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Abstract

This research aims to determine the effectiveness of Southern Resident killer
whale (SRKW) management measures including a commercial vessel slowdown, and an
interim sanctuary zone in an area of heavy vessel traffic. The SRKW have been
documented to increase their communication effort to be heard over vessel noise — a
phenomenon termed the Lombard effect. Between 1 June — 25 October 2022, along the
inshore waters of Boundary Pass, acoustic data was analysed from 13 SRKW transit
events. Pulsed call types were extracted and tested for differences in SRKW vocal
behaviour. There were significant differences in call duration and frequency used
between loud and quiet ambient noise levels. Given that these acoustic behaviour
differences were documented under high management measure compliance, more
research on how to further reduce the acoustic footprint of marine vessels is required to

increase the effectiveness of reducing vessel noise in endangered SRKW critical habitat.

Keywords: killer whales; marine vessels; underwater acoustics; Boundary Pass; Salish

Sea
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Chapter 1. Introduction

Anthropogenic impacts on the natural world are increasing in intensity and scope
as the human population and its footprint expand across the world. One such
repercussion of this expansion is an increase in human activity in marine environments.
Marine vessel disturbance includes both direct vessel strikes and indirect effects
stemming from noise pollution on marine life (Raverty et al. 2020). Ambient noise levels
(ANL) have been steadily increasing in the world’s oceans, and noise is projected to
continue increasing (Hildebrand 2009, Erbe et al. 2019). With increasing numbers of
both large commercial tankers and container vessels to small private motorboats (Erbe
et al 2019), there has been a 3.3-dB increase in ANL per decade between 1950 and
2007 (Frisk 2012). In the Salish Sea, the broadband (across multiple frequencies) ANL
have increased significantly due to commercial vessels, including noise in the frequency
range that killer whales use for communication and echolocation (10-40 kHz band) (Veirs
et al. 2016). Amplified noise levels are capable of disrupting animal behaviour and
eliciting a stress response across many marine taxa (Buxton et al. 2017, Celi et al. 2015,
Filliciotto et al. 2014, Wang et al. 1987). However, the effects are more acute in killer
whales. Killer whales are a highly acoustic species, with a hearing range of 100 Hz to
160 kHz (Branstetter et al. 2017). For comparison, human hearing ranges from 20 Hz to
only 17 kHz (Purves et al. 2001). Responses to higher levels of noise range from
changes in behaviour, increases in stress hormones, and cause temporary and

permanent hearing loss (Erbe 2011).

The killer whale (Orcinus orca), includes two distinct ecotypes that range across
areas of high vessel use in the Salish Sea, including the Transient (or Bigg’s) and the
Resident ecotypes (Cominelli et al. 2018) (Figure 1). The Transient (or Bigg’s) killer
whale inhabits the coastal waters from Alaska to Oregon and is genetically distinct,
having diverged 700 000 years ago (Ford 2017). Despite the distant genetic relationship,
there are minor morphological differences between the Transient (Bigg’s) and Resident
ecotypes (Ford 2017). The most apparent difference between these ecotypes are their
diets. Transient killer whales feed on marine mammals, whereas Resident killer whales
feed on fish, primarily Chinook salmon (Oncorhynchus tshawytscha) (Ford 2017, Ford &
Ellis 2006). The other main difference between these ecotypes are their acoustic

repertoires (Ford 1987). The Transient (or Bigg’s) ecotype has a relatively simple



acoustic repertoire due to their smaller pod sizes (Ford 1987; Ford 2017). This is in
contrast to the Resident ecotype populations, which have extensive acoustic repertoires
made up of whistles, echolocation clicks, and pulsed calls which they use to maintain
communication between members of relatively large pods (Ford 1987, Ford 2017). Of
these types of acoustic signals, pulsed calls are the most complex. Calls are further
categorized as monophonic and biphonic, depending on the number of tones produced

by the whale during a call (Foote et al. 2008).

The Resident killer whales are made up of two genetically distinct populations
(Barrett-Lennard & Ellis 2001; Riesch & Deecke 2011). These populations are the
Southern Resident killer whale (SRKW), ranging from Washington state to central
Vancouver Island, and the Northern Resident killer whale (NRKW), ranging from central
Vancouver Island to Alaska (Krahn 2002). These Resident communities are organized
into clans and pods (Ford 1991). The NRKW population comprises the A, G, and R clans
while the SRKW entire population is made up of J clan and further classified into: J, K,
and L pods (Ford 1991). Acoustic repertoires are identical within a pod but become less

alike across different pods and become completely separate across clans (Ford 1991).

ECOtype [Resident] [Transient]
Population [ NRKW ] [ SRKW ]
| } 1
Pod [ J ] [ K ] [ L ]
Figure 1. Taxonomic distinctions between killer whales found in the Salish
Sea.

The SRKW has experienced a recent dramatic decline from 98 individuals in
1995 to 73 individuals (as of September 2022; Center for Whale Research 2022) and
was classified as an endangered species in Canada in 2003 (Department of Fisheries
and Oceans Canada 2018). This legal protection under the Species at Risk Act and the
SRKW reliance on the acoustic conditions of the underwater environment (Joy et al.

2019, Williams et al. 2021) leads to heightened concern for this population to be



negatively affected by marine vessels. The SRKW have been documented to change
physical behaviours in response to marine vessels. This can occur through changes in
foraging, resting, socializing, or travelling activity states that result in increased energy
expenditure or decreased time and effort afforded to prey capture (Williams et al. 2009;
Lusseau et al. 2009, Holt et al. 2021, Williams et al. 2021). Surface-active behaviours
result in increased energy expenditure through the occurrence of breaching, fin and tail
slapping, and spy hopping (Noren et al. 2009, Williams et al. 2009). Additionally, vessel
noise has reduced the majority of SRKW available communication space, resulting in a
need to increase the loudness and duration of communications coupled with an increase
in energy expenditure to be heard - a phenomenon termed the Lombard effect (Williams
et al. 2014; Holt et al. 2009). This documented increase in communication effort is
through pulsed call amplitude (loudness) and call duration (Holt et al. 2008, Holt et al.
2009, Holt et al. 2012; Foote et al. 2004). At extreme noise levels, SRKW may display
avoidance behaviours and/or experience temporary or permanent hearing loss (Erbe
2002). These behavioural changes are suspected to be one of the main factors
contributing to the lack of recovery of SRKW in the Salish Sea (Williams et al. 2021).

