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Introduction:

Marine mammals obtain cues about their environment by listening to natural sounds from 
their surroundings. Call signals inform the receiver of prey location, tide changes, predator 
movements, and family communication. The received level of a signal a marine mammal must  
exceed a detection threshold for the individual to extrapolate necessary data. This means that the 
signal must be adequately louder than the background noise, particularly if the noise is approx-
imately the same as the signal frequency level. If the signal is weaker than the omnidirectional 
background noise (also referred to as ambient noise), the signal probably will not be detected by 
the receiver (Richardson, 1995). 

The increase of human-made sounds in the marine environment raises concerns about an 
increase in interference and therefore a decrease in detection of imperative information traveling 
through the acoustically contaminated environment (Richardson, 1995). Marine mammals com-
pensate for increased levels of ambient noise in a variety of ways. The most common solution to 
distortion of a signal is the evolution of the signal itself. This is termed signal optimization. It is  
to the sender’s advantage to optimize the energy expelled for a call in order to ensure that the in-
tended receiver was able to properly interpret the information. To do so, the sender may have to 
alter the call in a variety of ways to overcome the environmental ambient noise. According to Di-
richlet’s rule, the amplitude of harmonics of a call tend to decrease with an increasing amplitudes 
of specific frequencies in the environment (Bradbury, 1998). This suggests that signalers can use 
frequency compensation by placing emphasis on various portions of their calls in response to the 
noise in the environment allowing the caller to optimize the amount of energy expelled to make 
its vocalization communicable.

Research shows that Delphinidae change their vocal behavior with the presence of in-
creased underwater ambient noise levels. In 2006, Lesage et. al. observed that beluga whales 
(Delphinapterus leucas) in the St. Lawrence River shift their call frequencies in response to am-
bient boat noise in their typical frequency range. They were also able to document increases in 
the amplitude of those calls in accordance with increases in broadband noise (Schiefele et. al., 
2005). Similarly, humpback whales (Megaptera novaeanglias) are known to shift the frequency 
of their calls in the acoustic presence of low-frequency sonar, while also varying the amplitude 
of their calls in accordance with background noise levels (Miller et. al. 2000). Research on ver-
tebrates recorded a longer duration of a particular syllable in cotton top tamarins (Saguinus oed-
ipus). When the family group is separated, tamarins have lengthened the syllables of their calls 
when a significant increase in environmental ambient noise is present (Egnor, 2006). 

These are clear examples of signal optimization across various species, all attempting to 
compensate for increases in background noise. They are changing the characteristics of an ori-
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ginal signal in challenging situations in order to communicate with the intended receiver. In gen-
eral, this phenomenon is known as “noise compensation” (Richardson, 1995). 

The inland waters of British Columbia and Washington State are exposed to high levels 
of underwater ambient noise, particularly between May and October (Veirs et al. 2005). This re-
gion is home to various marine mammals including harbor porpoises, Dall’s porpoises, grey 
whales, Steller sea lions, harbor seals, and killer whales (Bigg, 1982; Ford et al., 2000). During 
the peak summer season, hydrophone recordings in Haro Strait along the west side of San Juan 
Island and in the Strait of Juan de Fuca report increasing broadband noise levels (Veirs et. al., 
2005). Primarily, the recent increases in noise levels are produced by the increased use of the 
U.S. and Canadian shipping lane in the Straits as well as noise generated by recreational boaters 
during the summer months. Vessel noise effects have a potential for high impacts on the marine 
mammals in the region. 

