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The objective of this research was to improve our understanding of blue

whale distribution and seasonality by use of acoustic detection of blue whale

vocalizations. Blue whale vocalizations are long (> 15 s), low-frequency (-j 20 Hz)

sounds that are often repeated in stereotypic patterns. Recordings from

hydrophones located in the North Pacific were examined for the presence of known

blue whale sounds in order to assess geographic, seasonal and diel variation within

these patterns. This effort began with an acoustic survey of the eastern tropical

Pacific (ETP) to document the acoustic presence of low-frequency whale sounds.

Two call types that have been attributed to blue whales were detected often and

these different types appear to represent northern and southern hemisphere

populations. Another broad survey was undertaken but rather than enumerate the
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call types detected, this study examined the seasonality and distribution of two

specific call types: northeastern and northwestern Pacific blue whale calls. These

calls showed similar seasonal patterns in the North Pacific but east-west geographic

differences. The last survey in this study compared data on a north-south basis to

study the acoustic range of the northeastern Pacific call type. This call type is

recorded in the northeast Pacific from Vancouver Island, Canada to the equator. It

is possible that this call type represents a unique population of blue whales that

migrate along the west coast of North America. A closer examination of vocalizing

behavior in blue whales was undertaken to study whether or not there is diel

variation in blue whale calls in the ETP. More blue whale calls were detected

during twilight and dark hours than during light hours.
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BLUE WHALE (BALAENOPTERA MUSCULUS) VOCALIZATIONS

RECORDED IN THE NORTH PACIFIC OCEAN: GEOGRAPHIC, SEASONAL

AND DIEL VARIATION

Chapter 1

GENERAL INTRODUCTION

Blue whales (Balaenoptera musculus) are the largest animals to ever roam

the Earth. They are a cosmopolitan species, found historically in all oceans of the

world. Blue whales have generally been considered a pelagic, non-gregarious

species (Yochem and Leatherwood, 1985) and this is perhaps one reason they have

been relatively little studied. Until very recently the whaling industry provided

much of what is known about blue whale physiology, seasonal habitats and ranging

behaviors. These data were, of course, collected in order to maximize the

exploitation of a valuable resource. Blue whales were heavily exploited in the early

1900-1930's during which time their numbers were believed to decline from a

global pre-exploitation estimate of over 220,000 to less than 13,000 (7%) animals

(Yochem and Leatherwood, 1985). The initial population of blue whales in the

North Pacific is thought to have been 4,900 6,000 (NMFS, 1998). Both the global

and Pacific pre-exploitation estimates should be considered very speculative as

they result from combinations of different sources and methodologies for

population size estimation. These methods included catch per unit effort (CPUE)

estimates (Rice, 1974; Gambell, 1976), indices of abundance estimates (Omura and
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Ohsumi, 1974) as well as unspecified methods (Berzin and Vladimirov, 1981).

Current population estimates are not much more reliable with the exception of line-

transect survey and mark-recapture photographic identification studies of blue

whales off California (Calambokidis and Steiger, 1994; Barlow, 1995). Blue

whales were accorded complete international protection under the International

Convention for the Regulation of Whaling in 1966 and have not been legally

hunted since. Despite 35 years of protection, the status of blue whales worldwide

remains unclear. Certain populations, such as that which summers off the coast of

California and perhaps animals seen in the Gulf of St. Lawrence Canada and off

Iceland, may be increasing (NMFS, 1998). Many other populations of blue whales

have not been sufficiently monitored since the end of commercial exploitation to

determine their status. All blue whales are currently listed as endangered species

under the United States Endangered Species Act (ESA) of 1973.

One of the primary goals of the ESA is to promote the recovery of species

to the extent that they can eventually be removed from the list of endangered and

threatened wildlife. A cetacean example of this is the eastern Pacific gray whale

(jchtius robustus) that was removed from the ESA list in 1994. Gray whales are

a slow moving, near-shore species with coastal calving and migration routes. Once

whalers discovered the calving/breeding grounds in the sheltered lagoons off Baja,

California, Mexico in the mid-1850's, they quickly reduced this species to a few

hundred individuals. These animals were given complete protection in 1935 by the

League of Nations and have since rebounded to over 26,000 individuals (Ferrero et
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aL, 2000).

Unlike the gray whale, the blue whale is a pelagic species whose migratory

routes and breeding destinations are not well knowii. These animals were

considered too fast to be the targets of early whaling efforts. The advent of steam-

powered catcher boats, air flotation factory whaling and the invention of the

grenade harpoon (patented by Svend Foyn in 1870; Tonnessen and Johnsen, 1982)

allowed whalers to exploit blue whales. Factory ships allowed whales to be taken in

areas of the world's oceans that had previously been inaccessible. Blue whales

were prized for their large yield of oil. They were the second of the 'great' whales

(after the northern right whale, Eubalaena glacialis) to decline in numbers. Because

of the value of these animals, scientists on-board whaling vessels collected

tremendous amounts of data on the biology and behaviors of these animals.

Physical parameters such as length, weight and reproductive status were estimated

in order to determine population growth factors. Comparisons of oceanography

with whale distribution were made to estimate where whales might be found at

different times of the year (Nemoto, 1955; Uda and Nasu, 1956; Uda and

Daitokuno, 1957; Nasu, 1963; Nasu, 1966; Nemoto, 1970; Nasu, 1974).

Although many aspects of blue whale behavior were recorded by whalers,

including their seasonal distribution and close association with prey swarms,

nothing was known about their ability to produce sound or the characteristics of

those sounds. The first published report to directly connect blue whales with

specific sounds was from Cummings and Thompson (1971). It described long, low



frequency moans from two blue whales off Chile. Since this first report, blue whale

sounds recorded throughout the world (including sounds whose origin was

originally unknown cfThompson, 1965; Northrup et al., 1968) have all been found

to share these characteristics: they are long (> 15 s), low-frequency (fundamental <

100 Hz and usually much lower, i.e. 20 Hz), frequency- andlor amplitude-

modulated vocalizations which are well adapted for long-distance transmission

through the water column.

It is this last property of sound transmission through the water column that

has provided scientists with the capability to monitor populations of blue whales.

Acoustic surveys have long been used to determine the distribution and abundance

of bird species and these same techniques are beginning to be used to monitor the

presence of whale species. Unlike in avian biology, very important aspects about

blue whale vocal behavior remain unknown including how they produce the

sounds, what proportion of the population vocalizes and what the behavioral or

social function of sound production might be. Nevertheless, the detection of whale

calls can be very useful for determining broad-scale patterns of occurrence and

seasonality.

Detection of blue whale calls can be used to acoustically "search" an area

for the presence of different vocalizing species. One objective of this study is to

survey a broad, offshore area and document which species calls are detected

(Chapter 2). Although blue whale calls recorded in different oceans share the

characteristics mentioned above, there appears to be geographic variation in each of



5

those characteristics. Another objective of this study is to use the sounds made by

blue whales to examine the distribution and seasonality of these animals in the

North Pacific. In this way, acoustic patterns might be compared with other better-

known behavioral patterns so that the current status of blue whales in the North

Pacific might be better understood.

This research is presented in the next four chapters. This first chapter

introduces this study and the underlying objectives. The following four chapters

begin with a broad examination of many different call types recorded in one

geographic area (the eastern tropical Pacific, ETP) and end with a specific

discussion as to the possible purpose of one of these call types. The final chapter

summarizes the results of this research, identifies new information discovered

herein and suggests future directions for other research projects.

Chapter 2 presents the results of a one-year acoustic survey of whale calls

in a broad region of the ETP. Six hydrophones were moored in the ETP and the

presence of whale calls was noted. The study area spanned the equator from 8°S to

8°N and from 95°W to 11 o°w:This is an area of unusually high productivity for a

tropical ocean due to strong surface and sub-surface currents as well as an

anomalous feature known as the Costa Rica Dome, all of which drive upwelling in

this region. This high productivity has led to high cetacean abundance in the area.

Blue whales had been sighted in this broad region but to which population the

sighted animals belonged was unknown. The acoustic analysis of one year of data

showed at least three distinct blue whale call types in this region. One of these



appears to be characteristic of southern hemisphere blue whales while the other two

are probably northern hemisphere call types.

Chapter 3 presents an examination of these two northern hemisphere call

types. Data from hydrophones placed in the far northwest Pacific were compared

with data from the ETP, the northwest coast of the United States, Kaneohe Hawaii

and Wake Island. Based on the occurrence and seasonality of these two call types

in the North Pacific, broad geographic distinctions between the eastern and western

North Pacific are indicated and may represent two different populations of blue

whales.

In Chapter 4, an examination of the range of the northeastern Pacific call

type is undertaken by use of acoustic data. The patterns of seasonal detections of

this call type between the ETP and the northeast Pacific (offshore of Oregon and

Washington, USA) are compared to reports from whaling and scientific expeditions

on blue whale distribution and seasonality.

Chapter 5 departs from the broader-scale more descriptive studies of the

previous three chapters to examine the possible function of the call. The

hypothesis that calling behavior in northeastern Pacific blue whales should occur

equally at all times of the day is explored. Data from the ETP including both

calling rate (calls/hour) and call occurrence are examined for diel patterns.

Possible functions for calling behavior are presented and discussed. Chapter 6 is the

result of thinking about the behavioral patterns discussed in Chapter 5 and

attempting to place the results found in Chapter 5 in a broader behavioral context.
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Chapter 2

LOW-FREQUENCY WHALE SOUNDS RECORDED ON HYDROPHONES

MOORED 1N THE EASTERN TROPICAL PACIFIC

Kathleen M. Stafford, Sharon L. Nieukirk and Christopher G. Fox

Published in the Journal of the Acoustical Society ofAmerica

American Institute of Physics,

December, 1999, 12 pages
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ABSTRACT

An array of autonomous hydrophones moored in the eastern tropical Pacific

was monitored for one year to examine the occurrence of whale calls in this region.

Six hydrophones which recorded from 0-40 Hz were placed at 8°N, 00 and 8°S

along longitudes 95°W and 11 0°W. Seven types of sounds believed to be produced

by large whales were detected. These sound types were categorized as either moan-

type (4) or pulse type (3) calls. Three of the moan-type calls, and probably the

fourth, may be attributed to blue whales. The source(s) of the remaining calls is

unknown. All of the call types studied showed seasonal and geographical

variation. There appeared to be segregation between northern and southern

hemispheres, such that call types were recorded primarily on the northern

hydrophones in the northern winter and others recorded primarily on the southern

hemisphere hydrophones in the southern winter. More calls and more call types

were recorded on the eastern hydrophones than on the western hydrophones.

INTRODUCTION

The eastern tropical Pacific (ETP) is a biologically productive area (Wyrtki,

1966) that supports a diverse community of fauna, including cetaceans (Reilly and

Fiedler 1994). Productivity is driven by several strong surface currents and fronts

that result in substantial upwelling, especially east of the Galapagos and west of the



Costa Rica Dome (Wyrtki, 1964; Fiedler et al. ,1991). Previous studies have

correlated zones of high cetacean abundance with these areas of high productivity

(Volkov and Moroz, 1977; Reilly and Thayer, 1990; Wade and Gerrodette, 1993).

Blue whales (Balaenoptera musculus), Bryde's whales ( eeii) and sperm

whales (Physeter macrocephalus) are the most common large whales in the ETP

(Wade and Friedrichsen, 1979; Reilly and Thayer, 1990). Other balaenopterid

species that have been reported in this area are the humpback (Megaptera

novaeangliae), minke ( acutorostrata), fin ( physalus) and sei @. borealis)

whales (Ramirez, 1989; Wade and Gerrodette, 1993). The populations of these

species in the ETP were monitored sporadically by whaling nations and more

regularly by efforts to monitor dolphin populations (Perrin et al., 1985; Polacheck,

1987; Ramirez, 1988; Reilly, 1990; Reilly and Fiedler, 1994; Miyashita et al.,

1995). This monitoring effort has been almost exclusively by visual means with

little input from acoustic methods. Whitehead et al. (Whitehead and Ambom, 1987;

Whitehead et al., 1989) used acoustics to monitor sperm whale populations around

the Galapagos Islands but this represented a highly localized, species-specific

directed effort.

Acoustic surveys of cetacean habitats are a powerful means of identifying

the species present, locating and tracking individuals, identifying stocks from

regional dialects, and determining patterns of seasonal distribution and relative

abundance (Clark and Ellison, 1989; Thompson et aL, 1992; Clark et aL, 1996,

Clark and Fristrup, 1997; Clark and Charif, 1998; Moore etaL, 1998; Stafford et
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aL, 1998). In May 1996, the National Oceanic and Atmospheric Administration's

(NOAA) Pacific Marine Environmental Laboratory (PMEL) deployed an array of

six autonomous moored hydrophones along the East Pacific Rise (EPR) to monitor

underwater seismicity in this area. These hydrophones have proved to be useful for

monitoring low-frequency (0-40 Hz) whale calls in the vicinity of the deployments.

A preliminary analysis of this data set revealed numerous low-frequency sounds

that may be attributable to baleen whales.

METHODS

Moored hydrophones

Six hydrophone packages were moored along the EPR, an area known to be

seismically active. The hydrophones were placed in the regions of 8°N, 00 and 8°S

along longitudes 95°W and 1100 W (Figure 2.1). The spacing between the

hydrophones, designed around seismic parameters, was sufficiently great that it

was unlikely that two or more hydrophones would simultaneously record the same

sound from one animal. The hydrophones were deployed May 1996 and the data

were recovered every 5-6 months. Each mooring package consisted of an anchor,

an acoustic release, an autonomous hydrophone logging system composed of an

International Transducer Corporation 1032 hydrophone, pre amplifier/filter

(designed to pre-whiten ocean ambient noise spectra from 1-40 Hz), and a digital

recorder in a pressure-resistant titanium case, and flotation. The instruments were
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moored such that the hydrophones were suspended in the deep sound channel at

depths of 65 0-750 m. The packages were designed to record for up to six months

at a sampling rate of 100 Hz with lowpass filters set at 40 Hz. This sample rate was

sufficient for recording energy from the very lowest frequency sounds of baleen

whales. The data were archived within the instrument until it was recovered. They

were then downloaded to 8mm tape and the instrument redeployed.

Call detection

After discarding 198 hours of data from the hydrophone at 00 95°W and 360

hours from the hydrophone at 00 11 0°W due to extreme ambient noise (caused by

cable strumming but also by periods of almost continual seismicity) that precluded

any call detection, 47,682 total hours of data were examined for whale calls.

Running spectrograms (FFT 256 points, overlap 50%) for each day for one year

were examined visually for each of the six hydrophones (mid-May 1996 - mid-May

1997). An exception to this data analysis was the hydrophone at 00 95°W which did

not log any data during the first deployment (mid-May 1996 to end of October

1996). Spectrograms were displayed by use of a program written in IDL®

(Interactive Data Language, Research Systems, Inc., Boulder, Colorado, USA).

Calls were identified as being potentially of biological origin based on both

temporal and frequency characteristics of the sounds recorded. Sounds showing

non-random temporal patterns (such as a series of similar sounds repeated at set

intervals and interrupted by longer periods of silence (inferred to be breathing
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gaps), and/or calls that showed seasonality in detection) were considered good

candidates for a biological source. Frequency characteristics used to identify

possible biological sources included noncontinuous narrow-band sounds,

frequency- or amplitude-modulated sound and frequency content generally above

10 Hz. Most geologically produced sounds are very low-frequency (<15 Hz), may

last over a minute and are somewhat random in temporal occurrence (Dziak et aL,

1997). Shipping noise produces continuous bands of noise at narrow frequencies

over relatively long periods of time, and geophysical survey noise such as airguns

tends to produce very broadband regularly spaced pulses without the irregular gaps

seen in biological pulses (Richardson et al., 1995). Using these criteria, seven

different sound types were identified that suggested biological sources. Based on

frequency content, these sounds were thought to have been produced by large

whales.

These sound types were classified as either pulse-type calls or moan-type

calls and then further subdivided based on frequency and time characteristics. In

this manner, three "known" moan-type calls, one unknown moan-type call and

three pulse-type calls were identified.

Presence or absence of the seven identified call types was recorded as a one

or a zero for each hour of data examined. Measurements of time and frequency

characteristics of each call type were digitized from a graphic workstation for calls

with high signal-to-noise ratio and little coincident ambient noise. Characteristics

recorded included call duration, beginning and ending frequencies, and frequency
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range. When appropriate, intercall intervals (the time from the end of one call to the

beginning of the following tone or pulse), intergroup intervals (time between

groups of pulses that appear to be in the same series) and long intervals (time

between call series, usually greater than one minute, during which the calling

animal is presumed to be at the surface) were measured. Call statistics were

reported with standard deviations. Measured calls were then compared to published

calls of species known to occur in the ETP.

RESULTS

Seven distinct low-frequency sounds potentially of biological origin were

identified from data recorded on the six hydrophones. All of these sounds showed

seasonal and regional variation (Table 2.1). Although three of the moan-type calls

can be attributed to blue whales, the origins of the other four calls are unknown to

these authors. More calls and more types of calls were recorded on the

hydrophones along longitude 95°W than along llO°W. The most call types were

recorded on the hydrophone at 8°S 95°W (six of the seven call types), and the most

hours with calls were recorded at 8°N 95°W.



Table 2.1. Call occurrence by hydrophone. The number of hours during which at least one of each of the seven call types was
recorded on each of the six hydrophones. The total number of hours of data collected for each hydrophone is given in the first
line. Numbers in parentheses are percentages of total hours of data at each hydrophone in which a particular call was recorded.

8°N 95°W 00 95°W 8°S 95°W 8°N 1 10°W 001 10°W 8°S 1 l0°W

total#hoursof 8735 4810 8771 8315 8347 8704
data

NE Pacific blue 4188 (50%) 215 (5%) 22(.2%) 49 (1%) 5 (<1%) 25 (<1%)

Southern blue 12 (<1%) 535 (11%) 1659 (20%) 56 (<1%) 129 (< 1%) 202(<l%)

NW Pacific blue 0 0 3 (<1%) 1 (<1%) 1 (<1%) 0

28-Hzmoan 0 0 121(1%) 7(<1%) 4(<1%) 35(<1%)

pulse series 250 (3%) 76 (2%) 1961 (22%) 271 (3%) 198 (2%) 435 (5%)

pulse train 48 (<1%) 1 (<1%) 0 0 0 0

short pulse 13 (<1%) 504 (10%) 1664 (19%) 2 (<1%) 1 (<1%) 2 (<1%)

U'



Known sounds

Known call types detected on the hydrophones in the ETP consisted of three

types of calls that have been attributed to blue whales. The first of these calls has

been recorded in the northeast Pacific (Thompson, 1996; Rivers, 1997; Stafford et

al., 1 999a), the second near Oahu (Thompson and Friedi, 1982) and the third off

Chile (Cummings and Thompson, 1971).

