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Executive Summary

This document reviews what is currently known about potential acoustic impacts on
endangered Southern Resident killer whales (SRKWs). Killer whales (Orcinus orca) use sound
for echolocation, social communication, and passive listening. Ambient noise, including that
from natural and anthropogenic sources, has the potential to interfere with the reception and use
of these important biological sounds. Significant sources of anthropogenic sounds that
contribute to ambient background noise in critical habitats of SRKWs include sonar, acoustic
harassment devices, vessel traffic, and construction noise.

Most measurements of ambient sounds made in SRK'W habitat are greatly influenced by
vessel traffic that, at close ranges, raises noise levels significantly above ambient levels. In order
to address potential acoustic impacts, particularly from anthropogenic sources, this document
reviews parameters of sound that are pertinent to the auditory capabilities of killer whales and
various studies on noise effects in killer whales and other dolphins. The latter includes auditory
ramifications such as auditory masking or hearing loss and behavioral effects such as disruption
of foraging events or avoidance of an area. With this information, the document then
incorporates information on the soundscape of SRKW habitat and defines zones of audibility,
responsiveness, masking, and hearing loss and addresses the likelihood of acoustic impacts on
the SRKW population.

Lastly, recommendations are made for future work in order to address gaps in

information that, if available, would increase confidence in predicting the likelihood of acoustic
impacts on SRKWs.
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Introduction

Southern Resident killer whales (SRKWs) are an endangered population of
approximately 85 individuals that spend the summer in inland waters surrounding British
Columbia and Washington State. These killer whales (Orcinus orca) are fish eaters that
typically feed on Pacific salmon (Oncorhynchus spp.). They actively use sound for echolocation
and vocal communication. Additionally, they can glean information about the environment such
as the presence of prey from passive listening. Both natural and anthropogenic sounds have the
potential to impact the use of biologically important acoustic signals by SRKWs. Concern about
anthropogenic sound exposure, such as those produced by vessels or military sonar, has provided
the impetus to study and describe the acoustic environment that Southern Residents inhabit and
the effects of sound exposure on their auditory system, behavior, and physiology.

The purpose of this paper is to review what is currently known about killer whale
auditory capabilities and the use of sound by killer whales, the characteristics of sound in their
environment, and effects of sound exposure in killer whales and other dolphins in order to
address potential acoustic impacts on the SRKW population. As is the case for all marine
mammal groups, it is extremely difficult to address acoustic effects that might have indirect or
small but consistent consequences at the population level, as opposed to those with immediate
and sometimes extreme outcomes. The life history patterns and habitats of marine mammals in
general make this assessment extremely challenging (NRC 2005). In most cases, there is
insufficient empirical data on which to draw in order to address acoustic impacts at the
population level. A review of the current data and their limitations allows the opportunity to
assess data gaps, which are summarized at the end of this document.

Basic Concepts

Given the various ways that sound energy is quantified, it is necessary to review some
basic acoustical concepts. Sound is essentially generated when a vibrating object sets molecules
in a medium adjacent to that object into motion. Sound amplitude or what is perceived as
loudness is directly related to the amount of pressure generated by the vibrating object. In a
compressible medium, the motion of molecules produces positive pressure where there is
condensation and negative pressure where there is rarefaction of molecules. The intervals of
condensation and rarefaction typically occur in a cyclical fashion. In a plane progressive wave
of sound (when the acoustic pressure is the same in all planes perpendicular to the direction of
propagation), the instantaneous pressure, p, generated in a compressible fluid can be described

by
p = pcu (1)

where p equals the fluid density, ¢ equals the speed of sound, and u equals the particle velocity.
Acoustic pressure is typically measured as the root-mean-square (RMS) pressure average over
the duration of the sound. For impulsive sound such as pile driving strikes or biosonar clicks,
peak sound pressure (the range from zero to the greatest pressure of the signal) or peak-to-peak



sound pressure (the range of the most positive to the most negative pressure of the signal) are
often reported instead, since it is difficult to define an appropriate duration over which to average
the signal’s pressure (Madsen 2005). Pressure is typically reported in units of pascals (Pa) or
micropascals (uPa). In a plane progressive wave, sound intensity is described by the sound
power per unit area and is a product of the sound pressure and particle velocity by

