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The inland waters around southern Vancouver Island and northern Washington State,
known as the Salish Sea, host critical habitat for endangered southern resident killer
whales (SRKW). This is, however, a highly traversed area, with approaches to industrial
ports and coastal cities, international shipping lanes, ferry routes, and considerable
recreational vessel traffic. Vessel noise is a key threat to SRKW prosperity, and so
conservation measures directed to mitigate its effects have been explored annually
since 2017. Here, we describe trials undertaken in 2020, which included spatially limited
slowdown zones, exclusion areas as Interim whale Sanctuary Zones (ISZs), and a lateral
displacement of tug transits to increase the distance between their route and SRKW
foraging areas. To assess each of the measures we first considered the level of mariner
participation using data from the Automated Identification Systems (AIS), mandatory for
commercial vessels. Knowing this, the changes in soundscape were examined, focused
on impacts on broadband (10 Hz to 100 kHz) ambient noise and the frequencies used
by SRKW for communication (500 Hz to 15 kHz) and echolocation (15 to 100 kHz).
A control period of two-months prior to trial initiation was used to quantify the changes.
High levels (> 80%) of compliance were found for each measure, except ISZs, where
observance was low. Median reduction in speeds ranged from 0.2–3.5 knots. Resulting
sound reductions were most notable in the lower frequencies, although reductions
were also recorded in SRKW pertinent ranges. Tug displacement also reduced ambient
noise in these frequencies, despite making up a small portion of the overall traffic.
The management trials were effective in reducing potential impacts singularly and in
concert. Greater awareness and stakeholder engagement may increase compliance
and, therefore, the efficacy of measures in the future.

Keywords: Salish Sea, southern resident killer whales, critical habitat, vessel exclusion, slowdown, mitigation
actions, soundscape monitoring, passive acoustics

INTRODUCTION

Killer whales (Orcinus orca) frequent the coast of British Columbia. The inland waters around
southern Vancouver Island and northern Washington State, collectively referred to as the Salish
Sea, hosts both Bigg’s (formerly transient) and resident killer whale ecotypes. Whereas the mammal-
eating Bigg’s killer whale population has increased (Towers et al., 2012), the piscivorous southern
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resident killer whale (SRKW) population has declined to 75
individuals in recent years (Center for Whale Research, 2021)
and are listed as Endangered under both the Canadian Species
at Risk Act (SARA) and the American Endangered Species Act
(ESA, Krahn et al., 2004; National Oceanic and Atmospheric
Administration [NOAA], 2005). Swiftsure Bank and the Strait of
Juan de Fuca, Haro Strait on the west side of San Juan Island,
Boundary Pass, Swanson Channel, and southern portions of the
Strait of Georgia are designated critical habitat for SRKW, and
are areas they utilize frequently during the summer (Balcomb
and Bigg, 1986; Krahn et al., 2004; Department of Fisheries and
Oceans Canada [DFO], 2017b; Olson et al., 2018). Components
of these sites, including high bathymetric relief with nearshore
shallow reefs adjacent to deep water, and strong tidal currents
to aggregate prey, are the foundations of foraging habitat (Groot
et al., 1984; Heimlich-Boran, 1988; Hauser et al., 2007; Hanson
et al., 2010; Olson et al., 2018).

Killer whales use sound as their principal means to sense
their environment. They actively send and receive information
on their surroundings using echolocation clicks, whistles, or
calls. Echolocation is used to form a cognitive image of their
surroundings and so plays a role in navigation, and prey location
and capture (Ford, 1989; Au et al., 2004). The whistles and
calls are used to communicate between conspecifics, or hunting
groups. Acoustic additions from vessels are in the frequency
ranges that SRKW use for communication and echolocation
(Veirs et al., 2016), potentially impacting their ability to send
and receive signals, or accurately interpret them. Indeed, vessel
presence and acoustic disturbance have been identified as a
key limiting factor to SRKW population recovery and survival
(Weilgart, 2007; Lacy et al., 2017; Department of Fisheries and
Oceans Canada [DFO], 2018; Raverty et al., 2020).

Critical habitats in the Salish Sea experience high rates of
commercial vessel traffic transiting international shipping lanes
to ports including Victoria, Vancouver, Tacoma, Port Angeles,
and Seattle. Here, we present the results of management actions
undertaken to limit acoustic impacts of vessels on SRKW in
the area. Since 2017, several conservation measures have been
implemented in areas designated as key foraging areas for SRKW.
These include voluntary spatially delimited slowdown trials and
alteration of vessel tracks in or near existing shipping lanes
under the Enhancing Cetacean Habitat and Observation (ECHO)
program, and mandated exclusion areas, Interim whale Sanctuary
Zones (ISZs), implemented and managed by Transport Canada.
All measures were implemented with the support of the Canadian
and U.S. coast guards, marine transportation industries and
Fisheries and Oceans Canada (DFO).