Northeast Pacific blue whale calls

Northeast Pacific blue whale A-B calls (Figure 2.2a; reviewed in Rivers,

1997) were the most commonly recorded call at the 8° N 95° W hydrophone and

were detected to varying degrees on the remaining five hydrophones (Table 2.1).

Series of repeated A-B calls were detected as were A calls followed by multiple B

calls. On a small number of occasions, only A calls were detected. C calls (Clark

and Fristrup, 1997) were also detected but less often. Figure 2.2a illustrates an A-B

call with a C call. On average, the A calls measured from the ETP data lasted 21 s

and had lowest components at 16 Hz (Table 2.2). The B call swept from 17.7 Hz to

16.1 Hz over 18.7 s. Time between the two call parts was 26.1 ± 3.0 s on average

(n163). When an A call was followed by more than one B call, the mean time

between B calls was 31.8 ± 3.7s (n=48). C calls swept up from 11.3 Hz to 11.9 Hz

over 7.7 s and followed A calls by 16.8 ± 2.3 s (n=1 1). The discrepancy between

the C call and the A-C call sample sizes is due to a series of B-C calls where no A
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Figure 2.2. Spectrograms (FFT 512 points, 94 % overlap, analysis bandwidth 0.4
Hz, Hanning window), time series and seasonal patterns of "known" calls recorded
in the ETP. For the seasonality plots, lines represent the mean proportion of each
day within a month where there were at least one or more calls recorded for the
hydrophones located at 8oN 95oW (o) Oo 95oW (s), 8oS 95oW (o) 8oN ilOoW
(a), Oo 1 lOoW (x) and 8oS 1 lOoW (+). a) Typical northeastern Pacific blue whale
AB call. b) Seasonal pattern of NE blue whale AB calls. These calls were primarily
recorded on the hydrophone at 8oN 95oW. c,e) Spectrogram and corresponding
time series of two types of southern blue whale calls recorded in the ETP. d)
Seasonal pattern of all southern blue whale calls. Both variations were recorded on
all six hydrophones but primarily at or below the equator, and particularly at the
phones at 8° S 950 W and 8° S 1100 W. f) Western Pacific blue whale call. Very
few of these calls were recorded; therefore seasonal information is not provided.
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Table 2.2 Duration and frequency characteristics of moan-type calls recorded in the ETP, including standard deviations and

sample sizes. Frequencies are given in Hertz (Hz) and durations (Dur) are given in seconds.

Call type Part A Part B Part C Part D

Start freq. End Dur Start freq. End Dur Start End Dur Start End Dur
freq. freq. freq. freq. freq. freq.

NEP 16.1 ± 20.6 17.7 + 16.1 + 18.7 + 11.3 ± 11.9+ 7.7 + -

blue 03* ±° O.5t 0.3 3.0 0.2t 0.2 1.9
whale (n=163) (n=3 18) (n=83)

"Southern" 21.0± 13.4 20.2± 9.1 ± 27.9± 25.5+ 8.4± 12.9± 16.5 1.9
bluewhale 0.6* ±1.1 03* 1.2 0.8t 0.6 0.6 0.3t ±0.9 +0.5
variation 1 (n=25) (n=25) (n=25) (n=25)

"Southern" 19.9+ 19.1 ± 17.7 28.9± 27.5 10.8± 26.0± 40± 26.0± 24.6 10.8
blue whale 0.2t 0.4 ±3.8 1.6f(n=9) ±0.4 0.6 0.3 0.5 0.3t ±O. ± 1.5
variation 2 (n=23) (n=23) (n=23)

Westernblue 20.1+ 18.5± 9.7+ 19.2+0.3 18.8± 5.6±
whale 0.lt(n9) 0.2 1.0 (n=9) 0.1 0.3

28-Hz moan 28.3 ± 9.3 ± 20.6 ± 19.2 ± 10.7 ±
0.2* 2.2 1.4j- 1.5 2.2

(n=547) (n=547)

*AM

tFM
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was visible. These types of calls were recorded most often from November through

May and less often from May through October (Figure 2.2b). However, A-B calls

were detected in the area year-round (Stafford et al., 1999).

Southern blue whales

The most complex calls recorded were two variations of calls that are

similar to those reported for blue whales off Chile (Cummings and Thompson,

1971). These calls were recorded primarily on the 8° S 95° W hydrophone. The

first variation was almost identical to the report of Cummings and Thompson

(1971) and the second was similar enough to be classified with the first call

(Figure 2.2c and 2.2e).

The first call variation consisted of four parts; the first two were pulsive

constant frequency calls with sidebands, the third was a simple short upsweep and

the fourth was a pulsive frequency modulated (FM) call, also with sidebands. The

average duration of the entire call was 38.8 ± 1.8 s (n=23). To maintain consistency

with Cummings and Thompson (1971), the first two parts were labeled A and B,

the fourth was labeled C and the upsweep was labeled D. (No upsweep was

reported in the original publication). Part A's strongest component was at 21 Hz

and lasted 13.4 s (Table 2.2). Sidebands were at 7 Hz intervals (n=25). Part B

followed part A by 2.3 ± 0.7 s, had its strongest component at 20.2 Hz, and lasted

9.1 s. Upper sidebands were also at 7 Hz intervals for this call part. Part D was a

short (1.9 s) call that swept up from 12.9 Hz to 16.5 Hz and followed part B by
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0.33 ± 1.0 s. The final part of the call, C, was a FM pulsive call with the strongest

component sweeping from 27.9 Hz to 25.5 Hz over 8.4 s. This call had sidebands at

5 Hz intervals. Time between successive calls was 68.3 ± 2.7 s (n21).

The second variation of this call consisted of four-part, pulsive moans. An

FM upsweep was not associated with this variation. The first part of the call (A)

was a 17.7 s long moan with slight frequency modulation from 19.9 to 19.1 Hz

(Table 2.2). This part of the call often had upper sidebands at 3.3 Hz intervals. The

second part of this call was seen least often in the spectrograms. It was a FM

pulsive downsweep that started at 28.9 Hz and ended at 27.5 Hz. Sidebands

occurred at 7 Hz intervals. This part lasted 10.8 s. The third part (C) of this call

followed the first by 18.3 ± 6.2 s. The C call was a short 4.0 s segment at 26.0 Hz

with no significant frequency modulation. The inter-call interval between C and D

was 1.8 ± 0.8 s. The D call was also a very pulsive, FM moan with sidebands at

6.4 Hz intervals. This call part consisted of a 4.5 s unmodulated 26.0 Hz segment

that then modulated down to 24.6 Hz during 7 s. Mean time between successive

four-part calls was 63.1 ± 2.4 s (n=15). Often, only parts C and D were visible

while scrolling through the data.

These call types were recorded on all six hydrophones but very rarely above

the equator, and primarily at the hydrophones at 8° S 95oW and 8° S 1100 W

(Table 2.1). The calls were seasonal, with the loudest calls detected from May until

the end of August, with calls again detected from late January through May (Figure

2.2d).
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Western Pacific blue whale calls

Calls similar to those recorded for western Pacific blue whales (Figure 2.2f;

Thompson and Friedl, 1982; Stafford and Fox, 1998) were detected a total of only

five times, once each at 8oN 1 1OoW and Oo ilOoW and three times at 8oS 95oW.

Although this call type is clearly rare in the study regions, it is included here to

illustrate the potential extent of blue whale distribution in the Pacific.

Nine successive calls were loud enough to be digitized for information on

time and frequency content. These calls were recorded on the 8oS 95oW

hydrophone. Mean duration of the calls was 21.5 ± 2.2 s. The first part of the calls

consisted of a 10 s call that was not very frequency modulated (20 to 19.8 Hz)

during the first 6.7 s but that swept down to 18.5 Hz during the last 3 s (Table 2.2).

A 5.6 ± 1.2 s gap separated the first from the second half of the call. The second

half of the call began at 19 Hz and ended at 18.8 Hz and did not have significant

frequency modulation throughout the 5.6 s duration (Figure 2.2f).

Unknown sounds

A number of calls were observed that are presumed to be of biological, and

very likely cetacean, origin. These calls were loud, low-frequency calls with

repetition rates and/or frequency modulations that visually and audibly resemble

whale calls. They were divided into two groups: moan-type calls and pulse-type

calls. In the moan-type call group were 28-Hz moans. The pulse-type calls
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included three types designated "pulse series", "pulse trains," and "short pulses."

An additional sound type, called "upsweep," is probably not of biologic origin.

This sound was recorded on all six hydrophones and is presented here due to its

prevalence in the data set.

28-Hz moans

The 28-Hz moan was the one unidentified moan call type. It was recorded

chiefly on the southern hydrophones (Figure 2.3a). These sounds were not recorded

very often (about 1% of the time on 8oS 95oW), but were distinctive enough to be

identified as a unique call type in the data set. These calls consisted of two

overlapping parts. The first part was a pulsive call at 28.3 Hz that lasted on average

9.3 s (Table 2.2). This part was followed by a FM moan from 20.6 Hz to 19.2 Hz

over 10.7 s. The overlap between the two was 1.5 ± 2.5 s (n=157). The repetition

rate from the end of one call to the beginning of the next was 45.0 ±10.2 s. These

calls were only recorded with regularity in June and July on the hydrophones

moored at 8°S 95oW and 8oS 11 OoW (Figure 2.3b).

Pulse series

The second most common call type recorded was a series of low-

frequency pulses that were characterized by very regular interpulse intervals and

very constant bandwidth (Figure 2.3c). The pulses occurred in groups of 1-14



Figure 2.3. Spectrograms (FFT 512 points, 94 % overlap, analysis bandwidth 0.4
Hz, Hanning window), time series and seasonal patterns of "unknown" calls
recorded in the ETP. For the seasonality plots, lines represent the mean proportion
of each day within a month where there were at least one or more calls recorded for
the hydrophones located at 8°N 95°W (0), 00 95°W (s), 8°S 95°W (0), 8°N 1 10°W
(a), 001 10°W (y3, and 8°S 1 10°W (+). b) Seasonal pattern of the 28-Hz moan. This
call was recorded primarily on the 8°S 95°W hydrophone. c) Three groups of
pulses of a pulse series. d) Seasonal pattern of pulse series calls. These calls were
recorded most often on the hydrophone at 80 S 950 W but were seen on all of the
hydrophones. Calls were detected from about June through October with peaks in
occurrence July-September. e) One pulse train. f) Seasonal pattern of pulse trains.
Virtually all pulse trains were recorded on the 8°N 95°W hydrophone. g) Short
pulse. These short (- 1 s), narrow-band (-j 3 Hz) pulses were seldom seen in
temporally close groupings; usually only one or two per hour were recorded. h)
Seasonal pattern of short pulses. These calls were detected on all 6 hydrophones
but were primarily heard during October on the 00 95°W hydrophone and the
months of December-January and May on the 8°S 95°W hydrophone.
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pulses per group with interpulse intervals of 11.1 s (Table 2.3). Time between

groups of pulses was 26.4 s and the mean long interval periods between bouts of

pulse groups was 217.8 ± 158.4 s (n=46). Average highest frequencies were 27.5

Hz, lowest 14.8 Hz for a total bandwidth of 12.7 ± 2.1 Hz. Each pulse lasted about

1.4s.

These calls were recorded most often on the hydrophone at 8oS 95oW but

were recorded on all of the hydrophones. The seasonality of calls recorded on all

hydrophones was similar; calls were detected from about June through October

with peak occurrence in July-September (Figure 2.3d). These calls were recorded

most often on the hydrophones along 95°W although the occurrence of this call

type dropped off more quickly on the bydrophone at 8oN 95oW than at 8oS. This

call type was not recorded from December 1996 through May 1997 on any

hydrophone save the one at 8oN 95oW.

Pulse trains

Fifty-three pulse trains were recorded on the hydrophone at 8oN 95oW, and

a single pulse train was recorded on the Oo 95°W hydrophone (Figure 2.3e). These

calls were comprised of 6-25 downsweeps spaced 4.8 s apart (Table 2.3), each

lasting 3.1 s. On average, the sounds swept from 38.4 Hz to 25.2 Hz; however,

higher frequencies may have existed above the 40 Hz cutoff. Although there were

relatively fewer detections of these pulse trains, they appear to be somewhat

seasonal. They were occasionally detected (<1%) in the winter months from mid-
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Table 2.3 Time and frequency characteristics of pulse-type calls recorded in the ETP,
including standard deviations and sample sizes. Frequencies are given in Hertz (Hz),
duration and intervals in seconds (s). IPI= Inter-pulse Interval, IGI=Inter-group
Interval, PPG= Pulses per group.

Call Maximum Minimum Duratio IPI IGI PPG
type frequency frequency n

Pulse 27.5± 1.5 14.8±0.9 1.4± 11.1 ± 26.4± 3.5±1.6
series (n=2985) (n=2985) 0.3 0.8 3.8 (n950)

(n=2985

)

(n=2464) (n=895)

Pulse 38.4 ±0.8 25.2 ±2.5 3.1 ± 4.8±0.8 14.6±
trains (n569) (n569) 0.6 (n=530) 4.1

(n=569) (n=39)

Short 30.4 ± 1.1 26.8 ± 0.9 1.3 ± - 1

pulses (n=149) (n149) 0.3
(n= 149)
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November 1996 through late January 1997 and then in April but in no other months

(Figure 2.3f).

Short Pulses

Short, narrow-band pulses were detected on all of the hydrophones but only

a few times on the western hydrophones. These calls were predominantly recorded

on two hydrophones, those at 8°S 95°W and 00 95°W. These pulses were seldom

seen in temporally close groupings. Usually only one or two per hour were

recorded. Occasionally they were very loud (Figure 2.3g). The average bandwidth

of these pulses was 3.5 ± 1.8 Hz between 26 and 31 Hz (Table 2.3). Pulse duration

was 1.3 s. These calls were heard most often during October, trailing off from

November-January, and then were heard again in April on the 00 95°W

hydrophone. They were most prevalent in the months of December- May, peaking

in January, on the 8°S 95°W hydrophone (Figure 2.3h).

Upsweeps

One of the more common sounds recorded on all of the hydrophones was a

long, low frequency upsweep (Dziak et aL, 1997; Figure 2.4a). It is unlikely that

these sounds are of biologic origin. Because they present a considerable source of

low-frequency noise in the Pacific, and particularly in this data set, they are

included here. Beginning and ending frequencies were measured for 1,112 upswept
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upsweeps recorded for the hydrophones located at 8°N 95°W (0), 00 95°W (U),
8°S 95°W (0), 8°N 110°W (Lx), 00 110°W (x) and 8°S 110°W (+).
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sounds Mean low frequency was 22.6 ± 3.9 Hz (range 11.5 to 33.2 Hz) and mean

upper frequency was 32.0 ± 4.2 Hz (rangel5.8 to 39.6 Hz). On average, these

sounds swept up over 9.4 Hz ± 3.6 during 8 ± 5.2 s (n=1112).

Upsweeps were heard on all hydrophones and a rough source location

(54oS l4OoW) was determined by use of seismic methods. This location

corresponds to a site of underwater volcanic activity (Talandier and Okal, 1996).

The occurrence pattern of upsweeps (Figure 2.4b) was similar among the

hydrophones, and showed some seasonality, which may be due to long-range

propagation effects (Urick, 1983).

DISCUSSION

It is likely that marine mammals make sounds for a variety of reasons,

including social signaling, echolocation, communication, sexual display, and

conveying reproductive status. Many baleen whales produce loud, lower frequency

(<1000 Hz) sounds capable of traveling long distances in their underwater

environment (Richardson et aL, 1995). Clark (1990) classified mysticete call types

into three general categories: simple calls (narrow-band, low-frequency, modulated

calls), complex calls (broadband, amplitude and/or frequency modulated, often

pulsive calls) and short-duration calls (clicks, pulses, knocks and grunts that may

be less than 0.1 s long and are not frequency modulated). The ETP recordings

include calls that fall into each of these categories. Three of these calls closely
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resemble calls well-documented by other researchers and are considered "known

calls." Comparison of the remaining unknown calls with the literature yielded less

definitive results.

Known calls

Northeastern Pacific blue whale calls

The calls recorded most often on the ETP data were blue whale calls, which

have been recorded throughout the northeast Pacific (Stafford et aL, 1999a).

Northeast Pacific blue whale calls are the best-known blue whale calls to date.

These calls have been recorded along the west coast of North America from the

Gulf of California, Mexico to off Vancouver Island, Canada (reviewed in Rivers,

1997), and recently in the ETP (Stafford et al., 1999a). The occurrence of these

calls showed a seasonal pattern with most recorded from November through May;

calls were recorded less often from May through October. However, A-B calls

were detected in this area to some degree year-round. These data support Reilly and

Thayer's (1990) hypothesis that blue whales are in the ETP all year. Furthermore,

instead of the suggestion that northern and southern hemisphere populations of blue

whales share this area alternately, it appears that a part of one population (NE

Pacific) is in residence year-round.
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Southern blue whale calls

One of the call variations attributed here to "southern" blue whales (Figure

2.2c) very closely resembles the calls recorded in the presence of two blue whales

off Chile (Cummings and Thompson, 1971). The primary difference between the

two is the upsweep reported here. The total duration of the calls was similar, the

amplitude modulation of the three pulsive moan parts was similar for parts B and

C, and the duration and spacing of the three parts were similar (Table 2.4).

The second variation of this call also consisted of three pulsive-moan parts

(Figure 2.2d). The inter-part intervals for these calls were different from the first

variation reported here in that the gap between parts A and B for two different

animals was 0-1.6 s, and the time between parts B and C was only 2.5-3.7 s.

Durations of each call part also differed between the two animals recorded off

Chile and the calls reported here.

All of the calls discussed here are similar in frequency content, however. It

was difficult to compare the exact frequency contents of the two call types as

Cummings and Thompson (1971) stated only that the loudest call components were

centered at 20,25 and 31.5 Hz. Both of the variations reported here had most of

their energy in bands between 20 and 26 Hz. An additional similarity is in the

amplitude modulation of the call parts. Cummings and Thompson (1971) report a

modulation rate of part A of 3.85 pulses/s and part B of 7.7 pulses/s. The calls from

8oS 95oW had amplitude modulation from 3.5 to 6.9 pulses/s.
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Table 2.4 Comparison of temporal characteristics of calls resembling southern blue
whale calls. Measurements for Whale I and Whale IV were taken from Cummings
and Thompson 1971, while measurements for Variation I and Variation II are from
this experiment. Parts of calls are labeled A, B, C and D after Cummings and
Thompson 1971 and the durations of these parts were measured in seconds. AM
amplitude modulated (julses/s), gap = time (s) between parts of a call, total duration
(total dur) is the duration (s) of the entire call, and intercall duration (intercall dur)
was measured from the end of one call to the beginning of the next call.

Call type Part AM gap Part AM gap Part AM total intercall
A (s) A A-B B (s) B B-C C (s) C dur dur

Whale I 15.3 3.8 0 10.3 7.7 2.5 9.0 7.7 36.9 69.1

Whale 13.4 3.8 1.6 9.6 7.7 3.7 7.9 7.7 36.2 63.8
IV

Variation 13.4 6.9 2.3 9.1 6.9 6.1 8.4 none 38.8 68.3
I

Variation 17.7 3.5 18.3 4 none 1.8 11 6.4 53.5 63.1
II
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These calls were recorded on all six hydrophones, but primarily on the

hydrophones at or below the equator, and particularly at the hydrophones at 8oS

95oW and 8oS ilOoW. A seasonal pattern is evident, with the loudest calls detected

from May until the end of August and then calls again detected from late January

through May (Figure 2.2e). This seasonality might be interpreted as a southern

stock, which spends the southern hemisphere summer in Antarctica and migrates

toward the equator during the southern winter.

The acoustic data presented here support a northern hemisphere/southern

hemisphere separation between blue whale populations. The calls that have been

recorded in the presence of blue whales along the west coast of North America

were also recorded in the ETP during what might be considered the "breeding"

season for a population that spends the summer engaged in feeding activities

further north (Lockyer, 1984). Although A-B calls were detected on the

hydrophones south of the equator, they were detected much less often there than at

the equator and north of the equator. This geographic segregation suggests that the

A-B call type and the population of blue whales that make this call may be

restricted to the northeastern Pacific. The "southern" blue whale call data

complement the northern data. These calls were recorded most often in March-

August, which comprises the austral summer/fall, and are primarily recorded south

of the equator. The similarity of the two variations observed with that recorded by

Cummings and Thompson (1971) off of Chile in May 1970 suggests a migratory

pattern up the west coast of South America.
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Western Pacific blue whale calls

Western Pacific blue whale calls have been recorded primarily in the

northwestern Pacific but also north of Hawaii and in the offshore northeast Pacific

(Thompson and Fried!, 1982; Stafford and Fox, 1996). These calls were detected

only during five hours of the total of 47,682 hours monitored. Therefore they are

not considered a common call in the ETP. Nevertheless they are included here to

exhibit the extent of this call type in the North Pacific.

Unknown Calls

The origin of the other four biological sounds recorded in the ETP is

presently unknown. Other balaenopterid species that have been identified in the

area covered by the hydrophone array are the Bryde's, humpback, minke, fin and

sei whales (Ramirez, 1988; Wade and Gerrodette, 1993). Because only the 0-40 Hz

frequency band was recorded on this dataset, some sounds may represent the low-

frequency components of calls reported at higher frequencies, or they may be calls

that have not been reported previously.

28Hz moan

The 28Hz moan resembles the northeastern Pacific (NEP) blue whale call

in its structure and components in that it consists of a first part, which is an

amplitude modulated pulsive call, followed by a FM moan. However, the pulsive



0
3

part is higher in frequency than the moan that follows and slower in modulation

than the NEP blue whale A call (1 pulse/s vs. 1.5 pulse/s). Additionally, the two

parts overlap by up to 4 s and the individual parts are about half as long as those

made by NEP blue whales. Calls whose spectrograms look similar to the 28-Hz

moan were recorded in the presence of blue whales off Madagascar in December

1996 (Ljungblad et al., 1998). "Unit A" of the Madagascar calls begins with a short

amplitude modulation (AM) which is similar to the first part of the 28-Hz moan.

This is followed by a 38 Hz tone (Ljungblad et al., 1998), which is higher in

frequency than the 28-Hz moan discussed here. However, the structure of the two

calls is similar. No "unit B" was detected in the ETP data. At present, blue whales

may be the best candidates for this relatively rare call type.

Pulse series

The seasonality of these pulse series was similar on all six hydrophones;

calls were detected from mid-May through November, and calls were recorded

primarily on the 8°S 95oW hydrophone. The predominant occurrence of this call

type on all hydrophones was mid-June to early December. This distinct seasonal

pattern could be interpreted as a southern hemisphere whale stock migrating

equator-ward in the austral winter.

Fin whales may have produced these pulse series. The 20-Hz pulses of fin

whales are perhaps the best-documented low-frequency whale calls. These pulses

have been recorded in the Atlantic and Pacific Oceans, and in the Gulf of California
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(Watkins 1981; Watkins et al., 1987; Edds, 1988; Thompson et al., 1992).

Common characteristics of the 20-Hz pulses were frequency modulation from 25-

44 Hz to 16-20 Hz, short (0.5-1 s) durations, and regular interpulse spacing

(Thompson et al., 1992). The pulse series described here share all of these

characteristics. The production of pulses in groups, with the groups regularly

spaced, has not been reported for this species and may represent an example of a

regional call difference (e.g., Thompson et al., 1992). Pulse series recorded in the

north Atlantic were similar to those shown here and have been attributed to fin

whales (Clark and Charif, 1998).

Historically fin whales were regularly taken in coastal waters off Peru,

south of the array, from 3°30' S to 8oS to 200 nm offshore (Ramirez, 1988), and a

large group was killed off Ecuador in October-November, 1926 (reported in Clarke

1962). However, fin whales were seldom identified during Southwest Fisheries

Science Center (SWFSC) dolphin surveys of the ETP between July and December

from 1986-1990 (Wade and Gerrodette, 1993) and not at all during an October-

November, 1959 survey of the Galapagos region (Clarke, 1962), which contradicts

fm whale origin of the pulse series, unless that species is more abundant in the ETP

than previously reported.

Pulse trains

The recorded pulse trains somewhat resemble those reported for minke

whales. However, the duration of the individual pulses reported here is much
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longer than other reports (Winn and Perkins, 1976; Nishimura and Conlon, 1994).

These calls were recorded infrequently, and virtually all were recorded on the

hydrophone at 8oN 95oW. Very few minke whales have been identified in the ETP

during visual surveys (Wade and Gerrodette, 1993; Aguayo et aL, 1998), and direct

comparison of these data with the published literature is difficult as there is no very

low-frequency information from on-site recordings of minke whale vocalizations.

Winn and Perkins (1976) made recordings in the presence of minke whales in the

Atlantic. The lower-end response of their recording systems varied from 20 to 300

Hz. They recorded grunt-, pulse train-, ratchet- and ping-like sounds during three

encounters with minke whales. The frequency of recorded sounds ranged from

about 70-14000 Hz. Duration of the pulses recorded was on the order of

milliseconds. Schevill and Watkins (1972) made recordings in the presence of

minke whales along the ice edge in Antarctica. Their recording response was flat

from 30-3 0000 Hz. Calls that swept in frequency from about 120 - 60 Hz and

lasted 0.2-0.3 s were recorded. The interval between successive sweeps ranged

from 8-97 s. The pulse train recordings described here were lower in frequency

(center frequency 30 Hz) and individual pulses were much longer in duration (-3

s) than other studies describing minke whale sounds. Therefore, it is not prudent to

attribute these sounds to minke whales. The relative rarity of both the known

presence of minke whales in the ETP and the occurrence of pulse trains recorded in

the ETP is nevertheless intriguing.
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The source of the short pulses is a mystery. These calls usually occurred

once or twice an hour and did not seem affiliated with any other low-frequency

sounds. It is possible that they may be a low frequency component of higher

frequency call.

Calls from large whale species known to occur in the ETP

Bryde's, humpback and sei whales have been sighted and identified in the

area of the hydrophone array. Humpback whales excepted, the acoustic repertoire

of these species is almost unknown. A comparison of what is known of the sounds

made by these species and the unknown sounds recorded on the array discussed

here was not fruitful because of the lack of knowledge of species-specific

repertoires and of the function of those sounds, and because of the 40 Hz cut-off

imposed here by the geophysical experiment. For example, Bryde's whales are by

far the most abundant baleen whale in the ETP. Their estimated population

numbers exceed those of blue whales by an order of magnitude (Wade and

Friedrichsen, 1979; Reilly and Thayer, 1990; Wade and Gerrodette,1993). In some

parts of the ETP they are found year-round (Ramirez, 1988). Although relatively

little is known about their acoustic repertoire, if they make very low-frequency

sounds, they should be detected more often than blue whale sounds. Should there

be ten times as many calls from Bryde's as from blue whales, because visual

surveys detect approximately ten times as many individuals? Only if the sounds

they make serve the same purpose at the same place and time of the year. It is
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possible that some of the sounds recorded in the ETP were made by this species.

But because this experiment was constrained by the sampling requirements of a

geophysical experiment, sense cannot be made of the above arguments if indeed

Bryde's whales (and other whales) call at frequencies above 40 Hz. Based on

reports in the literature, this calling/recording discrepancy seems to be the case.

Only two published reports address calls attributed to Bryde's whales. Edds

et al. (1993) recorded calls from both captive (Atlantic) and free-ranging (Gulf of

California) Bryde's whales. Both pulsive and moan-type calls were recorded from

the captive animal with call frequencies between 100 and 900 Hz (minimum

recording system response was 100 Hz) and the sounds lasted up to 51 s. Frequency

content was similar for calls recorded in the Gulf of California but the duration of

all call types was less than 1 s. In contrast, Cummings et al. (1986), recorded lower

frequency moans in the presence of Bryde's whales in the Gulf of California. These

calls had most energy around 120 Hz (70-245 Hz range) and lasted about 0.4 s.

Most of these sounds exhibited some frequency modulation. The response of the

recording system went to 25 Hz so lower frequency calls, were they made, should

have been detected.

The distribution of sei whales in the ETP is not clear. Sightings of this

species were not differentiated from those of Bryde's whales during the SWFSC

surveys (Wade and Gerrodette, 1993). Peruvian whaling reports began to

distinguish between the two species in 1974 and noted that sei whales were caught

most often of the coast of Peru from August-October. These animals were caught
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nearer to shore (82oW 84oW) but in the same latitude (4oS to 7oS) as the

hydrophone array discussed here. The number of Bryde's whales caught in the

same fishery outnumbered sei whales by 8:1 (Ramirez, 1988). Little is known

about sei whale sounds. Knowlton et aL (1991) and Thompson et al. (1979)

recorded short, 1.5 3.5 kHz sounds in the presence of sei whales off the coast of

Nova Scotia. In the latter study, the frequency response of the hydrophone was a

flat 50-7500 Hz, and the frequency response of the Knowlton et al. (1991)

hydrophone is unknown.

Most of the energy in humpback whale calls is well above our cutoff

threshold of 40 Hz. Previous studies have recorded moans, grunts, pulse trains and

songs that included components as low as 20 Hz (Thompson et aL, 1986;

Richardson et al., 1995). Although some of the sounds recorded during our study

may be humpback calls or parts of humpback songs, identification of a humpback

call without the important upper frequency components is difficult.

There were many instances of click-like sounds that appeared to have

higher frequency components that could have been sperm whale clicks. Sperm

whales are the most abundant large cetacean in the ETP (Wade and Friedrichsen,

1979). Sperm whales may produce clicks with some energy below 100 Hz but the

duration of individual clicks (2-30 ms) is much shorter than any of the sounds

reported here (Backus and Schevill, 1966; Watkins, 1980).
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Call Distribution

In this study, more calls and more types of calls were recorded on the

hydrophones along longitude 95oW than along IlOoW. Productivity differences

between the two areas probably influences cetacean distribution. Productivity is

generally higher east of 98oW. The 8°N 95°W hydrophone is southwest of the

Costa Rica dome, an area of high productivity and known cetacean habitat, and the

0° 95°W and 8°S 95°W hydrophones are close to the Galapagos Islands and Peru

current, two other productive areas of known cetacean abundance (Wade and

Gerrodette, 1993). In addition, north-south differences in calls were recorded by

the array. The largest number of calls was recorded at 8°N 95oW, an area where

blue whales concentrate (Reilly and Thayer, 1990), and the majority of these calls

were northeastern Pacific blue whale calls. The hydrophone at 8°S 95oW recorded

the highest variety of calls (six of the seven defined call types). Volkov and Moroz

(1977) described the distribution of "baleen whales" (with no reference to any

species) in the ETP from January-July, 1975 as alternating between North-South

zones of higher and lower abundance. Zones of high abundance included 1 0o-7oN

and 2-ioN to 2-3oS and appeared to be associated with more productive areas. If

number of calls reflects whale abundance, then the region east of the EPR was an

area of higher occurrence of whales.



CONCLUSIONS

A tremendous amount of low-frequency biological (and very probably

cetacean) sound is present in the eastern tropical Pacific. By using moored
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hydrophones, animal sounds can be monitored continuously for long periods at low

cost relative to visual surveys. Acoustic observations may be used to establish

presence or absence of species, to determine patterns of seasonal distribution and

relative abundance, and to identify species and possibly regional stocks. However,

current ignorance of the complete vocal repertoire of most species of large whales

makes it difficult to rely upon acoustic surveys alone in determining presence or

absence of a particular species. Many calls were recorded on the hydrophone array

during this experiment that cannot be attributed to specific species, or even genera.

This lack of knowledge underlines the need for more recordings in the presence of

large whales. A better understanding of movements and wintertime distributions of

these animals might also allow us to rule out some species and better describe

others.

Although the hydrophone array described here was deployed for seismic

studies, it has proved very useful for looking at low-frequency whale calls at six

locations in the E1'P. These data represent the first long-term recordings made in

the ETP to be examined for whale calls. Most acoustic surveys of the nature

presented here have been opportunistic and consequently, the focus of these studies

has not included frequencies above 100 Hz. Conversely, until recently most
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directed marine mammal studies have used higher frequency equipment with little

regard for lower frequencies. The result is little overlap in the data sets, and

difficulty comparing the two.

To remedy the discrepancy among data sets, more recordings made in the

presence of baleen whales, with particular attention to low frequencies, are needed

to classify whale calls by species. In the autonomous arrays, a tradeoff between

bandwidth and experiment duration has been imposed both by data storage and

battery life limitations. Because marine seismologists are interested in only the

low-frequency components of submarine earthquakes, sampling has been limited to

those frequencies. However, the instruments described here are being upgraded to

32 Gb of storage without an increase in instrument size, and this trend toward more

capacity promises to continue. This will allow for either longer deployments (up to

one year or more) or higher sampling frequencies (up to 1000 Hz). Given adequate

funding, marine bio-acousticians might develop experiments that are not "piggy-

backed" on Naval and geophysical experiments. These experiments would ensure a

sampling protocol designed to gather the most useful information on vocalizing

cetaceans, and could permit hydrophone placement in areas that may not be

seismically active but that are important for cetaceans. Arrays with hydrophones in

closer proximity could target specific areas and would allow localization of calling

whales. Deploying long-term moored hydrophones in regions of the ocean

frequented by whales is a useful means of surveying the sounds that occur in that

region and of directing future work.
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ABSTRACT

The call characteristics and distribution of blue whales in the North Pacific

were examined by use of acoustic surveys. Two distinct vocalization types have

been previously attributed to blue whales from limited regions in the North Pacific

(cfThomPson and Friedl, 1982; Rivers, 1997). Hydrophone data from sixteen sites

in the North Pacific were examined for these blue whale vocalizations. There were

distinct geographic and seasonal differences between the occurrences of the two

vocalization types. The hydrophones that were more westerly recorded the

"northwestern" Pacific vocalization, those in the eastern Pacific recorded the

"northeastern" Pacific vocalization and those in the central Pacific recorded both

types. Northeastern vocalizations were recorded from July-December in the

northeast Pacific and February-May in the eastern tropical Pacific. Northwestern

vocalizations were recorded most often from July-December, and were essentially

absent from March-May in the northwest Pacific. These results suggest that the

different vocalization types may represent at least two distinct groups of blue

whales in the North Pacific.
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INTRODUCTION

The blue whale (Balaenoptera musculus spp.) is a cosmopolitan species that

occurs in all the world's oceans. Because of historical whaling pressure, it is

considered endangered throughout this range (Yochem and Leatherwood, 1985).

From 1868-1967, an estimated 365,870 blue whales were killed worldwide. Just

less than 9,000 were killed in the North Pacific Ocean, with most of these taken

either off Baja, California, Mexico or south of the Aleutians and west towards the

Kamchatka peninsula (Nishiwaki, 1966; Brueggeman et al., 1985; Rice, 1974). In

the northeastern Pacific, the current best estimate for the blue whale population is

1,940 (c.v. = 0.15) (Forney et al., 2000), and the number of animals found along the

coast of central California appears to be increasing (Calambokidis et aL, 1990;

Barlow, 1994). There are no current population estimates for the northwestern

Pacific. An estimate of 1,420 animals was proposed by Doi et al. (1967) for pelagic

whaling regions west of l4OoW longitude. Both of these eastern and western

regions in the North Pacific have been labeled "unmonitorable" by the International

Whaling Commission with regard to assessing current population status (Best,

1993).

Many baleen whales produce loud, low-frequency signals that are probably

used for communication (Reysenbach de Haan, 1966; Evans, 1967; Winn and

Perkins, 1976; Thompson et aL, 1979). Whale vocalizations can indicate the

presence and movements of a species within an area (cfWatkins and Moore, 1982;



Clark and Ellison, 1988, 1989; Clark and Fristrup, 1997; Stafford et al., 1999b),

and characteristics of vocal behavior have been used to distinguish populations of

humpback, fin, sperm and killer whales among others (Winn et aL, 1981; Ford and

Fisher, 1982; Weilgart and Whitehead, 1997; Thompson et al., 1992). It has been

suggested that this may also be the case for blue whales (Thompson et al, 1996).

