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PREFACE 
The Southern Resident Killer Whale (SRKW; Orcinus orca) population in Canadian Pacific 
waters is listed as Endangered under the Federal Species at Risk Act. Critical habitat (CH) has 
been identified as portions of the waters on the continental shelf off southwestern Vancouver 
Island and eastward to include parts of the Salish Sea (Figure 1). The spatial extent of the CH is 
large and there is a need to focus recovery efforts on areas within the CH that have the greatest 
potential to provide benefits to the population.  
The Southern Resident Killer Whale (SRKW) population consisted of 74 individuals in 2021 
(Centre for Whale Research 20211). Areas of coastal and inland waters around Vancouver 
Island are now legally designated critical habitat (CH) as they are important for life history 
events that support the survival and recovery of the population.  
The Salish Sea encompasses the inland waters around southern Vancouver Island, the Juan de 
Fuca Strait and the Strait of Georgia in Canada, and the San Juan Islands and Puget Sound in 
Washington State in the United States, and is bounded to the west by a line from Cape Flattery 
to Carmanah Point. These waterways will be collectively referred to as the Salish Sea 
throughout this document. The area of SRKW CH to the west of this line includes La Perouse 
Bank, Swiftsure Bank, and various canyons and submarine features. For ease of reference, this 
portion of SRKW CH is referred to as ‘the Swiftsure Bank area’ throughout this document. The 
phrase ‘the study area’ is used in this document to refer to both of these regions.  
The co-occurrence analysis presented here brings together the sighting records and 
behavioural observations that are detailed in Thornton et al. (2022), with the soundscape and 
vessel presence analysis of Vagle et al. (2021), to highlight areas where SRKW would be most 
at risk of physical and acoustic disturbance and vessel strike. These analyses focus on whale 
presence data from May to October, which is referred to throughout the document as ‘summer’.  
Physical and acoustic disturbance, and vessel strike have been listed as primary threats to 
SRKW population recovery. Contaminants and reductions in prey availability are also listed as 
key threats to SRKW, but are outside the scope of this document. It is hoped that a similar co-
occurrence analysis will be applied to these factors in the future, adding additional layers of 
understanding to the risk analysis presented here.  

 

1 Center for Whale Research. 2020. Southern resident orca community demographics, composition of 
pods, births and deaths since 1998. Unpubl data. Accessed from Orca Network. 

http://www.orcanetwork.org/Main/
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ABSTRACT 
Primary threats to the endangered Southern Resident Killer Whale (SRKW) population are 
reduced prey availability, acoustic and physical disturbance, contaminants, and vessel strike. 
Successful threat mitigation is contingent on knowledge of spatiotemporal overlap of whale 
presence with areas of elevated risk.  
A co-occurrence framework was used to illustrate areas within the critical habitat where SRKW 
are at higher risk for physical and acoustic disturbance and strike from vessels from May to 
October. The SRKW sightings data analyses indicate that the locations with the highest SRKW 
frequency of occurrence are Swiftsure Bank, Haro Strait, the Fraser River estuary. Individual 
and group follow data were used to add behavioural context to sightings data and identify 
Swiftsure Bank and Haro Strait as key foraging locations, while Juan de Fuca Strait is mainly 
used for travel. 
Collision risk was determined using a combination of Automatic Information System (AIS) vessel 
data to assess presence of large commercial ships, and aerial surveys adding to records of the 
presence of smaller or recreational vessels.  
The acoustic implications of vessel presence were explored by examining the noise additions in 
frequency ranges used for SRKW communication (500 Hz to 15 kHz) and echolocation (15-100 
kHz). A reference level of ‘minimum ambient’ noise was derived from the 1% quietest conditions 
obtained from acoustic mooring recordings in the study area. The ranges at which calls and 
clicks could travel in minimum ambient conditions were then calculated. Loss of communication 
and echolocation ranges were expressed as percent reductions from minimum ambient. Noise 
from AIS Class A vessels resulted in significant loss of both echolocation and communication 
range in SRKW critical habitat. Echolocation range loss of greater than 50% was identified in 
key foraging locations, and range loss increased with foraging depth. Echolocation range loss 
from small vessels was also observed, with increased impacts occurring on weekends.  
These analyses will inform recovery measures to reduce acoustic impacts on SRKW in critical 
habitat, and provide a framework for future investigations on threats to recovery. Moving 
forward, inclusion of prey and contaminants data into the co-occurrence analysis will inform our 
understanding of cumulative effects, and will support management actions for the survival and 
recovery of the population. 
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 INTRODUCTION  
The Southern Resident Killer Whale (SRKW) population is the smallest of the four Killer Whale 
populations found in Canadian Pacific waters and is listed as Endangered under Canada’s 
Species at Risk Act (SARA). In 2021, the population consisted of only 74 individuals (Center for 
Whale Research, 20211). Primary threats to recovery were identified in the Recovery Strategy 
(Fisheries and Oceans Canada, 2018) and included reductions in prey availability, physical and 
acoustic disturbance, and contaminants. In 2017, vessel strike was identified as an additional 
threat to the population (Fisheries and Oceans Canada, 2018; Raverty et al., 2020). 
Killer whales associate in maternal groups which usually consist of multiple generations of 
individuals that are related by matrilineal descent (Bigg et al., 1987). Closely related matrilines 
are identified as pods, which share stereotyped calls that can be used to acoustically 
differentiate each pod (Ford, 1991). The SRKW population consists of the J, K and L pod.  
Areas of coastal and inland waters around Vancouver Island have been identified as SRKW 
critical habitat (CH) under the SARA (Figure 1; Ford, 2006; Fisheries and Oceans Canada, 
2018; Ford et al., 2017). Identification and designation of CH is designed to protect areas that 
are necessary for the survival and recovery of the species, and to support key life process such 
as foraging, socializing, resting, travelling and mating. The SARA protects any part of the 
SRKW’s CH from destruction (Section 58; Appendix I). Destruction of CH would result if part of 
the habitat was degraded, either permanently or temporarily, such that it would not serve its 
function when needed by the species. Understanding how different areas support various 
SRKW life processes (i.e., the ‘function’ of CH) is an important step in providing effective 
protection. 
Analysis of the relative occurrence of SRKW in the Salish Sea and the Swiftsure Bank area 
have identified areas of preferred habitat within CH (Thornton et al., 2022). Occurrence data 
emphasized the importance of areas on and around Swiftsure Bank, as well as confirming the 
significance of Haro Strait on the west side of San Juan Island to SRKW. Behavioural analyses 
also identified locations within the areas of high occurrence in which foraging was the 
predominant behaviour (Thornton et al., 2022). The prevalence of SRKW sightings in these 
areas, and the location of the foraging hotspots, lends further support to previous inferences 
that SRKW presence is driven by the seasonal availability of their primary prey, Chinook salmon 
(Oncorhynchus tshawytscha; Baird et al., 2005; Ford et al., 2017; Hanson et al., 2010, 2021). 
The acoustic sense is the primary means for SRKW to send and receive information about their 
surroundings. The three SRKW pods each have their own acoustic dialect that includes 7-17 
discrete calls (Ford, 1987, 1991). These include whistles and burst-pulse sounds. Whistles are 
continuous, narrow-band, continuous wave or frequency-modulated tones in the 2-10 kHz 
range, and are used as social signals in most odontocete species (Janik and Slater, 1988; 
Herzing, 2000; Lammers et al., 2003). Burst-pulses are more broadband sounds of rapidly 
repeating pulses, in the range of 500 Hz to 25 kHz (Ford, 1987, 1989, 1991; Reisch et al., 
2006). The use of echolocation clicks informs navigation and prey location. The dominant 
frequency in these clicks usually reaches the ultrasonic range (>20kHz).  
The acoustic ‘active space’ of a whale represents the area over which acoustic information can 
be both sent and received (Tyack and Clark, 2000; Clark et al., 2009; Burnham, 2018). Active 
space considers both a range or two-dimensional extent over which sounds can propagate, as 
well as some indication of directionality and area over which transmissions would be possible in 
three dimensions. The extent over which conspecific communication signals can be accurately 
received and interpreted can be described as the communication range (Clark et al., 2009; 
Hatch et al., 2012; Burnham, 2018; Stanley et al., 2017). For SRKW, the distance over which a 
whale can have clear reception of its own echolocation clicks has been used to define its 
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echolocation range (Au et al., 2004). The extent of both communication and echolocation range 
is determined by the signal from the whale and the sound field into which the signal is projected. 
Vagle et al. (2021) considered the abiotic and anthropogenic noise in the soundscape in parts of 
the Salish Sea and Swiftsure Bank area, and their impacts on the frequencies used for SRKW 
communication (500 Hz to 15 kHz) and echolocation (15-100 kHz; Heise et al., 2017). Passive 
acoustic recordings made in the study area and outputs from a vessel noise model indicated 
considerable additions to the sound field from both natural and vessel noise. For instance, 
larger commercial vessels, which predominantly emit lower-frequency (< 500 Hz) noise 
(Richardson et al.,1995; Veirs et al., 2016), added to the sound fields in the frequencies up to at 
least 50 kHz (Vagle et al., 2021). In early- to mid-summer, wind contributions to the sound field 
were substantial in the areas around Sooke, and lower in the offshore areas. In September-
October, the converse was observed, with the eastern extent of the Strait experiencing lesser 
wind contributions to the sound field, while Swiftsure Bank and the western extent of Juan de 
Fuca Strait experienced greater noise impacts from offshore wind. This quantification of noise in 
the frequency ranges used for communication and echolocation by SRKW demonstrated the 
potential for masking from vessel noise. Other studies suggest that prey detection and foraging 
efficacy could be reduced between 38-100% when a killer whale is in close proximity to a vessel 
(Au et al., 2004; Holt et al., 2013), either through direct masking of acoustic signals or reduced 
ability to coordinate prey location and capture (Ford and Ellis, 2014), and prey sharing (Ford 
and Ellis, 2006; Wright et al., 2016). The SRKW population has been characterized as 
nutritionally stressed, as evidenced by reduced survival and reproduction (Ward et al., 2009; 
Ford et al., 2010; Wasser et al., 2017), and an observed decline in body condition (Fearnbach et 
al., 2011, 2018). As SRKW use acoustic signals to locate and pursue prey, degradation of their 
sonic environment is of paramount concern. 
Non-acoustic vessel disturbance also presents a risk to SRKW population recovery, but is 
challenging to quantify. The physical presence of vessels may result in behavioural changes or 
create impediments to SRKW movements (Noren et al., 2009; Ferrara et al., 2017). Foraging 
behaviours can be interrupted in the presence of vessels, where whales were more likely to 
transition to non-foraging behaviour, potentially increasing energy expenditure and resulting in 
lost prey capture opportunities (Bain et al., 2006; Lusseau et al., 2009; Williams et al., 2014b., 
Holt et al., 2021). In bottlenose dolphins, vessel presence has been associated with short term 
reduction in foraging activity with no relationship to noise level (Pirotta et al., 2015). In the Salish 
Sea and the Swiftsure Bank area, core SRKW feeding areas are in close proximity to 
international shipping lanes, as well as sites of frequent use by recreational vessels (Cominelli 
et al., 2018; Olson et al., 2018; Vagle et al., 2021; Thornton et al., 2022). Incidents involving 
non-motorized vessels (kayaks, paddleboards) are increasing (Seely et al., 2017) and while the 
impact may be viewed as minimal, the cumulative effects of changes in whale behaviour away 
from those which support vital functions have a higher likelihood of impact in an endangered 
population (Lacy et al., 2017; Murray et al., 2021). 
The speed at which a vessel is travelling defines another level of risk to SRKW. While only a 
small percentage of the cause of SRKW mortality is known, evidence from strandings and non-
fatal vessel strikes are sufficient to identify vessel strike risk as an important threat to the 
population (Raverty et al., 2020). Knowing the speed of vessel travel can help discern the 
likelihood and severity of the strike (Kelley et al., 2020). As vessel speed increases, so does the 
risk of a lethal impact to whales; for example, vessels exceeding 18 knots will likely result in 
mortality if a whale is struck (Vanderlaan and Taggart, 2007; Conn and Silber, 2013). Identifying 
areas with higher densities of vessels travelling at elevated speeds will facilitate risk 
assessment for this threat to SRKW recovery.  
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This paper examined the potential impacts from vessels to SRKW habitat use and discusses the 
risks to individuals. Focus is given to areas where frequency of SRKW occurrence is high and 
where observational data has defined their behavioural use. Noise-related reductions in SRKW 
communication and echolocation ranges are presented as proportional reductions in extent 
compared to periods when wind and vessel noise is absent. The temporal aspect of potential 
acoustic impacts of vessel noise in locations where foraging and travelling are predominant are 
explored by quantifying the proportion of time over a representative week during the core 
summer months, that the extent of both communication and echolocation ranges may be 
reduced. Vessel presence and strike risk are also explored by presenting monthly vessel 
densities at two different speed thresholds in high-occurrence areas, reflecting likelihood of sub-
lethal and lethal interactions. These analyses illustrate the power of the co-occurrence 
framework to assess impacts at varying spatial and temporal scales and highlight areas where 
vessel presence may impede SRKW survival and recovery. Results from these analyses will 
provide support for evidence-based conservation measures to mitigate the principal threats for 
this endangered population.  