In response to the established sensitivity of SRKW to underwater noise and
vessel disturbance, the Department of Fisheries and Oceans and the Port of Vancouver
have introduced various management measures to reduce vessel impacts in the SRKW
designated Critical Habitat, located in waters around the southern end of Vancouver
Island, BC (Government of Canada 2021). Under these implemented management
measures, all marine vessels must maintain a minimum of 400 m approach distance
from SRKW year-round. Additionally, there is a voluntary large commercial vessel
slowdown and lateral displacement system in select critical zones along this commercial
shipping route to limit noise pollution. Bulkers, tankers, and general cargo ships are
asked to slow to 11 knots and containers, car carriers, and cruise ships are asked to
slow to 14.5 knots in two slowdown zones within the Salish Sea, Haro Strait and
Boundary Pass. Historically, Boundary Pass, a narrow 5 km wide channel and the
surrounding waters of the Salish Sea were important foraging areas for the SRKW, as
they were frequently observed foraging here throughout the summer months (Hauser et
al. 2007; Olson et al. 2018). These factors led to the area being included in the
designated Species-at-Risk Critical Habitat in 2009 by the Department of Fisheries and

Oceans Canada (Department of Fisheries and Oceans Canada 2018). This area also



contains a portion of the busiest shipping route in the Salish Sea and is a destination for
commercial fishing vessels, recreational pleasure craft, and ecotourism (or whale
watching) vessels (Cominelli et al. 2018). Lastly, there are three Interim Sanctuary
Zones (ISZ) with legislated vessel restrictions that restrict vessel access between June 1
to November 30 in coastal BC waters; one of which is found along the north shoreline
waters of Boundary Pass, on the southern shores of Saturna Island. There is evidence
to suggest that there is variable success in compliance between the management

measures in place in Boundary Pass (Baril 2022, Burnham et al. 2021).

While the compliance rates as well as potential impact reductions of the
management measures have been studied, there has been no research assessing the
realized efficacy of these management measures on SRKW directly (Baril 2022,
Burnham et al. 2021). This project aims to fill this knowledge gap and determine whether
the current management measures are effective at minimizing the impact of vessels on
SRKW acoustic behaviour. As the number of SRKW individuals continues to decline,
more research on vessel disturbance - one of the main stressors responsible for the lack
of SRKW recovery - is crucial (Williams et al. 2021). Boundary Pass is ideally situated for
research based on the SRKW acoustic response to vessels as it is a home to a busy
commercial shipping lane and home to an interim sanctuary zone. Lastly, more research
is needed on the acoustic and behavioural response of killer whales to noise from
smaller vessel engines, as the majority of these studies have been based on mysticetes
(baleen whales, such as Humpback whales (Megaptera novaeangliae) - and their

acoustic response to larger ships (Erbe et al. 2019).

1.1 Goals and Objectives

This project aims to assess whether the Interim Sanctuary Zone and the
Commercial Vessel Slowdown are effective at eliminating the effect of vessels on SRKW
acoustic behaviour. This project aims to assess SRKW acoustic behaviour around
vessels in Boundary Pass. This project will add to the collective research in establishing
the restoration of the endangered SRKW in the Salish Sea. Through the following
objectives, this project aims to assess whether or not the current management measures

are sufficient in removing the impact of vessel noise on SRKW acoustic behaviour.



1) How does marine vessel noise affect SRKW acoustic behaviour in Boundary Pass?
Goal: Identify SRKW acoustic behaviour and marine vessel noise in Boundary Pass.
¢ Quantify the SRKW call types used during SRKW transits.
¢ Quantify the durations of SRKW calls during SRKW transits.
¢ Quantify the peak and bandwidth frequencies of SRKW calls during SRKW
transits.
¢ Quantify the background ambient noise levels from marine vessels during SRKW

transits.

2) How often are the management measures followed?
Goal: Identify instances of vessel compliance and non-compliance of measures in
Boundary Pass.
¢ |dentify the interim sanctuary zone compliance of vessels present during SRKW
transits.
¢ |dentify the commercial vessel slowdown compliance of vessels present during
SRKW ftransits.



Chapter 2. Methods
2.1 Site Description

The observation site for this study was located along an outlook point established
at Tekteksen on Wsanec First Nation traditional territory, also known as East Point Park
on Saturna Island. This study site permitted unobstructed views to observe the waters of
Boundary Pass. Boundary Pass is a channel located in the Salish Sea along the
international border of the Canadian Southern Gulf Islands and the American San Juan
Islands. Saturna Island is located approximately 55 km south of Vancouver and 40 km
northeast of Victoria, British Columbia, Canada. The primary observation site is
positioned within the Gulf Islands National Park Reserve at East Point Park
(48°46'58.55" N, 123°2'44.03" W) approximately 19 m above sea level (Figure 2).
Supplementary whale observations were made from various locations along the
southern end of Saturna Island by volunteers from the Southern Gulf Islands Whale
Sighting Network (SGIWSN). A hydrophone was used to continuously record the
underwater acoustic environment approximately 500 m southwest of the observation site
(48°46'49.7532” N, 123°3'5.544” W) (Figure 2). The hydrophone array is permanently
mounted at a water depth of approximately 18 m near shore in the Interim Sanctuary

Zone.
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Figure 2. Boundary Pass study site indicating the primary observation site,

hydrophone, shipping lanes, and Interim Sanctuary Zone.



2.2 Data Collection

Visual and acoustic data were collected in partnership with Saturna Island Marine
Research and Education Society (SIMRES) from 1 June through 25 October 2022
(Murphy et al. 2022). Systematic visual observations of whales and marine vessels were
recorded nearly daily from 9:00 am to 4:00 pm at the observation site (Figure 3). These
observations were conducted using a 15-minute visual scan using binoculars (Nikon 10 x
42, Zeiss 10 x 42) in a northeast to southwest to northeast sequence, for a total of two
scans of the study site, following methods pioneered by (Lusseau et al. 2009) in Haro
Strait and following prior survey efforts in Boundary Pass (Le Baron et al. 2019, Quayle
& Joy 2021, Gheibi et al. 2021). Additionally, the site was set up for equipment that
would allow for the collection of highly accurate spatial data of vessels and whales for
future years of research. This data is collected using a Topcon DT-200 theodolite with
Mysticetus software and methods developed by the Department of Fisheries and
Oceans Canada (2021) field protocol (Appendix A). Continuous acoustic data was

passively recorded and stored for the duration of the data collection period.
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Figure 3. Hourly observation effort by week from 1 June — 25 October 2022.