Blue whale vocalizations recorded in the Atlantic, off southern Chile and in the

Indian Ocean are all distinctly different from one another and from vocalizations

described for the North Pacific (Cummings and Thompson, 1971; Edds, 1982;

Alling et al., 1991; Clark and Fristrup, 1997).

Blue whale sounds recorded in the northeastern Atlantic are similar to those

recorded in the northwestern Atlantic (Charif and Clark, 2000) that suggests that

blue whales in the North Atlantic share at least one vocalization type. This basin-

wide similarity in the Atlantic does not appear to be the case for the Pacific. Two

different vocalization types attributed to blue whales in the North Pacific have been

reported: the first has been reported from numerous locations in the Northeast

Pacific (Cummings and Thompson, 1994; McDonald et aL, 1995; Thompson et aL,

1996; Clark and Fristrup, 1997; Rivers, 1997; Stafford et al., 1998; Stafford et al.,

1999a) and the second, much less well documented, from central-latitude

hydrophones near Kaneohe, Hawaii and Midway Island (Northrup et aL, 1971;

Thompson and Friedl, 1982). As yet, acoustic methods cannot provide a

quantitative estimate of population size but could provide needed information on



both geographic variation and seasonal occurrence. This paper is an attempt to

address these last two topics using blue whale vocalizations in the North Pacific.

METHODS

Study area

For the purposes of this study, the North Pacific Ocean was divided into

three very general regions: the western Pacific, eastern Pacific and the central

Pacific (Figs 3.1 and 3.2). The western North Pacific region includes the subarctic

Pacific, from the Aleutians west to the Kamchatka peninsula and south to the

subarctic transition zone and encompasses much of the region of the western

subarctic gyre (WSAG) (Springer et al., 1999). This region is characterized by

complex surface circulation in which oceanic fronts, eddies and upwelling fronts

occur. These types of frontal regions were considered reliable whaling grounds for

all species of commercially targeted baleen whales (IJda and Daitokuno, 1957;

Nasu, 1966).

The eastern North Pacific region includes the upwelling zone along the west

coast of North America and the highly productive eastern tropical Pacific (ETP)

north of the equator. The coastal upwelling domain (Ware and McFarlane, 1989) is

dominated largely by the California current system whose northern-southern

boundaries occur on average at about 5OoN - 25oN latitude.

The central North Pacific region was considered to be anything within the

central subtropical gyre. This central gyre has anti-cyclonic circulation resulting in
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convergence and downwelling of surface waters and, relative to the western and

eastern regions, is not considered to be a region of high productivity.

Data collection

Acoustic data from omni-directional hydrophones in the North Pacific were

examined for blue whale vocalizations. The acoustic data examined were from

sixteen hydrophones, including hydrophones from U.S. Navy SOund SUrveillance

System (SOSUS) arrays (Fig. 3.. 1). Single hydrophones were located off Kaneohe,

Hawaii and Wake Island. One hydrophone was located in the eastern tropical

Pacific and was deployed by NOAA's Pacific Marine Environmental Laboratory

(PMEL). While the exact locations of the U.S. Navy arrays are currently protected,

the location of the PMEL hydrophone is not. One year of data were examined from

the U.S. Navy and PMEL hydrophones, and just less than eight months of data

were examined from the Wake and Kaneohe hydrophones. Sample rates, cutoff

frequencies, dates of data examined and total number ofhours of data available are

given in Table 3.1.

The acoustic data were analyzed for the presence of sounds typically

associated with North Pacific blue whales (Northrup et aL, 1971; Thompson and

Friedi, 1982; McDonald et aL, 1995; Thompson et aL, 1996; Rivers, 1997; Stafford

et aL, 1998; Stafford et al., 1 999a). The sounds attributed to blue whales in the

North Pacific differ in their characteristics (e.g. frequency, duration, modulation)

depending on whether they were recorded in the eastern or western North Pacific.



Table 3.1. Periods sampled, total hours of available data, and hours of data in which either northeast or northwest Pacific calls
were recorded in the eastern, central and western Pacific. Percentage of hours with calls is given in parentheses below the
number of hours. Although northwestern calls were recorded during one and two hours from hydrophones I and 3 respectively,
the percentage of total hours is much less than 1 (<.001) therefore the occurrence of this call type in those regions was
effectively 0. SR=sample rate in Hz, LP=low-pass filter cutoff. Hydrophone locations are shown in Figure 3.1.

Eastern Pacific Central Pacific Western Pacific

Hyclrophone # 1 2 3 8N95W 4 5 6 Wake Kaneohe 7 8 9 10 11 12 13

Dates 11/95-11/96 5/96-5/97 11/95-11/96 4/92-12/92 8/92-4/93 11/95-11/96

SR/LP (Hz) 128/60 100/40 128/60 100/25 100/30 128/60

Total hours
available 6894 6901 6616 8735 7279 7307 7156 4187 5025 7224 7277 7208 6995 7099 7255 7267

hrwithNEcalls 371 458 612 4188 511 376 1051 54 617 0 0 0 0 0 0 0

(percent) (5.4) (6.6) (9.2) (50) (7) (5.!) (14.7) (1.2) (12.3)

hr with NW calls 1 0 2 0 907 227 163 69 26! 1984 2854 4273 3897 3755 4186 3205

(percent) (0) (0) (12.5) (3.!) (2.3) (1.6) (5.2) (27.5) (39.2) (59.3) (55.7) (52.9) (57.7) (44,!)
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From this point forward the two acoustic types will be referred to as the

northeastern and northwestern Pacific vocalizations. A preliminary repertoire of

four sounds has been described for the northeastern Pacific vocalization type

(Thompson et al., 1996; Rivers, 1997; Stafford et al., 1998). The most widespread

vocalization consists of two parts with fundamental frequencies <20Hz; the two

parts are separated in time by up to 25s and are often referred to as parts A and B.

The only northwestern Pacific vocalization type previously described is a 2-part

moan with fundamental frequencies >20Hz and has been recorded in the central

and western Pacific (Northrup et al., 1971; Thompson and Fried!, 1982).

Concurrent datasets covering the entire North Pacific Ocean were not

available, so the datasets examined here covered different time periods (Table 3.1)

and were occasionally of poor quality (i.e. the Wake Island dataset which had very

high levels of ambient noise and large gaps in data availability). Every hour of

available data was examined for blue whale vocalizations. If data were missing, or

if background noise due to shipping or seismic events was so loud as to make it

impossible to detect any other signals, the hour in question was not included in the

analysis. Presence (+) or absence (0) of the two vocalization types (northeastern

and northwestern Pacific) was noted for each hour of data for each hydrophone

examined based on visual inspection of spectrograms (5.12 s Fast Fourier

Transform (FFT), 50% overlap, Hanning window) as done by Thompson and Fried!
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(1982)1. A vocalization type was considered present whether it occurred once or

100 times within that hour. A monthly proportion score was determined by

dividing the number of hours during which a vocalization type was seen in a month

by the total number of hours of data available for that month (i.e. if a blue whale

vocalization was scored as present during 1 OOh during July, and 600h were

available for that month, the score for that month was 100/600=0.167). Seasonality

for each region was determined by plotting these monthly proportions. Occurrences

of vocalizations from different individual whales were not noted as in Watkins et

aL (2000).

Acoustic characteristics of representative northwestern and northeastern

types were measured for a limited number of sounds with high signal to noise ratio.

Measurements of beginning frequency, ending frequency and duration were

digitized from a graphic workstation. Intervocalization intervals (the time from the

end of one sound to the beginning of the following sound) were also measured. The

assumption was made that a single animal produced a series of sequential sounds.

If no sounds were detected for over 6h, then a series of sounds after this time gap

was attributed to a different animal. Therefore, although the sample size for an

1 Differences in the occurrence of northeast Pacific blue whale calls between this
study and Stafford et al. (1999a) are due to several factors: Stafford et al. (1999a)
combined hydrophones 1, 2 and 3 in their presentation of call occurrence for the
northeast Pacific; they also used data from formed beams recognizing that
beamforming provides significant gain in signal-to-noise ratio and thus allows
detection of more calls. Stafford et a1. 1 999a reported occurrence in terms of the
average number of days/month (vs. hrs/month reported here). This meant that a day
in which there were blue whale calls during only two hours had the same weight as
a day in which there were calls during 22h.
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individual animal might include 1 Os of sounds, the sample sizes reported here are

the minimum numbers of individuals. Averages and standard deviations for each of

the time and frequency values were obtained for vocalizations from presumed

individual whales. These data were then averaged over all presumed individual

whales. These measured sounds were used as the basis for comparing differences

between regions and seasons.

RESULTS

Over 11 O,000h of data were examined from sixteen different hydrophones

in the North Pacific Ocean. Northeastern Pacific blue whale vocalizations were

detected during 8238h from nine hydrophones. Northwestern Pacific blue whale

vocalizations were detected during 25784h from fourteen hydrophones (Table 3.1).

There were distinct geographic differences in the occurrence of each vocalization

type as shown by a comparison of the proportions of total detections of the two

vocalization types for each hydrophone site (Fig. 3.2). The hydrophones that were

more westerly recorded the northwestern Pacific vocalization, those in the eastern

North Pacific recorded the northeastern Pacific vocalization and those in the central

North Pacific recorded both types (but at much lower levels).

In order to quantify the differences between the two vocalization types, over

3,000 sounds from patterned sequences from a minimum of 54 blue whales were

analyzed. The northwestern Pacific vocalization is shorter overall and higher in

frequency than the northeastern Pacific vocalization. The northwestern
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ocalizations are mainly frequency-modulated moans whereas northeastern Pacific

vocalizations include an amplitude-modulated sound followed by a frequency-

modulated moan.

Description of sound types

Northeastern pacific vocalizations

Over 1,700 northeastern Pacific type vocalizations from a minimum of 19

animals were measured for total duration and frequency. The predominant type of

blue whale sound recorded in the northeast Pacific consists of a repeating pattern of

2 sounds (Fig. 3.3a). The first part is amplitude modulated and referred to as part A,

while the second part is a frequency modulated downsweep and referred to as part

B. in general, the pattern in the northeast Pacific consists of repeated series of AB

vocalizations, but often A sounds are followed by a series of B sounds (Fig. 3.4a).

Sometimes a third sound ("C") at 11Hz occurs between A and B sounds (Clark and

Fristrup, 1997; Stafford et aL, 1999a). A fourth sound ("D") was first described by

Thompson et al. (1996). These sounds were short pulses that swept from about

98Hz to 25Hz and lasted about is (Thompson et aL, 1996). These D sounds were

not detected on the data presented here although the lower frequency range of these

sounds is within the range of some of the data examined here.

On average, for the data presented here, the A vocalization lasted 1 8.2s ( 2.5,

n=16) and had its lowest components at 15.3Hz (± 0.4, n=i6). The B vocalization
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Figure 3.3. Spectrograms of exemplar vocalizations recorded from the northeastern
and northwestern Pacific (FFT 5.12 s, 97% overlap, Hanning window), a) AB pair
from the northeastern Pacific. The A vocalization is amplitude modulated and the B
vocalization is frequency-modulated. b) Northwestern Pacific vocalization. This
sound is a two-part frequency modulated moan. The northwestern Pacific
vocalization is higher in frequency and longer than either the A or B sounds of the
northeastern Pacific vocalization.
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Figure 3.4. Spectrograms and time series of patterned sequences of northeastern
Pacific and northwestern Pacific blue whale vocalizations (FFT 5.12 s, 87.5% overlap,
Hanning window), a) Northeastern Pacific blue whale vocalizations. Typically these
sounds appear as repeating A-B pairs, but occasionally the A sound is followed by
multiple B sounds as shown above. b) Sequence of northwestern blue whale
vocalizations that shows the four different sounds ascribed to this blue whale
vocalization type.



swept from 18Hz ( 0.3, n=19) to 16.1Hz (j 0.2, n=19) over 17.5s ( 1.5, n19).

The mean time between the A and B vocalizations was 25.6s ( 6.2, n18). When

an A vocalization was followed by more than one B vocalization, the mean time

between B vocalizations was 30.6s (j 0.7, n=5). The mean time from the end of a

B vocalization to the beginning of the following A in a series was 58.2s (± 6.5,

n=6). C vocalizations swept up from 11.0Hz ( 0.4, n=4) to 11.7Hz (± 0.4, n=4)

over 8.7s (± 1.9, n=4). Detection of Any of these vocalizations was considered as

detection of a northeastern Pacific blue whale vocalization.

Northwestern Pacific vocalizations

Over 1300 northwestern Pacific type vocalizations from a minimum 35

blue whales were measured for total duration and frequency. There are currently

four distinct low-frequency sounds that may be associated with western North

Pacific blue whales. The first (I) is a long, two-to-three-part sound often with a

break between parts (Fig.3.3b). This vocalization lasts 22.7s on average ( 1.1,

n=16). In general it consists of a tone at 20.2Hz (j 0.2, n=35) lasting 6.2s ( 0.8,

n-35), then a jump down in frequency to 18.4Hz (± 0.4, n=35) over 2.5s (- 0.9,

n=34), followed by another slightly upswept tone 4.6s (± 0.9, n=35) in duration at

18.7Hz (j 0.6, n=35). There may or may not be a slight gap between this first

section and either an up-down sweep from 18.2Hz (± 0.2, n=15) to 19.3Hz ( 0.2,

n=15) over 3.ls (±, n=15) back down to 18.4Hz ( 0.2, n=15) over 7.Os (± 0.9,

n=15) or ajump up in frequency (no upsweep) to 19.1Hz (± 0.5, n=20) followed by
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a 6.9s (± 1.4, n=20) downsweep to 18.6Hz ( 0.4, n=20). The second type of

sound (II) resembles the first, consisting of only the first two parts of the

vocalization described above and lasting on average 1 6.9s (± 1.8, n=24). The first

part is a 6.6s (j 0.8, n=24) lasting 2.3s ( 1.1, n=24) and ends with a 8.Os ( 2.2,

n=24) slight sweep to 18.5Hz ( 0.6, n=24). The third (III) and fourth (IV) sounds

are usually seen together. The third vocalization is similar to the first two but much

shorter: it lasts 11.ls (± 2.2, n=8) and begins as a 6.9s ( 2.0, n=8) tone at 20.2Hz

( 0.2, n=8) that then sweeps down to 18.1Hz ( 0.4, n=8) over the next 4.ls (

1.23, n=8). This vocalization is usually followed 5.7s ( 2.3, n3) later by the

fourth type of vocalization that is a long, downsweep from 55.8Hz (± 3.6, n=3) to

32.1Hz (± 1.5, n=3) over 7.8s (± 1.2, n=3). It is markedly different from any of the

other sounds. As it is never seen without being preceded by the third vocalization,

it seems clear that the two are produced as a pair. The mean time between

successive vocalizations was 56.9s ( 8.0, n=21). Fig. 3.4b shows a series of

patterned northwestern Pacific vocalizations that includes examples of each of the

sounds described above. Detection of any of these vocalizations was considered as

detection of a northwestern Pacific blue whale vocalization.
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Distribution And Seasonality of Vocalizations

Northeastern Pacific vocalizations

The northeastern Pacific vocalization was recorded on hydrophones located

in the northeast Pacific, the ETP and to a much lesser extent at Kaneohe and Wake

(Table 3.1). There were no northeastern vocalizations detected on hydrophones in

the central (hydrophones 7 and 8) and western (hydrophones 9 and 10) Aleutians or

the northwest Pacific (hydrophones 11-13). Northeastern Pacific blue whale

vocalizations were detected from July through December in the northeast Pacific

(hydrophones 1, 2 and 3). No vocalizations were detected on any of these three

hydrophones from February through June (Figs 3.5a-c). These vocalizations were

detected year-round in the ETP but most often from February through May (Fig.

3 .5d). Northeastern Pacific vocalizations were recorded in the central Pacific

primarily on hydrophone 6, which is the furthest north and east of the central

hydrophones. Except in November, northeastern Pacific vocalizations were

recorded at very low levels (<0.10) on the central Pacific hydrophones (Figs 3.6a-

c). Northeastern vocalizations were detected infrequently on the Wake Island

hydrophone, rarely during August-October (<0.013) and then sporadically in

November and December (Fig. 3 .6d). These vocalizations were detected at the

Kaneohe site most often in August-September (<0.05) and rarely October-March

(<0.02). Kaneohe vocalization patterns for March-July are unknown because data

were not available for this site during these months (Fig. 3.6e).
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Figure 3.5. Seasonal occurrence of blue whale calls recorded on hydrophones and
number of hours examined by month in the eastern Pacific. Histograms represent
the proportion of hours available by month during which blue whale sounds were
detected (left ordinate). Hatched bars represent northeastern Pacific sounds. The
open squares show the sample size of the number of hours of data examined per
month (right ordinate). Approximate locations of the hydrophones are shown in
Figure 3.1.
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Figure 3.6. Seasonal occurrence of blue whale calls recorded on hydrophones and
number of hours examined by month in the central Pacific. Histograms represent
the proportion of hours available by month during which blue whale sounds were
detected (left ordinate). Hatched bars represent northeastern Pacific sounds while
dark bars represent northwestern sounds. The open squares show the sample size of
the number of hours of data examined per month (right ordinate). Approximate
locations of the hydrophones are shown in Figure 3.1.



Northwestern Pacific vocalizations

Northwestern Pacific vocalizations were recorded on 14 of the 16 monitored

hydrophones, but only rarely on hydrophones 1-3 (<.001) and the Wake Island

hydrophone (<.016, Table 3.1). There was a clear seasonal signature in vocalization

reception in the central (hydrophones 7 and 8) and western Aleutians (hydrophones

9 and 10) and the northwest Pacific (hydrophones 11-13): the proportion of

northwestern vocalizations increased from June-August, remained at high levels

until the end of October, decreased to very low levels by February and were

essentially absent from March through May (Figs 3.7a-g). The occurrence of

vocalizations at the more eastern central Aleutians site (hydrophone 7, Fig. 3.7a)

was lower than for the western Aleutians and the northwest Pacific. Vocalizations

on the easternmost hydrophones in the Aleutians (7 and 8) increased later in the

summer and decreased earlier in the winter than at hydrophones 9-13, with few to

no vocalizations from January-May (Figs 3.7a,b).

