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Series Preface for Modern Acoustics and Signal Processing

In the popular mind, the term “acoustics” refers to the properties of a room or other
environment — the acoustics of a room are good or the acoustics are bad. But as
understood in the professional acoustical societies of the world, such as the highly
influential Acoustical Society of America, the concept of acoustics is much broader.
Of course, it is concerned with the acoustical properties of concert halls, classrooms,
offices, and factories - a topic generally known as architectural acoustics, but it also
is concerned with vibrations and waves too high or too low to be audible.
Acousticians employ ultrasound in probing the properties of materials, or in
medicine for imaging, diagnosis, therapy, and surgery. Acoustics includes
infrasound - the wind driven motions of skyscrapers, the vibrations of the earth, and
the macroscopic dynamics of the sun.

Acoustics studies the interaction of waves with structures, from the detection of
submarines in the sea to the buffeting of spacecraft. The scope of acoustics ranges
from the electronic recording of rock and roll and the control of noise in our envi-
ronments to the inhomogeneous distribution of matter in the cosmos.

Acoustics extends to the production and reception of speech and to the songs of
humans and animals. It is in music, from the generation of sounds by musical instru-
ments to the emotional response of listeners. Along this path, acoustics encounters
the complex processing in the auditory nervous system, its anatomy, genetics, and
physiology — perception and behavior of living things.

Acoustics is a practical science, and modern acoustics is so tightly coupled to
digital signal processing that the two fields have become inseparable. Signal pro-
cessing is not only an indispensable tool for synthesis and analysis, it informs many
of our most fundamental models for how acoustical communication systems work.

Given the importance of acoustics to modern science, industry, and human wel-
fare Springer presents this series of scientific literature, entitled Modern Acoustics
and Signal Processing. This series of monographs and reference books is intended
to cover all areas of today’s acoustics as an interdisciplinary field. We expect that
scientists, engineers, and graduate students will find the books in this series useful
in their research, teaching and studies.

William M. Hartmann
Series Editor-in-Chief
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Preface

Listening in the ocean is not as novel as many scientists and the general public may
believe. The US Navy began installing listening stations with limited objectives in
the ocean in the early 1950s. The then highly secret Navy’s Sound Surveillance
System (SOSUS) consisting of arrays of bottom-mounted hydrophones was created
to detect, localize, and track Soviet submarines during the cold war. In 1993 the
Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO) was created and a
plan was developed to have 11 hydroacoustic stations with bottom-mounted sensors
to detect seismic and acoustic waves from nuclear detonation any place in the world.
These hydrophones cabled to shore stations have been located in remote locations
around the world since 1997. Many current passive acoustic monitoring tools
evolved from the work of geophysicists who used long-term monitoring system of
bottom-mounted low-frequency seismic sensors. They were able to detect blue and
fin whales that emitted very low-frequency sounds between 10 and 20 Hz. The work
of these geophysicists led directly to the creation of a variety of passive acoustic
monitoring systems that can detect underwater acoustic signals from the infrasonic
to ultrasonic range.

Today we know that the ocean is far from a silent world. Thanks to the ever-
increasing technological tools available to marine scientists, we know that the ocean
is filled with sounds produced by a wide array of biotic, abiotic, and anthropogenic
sources. Marine mammals are of course well-known contributors to oceanic sound-
scapes, but so are many species of fish and invertebrates, as are wind, waves, rain,
ice, eruptions, and earthquakes. It is increasingly clear that sound is fundamental to
many biological processes in the sea, including communication, sensing, naviga-
tion, and orientation. So it is against this backdrop of realization that we have begun
to consider the role of another source of sound: the rapidly increasing levels of
human generated noise in the ocean.

We are still only at the beginning of our efforts to understand how all the con-
tributors to marine soundscapes interact and ultimately affect life in the ocean, but
we have made considerable progress worth noting and discussing. The convergence
of new knowledge, new technology, and an increasing concern for marine habitats
led to an unprecedented rise in interest in listening to the sea over the past decade.



vi Preface

As it became clear how important sounds are in the marine environment, scientists
and engineers began intensive efforts to develop new tools and to record marine
habitats throughout the world. In this book we have collected the experiences of
several of the researchers who pioneered this recent revolution in marine acoustic
investigation. We are well aware that the number of contributions and contributors
to this field of research is increasing almost daily, so this book will eventually only
be a reference point of where the state of the art stood during the middle part of this
decade. A similar volume will undoubtedly be necessary only a few years from now.
However, for the time being, we believe that the findings and experiences described
here represent the cutting edge of the science as it stands today and we hope that you
will ultimately agree that sometimes the best way to learn is to listen.

Kaneohe, HI, USA Whitlow W.L. Au
Makawao, HI, USA Marc O. Lammers
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Chapter 1
Introduction: Listening in the Ocean

Whitlow W.L. Au and Marc O. Lammers

Abstract The use of passive acoustic monitoring (PAM) to detect aquatic life con-
tinues to increase because PAM devices can be deployed in remote areas and can
operate for months or years at a time in a programmed manner to control the record-
ing time, the duration of each recording, and the time to “sleep” to preserve battery
power. This introduction will discuss the early history of these tools, their architec-
ture, their uses, and the organization of this book. The architecture of almost all
PAM devices is similar in that a microcontroller is used to manage the analog to
digital conversion process, the flow of data from either a buffer or directly into stor-
age, and the mode in which the PAM will be used. There are basically two main
modes, a continuous mode in which data are collected continuously and a pro-
grammed or duty-cycled mode. Some acoustic tags are designed just for short time
applications (hours or several days) and are attached by suction cups on swimming
animals. This book contains chapters from different researchers discussing some of
the interesting and exciting findings they have made by listening in the ocean.

1.1 Introduction

One of the best ways of studying animals living in an inaccessible environment is
to use autonomous remote devices that can sense the presence of animals, their
movements, activities, and daily patterns. If information is desired on a 24-h basis
then the best type of sensor would be an acoustic recorder that can be programmed
to turn on at specified intervals for a specified duration and not be on continuously
in order to conserve battery power and storage space. The process of turning a
device on at a specified interval is commonly referred to as duty cycle. Various
types of autonomous passive acoustic recorders (PARs) have been developed to
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2 WW.L. Au and M.O. Lammers

study both marine and terrestrial animals. Another more popular terminology for
such devices is the acronym PAM (passive acoustic monitor) although in truth these
devices are really recorders. These two terminologies will be used interchangeably
in this volume.

Starting around 1994, PARs have been used to study marine mammals in the
deep ocean and have unveiled a cornucopia of information and understanding of
marine life that had not been known or suspected. The purpose of this book is to
share some of the amazing and interesting discoveries of life history and life
cycles of dolphins, whales, fish, crustaceans, and other organisms that produce
detectable sounds in a single volume. We have assembled the leading experts in
this field to elucidate their research and finding. Hopefully, as the use of PARs
continues and newer types of PARs are developed with increased capability, this
volume will be but the first of future volumes on not only the use of PARSs to study
marine life but also terrestrial life on our planet.

1.2 Early History

There has been a continual evolution in the development of PARs over the years, but
many do not realize that we have our geophysicist colleagues to be thankful in
developing the precursor to the modern PAR and pushing the remote recording tech-
nology further. Among the various interests of geophysicists is the detection and
localization of low-frequency seismic signals that propagate on the ocean floor. In
any long-term study, researchers would just as soon deposit a package that can col-
lect data over as long a time period as possible and retrieve the package at a later
date to access the data. Byrne et al. (1987) at the Hawaii Institute of Geophysics
developed a recording package that would eventually detect the signals of some
baleen whales. They developed a special automatic gain control circuitry that pro-
vided 132 dB of dynamic range to extend the 40 dB dynamic range of an analog
magnetic tape cassette tape recorder (a standard procedure in the HIG Ocean-
Bottom Seismometers). The tape recorder motor was slowed down so that 14 days
of operation could be achieved with a single C-90 cassette tape. Then a time-delayed
circuit was used to sequentially turn on a series of five cassette recorders after a
13-day delay between the turn on of the previous recorder to the next recorder, thus
providing 1 day of overlapping data from the previous recorder. The recording sys-
tem provided 66 days of continuous recordings with an analog bandwidth of
approximately 44 Hz.

Duennebier et al. (1987) reported on the low-frequency noise levels, signal-to-
noise ratios, and noise sources detected by the geophone system discussed by
Byrne et al. (1987). They reported the detection of a “large biological source.” At
the time, they were not aware of the characteristics of different baleen whale calls
but later Duennebier described the sounds as coming from fin whales (personal
communications). Other geophysicists began to report on the presence of baleen
whales on various types of bottom-mounted Seismometers between 1994 and
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1995 (McDonald et al. 1995; Matsumoto and Fox 1996). The geophysicists’ com-
munity also continued to devise different methods to gather their data which
eventually paved the way to the first generation of modern autonomous remote
passive acoustic recorders developed mainly to record the sounds of whales and
dolphins.

1.3 The Anatomy of Modern Autonomous Remote
Underwater Acoustic Recorders

There are a host of different models and type of autonomous remote underwater
acoustic recorders developed by research institutes, universities, and commercial
endeavors. Some of the vintage models that arrived on the scene during the 1994—
1997 period include the Haruphone (designed by Haruyoshi Matsumoto at the
Hatfield Marine Science Center in Oregon), the Lcheapo (developed at Scripps
Institute of Oceanography), the Cornell University Pop-up, and the Greenridge
bowhead whale recorder (Greene 1997). These were some of the first PARs that
moved from a tape technology to microcontroller technology. The anatomy of a
typical PAR is shown in Fig. 1.1. Some of the first microcontrollers used were the
Tattletale 7 and 8 manufactured by Onset Computers and the CF1 and CF2 from
Persistors Instruments, Inc. The hard drive consumes the most power. In some
models, the compact flash serves as an intermediate low-power storage device and
data are transferred to the hard drive only when the compact flash reaches a

Battery Pack

\/ \V4 /
Hydrophone Micl?t;zn:n.)lller Compacft Flash
Ampffilter : > attletai N o

AFI,D Persistor CF1 & 2 7| solid state mem
DSP processors

Laptop hard disk

Fig. 1.1 Anatomy of an autonomous remote acoustic recorder



4 WW.L. Au and M.O. Lammers

predesigned storage level. This process is important in minimizing the use of the
hard drive and conserving power while not losing any data. The Cornell University
Pop-up, using a Tattletale 8, was the probably the first system designed specially
to capture whale sounds. Today there are a number of different types of PAR that
are commercial available or available through different types of agreements
between research institutes and university laboratories.

The major differences in the capabilities of the various types of PARs include
differences in the sampling rate of the analog-to-digital (A/D) converters, the fre-
quency range of the hydrophones, the amount and type of data storage, power
requirements, and size. Some are specialized mainly for certain types of animals
while others are more general in scope. Some are packaged in ways that have certain
depth limitations; however, the internal electronics can be repackage in more robust
housings for deeper depth with hydrophones suited for the desired depth. There is
one PAR, the C-POD that does marine mammal monitoring in a totally different
manner. The C-POD is designed to detect cetacean click signals and logs the time,
center frequency, sound pressure level, duration, and bandwidth of each click and
stores the results instead of the acoustic signal. This technique minimizes the
amount of storage space needed and can monitor the environment continuously. A
small memory size of 4 GB will last for approximately 4 months.

1.4 Examples of Three Early PARs

1.4.1 Cornel Pop-Ups

The Cornell Bioacoustics Laboratory developed an autonomous remote acoustic
recorder that can be deployed to a depth of 6000 m and later retrieved by sending a
special acoustic signal from the surface to detach it from its mooring, allowing it to
pop up to the surface, and hence was given the name “pop-up”. The electronics
consist of a Tattletale 8 microcontroller from Onset Computer Corp. that has an
onboard 8-channel analog-to-digital converter with a throughput of 100 kHz to
acquire acoustic data from the hydrophone that is connected to it, with the data
being stored on 128 GB of compact flash memory and eventually to hard disks. A
schematic of the pop-up subsystems is shown in Fig. 1.2 with the electronics housed
in a 17-in diameter glass sphere. The microcontroller can control the turn-on and
record phase and the turn-off and sleep phase under software control. Therefore, the
battery power can be minimized and the unit deployed for an extended period until
either the capacity of the hard drive is reached or the batteries are drained.

A deployed pop-up is connected to an anchor with a stainless steel wire which
can be “burned” to release the pop-up form the anchor. Acoustic communications
from the surface to the pop-up occur with the use of a surface controller unit and a
hydrophone. When the pop-up receives the appropriate signal from the surface, it
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(a)

data acqudion
PIRF O A S

(b)

Fig. 1.2 (a) Schematic of the “pop-up” and (b) a pop-up in a shipping container

acknowledges by emitting its own acoustic response signal. Depending on what
signal is sent from the surface vessel, the pop-up responds either with its acoustic
response alone, or by triggering the burn wire to release the anchor. A VHF radio
beacon is housed with the pop-up unit which will begin transmitting as soon as the
unit reaches the surface and the antenna is out of the water. A high-intensity strobe
light is also automatically turned on when the device reaches the surface so that the
unit can be easily spotted and retrieved. Once the pop-up is retrieved, the unit can be
refurbished by removing the hard disk, and downloading the acoustic data to a com-
puter. The information on the disk reformatted or is then erased, the disk reformat-
ted or replaced, new batteries are installed, and the unit is ready for redeployment.

1.4.2 Scripps HARP

Scripps Oceanographic Institute has long been involved with developing remote
autonomous seafloor data loggers, mainly for geophysical research, and eventually
developed the LCheapo (Tattletale-8 system) around 1998. This trend eventually led
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HARP Seafloor Package

Hydrophone

Flotation ~1.5mx ~1.5m x ~1.5m

~200 kg dry weight

Hydrophone on
Vibration Isolators
~10m above seafloor
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End Cap with °
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. Connectors G\“-"“ P

_ Frame Flotation -
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-
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Ballast  Pressure Case
Battery Weights
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Fig. 1.3 (a) A schematic of the HARP system deployed on the ocean bottom, (b) the internal
configuration of the HARP recording package

to the development of a seafloor data logger for recording baleen whale calls and
songs, the ARP (Acoustic Recording Package) in 2003. The ARP sampled at a low
frequency of 500 Hz. However, it served as the precursor for the highest sampling
rate seafloor acoustic recording system today, the HARP (high-frequency acoustic
recording package), to perform continuous long-term monitoring in remote loca-
tions under various weather conditions and independent of daylight (Wiggins and
Hildebrand 2007). Development of the HARP was motivated by the need for a
broader-band, higher-data capacity system capable of autonomously recording
toothed whales and other marine mammals for long periods. A picture of the HARP
system deployed on the bottom is shown in the left panel of Fig. 1.3 and the HARP
module acoustic package is shown in the right panel of Fig. 1.3. The acoustic
recorder is controlled by a 32-bit 20 MHz Motorola microcontroller with an Analog
Devices 16-bit A/D converter used to digitize acoustic signals detected by the
hydrophones. The sampled data are stored temporarily into a data buffer consisting
of 16 2 MB SRAM chips until about 30 MB of data are collected and then the data
are sent to one of 16 laptop type hard drives for permanent storage via an Ethernet
10BaseT link. A total of 1.92 TB of data storage capacity is available so that 55 days
of continuous sampling at a sample rate of 200 kHz can be achieved. Lower sam-
pling rates will allow for longer total recording time and so would scheduled sam-
pling where the recorder is turned on for a period of time between off or sleep
periods.
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The HARP comes with two hydrophones, one for low frequencies from 10 Hz to
2 kHz and a high-frequency one from 1 to 100 kHz. An International Transducer
ITC-1042, spherical omni-directional transducer is used for the high-frequency
hydrophone. The low-frequency hydrophone consists of six cylindrical Benthos
AQ-1 transducers connected in series for increased sensitivity. A 40-dB gain pre-
amp is used for the low-frequency recordings and an 80-dB gain preamp is used for
the high-frequency recordings. Both signals are prewhitened for the frequency vari-
ation of typical ocean ambient noise.

1.4.3 HIMB/PIFSC Ecological Acoustic Recorder (EAR)

The ecological acoustic recorder (EAR) was developed jointly between the Hawaii
Institute of Marine Biology (HIMB) and the Pacific Islands Fisheries Science Center
(PIFSC) and has been used in the field since 2006. It was designed to be a bottom-
moored passive acoustic logger with a capability for long-term monitoring of the
underwater ambient sound field (Fig. 1.4). The EAR is a digital recorder based on a
Persistor™ CF2 microprocessor. It is a low-power system that records continuously
or on a programmable duty cycle and is also capable of responding to sounds
detected within a pre-adjustable bandpass filter. It offers a maximum sampling rate
of 125 kHz.

s

Fig. 1.4 Left—EAR packaged for mounting on the bottom of the ocean, right—Internal electron-
ics showing a mixed signal preprocessing board with analog amplification-filtering and analog-to-
digital conversion controlled by a Persistor CF2 microcontroller
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1.5 Acoustic Recording Tags

There is another class of autonomous acoustic recording devices that are small and
light enough to attach to animals in the field using support structures that are con-
nected to suction cups. The architecture of such tags is essentially the same as
shown in Fig. 1.1 with different microcontrollers and solid state memory.

1.5.1 The Bioacoustic Probe/Accusonde

Many marine animals rely on acoustics to capture prey, avoid predators, reproduce,
and navigate, yet we know very little of the type of acoustic signals marine mam-
mals encounter in the open ocean. The ocean is a very noisy environment, especially
at low frequencies. In order to measure and record the noise field that marine mam-
mal swims in, Burgess et al. (1998) developed the compact acoustic probe (CAP)
which was a data logger controlled by a TattleTale 7 with a 340 Mb hard disk
enclosed in a 36 cm long, 10 cm diameter cylindrical hydrodynamic housing capa-
ble of withstanding 2000 m depth. It was first used with northern elephant seals to
monitor the low-frequency sounds from the ATOC (acoustic thermography of ocean
climate) source as tagged elephant seals would swim in the vicinity of the source
(Fletcher et al. 1996). These seals regularly haul out on land, allowing easy access
for attachment and recovery of instrumentation packages. These animals migrate
annually, swimming thousands of kilometers north and west from California and
during this migration they experience a wide variety of acoustic environments (Le
Boeuf et al. 1993).

Eventually, the CAP gave way to the biological acoustic probe (Bprobe) shown in
Fig. 1.5. It combines a hydrophone, pressure (depth), temperature, and acceleration
sensors, a data acquisition unit, data storage, and a field replaceable battery in a sin-
gle, self-contained package. The heart of the Bprobe is a programmable microcon-
troller chip. A 16-bit A/D converter that can sample the hydrophone output at rates up
to 20 kHz and stores the results in a 1 GB flash memory is used. The user can select
a hydrophone amplifier gain of 0, 10, and 20 dB. The Bprobe can be programmed to

PRESSURE TRANSDUCER
THERMISTOR
ACCELEROMETER (OPTIONAL)

576-MB OR 1-GB
FLASH-MEMORY MASS STORAGE

HYDROPHONE

32CM(1.25IN) }~—

LITHIUM BATTERY
INFRARED TRANSCEIVER
IN PRESSURE HOUSING SIGNALING LED

MAGNETIC SWITCH (ON/OFF/RESET)

| 19.3 CM (7.6 IN) |

Fig. 1.5 Picture of the Bprobe (courtesy of W. Burgess)
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Fig. 1.6 An elephant seal
carrying an instrumentation
package preparing for its
winter migration (courtesy
Burney LeBeouf)

sample at specified intervals for a specified duration and between sampling intervals
the probe can be put to sleep to conserve battery power. A total of approximately 41 h
of operation time can be achieved. The probe is small, light weight, and is encapsu-
lated in polyurethane epoxy. Communication with the probe for setting of the A/D
sampling rate and the hydrophone gain are done via an infrared serial link that oper-
ates at a speed of 5.3 kB/s.

With this instrumentation package, researchers can determine if diving marine
mammals make active sounds, measure the frequencies and levels of sounds diving
seals encounter in their environment, and have the acoustic data related to diving
behavior of elephant seals (Burgess et al. 1998). A picture of an elephant seal carry-
ing a Bprobe on its back is shown in Fig. 1.6. An example of the acoustic signal
received by a seal is shown in Fig. 1.6, with the depth of dive shown above the color
sonogram. Most of the received signals had frequencies in the range of 20-200 Hz.
Snapping shrimp, cetacean sounds, boat noise, seal swim strokes, and heart beats
are clearly audible in some of the data. Flow noise, correlated with swim speed,
suggests that optimal time for acoustic sampling would be when the seals are swim-
ming slowly. Results of several deployments have indicated that it is also feasible to
obtain long-term, reliable, quantitative, and noninvasive cardiac monitoring of ele-
phant seals and other marine mammals. This capability has been an important bonus
to the project.

In 1997, three early versions of the Bprobe were mounted on northern elephant
seals just prior to their annual migration from California to Alaska. Two of the pack-
ages were recovered after over 4 months at sea (Burgess et al. 1997). The hard disks
contained measurement of pressure, temperature, ambient noise as well as acoustic
signatures of swim speed, swim stroke rate, respiration, and cardiac function. One
subject swam across the northeastern Pacific averaging 58 dives per day with a maxi-
mum dive depth of 780 m during the 26 days that the logger batteries supported data
acquisition. The other subject swam along the West Coast, diving 81 times per day with
a maximum dive depth of 770 m. The results suggest that electroacoustic packages
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Fig. 1.7 Example of the acoustic signal received by the instrumentation package on a diving ele-
phant seal (courtesy of W. Burgess)

offer a comprehensive and reliable means of sampling acoustic stimuli and associ-
ated behavior for free-ranging marine animals over long periods at sea (Fig. 1.7).

A unique application of the Bprobe was devised by Thode et al. (2004) in which
a number of them were used as the element of a vertical line array to measure the
songs emitted by humpback whales in Australian waters. The use of Bprobes in an
array configuration allows for a tremendous amount of flexibility since the sensor
spacing can be readily changed and the requirement of a multiconductor power and
signal carrying cable is eliminated. In order to utilize this “insta-array,” Thode et al.
(2004) had to develop a procedure to time-synchronize the recorded data to within a
ms or less. The raw acoustic data may be offset in time by several seconds because
they cannot be precisely activated at the same time. Thode et al. (2004) first made
use of an external broadband signal that would allow synchronization of the probes
spaced 3 m apart to with 10 ms, by calculating the cross-correlation function of the
signals measured by a pair of probes. They next utilized a global inversion algorithm
to maximize the fit between measured acoustic data and the output of a propagation
model, a process referred to as “geoacoustic inversion” or “focalization” (Collins et
al. 1992). Finally, they were able to exploit the spatial coherence of ocean ambient
noise. Providing that the Bprobes are not spaced too far apart, there should be a high
correlation of the ambient noise recorded by each probe. The relative difference in
timing of each probe can be determined by cross-correlating the signals from each
probe with the other probes in the array. The tilt in the line array caused by current
was also monitored so that correction for tilt could be made.
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1.5.2 Digital Acoustic Recording Tag: D-tag

Another successful acoustic tag or probe that was developed by Mark Johnson at
Woods Hole Oceanographic Institute (Johnson and Tyack 2003) is called the D-tag.
It has a complementary function to the tag developed by Burgess. It too uses a DSP
module to control acoustic data acquisition and storage as well as the measurement
of various parameters such as acceleration, depth, temperature, orientation, and
magnetic field strength. The principle differences between the Bprobe and the D-tag
are imbedded in the design objectives of both tags. The Bprobe was designed to be
deployed over a long period of time in the order of months and be used with animals
that emit low-frequency sounds and encounter low-frequency noise. The D-tag was
designed to measure high-frequency sound emissions on a continuous basis for a
short period of time in the order of several hours. Sampling rates as high as 196 kHz
for a 12-bit A/D have been achieved with the D-tag and still higher sampling rates
are being considered (Tyack, personal communications). The D-tag was designed to
be flexible in terms of modifications and therefore not necessarily “user” friendly
except to a small cadre of well trained users. The Bprobe sacrificed flexibility for
user friendliness and simplicity in operation. The D-tag is packaged in a bag of oil
so that modifications can be done as needed. A picture of the D-tag electronics is
shown in Fig. 1.8. A complete tag with suction cup mounts is shown in Fig. 1.9.
A burn-wire attachment between the housing and the suction cup is used to release
the vacuum seal so that the tag can be released off the animal.

The Dtag has been used with northern right whales, sperm whales (Johnson and
Tyack 2003), Blainville’s beaked whales, Mesoplodon densirostris, and Culvier
beaked whales, Ziphius cavirostris (Johnson et al. 2004; Madsen et al. 2005). The
deployment of the Dtags on the beaked whale resulted in some very interesting
data, providing extremely important insights into the echolocation process of
beaked whale. One Culvier beaked whale performed one foraging dive of 50 min to
824 m. One of the Blainville’s peaked whale made six foraging dives to between
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Fig. 1.8 An encapsulated electronic package of the D-tag (from Johnson and Tyack 2003)
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Fig. 1.9 Complete tag
including plastic fairing
floatation and two suction
cups (from Johnson and
Tyack 2003)

DIAG (WHOL), photo: WCNE

655 and 975 m in 15.4 h while the tag was on the animal. The second Blainville’s
beaked whale made two deep dives to 730 and 815 m in the 3 h that the tag was
attached to the animal. Echolocation signals were not detected until the whales
were at least 200 m deep after which they clicked continuously. The Ziphius started
clicking at an average depth of 475 and stopped clicking when they started their
ascent at an average depth of 400 m. The Mesoplodon began clicking at an average
depth of 400 m and stopped clicking when they started their ascent at an average
depth of 720 m. Click intervals during much of a dive varied between 0.2 and 0.4 s.
As the whales apparently closed in on their prey, the click rate increased to about
250 clicks/s.

Johnson et al. were also able to record signals that may have been emitted by
conspecifics. Two of these signals are shown in Fig. 1.10. The spectra of the two
clicks shown in Fig. 1.10 suggest that these beaked whales emit echolocation
clicks with peak frequencies between 30 and 40 kHz, and that the spectra of the
clicks can extend beyond 45 kHz (the Nyquist frequency of the data acquisition
system). These two clicks are the widest band clicks recorded for beaked whales.
Besides measuring click from conspecifics, the D-tag has also been able to detect
the echoes from prey and other organisms (Madsen et al. 2005). The outgoing
signal (measured in the back of the sound source) and the echo from a prey are
shown in Fig. 1.11.



1 Introduction: Listening in the Ocean 13
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Fig. 1.10 Waveforms and spectra of echolocation clicks seemingly emitted by conspecifics (a)
Ziphius cavirostris and (b) Mesoplodon densirostris (from Johnson and Tyack 2004)

1.5.3 A-Tag

Akamatsu et al. (2000) used a simple tag to study the echolocation behavior of the
finless porpoise (Neophocaena phocaenoides) and the Chinese river dolphin, baiji
(Lipotes vexilolifer). A peak-hold circuit is used to capture the peak output of the
echolocation signal and the peak is recorded by a Sony ICD-80 integrated circuit
recorder. With this simple device, the time of occurrence and peak amplitude of
echolocation signals could be recorded. During nonecholocation periods greater
than 1 s, the recorder was turned off to conserve battery power. The data logger was
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Fig. 1.11 An echolocation signal measured by the D-tag located behind the blow hole of a
Blainville’s beaked whales (Mesoplodon densirostris) and the corresponding echo from a prey
(from Madsen et al. 2005)

used by capturing the subject, attaching the tag with a suction cup, and then releas-
ing the animal. A second tag or data logger that measured behavioral information
such as depth, swim speed, and the tilt angle of the subjects was also attached to
subjects (Akamatsu et al. 2000).

The A-tag was originally developed to observe biosonar behavior by tagging on
dolphins and porpoises in the wild. In recent years, the A-tag has been applied for
acoustic transects to count the number of dolphins and porpoises, and for long-term
stationed observations. The A-tag can be attached on a rope towed from a boat, on
a pipe fixed beside a water break, or on an animal using a suction cup. The A-tag is
enable to record sound pressure at each hydrophone as well as the sound source
direction calculated by the sound arrival time difference between two hydrophones
(Akamatsu et al., 2005). Identification of each sound source can be used to discrimi-
nate each phonating animal individually. The A-tag is a small and stand-alone sys-
tem. The water resistant body of the A-tag sizes 21 mm in diameter and 108 mm in
length + external stereo hydrophones (see Fig. 1.11). All of the data are stored in the
flash memory of the A-tag and are downloaded after retrieval. The A-tag works up
to 40 h by CR2 lithium battery (standard type) and 1 month by two D cells for long-
life stationed deployments (optional).The A-tag does not record the sound wave-
form. It is an event recorder of each pulse having a sound pressure level over the
preset detection threshold level, although the 70 kHz high-pass filter on the A-tag
rejects undesired low-frequency noise. Chapter 10 by Dr. Tomonari Akamatsu, the
driving force in the development of the A-tag, will discuss the design and applica-
tion of the tag with considerably more details (Fig. 1.12).


http://dx.doi.org/10.1007/978-1-4939-3176-7_10

1 Introduction: Listening in the Ocean 15

/-

[Supporting plate | 7~ [ VHF transmitter |
J— 1 [
—y

10 cm

Fig. 1.12 Drawing of one version of the A-tag and its placement on a finless porpoise

1.6 Discussion

1.6.1 Current State of Development

The field of electronics and computer technology continues to expand rapidly, espe-
cially in the area of cell phones and mobile devices, and PAM developers have taken
good advantage of the new microcontrollers with higher speed, lower power require-
ments, and more versatility. Coupling this growth with the growth in electronic
memory and the development of loss-less data compression algorithms has fueled
the development of second and third generation PAM devices. The first generation
of PAM devices used laptop hard drives which require almost all the battery power
in a PAM device. Today, these laptop drives have been replaced by electronic mem-
ory which require considerably less battery power. New microcontrollers have more
programmable capabilities so that the microcontroller can perform more functions,
including supervision of multichannel data acquisition and data management and
data flow. Since about 2010, a host of new PAM devices, too many to list without
the danger of excluding some, have become commercially available. These all use
more advanced and powerful microcontrollers than the first generation of devices.
They all use solid state memory such as SD memory cards which can be stacked to
increase storage space. Solid state memories not only use considerably lower power
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than laptop hard drive but are much faster so that faster data acquisition can be
achieved with less of a need for large buffer memory.

The use of single-channel PAM has provided much important data and informa-
tion and has allowed researchers to gain a comprehensive understanding of how
marine mammals utilize their environment. The next step in the development is to
have multiple PAM devices that are synchronized so that whales and dolphins can
be localized and tracked in three-dimensional space. Drift in the crystals that control
the clocks within individual PAM is the major culprit in this area so that multiple
PAM devices who’s clocks have been synchronized before deployment will no lon-
ger be synchronized as the time of deployment increases. One way to handle the
synchronization problem is to have a surface buoy extending from PAM devices
deployed on the bottom that will receive GPS timing information. However, in
many if not most application, having a surface buoy is not desirable because of the
danger of damage or theft. Having a cable extending from the ocean bottom to the
surface will also present a potential hazard to the marine mammals that are being
studied. If a surface buoy is integrated with a PAM device, there is the possibility of
near real-time data acquisition using a satellite link or radio transmission back to a
land base. In order to utilize radio links, it would be best if the microcontroller could
process received data in real time and develop a summary report, such as the num-
ber of detections of particular species over a specific time interval while the prepro-
cessed data are stored on-board in electronic memory. In such a system, the amount
of data that will be sent via a radio link would be minimized. Such an approach has
been taken by use of the Sea-Glider (Klinck et al. 2012). An Iridium satellite trans-
mission was made every time the glider surfaced and directed its tail containing the
antenna toward the sky.

1.6.2 Organization of This Book

This book will focus mainly on results of observations of different species of marine
animals, with a heavy emphasis on cetaceans recorded in different areas of the world
by different devices as in Chaps. 2—14. The second chapter discusses the use of the
HARUphone in research on blue whales. The HARUphone was probably the first
autonomous portable passive recording buoy used to study animal sounds in the
ocean. It was developed for seismic research by scientists at the Pacific Marine
Environmental Laboratory of the US National Oceanic and Atmospheric
Administration at the Oregon State University Hatfield Marine Science Center.
They were first deployed in the Gulf of Alaska as early as spring of 1996 (Matsumoto
and Fox 1996; Fox et al. 2001) and it soon became apparent that baleen whale sig-
nals, especially blue whales signals, were being recorded.

Another early PAM device developed and deployed in 2000 was the Acoustic
Recording Package (ARP) (Wiggins 2003) which was used mainly to study baleen.
Like the HARUphone, the development of the ARP had a seismic research origin as
seismologists from Scripps Institute of Oceanography realized that baleen whales
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calls were being recorded on their seafloor array of seismometers (McDonald et al.
1995). The development of the ARP was soon followed by the most sophisticated
autonomous recorder, the HARP (high-frequency acoustic recording package) by
the Scripps group (Wiggins and Hildebrand 2007). Two noteworthy features of the
HARP are its high sampling rate of 200 kHz and its high data storage capacity of
2 TB which included data compression. Some of the results from research using the
ARP and HARP are discussed in Chap. 3.

Chapters 4—7 will discuss results obtained with the three different types of PAM
devices. Chapters 4 and 5 will discuss signals from marine animals in different eco-
system in the western Pacific. Sounds from snapping shrimp, fish, and odontocetes
in a coral reef environment recorded using an EAR will be the subject of Chap. 4,
while Chap. 5 will focus on echolocation or biosonar signals used by deep diving
odontocetes while foraging. Results from recordings with the Environmental
Acoustic Recording System (EARS) buoy mainly used in the Gulf of Mexico will
be the subject of Chap. 6. The CPOD and TPOD are PAM devices that operate on a
different principle than the devices discussed in Chaps. 2—6. They are designed to
detect echolocation clicks within an adjustable band-passed frequency range and
the results of their use will be discussed in Chap. 7.

Cabled acoustic observatories have been in existence since the early 1960s for
military applications in the form of the SOund SUrveillance System (SOSUS).
However, the data collected by SOSUS arrays have not been available except under
exceptional circumstances to a civilian scientist. In recent years there have been a
number of beaked whale strandings that have been linked to Navy mid-frequency
sonar activities (D'Amico et al. 2009) and so the Navy has installed a hydrophone
array system entitled Marine Mammal Monitoring on Navy Ranges (M3R) in sev-
eral Navy underwater ranges in U.S. waters. Chapter 8 discusses some results of
detecting and tracking beaked whales with the M3R system.

A unique observatory in Antarctica titled “The Perennial Acoustic Observatory
in the Antarctic Ocean” with an emphasis of on pinniped sounds that is a cabled
system with a radio link to a base station at which batches of data are transmitted to
a home station in Germany via a satellite link will be covered in Chap. 9. This will
be followed by a chapter on the seasonal presence of five species of baleen whales
in Hawai’ian waters obtained by the Station Aloha Cabled Acoustic Observatory
that is moored close to the bottom at 4700 m depth at a distance of about 100 km
north of the island of Oahu, Hawaii.

Pinniped sounds recorded in the polar ocean in the artic is the topic of Chap. 11.
A Passive Aquatic Recorder (PAL) was used to collect some of the pinniped sounds.
The PAL is a unique PAM in that it collected four series of sounds of 1024 points at
a sampling rate of 100 kHz (Nystuen et al. 2010). Each sample is separated by 5 s,
and the FFT of each series is calculated and compressed to 64 frequency bins and
stored on disk. The whole sequence of event required 15 s. The PAL was originally
developed to collected ocean environmental acoustic signals.

The sounds produced by deep dwelling fishes are covered in Chap. 12 followed by
sounds recorded from benthic shrimp in Chap. 13. Chapter 14 will be devoted to the
information obtained with an acoustic tag on different species of dolphins.
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The last chapter on signal processing will wrap up this book. The last chapter is espe-
cially important since the recorded sounds are only valuable if scientific results can
be extracted from them. Therefore, signal processing techniques are the lynch pin
that determine the value of passive recording. Most recordings will contain noise and
the challenge is to detect and classify sounds in the presence of noise. Noise is a fac-
tor in all recordings because sound from animals that are far away will be affected by
noise. There is no escape from this and the amount of noise on the recordings will
determine how far away specific animals can be detected and identified.
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Chapter 2
A Review of Blue Whale Studies
from HARUphones in the Pacific

Kathleen M. Stafford

Abstract The earliest long-term monitoring of low-frequency signals of large
whales was via cabled military arrays. These arrays provided valuable new data but
were restricted in the locations that were monitored and there was no open access to
the data collected. In order to monitor the low-frequency signals of large whales in
different areas and over shorter time scales, Haruphones, single hydrophone, auton-
omous recording packages, were developed by the Pacific Marine Environmental
Laboratory of the US National Oceanic and Atmospheric Administration and
deployed in the Gulf of Alaska and the eastern tropical Pacific. By integrating the
acoustic data from these broadly spaced deployments with other data streams, new
discoveries about blue whales in the eastern Pacific Ocean were made. These
included establishing the geographic range and migratory patterns of eastern north
Pacific blue whales; establishing that the eastern tropical Pacific appears to be a blue
whale “hot spot” where as many as four, but primarily three, acoustic populations of
blue whales occur; determining that the Gulf of Alaska is a region where eastern
and western North Pacific blue whales overlap in space and time; and showing that
blue whale calling behavior has a diel pattern whereby animals produce more
sounds at night than during the day. In aggregate, these data show that passive
acoustic monitoring is a valuable tool for establishing blue whale population iden-
tity, determining habitat range, and studying behavioral ecology over long time
periods and in remote regions of the ocean.

2.1 Introduction

Many of the first long-term recordings of baleen whale sounds came from military
arrays placed in different oceans to listen for the acoustic signatures of submarines
(Nishimura and Conlon 1994). Those recordings contained thousands of low-
frequency signals of unknown origin. Based on the seasonal occurrence and repeti-
tion rates of these signals, they were believed to be produced by “unknown biological
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sources.” As recordings were made in the presence of large whales, these sources
were identified as different species of baleen whale. Probably the most written about
were the “20-Hz pulses” recorded around the world and later attributed to fin whales
(Balaenoptera physalus). Second to these were the “long 20-Hz pulses” that have
since been identified as blue whale (B. musculus spp.) vocalizations. In general,
most signals produced by the great whales are relatively long (1-20 s) and of low
frequency (<1000 Hz). Although these signals share the characteristics of being low
frequency (often overlapping in bandwidth), and therefore capable of long-distance
propagation, the best studied stereotyped signals are readily distinguishable to spe-
cies. The development of “dual use” of the Integrated Undersea Surveillance System
(IUSS) allowed scientists access to these acoustic time series (Nishimura and
Conlon 1994). This allowed multiple species of baleen whales to be acoustically
monitored remotely over great temporal and spatial scales at fixed locations on these
ocean bottom arrays (cf. Thompson and Friedl 1982; Clark 1995; Clark and Fristrup
1997; Clark and Gagnon 2002; Stafford et al. 2001; Mellinger et al. 2000; Watkins
et al. 2000, 2004; Charif et al. 2001; Mellinger and Clark 2003).

2.2 Haruphone Deployments

In order to monitor seismic signals in other oceans of the world and over shorter
time scales, single hydrophone, autonomous recording packages (sometimes
called Haruphones) were developed by the Pacific Marine Environmental
Laboratory of the US National Oceanic and Atmospheric Administration (Fox
et al. 2001). These instruments can be deployed in any ocean of the world, usually
in the sound channel. Each instrument is an autonomous recording package that
writes acoustic data to an on-board hard drive and is moored in or near the sound
channel axis. Unlike long-term cabled arrays, the instrument and mooring hard-
ware have to be recovered in order to access the data. Further, the recording pack-
age acquires data from a single, omni-directional hydrophone. By deploying
multiple instruments in an array, sound sources can be localized in postprocessing,
depending on the spacing of the instruments and the frequency of the signal of
interest. Haruphones were designed to be deployed for 1-2 years. Since their
development, the sample rate of these instruments has varied from 100 Hz to
2 kHz (0.1-40 Hz and 0.1-970 Hz), and 1-2 byte resolution. The long-term
deployments of these instruments have provided surprising new data on large
whales from remote areas of the globe, including the Pacific, and illustrate the
power of passive acoustic monitoring over broad temporal and spatial scales. In
this review, results from the deployment of Haruphones in the eastern tropical
Pacific (ETP) and the Gulf of Alaska (Fig. 2.1) are presented with a particular
focus on blue whales.
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Fig. 2.1 Locations (red stars) of Haruphones moored in the eastern Pacific Ocean. Blue shading
shows approximate distribution of eastern North Pacific blue whales. Red and yellow shadings
show approximate distribution of eastern South Pacific and western North Pacific blue whales
respectively. Note the overlap between the acoustic populations of blue whales

2.3 Studying Blue Whales with Passive Acoustic Monitoring

Blue whales are a wide-ranging species found in all of the world's oceans. Their
apparent preference for pelagic habitats has made it difficult to assess whether or
not over 50 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



24 K.M. Stafford

recovery of different populations have been the focus of many research efforts and
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. For over the past
two decades or so, the use of passive acoustic monitoring has become increasingly
important in understanding the seasonal and geographic occurrence of large whales.

The use of acoustic detections of whale calls has been useful in providing a very
broad view of whale occurrence and seasonality in the Northeast Pacific over rela-
tively long time spans. The advantages of this passive acoustic monitoring include
being able to remotely monitor widespread areas at all times of day and year for
vocalizations of multiple species and acoustic populations of whales. Additionally,
animals are monitored while underwater, where they spend most of their time. Finally,
while blue whale calls throughout the world share the characteristics of having long
(>10 s), low-frequency (<20 Hz) notes, the sounds they make are geographically dis-
tinct such that different “acoustic populations” have been suggested as a means to
distinguish among blue whales (Thompson et al. 1996; Stafford et al. 1999a, b, 2001;
Mellinger and Clark 2003). Stereotyped call types recorded in the eastern North
Pacific (ENP) consist of a two-part phrase, often called AB where the A call is a series
of low-frequency pulses and the B call is a long, low-frequency tonal (Fig. 2.2a).
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Fig. 2.2 Spectrograms of four blue whale call types recorded in the Pacific Ocean. (a) Eastern
North Pacific AB phrase; (b) Eastern South Pacific phrase; (¢) Three Antarctic 28 Hz calls; (d) Two
western Pacific calls. Phrases from ENP and ESP blue whales are multipart, frequency and ampli-
tude-modulated signals whale and those from the Antarctic and the western Pacific are simple,
frequency-modulated signals
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The eastern North Pacific blue whales are the best studied in the world.

Near shore line-transect and photographic identification studies have been under-
taken numerous times off the coast of central and southern California (Calambokidis
and Barlow 2004) and provided one of the first postwhaling population estimates
for blue whales. It was thought that this population of blue whales ranged only from
California during the summer to Baja, California, Mexico during the winter.
Acoustic recordings of these animals were all of the northeastern Pacific vocaliza-
tion type (Thompson et al 1996; Rivers 1997; Clark and Fristrup 1997). This same
call type was also recorded off Oregon, Washington and Vancouver Island, Canada
(Stafford et al. 2001). Acoustic data, in combination with photo ID and satellite
telemetry, have shown that the range of this population is much greater and extends
from the equator up to the far northern Pacific.

Blue whales had been seen in the ETP during different seasons and different loca-
tions during shipboard surveys in the 1970s—1980s. Initially these sightings were
attributed to wintering animals from the California/Mexico stock (Berzin 1978;
Wade and Friedrichsen 1979). Because they were seen in the region year-round, it
was thought that these animals might be a resident population of blue whales or pos-
sible animals from a southern hemisphere population (Reilly and Thayer 1990).

In 1996, the first Haruphones were deployed in the ETP on either side of the East
Pacific Rise in order to monitor seismicity in this area (Fox et al. 2001). Six instru-
ments were first deployed in May (Fig. 2.1). Because they were “listening” for high
amplitude, low-frequency earthquakes, these instruments were spaced widely apart
in three lines at 8° N, 0°, and 8° S and 95° W and 110° W. This spacing was too
great to detect the same signal from an individual baleen whale so each of the six
locations represents a discreet sampling region. Although the instruments were
deployed for a study of seismicity, when the data were recovered, there were whale
calls on every instrument, including blue whales.

Northeastern blue whale calls were recorded on the very first day the instrument
at 8° N 95° W sampled data and were detected on almost 80 % of the days during
the first year of deployment. Detection of these calls was highest from November
through May and lowest from June through October (Fig. 2.3). More calls were
recorded per day and during more days per month during the northern hemisphere
winter and this pattern was complementary to that of the same call type at more
northerly latitudes. This correspondence, combined with decreasing detection of
this call type at the more southern hydrophones, strongly suggested that at least
some of the blue whales seen during visual surveys were from the “California/
Mexico” stock, that this population produced AB calls year-round, and that their
distribution extended south from Mexico to the tropical Pacific off central America
supporting the idea that the ETP might be a possible wintering ground for these
animals (Stafford et al. 1999a, b). Presently, in part due to these acoustic results, the
population is no longer referred to as the California/Mexico stock and is known as
the Eastern North Pacific stock (Carretta et al. 2010).

However, although ENP blue whale call types were recorded in many months of
the year in the ETP, they were recorded mostly on a single hydrophone, that at 8° N
95° W in proximity to the Costa Rica Dome. Blue whales had been seen on either
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Fig. 2.3 Seasonal occurrence in percentage of days per month with calls for three different acous-
tic populations of blue whales in the eastern tropical Pacific: eastern North Pacific (blue), eastern
South Pacific (red), and Antarctic (green)

side of the equator during shipboard surveys and in months when there were few or
no AB calls recorded. A survey of the other five hydrophones in the array revealed
the acoustic presence of an additional three call types that have since been defini-
tively attributed to blue whales. The most commonly recorded, after the ENP AB
calls, were two call types that closely resembled the signals that were the first blue
whale calls ever identified. These were three to four part amplitude-modulated and
frequency-modulated notes recorded off southern Chile in 1970 (Cummings and
Thompson 1971; Fig. 2.2b) and the recordings from the ETP were the first time
these calls had been “heard” since they were first recorded. This “eastern South
Pacific” (ESP) call type was recorded most commonly on the hydrophones at the
equator and at 8° S 95° W, due south of the equator from the hydrophone that
recorded the greatest number of ENP calls. These signals were recorded primarily
from March through August (Fig. 2.3; Stafford et al. 1999b). This seasonality is
opposite of the ENP calls and, when combined with the location of the 1970 record-
ing, strongly suggests that these are southern hemisphere blue whales that migrate
northwards to the ETP during the southern hemisphere winter (Stafford et al. 1999b,
Buchan et al. 2014). The different geographic and seasonal patterns of the different
blue whale vocalizations identified supported a separation of northern and southern
hemisphere animals and showed that each use different regions of the ETP at differ-
ent times of year and migrate north or south during summer and fall.

The ETP is clearly an area that is an important habitat used regularly by two
coastal populations of blue whales that, despite presently considered the same
subspecies as most blue whales worldwide (B m musculus), are morphologically
more similar to so-called ‘pygmy’ blue whales (B m brevicauda). It is also, based on
acoustic detections, an area sometimes used by Antarctic blue whales (B m intermedia;
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Stafford et al. 2004). Unlike the coastal blue whales, Antarctic blue whales repeat a
simpler, single FM call that is somewhat higher in frequency than the ENP or SEP
calls (Ljungblad et al. 1998; Rankin et al. 2005; Fig. 2.2c¢). This call type has been
recorded around the Antarctic (Stafford et al. 2004; Sirovié et al. 2009). Antarctic
blue whale populations were decimated by whaling in the early twentieth century
and presently may be at less than 1 % of their original numbers (Branch et al. 2004).
Because most of the whaling was concentrated at high latitudes in the Southern
Ocean, nothing was known of the wintering grounds of these animals except that
they were believed to migrate northwards (Mackintosh 1966).

Antarctic blue whale calls were detected every year, primarily in July (Fig. 2.3),
from 1996 to 2002 at the two southernmost of the six hydrophones in the ETP
(8°S95° W and 8° S 110° W, Stafford et al. 2004). During each year, a large number
of calls were recorded over only a few days at a time suggesting that perhaps only a
few, vocal animals were in the area during that time. Simultaneous recording of the
same call type at low latitudes in the Indian Ocean (Stafford et al. 2004), and near
South Georgia in the South Atlantic (Pangerc 2010), demonstrates that there are
likely multiple wintering destinations for this population of blue whales.

The ETP is an area in which blue whales have been sighted year-round (Reilly
and Thayer 1990; Palacios 1999). Because it is nearly impossible to visually distin-
guish among subspecies, without acoustic recordings it would not be clear that
rather than a resident single population of blue whales, animals from three different
populations use this area at different times of year. Although the northern and south-
ern hemisphere populations are somewhat geographically segregated, each occurs
near the equator, albeit at different times of the year.

Similar to Antarctic blue whales, blue whales in the far North Pacific, particu-
larly the Gulf of Alaska and along the Aleutian Islands, were hunted extensively
such that no animals were seen during shipboard surveys in this region until the
mid-2000s. Like the ETP, the population affiliation of whales taken in the North
Pacific was unclear. As many as five populations were thought to occupy the whole
North Pacific. These included not only the eastern North Pacific discussed above but
also northwestern and central Pacific populations as well as an eastern Gulf of
Alaska population (Ohsumi and Wada 1973). Acoustic data from cabled hydro-
phones off Hawaii, in the western North Pacific and the west coast of the United
States up to Canada, showed that there were only two different call types recorded
in all of the North Pacific: that attributed to the eastern North Pacific population
(ENP) and a distinct call type (Fig. 2.2d) that was recorded primarily in the western
North Pacific, along the Aleutians, and off Hawaii (WNP call type, Thompson and
Friedl 1982; Stafford et al. 2001). From an acoustic population standpoint, it appears
that rather than five populations in the North Pacific there were perhaps only two: a
western North Pacific population that occurred off Kamchatka, south of the
Aleutians and Hawaii (where it overlapped in space but not time with the eastern
North Pacific population) and an eastern North Pacific population the ranged from
the equator along the west coast of North America to Canada.

To determine if blue whales might still be found in the Gulf of Alaska, and if so,
to what acoustic population they belonged, five Haruphones were deployed there
from 1999 to 2002 (Fig. 2.1). This was the first deployment of these instruments to
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Fig. 2.4 Seasonal and geographic occurrence of ENP blue whale calls in the eastern tropical
Pacific (red), off California/Oregon/Washington (blue), and in the Gulf of Alaska (green) in per-
centage of days per month with calls

specifically monitor for marine mammal vocalizations rather than for geophysical
monitoring. As with the data from the ETP, blue whale calls were detected on the
first days the instruments began recording. Both ENP and NWP call types were
recorded from August to December annually and overlapped in space and time at all
locations except on the westernmost hydrophone, closest to the Aleutian chain.
Despite this overlap, there was an east—west trend in call detections where NWP
calls were recorded more often on the hydrophones west of 145° W longitude and
ENP calls were more frequently recorded east of this longitude (Stafford 2003).

These data provide evidence that the range of the eastern North Pacific stock
extends into the Gulf of Alaska and thus covers the entire west coast of Central and
North America (Fig. 2.4). It also shows that the Gulf of Alaska is a shared habitat
for two acoustic populations of blue whales (eastern and western North Pacific) and
that there is no “eastern Gulf of Alaska” population.

The overlap of these two acoustic populations in the fall and early winter, which
is thought to be the breeding season for blue whales, suggests that acoustic call type
differences may be used as population identifiers and/or as an isolating mechanism
to prevent interbreeding between these congeners. Globally, for as long as it has
been monitored, blue whale song has been relatively stable (but see McDonald et al.
2009 and Gavrilov et al. 2012 for changes in the fundamental frequency of notes)
and this stability makes the signals robust for population differentiation. There has
only been one documented instance of a hybrid song produced by a blue whale; a
single animal in the Gulf of Alaska combined WNP and ENP units in a single song
bout (Stafford and Moore 2005). This long-term stability in song units within an
acoustic population allows the seasonal and geographic distributions and changes
therein to be monitored over broader spatial and temporal scales than is possible
using more traditional methods for assessing blue whale populations.
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Many of the call types detected for these studies were long, repeated bouts of calling
and focused exclusively on the stereotyped units known to make up parts of blue whale
song. These units are only part of the repertoire of blue whale calls and are believed to
possibly serve as a male display (McDonald et al. 2001; Oleson et al. 2007a). As far as
we know, “songs” seem to be produced by solitary, mobile animals although single A
and B units and D calls (which are higher frequency short down-swept signals, Rankin
etal. 2005) are produced by whales in feeding groups (Oleson et al. 2007a). Information
on gender and behavior has come from short-term tagging studies; data on specific
behaviors while vocalizing cannot currently be obtained from single fixed sensors.
These are the types of data needed to better understand the behavioral ecology of sound
production, not just in blue whales, but also in all large whales.

However, some behavioral aspects to sound production can be hypothesized when
the environment in which sounds are produced is understood. Unlike humpback
whales (Megaptera novaeangliae), or fin whales, for instance, that sing primarily in
the winter, blue whales produce songs year-round (Stafford et al. 1999a, 2011; Watkins
et al 2000; Sirovi€ et al. 2009; Samaran et al. 2010). Further, because they tend to be
found in areas of high productivity where food is likely available (Branch et al. 2007),
sound production could serve a role in food advertisement as has been suggested for
fin whales (Croll et al. 2002), or may be incompatible with active feeding.

The ETP, particularly near the Costa Rica Dome, is an area of high year-round
productivity. It is also one of the regions proposed as wintering or breeding grounds
for blue whales. Blue whales feed almost exclusively on krill, large zooplankton
that aggregate in immense swarms that are exploited by feeding blue whales. Most
species of krill, including those in the ETP, undertake diel vertical migrations where
they disperse surfacewards at night after spending daylight hours often in dense
patches at depth (Sameoto et al. 1987). Day—night differences in blue whale feeding
behavior have been documented by whalers and by ecological studies of blue whales
on known feeding grounds (Fiedler et al. 1998; Croll et al. 2001).

Counts of ENP blue whale calls by hour showed a diel pattern in call rate (calls/h)
and call occurrence (Stafford et al. 2005). When the data were divided into Light,
Dark, and Dusk by hour, there were significantly more calls per hour during dark
and dusk than during light (Fig. 2.5). Blue whales were calling more often in the
dark. A similar pattern was also found for singing ENP blue whales off southern
California (Clark and Fristrup 1997; Oleson et al. 2007b).

This increase in call rate occurred at the same time in the evening that many krill
species are migrating towards the surface of the ocean where they are more dis-
persed, and the morning decrease matched that time when krill move back down in
the water column as the sun rises. These are also the times when whalers docu-
mented whales’ stomachs as being more 'full' than at other times of the day. The
similarity between the diel pattern of blue whale calls and their prey behavior sug-
gests that calling in blue whales may be inversely related to foraging. When prey is
concentrated at depth, blue whales spend time feeding on this prey, and not calling.
When prey is more disperse, it may be more energetically conservative to spend this
time displaying as has been suggested for sei whales (B borealis; Baumgartner and
Fratantoni 2008). Data from tagged whales and vertical hydrophone arrays have
shown that blue whales make calls relatively close to the surface (Thode et al. 2000;
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Fig. 2.5 Diel variation in call occurrence for blue whales in the eastern tropical Pacific. Overall,
there were more calls per hour during dark (black bars) and dusk (gray bars) than during daylight
(yellow bars)

Oleson et al. 2007a) and that actively feeding whales are not likely to be singing
(Oleson et al. 2007a).

Although the information presented here provides a very broad overview of geo-
graphic, seasonal, and diel variations in blue whale vocal behavior, this overview
can provide baseline data for new questions of interest. These questions may be as
simple as where blue whales are found during any month of the year, and to which
acoustic population the calling animals belong, to more complicated exploration of
the role of acoustic signaling in the behavioral ecology of blue whales. New tech-
niques are being developed that may soon allow whale populations to be counted
using acoustic data from single hydrophones and “acoustic tags” have provided
exceptional insight into the behavioral context of signaling in blue whales. While
single hydrophone data provided the first long-term understanding of populations’
differences, deep-water habitat, and seasonal occurrence of blue whales, the best
chance for a complete understanding of acoustic ecology in these animals is via an
interdisciplinary approach that combines new methods and technologies and inte-
grates sighting, molecular, and telemetry data with acoustic recordings.

2.4 Key Findings

1. Blue whales seen in the ETP and the Gulf of Alaska are related to blue whales
off California and western Mexico. Formerly known as the California/Mexico
stock of blue whales, these animals are now considered the northeastern Pacific
stock and range all along the coasts of North and Central America.

2. The ETP is a hotspot for multiple acoustic populations of blue whales.
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(a) Eastern North Pacific.

(b) Eastern South Pacific—recordings of the same call type that was the very first
to be attributed to blue whales from off Chile.

(c) Antarctic.

3. The Gulf of Alaska is a region where eastern and western North Pacific blue
whales overlap in time and space suggesting that acoustic identification might be
used for animals from different populations to tell each other apart.

4. Blue whales produce more calls at night and during dusk hours than during the
day suggesting a partitioning of energetic effort between calling and foraging
behaviors.

This work provided new information on the population identity and migration
patterns of blue whales in the eastern North Pacific, provided the long-term infor-
mation on eastern South Pacific blue whales since 1971, and showed that two differ-
ent acoustic populations overlap in space and time in the Gulf of Alaska.
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Chapter 3
Long-Term Monitoring of Cetaceans Using
Autonomous Acoustic Recording Packages

Sean M. Wiggins and John A. Hildebrand

Abstract Autonomous acoustic recorders have advanced our understanding of
cetaceans, providing information for better models of species distribution, behavior,
ecology, and conservation. For over a decade, Acoustic Recording Packages (ARPs),
and its broader-bandwidth successor, High-frequency Acoustic Recording Package
(HARP), have been used for Passive Acoustic Monitoring (PAM) providing high-
fidelity, long-term acoustic data sets for cetacean studies. Some of these studies are
summarized below showing a wide range of applications and results including spe-
cies signal characterization, seasonal and daily presence patterns, geographic and
habitat use, population density and abundance estimations, acoustic stimuli behav-
ioral response, and swimming behavior via array tracking. Species studied include
low-frequency baleen whales and high-frequency dolphins and beaked whales.

3.1 Introduction

There are various approaches for passive acoustic monitoring (PAM) of cetacean
and other oceanic sounds. One technique uses hydrophones cabled to land-based
recording stations. In an early example of recording cetaceans, Thompson (1965)
employed a cabled hydrophone array off San Clemente Island, California to record
blue (Balaenoptera musculus) and fin (Balaenoptera physalus) whale sounds on
magnetic tape for 8 days. Thompson and Friedl (1982) used hydrophones cabled
north of Oahu, Hawaii to study 6 species of cetaceans for about 2 years showing
seasonal and migratory patterns. Cabled hydrophones have the advantage of moni-
toring in real-time, but they also have high installation and operational costs.
Portable hydrophone arrays towed or dangled from ships (Thomas and Evans 1982;
Barlow and Taylor 2005) are a similar technique that have relatively low hardware
costs, but typically only provide short duration recordings because ship and person-
nel operational costs are high.
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Autonomous acoustic recorders are another PAM tool used to monitor cetacean
sounds and are often deployed in remote locations for long periods. They consist of
a hydrophone and digital recording device, are battery-powered, and are packaged
to withstand the ocean environment, but must be recovered from the ocean to
retrieve the data for analysis. These recorders come in many different configurations
depending on scientific goals and environmental conditions. For example, instru-
ment design and costs are affected by whether the deployment location is shallow
(<100 m) or deep (>1000 m), recording duration is short (1 week) or long (1 year),
and focal species is baleen (low sample rate) or odontocete (high sample rate).

Two recording devices that were specifically designed for long-term (months to
year) acoustic data acquisition are the Acoustic Recording Package (ARP) (Wiggins
2003) and the High-frequency Acoustic Recording Package (HARP) (Wiggins and
Hildebrand 2007). HARPs are essentially enhanced ARPs that record at higher
bandwidth and therefore detect a wider range of species. ARPs have been used
worldwide since 2000 to study marine mammal sounds offshore of Alaska,
California, Hawaii and Antarctica in shallow (<100 m) to deep (>3000 m) water and
over long periods (years). From 2000 to 2006, there were 113 ARP deployments
resulting in over 38 instrument-years of low-frequency (10-500 Hz) ocean sound
recordings (Table 3.1). The maximum sample rate for ARPs was 1 kSamples s™!
(kHz), limiting the recorded animals to mysticetes and some pinnipeds. Beginning
in 2004, the HARP data logger was developed to record both mysticetes and odon-
tocetes while maintaining the long-term capabilities of ARPs. To record odontoce-
tes, faster sampling (200 kSamples s™') was employed, which led to the need for
increased data storage capacities and the need for lower power electronics to obtain
long duration recordings. Since 2006, HARPs have been recording underwater

Table 3.1 ARP and HARP number of deployments, data duration, and data quantity from 13
years of long-duration recordings

Deployments Recording Duration (days) Quantity (bytes x 10°)

Year ARP HARP ARP HARP ARP HARP
2000 23 1580 211

2001 27 3942 441

2002 26 3669 413

2003 21 2454 363

2004 11 9 835 550 119 6117
2005 3 18 863 960 75 20,918
2006 2 23 752 1167 65 26,780
2007 46 2066 61,277
2008 62 2711 86,987
2009 91 4170 125,847
2010 80 5215 167,817
2011 52 5320 184,019
2012 51 6138 230,906

Total 113 432 14,095 28,297 1686 910,668
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sounds with high-fidelity from 10 Hz up to 100 kHz, initially with 2 months of con-
tinuous data storage (Table 3.1). Development of HARP capabilities continues to
advance, for example, in 2010 loss-less data compression was employed with larger
data storage devices, boosting recording durations by a factor of five to achieve 10
month continuous recording with 100 kHz bandwidth. As of 2012, HARPs have
amassed close to one petabyte (1 x 10'° bytes) of acoustic data, with each year incur-
ring more data than the previous year (Table 3.1).

Processing and analyzing large, long-term acoustic data sets can be challenging.
Typical spectrogram evaluation for wideband (100 kHz) data can be conducted by
an analyst only near real-time because of human and computational limitations,
prohibiting the detailed analysis of long-term data sets. Automated detectors have
been useful in finding cetacean sounds in large data sets, but require extensive train-
ing to provide good performance and typically only detect sounds with known char-
acteristics, missing new or uncharacterized sounds. As an efficient alternative,
Long-Term Spectral Averages (LTSAs) provide an overview of a large data set,
along with providing a means to search for and evaluate events of interest such as
cetacean calling bouts (Wiggins and Hildebrand 2007). LTS As are essentially spec-
trograms with each time slice representing many (1000s) spectra averaged together,
allowing multiple hours or days of wideband acoustic data to be displayed on a
single page or viewing screen. Triton (www.cetus.ucsd.edu) is a software package
developed in MATLAB (www.mathworks.com) to analyze ARP and HARP data
including calculating and displaying LTSAs, but also works with standard wav
audio files. In addition to providing a long-term view of acoustic data, LTSAs pro-
vide a means of quickly accessing the original acoustic data for more detailed analy-
sis via cursor selecting events from the LTSA spectrogram. Automated detectors
can also be used on LTSAs files, for example, to identify start and end times of
calling bouts, which then can be used to define periods upon which to execute fine
scale automated detectors for individual calls, reducing overall processing time on
large data sets.

Calibrated hydrophones and recording electronics are required to determine
accurate received sound pressure levels. Received levels allow estimation of source
levels for calling animals when their call detection ranges are known. Understanding
detection ranges also can provide insights into animal communication ranges, ani-
mal foraging and navigation capabilities, and population density estimations using
distance sampling techniques (e.g., Buckland et al. 2001; Marques et al. 2009). All
ARP and HARP hydrophone sensors are laboratory-calibrated before deployment
and at the end of service life, and representative hydrophones are routinely cali-
brated at the US Navy’s transducer evaluation center, TRANSDEC, in San Diego,
California. Calibrated hydrophones also allow for studies on ambient noise and how
anthropogenic sources such as ships or airguns may mask whale calls (McDonald
et al. 2006a, 2008; McKenna et al. 2009, 2012a, b, 2013; Roth et al. 2012, 2013;
Sirovié et al. 2013a).

What follows is a summary of cetacean-related results from long-term autono-
mous acoustic recordings using ARPs and HARPs, including studies on temporal
and spatial distribution patterns, species call characteristics, and passive acoustic
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tracking. Focal species include blue and fin whales in the Southern California Bight
and around Antarctica, North Pacific right whales (Eubalaena japonica) in the
Bering Sea, Byrde’s whales (Balaenoptera edeni) offshore of southern California
and in the Gulf of Mexico, dolphins offshore of southern California, and beaked
whales throughout the North and Central Pacific.

3.2 Blue and Fin Whales

Blue and fin whales have been recorded worldwide, documenting nine different
blue whale regional call types (McDonald et al. 2006b). Some blue and fin whale
calls have been characterized as song; these are stereotyped, low-frequency (~10-
100 Hz), high-intensity (>180 dB re 1 pPa at 1 m) sounds that are produced in a
repetitive pattern. These characteristics make their calls well suited for long range
reception and allow for relatively straight-forward detection and classification.

From 2000 to 2004, five ARPs recorded baleen whale calls offshore of southern
California at Tanner and Cortez Banks around 200 m water depth. The focal popula-
tion for this study was Northeast Pacific blue whales, which migrate annually
between North American summer feeding grounds and Central American breeding
grounds. Offshore of southern California these whales produce three primary call
types designated as: A, B, and D. Types A and B are often produced in a repetitive
song sequence, are made only by males, and have been associated with reproductive
behavior, whereas type D calls are made by both genders during intervals between
foraging at depth (McDonald et al. 2001; Oleson et al. 2007a). By monitoring these
calls types over 4 years, a temporal separation between type B and D calls was
observed both seasonally and daily (Fig. 3.1) (Oleson et al. 2007b). It was found
that type D calls occur earlier in a given season than type B calls, and D calls are
produced primarily during daylight hours, correlated with feeding behavior on
aggregated prey at depth. In contrast, type B song calling was greater during night-
time with peaks during twilight periods, just after sunset and before sunrise, which
correlate with the vertical migration of the prey, when they may be less aggregated
and foraging is less efficient (Fig. 3.2) (Wiggins et al. 2005).

In a more recent study using a HARP offshore of southern California near a naval
test range, it was found that blue whales were less likely to produce D calls when
military tactical mid-frequency active sonar was present and that the response was
more pronounced when the sonar source was closer (i.e., higher sound levels) to the
animals (Melcon et al. 2012). This shows that anthropogenic noise, even at frequen-
cies well above the blue whales’ sound production range (Fig. 3.3), can change their
vocal behavior; however, the long-term consequences this disruption to blue whale
foraging is currently not well understood.

In the Southern Ocean, three long-term ARP studies were conducted to monitor
blue and fin whales: from 2001 to 2003 at seven sites off the Western Antarctic
Peninsula (WAP), at four circumpolar Antarctic locations during 2003 and 2004,
and at two locations off eastern Antarctica for 2005-2007 (Fig. 3.4). These recordings
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Fig. 3.1 Seasonal calling rates for blue B and D calls at Tanner and Cortez Banks, offshore of
southern California. Detections are grouped into 2-week bins and averaged over 4 years. Foraging-
related D calls (white bars) peak earlier in the season than song B calls (black bars) or singular B
calls (gray bars) (from Oleson et al. (2007b); Fig. 3.4)

£

w0 T - T T T T T
3

° 3f % } 1
o

5 2t {% %

o) %% %

£ 1| |
: o —H+—

& (1l $

1ot
it
2

g3t 1
T | CC— Surre sosice
5-4"
2 0 4 8 12 16 20 23

Time of day (GMT Hours)

Fig. 3.2 Daily calling rates for blue B calls at Tanner and Cortez Banks, offshore of southern
California. Detections are mean adjusted for each day. Bottom horizontal bars show day (white),
dawn and dusk twilight (gray), and night (black) periods. Peaks occur just after sunset and before
sunrise, correlated with the vertical migration times of krill, blue whale’s primary food source
(from Wiggins et al. (2005); Fig. 3.5)
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Fig. 3.3 Temporal sequence of Navy tactical mid-frequency active (MFA) sonar and blue whale
D calls. Each orange “D” represents the presence of D calls in a 5-min bin. Note D calls do not
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et al. (2012); Fig. 3.1)

Fig. 3.4 Antarctic ARP deployment locations (red symbols) for blue and fin whale call studies.
Red circles: ARPs deployed 2001-2003 near the West Antarctic Peninsula (WAP) with two on the
shelf and six in deep water (>3000 m) (Sirovié et al. 2004). Red squares: ARPs deployed 2003—
2004 around Antarctica at four sites: WAP, Scotia Sea (SS), Ross Sea (RS) and Eastern Antarctic
(EA) (§ir0vic’ et al. 2009). Red triangles: two ARPs deployed in eastern Antarctica from 2005 to
2007 (Gedamke et al. 2007)
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of blue whales near Antarctica show different patterns than those observed off
southern California. Blue whales were detected year round at both the WAP study
area and at the four circumpolar locations with peaks in March—-May and November
suggesting asynchronous migrations of subgroups between feeding and breeding
grounds (Sirovié et al. 2004, 2009). Similar results showing year around blue whale
presence and a peak calling in fall were observed using from the 20052007 record-
ings off eastern Antarctica (Gedamke et al. 2007). Daily patterns in blue whale
calling were not observed, presumably because light does not affect krill concentra-
tions in the same way as at lower latitudes.

As with blue whales, fin whales have a different acoustic presence near Antarctica
than offshore of southern California. ARP multiyear acoustic records offshore of
southern California show fin whales call year round, whereas around Antarctica
their calling is seasonal between February and June—July for the three study sites
(WAP, circumpolar, eastern) from 2001 to 2007 (Sirovié et al. 2004, 2009; Gedamke
et al. 2007). Also, as with blue whales which have different regional call types, fin
whales calls from WAP are different than those from eastern Antarctica and differ-
ent than those offshore of southern California. All three types have a call component
that sweeps down in frequency from around 30 to 15 Hz over 1 s, but the WAP type
has another component around 89 Hz, the eastern type has a component around
99 Hz, and the southern California type lacks the higher frequency component
(Gedamke et al. 2007; Sirovi¢ et al. 2009).

During the WAP study, ARPs were positioned approximately 100 km apart along
the 3000 m depth contour and were intended to be independent monitoring sites.
However, because blue and fin whales produce high-intensity calls and propagation
conditions are favorable at high latitudes for low-frequency sounds, some calls were
received on multiple instruments allowing them to be localized and source levels to
be estimated. Blue whale calls were located up to a range of 200 km using time-
difference of arrival analysis, and fin whale call ranges were estimated up to 56 km
using multipath arrival techniques (Sirovi¢ et al. 2007). Both average blue and fin
whale source levels were 189 dB re: 1 pPa at 1 m with blue calls spanning 25-29 Hz
and fin whale calls over 15-28 Hz. These source levels and detection ranges have
the potential to be used to estimate population densities from distance sampling
techniques and knowledge of calling rates.

In the eastern North Pacific, two, low-frequency downswept fin whale calls
are present: 20 and 40 Hz calls. Using HARP recordings from over 5 years in the
Bering Sea, offshore of southern California and in the Gulf of California, it was
found at all three sites that fin whale 40 Hz calls peaked 3—5 months before
20 Hz calls (Fig 3.5). This temporal offset suggests both call types need to be
monitored to provide a more complete description of their seasonal presence,
and that the temporal separation may show that these two call types serve differ-
ent purposes such as foraging (40Hz) and other social interactions (20Hz)
(Sirovi¢ et al. 2013b).
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Fig. 3.5 Percent of hours per week with fin whale 20-Hz (light gray) and 40-Hz (dark gray) calls
recorded in the Bering Sea. Black dots and right axes show percentage of recording effort when
less than 100 %, and stars at fop show mean day of calling presence for both call types (from
Sirovié et al. (2013b); Fig. 3a)

3.3 North Pacific Right Whales

Eastern North Pacific right whale populations were heavily depleted during the
commercial whaling era of the nineteenth and twentieth centuries; they are now the
world’s most endangered large whale species. Population estimates are uncertain,
but totals are less than a hundred individuals (Wade et al. 2011). Based on visual
sightings of right whales during the summer months in the southeastern Bering Sea
(SEBS), ARPs and HARPs were deployed on the Bering Sea shelf and at the shelf
break in various configurations from 2000 to 2006.

Right whale calls travel long distances on the Bering Sea shelf because of favor-
able propagation conditions provided by a uniform shallow water waveguide
(Wiggins et al. 2004). Detections ranges of approximately 200 km have been
observed, allowing autonomous acoustic recorders to monitor large regions for this
sparsely populated species (Munger 2007). Even with large detection ranges, long
duration records show calling bouts of a few hundred calls per day, that are often
separated by days to months of no calling (Fig. 3.6). These data suggest that right
whales may use the SEBS middle shelf intermittently and may be transiting through
on their way to other areas (Munger et al. 2008).

Right whales have been associated with several different low-frequency sounds.
In the Bering Sea, upsweeping frequency modulated calls from about 90 to 170 Hz
over approximately 0.7 s are the most common type. Right whales upswept calling
bouts were observed as early as May and as late as December, seasonally much
earlier and later than anticipated based on visual encounters. July to October showed
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Fig. 3.6 Seasonal calling rates for Northeastern Pacific right whales from 2000 to 2005 on the
Bering Sea middle-shelf (depths <100 m). Upswept calling bouts were observed seasonally much
earlier and later than previous visual encounters (from Munger et al. (2008); Fig. 4a)

more days per month of calling (>6 days/month) than earlier or later (<3 days/
month). Hourly calling rates were significantly higher during nighttime than during
day light hours, and most calls were clustered in temporal bouts with intercall inter-
vals between approximately 10 and 500 s (Munger et al. 2008).

The SEBS ARPs were placed as independent sites, but the same calls were
recorded on multiple instruments allowing them to be localized. These locations
were coupled with detection range estimates from shallow water waveguide model-
ing to estimate call source levels. Right whale call source levels were approximately
177 dB re 1 pPa at 1 m, acoustic transmission loss was roughly 15 xlog;, (range),
and ambient noise levels were around 70-90 dB re 1 pPa%*Hz over the right whale
calling band 90-170 Hz (Munger et al. 2011). These parameters along with detec-
tion range estimates and calling rates were used for estimating right whale popula-
tion densities from autonomous acoustic recorders in the SEBS using the distance
sampling technique, acoustic cue counting (Marques et al. 2011). A point estimate
of 25 animals (CV 29 %; 95 % confidence interval 13—47) agrees well with esti-
mates by others using photographic and genetic data with mark—recapture tech-
niques (Wade et al. 2011).

3.4 Bryde’s Whales

Bryde’s whales are typically found in tropic and subtropic regions and unlike other
mysticetes do not appear to migrate. They produce a variety of low-frequency
(65-950 Hz) moans, tones, and pulses which potentially delineate different stocks
(Oleson et al. 2003). A small population of ~15 Bryde’s whales, the only known
group of baleen whales in the Gulf of Mexico, was recorded with a HARP during an
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Fig. 3.7 Time series and spectrograms of Bryde’s whale calls in the Gulf of Mexico. (a) Be9
pulses from sonobuoy recording, (b) Be9 pulse sequence recorded on HARP, and (¢) possible
Bryde’s whale calls recorded on HARP (from Sirovic et al. (2013a); Fig. 2)

ongoing experiment to monitor the effects on marine mammals of the Deepwater
Horizon oil spill (Sirovi¢ et al. 2013a). DeSoto Canyon, in the northeast Gulf at
about 260 m depth, was the only site of three evaluated to have Bryde’s whale calls
recorded; the other two sites were about 200 km west and 400 km south. Be9 calls
(Fig. 3.7), ~140-80 Hz downswept pulses often in sequences as first described by
Oleson et al. (2003) were detected from March to January with a peak in June and
an absence in calling in November and December; no recordings were available
from late January to mid-March. Significantly more calls were detected at dusk and
night than during dawn and daylight hours.

While Bryde’s whales are typically found in low latitudes, we have been record-
ing their calls in the temperate waters offshore of southern California using ARPs
and HARPs since 2000 (Kerosky et al. 2012). In this study, the calls were observed
from summer to early winter and calling presence was found to significantly increase
over the study period from 2000 to 2010, but calling was not found to correlate with
local sea surface temperature. This seasonal pole-ward range expansion in the
Pacific is likely caused by prey availability within the California Current ecosystem,
which may be a result of climate change and oceanographic conditions.

3.5 Dolphins

A diverse group of odontocetes are found in the waters offshore of southern
California including: sperm whales, beaked whales, porpoises, and dolphins, all of
which produce echolocation clicks. The ability to differentiate between click types
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can provide insights into the foraging and migratory behaviors of these animals
from autonomous recordings. Fortunately, some clicks are distinguishable based on
their spectral and temporal characteristics allowing for click classification, such as
sperm whales. On the other hand, species-level classification of echolocation clicks
is still a topic of active research (Roch et al. 2011).