 METHODS 
The study area for this analysis included waters of the Salish Sea and Swiftsure Bank area that 
are bounded by 49.0°N, 125.5°W in the northwest, 49.0°N, 123.0°W in the northeast, 48.0°N, 
125.5°W in the southwest and 48.0°N, 123.0°W in the southeast (Figure 1). The Swiftsure Bank 
area exhibits a variety of bathymetric features; locations are identified in Figure 2 and 
descriptors for these areas are as follows: Swiftsure North (along the coast in the vicinity of 
Nitinat), Swiftsure Bank (the shallow bank on the continental shelf), and the Swiftsure Foreslope 
(areas to the east of the bank where the bathymetry indicates a steep slope). The analyses 
presented here were restricted to the presence of whales between May 1 and October 31 
(hereafter referred to as ‘summer’) with whale data from 2009-2020 informing the occurrence 
areas, and data from 2018 to 2020 informing the vessel noise and potential collision risk layers. 

 SRKW PRESENCE AND HABITAT USE 
Areas of SRKW summer occurrence in the study area were estimated using modeled outputs of 
effort-corrected sightings data to determine probability of occurrence, according to methods 
outlined by Watson (2020), and presented in Thornton et al. (2022). The number of SRKW 
sightings per unit search effort at a given location was expressed as intensity of SRKW 
occurrence with a >0.9 confidence level. Areas of highest intensity of occurrence, which are 
assumed to be representative of SRKW preferred habitat between May and October, were used 
in this study and are visually represented by a 90% polygon, with diminishing intensity described 
by the 80% and 70% polygons (Figure 3).  
Areas of forage and travel were defined from DFO’s SRKW behavioural surveys (2018-2020) 
and the National Oceanic and Atmospheric Administration’s (NOAA) behavioural observation 
data for the Salish Sea (2006-2009; see Thornton et al., 2022). These areas are identified here 
as polygons where there was an >0.7, >0.8 and >0.9 probability that foraging or travelling were 
the dominant behaviours (Figure 4-5; Thornton et al., 2022).   
Six representative sites within these areas (three in foraging-dominated locations and three in 
travelling-dominated locations) were selected to examine the impacts of noise on SRKW 
communication and echolocation range, and how that varied with depth (Figures 4-5).  
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 ACOUSTIC ENVIRONMENT 
Soundscape recordings were obtained from six passive acoustic moorings deployed throughout 
the Salish Sea and on Swiftsure Bank (Figure 1). Each mooring consisted of an Autonomous 
Multichannel Acoustic Recorder (AMAR, JASCO Applied Sciences, G4) equipped with 
GeoSpectrum Technologies M36-100 hydrophone, and positioned approximately 2 m from the 
sea floor. Each system was calibrated by the manufacturer, and then again using a 250 Hz 
piston phone prior to each deployment. Recordings were made continuously at a sample rate of 
256 kHz with 24-bit resolution and stored on internal SD memory cards as .wav files. On 
recovery, the .wav files were post-processed with custom Python scripts, modified from those 
used by Merchant et al. (2015). One-minute power spectra were computed using a 1 second 
Hanning window, with a 50% overlap and Welch’s averaging, from which sound pressure level 
(SPL) metrics were calculated. 
Sound speed profiles and sound propagation characteristics for the study area were calculated 
knowing water depth, substrate type, and water properties (salinity, temperature, depth), using 
both observational and model data as described in Vagle et al. (2021). Noise additions from 
both wind and vessels were examined to explore both natural and human-derived additions to 
the soundscapes. The potential impact to SRKW was determined by examining the noise 
additions from these sources in frequencies relevant to the SRKW’s communication and 
echolocation ranges. For simplicity in the analysis, single frequencies were used to represent 
the ranges of SRKW communication and echolocation signals. The communication range of 500 
Hz to 15 kHz was represented by 10 kHz, which represents a mid-value of the fundamental 
frequencies of SRKW whistle production (2-17 kHz; Ford, 1989; Thomsen et al., 2001). The 
echolocation range of 15-100 kHz was represented by 50 kHz, which is the center of the 
frequency range over which echolocation clicks are produced and in line with previous studies 
(Au et al., 2004). 

 Soundscape description: wind- and vessel-derived noise 
Wind noise was estimated by retrieving wind speed data from the SalishSeaCast model 
(Soontiens et al. 2016) and using the known relationship at 8 kHz described by Vagle et al. 
(1990). Data were then extrapolated to 10 kHz to reflect potential effects on SRKW 
communication range, and 50 kHz to reflect effects on their echolocation range as described in 
Vagle et al. (2021) and following the assumption that the SPL decreases with frequency at a 
rate of 19 dB/decade (Wenz, 1962). Monthly averages of wind noise values for the period from 
May to October were used to estimate changes in communication and echolocation range in 
these frequencies (see methods below).  
Vessel noise in the SRKW communication and echolocation frequency ranges was extrapolated 
from a Range-dependent Acoustic Model (RAM) for shipping noise, developed for the study 
area (Vagle et al., 2021). The vessel noise model outputs at 125 Hz were extrapolated to give a 
first-order estimate of noise at the two frequencies selected to reflect communication and 
echolocation ranges (10 kHz and 50 kHz; Vagle et al., 2021). Ambient noise levels that were 
exceeded 5% (L5), 50% (L50) and 95% (L95) of the analysis time as a result of vessel noise were 
determined for five of the 40 water layers, i.e., at 7.5 m, 20 m, 50 m, 100 m, and 150 m water 
depths, to quantify vessel noise propagation through the water column, and to evaluate the 
communication and echolocation range loss at different depths (see methods below). 



 

5 

 Communication and echolocation range calculation 
2.2.2.1. Communication range 

The maximum available communication range for SRKW and range-dependent transmission 
loss at each of the mooring locations was calculated from data gathered experimentally using a 
known noise source (engine noise from a research vessel). The Canadian Coast Guard Ship 
(CCGS) VECTOR is a small coastal oceanographic vessel with an overall length of 39.7 m, 
beam of 9.5 m, draft of 3.5 m and total displacement of 560 tons. Cruising speed is 
approximately 10 knots (5.1 m/s) at 1500 RPM from a single three-bladed variable pitch 
propeller driven by a 600 kW diesel engine (Trevorrow et al., 2008). The VECTOR was 
equipped with an AIRMAR Technology Corp. CM265LH Chirp-Ready acoustic transducer (100 
mm by 164 mm) operating at 50 kHz for naval sonar operations, and a 12 kHz SIMRAD 830-
107783 transducer (580 mm diameter) to detect water column depth for scientific operations. 
The VECTOR ran transect lines directly over and up to a maximum of 10 km away from the 
moorings, and between mooring locations repeatedly over a 24 h period. Results from transects 
completed in September-October 2020 were used in this analysis to estimate the frequency-
dependent reductions in sound pressure levels (SPL). Water column conductivity, temperature 
and depth (CTD) profiles were obtained from a Seabird Scientific SBE-25 CTD at two-hour 
intervals during the transects from which sound speed profiles were calculated using equations 
from Leroy et al. (2008).  
The maximum detection range of SRKW communication calls was estimated using measured 
sound pressure levels of the VECTOR at points along the transect lines and signal at 10 kHz 
with a source level of 125 dB re 1μPa at 1 m, which is typical for dolphin whistles (Watkins and 
Schevill, 1974). This represents a relatively low source level for killer whale calls; however, if 
this value was extended from the single frequency of 10 kHz to the full frequency range noted 
for SRKW communication calls, the source level would align with SRKW values observed in 
previous studies (131-175.7 dB re 1μPa at 1 m see Miller and Tyack, 1998; Miller, 2006; Holt et 
al., 2009).  

2.2.2.2. Echolocation range 
A model of signal source levels and directionality, and target strength for Chinook salmon, as 
described by Au et al. (2004), was used to estimate returning echolocation signal levels (in dB) 
under different ambient noise conditions in the Salish Sea. The dimensions of the Chinook 
salmon were modeled on those used by Au et al. (2004), where the fish was 0.78 m in length, 
placing its theoretical weight within the range of observed preferential fish weight (3.7-8.1 kg; 
measures from D. Rogers U.W. 2002 and detailed in Au et al. 2004). The Kirchhoff-ray mode 
backscatter model (Clay and Horne, 1994) was used to represent the target strength of the fish, 
modelling its body as a fluid-filled cylinder surrounding an air–filled cylinder, representing the 
swim bladder. The target strength was calculated for echolocation signals projected at 50 kHz 
with source levels varying from 195 to 224 dB re 1uPa at 1 m. Echolocation distance was 
defined as the distances over which an echolocation click signal returned with a signal to noise 
ratio (SNR) greater than 1.  
To assess the changes in soundscape and the implications on acoustic range for SRKW, a 
‘minimum ambient’ reference level was defined as corresponding to conditions where abiotic 
noise was at its minimum and anthropogenic noise was absent (see Vagle et al., 2021). This 
reference level was derived from acoustic mooring recordings using the L99 exceedance levels, 
i.e., the 1% quietest conditions, from Boundary Pass and Haro Strait recordings aggregated 
over the six months study period (May to October) and averaged over the three years of study 
(Vagle et al., 2021). Moorings in these two regions were deemed to be the least affected by 
chronic and far-ranging vessel noise as a result of their geography, and also represented areas 
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with the least potential for abiotic noise additions given their location in more protected waters. 
Therefore the ‘minimum ambient’ level applied to this analysis was presumed to reflect absence 
of vessel noise, and negligible wind-derived noise. A single reference ‘minimum ambient’ value 
was applied throughout the study area for this analysis.  

 Communication and echolocation range loss 
The loss in both communication and echolocation range was derived by comparing the range 
over which calls at 10 kHz, and echolocation clicks at 50 kHz, could travel when ‘minimum 
ambient’ conditions prevailed with conditions obtained from wind- and vessel-derived noise 
models (Vagle et al., 2021).  
Changes in ambient noise due to wind were modeled over the extent of the study area per 
month (May to October) and year (2018 to 2020) at a 25-m depth. Median SPL values (L50 
exceedance level) for this component were derived at 10 kHz and 50 kHz, and compared to 
values obtained at ‘minimum ambient’, and expressed as percent reductions in communication 
or echolocation range. Trends over early, mid-, and late summer were examined using the 
2019 values for May, July and October, respectively. 
Changes in vessel noise through the water column across the study area were examined for the 
upper- (7.5 m) and mid-water column (50 m), and at a maximum representative depth for 
foraging dives (150 m; Baird et al., 2005; Tennessen et al., 2019). Sound pressure levels that 
were exceeded at these depths for 5%, 50%, and 95% of the time (L5, L50 and L95, respectively) 
were examined, again for frequencies representative of communication (10 kHz) and 
echolocation (50 kHz) ranges. For these calculations, the communication range was calculated 
with the whale calling at the three depths examined, while for the echolocation range the whale 
was presumed to be at 10 m depth sending echolocation signals to a target at each of the three 
depths assessed. 
The above-derived changes in ambient noise as a result of wind or vessel noise reflect the 
worst-case scenario for the study period as they assumed constant and thus chronic presence 
of winds or vessels without release. 
The vessel noise model described above accounts only for AIS Class A vessels. To assess 
noise additions from smaller vessels, SPL at 50 kHz were derived from each minute of the 
recordings from the six mooring locations. Range reduction as a result of smaller and 
recreational vessels was estimated using the same method first employed by Au et al. (2004) 
and described above. The 50 kHz frequency was selected as it reflects noise generated from 
small engines, and encompasses the most common echosounder signal frequency used by 
these small vessels in the study area (Burnham et al., 2021a; Vagle et al., 2021). The minute-
wise change in echolocation range from minimum ambient was visualised monthly for each 
mooring. 

 Co-occurrence of SRKW and noise 
A spatial and temporal comparison between areas of high SRKW frequency of occurrence and 
noise from wind and vessels was undertaken. Overlaying the model outputs of SRKW intensity 
of occurrence with the raster layers representing the proportional loss of acoustic range as a 
result of abiotic (wind-derived) and anthropogenic (vessel-derived) noise facilitated identification 
of areas of co-occurrence. Frequency of occurrence of SRKW was expressed as the 70%, 80% 
and 90% exceedance values at a 90% confidence level for each month in the period from May 
to October.  



 

7 

Two regions used intensively by SRKW were identified for comparison: the Swiftsure Bank area 
and Haro Strait. To spatially standardize the areas, boundaries were created that limited the 
frequency of occurrence polygons to those regions. Raster values for proportional echolocation 
and communication range loss (using the L50 exceedance level) were mapped for each month 
(May to October). This analysis was undertaken at 25 m depth for wind noise, and at two depths 
for vessel noise: 10 m, and 100 m.  The proportional loss in range was then spatially expressed 
for each of the 70%, 80%, and 90% SRKW frequency of occurrence polygons.  
Range loss was also expressed as the percent time during which the environment was 
degraded at a specific location. To achieve this, the amount of acoustic range that would be 
available to an individual (binned as 0-25, 25-50, 50-75 and 75-100% of available range) at a 
given depth over the course of one week was calculated at three foraging locations and three 
travelling locations, and four different depths (7.5, 20, 50, and 100 m). The week of August 1-7th, 
2018 was used as a representative sample of the study period, whereas foraging and travelling 
locations were those where there was a >0.9 certainty of occurrence of these behaviours and 
that were located within areas of 90% probability of SRKW occurrence.  

 VESSEL PRESENCE AND SPEED 

 Vessel presence 
The presence of vessels in the study area was described using Automatic Identification System 
(AIS) data collected by Canadian Coast Guard terrestrial receivers. Vessel tracks interpolated to 
obtain a data point every five minutes were used to assess vessel presence and calculate 
vessel speed throughout the Salish Sea and Swiftsure Bank area (Vagle et al., 2021). AIS Class 
A transceivers are mandatory on larger commercial vessels including bulk carriers, container 
ships, ferries, cruise ships, tankers, and vehicle carriers. The use of AIS is not mandatory for 
smaller vessels, such as recreational vessels and small commercial vessels (e.g., tugs), and so 
the presence of these vessels in the data is an underestimate of true vessel presence. These 
smaller vessels either do not use an AIS transceiver, or are equipped with AIS Class B 
transceivers, which transmit their signal less frequently, and over shorter distances than Class A 
transceivers.  
Since the AIS data were presumed to under-represent the presence of smaller, and non-
commercial vessels, data from Fisheries and Oceans Canada (DFO) Creel aerial surveys were 
included in the analysis to provide additional data on underrepresented vessel classes (Vagle et 
al., 2021). Acoustic data from the six passive acoustic moorings (Figure 1) also provided 
information on small vessels using the methodology described above. 

 Vessel speed 
Variation in vessel presence at different speeds was evaluated to examine the risk of lethality 
from vessel strike in areas of high SRKW intensity. Speed over ground (SOG) for each vessel 
was calculated from the distance travelled and time elapsed in the AIS data. AIS Class A and 
Class B data were filtered using thresholds for minimum speed over ground (SOG). SOG 
exceeding 1 knot was used to represent all vessels making way, and SOG exceeding 10 knots 
was used to represent vessels traveling at cruising speed. Monthly layers of AIS vessel 
presence were generated, as described in Vagle et al. (2021), and expressed as overall 
average daily vessel-hours per 1 km2 grid cell, averaged across 2018-2020, for three broad AIS 
vessel categories. Vessels travelling at cruising speed were assumed to represent a greater risk 
of strike to SRKW and pose a higher risk of lethality if a strike were to occur.  
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 Co-occurrence of SRKW with vessel presence and speed 
Polygons depicting whale presence at the 70% frequency of occurrence were overlaid with the 
vessel presence raster layers to assess co-occurrence. AIS Class A large commercial vessels, 
other AIS Class A vessels, and AIS Class B vessels from Vagle et al. (2021) were summed to 
create a set of monthly raster layers for all vessel presence combined. In the case of non-AIS 
(i.e. recreational fishing) vessels, the raster layer for underrepresented vessel presence was 
created based on all DFO Creel surveys. 
Additionally, trends in vessel presence across months were examined by speed and vessel type 
(binned into vessel categories) within the polygons of high SKRW occurrence intensity in Haro 
Strait and the Swiftsure Bank Area. The size and boundaries of these polygons varied across 
months, as they were based on the monthly results of the SRKW occurrence model. AIS Class 
A vessels were binned into six categories: cargo, tug, passenger/ferry, fishing, recreational, and 
other. The cargo category primarily consisted of bulkers, container ships, tankers and vehicles 
carriers. The ‘other’ category included supply, whale-watch, naval, government and research 
vessels. All AIS Class B vessels were grouped together in a ‘Class B’ category. For each of 
these seven categories, vessel presence was calculated per region (Haro Strait and the 
Swiftsure Bank Area) and month, for vessels making way (SOG >1 knot) and vessels traveling 
at cruising speed (SOG >10 knots). Vessel presence was calculated as average vessel-hours 
per day (as described in Vagle et al., 2021), and was then divided by the area of the region 
(Table 2) to calculate average daily vessel-hours per km2. 

 RESULTS 

 SRKW PRESENCE AND HABITAT USE 
The SRKW occurrence model outputs showed areas of consistently high SRKW intensity of 
occurrence within the Swiftsure Bank area, and a smaller area within Haro Strait along the west 
side of San Juan Island (Figure 3; Thornton et al., 2022). The behavioural model outputs 
exhibited a pattern similar to the occurrence model, with a preference for foraging in the 
Swiftsure North area (coastal waters to the north and extending east into Juan de Fuca to Port 
Renfrew (Figure 4), the Swiftsure foreslope (eastern wall of Swiftsure Bank) and in Haro Strait 
on the southwestern tip of San Juan Island (Figure 5, Thornton et al., 2022). In Juan de Fuca, 
travel was identified as the dominant behaviour to the east of Port Renfrew through to Jordan 
River, and in the northern extent of Haro Strait through Boundary Pass and in waters 
surrounding Pender, Maine and Saturna Islands (Figure 5, Thornton et al., 2022). 

 IMPACTS TO THE ACOUSTIC ENVIRONMENT 

 Natural and man-made sounds 
Recordings of the CCGS VECTOR from moorings in Juan de Fuca Strait at Port Renfrew, 
Jordan River, and Sooke and on Swiftsure Bank indicated the maximum detection range under 
‘minimum ambient’ conditions to be approximately 2,500 m for calls in the SRKW 
communication range (500 Hz -15 kHz), specifically at 10 kHz (Figure 6). Transmission loss was 
found to be a function of range, following a range to the power of -1.9 best fit transmission loss 
characteristics. This helped to establish the potential propagation distances of communication 
calls under the different scenarios of wind and vessel noise tested for the analysis on acoustic 
extent of SRKW calls.   
Wind patterns were strongly seasonal (Burnham et al., 2021a; Vagle et al., 2021; Figure 7). 
Regions where wind speeds were high included the south-eastern portion of Juan de Fuca 
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Strait, and Sooke and the Haro Strait in particular during mid-summer, and the western portion 
of the Juan de Fuca Strait, including west of Washington, as a result of offshore winds during 
later summer (Figure 7).   
Vessel noise increased during the core period considered. Although commercial vessel passage 
rate was consistent throughout, the numbers of Class B AIS vessels increased from June and 
peaked in August (Burnham et al., 2021b). The vessel noise model showed the most elevated 
noise levels to be in the vicinity of the shipping lanes; in areas of turning and vessel 
maneuvering; and at Swiftsure Bank (Figures 8-9, Vagle et al., 2021). Spatial patterns in AIS 
vessel-derived noise were consistent between months. Therefore, the data from July 2018 was 
used as a representative month from which to highlight the impacts of vessel noise on 
communication and echolocation range at different depths.  
The analysis of the soundscape recordings at 50 KHz, a proxy for presence of small vessels, 
indicated Sooke was an area where the sound levels in this frequency were the most elevated 
(Figure 10).   

 Co-occurrence of SRKW and noise 
Wind noise added only to the SRKW communication range (Figure 7). The  areas most 
impacted by wind did not significantly overlap with areas of high whale occurrence and so are 
not discussed further (Figure 12).   
Impacts from AIS vessels on the acoustic field were less for communication than echolocation 
frequencies. The impact changed little with depth for the frequencies that SRKW use to 
communicate (Figures 8-9). Areas near Sooke and nearer to the international shipping lanes, 
where AIS-tracked vessels undertake directional maneuvers, were locations where the greatest 
potential impacts on communication and echolocation ranges were likely to occur. For both 
communication and echolocation range, the impacts were greater for areas indicated for 
increased SRKW frequency of occurrence on Swiftsure Bank than of the Haro Strait for all 
months. For communication range and all depths, reductions of 40% or more (up to 60-80% 
locally) were estimated in all months, with up to 50% of their high-occurrence areas being 
strongly ensonified (>40% reduction in range) in September. Similar results were obtained for 
loss of echolocation range when a whale in surface waters was echolocating in the upper water 
column (both at 10 m depth). As the distance between the whale and prey target increased, 
losses were more severe. In these cases, when the whale is echolocating from 10 m to a prey 
at 100 m depth, the range at which echolocation could be successfully used was reduced to 0 to 
20% of that available under minimum ambient conditions when in areas of highest (90%) 
frequency of occurrence (Figure 13-14). These extreme conditions of nearly complete 
compromised echolocation range prevailed over more than 40%, and sometimes 75% 
(September) of these high-use habitats (Figure 14). 
Comparing reduction of communication and echolocation range among three foraging and three 
travelling sites indicates potential range reductions at all six sites (Figures 15-16). Overall, 
Swiftsure North was the least affected (foraging) location, whereas Swiftsure Foreslope was the 
most affected (foraging) location. Looking specifically at communication frequencies, the 
travelling location at Turning Point, as well as the Swiftsure Foreslope foraging site and adjacent 
travel location (Swiftsure), which are both in close proximity to the international shipping lane, 
were subject to the largest interference from vessel noise. The range available was < 50% 
during approximately half of the time, especially at deeper depths (Figure 16). At the quietest 
site (Swiftsure North), communication range remained affected by vessel noise only when near 
the surface (7.5 m) where a range less than 75% that of minimum ambient was almost the 
norm, being prevalent for more than 80% of the time. The travel location in Juan de Fuca 
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showed the least persistence of vessel noise impacts on communication range, having the least 
time spent in the most reduced range conditions (Figure 15).  
The echolocation range was reduced by approximately half for more than 50% of the time at all 
but one location (Swiftsure North) when whales at 10 m were echolocating to the deepest 
depths (Figures 15 and 16). Range loss for echolocation calls was generally less variable 
among the three travel locations when compared to communication range loss. All sites showed 
similar reductions (~50%+) in range for whales using acoustics to locate prey in the upper water 
column (Figures 15-16). The range loss increased as the target echolocation depth increased, 
and was most pronounced at the Turn Point location (Figure 16). At the quietest foraging 
location, echolocation range was largely unaffected by vessel noise. The echolocation range 
was at least 75% of the maximum range calculated under minimum ambient conditions for at 
least 60% of the time. This was true for a whale at 10 m echolocating to each of the three 
depths considered. At the most ensonified foraging location, on the Swiftsure Foreshore, over 
70% of the time was spent with less than half the echolocation range available minimum 
ambient conditions (Figure 15).  
For small vessel presence, greatest losses in echolocation range occurred in areas around 
Sooke (Figure 10). Similar, but less distinct patterns, were seen for areas near Port Renfrew 
and Jordan River, particularly in September. The greatest sound levels in the 50 kHz band, and 
the greatest reductions in echolocation extent were observed for weekend days, during daylight 
hours from early morning to late afternoon (Figure 11). During these periods, echolocation 
range in the vicinity of these recorders frequently fell below 25% (Figure 10-11). 