I =pu (2)
and substituting u from first equation, intensity of the sound, 7, is related to p by
1 =p(p/pc) = p’/pc 3)

where p is the RMS pressure average over the duration of the sound. Intensity is typically
reported in units of watts per square meter. Sound levels are most often described in units of
decibel (dB), which is traditionally defined as a power or intensity ratio. Sound intensity level in
decibels is as follows:

dB = 10 logo (I/1) (4)

where /; is the intensity of the sound of interest and /; is a reference intensity. In the case of a
plane wave, sound pressure which is typically what is measured by a microphone or hydrophone
may also be used to measure the sound’s magnitude in dB. Because sound intensity is
proportional to pressure squared, sound pressure level (SPL) in dB is given by

dB = 10 logy (p°)/( p5°) = 20 log,o (pi/ p2) (5)

where p; is the pressure of the sound of interest and p; is typically the standard reference pressure
for a given medium. In water the reference is usually 1 uPa. SPLs in this document are
referenced to the underwater convention (re 1 pPa) based on RMS measurements unless
otherwise noted. This reference pressure is different from the standard used to measure sound
pressure levels in air. Thus a dB (re 1 pPa) underwater is not equivalent to a dB (re 20 pPa)
measured in air. Pulsed sounds such as explosions, seismic air gun pulses, or pile driving
impacts are often measured in terms of their energy and not just pressure or intensity. Energy
measures include time as a dimension and are also used to quantify sound exposure when both
amplitude and duration of exposure is important. Energy is proportional to the time integral of
the pressure squared and in dB sound exposure levels (SELs) has the units of dB re 1 uPa’s.

Frequency Bandwidth

Amplitude, intensity, or energy measurements in dB are always dependent on the
measurements integrated across a frequency bandwidth. Broadband SPL measurements (overall
SPL) will be different from those based on one octave, one-third octave, narrower band, and
spectral density level measurements. For example, sound pressure spectral density gives the
mean squared pressure of a sound within a given frequency bandwidth divided by the
measurement bandwidth and the units are pressure square per hertz. The decibel unit based on
spectral density level is dB re 1 uPa’ /Hz (or re 1 uPa /Hz" ?). On the other hand, one-third
octave levels in dB are based on the mean square pressure level for each one-third octave band.



An octave is a factor of two in frequency and sound levels are often reported in one-third
octave bands because the effective filter bandwidth of the auditory system in humans and some
animals is approximated by one-third octave (Richardson et al. 1995, but see the Auditory
Capabilities section and Auditory Masking subsection below). The term noise in this document
usually refers to the general definition of unwanted sound. For a further review of these
concepts, see Urick (1983), Richardson et al. (1995), and the Web site http://www.dosits.org/
science/intro.htm, hosted by the University of Rhode Island.



Southern Resident Killer Whales

Killer whales are the largest cetacean in the dolphin family, Delphinidae. The three
identified ecotypes of killer whales in the northeastern Pacific Ocean are residents, transients,
and offshores. While there is considerable overlap in their geographic range, these ecotypes are
genetically distinct and do not appear to interbreed. The differences between ecotypes also
extend to their morphology, foraging ecology, behavior, and acoustic repertoire. For example,
residents are generally fish eaters while transients are generally mammal eaters (Ford et al. 2000)
and less is known about the diet of offshores. Residents tend to live in larger, more stable groups
consisting of multigenerational, matrilineal-related kin, while transients live in smaller, less
stable groups usually consisting of females and a few offspring (Ford et al. 2000). Residents
tend to be more vocal, particularly when foraging and socializing, while transients are
acoustically cryptic presumably because their prey can hear within the frequency range of their
sound emissions (Barrett-Lennard et al. 1996, Deecke et al. 2002, Deecke et al. 2004).

Along the U.S. and Canadian west coast, there are currently four communities of resident
killer whales that have been identified: Northern, Southern, Southern Alaska, and Western
Alaska Residents (Krahn et al. 2004). SRKWs consist of three pods—J, K, and L pod—found
during the late spring to early autumn in the inland waters of Washington State and British
Columbia. Members are individually identified based on photo identification records of natural
markings. Like all marine mammals, they are long-lived and slow to mature.

Both male and female resident killer whales of the area do not become sexually mature
until an average age of 15 years and females produce an average of 5.5 surviving offspring
(Olesiuk et al. 1990). Annual population censuses indicate that SRKW numbers experienced a
population decline in the mid to late 1990s. This distinct population segment of killer whales has
been listed under the Endangered Species Act of 1973 (ESA) as endangered (NMFS 2005b) with
three factors believed to be related to their decline: food availability, contaminant loads, and
vessel and noise interactions (Krahn et al. 2004).

As part of the ESA listing, NOAA’s National Marine Fisheries Service (NMFS) is
responsible for designating critical habitat for SRKWs. As shown in Figure 1, this includes the
following areas but excludes spaces around U.S. military sites: 1) core summer area of U.S.
waters up to the border of Canada and surrounding the San Juan Islands, 2) Puget Sound
excluding Hood Canal, and 3) U.S. waters within the Strait of Juan de Fuca (NMFS 2006). The
following two sections will review information on the use of sound by killer whales in general
and the acoustic scene of the areas defined as critical habitat for SRKWs in particular.
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Figure 1. Critical habitat designation for Southern Resident killer whales (NMFS 20006).