Commonly observed species of dolphins found in the waters offshore of south-
ern California include: short-beaked common (Delphinius delphis), long-beaked
common (D. capensis), bottlenose (Tursiops truncates), Pacific white-sided
(Lagenorhynchus obliquidens), and Risso’s (Grampus griseus) dolphin. Soldevilla
et al. (2008) compared the spectral and temporal properties of echolocation clicks
from ship-based single species recordings and found unique spectral peak and notch
patterns for Pacific white-sided and Risso’s dolphins, allowing species classification
in autonomous recordings. Furthermore, two distinct subsets of click types were
observed for Pacific white-sided dolphin (designated as types A and B), suggesting
two geographically distinct populations of this species occur within the Southern
California Bight with differing foraging strategies (Henderson et al. 2011).

As part of a long-term, broadband monitoring effort in the Southern California
Bight, acoustic recordings were made at six sites with HARPs sampling at 200 kHz
from 2005 to 2007. In these recordings, Risso’s dolphin echolocation click bouts
were identified based on their unique spectral structure (Fig. 3.8) and evaluated for
diel, seasonal, and geographical patterns (Soldevilla et al. 2010a). Out of a cumula-
tive total of 1959 recording days for all sites, Risso’s click bouts were observed on
739 days with the majority of bouts occurring inshore and peak occurrence at the
southern end of Santa Catalina Island (Fig. 3.9). At the inshore sites, clicks were
observed year-round with high seasonal and interannual variability, but typically

Frequency (kHz)

Spectrum Level

0 . k 04 05
Time {h)

Fig. 3.8 Long-Term Spectral Average (LTSA) of Risso’s dolphin echolocation clicks offshore of
southern California. Spectral peaks (horizontal bands) are at approximately 22, 25, 31 and 39 kHz
(from Soldevilla et al. (2010a); Fig. 3)
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Fig. 3.9 Geographical occurrence of Risso’s dolphin in the southern California Bight from 2005
to 2007. Six HARP locations are shown as pie charts with black sections representing percentage
of recording days with Risso’s dolphin click bouts. Island and near shore sites had Risso’s dolphin
clicks most often (from Soldevilla et al. (2010a); Fig. 1)

with peak occurrence in the autumn. Click rates and the hourly occurrence of click
bouts were both observed to be significantly higher at night than during the day,
suggesting increased foraging activity on diel-vertically migrating prey (Fig. 3.10).

Using the same HARP recordings as for the Risso’s dolphin study, Pacific white-
sided dolphin clicks were identified and their temporal and spatial occurrence off-
shore of southern California was investigated (Soldevilla et al. 2010b). Both Pacific
white-sided type A and type B click bouts were identified (Fig. 3.11). Type A clicks
were observed on 317 of the 1959 recording days at all six sites, whereas type B
clicks were identified on 130 recording days at only the two southern inshore sites,
supporting the hypothesis that there are two separate populations of Pacific white-
sided dolphins and that these click types are population-specific (Fig. 3.12). Seasonal
patterns show both types peak in fall-winter at the southern sites and peak in spring
for type A at the northern offshore site. Inversely related diel patterns were observed
for the two click types with type A click bouts and click rates higher at night, and
type B with higher click activity during daylight hours, suggesting specialization on
different prey by the two populations (Fig. 3.13).

Environmental variables can be combined with cetacean acoustic occurrences to
create predictive models for whale and dolphin distributions. Time-lagged predictor
variables and hourly occurrence of click types for Risso’s and Pacific white-sided
dolphins from the 2005-2007 southern California HARP recordings were investigated
using generalized additive models (Soldevilla et al. 2011). Various oceanographic
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occurs during twilight and
night (from Soldevilla

et al. (2010a); Fig. 4)
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Fig. 3.11 LTSAs of Pacific white-sided dolphin echolocation clicks offshore of southern
California. (a) Type A and (b) type B clicks with different spectral bands may be from different
populations (from Soldevilla et al. (2010b); Fig. 3)

variables were evaluated including sea surface temperature (SST), SST coefficient of
variation (CV), solar and lunar temporal indices, sea surface chlorophyll concentra-
tion (Chl), Chl CV, and upwelling indices. For all click types, SST and SST CV were
consistently selected as important variables (i.e., 80—100 % of models) with the addi-
tion of solar indices selected for Pacific white-sided types A and B (100 % of models).
The best model for Pacific white-sided type B clicks included concurrent environ-
mental data, suggesting oceanographic fronts or convergence zones aggregate prey
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Fig. 3.12 Geographical occurrence of Pacific white-sided dolphin type A and B echolocation
clicks in the southern California Bight from 2005 to 2007. Six HARP locations are shown as pie
charts with shaded sections representing percentage of recording days with type A (black) and
type B (gray). Type A clicks were recorded at each site, but type B occurred only at the southern
sites near islands (from Soldevilla et al. (2010b); Fig. 1)

Fig. 3.13 Diel patterns of
Pacific white-sided dolphin
types A and B echolocation
click bouts for the six sites
from Fig. 3.12. The
horizontal bar shows
periods of daylight (white),
twilight (gray), and night
(black). During twilight
and night, type A clicking
peaks but type B clicking
is at a minimum (from
Soldevilla et al. (2010b);
Fig. 5)

Percent of days with clicks
- N

o

0:00 6:00 12:00 18:00
Time of Day (GMT)

for foraging. Conversely, the best models for Risso’s and Pacific white-sided type A
clicks included 4-week time lagged variables, suggesting ecological succession pro-
cesses following events such as upwelling may affect foraging.

Using HARP recordings near the Aleutian Islands, offshore of Washington and
southern California, and near the tip of Baja California, high frequency downswept
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Fig. 3.14 Killer whale high frequency modulated signal spectrograms for five regions in the North
Pacific (from Simonis et al. (2012); Fig. 2)

signals from killer whales (Orcinus orca) were identified, similar to those reported
for Atlantic populations, but not previously described for the North Pacific
(Fig. 3.14) (Simonis et al. 2012). Two types of high frequency modulated signals
(~25 and ~35 kHz, 50-160 ms duration, source level ~190 dB,, re 1 pPa at 1 m)
were described as similar to bat echolocation signals and potentially could serve the
same purpose with a large time-bandwidth product that increases the signal process-
ing gain (Au 1993). As a result, these signals are more suitable than typical echolo-
cation clicks for long range detection tasks such as identifying prey and underwater
features for navigation.

3.6 Beaked Whales

More than one-fourth of all cetacean species are in the family Ziphiidae (beaked
whales), although until recently not much was known about these animals because
they are difficult to observe, spending relatively little time near the sea surface and
foraging at great depths. Recent interest in the impact of tactical Navy sonar on
beaked whales (Frantzis 1998; Cox et al. 2006) has motivated the development of
tools to aid in learning about these animals. For example, the DTAG acoustic archi-
val tag (Johnson and Tyack 2003) has provided details on the behavior of beaked
whales, including swimming, diving, foraging, and echolocating behaviors.
Furthermore, the wideband (100 kHz), deep water (>1000 m) capabilities of HARPs
has provided long duration recordings of beaked whale echolocation foraging dives
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Fig. 3.15 Time series and spectrograms of 12 beaked whale species-specific frequency modulated
pulses for known (I-1V, VI, VIII, X, XI) and unknown (V, VII, IX, XII) origin (from Baumann-
Pickering et al. (2013a); Fig. 4)

throughout the North Pacific including offshore of southern and central California,
off the coast of Washington, near the Aleutian Islands, in the Gulfs of Alaska,
Mexico, and California, around the Main and Northwestern Hawaiian Islands, and
Saipan (Baumann-Pickering et al. 2013b). These recordings include sounds previ-
ous attributed to specific species as well as ones that have been newly associated and
others that are beaked whale-like echolocation sounds but from unknown origin
(Fig. 3.15) (Baumann-Pickering et al. 2013a).

Wideband recordings were made from April 2005 to May 2006 by a HARP
deployed on top of Cross Seamount, west of the island of Hawai’i, at approximately
400 m depth (Johnston et al. 2008). The prominent signal recorded was an approxi-
mately 1000 ps, frequency modulated (FM) upswept signal starting around 40 kHz
and extending past the HARP Nyquist frequency limit of 100 kHz (Fig. 3.15X). The
general high-frequency, upswept character of this signal is similar to Cuvier’s
(Ziphius cavirostris) (Fig. 3.15IV) and Blainville’s (Mesoplodon densirostris)
(Fig. 3.15IIT) beaked whales echolocation signals (Johnson et al. 2004; Zimmer
etal. 2005) suggesting that the Cross Seamount sounds are also from beaked whales,
but likely a different species based on its significantly different signal duration,
inter-pulse interval and frequency range (McDonald et al. 2009). The Cross
Seamount beaked whale echolocation signals were shown to be present year-round
with some seasonal variability and occur almost entirely during night at Cross
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Fig. 3.16 Cross Seamount beaked whale echolocation pulse occurrence. (a) Daily and (b) hourly
presence over 1 year. The diel pattern shows echolocation (foraging) only at night (from McDonald
et al. (2009); Figs. 2 and 3)

Seamount and other locations suggesting they forage only at night (Fig. 3.16).
These sounds are hypothesized to be from M. ginkgodens based on known habitat
and comparisons to recordings elsewhere throughout the North Pacific (Baumann-
Pickering et al. 2013b).

Similar to the Cross Seamount study, a HARP was deployed at Palmyra Atoll for
approximately 1 year from October 2006 to September 2007 at about 600 m depth and
recorded FM upswept pulses from another apparent beaked whale with signal charac-
teristics differing from Cuvier’s, Blainville’s, and Cross Seamount beaked whales
(Baumann-Pickering et al. 2010). In addition to the HARP recordings, concurrent
visual observations and hydrophone array recordings were made in the presence of an
unidentified beaked whale with the array recordings including upswept FM pulses
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similar to the HARP recordings. The Palmyra Atoll beaked whale signal sweeps from
about 34 to 65 kHz, has a pulse duration of about 430 ps and inter-pulse interval of
225 ms (Fig. 3.15VIII). Additional analysis is being conducted to investigate diel and
seasonal patterns of beaked whale signals from HARP recordings at Palmyra Atoll
from 2006 to 2010. These signals, also recorded at nearby Kingman Reef, may be
from Deraniyagala’s beaked whale (M. hotaula) based on this small geographical dis-
tribution and past strandings in the region (Baumann-Pickering et al. 2013a, b).

In 2010, a HARP was deployed in the Aleutian Island region near Kiska, Alaska
at over 1000 m deep. This area is a known habitat for three beaked whale species:
Baird’s (Berardius beardii), Cuvier’s, and Stejneger’s (M. stejnegeri). FM upswept
pulses were recorded throughout the 3 month data set with no clicks matching the
characteristics from Baird’s beaked whale (Dawson et al. 1998; Baumann-Pickering
et al. 2013d) and only one click sequence from Cuvier’s beaked whale (Zimmer et al.
2005); therefore, the pulses were presumed to be associated with Stejneger’s beaked
whale which had not been previously described. The FM pulses ranged from 40 to
100 kHz with a peak frequency around 48 kHz, pulse duration of 115 ps, and a
median inter-pulse interval of 77 ms (Baumann-Pickering et al. 2013c¢) (Fig. 3.15XI).

Baird’s is the largest known beaked whale species and from two encounters were
recorded producing whistles, burst pulses, and echolocation clicks (Dawson et al.
1998). Using HARP recordings from southern California and towed array recordings
offshore of central and northern California, tens of thousands of detections were
used to characterize their echolocation clicks showing two types of signals (Baumann-
Pickering et al. 2013d). One of the signals was a beaked whale-like FM pulse with
230 ms inter-pulse interval (Fig. 3.15I). The other signal was a dolphin-like broad-
band click. Both signals’ spectra were composed of multiple frequency peaks con-
sistently around 9, 16, 25, and 40 kHz, but with varying relative amplitude.

In addition to the four species described above, and the well-known Cuvier’s and
Blainville’s beaked whales, HARPs have recorded five additional unique beaked
whale-like FM pulses (Baumann-Pickering et al. 2013a). These additional pulses
include those from Gervais’ beaked whale (M. europaeus) and four pulses of unknown
origin named BW40, BW43, and BW70 after their peak frequency, and BWG from
the Gulf of Mexico (Fig. 3.15). Uniquely identifying the signal characteristics for
these pulses allows for intra- and inter-species analysis of spatiotemporal patterns of
beaked whale sounds (Baumann-Pickering et al. 2013b), and potentially the evolu-
tionary niche separation that may have caused differences in beaked whale signals.

3.7 Tracking Cetacean

Long-term recordings from ARPs were used to localize calling blue, fin, and right
whales (above), however, these results were serendipitous as the ARPs were
deployed as independent stations and it was not anticipated that the same call would
be recorded on more than one instrument. On the other hand, autonomous acoustic
recorders can be configured into preplanned large aperture (~1-5 km) arrays to
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localize cetacean sounds, providing the recorders are time-synchronized and loca-
tions of receiving sensors are well known. While source level and detection range
estimates used for population density estimates can be derived from localizations,
locations can be combined sequentially to produce tracks which can provide infor-
mation on cetacean swimming behavior including direction, speed and response to
acoustic stimuli.

In the fall of 2007, four time-synchronized HARPs sampling at 200 kHz were
deployed in a 2 km x 2 km array on the seafloor about 800 m deep offshore of south-
ern California (Wiggins et al. 2013). Typically, odontocete echolocation clicks are
not well suited for localization in this type of array because of their narrow-beam
directional character; however, some odontocetes also produce nearly omnidirec-
tional whistles which were localized and tracked (Fig. 3.17). Bouts with large num-
bers of whistles and clicks were presumed to be from common dolphins based on
previous concurrent ship-based single species visual identifications and acoustic
recordings. Temporal analysis of these recordings showed dolphins tend to whistle
more during day and click more at night. The one month recordings provided tracks
of dolphin whistles with typical swimming speeds during daytime transiting behav-
ior of about 2 m/s, and disjointed shorter and slower tracks during nighttime, pre-
sumably related to foraging activities. Swimming behavior from tracking could
potentially be used to evaluate dolphin responses to various stimuli. Additionally, in
the fall of 2008, a similar km-scale HARP array was deployed about 400 m deep in
the same region and was used to track high frequency modulated signals from killer
whales (Gassmann et al. 2013) showing this approach can be used for other species
with nearly omnidirectional, intense signals.

In 2009, a HARP was configured with four hydrophones separated by about
0.5 m each in a small aperture array to track odontocete narrow-beam echolocation
clicks (Wiggins et al. 2012). The hydrophones were each sampled at 100 kHz and
arranged in a tetrahedron configuration. The small aperture allowed the same click
to be received on all four sensors and standard time difference of arrival processing
provided three-dimensional angles from the HARP to the sources. About 1 month
of recordings provided tracks for both near-surface dolphins and near-seafloor
beaked whales (Fig. 3.18). The ability to track free-ranging odontocetes provides a
better understanding of habitat use and ranges from these tracks can be used to esti-
mate population densities from distance sampling techniques.

3.8 Summary

Long duration autonomous acoustic recordings have provided insights into the diel
and seasonal behaviors of cetaceans. When accumulated over long periods, calls
and echolocation pulses show daily trends often related to foraging and seasonal
patterns associated with behavior and migration. ARPs and HARPs were designed
specifically to provide persistent recordings over long periods using large data stor-
age solutions. They have been used to monitor a wide range of species often in
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Fig. 3.17 Dolphin tracks from a km-scale HARP array offshore of southern California in 2007.
Filled circles are dolphin locations with shading corresponding to the time scale on the right.
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50 m increments. (a) 575 localized whistles over 50 min during daytime hours show tight cluster-
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remote and inhospitable locations for relatively low cost. HARP wideband record-
ings (100 kHz) include high-fidelity sounds from endangered blue, fin, and right
whales, rarely observed and unknown species of beaked whales, and free-ranging
dolphins with distinct click types. Long duration temporal and spatial patterns of
these sounds are being used with environmental measures to develop predictive
cetacean distribution models for ecological studies and conservation and manage-
ment efforts. In addition, ARP and HARP calibrated hydrophones have provided
cetacean source levels and detection ranges as well as ambient noise levels which
can be used with distance sampling techniques to estimate population densities.