 VESSEL PRESENCE AND SPEED 
Vessels were present in all areas identified as intensively used by SRKW. They were in greater 
numbers in Haro Strait than at Swiftsure Bank for all AIS equipped vessel categories and vessel 
speeds, and each month tested (Figures 17-18). AIS Class B vessels were the predominant 
vessel category in Haro Strait, especially in July and August, but were typically not travelling at 
the greatest speeds. Large commercial vessels (i.e., cargo and tug), were consistently present 
in Haro Strait from May to October, with cargo ships representing the largest proportion of 
vessels traveling at speeds above 10 knots (Figure 18). Similar patterns in large commercial 
vessel presence were seen for the Swiftsure Bank area, with cargo being the dominant vessel 
category travelling at cruising speeds; however, cargo vessels represented a greater proportion 
of the vessels making way or travelling at cruising speed at Swiftsure Bank than in Haro Strait 
(Figure 18). Commercial fishing vessels using AIS were more prevalent at Swiftsure Bank, but 
typically traveled at less than 10 knots (Figure 18).  
As expected, given the proximity of SRKW habitat to the shipping lanes, there was a significant 
overlap between commercial vessel presence and SRKW occurrence for all months (Figure 17). 
However, the SRKW presence also overlapped substantially with recreational fishing vessels 
(Figure 19). The co-occurrence of these smaller vessels with SRKW was more important in 
June to October in areas around Port Renfrew, Sooke, and Victoria based on survey data; 
however, spatial coverage for aerial surveys was limited in May and October (Vagle et al., 
2021). Data from acoustic recorders at Port Renfrew, Sooke and Jordan River demonstrated a 
pattern of reduction in echolocation range that mirrors the expected pattern of small vessel 
transits (significant increase on weekends between 6 am and 3 pm) which supports the visual 
co-occurrence data for SRKW and small vessels (Figures 10-11).  
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 DISCUSSION 
Effective protection of SRKW and their CH begins with an understanding of spatiotemporal 
patterns of presence and habitat use. While it is often difficult to separate threats to an individual 
from those that result in CH destruction, mitigation efforts focused on areas of greatest SRKW 
occurrence are more likely to reduce impacts to individuals, and therefore have the greatest 
influence on recovery. The development of the co-occurrence framework presented here 
identifies areas of high SRKW frequency of occurrence, where threats to individuals or risk of 
CH destruction may be elevated. These analyses were focused on vessel-related impacts; 
however, with additional layers describing the extent and distribution of factors related to the 
threats of prey reduction and contaminants, a more complete evaluation of impacts may be 
achieved. 
Killer whales vocalize and have hearing sensitivity into the low frequencies (< 1 kHz, Miller, 
2006; Branstetter et al., 2017), but are presumed to have the most acute hearing capacity in the 
mid- to high-frequencies. This wide hearing range, from several hundred Hertz in the low 
frequencies to approximately 115 kHz (Szymanski et al., 1999; Miller, 2002; Branstetter et al., 
2017) results in an increased vulnerability to noise additions from a range of sources, especially 
vessels. Noise-induced stress responses and physiological damage to hearing causing changes 
in sensitivity have been noted for several species of marine mammals (e.g., Hastie et al., 2003; 
Southall et al., 2008; Rolland et al., 2012). By assessing noise inputs to the soundscape, and 
expressing these contributions in terms of communication and echolocation range loss, overlaid 
on SRKW frequency of occurrence maps, it becomes possible to identify areas of higher risk 
and adopt a more focused approach for impact mitigation.  
Wind Effects 
Wind-based noise typically increases ambient noise levels in the frequency range between 500 
Hz and 50 kHz (Wenz, 1962; Vagle et al., 1990; Carey et al., 1993), and unsurprisingly, was 
likely to have a larger influence on SRKW communication range than on their echolocation 
range. Although the use of monthly averages may not fully capture gusting winds and variability 
in wind conditions, this study indicates no overlap between areas of high SRKW occurrence and 
those where high winds and elevated ambient noise prevailed. Indeed, SRKW use of the inner 
Salish Sea waters peaked later in the summer when wind effects were lower, and winds effects 
were higher at Swiftsure Bank, where presence is higher earlier in the summer (Center for 
Whale Research, 20201; Thornton et al., 2022). Cetaceans have evolved adaptation strategies 
to compensate for variations in natural noise levels (Simmonds et al., 2014); changes in relative 
occurrence in areas as wind noise varies may be a behavioural adaptation to acoustic habitat 
quality as well as prey abundance.  

Vessel Noise Impacts 
The SRKW are exposed to potential physical and acoustic disturbance from commercial vessels 
that cross Swiftsure Bank and traverse the length of Juan de Fuca Strait to service ports in 
British Columbia and Washington State. Commercial vessels in the Salish Sea have raised the 
ambient noise levels, with additions in the frequency ranges that SRKW use for communication 
and echolocation (Erbe et al, 2012; Veirs et al., 2016). This study provided quantitative evidence 
for impacts of vessel noise on both the echolocation and communication ranges of SRKW both 
in surface waters and when diving at or echolocating to depth. Reductions in communication 
and echolocation range were greater for the Swiftsure Bank area when compared to the Haro 
Strait location. The variations between sites could be attributed to differing topography and 
water property profiles, as well as the differing composition in vessel traffic. A parallel study 
indicates that vessel noise is more sustained through the Swiftsure Bank area, whereas for 
Haro Strait, there are times of relative quiet between vessel transits (Vagle et al., 2021).  
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The comparison of noise impacts among foraging and travel locations within the SRKW critical 
habitat indicated that whales travelling in waters near Turn Point or foraging on the Foreslope of 
Swiftsure Bank would experience the greatest reductions in communication and echolocation 
ranges. This likely results from the presence of larger commercial vessel traffic in these areas. 
At the Turn Point location, manoeuvers and course alterations that occur in this area result in 
elevated vessel noise contributions to the environment, while the Foreslope of Swiftsure Bank is 
directly under the confluence of vessel traffic in the inbound and outbound shipping lanes.  
The persistence in the documented range loss, often over 50% of the time in both foraging and 
travelling locations, suggests that SRKW dependence on echolocation could be significantly 
hindered in high use areas of their critical habitat, especially if using echolocation to locate prey 
at depth. For instance, all three travelling sites were generally characterized by echolocation 
ranges that were less than half of those under minimum ambient conditions for more than 50% 
of the time. A shorter effective signal range while travelling may have repercussions on the 
whales’ navigation capacity. 
A loss in echolocation range in foraging areas might also have negative consequences on 
SRKWs. The surface waters in Swiftsure Foreslope foraging area showed the greatest loss of 
echolocation range for the greatest proportion of time (i.e., > 70% of the time with less than 50% 
of the echolocation range available). Much of SRKW prey searching occurs in the upper water 
column (Baird et al., 2003, 2005; Tennessen et al., 2019), and then pursue fish to depth, 
necessitating deeper SRKW dives during foraging events (Baird et al., 2003, 2005; Tennessen 
et al., 2019). This is matched in our analysis of echolocation range with the whale positioned at 
10 m water depth, and using clicks to search for prey at various depths. While echolocation 
range at the Swiftsure Foreslope location was fairly constant with increasing prey depth, the 
Haro Strait location exhibited a greater range loss as the depth of the prey target increased.  
A reduction in range that SRKW can contact conspecifics using communication calls could 
impact group cohesion, and hinder the coordination of foraging or prey sharing (Ford and Ellis 
2014; Wright et al., 2016). 
Certain assumptions were made about the impacts of noise on SRKW when implementing and 
interpreting the AIS Class A vessel noise models, as discussed in Vagle et al. (2021). The 
models failed to capture the full complexity of both vessel and SRKW behaviour, and of the 
dynamic nature of their environment within SRKW CH. Acoustic recordings from the study area 
indicated a quieter environment than the model predictions, demonstrating that the model 
overestimated the level of noise from AIS Class A vessels (Vagle et al., 2021). As empirical data 
would include all noise sources, including non-AIS equipped vessels, vessel noise estimations 
represent a worst-case scenario that could be encountered by SRKW in these areas. The model 
assumed vessel noise production and reception are omnidirectional, and did not take into 
account the more dynamic nature of SRKW calling, in terms of directionality, beam width, call 
strength or inter-pulse-interval modification in the presence of noise sources (Miller, 2006; 
Lammers et al., 2004; Madsen et al., 2005; Morisaka et al., 2011; Jensen et al., 2018; Wellard 
et al., 2020). In addition, no compensatory calling or masking release mechanisms were 
considered, nor were the intensity of noise and animal hearing sensitivity evaluated (Nedwell et 
al., 2007; Barber et al., 2010; Pine et al., 2018, 2020). The amplitude of noise by frequency was 
unweighted for hearing sensitivity (Szymanski et al., 1999; Southall et al., 2007; Branstetter et 
al., 2017).  
The models were also restricted in their representation of the full vocal repertoire of SRKW. The 
use of 10 kHz in the noise modeling represented the range of fundamental frequencies of 
omnidirectional SRKW whistles (Ford 1989, 1991; Miller, 2002; Thomsen et al., 2002), which is 
also within the range described for the focus of pulsed calls (1-15 kHz, Reisch et al., 2006). 
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Also, while the use of 50 kHz for echolocation is consistent with previous studies (see Au et al., 
2004), it does not capture the full echolocation range of SRKW.  
Refinements of the vessel noise model would improve representation of the actual sound fields 
relevant to killer whales in the study area. For instance, the modelled acoustic frequencies could 
be extended to include the frequencies of importance to SRKW, rather than extrapolating from 
the 125 Hz model to the communication and echolocation frequency ranges. Also, ongoing work 
to refine estimates of the transmission losses of calls in the study area, and to define the 
directionality and source levels of SRKW calls will reduce the large uncertainties in the present 
model results. Mapping noise while accounting for species audiograms and known call 
characteristics may also help better assess the degree of masking associated with each 
behaviour or identified areas.  
As the noise models described above were constructed with AIS Class A data, they are biased 
toward impacts from commercial vessel traffic. Inclusion of the AIS Class B data into the model 
would extend our understanding of the overall impacts of vessel noise. However, further 
information about vessel types and representative source levels are required to increase the 
accuracy of the model outputs. The noise contribution from smaller, non-AIS vessels is variable 
throughout the SRKW critical habitat, and is challenging to quantify. The use of 50 kHz as an 
acoustic marker to indicate small vessel presence represents a promising novel methodology 
for evaluating the impact on SRKW active range, with a focus on echolocation range loss. This 
approach is being explored as a means of quantifying both small vessel presence and noise 
contribution. Validation of the methodology is currently underway, with visual vessel surveys 
occurring concurrently with deployment of recorders in strategic locations. 