Killer Whale Sound Production and Function

Killer whales produce a wide variety of clicks, whistles, and pulsed calls (Schevill and
Watkins 1966, Ford 1989, Thomsen et al. 2001). Clicks are echolocation signals that are
produced individually or in click trains. Individual clicks produced by Northern Resident killer
whales are relatively broadband, short (0.1-25 milliseconds [ms]), and range in frequency from 8
to 80 kHz with an average center frequency of 50 kHz and an average bandwidth of 40 kHz (Au
et al. 2004). These broadband biosonar signals are predominantly used for sensing objects such
as prey in the environment and are produced by whales foraging on salmon at peak-to-peak
source levels ranging from 195 to 225 dB re 1 pPa at 1 m (Au et al. 2004). There may be a
considerable amount of variation in source level and frequency content of killer whale biosonar
emissions depending on prey type. For example, Norwegian killer whales feeding on herring
produced echolocation clicks that were lower in mean center frequency and source level,
although there was some overlap in the range of these biosonar parameters (Simon et al. 2007).
SRKWs also feed on salmon and it is likely that their biosonar emissions are similar to those of
Northern Residents.

Whistles are tonal, nonpulsed signals that are relatively longer in duration (0.06—18
seconds [s]) and lower in frequency (0.5-10.2 kHz, Thomsen et al. 2001). Whistles are most
often heard during close-range social activities but not as often during foraging and traveling
(Thomsen et al. 2002). Whistles produced by Northern Residents typically have source levels
ranging from 133 to 147 dB re 1 pPa at 1 m (Miller 2006).

Pulsed calls are the most commonly observed type of sounds emitted by killer whales and
are categorized as discrete (stereotyped), variable, or aberrant (Ford 1989). These calls produced
by both Northern and Southern residents are relatively long (600-2,000 ms), appear
harmonically rich, and range in frequency between 1 and 10 kHz; but, those with high frequency
components may contain harmonics up to 30 kHz (Ford 1989, Miller 2002). Variable calls are
produced at source levels ranging from 133 to 165 dB while stereotyped calls are produced at
source levels ranging from 135 to 168 dB re 1 pPa at 1 m (Miller 2006). These calls are most
often used when killer whales are foraging and traveling and likely function to maintain social

cohesion among pod members in the absence of other sensory information (Ford 1989, Miller
2002).

Killer whale communities have different discrete call repertoires, both among and
between ecotypes (Ford 1991, Ford and Ellis 1999). Discrete calls are highly stereotyped and
repetitive, and have pod-specific qualities that are stable over time (Ford 1989, Foote 2005). For
example, each of the three pods among the Southern Resident population uses one or two
discrete call types more than 50% of the time (Ford 1989, Foote 2005).

Given the biological significance of sound for biosonar and social functions in killer
whales, it is important to address how ambient noise, from a variety of sources acting alone or in



combination with other threats, might impact the population structure of SRKWs. In order to
assess noise impacts on this population, it is necessary to consider several parameters of sound
that are pertinent to the auditory capabilities of these whales. Such factors include amplitude,
duration, and spectral characteristics of the source, as well as how it propagates in the
underwater environment.



Characterizing Sound and Propagation

Ambient noise is essentially the background din. Several sources of sound contribute to
ambient noise levels in the ocean and coastal marine environments (for review, see Richardson et
al. 1995). Natural sounds include those produced from abiotic and biotic sources. Abiotic
sounds arise from activities related to weather (i.e., wind, waves, and rain), seismic activity,
underwater slides, and currents. Some of these sources can substantially increase ambient noise
levels. For example, heavy precipitation can raise levels from a few to 20 dB re 1uPa*/Hz or
more between 1 and 20 kHz (Wenz 1962, Nystuen et al. 1993). Biotic sources of noise include
those produced by marine mammals, fish, and snapping shrimp (A/pheus and Synalpheus spp.).
For example, ambient noise in some areas is dominated by snapping shrimp in frequencies that
overlap with those of echolocating dolphins (Au et al. 1985).

Anthropogenic sounds that contribute to overall ambient noise include active sources
(e.g., air guns, sonars) and those that are by-products of various human activities in the ocean.
The latter include oil drilling, construction, and vessel traffic. Active sources include those used
for military tactics, seismic surveys, fisheries, and oceanographic research. In the areas proposed
as SRKW critical habitat, almost all of these sources of underwater sound are present.