The voluntary slowdown measures were first applied in the
summer of 2017 for a 31 km portion of Haro Strait in the
Compulsory Pilotage Area (Pilotage Act 1985). Although the
focus of the slowdown request was piloted commercial vessels
over 350 gross tons, and pleasure craft over 500 gross tons,
all vessels were encouraged to reduce their speed when it
was safe and feasible. This initial trial found decreased speed
effectively reduced source level noise for container ships, cruise
vessels, vehicle carriers, tankers, and bulkers (MacGillivray et al.,
2019). In 2019, the slowdown zone was increased to encompass

Haro Strait and Boundary Pass completely, over a distance of
55 km. Participation has increased from 61% in the first year to
consistently over 80% in 2018 and 2019, resulting in decreases in
ambient noise particularly in the low frequencies (MacGillivray
et al., 2017, 2019; Joy et al., 2019).

The initial lateral displacement trial in 2018 requested all
outbound deep-sea vessels and both outbound and inbound tugs
and barges operating in, or north of, the outbound shipping
lane to move their transits southward within the bounds of the
shipping lanes over a 63 km area in the Strait of Juan de Fuca.
This was intended to move vessels away from areas frequented
by SRKW, presumably to forage (Olson et al., 2018). Restricted
movement was possible for piloted vessels, which moved their
transit approximately 600 m southward, resulting in little effect
on the ambient noise level. The transit of tugs through this area
is not restricted to shipping lanes; their passage through Juan
de Fuca is often closer to the coastline than the shipping lanes,
even when not transiting port-to-port (Cominelli et al., 2019).
Therefore, for the same trial an average shift of approximately
3900 m was possible from tugs (Vagle and Neves, 2019). Tugs
showed high participation, significantly reducing noise in the
higher frequencies of the soundscape (Vagle and Neves, 2019).
Since 2019, trials have requested tugs and barges only to alter their
vessel passage routes, resulting in as much as a 7 dB reduction in
the broadband ambient noise, and 11.5 dB reduction of higher
frequency noise, on a per-transit basis for the trial that year
(Vagle, 2020).

Vessel exclusion zones, known as Interim whale Sanctuary
Zones (ISZs) have been implemented in key SRKW foraging areas
on Swiftsure Bank and in Swanson Channel, off Pender Island,
and around East Point off Saturna Island since 2019 (Olson
et al., 2018). Mandated to all vessel types, these measures were
enforced by Parks Canada wardens (Author Pers. Obs., 2019).
However, compliance especially for small, recreational vessels
was low (Vagle, 2020).

Here, we report on the results from the most recent trials,
undertaken through the summer and fall of 2020, using acoustic
recordings made at Swiftsure Bank, Jordan River in the Strait
of Juan de Fuca, Haro Strait, Boundary Pass, and Swanson
Channel and Saturna Island in the southern Gulf Islands. The
ambient noise levels during the trials are compared to pre-
trial baselines, as well as noise levels and results from similar
trials enacted in the summers of 2017-2019. Measures of the
effectiveness of the trials are two-fold: First, the level of voluntary
participation to the slowdown and displacement measures, and
compliance to the exclusion zones by mariners are established.
With this in mind, we then consider the changes in the sound
fields between the control and trial conditions. The efficacy of
measures are assessed on their own and jointly for reducing
anthropogenic noise in areas used by SRKW in the Salish Sea.
Comparison between voluntary and regulated actions are also
possible. Although the analysis considers the effect of overall
ambient noise changes resulting from the management measures,
we also focus on soundscape changes in the frequency bands used
by SRKW for foraging and communication. This assessment will
help us refine future measures for enhanced success in achieving
conservation goals.
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MATERIALS AND METHODS

Several conservation measures aimed at mitigating vessel noise
were in place during the summer of 2020. Vessel passage through
the trial areas was characterized via Automatic Information
System (AIS) data collected by Canadian Coast Guard terrestrial
receivers. Class A AIS transceivers are mandatory for vessels over
300 tons (excluding fishing vessels) and for passenger vessels over
150 tons carrying more than 12 passengers. Also, towage and
escort vessels of any tonnage must carry a Class A transceiver.
Class A vessel data were primarily from larger commercial
vessels, classified as bulkers, container ships, ferries, fishing
vessels, government or research vessels, naval vessels, cruise ships,
recreational vessels, tankers, tugs, vehicle carriers, or registered
whale watching vessels. In addition, Class B vessel data were also
used, which is typically transmitted from smaller vessels, often
pleasure craft, fishing, or smaller commercial vessels that carry an
AIS transceiver by choice. The AIS system transmits vessel name,
identification number, type, and location every 5–30 s. These
data were cleaned and binned into 5-min packages from which
the pathway and speed of each vessel was interpolated. Passive
acoustic moorings were deployed to monitor the soundscape
in each of the trial areas subject to conservation measures.
A recorder at Jordan River was previously assessed to best
represent the lateral displacement request (Vagle and Neves,
2019; Vagle, 2020), located approximately halfway through the

trial zone, and 5 km north of the outbound traffic lane (Figure 1
and Supplementary Table 1). Each of the slowdown and ISZ
areas had a designated mooring to monitor the changes in
ambient noise recordings resulting from the measures (Figure 1).
The efficacy of the mitigation actions was assessed through
comparison to control, pre-trial periods two months immediately
prior to trial initiation.