Consequences of Disturbance 
Anthropogenic noise levels in the world’s oceans are acknowledged to be a risk to the survival 
and recovery of cetaceans (Clark et al., 2009; Hatch et al., 2012), especially to acoustically-
sensitive species such as SRKW (Weilgart, 2007; Simmonds et al., 2014). Additions to the 
sound field in the form of vessel noise affect vital behaviours through impacts on foraging 
efficiency, social cohesion, navigation, passive listening and situational awareness. 
Displacement from important habitats is another consequence of noise and is often difficult to 
quantify. The presence of SRKW in the Salish Sea is strongly correlated with Chinook migratory 
patterns from the Fraser River and Puget Sound stocks (Ford et al., 2017; Hanson et al., 2010, 
2021). Displacement from foraging areas is of concern, as the population trajectory is currently 
in stasis and fecundity is low. The lack of recovery in this population is thought to be 
multifactorial, with decreased prey availability identified as a primary threat. As prey availability 
is affected by both prey abundance and accessibility, noise impacts on echolocation and 
potential for displacement from key foraging areas are of concern.  
As the distance between a source and receiver increases, signal strength is diminished through 
transmission loss. For SRKW, this principle of sound transmission sets limits on the detectability 
of prey, or the range over which they can effectively communicate with other individuals. The 
results presented here align with previous studies that indicate a decrease in the foraging 
efficacy and prey detection by SRKW when in close proximity to vessels (Au et al., 2004; Holt et 
al., 2009). Impacts to the communication range suggest that social calls used to coordinate 
foraging efforts or prey sharing also could be affected by masking. This research adds to 
ongoing efforts to predict noise-induced changes in acoustic ranges, or ‘active space’ (Clark et 
al., 2009) quantification for killer whales (also see Bain and Dahlheim et al., 1994; Erbe, 2002; 
Miller, 2006; Veirs and Veirs, 2011; Williams et al., 2014a).  
Adaptive calling to overcome masking from vessel noise has been noted in SRKW. 
Compensation techniques such as calling louder or in altered frequencies, termed the Lombard 
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effect, are used to maintain acoustic contact (Holt et al., 2009, 2011). In the presence of noise, 
call duration may also increase (Foote et al., 2004). These compensatory mechanisms to 
overcome the effects of vessel noise have energetic implications. Metabolic assessment of 
vocalization in bottlenose dolphins indicated that the cost of producing sound increased with call 
duration and the physical demands of sound production required a period of recovery to return 
to a metabolic baseline (Noren et al., 2013). For individuals that are prey-limited and nutritionally 
stressed, these impacts add to an already depreciated energy budget (Williams et al., 2006; 
Noren et al., 2011). Impacts related to avoidance of foraging areas, or transitioning from 
foraging to traveling behaviours have been observed in the presence of vessels, which could 
result in lost opportunities to forage (Williams et al., 2006; Lusseau et al., 2009; Noren et al., 
2009; Holt et al., 2021). The implications of increased energy expenditures and reduced energy 
intake are heightened for the SRKW population, where an overall decrease in body condition 
has been observed (Fearnbach et al, 2011; 2020).  
The level, duration, and seasonality of the noise received by an individual can modify the 
severity of impact (Southall et al., 2007; Erbe et al., 2016; Holt et al., 2021). The complexities in 
describing the soundscape and understanding how whales interact with it, and the dynamics of 
‘active space’ are also not fully captured here. Further work to refine the 3D nature of the vessel 
noise model and greater details on how noise impacts individuals will add to our understanding.  

Vessel presence and collision risks 
The physical presence of a vessel has the potential to affect life processes by directly impeding 
movement patterns or altering behaviour in other more subtle ways (Pirotta et al., 2015). While 
the co-occurrence of large AIS class A vessels was well captured by this exercise, this was not 
the case for smaller vessels that may get in closer proximity to SRKW. For example, the 
majority of AIS vessel present in Haro Strait for June through September was from AIS Class B 
vessels. While this vessel class consists of recreational vessels and other types of smaller 
vessels, the absence of a mandatory requirement to carry AIS makes this dataset incomplete 
and to an unknown extent (Vagle et al., 2021). However, it is clear from both AIS Class B data 
and aerial survey of vessels that recreational vessel presence is substantial in areas of high 
SRKW intensity of occurrence, particularly in the summer months. 
A more obvious risk related to vessel presence is that of vessel strike. The probability of 
occurrence and the likelihood of lethality from a vessel strike increase with speed (Vanderlaan 
and Taggart, 2007; Gende et al., 2011; Conn and Silber, 2013). While large commercial vessels 
were not always the most prevalent vessel category, they were predominant among vessels 
traveling at higher speeds (> 10 knots) in all months for both Swiftsure Bank area and Haro 
Strait. Given their speed and large size, these vessels would be expected to pose an elevated 
risk of lethal vessel strikes in the areas where they co-occur with whales (Vanderlaan and 
Taggart, 2007; Conn and Silber, 2013; Kelley et al., 2020). However, even smaller vessels, or 
those travelling at slower speeds can pose a risk of serious injury or mortality, particularly with 
strikes to areas with thinner tissue layers over the bone, such as the head (Kelley et al., 2020). 
As such, the abundance of small recreational vessels recorded in this study should not be 
wholly excluded from considerations of vessel strike risk, despite their smaller size and lower 
typical speeds. Additionally, the majority of studies of vessel strike risk to date have focused on 
larger whale species, such as the North Atlantic right whale (Vanderlaan and Taggart, 2007; 
Conn and Silber, 2013). To improve estimates of strike risk to SRKW, models that specifically 
assess the effects of vessel size and speed, but also of whale maneuverability and dive 
behaviour on the likelihood and severity of vessel strikes would be beneficial. 
Mitigation actions that increase the distance between vessel traffic and areas of high SRKW 
occurrence have been implemented in some areas. For example, a voluntary inshore lateral 
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displacement of vessels was undertaken in Juan de Fuca Strait to reduce physical and acoustic 
disturbance to SRKW. The transit routes of tugs and barges were requested to shift southwards 
and away from areas where SRKW frequently occur. These measures were found to be 
successful in reducing vessel presence and vessel-derived acoustic additions in the areas 
frequently used by SRKW (Vagle and Neves, 2019; Vagle, 2020; Burnham et al., 2021b). 

Conclusions 
The development of this co-occurrence framework to evaluate impacts to SRKW combines the 
best available information on SRKW occurrence and behaviour with a detailed analysis of 
vessel presence, speed, and noise contributions to the environment. Application of species-
specific noise metrics to capture the effects of abiotic and anthropogenic noise in an animal-
centric way has substantially improved our understanding of noise impacts to SRKW and will 
support decisions to focus mitigation in key areas. Evaluation of altered sound fields and the 
repercussions for SRKW communication and echolocation in areas of foraging and travelling 
highlights areas of particular importance and co-occurrence. This analysis shows the value of 
considering change in soundscapes in both horizontal and vertical space, with implications of 
noise seen for both near-surface dives and pursuits of prey at depth. Identification of noise 
levels in the frequency ranges of importance to whale communication and echolocation will 
result in greater efficacy of mitigation actions and support recovery of the endangered SRKW 
population.   
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 TABLES 

Table 1. Selected locations from areas of SRKW foraging or traveling that were identified in the behaviour 
analyses (Figure 4 and 5). 

Predominant 
Behaviour 

Location 
Label 

Latitude (°N) Longitude (°W) Depth 
(m) 

Location 
Name 

Foraging F1 48.6496 124.9330 62 Swiftsure 
North 

Foraging F2 48.5292 124.8090 189 Swiftsure 
Foreslope 

Foraging F3 48.4499 123.0900 212 Haro Strait 
 

Travelling T1 48.4943 124.9190 86 Swiftsure 
Bank 

Travelling T2 48.4321 124.3130 171 Juan de Fuca 
Strait 

Travelling T3 48.6432 123.2010 190 Turn Point 
approach 
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Table 2. Areas of high SRKW occurrence in Haro Strait and the Swiftsure Bank area indicated by the 
space-time models at the 0.9 probability and 70% SRKW frequency of occurrence level.  

Month Haro Strait 
Area (km2) 

Swiftsure 
Area (km2) 

May 169 822 

Jun 330 1893 

Jul 394 2292 

Aug 383 2442 

Sep 422 1853 

Oct 316 1139 
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 FIGURES 

 
Figure 1. The waters around southern Vancouver Island, British Columbia. The study area is bounded by a black box, 49.0°N, 125.5°W; 49.0°N, 
123.0°W; 48.0°N, 125.5°W; 48.0°N, 123.0°W. The shaded yellow area delineates SRKW critical habitat (CH) in Canadian waters; areas shaded in 
green are SRKW CH in US waters. Shipping lanes are indicated in grey, yellow circles show locations of acoustic moorings and red triangles 
indicate AIS receiver locations. 
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Figure 2. Bathymetry of the study area showing representative locations in forage (F) and travel (T) areas 
that were selected for acoustic analyses.  
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Figure 3. Areas of high SRKW frequency of occurrence across the region represented by intensity 
polygons - 70% (yellow), 80% (orange), and 90% (red) are displayed for each month. The frequency of 
occurrence values are computed across all months (May to October); probabilities greater than 0.90 are 
displayed (Thornton et al, 2022).
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Figure 4. Areas of likely forage and travel behaviour in the Swiftsure Bank area, as indicated by DFO focal follow (FF) and group behavioural 
survey (GBS) models. Areas were defined by locations exhibiting greater than median values (50% exceedance) of the given behaviour in >0.7, 
>0.8 and >0.9 of model posterior samples (shown in decreasing transparency, respectively). Extents of model predictions, as well as Foraging (F) 
and Traveling (T) locations for analysis of changes in acoustic ranges are also shown (Thornton et al, 2022). 
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Figure 5. Areas of likely forage and travel behaviour in the Haro Strait area, as indicated by NOAA focal 
follow (2006) and behavioural sampling (2007-09) models. Areas were defined by locations exhibiting 
greater than median (50% exceedance) of the given behaviour in >0.7, >0.8 and >0.9 of model posterior 
samples (shown in decreasing transparency, respectively). Extents of model predictions, as well as 
Foraging (F) and Traveling (T) locations for analysis of changes in acoustic ranges are also shown 
(Thornton et al, 2022).
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Figure 6. Detection range estimation using an experimental noise source, CCGS VECTOR, at known distances away from the passive acoustic 
monitor (PAM) moorings along transect lines (from 0 to 10km away). Detection ranges were estimated for recordings on the Swiftsure Interim 
Sanctuary Zone (A), Port Renfrew (B), Jordan River (C) and Sooke (D) mooring.
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Figure 7. Proportional reduction in the (A) SRKW communication range of 500-15000 Hz at 10 kHz) and (B) SRKW echolocation range 15-100 
kHz at 50 kHz as a result of median summer wind patterns (using L50 exceedance). Panels (A) and (B) use different scales of colour gradation, to 
better depict variation within each panel. 