Occurrence of the northwest Pacific vocalizations on the hydrophones in the

offshore northeast Pacific (4,5,6) was quite low throughout the year, with the

exception of the southernmost hydrophone (4) in which a seasonal pattern of

vocalization reception was evident (Figs 3.6a-c). Vocalizations were detected over

25% of the time from August through November and sounds were reduced or

absent from December-July. All of the central region hydrophones showed low

levels of calling early in the year. The lack ofa full year of data for the Kaneohe



Figure 3.7. Seasonal occurrence of blue whale calls recorded on hydrophones and
number of hours examined by month in the western Pacific. Histograms represent
the proportion of hours available by month during which blue whale sounds were
detected (left ordinate). Dark bars represent northwestern sounds. No eastern blue
whale sounds were detected on these hydrophones. The open squares show the
sample size of the number of hours of data examined per month (right ordinate).
Approximate locations of the hydrophones are shown in Figure 1.
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and Wake regions makes it difficult to discern any seasonal pattern for this area.

However, western vocalizations were recorded at Kaneohe primarily in the month

of January and at Wake from April through July at low levels (Figs 3.6d,e).

DISCUSSION

Blue whale vocalizations recorded at numerous sites in the North Pacific

show geographic and seasonal variation. There are two very distinct blue whale

vocalization types recorded in the North Pacific. The first, the northeastern Pacific

vocalization, is typically recorded as a patterned sequence of A-B sounds. In the

eastern North Pacific, this is the predominant vocalization type recorded. The

second type, or northwestern Pacific vocalization, is typically a long, low

frequency moan that is also produced as a sequence of sounds. This is the only blue

whale vocalization type that has been recorded to date in the western Pacific. Both

vocalization types are recorded in the central Pacific.

Although the two vocalization types have different geographic distributions,

they show similar seasonality in the North Pacific. Both vocalization types are

recorded most often in the summer through fall and least often in the early winter-

spring on the northern latitude hydrophones, suggesting a simultaneous, separate,

migration from higher to lower latitudes during the late fall. The northeast Pacific

vocalization is recorded year-round, but during the winter months it is recorded

primarily in the ETP. Migration of blue whales between the northeast Pacific and

the ETP has been documented via photo-identification (Calambokidis et aL, 1998;



Chandler et aL, 1999), and satellite telemetry (Mate et al., 1999) studies and

supported by acoustic data (Stafford et al., 1999a).

It is not known whether the northwestern Pacific blue whales vocalize year-

round. There are no acoustic data available for these animals in the southern

regions of the northwest Pacific; therefore it is unclear where these blue whales

may be found during the months when their vocalizations are not recorded on the

northwestern hydrophones. With the exception of a single report from data

recorded off Midway Island (Northrup et al., 1971), there are no recordings of blue

whale vocalizations from the North Pacific published in the literature from any

region south of the northwestern Pacific region defined here. Northrup et al. (1971)

discuss the winter occurrence of long 20Hz signals recorded in the central Pacific.

Vocalizations they describe from Midway Island are similar to the northwestern

Pacific vocalizations discussed here but are somewhat higher in frequency (25-

23Hz) and longer by several seconds (25s duration). This difference in frequency

could represent a sub-division of western vocalizations, however, more data are

needed. Blue whales were occasionally taken by whaling vessels off Taiwan

(Tomilin, 1957), and this may represent the southwestern-most record for this

species in the North Pacific. It is clearly necessary to obtain any available

recordings from regions in the southwestern North Pacific and examine them for

blue whale vocalizations to help establish the winter range of these animals.

The seasonality and geographic locations of recorded vocalizations

matches the whaling record fairly well. Gilpatrick et al. (1996) provide an excellent
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synopsis of whaling effort in the North Pacific. Whales were observed year-round

off Japan, Korea and California (Tomilin, 1957) but otherwise blue whales were

considered to migrate in a generally seasonal north-south direction. Whalers spent

little time in the far North Pacific during winter months although the acoustic data

presented here and elsewhere (Curtis et al., 1999; Watkins et al., 2000) indicate that

blue whales are in these waters at this time of year. It may be that some North

Pacific blue whales remain at high latitudes in the North Pacific throughout the

winter. The extent of diatom infestation on some Antarctic blue whales killed early

in the whaling season suggested to Hart (1935) that some of these animals may

have over-wintered at very high latitudes.

Overall blue whale vocalization occurrence was higher in the western

Pacific than the eastern Pacific (Watkins et al., 2000; this study). It has been well

documented that blue whale distribution closely matches that of their prey

(Nemoto, 1955; Berzin and Rovnin, 1966; Nemoto, 1970; Springer et aL, 1999),

and it would therefore be expected that more whales will be found in areas of

higher productivity. If it is hypothesized that greateroccurrence of sounds implies

greater numbers of blue whales, then the western subarctic gyre region may

represent an important seasonal concentration of blue whales. Greater vocalization

occurrence for the northwest Pacific vocalization may be due to the high

productivity of the western subarctic Pacific relative to the eastern or central

subarctic Pacific. Both zooplankton and phytoplankton biomass in this region as

well as fisheries landings are much higher in the western subarctic than the eastern
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subarctic (Sugimoto and Tadokoro, 1997; Taniguchi, 1999; Mackas and Tsuda,

1999; Springer et al., 1999). In an analysis of marine bird and mammal surveys,

Springer et al. (1999) noted that the western subarctic Pacific supported greater

numbers of euphausiid-eating oceanic birds and that in general, resident bird and

mammal species were more abundant in summer in the western subarctic Pacific

than the eastern subarctic Pacific. The WSAG has been found to be more

productive than the eastern subarctic gyre because it is formed from multiple

current systems including the convergence of the warm Kuroshio with the colder

Oyashio (Sugimoto and Tadokoro, 1997; Mackas and Tsuda, 1999; Springer et al.,

1999; Taniguchi, 1999). This combination of water types with different physical

and chemical properties supported higher plankton (including Euphausiids) and

nekton biomass than the eastern gyre.

It should not be implied, however, that there are more whales overall in the

northwestern Pacific than in the northeastern Pacific. Blue whales have been shown

to occur along the west coast of the United States and Canada during the feeding

season with particularly large concentrations of individuals found in the Santa

Barbara Channel Islands region (Barlow, 1995; Fiedler et aL, 1998). The California

current domain is a highly productive area and at times may be more productive

than the eastern subarctic domain (Brodeur et al., 1996). We would therefore

expect more blue whales to be found off of California, for instance, than Oregon,

Washington or Vancouver Island, Canada. Curtis et al. (1999) detected the

harmonics of blue whale vocalizations in data recorded off of southern California
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and interpreted this as indication of a strong blue whale presence there. This study

did not have access to acoustic data from the southern California region; it was

therefore not possible to compare the relative abundances of northeastern and

northwestern type Pacific blue whale vocalizations.

Although fewer data were available for the central Pacific region than the

eastern or and western, vocalization occurrence was nevertheless markedly much

lower for this region. The hydrophones in the central Pacific region were the only

hydrophones on which both northeastern and northwestern Pacific vocalizations

were recorded with any regularity. Nevertheless, no clear pattern emerged from

these data to indicate that both types of vocalizations show similar seasonal

patterns in vocalization reception at the same sites. However, on rare occasions,

both vocalization types have been recorded on the same hydrophone at the same

time (Fig. 3.8). The late summer/early fall recording of vocalizations at Kaneohe

and Wake may represent the passage of migrating animals through these areas.

There were two peaks in the 1992-3 Kaneohe data set that can be attributed

to the two different vocalization types (Fig. 3.6e). Blue whale acoustic data from

this same area discussed in Thompson and Friedl (1982) were also described as bi-

modal (one peak from July-September and another from November-January) but

only one vocalization type was described, that similar to the northwestern Pacific

vocalization. The Kaneohe data presented here did not include data for May-July.

Thompson and Friedl (1982) did not record any "20-Hz long pulses" in June and

noted that these vocalizations were infrequent in May but were more frequent in
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Figure 3.8. Spectrogram showing an example of geographic overlap of
northwestern and northeastern Pacific blue whale vocalizations (FFT 5.12 s, 87.5%
overlap, Hanning window).
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July. If the present data set is similar to theirs, there may not have been many

vocalizations missed in May or June but whale vocalizations recorded in July

would be absent from the present dataset. If the two peaks seen in the data

presented here are consistent over time, then July would be a month where we

might expect to see northeast Pacific blue whale vocalizations, not northwest

Pacific vocalizations. The authors of a recent study of fin whale sounds from the

same Kaneohe data as presented here did not note the distinction between the two

blue whale call types shown here (McDonald and Fox, 1999).

It is difficult to draw any conclusions from the data recordednear Wake

Island. Overall, there were very few vocalizations recorded in this dataset and those

that were detected were of poor quality. Nevertheless, the detection of both

northeast Pacific and northwest Pacific vocalizations on bottom-mounted

hydrophones at Wake does illustrate that this region may be very occasionally used

by either northwest Pacific or northeast Pacific blue whales. Better quality, longer-

term data from this region are needed.

None of the three recent large-scale North Pacific acoustic studies (Curtis et

aL, 1999; Watkins et aL, 2000, this study) used the identical methodologies. Thus it

is very difficult to combine the information from these studies to present a longer-

term picture than is presented in any one of the individual studies. Curtis et al.

(1999) and this study used data from onmi-directional hydrophones whereas

Watkins et al. (2000) used formed beams. Curtis et al. (1999) did not distinguish

between blue and fin whale sounds, so the regional and seasonal occurrence of blue
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whale vocalizations cannot be directly compared with the current study. Watkins et

al. (2000) counted the number of occurrences of blue whale vocalizations rather

than present a proportion of vocalization by month (as was done in this study).

Nevertheless, the seasonality and relative occurrence of blue whale vocalizations

for different regions in Watkins et al. (2000) is in good agreement with the results

presented here indicating some interannual consistency in calling. In addition to

gross seasonal similarities, all three studies found greater vocalization occurrence

in the west than in the east, similar seasonal trends for the eastern and western

Pacific, and detection of blue whale vocalizations (or 17Hz vocalizations in the

case of Curtis et al., 1999) well into the winter months at northern latitudes.

While oceanographic factors clearly influence the distribution of some

baleen whales (Nemoto, 1955; Uda and Nasu, 1956; Uda and Daitokuno, 1957;

Nasu, 1963; Nasu, 1966; Nemoto, 1970; Nasu, 1974; Springer et al., 1999), a

consideration that cannot be ignored in an acoustic study such as the one presented

here is the effect of oceanography on the propagation of sound (Moore et al., 1998).

The northwestern hydrophones are located in the subarctic North Pacific where the

axis of the deep sound channel is closer to the surface than it is at more southerly

latitudes. Therefore it cannot be ruled out that whale vocalizations are recorded

more often in the northwest Pacific than in the central or northeastern Pacific

because the source may be closer to or within the sound channel at these latitudes

and the sounds are therefore better able to propagate through deep water than

sounds made in the surface layer above the sound channel.
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The clear differences in blue whale vocalization characteristics, combined

with the geographic differences in the proportion of the vocalization types

recorded, suggest that there are at least two groups of blue whales in the North

Pacific. This east Pacific-west Pacific division of North Pacific blue whales,

suggested here by acoustic data, and the overlap of these two groups in the central

Pacific was hypothesized decades earlier by several authors (Berzin and Rovnin,

1966; Rice, 1974; Tomilin, 1957). The functional nature of these two groups is

uncertain. It is possible that the vocalizations recorded are a breeding display of

male blue whales, as has been reported for fin whales (Watkins et al., 1987) and

that these two groups of whales represent two different breeding classes of males,

or spatially segregated groups of males. However, there is little data on the sex of

vocalizing blue whales and, at least in the eastern Pacific, these vocalizations are

recorded year-round and not just during the presumed breeding season (i.e. winter;

Yochem and Leatherwood, 1985). A more parsimonious explanation for the

geographic variation in vocalization types is that these two groups of blues whales

may be two separate populations. This supports the findings of Gilpatrick et al.

(1996) that blue whales killed in the northeastern Pacific were morphologically

distinct from those killed in the central or western North Pacific and are therefore a

separate population. For other species, differences in vocalization characteristics

have been used to distinguish distinct populations of baleen whales including

humpback (Winn et aL, 1981; Payne and Guinee, 1983; Helweg et aL, 1990) fin

(Thompson et aL, 1992) and sperm whales (Weilgart and Whitehead, 1997).
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The acoustic data did not distinguish a "central" division of blue whales,

distinct from either eastern or western, as has been proposed by several authors

based on whaling data (Nishiwaki, 1966; Ivashin and Rovnin, 1967; Best, 1993;

Fomey and Brownell, 1997). Rather, all the vocalizations recorded along the

Aleutians and westward were northwest Pacific vocalizations. This lack ofan

acoustic distinction between the central Aleutians (hydrophones 7 and 8) and

western Aleutians/western Pacific (hydrophones 9-13) and the lack of significance

in size differences between western and central blue whales in the North Pacific

(Gilpatrick et aL, 1996) suggest that these animals may be part of the same

population. In addition, vocalizations recorded on hydrophones in the central

Pacific (a hypothesized wintering grounds for a "central" stock of blue whales)

were either northeastern or northwestern Pacific vocalizations. Further acoustic,

behavioral and genetic data are needed to confirm or refute this two-population

hypothesis or suggest other explanations for the geographic variation in

vocalizations.

Acoustic data from regions currently not monitored in the North Pacific,

such as Japan and the Gulf of Alaska (Fig. 3.1), are necessary to address questions

such as the southern extent of the northwestern Pacific vocalization type and what

vocalization types might be recorded in the Gulf of Alaska. Because there have

been no recent sighting of blue whales off southern Japan and Korea, it as been

suggested that these animals may have been a unique population that was

extirpated by whaling (NMFS, 1998; Gilpatrick et aL, 1996). Obtaining acoustic
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data from this region could provide evidence regarding the presence/absence of

blue whales there. If vocalizations were recorded off southern Japan and Korea, the

seasonality of vocalizations and vocalization type might provide further insight into

the existence of such a unique population or provide support for a southward

movement of the animals that make the northwestern Pacific vocalization.

The Gulf of Alaska was well known by whalers as a reliable place to find

blue whales (Reeves et aL, 1985). The whaling season for the Gulf of

AlaskalAleutian chain region was May-October (Brueggeman et aL, 1985) with

animals most abundant from June-August (Stewart et al., 1987). Nevertheless,

recent shipboard and aerial surveys in these areas found no blue whales in either

location (Rice and Wolman, 1982; Stewart et al., 1987). Acoustic data from the

Aleutians indicates that the animals previously hunted by whalers probably

belonged to the northwestern Pacific population. Assigning the Gulf of Alaska

animals to an eastern v. western population is more problematic. There are two

reports of tag mark-recovery from blue whales in the North Pacific (Ivashin and

Rovnin, 1967). One animal was marked near Vancouver Island and killed about a

year later 1000 miles to the Northwest near the southern tip of Kodiak Island. A

second mark (recorded as shot into a sperm whale but recovered from a blue whale)

was implanted southeast of the Sea of Okhotsk and recovered in the Gulf of Alaska.

These tag recoveries seem to indicate that animals from both regions might have

used the Gulf of Alaska. The animals off Vancouver Island, Canada are known to

make the northeastern Pacific vocalization (Stafford et al., 1998; Stafford et al.,
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1 999a) while those near the Sea of Okhotsk make the northwestern Pacific

vocalization. These previous findings suggest that both vocalization types would

be recorded during an acoustic survey of the Gulf of Alaska.

At this writing, it is still unknown why blue whales vocalize and what

proportion of the population vocalizes at any one time. The behavioral context of

sound production in blue whales is necessary to understand the role acoustic

communication has in their life histories and whether or not vocalization

differences are a reliable indication of population differences. Other data needed

include photo-identification to identify individuals, biopsies to determine genetic

differences, and migratory tracks of individual whales from satellite telemetry.

Acoustic studies can play an important role in the conservation of endangered

species by providing information about geographic and seasonal distributions over

large regions of the ocean that were considered unmonitorable. Combined with in

situ data, passive acoustic observation will continue to be a powerful tool for

remotely monitoring vocalizing cetaceans over large temporal and geographic

scales.

The recent availability of long-term passive acoustic data from a number of

regions and sources in the North Pacific makes it possible to monitor a large part of

this region for whale vocalizations. Two recent publications used some of the same

acoustic data sources as presented here, although the data were from different

years, to examine large whale occurrence in the North Pacific. Curtis et al. (1999)

used omni-directional hydrophone data from the North Pacific (1994-1995) to



examine sources of ambient noise in the ocean and did not distinguish between the

vocalizations of blue and fin whales, assigning all 17 Hz sounds as whale

vocalizations. Watkins et al. (2000) subsampled beam-formed data from 1996-1997

and specifically addressed the seasonality and geographic variation of blue, fin and

humpback whales in the North Pacific but did not distinguish between the two

distinct vocalization types discussed in this paper. This paper reports on the

differences in seasonal and spatial occurrence of two different types of blue whale

vocalizations. Determination of when and where the two different vocalization

types are recorded can provide key insight into the geographic variation of blue

whale vocalizations.
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ABSTRACT

Blue whale calls in the eastern North Pacific Ocean consist of a two-part

call often termed the A-B call. This call has been described for regions offshore of

Oregon, Washington and California, USA and the Sea of Cortez, Mexico (reviewed

in Rivers 1997). Data collected from moored hydrophones in the eastern tropical

Pacific (ETP) indicate that the A-B pattern is common in this region as well. There

is consistency in this call type throughout the eastern North Pacific and throughout

the year. This acoustic evidence indicates continuity between blue whales in the

ETP and those found west of North America. The acoustic data suggest that the

population of blue whales generally referred to as the "California/Mexico" stock

might better be termed the "northeast Pacific" stock of blue whales.

INTRODUCTION

Most of the stocks of the world's large whales are currently listed as

endangered species. Blue whales (Balaenoptera musculus) are no exception, and

have been protected internationally since 1965 (Leatherwood et aL,1983). Over

harvesting from the early 1930's until the 1960's severely depleted global

populations of blue whales and a current global population estimate is not well

constrained.