The Southern Resident killer whales inhabit and communicate in the same inland waters 
that have dramatic increases in ambient noise levels each summer. Earlier research documented 
increases in call duration for the Southern Residents’ pulsed calls in the presence of increased 
ambient noise from vessels (Foote et al., 2004). All three pods of Southern Residents (J, K, and 
L) have been documented with call amplitude compensation in the presence of high background 
noise. Recently, Holt et. al. (2008) calculated that the amplitude of pulsed calls (particularly of 
the Southern Residents’ stereotypical S1 call) increased between 0.5 dB and 1dB for every 1 dB 
increase in background noise. Therefore, every vessel added to the water during the peak sum-
mer season increases the challenge of communicating, foraging, and receiving natural sounds 
from the environment for these whales. Their amplitude response in order to compensate for loud 
noises is known as the Lombard effect (Scheifele et. al, 2005; Holt et. al, 2009). This effect takes 
broadband background noise into consideration by measuring the root-mean-square (RMS) value 
in decibels per one micro-Pascal. The Southern Residents also have the ability to change the rate 
of their calls by repeating a pertinent message in order to ensure that a signal is communicated to 
the intended receiver (Weiland, 2010).  These compensation methods can result in individuals us-
ing extra energy in order to deliver a message. 

Communication is particularly important among the Southern Resident killer whale pods 
for coordinating group hunting behaviors, cohesion between family members, socializing, and 
navigation for survival (Ford, 1989; Hoelzel and Osborne, 1986; Ford, et al. 2000). Each signal 
optimization method requires an individual to exert energy levels higher than those in standard 
noise conditions. For an endangered population, expending more energy for communication adds 
undue stress to the struggling pod.

Communication when a ship is present in the same channel adds particular stress to the 
Southern Resident killer whales. Low frequency ship noise between 0 and 10 kHz has the poten-
tial to mask entire components of killer whale calls (Foote, 2008). A pilot study focused on the 
shift in the frequency of call harmonics among the Southern Residents in correlation to their 
noisy environment of Haro Strait. It found that for the recorded individuals in J pod, a significant 
number of calls show an increased amplitude in the fourth harmonic of the pulsed call, S1, with 
regards to an increase in background noise (Peirson, 2009). Following along those lines, this 
study focused on calculating and quantifying the significance of this change in the first syllable 
of a common pulsed call, S1 (as described by Ford, 1987) and the associated harmonics at vari-
ous noise levels. Recordings of the Southern Residents were analyzed in a similar manner to the 
methods described by Peirson. However, this report expanded Peirson’s work in an attempt to 
extrapolate specific frequency relationships between background noise and the S1 pulsed call. 



The frequency peaks of the signal fundamental and harmonics were measured with a program 
called Audacity. Then the amplitude of noise preceding the call at those associated frequencies 
was measured. In this study I analyzed relationships between the signal and background noise 
according to signal peak, peak differences, and RMS levels. 

The working hypothesis at the beginning of the study expected that as the RMS of the 
background noise increases, the peak signals will also increase. Similarly, I predicted that as the 
noise peak differences increase, the difference between signal harmonics will increase. These re-
lationships would show that the Southern Residents use harmonic frequency compensation in 
particular noise conditions. 

Ford et. al. (2005) described the challenges that the Southern Residents are having with 
Chinook salmon, their fellow endangered species and highly preferred prey item (Ford, 1998). 
They also observed higher than expected mortality rates of killer whales in 2005 correlated with 
the decreased abundance of Chinook salmon in the Salish sea waters. With higher amplitudes of 
ambient noise requiring increased amounts of energy for communication, combined with fewer 
available prey items, the Southern Residents are fighting an uphill battle for survival. The South-
ern Resident Recovery Plan in (NMFS, 2006) described population threats for the Southern Res-
idents, including vessel disturbance and sound influences, decreased prey availability, environ-
mental contaminants, and various other vessel effects.

Since their addition to the endangered species list in 2005, research on the human impacts 
on Southern Residents and their associated prey items has become increasingly important. In par-
ticular, the western side of San Juan Island in Haro Strait is heavily utilized by the resident pods 
as a foraging and traveling zone and is also becoming increasingly important as the primary 
commercial shipping lane for Vancouver. Higher numbers of cargo ships equate to increased un-
derwater ambient noise, furthering the need for louder and longer calls by the Southern Resid-
ents. In return, the whales expend an increasing amount of the total energy for vocalizations. 
This study attempted to quantify the impact of the contaminating, omnidirectional noise on the  
harmonic structure of their pulsed calls. 

With regulations, some of the primary habitat locations for the Southern Residents can be 
preserved from further noise contamination. However, any mitigation effort to designate and en-
force marine protected areas is a highly contentious issue, particularly in regards to the western 
side of San Juan Island. NOAA currently has a proposal to close the west side of San Juan Island 
to all vessels from May 1 to September 1 of every year. The map of the region is included as 
Table 1. Prioritizing this habitat for the Southern Residents has resulted from research on in-
creased ambient noise levels and data, noting behavioral changes due to vessel presence in that 
region. Further scientific discoveries such as this study would supplement the information on 
known effects of noise in the marine environment and the resident mammals. Legislation is de-
fining limiting access to this zone as a way for communities to share this important foraging hab-

itat with the Southern Residents and has suggested the 
NOAA regulations  plan in order to do so. Community sacri-
fices are necessary for the success of the protected area, 
which will be more successful if community members have 
reliable science to diagnose their personal impacts on the 
Southern Residents. 

The effects of ambient noise on killer whales and other 
Delphinae are well documented, but the policies to protect 



the Southern Residents from such effects are not yet legally binding.  Quantifying a harmonic 
shift in response to background noise levels would provide useful answers for the legislature and 
supporting communities along the west side of San Juan Island. Recording instances of vocal 
compensation could accurately reflect a realistic degree of excess energy expelled by the South-
ern Resident pods due to human-made noise. This would increase our understanding of the 
acoustic impact on Southern Residents and allow us to better protect their marine environment 
from human impacts, particularly from vessel noise. 

Methods:
All Southern Resident killer whale calls were digitized and stored in WAV format files 

using two Sound Device 702 recorders (with a sample rate of 44,100 and a bit depth of sixteen) 
for later processing. The observation period was between May 1 and June 1, 2010 during all op-
portunistic sightings of any orca whales, including groups of transients. Due to limited sightings 
in 2010, data collected in an identical manner for Beam Reach students in 2009 was also used for 
analysis. These recordings were taken between May 14 and May 24, 2009. Signal metadata from 
Hannah McGowan aided in focusing on the most pertinent parts of the recordings. Data from 
both years was gathered from the biodiesel-electric sailboat, the Gato Verde. A LabCore four ele-
ment hydrophone array (with a peak frequency response at five kiloHertz) was deployed at a 
depth of 10 meters, with approximately 10 meters between each hydrophone as well, whenever 

the 

Southern Residents were within 400 meters of the vessel. The overall depth of the array was de-
pendent on tides, waves, and speed of the deployment vessel. However, a weight was attached at 
five meters to keep the horizontal array equally deep for all hydrophones..

The hydrophones were deployed in sequential order from one to four, one being the chan-
nel closest to the vessel. Hydrophones one and two were recorded as A files 1 and 2 on the AC 
Sound Device, while hydrophones three and four were recorded as C files 3 and 4. In order to 
analyze all channels in the same Audacity window, the sound files were combined into four 
channel files, and then spliced into one minute files by Dr. Jason Wood using Matlab 2009b. The 
new files are annotated according to minute: AC1_000 being the first minute file of the first re-
cording for that day. Some of the analyzed files were not combined (specifically for the files re-
corded from the Peregrine on May 18, 2009) and were noted as A01_000 instead. 