 

25 

 
Figure 8. The changes in SRKW communication range resulting from vessel noise relative to ‘minimum ambient’ noise levels. July 2018 is shown 
as a representative month for the summer period. Comparisons were made between the L95, L50 and L5 exceedance levels of at 10 kHz, and 
through the water column at 7.5 m, 50 m, and 150 m depth. 
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Figure 9. The changes in SRKW echolocation range resulting from vessel noise relative to ‘minimum ambient’ noise levels. July 2018 is shown as 
a representative month for the summer period. Comparisons were made between the L95, L50 and L5 exceedance levels of SPL at 50 kHz, and 
sending an echolocation click from 10 m to a target at 7.5 m, 50 m, and 150 m depth. 
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Figure 10. Percentage of echolocation range available in presence of small vessels, characterized by 
SPL levels in the 50 kHz frequency range. Minute-wise data from July to October 2020 are shown in 
monthly panels for each mooring: Swiftsure Bank (a), Port Renfrew (b), Jordan River (c), Sooke (d) Haro 
Strait (e) and Boundary Pass (f).  
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Figure 11. Percentage of echolocation range available affected by the presence of small vessels, 
characterized by SPL levels in the 50 kHz frequency range. Minute-wise data from September 7-14, 2020 
are shown in panels for each mooring: Swiftsure Bank (a), Port Renfrew (b), Jordan River (c), Sooke (d) 
Haro Strait (e) and Boundary Pass (f). 
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Figure 12. The loss of communication range resulting from wind noise in Haro Strait and the Swiftsure 
Bank area (bounded by grey shading) per month and year at 25 m depth. Communication range loss was 
calculated using L50 exceedance level and monthly averages, overlaid with the areas of high SRKW 
intensity defined by the space-time models for the same period. 
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Figure 12. Continued.
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Figure 13. The loss of communication range resulting from vessel noise in Haro Strait and the Swiftsure 
Bank area (bounded by grey shading) per month. Only results at a 10 m depth are presented given the 
similarity of effects across depths. Communication range loss was calculated using L50 exceedance level 
and monthly averages from 2018, overlaid with areas of high SRKW intensity defined by the space-time 
models for the same period. 
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Figure 14. The loss of echolocation range as a result of vessel noise in Haro Strait and the Swiftsure 
Bank area (bounded by grey shading) per month at 10 m and 100 m depths. Echolocation range loss was 
calculated using L50 exceedance level and monthly averages from 2018, overlaid with areas of high 
SRKW intensity defined by the space-time models for the same period. 
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Figure 14. Continued. 
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Figure 15. Proportion of time for which a given percentage of ‘minimum ambient’ acoustic range was 
available to SRKW over the week of August 1-7th, 2018, at locations in the Swiftsure Bank area. 
Communication range and echolocation range available are shown at four depths in locations where the 
predominant behaviour is travel (T1: Swiftsure Bank and T2: Juan de Fuca Strait) or forage (F1: Swiftsure 
North and F2: Swiftsure Foreslope). For communication range the whale is at the depth indicated, for 
echolocation range the whale is at 10 m echolocating to a target at the depths indicated.  
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Figure 16. Proportion of time for which a given percentage of ‘minimum ambient’ acoustic range is available to SRKW 
over the week of August 1-7th, 2018 at locations in the Haro Strait area. Communication range and echolocation range 
available are shown at four depths in locations where the predominant behaviour is travel (T3: Turn Point approach) or 
forage (F3: Haro Strait). For communication range the whale is at the depth indicated, for echolocation range the whale is 
at 10 m echolocating to a target at the depths indicated. 
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Figure 17. Co-occurrence of all AIS vessels and areas of high SRKW intensity (indicated by black lines, 
0.9 probability at 70% frequency of occurrence). Vessel presence is average daily presence (in hrs/km2) 
each month for 2018 to 2020. The Swifture Bank area and Haro Strait regions used for the detailed 
analysis of vessel presence (Figure 18) are indicated by bold black lines.  
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Figure 

 
Figure 18. Proportional vessel presence by type in Haro Strait and on Swiftsure Bank area (0.9% SRKW 
probability at 70% exceedance level). The relative proportions are shown for vessels making way (SOG> 
1 knot) and for vessels travelling at speed (SOG> 10 knots). AIS is generally mandatory for large 
commercial vessels (i.e. cargo and passenger/ferry), but most other vessels are not required to carry AIS; 
presence of these vessels are underrepresented in this figure.  
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Figure 19. Co-occurrence of recreational fishing vessels and areas of high SRKW intensity (indicated by 
black lines, (0.9 SRKW probability at 70% frequency of occurrence).Vessel presence is the average 
number of vessels observed per DFO Creel aerial survey with coverage of the grid cell, by month in 2018-
2020. Areas with no survey effort are shown in white.  



 

39 

 REFERENCES CITED 
Au, W.W., Ford, J.K., Horne, J.K., and Allman, K.A.N. 2004. Echolocation signals of free-

ranging killer whales (Orcinus orca) and modeling of foraging for chinook salmon 
(Oncorhynchus tshawytscha). The Journal of the Acoustical Society of America 115(2): 901-
909. 

Bain, D.E., Smith, J., Williams, R., and Lusseau, D. 2006. Effects of vessels on behavior of 
southern resident killer whales (Orcinus spp.). NMFS Contract Report No. 
AB133F03SE0959 and AB133F04CN0040: i + 61 p. 

Bain, D.E., and Dahlheim, M.E. 1994. Effects of masking noise on detection thresholds of killer 
whales. In Marine mammals and the Exxon Valdez. Elsevier. pp. 243-256. 

Baird, R.W., Hanson, M.B., Ashe, E.E., Heithaus, M.R., and Marshall, G.J. 2003. Studies of 
foraging in “southern resident” killer whales during July 2002: dive depths, bursts in speed, 
and the use of a “Crittercam” system for examining subsurface behavior. National Marine 
Fisheries Service, National Marine Mammal Laboratory, Seattle, Washington. 

Baird, R.W., Hanson, M.B., and Dill, L.M. 2005. Factors influencing the diving behaviour of fish-
eating killer whales: sex differences and diel and interannual variation in diving rates. 
Canadian Journal of Zoology 83(2): 257-267. 

Barber, J.R., Crooks, K.R., Fristrup, K.M. 2010. The costs of chronic noise exposure for 
terrestrial organisms.  Trends in Ecology & Evolution. 25(3):180-189. 

Bigg, M.A., Ellis, G.M., Ford, J.K.B., Balcomb, K.C. 1987. Killer Whales: a study of their 
identification, genealogy and natural history in British Columbia and Washington State. 
Phantom Press, Nanaimo. 79 p. 

Branstetter, B.K., Leger, J.S., Acton, D., Stewart, J., Houser, D., Finneran, J.J., and Jenkins, K. 
2017. Killer whale (Orcinus orca) behavioral audiograms. Journal of the Acoustical Society 
of America 141(4): 2387-2398. doi:10.1121/1.4979116. 

Burnham, R.E. 2018. Whale Geography: Acoustics, biogeography, and whales. Progress in 
Physical Geography 41(5): 676-685. 

Burnham, R.E., Vagle, S., and O’Neill, C. 2021a. The spatiotemporal patterns in the natural and 
anthropogenic additions to the soundscape of the Salish Sea, British Columbia, 2018-2020. 
Mar Pol. Bull. 170:112647. 

Burnham, R.E., Vagle, S., O’Neill, C., and Trounce, K. 2021b. The efficacy of management 
measures to reduce vessel noise in critical habitat of southern resident killer whales in the 
Salish Sea. Front. Mar. Sci. 8:664691. 

Carey, W.M., Fitzgerald, J.W., Monahan, E.C., and Wang, Q. 1993. Measurement of the sound 
produced by a tipping trough with fresh and salt water. The Journal of the Acoustical Society 
of America 93(6): 3178-3192. 

Clark, C.W., Ellison, W.T., Southall, B.L., Hatch, L., Van Parijs, S.M., Frankel, A., and Ponirakis, 
D. 2009. Acoustic masking in marine ecosystems: intuitions, analysis, and implication. 
Marine Ecology Progress Series 395: 201-222. 

Clay, C.S., and Horne, J.K. 1994. Acoustic models of fish: The Atlantic cod (Gadus morhua). 
The Journal of the Acoustical Society of America. 96(3): 1661-1668. 

Cominelli, S., Devillers, R., Yurk, H., MacGillivray, A., McWhinnie, L., and Canessa, R. 2018. 
Noise exposure from commercial shipping for the southern resident killer whale population. 
Marine pollution bulletin 136: 177-200. doi:10.1016/j.marpolbul.2018.08.050. 



 

40 

Conn, P., and Silber, G. 2013. Vessel speed restrictions reduce risk of collision‐related mortality 
for North Atlantic right whales. Ecosphere 4(4): 1-16. 

Erbe, C. 2002. Underwater noise of whale-watching boats and potential effects on Killer Whales 
(Orcinus orca), based on an acoustic model. Marine Mammal Science. 18(2): 394-418. 

Erbe, C., MacGillivray, A., and Williams, R. 2012. Mapping cumulative noise from shipping to 
inform marine spatial planning. The Journal of the Acoustical Society of America 132(5): 
EL423-EL428. doi:10.1121/1.4758779. 

Erbe, C., Reichmuth, C., Cunningham, K., Lucke, K., and Dooling, R. 2016. Communicaiton 
masking in marine mammals: A review and research strategy. Marine Pollution Bulletin. 
103(1-2):15-38. 

Fearnbach, H., Durban, J., Ellifrit, D., and Balcomb, K.C. 2011. Size and long-term growth 
trends of endangered fish-eating killer whales. Endangered Species Research 13: 173−180. 

Fearnbach, H., Durban, J.W., Ellifrit, D.K., and Balcomb, K.C. 2018. Using aerial 
photogrammetry to detect changes in body condition of endangered southern resident killer 
whales. Endangered Species Research 35: 175-180. doi:10.3354/esr00883. 

Fearnbach, H., Durban, J.W., Barrett-Lennard, L.G., Ellifrit, D.K., Balcomb, K.C. 2020. 
Evaluating the power of photogrammetry for monitoring killer whale body condition. Marine 
Mammal Science. 36(1): 359-364. 

Ferrara, G.A., Mongillo, T.M., and Barre, L.M. 2017. Reducing disturbance from vessels to 
Southern Resident killer whales: Assessing the effectiveness of the 2011 federal regulations 
in advancing recovery goals. NOAA Tech. Memo. NMFS-OPR-58: 76 p. 

Fisheries and Oceans Canada. 2018. Recovery Strategy for the Northern and Southern 
Resident Killer Whales (Orcinus orca) in Canada. Species at Risk Act Recovery Strategy 
Series: x + 84 pp. 

Foote, A.D., Osborne, R.W., and Hoelzel, A.R. 2004. Whale-call response to masking boat 
noise. Nature 428(6986): 910-910. doi:10.1038/428910a. 

Ford, J.K. 1987. A catalogue of underwater calls produced by killer whales (Orcinus orca) in 
British Columbia. Department of Fisheries and Oceans, Fisheries Research Branch, Pacific 
Biological Station. 

Ford, J.K.B. 1989. Acoustic behaviour of resident killer whales (Orcinus orca) off Vancouver 
Island, British Columbia. Canadian Journal of Zoology 67(3):727-745. 

Ford, J.K. 1991. Vocal traditions among resident killer whales (Orcinus orca) in coastal waters 
of British Columbia. Canadian Journal of Zoology 69(6): 1454-1483. 

Ford, J.K., and Ellis, G.M. 2006. Selective foraging by fish-eating killer whales Orcinus orca in 
British Columbia. Marine Ecology Progress Series 316: 185-199. 

Ford, J.K., and Ellis, G.M. 2014. You are what you eat: foraging specializations and their 
influence on the social organization and behavior of killer whales. In Primates and 
cetaceans. Edited by J. Yamagiwa and L. Karczmarski. Springer, Tokyo. pp. 75-98. 