Sound Propagation Variables

Sound propagated in sea water is subject to a number of variables that degrade the
signal’s amplitude over distance and thus affect potential received levels. The transmission loss
of sound occurs due to two primary factors: spreading and attenuation. If a source is allowed to
spread in all directions equally, then a spherical spreading law may be used to describe
transmission loss. This might be an appropriate assumption if a source emanates in deep water
in the open ocean. However, even oceanographic features of the water column can create less
than spherical spreading conditions. This is because the speed of sound varies based on
temperature, salinity, and pressure (depth).

Sound will also be attenuated as it travels over a distance due to absorption of sound by
sea water and scattering due to particles. Sound is also reflected at the sea surface and from the
bottom, creating instances of constructive or destructive interference. The details of spreading
and attenuation of underwater sound are reviewed in Urick (1983). In shallow water
environments such as those inhabited by SRKWs, the parameters that affect sound propagation
can vary considerably in space and time. The acoustic environment in shallow water, therefore,
is often described as complex.

Ambient Noise

Several investigations have reported ambient noise measurements in the areas designated
as SRKW critical habitat and adjacent Canadian waters known to be important SRK'W habitat.



Many of these studies have focused on describing sound levels generated by vessel propulsion.
Noise from vessel propulsion is usually generated by propeller cavitation (producing broadband
noise), propeller “singing” (producing tonal sounds and harmonics related to the propeller blade
rate), and auxiliary machinery (such as pumps and rotating shafts) with the amount of noise
related to vessel size, speed, and mode of operation (Richardson et al. 1995). Data from the
following peer-reviewed articles and government reports* are examined in this section: Veirs and
Veirs (2005), Nystuen (2006), Erbe (2002), Hildebrand et al. (2006), Laughlin (2005), and Jones
and Wolfson (2006).

Veirs and Veirs (2005) report average sound pressure levels (SPL dB re 1puPa measured
from 0.1 to 15 kHz) and power spectra (converted to noise spectral density levels in dB re
1pPa’/Hz) of ambient sound recorded on the west side of San Juan Island in Haro Strait (lat
48°33'25" N, long 123°1023" W). All measurements were reported as received levels between
0.1 and 15 kHz, thus propagation loss was not determined from source to receiver. The
frequency range of these measurements is pertinent for the lower frequency range of killer whale
hearing relevant to the reception of communication calls (see the Auditory Capabilities section
below). Measurements were made on hydrophones that were cross-calibrated with a calibrated
hydrophone and projector rented from the Naval Undersea Warfare Center in Newport, Rhode
Island.

Veirs and Veirs (2005) reported average SPLs over hourly, daily, and monthly time
periods from April 2004 to November 2005. Half-hourly averaged SPLs ranged from 95 to 130
dB with an overall half-hour SPL average of 115 dB. Broadband ambient sound levels were
highly influenced by large vessels, such as commercial ships, that increased SPLs between 20
and 25 dB over a 10-30 minute period and to a lesser extent by smaller vessels, such as motor
boats, that increased SPLs by 15-20 dB (Veirs and Veirs 2005). During the summer (July and
August), these smaller vessels contributed more to the overall ambient levels during the day,
raising hourly SPL averages by 2—4 dB compared to nonsummer daytime hours. As a
consequence, there was a more pronounced diurnal pattern in the summer but it only amounted
to about a 2 dB difference in 12-hour averaged SPLs.

Nighttime SPLs did not exhibit much seasonal variation, since larger ships operate during
all months of the year. Monthly averaged SPLs ranged from 114.5 to 117.5 dB and were
generally lowest from November through April and highest from June through August.
Cumulative distributions of SPLs were also provided from archived measurements taken as 2-
second averages (Figure 2). These distributions illustrate that 2-second SPL averages are greater
than or equal to 120 dB 50% of the time during summer days, 30% of the time during summer
nights, and 20% of the time during the winter (Veirs and Veirs 2005).

" Government research reports are based on work contracted through the Northwest Fisheries Science Center Marine
Mammal Program and go through a limited peer review process. These reports are online at http://www.nwfsc.noaa
.gov/research/divisions/cbd/marine_mammal/research.cfm or can be requested by contacting the report author(s).
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Figure 2. Cumulative distributions of 2-second average SPLs (0.1-15 kHz). Summer day includes SPL
measurements during the hours of 0800-2000 and summer night includes SPL measurements
from the other 12 of the 24 hour cycle (based on Figure 6 of Veirs and Veirs 2005).

Ambient noise levels were further described by frequency and showed similar trends for
ambient levels recorded underwater elsewhere (Wenz 1962). For both July and November 2005,
the highest spectrum levels occurred for the lowest frequencies, with peaks of about 82 dB re
1pPa*/Hz occurring between 400 and 500 Hz, then generally decreased at a rate of 5 dB for each
doubling of fr