This study assumed that the received level of the hydrophone array was equivalent to the 
received background noise level experienced by individuals in the pod. To ensure that the data 
was not dramatically biased from this assumption, recordings with intense noise contamination 
were disregarded during analysis. However, some orca signals were masked by background 
noise, so the analysis process used the hydrophone with the best received signal. Also, in an at-
tempt to manage flow noise, the Gato Verde captain disengaged the engine and maintained 
speeds under 3.5 knots during recording periods. Previous to data collection, researchers dis-
cussed options, recorded a standard noise at different speeds, and listened to the results. Vessel 

Figure 1: Proposed No-Go zone on the west side of San Juan Island. This map 
indicates the 0.5 mile zone from Mitchell Point to Eagle Point where NOAA 
suggests legally banning boats from entering from May 1-September 1. Further 
scientifi c information on the impacts of vessel noise to the vocal behavior of the 
Southern Residents is pertinent in this legal discussion. 



speeds under 3.5 knots produced an optimal recording environment. This method was consistent 
for data collection in 2009 as well. 

During analysis all S1 calls were analyzed using Audacity 1.3.12. I first practiced my 
methods to ensure that the trends were reflective of an experienced analysis from first to last 
calls on the spreadsheet. For each signal, I enhanced the view of a spectrogram for each hydro-
phone and listened to the call to filter calls with noise obstructions. The clearest calls were selec-
ted. I highlighted most of the first syllable of each S1 call and ran a “Plot Spectrum” or fre-
quency analysis. I used the resulting figure to determine and record peaks in amplitude at each 
frequency level. From the same frequency analysis, I then used the cursor to measure the peak 
decibel and trough decibel (dB) levels for each harmonic and fundamental. The trough here is 
described as the point at which the background noise meets the bottom of the signal. The har-
monics were selected as strong peaks in the frequency analysis, with differences around 1000 
Hertz. The fundamental was defined as the difference between those peaks, with the peak closest 
to that value being used. To verify accuracy in these definitions, techniques were used to find a 
best fit with known information and the peaks of the analysis. Figure 2 shows the locations of the 
peaks and troughs for the fourth harmonic and the fundamental. 

Figure 2: Frequency analysis taken from Audacity 1.3.12 for a S1 discrete pulsed call. 
This shows the relationship of the harmonics within the call. The yellow arrows highlight 
the frequency bands of the fundamental frequency (as measured by this study) and the 
fourth harmonic, while the black arrows point to the peaks of the associated harmonics. 
The amplitude of the harmonics was recorded at the dB that is shown by this figure.

Once the signal frequencies were recorded, I selected approximately a 0.2 second portion 
of the noise directly before the time of the S1. A frequency analysis was once again used to 
measure the dB level at the signal harmonic frequency level. An RMS value for broadband back-
ground noise was calculated in Audacity using the “Contrast” function. 

For further comparison, a calibration tone was cal-
culated. In order to change Audacity dB units into a 
known form of amplitude (dB re 1-microPascal) I used a 
known dB calibration factor from  a calibration recorder 
(InterOcean) to determine the conversion factor needed 
to standardize Audacity units.

Results: 
This study sought to determine a relationship 

between the background noise and the signal frequen-
cies. A simple frequency analysis from the first syllable 
of an S1 call showed that the fourth harmonic regularly 
had a higher peak amplitude than the preceding harmon-
ics and fundamental. The S1 calls in the end analysis 
were selected due to their clarity of the signal peaks and 



harmonics over the broadband noise. All of the 100 calls were recorded on May 14, 15, 18, and 
19, 2009. 

Figure 3 shows that as the amplitude of the broadband background noise increased (in 
dB) the signal peak of the fundamental (harmonic 1) significantly increased. The amplitude 
range is from -39.7 to -52.3 dB (in Audacity units) for the broadband background noise, and -49 
to -68 dB for the signal peak. From the calibration calculations to dB re 1 micro-Pascal, these 
ranges should be from 126.6 dB to 114 dB for the broadband background noise, and 117.3 dB 
and 98.3 dB for the signal peaks. The p-value (0.00027) is significant for this relationship, which 
is what was expected from the general relationships noted in previous publications.    