2.3 Marine Vessel Management Measures Compliance Survey

Data were recorded on marine vessels upon their entrance into the study area.
First, the MarineTraffic application (MarineTraffic.com 2022) was opened for live updates
on the Boundary Pass area (Appendix B). This application shows the real-time locations
of marine vessels that are using Automatic Identification System (AIS) tracking. This
application was used to assess whether an individual vessel was using an AlS tracking
system. For vessels using AIS, this data is automatically archived and was accessed
after the field season. For vessels not using AlS tracking, observers collected the data
visually. Vessels were visually categorized to type as motorboat, sailing, ecotourism
(whale-watching), commercial fishing, commercial shipping, or unknown vessels. The
total time a vessel remained in the area was recorded upon the appearance and
disappearance of the vessel from the observers’ field of view in the study site. Lastly, ISZ
compliance was recorded. A laser rangefinder (Newcon LRM 3500M-35BT) and the
position of the vessel in relation to known landmarks were used to identify the position of
the vessel in relation to the ISZ. Vessels that were transiting or fishing in the ISZ were
recorded as non-compliant. A DSLR camera (Sony a7R V) with a telephoto lens (Sony
200-600 mm) was used to photograph ISZ infractions as well as identify any visible
vessel registration. Fishing and transit infractions in the ISZ were reported and submitted

to Transport Canada daily.

As for vessels that were using AlS tracking, data such as the vessels position
and speed at certain archived using an AIS receiver antenna from Quayle Consulting Ltd
mounted on a building near the observation site. The data is archived and accessed on
AISHub. Data was accessed and downloaded at times of visual SRKW events in
Boundary Pass. The vessel types were filtered for commercial vessels to assess
compliance of the commercial vessel slowdown. The data including the iterative
positions and speeds of the vessels were tracked on Google Earth software to assess
vessel speed in both ‘transition zones’ and ‘slowdown zones’. Non-compliance was
deemed as vessels travelling in the ‘slowdown zones’ more than 2 knots over the
slowdown target speed to account for the difference in speed over land and speed
through water (Baril 2022).



To determine infractions (or non-compliance) of the 1ISZ, data was filtered on the
specific spatial extent of the ISZ boundaries. Vessel types that are exempt from the ISZ
regulations (government vessels, Indigenous fishing vessels) were filtered out of the
dataset. These data on the AlS vessels were combined with the visually documented
non-AlS vessels for the total number of ISZ infractions. The visual documentation of the
ISZ infractions follow the same methods between years. However, because of
differences in data collection methods for compliant vessels differed, the compliance
rates are not comparable between years. Compliance rates were calculated using a
specific area of Boundary Pass called the ‘compliant zone’ in 2020 and 2021. For 2022,
vessels entering ‘compliant zone’ were not recorded and no compliance rate can be
calculated. Instead, all vessels that were sighted anywhere in Boundary Pass were

recorded.

2.4 Citizen Science Whale Sightings Data

In the days or hours preceeding the majority of sightings, SRKW would first
appear along the west side of the American San Juan Island before their appearance in
Boundary Pass hours or days later. For this reason, it was helpful to consult the
Facebook group titled “Whale Sightings in the San Juan Islands”, a page ran and
moderated by the Orca Behavior Institute on San Juan Island, to be aware that SRKW
were in the general area. On the Canadian side of the border, the Southern Gulf Islands
Whale Sightings Network (SGIWSN) is made up of volunteer members that reside on
North and South Pender Islands, Mayne Island, and Saturna Island. Members are
trained in whale identification and their sightings are uploaded to the British Columbia
Cetacean Sightings Network WhaleReport application. Sightings of SRKW from
SGIWSN members on other Gulf islands gave observers an idea of which direction and
when SRKW would appear in Boundary Pass. Photograph-confirmed sightings of SRKW
by SGIWSN members on Saturna Island allowed SRKW transit events in Boundary Pass
that occurred on observer off-days or after hours to be included in this project as well.
However, this data was opportunistic as sighting effort varied between members,
weather, and sighting conditions. While systematic observing hours occurred nearly daily
from 9:00 am to 4:00 pm, when SRKW were reported to be in the area from the above
listed sources, observers stayed at the observation point for as long as possible during

daylight hours.

10



2.5 Southern Resident Killer Whale Survey

For the majority of SRKW sightings, observers would hear the whales exhaling at
the surface as they approached the study site before getting a visual observation. Data
were recorded upon the visual appearance of whales into the study area. The
approximate number of whales were visually estimated and recorded. The time of the
visual SRKW transit event was recorded upon their entrance to and exit from the study
site or more than 20 minutes passing since the last surfacing event. If more than twenty
minutes passed between surfacing events, these were counted as two separate sighting
events. Lastly, SRKW presence in the commercial shipping lanes and/or the ISZ were
visually estimated and recorded. The positions of the whales were estimated in relation

to known landmarks.

Due to the minor morphological differences between the Transient and Resident
killer whale ecotypes, photographs of individual whales were taken on a DSLR camera
(Sony a7R 1V) with a telephoto lens (Sony 200-600 mm) to be reviewed for identification
after the field day. Identification was made using distinguishing features such as an open
or closed saddle patch and the presence of nicks and scratches on the dorsal fin and

surface (Figure 4). These features were compared to photographs in whale catalogues

for verified identification (Center for Whale Research 2019, Towers et al. 2019).

g

Figure 4. Physical features used to distinguish between killer whale ecotypes.
(a) Southern Resident killer whale with ‘open’ saddle patch behind
dorsal fin (Identified individual: J42) (b) Transient killer whale with
‘closed’ saddle patch, nick in dorsal fin, and scratches on dorsal
surface (Identified individual: T124A2B).