Ford, J.K., Ellis, G.M., Olesiuk, P.F., and Balcomb, K.C. 2010. Linking killer whale survival and 
prey abundance: food limitation in the oceans' apex predator? Biology letters 6(1): 139-142. 

Ford, J.K., Pilkington, J.F., Otsuki, M., Gisborne, B., Abernethy, R., Stredulinsky, E., Towers, J., 
and Ellis, G. 2017. Habitats of special importance to Resident Killer Whales (Orcinus orca) 
off the west coast of Canada. DFO Can. Sci. Advis. Sec. Res. Doc. 2017/035: viii + 57 p. 

https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2017/2017_035-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2017/2017_035-eng.html


 

41 

Ford, J.K.B. 2006. An assessment of critical habitats of resident killer whales in waters on the 
Pacific coast of Canada. DFO Can. Sci. Advis. Sec. Res. Doc. 2006/072. iv + 34 p. 

Gende, S.M., Hendrix, A.N., Harris, K.R., Eichenlaub, B., Nielsen, J., and Pyare, S. 2011. A 
Bayesian approach for understanding the role of ship speed in whale–ship encounters. 
Ecological Applications 21(6): 2232-2240. 

Hanson, M.B., Baird, R.W., Ford, J.K., Hempelmann-Halos, J., Van Doornik, D.M., Candy, J.R., 
Emmons, C.K., Schorr, G.S., Gisborne, B., and Ayres, K.L. 2010. Species and stock 
identification of prey consumed by endangered southern resident killer whales in their 
summer range. Endangered Species Research 11(1): 69-82. 

Hanson, M.B., Emmons, C.K., Ford M.J., Everett, M., Parsons, K., Park, L.K., Hempelmann, J., 
Van Doornik, D.M., Schorr, G.S., Jacobsen, J.K., Sears, M.F., Sears, M. S., Sneva, J.G., 
Baird, R.W., Barre, L. 2021. Endangered predators and endangered prey: Seasonal diet of 
Southern Resident killer whales. PLoS ONE 16(3):e0247031. 

Hastie, G.D., Wilson, B., and Thompson, P.M. 2003. Fine-scale habitat selection by coastal 
bottlenose dolphins: application of a new land-based video-montage technique. Canadian 
Journal of Zoology 81(3): 469-478. 

Hatch, L.T., Clark, C.W., Van Parijs, S.M., Frankel, A.S., and Ponirakis, D.W. 2012. Quantifying 
loss of acoustic communication space for right whales in and around a US National Marine 
Sanctuary. Conservation Biology 26(6): 983-994. 

Heise, K., Barrett-Lennard, L., Chapman, R., Dakin, T., Erbe, C., Hannay, D., Merchant, N., 
Pilkington, J., Thornton, S., and Tollit, D. 2017. Proposed metrics for the management of 
underwater noise for southern resident killer whales. Coastal Ocean Report Series: 31. 

Herzing, D.L. 2000. Acoustics and social behaviour of wild dolphins: Implications for a sound 
society. Hearing by Whales and Dolphins. Springer, New York, pp. 225-272. 

Holt, M.M., Noren, D.P., Veirs, V., Emmons, C.K., and Veirs, S. 2009. Speaking up: Killer 
whales (Orcinus orca) increase their call amplitude in response to vessel noise. Journal of 
the Acoustical Society of America 125(1): EL27-EL32. doi:10.1121/1.3040028. 

Holt, M.M., Hanson, M.B., Emmons, C.K., Houghton, J., Giles, D., Baird, R.W., and Hogan, J. 
2013. Using acoustic tags to investigate sound exposure and effects on behavior in 
endangered killer whales (Orcinus orca). The Journal of the Acoustical Society of America 
134(5): 4007-4007. 

Holt, M.M., Tennessen, J.B., Ward, E.J., Hanson, M.B., Emmons, C.K., Giles, D.A., and Hogan, 
J.T. 2021. Effects of vessel distance and sex on the behavior of endangered killer whales. 
Frontiers in Marine Science 7: 1211. 

Holt, M.M., Hanson, M.B., Emmons, C.K., Baird, R.W., Hogan, J., Foster, J., Giles, D., and 
Balcomb, K.C. 2011. Investigating acoustics, behavior and vessel noise exposure in 
endangered killer whales (Orcinus orca) using digital acoustic recording tags. The Journal of 
the Acoustical Society of America 129(4): 2606-2606. 

Janik, V.M., and Slater, P.J.B. 1998. Context-specific use suggests that bottlenose dolphin 
signature whistles are cohesion calls. Animal Behaviour. 56:4. 829-838. 

Jensen, F.H., Johnson, M., Ladegaard, M., Wisniewska, D.M., Madsen, P.T. 2018. Narrow 
acoustic field of view drives frequency scaling in toothed whale biosonar. Current Biology, 
28: 3878-3885. 

https://www.dfo-mpo.gc.ca/csas-sccs/publications/resdocs-docrech/2006/2006_072-eng.htm
https://www.dfo-mpo.gc.ca/csas-sccs/publications/resdocs-docrech/2006/2006_072-eng.htm


 

42 

Kelley, D.E., Vlasic, J.P., and Brillant, S.W. 2020. Assessing the lethality of ship strikes on 
whales using simple biophysical models. Marine Mammal Science 37(1): 251-267. 

Lacy, R.C., Williams, R., Ashe, E., Balcomb III, K.C., Brent, L.J., Clark, C.W., Croft, D.P., Giles, 
D.A., MacDuffee, M., and Paquet, P.C. 2017. Evaluating anthropogenic threats to 
endangered killer whales to inform effective recovery plans. Scientific reports 7(1): 1-12. 

Lammers, M.O., Au, W.W. L., and Herzing, D.L. 2003. The broadband social acoustic signaling 
behaviour of spinner and spotted dolphins. JASA 114(3): 1629-1639. 

Lammers, M.O., Au, W.W.L., Aubauer, R., Nachtigall, P.E. 2004. A comparative analysis of the 
pulsed emissions of free-ranging Hawaiian spinner dolphins (Stenella longirostris). In J.A. 
Thomas, C.F. Moss, M.Vater (Eds.), Echolocation in bats and dolphins. Chicago: The 
University of Chicago Press, pp. 414-419. 

Leroy, C.C., Robinson, S.P., and Goldsmith, M.J., 2008. A new equations for the accurate 
calculation of sound speed in all oceans. The Journal of the Acoustical Society of America. 
124(5): 2774-2782. 

Lusseau, D., Bain, D.E., Williams, R., and Smith, J.C. 2009. Vessel traffic disrupts the foraging 
behavior of southern resident killer whales Orcinus orca. Endangered Species Research 
6(3): 211-221. 

Madsen, P.T., Johnson, M., de Soto, N.A>, Zimmer, W.A., Tyack, P. 2005. Biosonar 
performance of foraging beaked whales (Mesoplodon densirostris). Journal of Experimental 
Biology, 208: 181-194. 

Merchant, N.D., Fristrup, K.M., Johnson, M.P., Tyack, P.L., Witt, M.J., Blondel, P., and Parks, 
S.E. 2015. Measuring acoustic habitats. Methods in Ecology and Evolution 6(3): 257-265. 

Miller, P.J. and Tyack, P.L. 1998. A small towed beamforming array to identify vocalizing 
resident killer whales (Orcinus orca) concurrent with focal behavioural observations. Deep 
Sea Research part II: Topical Studies in Oceanography. 45(7)1389-1405. 

Miller, P.J.O. 2002. Mixed-directionality of killer whale stereotyped calls: a direction of 
movement cue? Behavioral Ecology and Sociobiology 52(3): 262-270. doi:10.1007/s00265-
002-0508-9. 

Miller, P.J.O. 2006. Diversity in sound pressure levels and estimated active space of resident 
killer whale vocalizations. Journal of Comparative Physiology a-Neuroethology Sensory 
Neural and Behavioral Physiology 192(5): 449-459. doi:10.1067/s00359-005-0085-2. 

Morisaka, T., Karczmarski, L., Akamatsu, ., Sakai, M., Dawson, S., Thornton, M. 2011. 
Echolocation signals of Heaviside’s dolphins (Cephalorhynchus heavisidii). The Journal of 
the Acoustical Society of America. 129: 449-457. 

Murray, C.C., Hannah, L.C., Doniol-Valcroze, T., Wright, B.M., Stredulinsky, E.H., Nelson, J.C., 
Locke, A., and Lacy, R.C. 2021. A cumulative effects model for population trajectories of 
resident killer whales in the Northeast Pacific. Biological Conservation 257: 109124. 

Nedwell, J.R., Turnpenny, A.W.H., and Lovell, J. 2007. A validation of the dBht as a measure of 
the behavioural and auditory effects of underwater noise. Subacoustech Report No. 
534R1231. 

Noren, D., Johnson, A., Rehder, D., and Larson, A. 2009. Close approaches by vessels elicit 
surface active behaviors by southern resident killer whales. Endangered Species Research 
8(3): 179-192. 



 

43 

Noren, D.P., Holt, M.M., Dunkin, R.C., Williams, T.M. 2013. The metabolic cost of 
communicative sound production in bottlenose dolphins (Tursiops truncatus). Journal of 
Experimental Biology. 216(9): 1624-1629. 

Noren, D.P. 2011. Estimated field metabolic rates and prey requirements of resident killer 
whales. Marine Mammal Science. 27(1): 60-77. 

Olson, J.K., Wood, J., Osborne, R.W., Barrett-Lennard, L., Larson, S. 2018. Sightings of 
southern resident killer whales in the Salish Sea 1976-2014: the importance of a long-term 
opportunistic dataset. Endangered Species Research. 37:105-118.  

Pine, M.K., Hannay, D.E., Insley, S.J., Halliday, W.D., Juanes, F. 2018. Assessing vessel 
slowdown for reducing auditory masking for marine mammals and fish of the western 
Canadian Arctic. Marine Pollution Bulletin. 135. 290-302.  

Pine, M.K., Nikolich, K., Martin, B., Morris, C. and Juanes, F. 2020. Assessing auditory masking 
for management of underwater anthropogenic noise. The Journal of the Acoustical Society 
of America. 147(5): 3048-3417. 

Pirotta, E., Merchant, N.D., Thompson, P.M., Barton, T.R., Lusseau, D. 2015. Quantifying the 
effect of boat disturbance on bottlenose dolphin foraging activity. Biological Conservation. 
181:82-89.  

Raverty, S., St. Leger, J., Noren, D.P., Burek Huntington, K., Rotstein, D.S., Gulland, F.M., 
Ford, J.K., Hanson, M.B., Lambourn, D.M., and Huggins, J. 2020. Pathology findings and 
correlation with body condition index in stranded killer whales (Orcinus orca) in the 
northeastern Pacific and Hawaii from 2004 to 2013. PLOS ONE 15(12): e0242505. 

Reisch, R., Ford, J.K.B., and Thomsen, F. 2006. Stability and group specificity of stereotyped 
whistles in resident killer whales, Orcinus orca, off British Columbia. Animal Behaviour. 
71(1): 79-91. 

Richardson, W.J., Greene Jr., C.R., Malme, C.I., and Thomson, D. 1995. Marine Mammals and 
Noise. Academic Press, San Diego, CA. 

Rolland, R.M., Parks, S.E., Hunt, K.E., Castellote, M., Corkeron, P.J., Nowacek, D.P., Wasser, 
S.K., and Kraus, S.D. 2012. Evidence that ship noise increases stress in right whales. 
Proceedings of the Royal Society B: Biological Sciences 279(1737): 2363-2368. 

Seely, E., Osborne, R.W., Koski, K., and Larson, S. 2017. Soundwatch: eighteen years of 
monitoring whale watch vessel activities in the Salish Sea. PLOS ONE 12(12): e0189764. 