The International Whaling Commission currently recognizes only one
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stock of blue whales in the North Pacific (Donovan, 1991) although recent stock

assessments for blue whales in the North Pacific recognize both a Hawaiian stock

and a "California/Mexico" stock (Barlow et aL, 1995). This Hawaiian stock is

assigned solely on the basis of acoustic data reported by Thompson and Friedl

(1982) from a hydrophone on the seafloor north of Kaneohe, Hawaii.

Historically, the eastern tropical Pacific (ETP) had been proposed as a

wintering ground for a north Pacific blue whale population (Berzin, 1978; Wade

and Friedrichsen, 1979). However, Reilly and Thayer (1990) examined sighting

data from cruises in the ETP from 1975-1988 and determined that blue whalesare

found in this area year-round. They also determined that blue whales were found

further from shore from January-March and generally east of the 95th west meridian

from April-September. From these data they suggested that some of the blue

whales seen in the ETP either 1) belonged to a wintering stock of southern blue

whales, 2) were northern animals that did not participate in the annual migration

north, or 3) perhaps represented a local resident population.

Since the publication of Reilly and Thayer (1990) numerous reports of blue

whale sounds have been published. These data include reports from California,

Oregon, and Washington, USA as well as data from the Gulf of California, Mexico

and off Vancouver Island, Canada (McDonald et aL, 1995; Thompson et al., 1996;

Clark and Fristrup, 1997; Rivers, 1997; Stafford et aL, 1998). Blue whales in these

regions all make the same type of sounds that provided an initial indication that the

"California/Mexico" stock might extend further north. These sounds are distinctly
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different from blue whale calls reported for other regions of the world including the

Atlantic (Edds, 1982; Clark and Fristrup, 1997), off Hawaii (Thompson and Fried!,

1982), the Indian Ocean (Alling et al., 1991) and off Chile (Cummings and

Thompson, 1971). These indications of global-scale geographic variations suggest

that call patterns can be used in stock differentiation for blue whales.

In May 1996, the National Oceanic and Atmospheric Administration

(NOAA) moored an array of six autonomous hydrophones in the ETP to study

seismicity along the East Pacific Rise. These data were examined for blue whale

calls in order to determine if there was any correlation with calls recorded

elsewhere in the Pacific. At the same time, blue whale calls from U.S. Navy

SOSUS arrays in the northeast Pacific were monitored for blue whale calls to

determine the extent of this call type.

METHODS

Northeast Pacific

The acoustic seasonality of blue whales for one region of the northeast

Pacific was determined for comparison with acoustic data from the FTP. Data from

multiple acoustic beams from the U.S. Navy's SOSUS arrays in the North Pacific

were collected for seismic monitoring. The seismic monitoring system displayed

multiple spectrograms, each of which was designed to represent the acoustic

environment along specific sites on the GordalJuan de Fuca Ridges offshore of the
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Pacific Northwest and northern California. A joint spectrogram for each site was

derived by taking the appropriate beam from the two nearest SOSUS arrays, time

delaying each signal to represent source time, and then taking the joint minimum of

the two spectral estimates for each one-second sample of the spectrogram (Fox et

al., 1995). Hourly print outs of spectrograms from all sites were then examined for

presence or absence of blue whale calls.

The region covered by the real-time display ranged from about 4OoN to

48oN latitude and 126oW to l3OoW. For the purposes of this report, we treat this as

one region and do not distinguish between specific areas. Rather, we report whether

or not blue whale calls were detected anywhere in the entire area on a given day

and hour. Blue whale calls that were above the ambient noise level were identified

by the distinctive A-B patterns that have been described by numerous authors

(McDonald et al., 1995; Thompson et al., 1996; Rivers, 1997; Stafford et al., 1998).

Data were available from August 1993 through July 1997 with gaps in data

availability from December, 1994-March, 11995. From 1993 -1995, the datawere

sampled at a rate of 100 Hz and low-passed at 40 Hz and from 1995 on the data

were sampled at a rate of 150 Hz and low-passed at 60 liz, but since the

fundamental frequency of the blue whale call is near 17 Hz, this did not affect these

results. In a manner similar to Thompson and Friedl (1982), the monthly

occurrence of A-B calls was plotted where occurrence was the percent of the total

days available per month on which at least one call was detected.
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Eastern Tropical Pacific (ETP)

NOAA's Pacific Marine Environmental Laboratory deployed six

autonomous moored hydrophones in an area bounded roughly by 8oN-8oS and

9SoW-1 100W in order to monitor seismicity on the East Pacific Rise. The

hydrophones were deployed in May 1996 and the data were recovered

approximately every 6-8 months. Each mooring package consisted of an anchor, an

acoustic release, ITC 1032 hydrophone (flat response from 0 to 32 kHz and

sensitivity of -192 dB re 1V! Pa; preamplifier sensitivity of -130 dB re 1V! Pa) and

recorder in a pressure-resistant titanium case, and flotation. The instruments were

designed to be deployed in the deep sound channel and record at a sampling rate of

100 Hz with low-pass filters set at 40 Hz. This was sufficient to record most of the

energy in underwater earthquakes and volcanoes and also adequate for recording

the low frequency calls of blue whales.

The recordings were examined for the presence of whale calls by displaying

the data as a spectrogram (FF1 size 256 points, overlap 50%). Presence or absence

of calls in a day was noted as a value of 0 (no calls) or 1 (one or more calls). Every

day of data for a one-year period from May 1996-May 1997 was examined for blue

whale calls. As above, the monthly occurrence of A-B calls was plotted for

seasonality.
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Blue whale A-B calls showed a consistent seasonal pattern for the five years

in which data were monitored. The calls were first detected in the northeast Pacific

in July and continued to be detected through early January (Figure 4.1). This

pattern was consistent for the five years of data presented here with one exception:

in 1997 blue whale calls were detected well into February. These calls were

detected most often in the months of August-December (76-86% of all days

examined). Blue whale calls were detected on 534 of a total 1215 (44%) days for

which data were available.

ETP

Blue whale A-B calls were recorded in the ETP on 284 of the 363 days

(78%) for which there were data from May 8, 1996 to May 8, 1997 on the

hydrophone moored at 8oN by 95°W. In addition, over 27900 A-B calls were

detected during the 234 days of the deployment where number of calls per hour

was counted. An example of one of these A-B calls from the ETP is shown in

Figure 4.2. A-B calls were detected on all five of the other hydrophones but to a

much lesser degree (Table 4.1). In general, calls were recorded more often on the

eastern hydrophones than the western (Figure 4.1).

The calls recorded at the 8oN by 95oW hydrophone showed a seasonal



Figure 4.1. Seasonal occurrence of blue whale A-B calls in the eastern Pacific
Ocean. Monthly occurrence of blue whale A-B calls recorded from 1993-1997 in
the northeast Pacific is shown in the inset labeled NEP. Occurrence is defined as
the percentage of the number of days on which a blue whale call was recorded per
month. Calls were detected July - January. 1997 was an exception to this in that
calls were recorded well into February. Plots of seasonality are presented by-year;
1993-1994 (o) 1994-1995 (j), 1995-1996 (), 1996-1997 (X), and average for all
years (o). Monthly occurrence of blue whale A-B calls is also shown for six
hydrophones moored in the ETP from May, 1996-May, 1997 (ETP east and ETP
west). Blue whale calls were recorded predominantly at the hydrophone at 8°N
95°W in the winter and spring. Plots of seasonality for each hydrophone are shown:
8°N 95°W (A), 0°N 95°W (B), 8°S 95°W (C), 8°N 1 10°W (D), 00 1 10°W (E), 8°S
110°W (F). The seasonal plots of call reception are complementary, which suggests
a seasonal exchange between the two areas, with blue whales in the ETP from
January-June and in the NEP from July-December. The proposed pathways and
timing of northeast Pacific blue whale migration between the eastern tropical
Pacific and the northeastern Pacific are shown as large arrows. Arrows and timing
are based upon acoustic, whaling and sighting data. The Costa Rica Dome region is
shown as(+).
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Figure 4.2. Spectrogram (above) and time series (below) of an A-B call recorded by
the hydrophone at 8°N 95°W (FFT 256 points, 87.5% overlap). The A part of the
call is the first part and the pulsive nature of this call is shown in the time series.
The B part of the call is the FM downsweep. The first and second harmonics of this
call are shown in the spectrogram. There is a third type of call between the A and
B that is a FM upsweep (Clark and Fristrup 1997). The A-B call has been
associated with blue whales throughout the northeast Pacific.
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Table 4.1. Occurrence of blue whale A-B calls recorded on six hydrophones
moored in the ETP. Proportion is the number of days during which calls were
recordedlnumber of days of available data. Calls were recorded primarily on the
hydrophone at 8°N 95°W that is west of the Costa Rica Dome. In general, calls
were recorded most often north of the equator on the eastemmost hydrophones
(longitude 95°W).

Hydrophone 8°N95°W 0°95°W 8°S95°W 8°N110°W 0°110°W 8°S110°W

proportion 284/363
(78%)

3 5/203
(17%)

11/367
(3%)

26/345
(8%)

5/346
(1%)

15/365
(4%)
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pattern with more calls recorded per day and on more days per month during the

northern hemisphere winter. Call occurrence was highest from January through

May and lower June through November. The second time period of calling differed

from the first in that many of the calls were judged to be quite faint.

A comparison of the percent occurrence of blue whale calls by month from

both the NEP and the ETP shows a clear complementary pattern of call reception

between the two areas discussed here which may be indicative ofa seasonal

migration between the ETP and the Northeast Pacific (Figure 4.1). Of additional

interest is that blue whales do not appear to produce the A-B call seasonally, that is,

the call has been recorded year-round somewhere within the range of the Northeast

Pacific blue whale.

DISCUSSION

To date, all reported blue whale calls from the northeastern Pacific show the

two-part pattern of an amplitude modulated "A" call followed by a frequency

modulated "B" call (reviewed in Rivers, 1997). However, other calls have been

recorded (cf Thompson et aL, 1996; Clark and Fristrup, 1998). While the

predominant call type for blue whales in the eastern North Pacific appears to be the

A-B pair, more calls will be added to the repertoire as more recordings are made in

the presence of blue whales. Blue whale calls recorded elsewhere in the world,

including the northwestern Pacific, do not resemble these calls except that they are

generally long (-2Os), low frequency calls (Cummings and Thompson, 1971;
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1997).
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Recordings from the vicinity of the Costa Rica Dome (-8oN 9OoW) clearly

indicate that the blue whales in this area belong to a northeastern Pacific stock of

blue whales and not a southern hemisphere population as has been previously

suggested (Wade and Gerrodette 1993). Both the recordings of A-B call types and

the seasonal pattern of call reception in this area support this hypothesis. A-B calls

were recorded most often in the summer/fall on the northeastern Pacific

hydrophones and the winter/spring on the ETP hydrophones.

The ETP, specifically the region of-7.5oN-l0.5oN and 95.5oW-99oW, has

previously been proposed as the wintering grounds for northern hemisphere blue

whales based on cruises in the area from January-June during 1971, 1975 and 1976

(Wade and Friedrichsen, 1979). In a review of all blue whale sightings made in the

ETP from 1975-1988, Reilly and Thayer (1990) remarked that blue whales were

seen in this region year-round but they noted a peak in the relative abundance of

blue whales sighted near the Costa Rica Dome in the months of January-March.

More recent sightings from surveys during July-November 1986-1990 found some

blue whales in the ETP during these months but not many, further confirming

Reilly and Thayer's findings (Reilly and Thayer, 1990; Wade and Gerrodette,

1993).

Seasonal differences in call behavior between the ETP and NEP could be

the result of 1) a seasonal call pattern associated with a particular behavior that
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occurs at both northern and southern latitudes, 2) a call pattern associated with

different behaviors at different latitudes, or 3) an indication of a population

migrating from one region to another. Sighting data and the acoustic data presented

here support the third hypothesis: a single population of blue whales, the majority

of which is found in the ETP from January-June and then migrates northward,

while some animals remain in the ETP year-round.

Reilly and Thayer (1990) suggested three explanations for the year-round

occurrence of blue whales in the northern ETP: that the area is alternately shared by

northern and southern hemisphere populations of blue whales; that the population

consists of non-migrating juveniles; or that the population consists of distinct, year-

round residents. Because blue whale A-B calls are recorded year-round at the 8°N

95oW hydrophone, and no other calls that can be immediately attributed to blue

whales are recorded, this region does not appear to serve as overlapping habitat for

both northern and southern stocks of blue whales. As the call type recorded is the

same recorded throughout the northeast Pacific, it does not seem likely that the

year-round animals are a unique resident population. It seems most likely, based on

acoustic data, that the year-round occurrence of blue whales near the Costa Rica

Dome is due to some part of the population that does not participate in an annual

migration.

This population of blue whales appears to be restricted to the northern

hemisphere; while calls are very occasionally detected south of the equator at the

two hydrophones at 8oS, they are not detected often enough to support regular
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excursions south of the equator. Additionally, we do not believe that the year-round

occurrence of the A-B call type represents an overlap of southern and northern

populations were a southern hemisphere blue whale population making A-B calls,

we would expect to have recorded many more of them on the hydrophones at, and

south of, the equator.

It is presumed, then, that most blue whales leave the ETP in early spring to

head northward. Sighting data from the southern Gulf ofCalifornia, Mexico,

identified February through June (with a peak in sightings between mid-March and

mid-April) as the season when blue whales were most likely to be seen. Blue whale

A-B calls were recorded in the Gulf of California in mid-February, 1987

(Thompson et al., 1996). Some may move up into the northern region of the Gulf of

California in April and May (Tershy et aL, 1990). Reilly and Thayer (1990)

describe the seasonal occurrence ofthis species along the Baja Peninsula (but not in

the Gulf ofCalifornia proper) as having two peaks, one in the spring as described

above and another from October-March with fewest animals sighted from July-

September.

Whales photographed off the Baja peninsula and in the Sea ofCortez,

Mexico in March and April of 1988 were later photographed on feeding grounds in

the Gulf of the Farallones and Monterey Bay, California in August, September and

October (Calambokidis et aL, 1990) indicating continuity between these two areas.

Central California is a well-documented feeding ground for blue whales from July-

November (Calambokidis et aL, 1990; Schoenherr, 1991; Barlow, 1995; Croll et
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whales spends the late summer through fall months feeding here. Recordings of

blue whales off the Farallones and the Channel Islands off Santa Barbara show the

same A-B calls recorded in the ETP and the Gulf of California (Clark and Fristrup,

1997; Rivers, 1997; Stafford et al., 1998) and indicate acoustic continuity between

these three regions.

Very few recent sightings have been made of blue whales north of

California. No blue whales were identified during aerial and shipboard surveys

conducted on the outer continental shelf (to 185 km offshore) of Oregon and

Washington between April 1989 and September 1990 (Green et aL, 1992).

However, long-term acoustic data from the region offshore of Oregon and

Washington, USA and Vancouver Island, Canada, indicate that blue whales are

present in this area on a consistent seasonal basis from late July until January.

Although recent sighting data are scarce, this area should thus be considered a

regular part of the range of northeastern Pacific blue whales based on the acoustic

data presented here and elsewhere (Jacobson et aL, 1987; McDonald et aL, 1995)

and supported by whaling observations (Scheffer and Slipp, 1948; Berzin and

Rovnin, 1966; Pike and MacAskie, 1969; Wada, 1980; Miyashita et aL, 1995). This

part of the proposed migratory route has likely been overlooked because these

animals are found much further from shore than those off California (Stafford et aL,

1998). It remains to be seen what part of the northeastern Pacific blue whale stock

migrates as far north as Vancouver Island and why, as this is not a currently known
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feeding ground.

Although there appears to be substantial seasonal overlap in blue whale

occurrence a general northlsouth seasonal division can be made based on sighting

and acoustic data. Suggested migratory pathways and timing for northeastern

Pacific blue whales are presented in Figure 4.1. The timing and pathways suggested

were based on the acoustic data presented here and information from whaling data

and on-site observations of blue whales throughout the year.

The acoustic data presented here suggest that the animals previously

reported as the "California/Mexico" stock of blue whales (Barlow et aL, 1996) have

a greater range than previously known. These animals are very possibly part of a

Northeast Pacific stock of blue whales that ranges from the ETP up along the coast

of North America to Canada and extends offshore at least 300 miles. These animals

appear to winter in the ETP, with the highest concentration of animals in the

general vicinity of the Costa Rica Dome, and spend the summer at latitudes off

coastal California, and offshore of Oregon, Washington, USA and Vancouver

Island, Canada. The acoustic data collected with the moored hydrophones support

the occurrence of blue whales in the ETP beyond the winter months: although there

was a strong seasonal signal in call occurrence, calls were detected throughout the

year.



Clearly, more information on acoustic seasonality between the proposed

northern and southern limits of this call type is needed. Long-term acoustic data

from declassified U.S. Navy arrays off Pt. Sur and San Nicolas Island, California, if

available, could provide more detailed information about such seasonal trends. On-

site data from the ETP and the offshore northeast Pacific including photo-

identification and biopsy efforts are necessary to describe the population in greater

detail. In particular, data from individuals in the ETP present in the late summer

might elucidate the question of non-migrating juveniles or suggest yet another

hypothesis for their presence beyond the winter/spring months. Finally, Rice (1992,

cited in Barlow et aL, 1995) concluded that the blue whale population in the Gulf of

Alaska is separate from the northeast Pacific population. Acoustic data from the

Gulf of Alaska might serve to further elucidate this division, as well as to better

define the northern extent of the northeast Pacific population.