Management Actions
Vessel Slowdown 2020
A slowdown of bulkers, tankers, ferries and government vessels
transit speed to 11 knots, and vehicle carriers, cruise, and
container vessels to 14.5 knots, was requested for sections of
shipping lanes crossing Swiftsure Bank, and through Haro Strait
and Boundary Pass (Figures 1–3). Other vessel types, including
government, naval and ferries vessels transiting the specified
areas were also requested to slow down, however, the noise
reduction related to changes in speed from commercial shipping
were given greatest attention. These piloted vessels have shown
participation resulting in notable sound level reductions in
previous years (MacGillivray et al., 2017, 2019; Joy et al., 2019),
and so remain the focus. The slow transit zone extended from
Discovery Island in the south to East Point of Saturna Island
to the north covering 55 km of Haro Strait and Boundary
Pass (Figures 1, 2). Monitoring for whales began in June, with
measures initiated by a SRKW sighting on July 1, 2020. The

FIGURE 1 | The study area within the Salish Sea. Commercial shipping lanes are shown, as are the locations for all the management actions undertaken in the
summer of 2020.
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FIGURE 2 | The voluntary slowdown area in Haro Strait and Boundary Pass, and transition zones. The mooring locations used to assess the slowdown are shown
with black triangles. Interim Sanctuary Zones (ISZs) are indicated in yellow.

FIGURE 3 | The voluntary slowdown area and transition zones on Swiftsure Bank, with slowdown requested west of the JA buoy. The mooring locations used to
assess the slowdown are shown with black triangles and labeled as AMAR. The Interim Sanctuary Zone (ISZ) is indicated in yellow, and the start of the lateral
displacement trial zone in Juan de Fuca in orange.
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trial ran until October 31, 2020 (Table 1). A similar slowdown
request was also made for an area of Swiftsure Bank for outbound
vessels over a 31–37 km stretch from the start of a transition zone
just east of JA buoy to the end of the in- and outbound traffic
separation scheme from August 1-October 31, 2020 (Table 1 and
Figures 1, 3).

Lateral Displacement 2020
A more southerly transit route through the outbound shipping
lane or a dedicated 1,500 m wide inshore lateral displacement
zone, which maintained a 1000 m buffer from the traffic
separation scheme (Table 2 and Figure 4), was requested for tugs
and barges. This trial was applied from June 1 to October 31,
2020, and was designed to move vessels away from presumed
SRKW foraging areas, and concentrate traffic into the shipping
lanes. This might have both acoustic benefits and reduce vessel-
strike risk.

The tracks of each tug transit were examined, and the average
distance for closest approach established. Change between the
control and trial periods was examined through an independent
t-test. The potential for change in sound pressure levels (SPL)
for each tug passage, following a change in passage route into
the lateral displacement zone, was also considered by examining

TABLE 1 | Conservation measures enacted during the summer 2017–2020.

Measure Description Zone
(km)

Trial dates

a) Voluntary Slowdown

2017 All vessels through Haro Strait: 11 kts 31 Aug.7-Oct.6

2018 All vessels through Haro Strait 31 Jul. 2-Oct.31

- Bulker, tankers, ferries, government: 12.5 kts

- Vehicle carrier, cruise ships, container ships:
15 kts

2019 All vessels through Haro Strait and Boundary
Pass

55 Jul.5-Oct.15

- Bulker, tankers, ferries, government: 11.5 kts

- Vehicle carriers, cruise ships, container
vessels: 14.5kts

2020 All vessels through Haro Strait and Boundary
Pass

55 Jul.1-Oct.31

All vessels through zone on Swiftsure Bank 31-37 Aug.1-Oct.31

- Bulker, tankers, ferries, government: 11.5 kts

- Vehicle carriers, cruise ships, container
vessels: 14.5kts

b) Voluntary Lateral displacement

2018 Outbound deep-sea, in- and outbound Tugs 63 Aug.20-Oct.31

2019 All Tugs and barges move south 52 Jun17-Oct.31

2020 All Tugs and barges move south 52 Jun.1-Oct.31

c) Mandated Interim Sanctuary Zones

2019 Area of vessel exclusion at Swiftsure Bank ∼30 km2 Jun.1-Nov.30

Area of vessel exclusion in Swanson Channel ∼2.5km2

Area of vessel exclusion by Saturna Island ∼1.8km2

2020 Area of vessel exclusion at Swiftsure Bank ∼30 km2 Jun.1-Nov.30

Area of vessel exclusion in Swanson Channel ∼2.5km2

Area of vessel exclusion by Saturna Island ∼1.8km2

TABLE 2 | Values of median speed for pre-trial and trial periods, and median
speed change between periods for slowdown regions.

Median
speeds (kts)

Pre-trial
speed

Trial speed Change Requested
speed

a) