

Hr*PVø



1
4
2



-

c)





I I7 '1

/ t\1.

iI
c

I,-'--._J_
I,I

I1/ill, '1----;
'

.-j__J___.j_,LI
I

/I7--s.,I
-I

___J__.-4--I-.'-S

\'/, J.,(ij._f.Iii! I/r
l

/I-'I
'nI\

4'l'
j,

I
p4"

II!
0-

//

?cir IJT\-I i) 1' /Hj5T
i\JI

IILL

47)TT V.fl-,Zt.tJlM 4 I.jWP4 II31bC-
J

((
I

SaflKt.

Z UD U/U1 aI I/ulaMII

3L
21 lII

ornmswow$GaI

mW P14'RJ(Gt/S 1)1 M3 L4 II

DtUl
ICC M1MIMJSE I1Cj

265fl/$tIT199224PT19qX.
I

OIsO1MWJPL 24-

-- -VW1/I2c ç'y-iqqz.
r cn -- tnIC I QDEO1U*__1I(1



1
4
6

S
E
P
.
2
7
 
'
9
2

5
:
0
4
?

A
E
S

C
E
 
C
T
R
 
O
T
T
A
&
A

-
 
-
3
8
5
-
P
.
 
/
l
-

t-
-
P
-

(
r
\

1
1

r
-
-
-
-
-
-
.
.

-
-
4
J

:/
)

'
/

(



H

-
-
I

1
4
7F

1
i

h
r



U PtEUVtCTS UI4 P
('4

cL4ct

29 SEP/SEPT 192
aN

03



I

S UD
S. .&

E PWt'L
wo:,cqrs i

U
30 P/PI 19g2

i

western grct,c Scc

k 1'

tn

S. -
-

S

5-,

5

&
(0



1
5
0



1
5
1



I.

.4MY NY DE
C)

50Cr/Ocr 1992

-L
(F'

N)