Figure 3: Signal peak H1 plotted with background noise RMS values. The RMS value was selec-
ted immediately preceding the call, for a length of at least 0.2 seconds. Audacity contrast analysis  
allowed this measurement to be taken directly. Audacity units were then converted into standard 
units using a calibration tone of 166 (p = 0.00027, R2  = 0.1272, N=100).

For the signal, the peak amplitude appeared to have the most important regression rela-
tionships to other variables, so this study explored those correlations. The correlation between 
differences of harmonic 2 and the fundamental frequency band for the background noise and the 

y = 0.6235x + 30.612
p = 0.00027
R2 = 0.1272
N= 100



signal are shown in Figure 4. A frequency analysis showed harmonic peaks for the signal and 
their corresponding amplitudes. These amplitude differences were calculated by taking the differ-
ence in amplitude between the second harmonic and the fundamental. A frequency analysis was 
then done for the recording of noise just preceding the S1 call. The measurement of noise amp-
litude was taken from the same frequencies at which harmonic 2 and the fundamental occurred. 
Figure 4 shows that there is a significant correlation between the differences of the peaks when 
relating noise to Southern Resident orca calls with a p-value of 0.00044 (R2 = 0.1192, N=100). 

The results of the regression confirmed that as the noise level in harmonic 2 increased, 
the amplitude of the signal peak at harmonic 2 also increased. When there was more noise at the 
second harmonic frequency, the orca call had more strength at that frequency. In conjunction 
with that, as the regression line in Figure 4 increased above one, a significant relationship 
between peak fundamental and noise appears to exist.  When noise increased at the fundamental 
frequency band, the amplitude of the signal at that band indicated an increasing. Although there 
are few points in the portion of the graph that emulate this relationship, the significant p-value of 
0.00044 for Figure 4 verified that the relationship was present and viable. There was a similar re-
lation- ship 

between noise and signal with the other harmonics as well, which are not reported here. 

Figure 4: Signal peak harmonic 2 - harmonic 1 plotted with the difference in amplitude (dB) 
noise at the corresponding frequencies for harmonic 2- harmonic 1. (P-value of 0.00044, R2 = 
0.11192, N=100). As the noise increases, the corresponding harmonic in the signal also increases. 

 y = 0.5638x - 8.0244
 p = 0.00044
 R2 = 0.1192 
 N = 100



The changes in peak relationships noted in this study led to an analysis of the degree of 
change, in order to answer the question, “was any frequency more susceptible to background 
noise?” Several ratios were explored to find the best depiction of such a relationship. Figure 5 
shows the most effective manner to view these changes between the signal peaks and the noise in 
regards to harmonic structure. The fourth harmonic and fundamental peaks of the signal were 
measured using an Audacity frequency analysis; then the amplitude at each peak was recorded. 
Those same frequency measurements were used to find the amplitude of noise at those frequency 
bands. These measurements were compared, and the resultant relationship is shown in Figure 5. 
As the noise increased at the fundamental frequency level, the signal peak decreased. Also, as the 
noise increased at the fourth harmonic, the amplitude of the signal peak also increased. The re-
gression showed that noise impacts were magnified as frequency increased, at least in the scope 
from the fundamental to the fourth harmonic. The fourth harmonic was therefore more impacted 
by louder background noise than the fundamental. 

Figure 5: Signal peak ratio of harmonic 4 divided by harmonic 1, plotted with the amplitude of 
the background noise preceding the call for the corresponding frequencies at harmonic 4 and har-
monic 1.

 y = 0.6028X + 0.2804
 p = 0.0000013
 R2 = 0.2147
 N = 100



Discussion: 
The general trends of this study confirmed previous studies on the relationship of ambient 

noise to the pulsed calls of the Southern Resident killer whales. Holt et al (2009) recorded the 
difference in call amplitude from broadband background noise. A similar relationship was con-
firmed by this current study by recording an increase in signal peaks with an increase in amp-
litude at those associated frequency levels of noise. In addition, this study confirmed Peirson’s 
findings that there are dynamic relationships between the acoustic environment and vocaliza-
tions. This current study verified that the power ratios between the fundamental and fourth har-
monic are highly impacted by broadband background noise, as measured by the RMS. 

This study expanded on those findings by including frequency analysis in the background 
noise discussion. We focused on the changes within the frequency bands of the noise in associ-
ation with the frequency bands of the signal. The findings show significant complex relationships 
between noise and the pulsed call categorized as S1. Unfortunately, the study was limited by the 
number of days of data that was analyzed and therefore the scope of background noise that could 
be included in the graphs. With a broader bandwidth in amplitude of ambient noise, further stud-
ies might be able to find more extensive correlations between noise and the vocalization fre-
quency shifts. However, there is limited variability in the amount of noise present in the environ-
ment when the whales are present and vocalizing. With the increased background noise, the calls 
inherently become harder to hear, leading to increased errors in vocalization measurements. 

The magnitude relationship between the higher harmonic and the fundamental in associ-
ation with the background noise harmonic and fundamental is an important finding for further 
study. It might be due to the Southern Resident orca patterns of communication where potentially 
less importance is placed in the fundamental frequency band for communication. However, no 
significant hierarchy of importance has been observed for the harmonic and fundamental rela-
tionship. Another possibility is that over time, the pods have ceased from attempting to overcome 
the background noise at the fundamental frequency level and compensate by placing higher amp-
litudes of energy into the higher harmonics of their calls. Future research could perform a similar 
study and expand the recording data through time. With the same procedure, quantitative data on 
received levels and call impacts might lead to insight regarding true compensation. Broadband 
measurements might show whether the Southern Resident acoustic environment is changing over 
time, as well as their possible adaptations to it. It is possible that further research on these record-
ings might show no change, but would inevitably strengthen measurements from this study. Fu-
ture studies should use advances in technology to eliminate the received level assumptions that 
limited this current study. An acoustic tracking device would allow scientists to record levels of 
broadband noise with confidence that they are measuring an accurate received level.  

In both scenarios, this study recorded that Southern Resident calls are significantly im-
pacted by background noise levels. The importance of these pulsed calls has not been docu-
mented or connected to survival or overall health of the species. However, sickness in captive an-
imals has been casually linked to a lack of companionship and communication possibilities. For 
wild pods this might be a challenge that is literally unheard of until now. These measurements of 
increased broadband noise indicate that there in an extra input of energy to communicate. For an 
endangered species, using extra energy for any activity could be detrimental. 

During analysis, S1 calls with clear harmonics were selected to ensure accuracy of the 
resultant trends. Although this led to a smaller decibel range, the findings are accurate within the 



data. One of the challenges during analysis included noise background interference. Occasionally 
the peaks did not arise from the background noise so the frequency and amplitude measurements 
were juxtaposed from other peaks using trends from visible harmonic peaks in the same signal. 
This may have skewed the results if the background noise had encompassed the fundamental fre-
quencies and the peaks that were measured were false peaks. However, there is not a practical 
manner to measure a fundamental frequency peak that is hidden by background noise. The noise 
reduction tools were explored and might be useful for further analysis, but in the scope of this 
study, they did not seem to produce reliable results. 

This study was also limited by solely analyzing recordings of S1 calls and therefore, on 
communication implications. In order to comprehend the specific impacts of vessel noise on  for-
aging success, further study should measure frequency and amplitude compensation in clicks and 
buzzes. These vocalizations are used in echolocation and are therefore connected to successful 
foraging behaviors. By measuring the amplitude of noise at the frequency of foraging vocaliza-
tions, future studies could effectively inform NOAA and other legislature of vessel  impacts on 
foraging.  

Finally, this study operated under the assumption that the received levels of broadband 
noise at the hydrophones behind the Gato Verde were representative of the received levels of the 
individual orca. The complexities of sound through water make this an impossible variable to 
control, but the analysis process carefully excluded seemingly biased recordings from being 
measured. The primary source of broadband noise as measured here was vessel engines shifting 
in and out of neutral, starting an engine, increasing speed away from the pod, and general ship-
ping traffic. Measurements were not taken if the calls did not appear on the spectrogram, alleviat-
ing intense speed boat moments from the study. However, looming shipping traffic often created 
a hum that was heard throughout the analyzed recordings. This observation may also be of in-
terest for further study. 

Although the freight vessels are outside of the proposed regulation zone, ship noise is 
constant and looming in the acoustic environment for extensive periods of time. It is standard to 
hear a recording with a low frequency rumble from a ferry or cargo vessel clanking in the dis-
tance. Is it possible to lessen the vessel noise contamination? Certainly the boats directly sur-
rounding the pods could prioritize equipment and behavior reflecting smaller noise impacts. Par-
ticularly for vessels that profit from the Southern Residents presents, changing an outboard mo-
tor to an electric biodiesel hybrid engine seems like a realistic priority. The Gato Verde is a sus-
tainable sailing vessel with minimal noise contamination and an engine efficiency equivalent to  
the previous motors. This change is a responsible way for whale watching vessels to show their 
appreciation of a beautiful species by providing a quiet environment for vocalizations. 

Vessels that quickly approach the pod location (though still within regulation distance) or 
rapidly increase speed when leaving the scene are often more disruptive acoustically than closer, 
quiet vessels. Vessels that follow all of the regulations are still highly disruptive upon approach 
and retreat of the scene. Further study should dialogue the specific speeds and distances that are 
most disruptive in order to help make informed decisions on regulations regarding distances as 
well as vessel operator behavior.  

Acknowledgements: 
Many thanks to the Beam Reach Marine Science and Sustainability School for the oppor-

tunity, planning logistics, and wonderful staff who helped to make this formative research experi-
ence possible. Special thanks to Scott Veirs, the mastermind behind the program, as well as Val 



Veirs and Jason Wood.  The data collection was made possible through the commitment of the 
Gato Verde captain, Todd Schuster to finding marine mammals and teaching sailing at the same 
time.  I greatly appreciate the support of Ken Balcomb (Center for Whale Research), Orca Net-
work, friendly commercial whale watch operators, and Lynn Weber/Roochvarg, editing genius. 
This data analysis would not have been possible without the aid of past Beam Reach students, 
along with my co-students: Nora Carlson, Horace Liang, and Kathryn Scurci. I have received in-
tellectual, financial, and emotional aid from many individuals to make this program possible, and 
for that I am eternally grateful. Especially to Terry Records and the Records Group at Keller Wil-
liams Premier Realty for being flexible and understanding with my career options. 

Literature Cited

Bigg, M. “An assessment of killer whale (Orcinu orca) stocks off Vancouver Island, British 
Columbia,” Report of International Whaling Commission. 32:(1982) 655-666.

Bradbury, J., Vehrencamp, S. Principles of Animal Communication. Sunderland: Sinauer Asso-
ciates, Inc., 1998. Print.
Egnor S., and Hauser, M. “Noise-Induced Vocal Modulation in Cotton-Top Tamarins (Saguinus 

oedipus). Am J. Primatol. 68. (2006):1183-1190.
Foote, A., Osborne, R., Hoelzel, A. “Whale-call response to masking boat noise,” Nature. 428 

(2004): 910.
Foote, A., Nystuen, J. “Variation in call pitch among killer whale ecotypes” J. Acoust. Soc. Am. 