Chapter 5

DIEL VARIATION iN BLUE WHALE CALLS IN THE EASTERN TROPICAL

PACIFIC
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Northeastern Pacific blue whales are found along the west coast of North

America. These animals usually produce a two-part call. The first part, A, is an

amplitude modulated vocalization and the second part, B, is a frequency modulated

moan. Their calls are recorded throughout the year although at different times in

different locations. Acoustic data from a hydrophone moored at 8oN 95°W in the

eastern tropical Pacific (ETP) have shown that these calls are recorded in every

month of the year although at different levels. Blue whales are believed to use the

ETP region as a wintering ground but probably also feed there. Many species of

blue whale prey (hill) perform diel vertical migrations from several hundred

meters depth during the day to the near surface at night. A recent study of singing

humpback whales exhibited diel patterns in the sound pressure level of song (Au et

al., 2000) The hypothesis that blue whale vocal behavior does not show diel

variation was tested in order to determine if acoustic behavior could provide an

indication as to the behavioral function of vocalizing. Blue whales showed strong

diel patterns both in call rate (number of calls per hour) over a four-week period

and call occurrence (hours during which at least one call was detected) over a one-

year period. Possible behavioral motivations for this diel pattern are presented.
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INTRODUCTION

Northeastern Pacific blue whales (Balaenoptera musculus) occur in waters

along the entire east coast of North America from the eastern tropical Pacific (ETP)

north to at least Vancouver Island, Canada. These two locations may serve as

endpoints of a migration between breeding and feeding areas. While it is likely that

the ETP region serves as a wintering or breeding ground while areas further north

are used primarily for feeding, there is evidence that not all members of this

population migrate annually between these two areas. Recent acoustic and visual

studies of these animals have documented the presence of blue whales year-round

in the ETP and late into the winter in the northeast Pacific (Reilly and Thayer,

1990; Stafford et al., 1999a; Watkins et al. ,2000). Because the ETP is an area of

high productivity, foraging and reproduction are probably not temporally and

spatially segregated in blue whales (Palacios, 1999).

The sounds made by northeastern Pacific blue whales are the best-studied

blue whale vocalizations to date. Currently, four different sounds have been

attributed to northeastern Pacific blue whales. The most common sound consists of

a pair of vocalizations designated as A and B. The A vocalization is an amplitude

modulated series of pulses with fundamental frequency around 16 Hz. This

vocalization is followed by the B vocalization that is a frequency-modulated moan

whose initial frequency ranges from 19-17 Hz and ends around 16-15 Hz. A third

vocalization, C, is a short upswept vocalization (-'1 1 to 13 Hz) that just precedes
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the B vocalization and the fourth vocalization, or D is a higher frequency

downsweep from 80 Hz to 30 Hz which appears to be produced independently of

the other vocalizations. The most common vocalization pattern seen from blue

whale recordings is a series of alternating A and B vocalizations (AB AB AB AB

AB AB). At times, however, one A vocalization will be followed by multiple B

vocalizations (ABBBBB ABBB ABBBBB, see Figure 3 .4a). Although numerous

authors have documented these vocalization types for different regions in the

northeast Pacific (Thompson, 1965; Thompson et al 1996; Rivers, 1997; Stafford

et al. 1 999a) and the relationship between the number of animals seen and heard

has been explored (Clark and Fristrup, 1997) it is currently unclear as to what

proportion of blue whales vocalize and why.

Cummings et al. (1986) stated that the interpretation of acoustic data is

severely limited without first knowing the behavioral significance of sound

production. While the D vocalization has been described as a contact call (Aroyan

et al. 2000) between different individual blue whales, the purpose(s) of the other

three vocalizations is not well understood. Whale vocalizations are recorded while

whales are underwater and other behaviors are observed while whales are at the

surface. Combinations of these two methodologies have been used successfully to

census migrating bowhead whales (Balaena mysticetus, Clark and Ellison, 1988;

1989) and explore the behaviors of fin whales (B. physalus, Watkins, 1981).

Nevertheless, simultaneously documenting the visually observable behavioral

patterns with the acoustic behavior of free-ranging large whales remains difficult.
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An indirect method of exploring the purpose(s) of vocalizations is to use

what is known of large whale behavior and the behavior of their prey and compare

that to acoustic behavior. For example, the similarity of the seasonality of long

bouts of the 20 Hz signals of fin whales with their reproductive season led Watkins

et al. (1987) to associate this acoustic display with a breeding display. In several

studies of humpback whales, (Megaptera novaeangliae), detection ofsong outside

of the breeding ground was suggested as a means of determining migratory routes

(Clapham and Mattila, 1990; Cato, 1991; Norris etal., 1999). The ETP is thought

to be a region where blue whales breed and forage. Of interest to this study is the

examination of whether there are diel patterns in blue whale vocalizations recorded

in the ETP.

A review of diurnal patterns in Cetacea provided many examples of

daylight behavioral variation in odontocetes but few examples for baleen whales

(Klinowska, 1986). Because many of these reports were based on visual

observations, they were restricted to daylight hours. Studies of the prey of baleen

whales, however, can be undertaken both nocturnally and diurnally and thus

present a diel picture of prey behavior. Many of the krill species consumed by blue

whales show a pattern of diel vertical migration (Mauchline and Fisher, 1969;

Youngbluth, 1976; Mauchline, 1980). Moored hydrophones allow the passive

acoustic detection at all hours and during all seasons for the length of the

hydrophone deployment and can therefore provide information on potential

seasonal and diel occurrence of blue whale vocalizations. A comparison of
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vocalizing behavior with other documented behaviors can begin a discussion as to

the possible behavioral significance of vocalizations in the blue whale.

METHODS

Acoustic data from a hydrophone moored at 8oN 95oW were examined for

the presence of northeastern Pacific blue whale calls. The hydrophone was one of

an array deployed in the ETP in May 1996. The data from this hydrophone were

chosen because northeastern Pacific blue whale calls were recorded very regularly

at this location (Stafford et al 1999a; 1999b). The instrument consisted of an

anchor, an acoustic release, an autonomous hydrophone logging system composed

of an International Transducer Corporation 1032 hydrophone, pre-amplifier/filter

(designed to pre-whiten ocean ambient noise spectra from 1-40 Hz), and a digital

recorder in a pressure-resistant titanium case, and flotation. The instruments were

moored such that the hydrophone was suspended in the deep sound channel at

depths of 650-750 m. The package was designed to record for up to six months ata

sampling rate of 100 Hz with lowpass filters set at 40 Hz. This sample rate was

sufficient for recording energy from the very lowest frequency sounds of baleen

whales. The data were archived onboard the instrument until it was recovered. They

were then downloaded to 8mm tape and the instrument redeployed.

Two approaches were used to examine diel variation in blue whale

vocalizations recorded in the eastern tropical Pacific: counts of the number of B

vocalizations per hour for the first four weeks of data (13 May 1996- 9 June 1996)
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and comparison of +10 scores for a full year of data (13 May 1996 12 May 1997).

Only B vocalizations were used for this part of the study because they could be

detected, even when the signal to noise ratio (SNR) was low, whereas A

vocalizations are less detectable. Because the vocalization pattern in northeastern

Pacific blue whales is not always one A followed by one B, it could not be assumed

that for every low SNR B vocalization, an A vocalization was made by an animal

but not detected by the hydrophone.

The null hypothesis for this study was: there is no diel differences in blue

whale call behavior among periods of light, dark and dusk. Light hours were those

from sunrise to sunset; dusk was defined as the time from the beginning of nautical

twilight to sunrise and sunset to the end of nautical twilight; and dark was between

the end of nautical twilight in the evening to the beginning of nautical twilight in

the morning. Nautical twilight begins when the center of the sun is 12° below the

horizon in the morning and ends when the sun in 12° below the horizon in the

evening.

At 8oN 95°W in May, "dusk" only encompassed 2 hours each day. The

beginning of nautical twilight in the morning was 1112 GMT and sunrise was 1201

GMT. Sunset was at 0033 GMT and nautical twilight ended at 0122 GMT. In the

latter instance, 0100 GMT was chosen for the dusk hour since over half of 0000

GMT occurred before sunset. Over the course of a full year, these periods varied

somewhat but the period between the two times never exceeded 60 minutes.

Means and standard errors were determined for the number of vocalizations
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per hour and plotted to look at hourly trends. Then the 24-hour period was divided

into twilight, dark and light and an analysis of variation (ANOVA) of vocalization

rates for these three periods were compared.

In order to examine diel patterns over a longer time period, seasonal pattern

data were analyzed for the differences noted in the above study. These data did not

include counts of number of vocalizations per hour they only comprised

presence/absence information. Presence (+) or absence (0) of blue whale

vocalizations was noted for each hour of data examined based on visual inspection

of spectrograms (5.12 s Fast Fourier Transform (FFT), 50% overlap, Harming

window). A vocalization was considered present whether it occurred once or 100

times within that hour. Days were divided into the same three groups as above but

the composition of these groups changed slightly over the yearlong period based on

changes in the times of sunrise/sunset. Because these data covered a whole year,

there were occasionally gaps in the data. If fewer than six non-twilight hours were

missing, the data for that day were used. If any twilight hour data were missing, the

data for that day were not used. A sign test of the differences between the overall

proportions of hours with calls between groups was used to examine the

relationships for the times of interest (twilight, day, night).
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RESULTS

Vocalization rate

Over 6,225 B vocalizations were detected during the first 672 (28 days)

hours of the deployment. There was distinct diel variation in the numbers of

vocalizations per hour. The number of vocalizations recorded per hour increased

before sunrise and just after sunset (Figure 5.1). Vocalizations per hour differed

significantly between all three time periods (Fisher's LSD, F2669 =25.45). More

vocalizations were recorded during twilight (13.84 ±0.94, n=56 hours) than during

dark (10.65 + 0.45, n=252 hours) or than during light (7.6 + 0.38, n=364 h; Figure

5.2).

Vocalization occurrence

Histograms of the distributions for dark, light and twilight were non-normal

so sign tests were used to look at paired sample comparisons (twilight v. all other

hours, twilight v. dark, twilight v. light, dark v. light). If twilight and other hours

show the same average occurrence, the difference of twilight-all other hours should

=0. A sign test of the median (twilight hours - all other hours) over the period of

one full year (8,686 hours) showed a significant difference (p = 0.049) between

vocalizations detected during twilight hours versus all other hours of the day. More

twilight hours had vocalizations than the non-twilight hours.

A sign test of the difference between dark-light (twilight not
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Figure 5.1. Mean number of blue whale B vocalizations per hour from 13 May 9
June 1996. Gray shading represents twilight hours, black shading represents dark
hours and white boxes represent light hours.
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Figure 5.2. Means and standard error bars for the vocalization rate by time of day.
The number of vocalizations per hour differed significantly among all three groups.
The most calls per hour occurred during twilight hours and the least during light
hours.
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included) showed significantly more hours with vocalizations detected during dark

hours than during light (p = 0.006) and during twilight than day (p = 0.009).

However, there was no significant difference between twilight and dark hours (p =

0.9)

DISCUSSION

There were significant differences in the vocalization rate by hour and

vocalization occurrence over time for northeastern Pacific blue whales in the ETP.

There were more calls per hour during twilight periods than dark or light and more

calls per hour during dark than light periods over the first 28 days of instrument

deployment. This pattern was somewhat different when a full year of data was

analyzed for presence or absence of blue whale vocalizations by hour. The number

of night and twilight hours with vocalizations present was significantly greater than

day hours and the number of twilight hours with vocalizations was significantly

greater than day and night combined but the difference between twilight and dark

hours was not significant. This difference over an annual period versus twenty-

eight days is probably due to the seasonal pattern of blue whale vocalization

occurrence in the ETP whereby fewer calls are detected from mid-June until

October (Stafford et ai 1999b).

Many instances of diel behavioral patterns of baleen whales have been

mentioned in the literature to date. Radio tagged fin, humpback and Bryde's

(Balaenoptera edeni) whales had shorter submergence times at night than during
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the day (Watkins, 1981). Besides variation in feeding behavior, there is increasing

evidence that acoustic behaviors of baleen whales also show diel variation although

much of the data is presented as anecdote.

The sound pressure level of humpback whales singing on the Hawaiian

breeding ground in winter was significantly higher between sunrise and sunset than

during daylight hours (Au et al., 2000). A diurnal cycle was noted for humpback

sounds in Bermuda but what that cycle consisted of was not noted (Payne and

Webb, 1971). Thompson (1965) found that 20 Hz long pulses (the A-B sounds

discussed here) recorded off San Clemente Island in the Santa Barbara Channel

showed a die! pattern on each of two hydrophones. The number of AB

vocalizations recorded peaked just before dawn on both the shallow and deep

hydrophone he was monitoring while only the deep hydrophone showed a post-

sunset peak. Blue whale vocalizations recorded in the same general area over 30

years later were more abundant at night than during the day (Clark and Fristrup,

1997). Data on diel patterns of fin whale vocalizations are much less clear but there

are some indications that fin whales may vocalize somewhat more at night than

during the day (Thompson, 1965; Northrup et al. 1968; Watkins, 1981). Finally,

during a very short-term study, Payne and Payne (1971) noted that the vocal

activity of southern right whales (Eubalaena australis) was greater during the night

than during the day.

Is this apparent diel pattern in blue whale vocalizations a real

phenomenon or is it an artifact of the physiological constraints of a diving animal?
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It is possible that the die! patterns in sound production seen here and in Thompson

(1965) are an artifact of the diving behavior of blue whales. A recent study by

Aroyan et al (2000) in which sound production in blue whales was modeled found

that their ability to make sounds at the frequencies (below 20 Hz) and levels (over

180 dB re 1 Pa) they do should be constrained by the depths to which they dive.

In particular, these authors singled out the long (15-20 s) B vocalization of blue

whales as the only vocalization (of the four described to date, see above) that could

not employ recirculation of air in the sound production mechanism (which those

authors model as an air-filled monopole oscillator). Further, they suggest that the

energy required to produce a B vocalization results from changes in pressure that

would result from the whale changing depth.

In the only study to date in which the depth of vocalizing blue whales was

studied, Thode et al. (2000) found that one blue whale vocalized between 10-40 m

depth. Aroyan et aL's (2000) modeling results suggest that 30 m is the time-

averaged depth required for a blue whale to produce a B vocalization. Blue whales

do not, however, limit their dives to these relatively shallow depths. Telemetry and

hydro acoustic studies have shown that they can dive up to 200 m although they

usually dive to much shallower depths (Ailing et al. 1991; Croll et aL 1998;

Lagerquist et al. 2000). In one study, blue whales foraging off southern California

dived to 68 m on average for 200 dives (Cr011 et al 1998).

Blue whales could be vocalizing at the same rates during all hours of the

day but if they are unable to produce loud, low-frequency sounds at the depths to
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which they dive during daylight hours, then clearly these sounds will not be

recorded. They may be producing higher frequency vocalizations or lower

amplitude vocalizations that were not detected by the recording instruments. If

depth of dive is influencing the vocalization behavior of blue whales then the die!

pattern documented here should not be seen in areas where blue whales spend more

time at the surface during the day (for instance, when they are feeding primarily on

surface-swarming krill). In that instance, we might expect blue whale vocalizations

to be detected just as often during daylight as dark hours.

Four possible behavioral patterns can be compared to the diel pattern in

vocalizations documented here: environmental imaging, contact calling, breeding

displays and feeding behavior. Presumably, if northeast Pacific blue whale

vocalizations are used strictly as means of imaging their environment, then, unless

the animals travel more at night, there should be no need for their vocalizations to

show a die! pattern. Likewise, contact calling should happen whenever whales are

moving about relative to one another and there is currently no evidence as to a

circadian behavioral pattern in blue whales. Although there is evidence that

humpback whales on the breeding ground in Hawaii might produce more noise at

night than during the day (Au et al., 2000), the authors noted that is was just as

possible that the animals moved closer to shore at night. The mating system of blue

whales is not yet well enough understood to suggest, as do Au et al. (2000) for

humpback whales, that during daylight hours, males may choose to compete with

each other based on visual or physical displays and during night-time hours
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compete with each other with acoustic displays. Furthermore, this does not explain

why vocalizations should occur more often during twilight hours than during dark

hours.

The best "match" of the die! pattern shown here is perhaps that vocalizing

represents a behavior somehow related to feeding behavior. The diel pattern in

vocalizations is similar to the diel vertical migratory pattern of many krill species

and it matches anecdotal evidence from whalers that found whales with fuller

stomachs in the early morning and evening. Furthermore, if Aroyan et a! 's (2000)

modeling of sound production in blue whales is correct, then blue whales need to

be relatively close to the surface (between 10-40 m depth) to produce B

vocalizations. The number of vocalizations recorded per hour increased at the same

time that one resource (krill) is moving closer to the other necessary resource for

blue whales air. By matching the die! behavior of their prey with acoustic

behavior, blue whales may be maximizing their exploitation of two resources at the

same time.
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Chapter 6

WHY DO BLUE WIHIALES VOCALIZE: A THEORETICAL DISCUSSION

Two primary motivators drive many behavioral patterns of animals: those

associated with feeding and those associated with reproduction. At certain times

during the life history of animals, be it annually or once in a lifetime, one of these

two motivations may dominate the other. Large whales are not an exception to this

pattern. The most obvious example of this is the vast migrations that many, if not

all, species of large whale undertake yearly from breeding grounds where feeding

may not occur at all to more northerly feeding grounds.

Could the vocalization behavior of blue whales be related to either of these

motivators? What follows is a discussion of the possible behavioral function(s) of

vocalization in the blue whale that results from combining the diel pattern

discussed in the previous chapter with other observed behavioral patterns of both

blue whales and their prey species.

On the one hand, blue whales have been shown to vocalize year-round,

including during the "feeding season" at high-latitude locations. There is a diel

pattern in vocalizations that matches the diel pattern of blue whale prey. Because of

this, it might be hypothesized that vocalizations are somehow related to feeding

behavior. On the other hand, vocalizations are usually produced in long, patterned

sequences that resemble "song." This suggests that vocalizing is a male
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reproductive display. Of course, it could be some combination of both of these

possibilities or it could include an entirely different explanation such as contact

vocalizing or acoustic imaging of the environment. Each of these possibilities will

be explored below.

In general, large whales were seen by whalers to feed either early in the

morning andlor in the evening with less feeding activity in the middle of the day

(Nemoto, 1959; Ingebrigtsen, 1929; Nemoto, 1970). This matches the vertical

migration patterns of some zooplankton species which have been described as

rising towards the surface just after sunset, either sinking or actively migrating

downwards around midnight and then rising towards the surface again just before

dawn (Cushing, 1951).

Although there were no direct nighttime observations of baleen whales, the

relative fullness of the stomachs of dead whales provided further evidence for die!

patterns in feeding. Baleen whales caught in the early morning and late evening had

more food in their stomachs than those caught mid-day (Nemoto, 1955; Nishiwaki

and Oye, 1951; Nemoto, 1959; Hylen and Holm, 1965). Atlantic sei whales

(Balaenoptera borealis) were found to feed at the surface in the evening or early

morning in relation to the diel vertical migration behavior of their prey

(Ingebrigtsen 1929).

These same observations have been noted more recently by ecological

studies of baleen whales (Tershy, 1992; Winn et aL 1995; Croll et al. 1998;

Fiedler et al., 1998). There is a strong correlation between diel patterns in marine
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mammals and the diel patterns of their prey. Just as the distribution of baleen

whale prey has been shown to influence the distribution of whales, so does the

behavior of the prey influence the behavior of whales? Northern right whale

(Eubalaena glacialis) dives monitored by radio telemetry showed inter-annual

differences that could be correlated to the depth of their prey. In 1988, dive

durations of right whales were longer during the day (when copepod patches were

near the ocean floor) than night (when copepods migrated towards the surface)

(Winn et al 1995). In 1989, when copepod patches were close to the surface

during the day, right whale dives were shorter than the previous year (Winn et al

1995). Bryde's whales in the Gulf of California fed more at dawn and twilight

while fin whales fed throughout the day (Tershy, 1992). Blue whales have been

shown to follow the surface-ward migration of krill at sunset (Cr011 et al 1998;

Fiedler et al 1998).

Other krill eaters show similar diel patterns to the blue whale vocalizations

discussed here. Gentoo penguins (Pygoscelis papua) feed primarily on Euphausia

superba in the Antarctic. These krill exhibit daily vertical migration in the water

column where they rise towards the surface at night and descend to greater depths

during the day (Mauchline and Fisher, 1969; Mauchline, 1980). Penguin foraging

dives were to depths of 40 m at dawn and twilight and over twice that distance in

the middle of the day (Williams et al 1992). Another hill eater, the fur seal

(Arctocephalus gazella) displayed the same pattern as the penguin: dives at night

were shallower than during the day and the animals dived more commonly at
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twilight and dawn (Croxall et al 1985). Southern elephant seal (Mirounga leonina)

females, which do not eat hill but forage upon lu-ill-eating squids also showed a

diel diving pattern similar to the Gentoo penguin and fur seal in the Antarctic

(Jonker and Bester, 1994).

Why might the diel pattern seen in vocalizations be related to the diel

patterns seen in feeding behavior and prey behavior? If the Aroyan et al (2000)

model is correct, then the physical process of engulfing a school of euphausiids is

incompatible with sound production. Sound production in the presence of food,

however, might be an example of blue whales using a food call. Food calls are

generally produced upon the discovery of some food source and advertise this

discovery (Clark and Mangel, 1986; Valone, 1993; Valone, 1996). They are often

made when animals are out of visual range (Caine et al 1995; Valone, 1996).

Although sharing information about an energy source with conspecifics may cost

the advertiser in terms of the amount of food s/he may lose to other individuals,

there are clear benefits to sharing this information. A blue whale need not be

actively eating to announce the presence of food to other blue whales.

Benefits to sharing information about food patches include a decreased risk

of predation, the possibility of attracting potential mates, maintaining the

cohesiveness of a group, indirect fitness benefits from attracting kin and increased

efficiency at finding and exploiting patchy resources by sharing information.

Blue whales probably do not have to be too concerned with predation risk.

Although killer whales (Orcinus orca) are probably the primary predator of blue
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whales, accounts of killer whales preying upon blue whales are relatively rare

(Perryetal 1999).

For many animal species, food call production is correlated with the

quantity andlor quality of the food discovered (Caine et al 1995; Valone, 1996).

Krill swarms that are dense enough to support blue whales are temporally and

spatially patchy events. However, the physiological, physical and environmental

factors that influence swarm formation tend to result in multiple swarms in the area

under the influence of these factors (Komaki, 1967; Simard et al., 1986; Smith and

Adams, 1988; McClatchie et a! 1994). Therefore, the presence ofone patch of krill

should indicate the presence of others. If blue whales are, indeed, foraging in a

group, then they may find krill patches faster and experience an overall lower

variation in feeding rate than if they were foraging alone. Distant group members

can use the passive reception of food calls to learn of the location of prey patches,

assuming that resources are not spatially predictable (Payne and Webb, 1971;

Valone, 1989). This group foraging might, as presented by Payne and Webb

(1971), allow blue whales to exploit food sources in different locations and at

different times of year and not miss out on potential breeding opportunities.

Can the repetitive, patterned nature of blue whale vocalizations be

considered song? The production of long, patterned, repetitive songs is generally

associated with male breeding displays. This type of behavior has been described

most notably for humpback whales (Payne and McVay, 1971) but also for fin

(Watkins et al., 1987) and bowhead whales (Ljungblad et al., 1982). In all these
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species, singing is believed to be a seasonal behavior that corresponds with the

presumed breeding season. There is evidence of singing outside of the breeding

season but this behavior is limited (Mattila et a! 1987; Clapham and Maflila, 1990;

Norris et al 2000). Although reproductive displays such as the song of the

humpback or bowhead whale may occur on the feeding grounds, these displays are

thought to be practice or renmant behaviors that do not last throughout the feeding

season (Gendron and Urban, 1993; Swingle et al 1993; Tyack and Clark, 2000;

Clapham and Mattila, 1990).

Blue whales in the northeast Pacific produce long patterned sequences of

A-B vocalizations year-round, although in different geographic regions (Stafford et

al 1 999a). Although their breeding system is not well known, data from females

killed by the whaling industry show that blue whales in both hemispheres calve and

mate during that hemisphere's late fall and winter. Gestation lasts 10-11 months

and females give birth every 2-3 years (Yochem and Leatherwood, 1985).

Because the A-B vocalizations are produced year-round, it seems unlikely

that the repeated patterns of AB AB AB are a male breeding display. In other

species known to produce sounds that are acoustic reproductive displays, these are

only produced seasonally. However, it is possible that variations of this AB theme

may prove to be an equivalent blue whale song. Although the usual vocalization

sequence for blue whales is an A vocalization followed by a B vocalization, in

some regions, and the eastern tropical Pacific in particular, one A vocalization may

be followed by 2 or more B vocalizations. As many as 13 B vocalizations (Stafford,
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unpublished data) have followed one A vocalization from recordings in the eastern

tropical Pacific. Fin whales in the Atlantic make a variety of different vocalizations

at different times of the year. 20 Hz pulses are recorded at other times of year, but

not in the very regular patterning seen in the winter months. The patterned 20 Hz

pulse of this species has been postulated to be a male reproductive display in the

winter (Watkins, 1981). If, as the model presented by Aroyan et al (2000)

suggests, the production of B vocalizations is energetically more expensive, then

perhaps the pattern of one A vocalization followed by multiple B vocalizations is

indicative of greater male fitness (cfChu and Harcourt, 1986). Females may prefer

males who can produce a greater number of B vocalizations. There is a large body

of literature on other species that shows that more vigorous male displays are

preferred by females (cfSearcy and Andersson, 1986; Ryan and Keddy-Hector,

1992). Future work may show that A vocalizations followed by series of B

vocalizations are be a reproductive display in the blue whale.

In most mammalian systems, males produce acoustic displays whereas

females tend to produce olfactory signals that indicate breeding receptivity

(Bradbury and Vebrencamp, 1998). While olfaction may be useful on land, any

chemical signals produced in the ocean may be too quickly diluted to be detected.

Cetaceans have greatly reduced olfactory bulbs and nerves in their brain (Morgane

and Jacobs, 1972) that suggests that female whales do not advertise their

reproductive state via chemical signals. It has been noted by Kraus (1991) that

female northern right whales produce vocalizations in surface-active groups that
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advertise her reproductive condition to males (Clark, 1990, Kraus, 1991) and that

playbacks of southern right whale sounds can attract males from distances of

several miles away (Tyack and Clark, 2000).

It has been proposed, without attributing vocalizing behavior to one sex or

the other, that cetaceans may use long-distance acoustic communication to

synchronize reproductive or other behavioral activities (Payne and Webb, 1971;

Herman and Tavolga, 1980). This would free individuals from the need to be in a

set place at a set time in order to take advantage of breeding opportunities. A group

of animals in acoustic contact should be able to join at will and migrate to

different destinations in different years particularly if this allows them to more fully

exploit feeding and/or breeding opportunities (Payne and Webb, 1971).

Schoenherr (1991) reported on "abnormally large" numbers of blue whales

in Monterey Bay in the late fall of 1986. These animals fed both on surface swarms

and deep-scattering layer aggregations of krill for over a month. The late-season

presence of these blue whales was attributed to an extended upwelling period

which may have affected the distribution of euphausiids and allowed them to be

exploited by blue whales. Blue whales were found where concentrations of krill

were greatest. At the end of this anomalous upwelling period, krill biomass in

Monterey Bay declined and blue whales were no longer seen there. This episode

may represent an example of whales being able to take advantage of a feeding

opportunity that would be considered out to season without losing contact with

conspecifics and therefore possibly losing out on future breeding or other feeding
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opportunities (Payne and Webb, 1971).

Other possibilities for the function of vocalization that do not fit well into

any of the categories mentioned above include contact calls between conspecifics

or acoustic imaging of the environment. In many vertebrate species individual

vocal recognition is used for offspring and mate recognition (Beer, 1970; Marler

and Hobbett, 1975; Tooze et aL, 1990; Reby et aL, 1998). Unlike signature whistles

that have been found in some species of deiphinids (cfCaldwell and Caidwell,

1971; Caidwell et al 1973; Tyack, 1997), to date no unique vocalization has been

found that can be attributed to an individual large whale over long periods of time.

Fin whales may use vocalizations to maintain contact with nearby whales while out

of visible range (McDonald et al 1995). This is similar to the contact calls used by

nocturnally migrating song birds (Hamilton, 1962). Female elephants, which, like

whales range freely over relatively large distances, have been shown to produce

infrasonic contact calls which allow them to stay in contact with each other over

distances up to 4 km (Poole et al., 1988; Langbauer et al., 1991). Elephants can

therefore maintain what Payne and Webb (1971) described as "range herds":

populations that remain in (acoustic) contact over large portions of their habitat.

This concept of social organization has yet to be proven for baleen whales but is an

intriguing idea.

Another possible function for these blue whale vocalizations might be to

image the environment. It possible that bowhead whales use the echoes of their

vocalizations off ice to navigate around the ice during their migration (Clark, 1990;
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Tyack and Clark, 2000) and that blue whales may be able to image large portions

of an ocean basin by use of low-frequency vocalizations (Tyack and Clark, 2000).

Infrasound might be used as a sort of sonar to provide information about water

depth, how far and how large major features of the ocean such as seamounts are, or

they might be used to locate other whales or perhaps dense schools of fish or krill

(Payne and Webb, 1971; Premus and Spiesberger, 1997; Clark and Tyack, 2000;

Frazer and Mercado, 2000).

Throughout the discussion of the possible behavioral functions of blue

whale sounds, the underlying assumption has been that they serve to communicate

information over relatively long distances. Because blue whales are a relatively

pelagic species, direct observational comparisons of acoustic behavior with visually

observable behavior have been difficult to obtain. Instead, indirect methods can be

used to compare behavioral patterns in the hopes of finding a "match." However,

these indirect methods are incapable of providing proof of cause-and-effect. The

data as presented may not 'disprove' any implied correlation nor can they prove

one without direct experimental evidence.

In the absence of specific experiments designed to test the role of

vocalizations in blue whales, there are further studies that can be undertaken to

examine vocalizing behavior. These include comparing call rates of blue whales in

different locations and seasons. The data presented in Chapter 5 are from a region

where blue whales may both feed and reproduce. The same study using data from

the northern Pacific, where presumably blue whales are only feeding, should be
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compared to the results presented from the ETP to determine if this pattern holds

wherever blue whales are recorded. Additionally, a comparison of the proportion of

B to A sounds in northeastern Pacific vocalization types recorded in different parts

of the North Pacific might provide finer-scale information on geographic andlor

seasonal variation in sound production. A higher proportion of B to A sounds in

the ETP could be interpreted as a breeding display pattern. These relatively simple

tests that use available data might suggest further avenues of inquiry and can be

applied to data from other oceans.
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Chapter 7

SUMMARY

Blue whales are a wide-ranging cosmopolitan species that has been found in

all of the world's oceans. Their apparent preference for pelagic habitats has made

it difficult to assess whether or not almost 40 years of international protection has

led to increases in populations that were greatly reduced by commercial whaling.

The question of the recovery of an endangered species such as the blue whale is

important not just because United States law currently mandates recovery, but also

because these animals play a role in larger ecological systems (Katona and

Whitehead, 1988). Monitoring signs of such a recovery has been the focus of many

research efforts. Most of these have involved traditional methodologies such as

shipboard and aerial line-transect surveys that are expensive, time-consuming and

restricted by weather and light conditions and, most importantly, the behavior of

individual animals. These studies tend to be focused in small areas for short periods

of time.

Much of the body of this dissertation is based on the use of acoustic survey

techniques for monitoring large whales, and specifically, blue whales. The use of

acoustic detections of blue whale calls is presented here to provide a very broad

view of whale occurrence and seasonality in the North Pacific over relatively long

time spans. The advantages of this method include being able to remotely monitor

widespread areas at all times of day and year for whale vocalizations. Additionally,
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the animals are monitored while underwater, where they spend most of their time.

There are, of course, limitations to acoustic survey methods that include not

knowing the proportion of animals vocalizing at any one time and therefore being

unable to extrapolate the number of whales present from the number vocalizing at

any one time. One of the more obvious limitations is that if animals are present in

an area but are not making any sounds, they will not be detected in an acoustic

survey. Therefore such surveys can only document where whales are when they are

vocalizing. Although this is an obvious caveat, it bears emphasis.

The results presented here begin with a general survey of whale call types

recorded in the ETP. The data from the six hydrophones provided the first ever

acoustic look at whale sounds in this region. Blue whales had been seen in the ETP

during different seasons and different locations so the population(s) to which those

animals might be attributed was unknown. Analysis of acoustic data showed that

two known blue whale call types were recorded and two other unknown, but

probable blue whale, call types were also detected. Since the publication of Chapter

2, one of those call types, attributed in Chapter 2 to "southern" blue whales was

recorded in the presence of a blue whale off Peru (Norris and Barlow, 2000). The

different geographic and seasonal patterns of the different blue whale vocalizations

identified supported a separation of northern and southern hemisphere animals.

This type of large-scale survey that served to identify the presence and seasonality

of different whales in the ETP should be applied to other areas of the ocean where

large whales might be found. These areas may be too remote or have inclement
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weather to be regularly visited or the density of animals may not be well enough

understood to merit the time and money of a large-scale visual survey. Areas of

interest in the North Pacific include the Gulf of Alaska where blue whales were

regularly taken by whalers, and off the coasts of Japan and Korea where a

geographically distinct population of blue whales may have existed prior to

commercial whaling (Forney and Brownell, 1997).

Once call types have been identified as occurring in specific regions at

specific times of year, the next step is to examine the call characteristics and

seasonality of these calls to learn more about the population. The third chapter of

this dissertation demonstrated that the two types of blue whale calls recorded in the

North Pacific show geographic variation. The northeastern Pacific blue whale

vocalization type is recorded in the eastern Pacific and not the western Pacific. The

northwestern Pacific call type is recorded in the northwestern Pacific and only very

rarely in the eastern Pacific. Both of these vocalization types are recorded in the

central Pacific and, as such, cannot be completely isolated. This strong geographic

variation in whale calls in the same ocean basin strongly suggests that the blue

whales making these sounds belong to (at least) two different populations.

However, although the acoustic data presented here support this assertion, they do

not prove it. Therefore, obtaining in situ data such as identification photographs

and biopsies for DNA analysis are necessary to quantitatively determine if eastern

and western North Pacific blue whales are distinct.

The eastern North Pacific blue whales are the best studied in the Pacific.
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Nearshore line transect and photographic identification studies have been

undertaken numerous times in recent years off the coast of central and southern

California (Barlow, 1995; Calambokidis et al., 1990). These efforts have provided

the first post-whaling population estimate for blue whales. Until recently, it was

thought that this population of blue whales ranged from California during the

summer to Baja, California, Mexico during the winter. These animals are known to

produce the northeastern Pacific vocalization type (Thompson et aL, 1996; Clark

and Fristrup, 1997). The acoustic results presented here documented that the

northeastern Pacific vocalization type is recorded from at least as far north as

Vancouver Island, Canada all the way to the equator. A comparison of the seasonal

reception of this vocalization type between the ETP and the northeast Pacific is

complementary: acoustic detections are made in the late summer-early winter in the

north and the winter-spring in the south. This pattern shows that northeastern

Pacific blue whale calls are produced year-round and supports the north-south

migration oftheseanimals between these two areas. Recent photographic

identification and satellite telemetry studies have shown that blue whales from the

California feeding areas do move as far as Vancouver Island Canada, and down

into the ETP (Chandler et al., 1999; Mate et aL, 1999). The hydrophone moored at

8oN 95oW records thousands of blue whale calls during the winter and spring. This

area would be a good candidate for deployment of a smaller scale survey in order to

detennine the number of calling animals based on acoustic tracks. These data could

be compared with other data such as the tracks of telemetered animals, or combined
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with a visual survey for a comparison of numbers of animals, movements, and

visually versus acoustically observed behaviors (cfClark and Fristrup, 1997).

Acoustically observed behaviors were the topic of the final paper of this

dissertation. A diel pattern in call rate (calls/hour) and call occurrence was found

for data from the ETP. More blue whale calls were recorded during dark than light

hours with the most calls recorded during twilight hours. This increase in call rate

occurs at the same time in the evening that many krill species are migrating

towards the surface of the ocean and the morning decrease matches that time when

krill move back down in the water column as the sun rises. These are also the times

when whalers documented whales' stomachs as being more 'full' than at other

times of the day. Although superficially, it seems that vocalizing behavior is

related to feeding behavior, physical and behavioral factors need to be accounted

for before this can be confirmed. This quantitative analysis of one aspect of

vocalizing behavior underlines how little is known about the function of

vocalization in blue whales.

Despite the holes in current understanding of the behavioral function(s) of

vocalizations in the blue whale, these vocalizations can be used to learn more about

their occurrence in large areas of the ocean and over long time spans. Although

these data present a very broad overview of geographic, seasonal and die! variation

in blue whale vocalizations, this overview can be successively narrowed to address

questions of interest. These questions can be as simple as where are blue whales

found during any month of the year to more complicated explorations of the role of
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vocalizations in the behavioral ecology of blue whales. The best way to begin to

answer these sorts of questions is an interdisciplinary approach that combines

acoustic, visual, telemetric and molecular methodologies.
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