Simmonds, M.P., Dolman, S.J., Jasny, M., Parsons, E., Weilgart, L., Wright, A.J., and Leaper, 
R. 2014. Marine noise pollution-increasing recognition but need for more practical action. 
Journal of Ocean Technology 9(1): 71-90. 

Soontiens, N., Allen, S.E., Latornell, D., Le Souëf, K., Machuca, I., Paquin, J.-P., Lu, Y., 
Thompson, K., and Korabel, V. 2016. Storm surges in the Strait of Georgia simulated with a 
regional model. Atmosphere-Ocean 54(1): 1-21. 

Southall, B.L., Bowles, A.E., Ellison, W.T., Finneran, J.J., Gentry, R.L., Greene Jr, C.R., Kastak, 
D., Ketten, D.R., Miller, J.H., and Nachtigall, P.E, Richardson, W.J., Thomas, J.A., and 
Tyack, P.L. 2007. Marine mammal noise-exposure criteria. Aquatic Mammals. 33 (4):411-
522. 



 

44 

Southall, B.L., Bowles, A.E., Ellison, W.T., Finneran, J.J., Gentry, R.L., Greene Jr, C.R., Kastak, 
D., Ketten, D.R., Miller, J.H., and Nachtigall, P.E. 2008. Marine mammal noise-exposure 
criteria: initial scientific recommendations. Bioacoustics-the International Journal of Animal 
Sound and Its Recording 17(1-3): 273-275. 

Stanley, J.A., Van Parijs, S.M., and Hatch, L.T. 2017. Underwater sound from vessel traffic 
reduces the effective communication range in Atlantic cod and haddock. Scientific Reports 
7(1): 1-12. 

Szymanski, M.D., Bain, D.E., Kiehl, K., Pennington, S., Wong, S., and Henry, K.R. 1999. Killer 
whale (Orcinus orca) hearing: Auditory brainstem response and behavioral audiograms 
[Article]. Journal of the Acoustical Society of America 106(2): 1134-1141. 
doi:10.1121/1.427121. 

Tennessen, J.B., Holt, M.M., Hanson, M.B., Emmons, C.K., Giles, D.A., and Hogan, J.T. 2019. 
Kinematic signatures of prey capture from archival tags reveal sex differences in killer whale 
foraging activity. The Journal of Experimental Biology 222(3): doi:10.1242/jeb.191874. 

Thomsen, F., Franck, D., and Ford, J.K.B. 2001. Characteristics of whistles from the acoustic 
repertoire of resident killer whales (Orcinus orca) off Vancouver Island, British Columbia. 
The Journal of the Acoustical Society of America. 109(3):1240-1246. 

Thomsen, F., Franck, D., and Ford, J.K.B. 2002. On the communicative significance of whistles 
in wild killer whales (Orcinus orca). Naturwissenschaften. 89:404-407. 

Thornton, S.J., Toews, S., Stredulinsky, E., Gavrilchuk, K., Konrad, C., Burnham, R., Noren, 
D.P., Holt, M.M., and Vagle, S. 2022. Southern Resident Killer Whale (Orcinus orca) 
summer distribution and habitat use in the southern Salish Sea (2009 to 2020). DFO Can. 
Sci. Advis. Sec. Res. Doc. 2022/037. v + 56 p.. 

Trevorrow, M.V., Vasiliev, B., and Vagle, S. 2008. Directionality and maneuvering effects on a 
surface ship underwater acoustic signature. The Journal of the Acoustical Society of 
America 124(2): 767-778. 

Tyack, P.L., and Clark, C.W. 2000. Communication and acoustic behavior of dolphins and 
whales. In Hearing by Whales and Dolphins. Edited by W.W.L. Au and A.N. Popper and 
R.R. Fay. Springer-Verlag, New York. pp. 156-224. 

Vagle, S., Burnham, R.E., Thupaki, P., Konrad, C., Toews, S., Thornton, S.J. 2021. Vessel 
presence and acoustic environment within Southern Resident Killer Whale (Orcinus orca) 
critical habitat in the Salish Sea and Swiftsure Bank area. DFO Can. Sci. Advis. Sec. Res. 
Doc. 2021/058. x + 66 p.  

Vagle, S., Large, W.G., and Farmer, D.M. 1990. An evaluation of the WOTAN technique of 
inferring oceanic winds from underwater ambient sound. Journal of atmospheric and oceanic 
technology 7(4): 576-595. 

Vagle, S., and Neves, M. 2019. Evaluation of the effects on underwater noise levels from 
shifting vessel traffic away from Southern Resident Killer Whale foraging areas in the Strait 
of Juan de Fuca in 2018. Canadian Technical Report of Hydrography and Ocean Sciences 
329 vi + 64 p.  

Vagle, S. 2020. Evaluation of the efficacy of the Juan de Fuca lateral displacement trial and 
Swiftsure Bank plus Swanson Channel interim sanctuary zones, 2019. Canadian Technical 
Report of Hydrography and Ocean Sciences 332: vi + 60 p 

Vanderlaan, A.S., and Taggart, C.T. 2007. Vessel collisions with whales: the probability of lethal 
injury based on vessel speed. Marine Mammal Science 23(1): 144-156. 

https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2022/2022_037-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2022/2022_037-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2021/2021_058-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2021/2021_058-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2021/2021_058-eng.html
https://publications.gc.ca/collections/collection_2019/mpo-dfo/Fs97-18-329-eng.pdf
https://publications.gc.ca/collections/collection_2019/mpo-dfo/Fs97-18-329-eng.pdf
https://publications.gc.ca/collections/collection_2019/mpo-dfo/Fs97-18-329-eng.pdf


 

45 

Veirs, S., Veirs, V., and Wood, J.D. 2016. Ship noise extends to frequencies used for 
echolocation by endangered killer whales. Peerj 4: 35. doi:10.7717/peerj.1657. 

Veirs, S.R., and Veirs, V.R. 2011. Masking of southern resident killer whale signals by 
commercial ship noise. The Journal of the Acoustical Society of America 129(4): 2606-2606. 

Ward, E.J., Holmes, E.E., and Balcomb, K.C. 2009. Quantifying the effects of prey abundance 
on killer whale reproduction. Journal of Applied Ecology 46(3): 632-640. doi:10.1111/j.1365-
2664.2009.01647.x. 

Wasser, S.K., Lundin, J.I., Ayres, K., Seely, E., Giles, D., Balcomb, K., Hempelmann, J., 
Parsons, K., and Booth, R. 2017. Population growth is limited by nutritional impacts on 
pregnancy success in endangered Southern Resident killer whales (Orcinus orca). PLOS 
ONE 12(6): 22. doi:10.1371/journal.pone.0179824. 

Watkins, W.A., and Schevill, W.E. 1974. Listening to Hawaiian spinner porpoises, Stenella cf. 
longirostris, with a three-dimensional hydrophone array. Journal of Mammalogy 55(2): 319-
328. 

Watson, J. 2020. Accounting for preferential sampling in the statistical analysis of spatio-
temporal data. PhD Thesis. University of British Columbia. 

Weilgart, L.S. 2007. The impacts of anthropogenic ocean noise on cetaceans and implications 
for management. Canadian Journal of Zoology 85(11): 1091-1116. 

Wellard, R., Pittman, R.L., Durban, J., Erbe, C. 2020. Cold call: The acoustic repertoire of Ross 
Sea killer whales (Orcinus orca, Type C) in McMurdo Sound, Antarctica. Royal Society 
Open Science 7: 191228. 

Wenz, G.M. 1962. Acoustic ambient noise in the ocean: spectra and sources. The Journal of the 
Acoustical Society of America 34(12): 1936-1956. 

Williams, R., Lusseau, D., and Hammond, P.S. 2006. Estimating relative energetic costs of 
human disturbance to killer whales (Orcinus orca). Biological Conservation. 133(3): 301-311. 

Williams, R., Clark, C., Ponirakis, D., and Ashe, E. 2014a. Acoustic quality of critical habitats for 
three threatened whale populations. Animal Conservation 17(2): 174-185. 

Williams, R., Erbe, C., Ashe, E., Beerman, A., and Smith, J. 2014b. Severity of killer whale 
behavioral responses to ship noise: A dose-response study. Marine pollution bulletin 79(1-
2): 254-260. doi:10.1016/j.marpolbul.2013.12.004. 

Wright, B.M., Stredulinsky, E.H., Ellis, G.M., and Ford, J.K.B. 2016. Kin-directed food sharing 
promotes lifetime natal philopatry of both sexes in a population of fish-eating killer whales, 
Orcinus orca. Animal Behaviour 115: 81-95. DOI:10.1016/j.anbehav.2016.02.025. 

  



 

46 

APPENDIX A  

Table A1. Proportion of time for which a given percentage of ‘ancient ambient’ active space is available to 
SRKW over the week of August 1-7th, 2018 at locations in the Swiftsure Bank area and the Haro Strait 
area. Communication range and echolocation range available are shown at four depths in locations 
where the predominant behaviour is travel or forage.  

 Range Available 
Range Type Primary 

Behaviour  
Location Name Depth 

(m) 
75 - 100 

% 
50 - 75 

% 
25 - 50 

% 
0 - 25 

% 

Communication Forage Swiftsure North 7.5 16.7 66.7 16.7 0 
20 66.7 16.7 16.7 0 
50 66.7 0 16.7 16.7 

Swiftsure Foreslope 7.5 16.8 30.3 28.4 24.5 
20 15.9 31.2 34.8 18.1 
50 25 28.6 25.7 20.7 

100 22.4 35.1 27.6 14.9 
Haro Strait 7.5 30.8 46.2 15.4 7.6 

20 31 31 24.1 13.9 
50 29.5 47.7 18.2 4.6 

100 24.1 26.5 32.5 16.9 
Travel Swiftsure Bank 7.5 22.5 33.7 14.6 29.2 

20 23.2 27.5 14.5 34.8 
50 27.6 27.6 24.1 20.7 

Juan de Fuca 7.5 24 34.6 31.7 9.7 
20 26.8 36.1 23.7 13.4 
50 24.5 35.3 30.4 9.8 

100 27.1 36.4 32.7 3.8 
Turn Point Approach 7.5 28.9 26.7 11.1 33.3 

20 26.9 23.1 26.9 23.1 
50 14.5 29 29 27.5 

100 18.1 21.7 31.3 28.9 
Echolocation Forage Swiftsure North 7.5 67.6 25.7 6.7 0 

20 61.5 34.9 3.7 0 
50 67.1 30 1.4 1.5 

Swiftsure Foreslope 7.5 11.6 16.3 40.7 31.4 
20 11.2 20.2 40.3 28.3 
50 11.8 23.7 39.7 24.8 

100 10.4 28.5 40.4 20.7 
Haro Strait 7.5 38.6 31.8 26.1 3.5 

20 24.8 43.2 23.2 8.8 
50 26.9 30.1 36.5 6.5 

100 11.9 31.6 36.3 20.2 
Travel Swiftsure Bank 7.5 18.8 26.5 38 16.7 
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 Range Available 
Range Type Primary 

Behaviour  
Location Name Depth 

(m) 
75 - 100 

% 
50 - 75 

% 
25 - 50 

% 
0 - 25 

% 

20 24.5 28.8 31.9 14.8 
50 22 29.7 31.8 16.5 

Juan de Fuca 7.5 20.2 27.1 36 16.7 
20 23.2 27 36.7 13.1 
50 13.8 30.3 40.2 15.7 

100 16.6 27 41.3 15.1 
Turn Point Approach 7.5 24.8 23.9 34.5 16.8 

20 22.2 27.8 29.4 20.6 
50 23.8 26.5 26.5 23.2 

100 18.3 23.2 28 30.5 
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