11



2.6 Acoustic Data

Underwater acoustic data is passively recorded on the SIMRES hydrophone near
East Point Park on Saturna Island, BC. SIMRES first installed a permanent placement
for an underwater hydrophone array at an approximate depth of 18 min July 2014. The
hydrophone is run from an underwater cable connecting the placement and a power
source and acoustic processing equipment in the shoreline adjacent house of an
individual member of SIMRES. Sea to Shore Systems regularly maintains and replaces
the individual hydrophones. The specific hydrophone that recorded the data used in this
study was deployed 15 March 2022. The hydrophone used is an Ocean Sonics icListen
Smart Hydrophone (RB9-ETH) with Ethernet and a 900 m depth rating. Testing of this
hydrophone showed calibration levels of -178.0 + 1.2 dB re 1 pPa (10 kHz to 100 kHz)
and -179.3 + 2.4 dB re 1 yPa (10 kHz to 200 kHz) (Ocean Sonics 2015). Acoustic data
was continuously recorded during the field season and stored as 5-minute .wav audio

files.

2.7 Acoustic Analysis

The recorded times of SRKW transit visual observations in Boundary Pass were
cross-referenced to the corresponding underwater audio files for audio file selection. The
files that overlapped with the SRKW visual transit in addition to a 30-minute buffer period
at both the beginning and end of the SRKW transits were selected for acoustic analyses.
The corresponding 5-minute files were converted to compressed .flac audio files and

downloaded for analysis.

Acoustic files were modified for optimal listening for SRKW pulsed call detection
by applying a high pass audio filter that minimized low frequency vessel noise
(frequencies from 0-200 Hz with a 24 dB roll-off) and applying an amplification effect of
25.0 dB to the files using RStudio (S. Veirs, personal communication, August 12, 2022).
Individual audio files were opened in the RavenPro desktop with standardized pre-set
spectrogram settings (Appendix C). Instances of SRKW acoustic signals were manually
annotated with a selection box drawn as tightly as possible around the signature on the

spectrogram (Figure 5). If a signal is visually faint, the brightness and contrast setting

12



were adjusted as needed and then set back to the standardized settings. Once all
annotations were made, the file was given a final playthrough to catch any previously
missed signals. Each selection box measures various acoustic parameters, the specific
parameters of interest for this study are peak frequency (Hz), duration (seconds),
maximum frequency (Hz), and minimum frequency (Hz). All SRKW signals were
annotated including pulsed calls, the beginning sequence of echolocation clicks, buzzes,
whistles, and rasps, however only pulsed calls were used for this study due to time

constraints.
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Figure 5. Acoustic analysis of an 8-second audio recording from the
hydrophone during an SRKW transit in Boundary Pass in RavenPro
software. Selection boxes 15-17 show SRKW call type S04, S05, and
S03, respectively. Selection box 32 showing low frequency vessel
noise presence from approximately 0-1.7 kHz over the entire 8-
second audio clip. Selection box 17 is used to show how the three
call parameters (bandwidth frequency, peak frequency, and
duration) are calculated. Note: green arrows indicate SRKW
echolocation clicks, these are not associated with pulsed calls.
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Pulsed calls were further classified to call type. Calls were identified by
comparing similarities of both the unique visual signature on the spectrogram and the
unique acoustics of the call to examples in an unpublished call catalogue from the
Department of Fisheries and Oceans Canada, adapted from Ford 1991 (Figure 5). Each
call annotation was assigned ‘low’, ‘medium’, or ‘high’ identification confidence levels
based on how alike both the visual spectrogram and acoustic signature were to the call
catalogue. For instances in which there was no confidence in a discernable call type, it
was left as ‘unknown’. Calls assigned a ‘low’ identification confidence were excluded
from the dataset. Bioacousticians from both JASCO Applied Sciences Ltd. and the
University of Victoria specializing in SRKW call identification provided mentorship and

confirmation for particularly challenging annotations.

In the audio files that contain SRKW pulsed calls, selection boxes were also
drawn to measure background ANL. A 5-second-long selection box was made every 100
seconds spanning the frequency range from 0-15 kHz. During instances when there
were calls present at these set times, the selection box was made at the first instance of
call absence. This normally occurred within 10 seconds before or after these set times,
however a few instances required going further away than 10 seconds due to a high
density of calls. Broadband noise analyses for background ANLs (logarithmic scale)
were measured as sound pressure level (dB re 1 yPa) using PAMGuide software in
RStudio for each ANL selection box (Merchant et al. 2015). A Hamming window of
length 12800 samples and an overlap of 50% between time windows were used to
compute sound pressure levels over 0.5-15 kHz, the frequency range in which vessel
noise and SRKW calls overlap (Williams et al. 2014). Sound pressure levels were
averaged over the entire selection box. Using an average across multiple selection
boxes was not completed due to the high variation in ANL within acoustic events. This is
a typical noise parameter measurement of background vessel noise (Bouvier 2022, Holt
et al. 2009). Hydrophone-specific calibration data was used to accurately measure the
sound pressure levels across the 10-100 kHz frequency bands, the most relevant for
SRKW calls and vessel noise (Ocean Sonics, 2015). The mean sound pressure level per
background noise selection box was added as the ANL parameter for each SRKW call

that occurred within that 100 second window.
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The SRKW call parameters of interest for this study, bandwidth frequency, peak
frequency, and duration, were measured from the SRKW call selection boxes in
RavenPro and analysed in RStudio. Bandwidth frequency is defined as the range of
frequencies that the call spans (maximum frequency — minimum frequency) in Hz (Figure
5). Duration is defined as the time span of the call in seconds (Figure 5). Peak frequency
is defined as the frequency point of the call that possesses the maximum power or
energy in Hz (Figure 5). The usual parameter of interest in SRKW call analyses of the
Lombard effect is call amplitude (or loudness) (Holt et al. 2009), however this study was
not able to measure this parameter. The Lombard effect is more loosely defined as an
increase in communication effort of any kind and has been used to describe an increase
in SRKW call duration as well (Foote et al. 2004). A literature review showed that call
frequency parameters have not been studied in SRKW specifically but have been

studied in bottlenose dolphins whistles around marine vessels (Heiler et al. 2016).

2.8 Statistical Analysis

Statistical analyses were performed using RStudio Version 2022.12.0+353 for
macOS. A Levene’s test tested the data for normality. An ANL mean was not calculated
per file due to the quick and drastic changes in ANL that occur in Boundary Pass.
Instead, the mean ANL across each 5-second annotation was used for further analyses.
Pulsed calls were matched up to the corresponding background ANL. The threshold
between loud and quiet ANL conditions was set at 95 dB re 1 yPa because of a natural
separation of the distribution of the data at this point (Appendix D). Call types in which
had less than ten instances of either loud or quiet calls were not included in these
analyses to maintain statistical power. Log-transformed two-way ANOVA tests were
performed to analyse differences in pulsed call parameters (peak frequency, bandwidth
frequency, and call duration) between loud and quiet ANL. Lastly, post-hoc Tukey’s tests

were performed to infer the call types for which differences in call parameters occurred.
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Chapter 3. Results
3.1 SRKW Transit Events

The SRKW were documented in Boundary Pass on 15 days from June 1 —
October 25, 2022. All three pods (J, K, and L) were identified on at least one occasion
throughout the field season (Table 1). Thirteen of the fifteen SRKW events contained
pulsed calls and were included in this study (Table 1). Positive identification of killer
whale ecotype and pod was made primarily from visual sightings. When this was not
possible, acoustic identification was made, which occurred for one event (3 October
2022). There were two events (28 June and 4 August) in which there were subsequent
killer whale sightings after confirmed SRKW and Transient (or Bigg’s) killer whale
sightings that same day. The whales in these subsequent sightings were far away from
the observation site and therefore the ecotype of these killer whales remained

unidentified. Only the confirmed sighting times were used for acoustic analysis.
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Table 1. SRKW pod presence per Boundary Pass transit event during the
2022 field season. SRKW events that contained SRKW pulsed calls
that were included in the acoustic analysis are indicated by *

Date of SRKW SRKW Pod(s) Present

transit event K L

June 24

June 28*

July 10*

July 11*

W

July 12*

A

July 23*

July 25*

July 26*

July 28*

July 29*

August 4*

August 5

August 9*

September 3*

October 3*

A R S S RS S A
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3.2 SRKW Acoustic Data

There were 433 5-minute audio files analysed, within which contained
approximately 13 hours and 40 minutes of SRKW acoustic activity were identified. The
duration of the acoustically active segments of SRKW events ranged widely from 5
minutes to 190 minutes in duration (Figure 6). This amounted to 1188 annotations of
pulsed calls that could be identified to call type with medium or high confidence. 444
annotations of low identification confidence were removed from the dataset. There were
3133 annotations of unidentified calls also removed from the dataset. These calls were
either of low acoustic quality and were not identifiable to call type or were variable and
aberrant calls. These types of calls are often modified versions of known pulsed calls
(Ford 1989). The maximum number of calls identified from one event was 402 (11 July
2022), the minimum was 4 (3 September 2022), and the average number of calls
identified per event was 114 + 33.9 calls. There were 26 different call types identified out
of the 30 unique call types recognised in the SRKW call catalogue (Ford 1987). The
three most common call types found were S04 (n= 533, 36.0% of total), SO1 (n= 213,
14.4% of total), and S19 (n= 165, 11.2% of total) (Figure 7). 11 of these call types were
identified as monophonic and 15 were identified as biphonic or two-voiced (Table 2).
Twenty call types were removed from the dataset because they had less than ten
instances of calls in either quiet or loud conditions and would have low statistical power.

The six remaining call types were statistically analysed (Table 2).
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Table 2. Total numbers of SRKW pulsed call types from recorded acoustic
files over the 13 acoustically active whale events in Boundary Pass
in 2022. Call types are ordered by total count of occurrence.

Number of Number of

Monophonic Calls in Calls in
or Biphonic Quiet Loud
Call Type Call Type conditions conditions Pod(s)
S04~ M 523 10 J
S01* M 168 45 J, L
S19* B 75 90 L
S05* M 94 10 J
S16* M 72 28 K, L
S02iii* B 33 40 L
S10 M 51 9 J, K, L
S36 B 34 0 K, L
S18 B 24 9 L
S07 M 25 0 J
S17 M 20 4 K, L
S03 M 12 9 J
S42 B 0 21 J, L
S37ii B 12 0 K, L
S33 B 4 6 L
S06 M 8 1 J
S37i B 7 0 J
S40 B 1 6 L
SO08i B 1 5 J, L
S02ii B 0 5 J
S31 M 0 4 L
S22 B 2 2 L
S12 M 2 1 J
SO08ii B 1 0 L
S13i B 0 1 J
S41 B 1 0 J

* Indicates which call types were included in statistical analyses

3.3 Marine Vessel Data

There were on average 10.6 + 2.4 (n=14) marine vessels present in Boundary
Pass during a visual SRKW transit event. The lowest number of vessels seen during an
SRKW transit was 1 (10 July 2022) and the highest number of vessels seen was 29 (4
August 2022) (Figure 8). Additionally, twelve of the fifteen events had more than one
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vessel type present. The most common types of vessels included small motorboats
(n=64), sailing vessels (n=44), and ecotourism (whale-watching) vessels (n=20) (Figure

8).
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Figure 8. Total numbers of marine vessels present during SRKW transit

events in Boundary Pass in 2022.

3.4 Ambient Noise Level Data

The average ANL received at the point of the hydrophone over all SRKW
acoustically active events was 88.61 + 0.16 dB re 1 pyPa. The lowest ANL was 79.7 dB
re 1 yPa recorded on 11 July 2022 and the highest ANL received was 107.6 dB re 1 yPa
recorded on 4 August 2022 (Figure 9). During the acoustically active portions of SRKW
events, four out of the thirteen events had one or more commercial vessels present
(Figure 9). There is a nearly strong positive correlation between ANL and total number of
vessels present during an SRKW event (R is 0.68, p <0.05) (Figure 10).
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3.5 Management Measure Compliance

The commercial vessel voluntary slowdown returned a compliance rate of 79%
when commercial vessels were present in Boundary Pass during a visual SRKW event.
There were 15 vessels that remained at compliant speeds while transiting Boundary
Pass. There were 2 bulk carriers and 2 general cargo non-compliant ships that transited
at a speed above the 11-knots speed threshold for their vessel category. Only looking at
the portion of the event that SRKW were acoustically active, the commercial vessel
compliance rate is 100% (Table 3). The commercial vessel voluntary slowdown
compliance rates over the entire field season were not calculated due to time
constraints. While this study did not focus on visual behaviour of SRKW around marine
vessels, SRKW were visually sighted passing through the shipping lanes on 11 of the 15
SRKW events (Murphy et al. 2022).
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Table 3. Compliance for the commercial vessel voluntary slowdown during
SRKW transit events in Boundary Pass.

Number of
commercial Number of slowdown
SRKW Event Date vessels present compliant vessels
Jun 24 1 1
Jun 28 2 1
Jul 10 2 2
Jul 11 1 1
Jul 12 A 7 7
Jul 26 A 1 1
Jul 28 A 1 1
Jul 29 1 0
Aug 5 1 0
Aug 9 1 0
Sep3” 1 1
Total Vessels during entire 19 15 (79%)

visual SRKW Events
Total Vessels during only 10 10 (100%)
acoustic SRKW Events #

A Indicates vessels were present during the acoustically active segment of the SRKW
event

There were infracting marine vessels that entered the Interim Sanctuary Zone
along the southern shore of Saturna Island during five of the 15 visual SRKW events.
Over the course of these five events, there were 11 vessel infractions while SRKW were
visually present in Boundary Pass. Seven of these vessels were small motorboats, three
were sailing vessels, and one was an ecotourism (or whale-watching) vessel. One of the
small motorboat infractions was a transit and fishing violation while the rest of the
infractions were transiting violations. Nine of these infractions occurred during the

acoustically active segments of three SRKW events (Table 4).

For the entire observation period, from June 1 — October 25, there were a total of
487 I1SZ infractions. These include 456 small motorboats, 17 ecotourism (or whale-
watching) vessels, 8 fishing vessels, 5 unknown vessel types, and 1 dredging or
underwater operations vessel. The most infractions occurred during the month of August
with 176 infractions and the least infractions occurred during the month of October with
14 (Figure 11).

24



For the field seasons of 2020 and 2021, ISZ infraction data had also been
collected. For 2020, there were 427 infracting vessels and a compliance rate of 0.368
(Quayle 2021) For 2021, there were 251 infracting vessels and a compliance rate of
0.669 (Baril 2022). Comparing the data from this study over the same time period as
these past studies, June 1 — August 31, there were 370 infracting vessels visually and
automatically documented in the ISZ. As previously stated, no compliance rate can be

calculated for 2022 due to differences in data collection methods.

Table 4. Infractions for the Interim Sanctuary Zone during SRKW transit
events in Boundary Pass.

Number of
vessel
SRKW Event Date infractions Types of vessels
Jun 24 1 Motorboat
Jul 29 A 3 Motorboat
Aug 4 * 5 2 Motorboat, 2 Sailing, 1
Ecotourism
Aug 5 1 Sailing
Aug 9* 1 Motorboat
Total infractions during entire 11
visual SRKW events
Total infractions during only 9

acoustic SRKW events *

A Indicates vessels were present during the acoustically active segment of the SRKW
event
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June 1 — October 25, 2022.

3.6 Call Parameter Data

The measurements of the three SRKW call parameters (peak frequency,
bandwidth frequency, and duration) from the East Point hydrophone location were
obtained using the RavenPro software representative selection boxes for calls in loud
and quiet ANL conditions (Figure 12). The peak frequency of SRKW calls ranged from
156.25 Hz (S01 call type) to 23000 Hz (S04 call type). The bandwidth frequency of
SRKW calls ranged from 340.4 Hz (S04 call type) to 56161.62 Hz (S05 call type). The
duration of SRKW calls ranged from 0.1232 seconds (S05 call type) to 2.6654 seconds
(S19 call type). The call parameter means at loud and quiet ANL conditions of call types

that showed a statistically significant difference are provided in section 3.7.
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Figure 12.  Acoustic analysis of a 3-second audio recordings from the
hydrophone during an SRKW transit in Boundary Pass in RavenPro
software a) representative S10 call in “Quiet” ANL conditions b)
representative S10 call in “Loud” ANL conditions. Black arrows
indicate SRKW echolocation clicks not associated with pulsed calls.
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3.7 Statistical Analyses

A Levene’s test indicated that the ANL data were not normally distributed, but
after log transformations the data were normally distributed. The results of a log-
transformed two-way ANOVA indicated there were significant differences in call duration
among ANL conditions and call types (F statistic of ANL main effect is 317.08 (df1=1), p
value <0.001, F statistic of call type main effect is 543.32 (df=5), p value <0.001, and F
statistic of the interaction effect is 11.37 (df=5), p value <0.001). A post hoc Tukey’s test
indicated that there were significant differences in call duration between loud and quiet
conditions for the call types S02iii (p value <0.001) and S19 (p value <0.001). The mean
duration of the S02iii call in quiet conditions is 0.8300 [95% C.I. = (0.7370, 0.9231)]
seconds and loud conditions is 1.081 [95% C.I. = (1.002, 1.160)] seconds (Figure 13).
The mean duration of the S19 call in quiet conditions is 0.8933 [95% C.I. = (0.8300,
0.9567)] seconds and in loud conditions is 1.166 [95% C.I. = (1.097, 1.236)] seconds
(Figure 13).

The results of a log-transformed two-way ANOVA indicated there were significant
differences in call bandwidth frequency (range between maximum and minimum
frequency ridges) among ANL conditions and call types (F statistic of ANL main effect is
274.365 (df1=1), p value <0.001, F statistic of call type main effect is 77.431 (df=5), p
value <0.001, and F statistic of interaction effect is 4.615 (df=5), p value <0.001). A post
hoc Tukey’s test indicated that there were significant differences in call bandwidth
frequency between loud and quiet conditions for the call types S01 (p value <0.001), S05
(p value 0.058), and S19 (p value <0.001). While the Tukeys test indicated a p value of
0.058 for the call type S05, the log-transformed ANOVA model, with a higher degree of
accuracy, indicated a significant difference. The mean bandwidth frequency of the S01
call in quiet conditions is 6917 [95% C.I. = (6303, 7531)] Hz and loud conditions is 18476
[95% C.I. = (13607, 23344)] Hz (Figure 14). The mean bandwidth frequency for the S05
call in quiet conditions is 12043 [95% C.I. = (-16027, 40114)] Hz and loud conditions is
18549 [95% C.I. = (4680, 32417)] Hz (Figure 14). The mean bandwidth frequency for the
S19 call in quiet conditions is 10627 [95% C.I. = (9006, 12249)] Hz and loud conditions
is 25350 [95% C.I. = (21614, 29085)] Hz (Figure 14).
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The results of a log-transformed two-way ANOVA indicated there were significant
differences in call peak frequency among ANL conditions and call types (F statistic of
ANL main effect is 142.518 (df1= 1), p value <0.001, F statistic of call type main effect is
53.499 (df=5), p value <0.001, F statistic of interaction effect is 7.163 (df=5), p value
<0.001). A post hoc Tukey’s test indicated that there were significant differences in call
peak frequency between loud and quiet conditions for the call types S01 (p value 0.101)
and S05 (p value <0.001). Again, while the Tukeys test indicated a p value of 0.101 for
the call type S01, the log-transformed ANOVA model, with a higher degree of accuracy,
indicated a significant difference. The mean peak frequency of the S01 call in quiet
conditions is 1373 [95% C.I. = (1125, 1621)] Hz and loud conditions is 1857 [95% C.I. =
(1708, 2254)] Hz (Figure 15). The mean peak frequency of the S05 call in quiet
conditions is 2363 [95% C.I. = (1485, 3241)] Hz and loud conditions is 7741 [95% C.I. =
(4053, 11428)] Hz (Figure 15).
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Figure 13. Boxplots of SRKW call types indicating log-transformed duration of SRKW calls during “Quiet” and “Loud”

background ambient noise level (dB re 1 pyPa) conditions. Noise threshold is 95 dB re 1 pPa. Error bars
indicate 95% confidence interval. Asterisks indicate <0.05 significance level.
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Figure 14.  Boxplots of SRKW call types indicating log-transformed bandwidth frequency of SRKW calls during “Quiet”
and “Loud” background ambient noise level (dB re 1 pPa) conditions. Noise threshold is 95 dB re 1 yPa. Error
bars indicate 95% confidence interval. Asterisks indicate <0.05 significance level.
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Figure 15. Boxplots of SRKW call types indicating log-transformed peak frequency of SRKW calls during “Quiet” and
“Loud” background ambient noise level (dB re 1 pPa) conditions. Noise threshold is 95 dB re 1 yPa. Error
bars indicate 95% confidence interval. Asterisks indicate <0.05 significance level
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Chapter 4. Discussion
4.1 Call Type Distributions

The two most frequently identified call types were S04 (n=533) and S01 (n=213)
(Table 2). This is a departure from historic patters. Traditionally, SO1 has been the most
common call type recorded in the Salish Sea, while S04 has been the fourth or fifth most
common call type (Foote et al. 2008). This result of more than double the number of S04
than S01 is unexpected because the S01 call type is used by both J and L pods and the
S04 call is made exclusively by J pod, meaning there are less individuals that are able to
produce this call. This increase in number of S04 calls could be in part due to the high
prevalence of J pod acoustic recordings (n= 13) relative to that of K pod (n=3) and L
pod (n= 3) in Boundary Pass. There has also been some recent evidence of J pod
exclusively using S04 calls for relatively long sequences, although there has been no

proposed reason for this (S. Veirs, personal communication, December 2022).

Of the S01 calls identified, 79% occurred during quiet conditions. It's possible
that this call was particularly masked in loud conditions, resulting in a sample size lower
than the actual number of calls made. However, this is unlikely as the most common call
type, S04, occurred in predominately quiet conditions (98%) and this call resulted in a
relative increase in call use from previous studies (Foote et al. 2008). Anecdotally, the
minimum frequency of S04 was generally lower than that of SO1, therefore SO1 would be
less likely to be masked by the low frequency vessel noise during loud conditions than
S04. Overall, this result suggests that SRKW are currently increasing their use of S04
and decreasing their use of SO1 compared to previous studies. Ford 1991 suggests that

call repertoire use can change over time.

The call occurrence distributions of S19 (n= 165), S16 (n= 100), and S02iii (n=
73) are in line with historical call distributions and the relatively low number of sightings
of K .and L pods. Historically, the most commonly used calls by L pod have been S19
and S02iii (Foote et al. 2008). Historically, the most common calls used by K pod have

been S16 and S17. The commonality of S17 (n= 24) is unexpectedly low relatively to
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instances of S16 (n= 100), but due to the low number of acoustic recordings from K pod

(n=3), no strong conclusions can be drawn from this result.

4.2 Effects of Ambient Noise Levels on Call Parameters

The Lombard effect has been described as an increase in communication effort
to be heard over loud background conditions (Holt et al. 2009). This effect has been
described in birds as a shift in call amplitude (volume) to compensate for a shift to louder
anthropogenic noises in urban compared to rural environments (Sementili-Cardoso &
Donatelli 2021). The Lombard effect has also been documented in SRKW as a positive
relationship between background ANL and SRKW call amplitude (or volume) and
duration (Holt et al. 2009; Foote et al. 2004). The results of this project corroborate the
Lombard effect- that ANL increased SRKW call duration in the S02iii and S19 call types.
The increase in duration of these SRKW calls may be an attempt to increase their
communication effort to be heard in loud vessel conditions. In many species, increasing
call duration has been associated with an improved sound perception threshold by other
individuals of that species (Heil and Neubauer 2003). The energetic cost of increasing
communication effort for SRKW remains unknown, however, birds have shown an
increased metabolic rate with an increase in song production (Oberweger and Goller
2001).

Other call parameters not explicitly associated with the Lombard effect may also
be affected by background vessel noise. The results of this study suggest that ANL may
have an effect on peak frequency in S01 and S05 call types and an effect on bandwidth
frequency in S01, S05, and S19 call types. Upon a review of the literature, call frequency
parameters have not been included as being part of the Lombard effect or been studied
in SRKW. A positive relationship between vessel presence and whistle frequency
parameters has been documented in Bottlenose dolphins (Tursiops truncatus) (Heiler et
al. 2016). There is an overlap between SRKW communication frequencies and marine
vessels frequencies (Williams et al. 2014). This overlap may be causing an upwards call
frequency shift in loud ANL conditions in an attempt to use available acoustic
communication space (Heiler et al. 2016). The increase in bandwidth frequency, or
frequency range, of SRKW calls in loud conditions may also be due to the overlap of
SRKW communication and marine vessel frequencies. SRKW may be using calls over a

wider range of frequencies in an attempt to be heard in loud conditions. These frequency
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call parameters seem to be changing in response to background vessel noise; however,
it is unknown if changes in these parameters are associated with an increase in

communication effort.

For SRKW, heightened anthropogenic noise levels have the potential to change
and even stop certain behaviours (Holt et al 2009, Foote et al. 2004; Holt et al. 2021).
This could result in behavioural changes to the SRKW ecology — resulting in possibly
negative effects on individuals. SRKW rely on communication between pod and clan
members to serve vital roles for the population such as prey sharing, navigation, and
reproduction. If this available acoustic communication space is changed due to vessel
noise at the same frequencies as SRKW communication, a new selective pressure may
drive change in vocalisation behaviour toward call modifications such as higher
frequency and longer duration calls. If individuals, or the entire SRKW population, are
unable to adapt to changing ANL conditions, they may be unable to maintain
communication with their pod and would cause detrimental effects on this endangered

population.

4.3 Management Measure Implications

This study occurred within the critical habitat of the endangered SRKW
(Government of Canada 2021). Within this critical habitat, the behaviour of SRKW is
being affected by vessel noise to an unknown degree. This is an indication of the
destruction of this critical habitat, which is a violation of the Species at Risk Act
(Government of Canada, 2002). The management measures in place to minimize the
destruction of this critical habitat caused by vessel noise are the Interim Sanctuary Zone
and the commercial vessel slowdown. These measures have been documented to
reduce the ANL in Boundary Pass by 4.3 dB for the slowdown and 2.4 dB for the 1SZ,
both within the 500 — 15000 Hz frequency range (Burnham et al. 2021).

Given the high compliance rates of the slowdown and the low number of ISZ
infractions relative to the durations of the SRKW acoustic events, it seems as though
SRKW are still being affected by vessel noise under measure compliance. This could be

an indication that these measures are not reducing vessel noise enough to completely

35



avoid impacting SRKW. There is also evidence to suggest that there are significant
additional sources of ANL contributing to the soundscape in addition to commercial
vessels. Four of the thirteen acoustically active events had at least one commercial
vessel present (Figure 9). These four events are among the loudest events, however two
events in which commercial vessels were absent were louder. This may suggest that
other sources of ANL, such as smaller recreational or ecotourism vessels are being
overlooked as a significant contributor of ANL in the area. Future studies assessing the
efficacy of the current management measures and useful options for potential

amendments to the management measure regulations are vitally needed.

While compliance rates of the management measures are somewhat high during
SRKW events, instances of ISZ infractions and slowdown non-compliance are still
occurring. While no compliance rate is available for 2022, a comparison of the number of
infractions can be made over the past three years of study in Boundary Pass. There
were 427 infractions in 2020, 251 in 2021, and 370 in 2022. This may indicate that ISZ
compliance is decreasing between the years 2021 and 2022. However, we may not be
able to assume that the number of vessels using Boundary Pass is approximately the
same over the past three study years due to the COVID-19 pandemic and fluctuating
numbers of vessels allowed to cross the Canada-USA border. Nevertheless, the fact that
instances of non-compliance are still occurring indicates that participation and
enforcement of measures could be improved, especially when SRKW are in the area.
The current or future measures would be most effective as compulsory and effectively

enforced regulations.

4.4 Study Limitations

While certain biases and limitations were accounted for in this study, the results
still have limitations. The data for this project represent the background ANL and SRKW
call parameters at the point of the hydrophone in which these sounds were recorded. In
this project, the data is used as the background ANL and call parameters at the point of
the SRKW individuals. Although the path of the SRKW was directly over top of the
hydrophone location for most of the events, this was not the case for the entire event or

every event. This may have introduced some inaccuracies in the data. Future studies are
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advised to build a sound propagation model to account for this issue. Another limitation
is the pseudoreplication and Type Il error present in this data. This is due to multiple
data points being used from the same SRKW events (under similar conditions) and even
the same individuals in the same events. One specific example is the heightened use of
the S04 call. This call type was perhaps overrepresented in this study due to the long
sequences of exclusively S04 calls that were found in some audio files. Future studies
are advised to use an autocorrelation function to account for this during data analysis.
These steps were not taken in this study due to timeline constraints. Another limitation
stems from lower frequency sounds travelling further than higher frequency sounds. For
this reason, there could be underlying confounding factors such as intensified masking
of calls depending on the direction of travel and distance between the calling whales and
the hydrophone when low frequency vessel noise is present. Additionally, for the peak
frequency data in particular, the low frequency vessel noise could be masking the true
peak frequency in the lower frequencies, resulting in an increased peak frequency in
loud ANL conditions.
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Chapter 5. Conclusion

This study aimed to answer how the vocal behaviour of SRKW is being affected
by marine vessel noise, and if the current management measures, the Interim Sanctuary
Zone, and the commercial vessel slowdown are effective at minimizing any possible
vessel related effects on SRKW behaviour. Acoustic data from 13 SRKW transits of
Boundary Pass yielded results suggesting that shifts in measured call parameters of
some SRKW call types are being affected by marine vessel noise- some of these
parameters are evidence of the Lombard effect. Call duration, peak frequency, and
bandwidth frequency all exhibit an increase with background ANL. These lines of
evidence suggest that vessel noise is causing a change in the behaviour of SRKW- at an

unknown cost to the whales.

This study also aimed to answer the efficacy of the current management
measures, the Interim Sanctuary Zone, and the commercial vessel slowdown at
minimizing any possible vessel related effects on SRKW behaviour. When vessels were
present during an acoustic SRKW event, there was high compliance of both
management measures. This suggests that the current measures are perhaps not
enough to minimize vessel noise for the SRKW. More research is required on the
efficacy of these management measures in Boundary Pass and other regions of SRKW

critical habitat.
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Screenshot of the Mysticetus software positioned on the study area

in Boundary Pass, British Columbia. Yellow marker represents the
land-based observation platform, red markers represent horizontal
waypoints established at specific unique points on Skipjack Island
(Horizontal01) and Patos Island (Horizontal02), purple marker
represents vertical waypoint established at a specific unique point
on Tumbo Island.
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Appendix B

y 6
Figure B1.  Screenshot of MarineTraffic application software dashboard
positioned on Boundary Pass.
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Appendix C

Table C1. Standardized pre-set RavenPro software spectrogram settings
Brightness 50
Contrast 56
FFT 3053
Frequency View Range 0-15 kHz
Time Frequency Range 9s
Volume Gain 10.62
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Appendix D
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Figure D1.  Proportion of ambient noise levels (dB re 1 yPa) during SRKW calls.
Grey line indicates noise threshold between “Quiet” and “Loud”
conditions at 95 dB re 1 pPa.
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