While HARPs will continue to be used to monitor cetaceans over long periods in
fixed-point independent and large aperture array configurations, additional configu-
rations and advanced capabilities are being developed, for example, recently a
HARP has been integrated into a Wave Glider and recorded dolphin whistles and
clicks while transiting offshore of Kona, Hawaii (Willcox et al. 2009)
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Chapter 4

From Shrimp to Whales: Biological
Applications of Passive Acoustic Monitoring
on a Remote Pacific Coral Reef

Marc O. Lammers and Lisa M. Munger

Abstract Passive acoustic monitoring (PAM) can be an effective tool for studying
marine fauna in coral reefs and other ecosystems. We analyzed PAM data from 2006
to 2009 at French Frigate Shoals (FFS) in the Northwestern Hawaiian Islands. We
measured received sound pressure levels (SPL) over time within different frequency
bands from O to 20 kHz, and used automated and manual techniques to detect par-
rotfish scrapes and cetacean vocalizations. SPLs were greatest overall in the
snapping-shrimp-dominated bands above 2.5 kHz, and they increased at night and
decreased during cold months. In frequency bands <1.5 kHz, containing mainly fish
sounds (and seasonal whale song), SPL peaked at dawn and dusk. Humpback whale
song was detected in December through April; occurrence was greater during
2008-2009 than 2006-2007, possibly reflecting an increase in whale density near
FES. Parrotfish bite sounds were detected year-round, and parrotfish foraged most
actively during the afternoon. Dolphins were detected on 12-64 % of days per
month, with low levels of activity during the day that increased in late afternoon and
were highest at night. More frequent detections of dolphins in February/March
2007, October 2008, and February/March 2009 may correspond to pulses of food
availability via the mesopelagic prey community. Minke whale “boing” sounds
were detected from late October, with one or two peaks in the December—March
period; during March 2009 minke whale calls were present nearly every day. The
results provide the first long-term record of minke whales in the NWHI, and show
the potential of PAM on remote coral reefs to monitor patterns over time of many
trophic levels, from herbivores to apex predators.
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4.1 Introduction

Long-term ecological monitoring of coral reefs is crucial for assessing the effective-
ness of management efforts and documenting changes over time in reef health and
biodiversity. However, traditional visual survey techniques are labor intensive,
expensive, and logistically challenging in remote areas, potentially disruptive to
organisms, limited to daylight and good weather/sea conditions, and often provide
only a “snapshot” view of an ecosystem at a particular time. Passive acoustic moni-
toring (PAM) can be an effective and complementary tool for coral reef research and
long-term monitoring of both biotic and abiotic sound sources. Passive acoustic
recorders can be relatively cost effective (e.g., compared to ship and personnel
time), cause minimal disturbance, can operate during nighttime and poor weather
conditions, and can autonomously collect continuous data for months to years.
These data sets can provide information on the distribution, abundance, and behav-
ior of numerous species concurrently, as well as environmental conditions, anthro-
pogenic noise, and changes of the soundscape over time.

The use of sound for communication and perception of the environment is essen-
tial for many marine animals. In coral reef and other nearshore ecosystems, numerous
animal taxa such as crustaceans, fish, and cetaceans produce repeated and identifiable
sounds within a variety of behavioral contexts. The most ubiquitous sound on tropical
and subtropical reefs is produced by snapping shrimp in association with feeding (Au
and Banks 1998; Lammers et al. 2006a; Versluis et al. 2000), but sounds are known
from other crustaceans such as the defense sounds of spiny lobsters (e.g., Bouwma
and Herrnkind 2009; Patek et al. 2009; Staaterman et al. 2009) and mantis shrimp
(Patek and Caldwell 2006). Numerous fish species on coral reefs are also known to
produce sounds associated with a variety of behavioral functions, including feeding,
courtship, spawning, territorial defense, agonistic, and other behaviors (e.g., Boyle
and Cox 2009; Lobel 2002; Lobel and Kerr 1999; Lobel et al. 2010; Mann et al. 2009;
Maruska et al. 2007; Myrberg et al. 1993; Myrberg 1997; Parmentier et al. 2005,
2009; Rountree et al. 2006; Tricas et al. 2006; Tricas and Boyle 2014). Marine mam-
mal (especially cetacean) calls have been extensively characterized for many species
and populations, and passive acoustic monitoring (PAM) has become a reliable tech-
nique to investigate species occurrence and their distribution, behavior, population
structure, abundance, and ecology (Mellinger et al. 2007; Van Parijs et al. 2009).

Taken together, the cumulative “soundscape” of biological and environmental
sounds is an important feature of the nearshore environment in and of itself, and
varies distinctly between localized habitats (Radford et al. 2010). The sound signa-
ture of coral reefs has been documented to be an important attractant for the pelagic
larvae of some corals, crustaceans, and reef fish to find suitable habitats for settle-
ment (e.g., Leis and Lockett 2005; Montgomery et al. 2006; Vermeij et al. 2010),
with the component produced by snapping shrimp being the primary noise to which
some larval fish are attracted (Simpson et al. 2008). Snapping shrimp noise intensity
(and therefore the overall soundscape) varies cyclically on diel, lunar, and seasonal
time scales, as well as in response to environmental variables such as rainstorms
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(Lammers et al. 2006a, 2008a) and water quality (Watanabe et al. 2002), and may
also be a good indication of habitat quality measures such as substrate rugosity. As
such, soundscape-level patterns in acoustic activity on coral reefs can be indicative
of reef health and resilience, and ever-increasing anthropogenic noise in the ocean
may have negative impacts on reef communities over time by disrupting or masking
biologically relevant sounds.

As technology for underwater recording and storage/transmission of acoustic data
continues to advance, so does the potential for acoustic monitoring to provide valu-
able information on a range of biological, spatial, and temporal scales (Van Parijs
et al. 2009). Passive acoustic monitoring of coral reefs has the potential to provide a
wealth of information on the biodiversity, health, and change over time of coral reef
and other marine communities. In this chapter, we explore the application of long-
term PAM over a three-year period at French Frigate Shoals, a remote atoll within the
Papahanaumokuakea Marine National Monument (Northwestern Hawaiian Islands).
We examine variation of the soundscape over time by calculating received sound
pressure levels within different frequency bands, each of which broadly represents a
different group of sound-producing taxa. We then present case studies of specific
organisms whose known sounds were detected within the data sets: parrotfish feeding
scrapes and the calls/songs produced by three marine mammal taxa: delphinids,
humpback whales, and minke whales. Each of these groups represents a different
trophic level and plays an important ecological role either on the coral reef itself or
within the broader nearshore ecosystem. Parrotfish scrapes represent instances of fish
feeding on reef algae and are therefore an indicator of a primary consumer’s activity
on the reef. Cetaceans use nearshore habitats for the purposes of feeding, resting,
calving, nursing, and breeding. They interact with the ecosystem in a variety of ways,
including as secondary consumers, prey and vectors for nutrient influx (Smith et al.
2013; Lavery et al. 2014), and microbial transport (Apprill et al. 2011).

4.2 Methods and Results

NOAA’s Pacific Islands Fisheries Science Center (PIFSC), in partnership with the
Hawaii Institute of Marine Biology, initiated a passive acoustic coral reef monitor-
ing program in 2006. Long-term data were obtained using Ecological Acoustic
Recorders (EARs; Lammers et al. 2008a), which record autonomously on a pro-
grammable sampling schedule for months to years (Fig. 4.1). EARs were deployed
by divers between 2006 and 2010, in conjunction with vessel-based surveys at over
50 locations on reefs throughout the tropical Pacific, including several in the
Northwestern Hawaiian Islands. We examined data from an EAR deployed at
French Frigate Shoals (FFS), located in the northwestern Hawaiian Islands. The
EAR was first deployed on 6 September 2006 at Rapture Reef on the south side of
FFS (23° 38.1 N, 166° 11.1 W) at a depth of 23.5 m (Fig. 4.2). The site is adjacent
to the slope of the shoals and is approximately 1.5 km from the 500-m isobath and
2.2 km from the 1000-m isobath.
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Fig. 4.1 EAR deployed on
a coral reef
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Fig. 4.2 Hawaiian Island archipelago and NOAA bathymetric map of French Frigate Shoals
(inset). The red star indicates the location of Rapture Reef

The EAR was programmed to record for 30 s every 15 min at a sampling rate of
40 kHz, providing an effective recording bandwidth of 20 kHz. The first deploy-
ment recorded ambient sounds until the EAR ran out of power on 31 May 2007.
That unit was replaced on 25 September 2007 with a new EAR. This second
deployment obtained data between 1 October 2007 and 8 February 2008. The third
and final deployment was made on 15 September 2008 and data were recorded
between 21 September 2008 and 14 July 2009.
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4.2.1 Frequency Band Analysis

The soundscape at Rapture Reef was analyzed by calculating ambient noise received
levels within different frequency bands of recording. For each of the 30-s record-
ings, root-mean-square (RMS) sound pressure levels (SPL) were calculated in

Matlab™ using
1 T
RMS SPL = 20log ?jpz (t)dr
0

where T is the duration of each file and p() is pressure p re 1 pPa at time ¢ of the acous-
tic waveform. This calculation was performed for the full frequency band (0-20 kHz)
and also the five following l-octave bands: 0-1.25, 1.25-2.5, 2.5-5, 5-10, and
10-20 kHz. The RMS SPL values for each recording were averaged over each day to
provide a time series of ambient noise variability over the duration of the deployment,
and were also averaged by the hour of the 24-h day (e.g., 8 AM, 9 AM) to investigate
diel patterns over the warm (May—Oct) and cold (Nov—Apr) month periods.

Ambient sound levels were 5-10 dB greater in the two highest frequency octave
bands (>5 kHz) than in the three bands below 5 kHz, with the lowest sound levels in
the 1.25-2.5 kHz band (Fig. 4.3). Sound levels decreased slightly by 1-2 dB between
warm and cold periods, but exhibited higher variability during cold months (Fig. 4.3).
This variability was more pronounced in the two lowest octave bands (0-1.25 and
1.25-2.5 kHz), and was due primarily to the seasonal occurrence of singing hump-
back whales in the NWHI during winter months (Lammers et al. 2011).

Ambient noise increased at night in all frequency bands greater than 1.25 kHz
(Fig. 4.4). Acoustic energy in the 0—1.25 kHz band was either unchanged or greater
during daytime hours. In addition, this band exhibited consistent peaks in sound levels
of 3-5 dB during crepuscular periods at dawn and dusk (~0600-0700 and ~1800—
2000), concurrent with the shift from daytime to nighttime levels in the other fre-
quency bands, The octave band between 1.25 and 2.5 kHz contained the lowest amount
of acoustic energy and had either a weak or no diel trend, reflecting an intermediary
pattern between the lowest octave band and the bands above 2.5 kHz (Fig. 4.5).

These differences in temporal patterns by frequency band are suggestive of an
acoustic niche partitioning process by sound-producing animals on the reef similar
to ones described for animals in tropical and temperate woodlands (Depraetere et al.
2012; Sueur et al. 2008). Snapping shrimp (family Alpheidae) produce the major
component of reef noise at frequencies above 2 kHz. Individual shrimp produce
high-amplitude (~190 dB re 1 pPa) broadband clicks (~2 to >200 kHz) while cap-
turing zooplanktonic prey with large frontal chela (claws) and also during territorial
defense (Au and Banks 1998; Versluis et al. 2000). These sounds dominate the
ambient noise field in most tropical and temperate nearshore reefs and can easily be
heard by human swimmers and divers as a constant crackling sound. The reduction
in acoustic received level in the octave bands associated with snapping shrimp activ-
ity (=2.5 kHz) during cold months in 2006-2007 and 2008-2009 is consistent with
seasonal trends previously reported by Lammers et al. (2006a), which documented
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Fig. 4.3 Daily mean RMS sound pressure level within the full effective bandwidth and five octave
bands measured at Rapture Reef, French Frigate Shoals between Oct 2006 and May 2007, Oct
2007 and Feb 2008, and Sep 2008 and Jul 2009
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reduced snapping shrimp acoustic activity with lower water temperatures. In 2007—
2008, only one month of warm period data (October) was obtained, which pre-
cluded comparison between warm and cold periods.

At frequencies below ~2 kHz, reef fish are the predominant source of acoustic
signaling. Tricas and Boyle (2014) recently characterized the acoustic properties of
85 sounds produced by 45 species of Hawaiian reef fish. Of these, 95.3 % had peak
frequencies below 1.4 kHz. Thus, it is reasonable to presume that the temporal pat-
terns observed in the 0-1.25 kHz band most likely reflect the acoustic activity pat-
terns of reef fish near the EAR. There was little variation between warm and
cold-water periods in the diel pattern of the lowest octave band, suggesting that in
aggregate, reef fish sound production is not a predominantly seasonal phenomenon.
Small (1-2 dB) interannual variations were observed between deployments in this
and also other bands, but it is not clear whether these reflect changes in acoustic
activity from year to year or variations in hydrophone sensitivity between the EAR
units used for each deployment. The minimum in ambient sound levels within the
1.25-2.5 kHz frequency band may reflect the transition from frequencies dominated
by fish (and seasonally, humpback whales) to invertebrate-dominated frequencies.

4.2.2 Parrotfish Analysis

The data set obtained between September 2008 and July 2009 was examined for the
presence of bite and scrape sounds produced by grazing parrotfish. To search for these
sounds, EAR data were filtered using an eighth-order low-pass Chebyshev Type I fil-
ter with a cutoff frequency of 1600 Hz and downsampled to a new sample rate of
4 kHz (effective bandwidth=2 kHz) prior to analysis. Due to the large volume of data,
spectrogram data were searched manually for parrotfish sounds on a subset of data,
every fourth day, and on that day each sound recording file was examined visually to
detect potential parrotfish scrapes (Fig. 4.6), which were played back to the analyst to
confirm identity as fish scrapes. The number of parrotfish scrapes within each file was
recorded and given a subjective quality rating of 1 through 7, with 1 being the poorest
quality (low SNR) and highest uncertainty (for example, not co-occurring with other
scrape sounds or not audibly similar to known parrotfish scrapes), and 7 being the best
quality (high SNR) and greatest confidence (occurrence with other sounds and resem-
blance to known parrotfish recordings and field observations). The highest uncertainty
sounds were not included in further analyses. Parrotfish bite sounds were detected
year-round at Rapture Reef (Fig. 4.7). Fish foraged most actively during the afternoon
(Fig. 4.8), which is consistent with previous studies of parrotfish foraging behavior in
other parts of Hawaii (Jayewardene 2009; Ong and Holland 2010).

Parrotfish are an important ecological component of tropical reef ecosystems. One
potential application of PAM of fishes is estimating abundance, which would be a
cost-effective and valuable management tool for ecologically important species such
as parrotfish. As herbivores (and sometimes corallivores), parrotfish play a major role
in algae removal, bioerosion of reef substrate, resilience, and benthic community
structure (Mumby 2009; Rotjan et al. 2006). They are also heavily fished in many
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Fig. 4.6 Spectrogram of
broadband parrotfish
scrapes (at 1,2.7,4.4,5.8,
and 8.9 s), and other
unidentified fish sounds
below 1 kHz (at ~1.8, 6,
and 7.7 s)
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Fig. 4.7 Monthly mean and standard deviation of parrotfish scrapes per minute for the FFS EAR
deployment made between September 2008 and July 2009
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locations, which may lead to ecosystem-wide impacts such as increased algal cover.
In the main Hawaiian islands, parrotfish are a high priority for resource managers,
and population abundance is monitored by conducting visual surveys on SCUBA.
However, parrotfishes are highly mobile and somewhat skittish around SCUBA div-
ers, particularly in areas where fishing pressure is high, and are hence prone to being
undercounted (Lobel 2005). Passive acoustic monitoring has potential as a tool for
estimating abundance of parrotfish and other fish species of concern, and PAM could
thus be a cost-effective tool for managers over long time periods and in remote areas.

In order to apply PAM as a tool for abundance estimation, further work is neces-
sary to collect data on the characteristics and propagation distance of parrotfish
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Fig. 4.8 Parrotfish scrape counts by hour of the day

foraging sounds. This information is required for acoustics-based abundance estima-
tion using distance sampling methodology, similar to the methodology demonstrated
for cetaceans using fixed passive acoustic sensors (e.g., Marques et al. 2009, 2011).
Other required information for abundance estimates includes bite rates and the influ-
ence of covariates such as body size (Thomas et al. 2010), for which published infor-
mation exists from visual surveys. Parrotfish bite rates and types (i.e., scraping
versus excavating) vary by species, body size, and time of day (Ong and Holland
2010), and further characterization of the acoustic features of parrotfish bites may
enable researchers to relate bite sounds to variables such as species and body size.

4.2.3 Cetacean Analysis

Data obtained from the EAR were processed for cetacean sounds using a custom
(M. Lammers) Matlab™ script. The script was designed to identify periods of tonal
signaling indicative of the presence of dolphin whistles and whale calls in the
recordings (Lammers et al. 2008a). An automated short-time Fourier transform
approach was used to find periods when tonal peaks greater than 3 dB above the
averaged noise floor were present in the frequency spectrum. These periods were
then summed for each recording, and those with tonality exceeding 1 % of the total
recording time were visually examined to confirm the presence of cetacean signals.
Recordings with confirmed dolphin or whale signals were designated “detections.”
In addition, to investigate the relative abundance of signals over time, 10 % of
recordings from each site were randomly selected for each month and visually and
aurally examined for the presence of signals. This provided a proportional measure
of the number of recordings per month that contained certain kinds of cetacean
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Fig. 4.9 Spectrogram examples of (a) dolphin whistles, (b) humpback whales song units, and (c)
a minke whale boing call

signals. No attempt was made to identify calls below 50 Hz, such as those produced
by blue whales (Balaenoptera musculus) and fin whales (Balaenoptera physalus),
because such low-frequency signals do not propagate well in the relatively shallow
waters in which the EAR was deployed (Urick 1983).

Three types of cetacean signals were found in the recordings: dolphin whistles
(Fig. 4.9a), song units from humpback whales (Fig. 4.9b), and “boing” sounds produced
by minke whales (Fig. 4.9c) (Rankin and Barlow 2005). The whistles produced by
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dolphins could not be identified to the species level. However, the frequency range
of the majority of whistles was between 7 and 17 kHz. Of the delphinid species
occurring in nearshore Hawaiian waters, this range is consistent with the whistles of
spinner dolphins (Stenella longirostris), bottlenose dolphins (Tursiops truncatus),
and/or spotted dolphins (Stenella attenuata) (Oswald et al. 2007).

4.2.3.1 Dolphins

The occurrence of dolphins was relatively common at Rapture Reef, with detections
occurring between 12 and 64 % of days per month during the monitored periods
(Fig. 4.10). In general, the month of December had the fewest days of dolphins
detected, whereas the period between February and March had the highest
occurrence.

Except during the months of January and May, the 2008—2009 deployment period
had more days with dolphin signals present per month than the other two monitoring
periods. Significantly more detections were made at night between the hours of 20:00
and 5:59 than 6:00 and 19:59 (2-sample #-test; t=3.03; P=0.004) (Fig. 4.11). Over
the 3-year period, daytime detections were consistently low during midday hours
(1100-1459) and high during the late afternoon (1500-1759). Periods of anoma-
lously high dolphin activity were detected in February/March 2007, May 2007,
October 2008, and February/March 2009, when the number of night and/or daytime
detections was multiple times greater than the monthly median occurrence (Fig. 4.12).

The consistent occurrence of dolphins at Rapture Reef suggests that one or more
species are resident in the area. Of the three species identified as the likely source of
the signals, both bottlenose dolphins and spinner dolphins are known to occupy the
nearshore waters of FFS (Andrews et al. 2010; Lammers, pers. obs.). The occur-
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Fig. 4.10 Occurrence of dolphin whistles at Rapture Reef, FFS, measured by the percentage of
days per month that dolphin whistles were detected in recordings between 2006 and 2009. Note:
Months with no dolphin detections are due to an absence of recording effort in those months during
those years, rather than to zero detections
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Fig. 4.11 The timing of dolphin whistles at Rapture Reef, FFS, detected by the automated algo-
rithm separated hourly and averaged across the three deployment periods. Error bars represent
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Fig. 4.12 The number of daytime and nighttime detections for each month normalized by the
median of each category. High peaks indicated months that contained anomalously high numbers
of dolphin acoustic detections

rence and timing of signaling in shallow waters are consistent with behavioral and
acoustic patterns observed from spinner dolphins in the main Hawaiian Islands
(MHI) (Lammers 2004; Lammers et al. 2008b). The low level of signal occurrence
during midday hours followed by a late afternoon peak is characteristic of spinner
dolphin acoustic behavior at resting locations (Lammers et al. 2008b). In both the
MHI and NWHI, spinner dolphins seek out shallow water areas to rest during morn-
ing and midday hours and recover from nocturnal foraging activities (Karczmarski
et al. 2005; Norris et al. 1994). In the late afternoon they become active again before
moving offshore to begin foraging on the mesopelagic boundary community
(MBC), a community of fish, shrimp, and squid that resides in deep waters during
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the day, but migrates both vertically toward the surface and horizontally toward
shore at night (Benoit-Bird et al. 2001; Benoit-Bird and Au 2004).

Echosounder surveys conducted at FFS have documented the nocturnal migra-
tion of a strong MBC associated with the island slope (Lammers et al. 2006b).
Although it cannot be established whether spinner dolphins or another species are
the primary source of nocturnal signals observed at Rapture Reef, the high inci-
dence of signaling at night does suggest that dolphins are likely feeding in the area.
In the MHI, spinner dolphins follow the MBC as it moves inshore at night (Benoit-
Bird and Au 2003). Therefore, the consistent occurrence of dolphins in the area
during nighttime hours suggests that the MBC’s nocturnal migration reaches the
inshore waters of Rapture Reef. This is ecologically significant because the MBC is
an important source of prey for many species of benthopelagic and pelagic fish
(Benoit-Bird et al. 2001) and likely contributes to the nutrient cycle of nearshore
ecosystems (Benoit-Bird and Au 2004). Of special note are periods of peak night-
time dolphin occurrence. During February/March 2007, October 2008, and
February/March 2009 dolphins were detected more frequently than usual at Rapture
Reef at night, suggesting that these periods may reflect episodes of high MBC
occurrence in the area tied to “pulses” of food availability, which may in turn be
indicative of oceanographic or ecosystem processes that concentrate food in the
area. Continued acoustic monitoring for the occurrence of dolphins could, there-
fore, help inform a long-term perspective on patterns in food availability and energy
flux at this location.

4.2.3.2 Humpback Whales

Humpback whale song occurrence was seasonal, with the first singing whales
detected each year around mid-December and the last whales recorded at the end of
April or beginning of May. During the 20062007 deployment, a steady increase in
the number of days per month with whale song detected occurred between December
and March, followed by a rapid decline in April (Fig. 4.13). During the 2007-2008
deployment, the EAR only recorded until February 2008, but a similar seasonal
trend in song occurrence was evident as in the previous year. In 2008-2009, the
months with the highest number of days with song shifted to January and February,
which were nearly equivalent. In addition, month by month, there were more days
with humpback whale song in 2008-2009 than each of the previous two deployment
periods, except in March when the number was slightly higher in 2007.

A statistical analysis of randomly selected recordings for each month comparing
the 2006-2007 and 2008-2009 deployment periods confirmed that the latter period
had significantly more recordings with whale song (Paired #-test, r=2.99, P=0.04).
The increase in humpback whale singing activity between the two periods is also
evident in the overall sound levels presented previously (Fig. 4.3). The period
between January and April 2009 had both higher overall dB RMS levels and greater
variability in the lower frequency bands, reflecting more humpback whale song
energy than the same period in 2007. Whether the increases in humpback whale
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Fig. 4.13 Occurrence of humpback whale song units at Rapture Reef, FFS, measured by the per-
centage of days per month that whale song was detected in recordings between 2006 and 2009.
Note: Months between March and May in 2007 without any detections are due to a lack of record-
ing effort rather than an absence of detections

song observed at this location reflect changes in whale abundance at FFS is not
clear, but certainly possible. The NWHI have been shown to be a more important
wintering habitat than previously believed (Johnston et al. 2007; Lammers et al.
2011), so it is conceivable that the number of whales wintering at FFS increased
proportionately to the estimated 6 % annual increase of the overall north Pacific
population (Calambokidis et al. 2008). However, because these data do not allow us
to localize or count singing animals near the EAR, the question cannot be directly
addressed here.

4.2.3.3 Minke Whales

Minke whale boing sound occurrence was also seasonal and had a pattern similar to
humpback whale song incidence (Fig. 4.14). However, whereas humpback whales
were first recorded in December, minke whales began to be heard already in late
October. In 2007-2008, the highest incidence of minke whale detections was evenly
distributed between December and January. In both 2006-2007 and 2008-2009
there was an initial peak in January followed by a higher peak in March. In fact, in
March 2009 minke whale calls were present nearly every day of the month. No diel
variation in the occurrence of signals was evident. These data are the first long-term
acoustic record of minke whale occurrence in the NWHI and suggest that this por-
tion of the archipelago may be an important winter breeding area or a migration
route. Of the approximately 19 species known or believed to regularly occur in the
Hawaiian Archipelago (Barlow 2006), to date only spinner dolphin (Stenella longi-
rostris) (Andrews et al. 2010; Karczmarski et al. 2005), humpback whales (Johnston
et al 2007; Lammers et al. 2011), and false killer whales (Baird et al 2013) have
received focused scientific attention in the NWHI. The data presented here suggest
that minke whales also exploit the coastal waters of the NWHI and may be season-
ally common near FFS.
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Fig. 4.14 Occurrence of minke whale boings at Rapture Reef, FFS, measured by the percentage
of days per month that minke whale calls were detected in recordings between 2006 and 2009.
Note: Months between March and May in 2007 without any detections are due to a lack of record-
ing effort rather than an absence of detections

4.3 Discussion

The results presented in this chapter demonstrate the potential of using long-term
PAM sensors in remote coral reef ecosystems to address biological questions relat-
ing to the acoustic environment and a variety of taxa, from primary consumers to
apex predators. Temporal patterns in the ambient soundscape reveal variations
between seasons and years at French Frigate Shoals, and show division of the
soundscape into acoustic “niches” (frequency bands) used by different groups of
animals. Examining these niches in more detail and relating observed variations
with other biotic (e.g., fish biodiversity, chlorophyll levels) and abiotic (e.g., tem-
perature, turbidity) factors is likely to yield new insights into patterns of biological
activity on coral reefs and the mechanisms that drive them. In addition, we have
provided a starting place for monitoring the abundance of an ecologically important
herbivore, parrotfish, and have shared new information on the occurrence of ceta-
ceans in the Northwestern Hawaiian Islands (NWHI).

We have shown how a single acoustic sensor can potentially provide information
on species diversity, trends in abundance, behavior, temporal patterns of presence or
activity, and ecologically relevant patterns of soundscape variation. When com-
bined with other remotely sensed and in situ data sets, a comprehensive view can
emerge for how temporal, environmental, and biological variables affect the acous-
tic behavior of reef animals. Moreover, spatial comparisons using additional PAM
data sets could reveal how the acoustic features of an area might be used as indica-
tions of biodiversity (e.g., Riede 1993, 1997; Sueur et al. 2008) and ecosystem
health or resilience.

The use of passive acoustics as a research tool for long-term monitoring of bio-
logical communities on coral reefs is a comparatively young field. The utility of
PAM has been demonstrated for studying the behavior of fish species in many
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habitats and over a variety of time scales (e.g., Lobel 2002; Lobel et al. 2010;
Locascio and Mann 2008, 2011; Luczkovich et al. 2008; Mann et al. 2009; Mann
and Lobel 1995; Nelson et al. 2011; Van Parijs et al. 2009; Wall et al. 2013).
However, many of the hundreds of sound-producing fish species are known only
from laboratory studies, e.g., Fish and Mowbray (1970), and until recently, bio-
logical sounds have rarely been studied directly on coral reefs (Mann and Lobel
1995; Myrberg and Fuiman 2002; Tricas and Boyle 2014). There is a need for basic
research to discover and further characterize the acoustic repertoires of coral reef
fishes, as well as the behavioral context and temporal patterns in their sound pro-
duction (Rountree et al. 2006). Similarly, more work needs to be conducted to
identify other sounds on coral reefs to species, such as dolphin whistles and the
sounds produced (directly or indirectly) by certain invertebrates (e.g., urchin skel-
etons rattling, Radford et al 2008).

More detailed studies are also needed in order to further utilize autonomous
long-term recordings, particularly to develop techniques for abundance estimation
using acoustic sensors. The data needs include the source levels of signals, informa-
tion on propagation loss, background noise, the sound production rate of individu-
als, the behavioral contexts of sound production, and other biological and
environmental covariates. Finally, another major challenge associated with long-
term acoustic data collection is the processing and detection of signals of interest
within large volumes of data. Much like the field of molecular biology decades ago,
passive acoustic monitoring is presently still limited by the ability to process and
interpret large data sets in a timely manner. This challenge will likely have to be
solved by drawing from a combination of fields and technologies, including signal
processing, computer science, and data mining.

Because of their reliance on sound as part of many biologically significant pro-
cesses, marine organisms are vulnerable to acoustic disturbances, particularly from
humans. These include short-term, local disturbances such as vessel transits, mili-
tary sonar, seismic airgun exploration, industrial activities such as pile-driving and
blasting, as well as long-term increases in ambient noise pollution due to increased
human activity on a global scale (commercial shipping, industrial, etc.). As global
climate change continues to drive changes in species distribution, disease, coral
bleaching events, etc., continued monitoring of coral reefs and other environments
is critical, and the use of PAM should be included as a tool in any comprehensive
monitoring program, together with efforts to continue identifying and characteriz-
ing the vast number of sound sources in the ocean.
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Chapter 5

Studying the Biosonar Activities of Deep
Diving Odontocetes in Hawaii and Other
Western Pacific Locations

Whitlow W.L. Au and Giacomo Giorli

Abstract Ecological acoustic recorders (EARs) have been deployed at several
locations in Hawaii and in other western Pacific locations to study the foraging
behavior of deep-diving odontocetes. EARs have been deployed at depths greater
than 400 m at five locations around the island of Kauai, one at Ni’ihau, two around
the island of Okinawa and four in the Marianas (two close to Guam, one close to
Saipan, and another close to Tinian). The four groups of deep-diving odontocetes
were blackfish (mainly pilot whales and false killer whales), sperm whales, beaked
whales (Cuvier and Bainsville beaked whales), and Risso’s dolphin. In all locations,
the biosonar signals of blackfish were detected the most followed by either sperm or
beaked whales depending on specific locations with Risso’s dolphin being detected
the least. There was a strong tendency for these animals to forage at night in all loca-
tions. The detection results suggest a much l