123 (2008) 1747-1752.
Ford, J. “A catalogue of underwater calls produced by killer whales (Orcinus orca) in British 

Columbia,” Canadian Data Report of Fish and Aquatic Science. (1989): 633.
Ford, J. “Acoustic behavior of resident killer whales (Orcinus orca) off Vancouver Island, British 

Columbia,” Can. J. of Zoology. 67 (1989): 727-745.
Ford, J., Ellis, G., Balcomb, K. Killer whales: the natural history and genealogy of Orcinus orca 

in British Columbia and Washington State, 2nd edition. Vancouver: UBC Press. 2000. 
Print.

Ford, J., Ellis, G., Barrett-Lennard, L., Morton, A., Palm, R., Balcomb, K. “Dietary spe-
cialization in two sympatric populations of killer whales (Orcinus orca) in coastal British 
Columbia and adjacent waters,” Can. J. Zool. 76 (1998): 1456-1471.
Hoelzel, A.,Osborne, R. Killer whale call characteristics: implications for cooperative foraging 

strategies,” Behavioral biology of killer whales. New York: Alan Liss. 1986. 
Holt, M. “Sound exposure and Southern Resident killer whales (Orcinus orca): A review of 

current knowledge and data gaps. U.S. Dept. Commer., NOAA Tech. Memo.
NMFS-NWFC-89 (2008): 59.

Holt, M., Noren, D., Veirs, V., Emmons, C., Veirs, S. “Speaking up: Killer whales 
(Ornicus orca) increase their call amplitude in response to vessel noise” J. Acoust. Soc. 
Am. 125. (2009): Web. 6 April. 2010.

Lesage,V., Barette, C., Kindsley, M., Sjare, B. “The effect of vessel noise on vocal behavior of 
belugas in the St. Lawrence River estuary, Canada,” Mar. Mam Sci. 15: (2006) 65-84.

Miller, P., Biassoni, N., Samuels, A., Tyack, P. “Whale songs lengthen in response to sonar,” 
Nature. 405 (2000):903.



Miller, P., Samarra, F., Perthuison, A. “Caller sex and orientation influencespectral characteristics 
of “two-voice” stereotyped calls produced by free-ranging killer whales,” J. Acoust. Soc. 
Am. 121 (2007): 3932-3937.

National Marine Fisheries Service (NMFS) “Proposed Recovery Plan for Southern Resident 
Killer Whales (Orcinus orca).” National Marine Fisheries Service, Northwest Regional 
Office, Seattle, Washington. (2006a)  219 pp.

Peirson, E. “Spectral energy distribution in the discrete pulsed calls of free-ranging killer whales 
(Orcinus orca) changes in response to ambient noise levels,” unpublished thesis. (2009)

Richardson, W.J., Greene, C., Malme, C., and Thomson, D. Marine mammals and Noise. San 
Diego: Academic Press, 1995. Print. 

Scheifele, P., Andrew, S., Cooper, R., Darre, S., Musiek, F., and Max, L. “Indication of Lombard 
vocal response in the St. Lawrence River beluga” J. Acoust. Soc. Am. 117. (2005): 
1486-1492.

Veirs, V., and Veirs, S. “Average levels and power spectra of ambient sound in the habitat of 
Southern resident orcas” (2005) Report to NOAA/NMFS/NWFSC. Web. http://

              www.coloradocollege.edu/dept/ev/research/faculty/OVALitems/pdf_Papers/  
              051204noaa-       haro_noise_final.pdf  . 5 April, 2010.
Wieland, M., Jones, A., Renn, S. C. P. “Changing durations of southern resident killer whale 

(Ornicus orca) discrete calls between two periods spanning 28 years” Marine Mammal 
Science. 26. (2010): 195-201.

http://www.coloradocollege.edu/dept/ev/research/faculty/OVALitems/pdf_Papers/051204noaa-haro_noise_final.pdf
http://www.coloradocollege.edu/dept/ev/research/faculty/OVALitems/pdf_Papers/051204noaa-haro_noise_final.pdf
http://www.coloradocollege.edu/dept/ev/research/faculty/OVALitems/pdf_Papers/051204noaa-haro_noise_final.pdf

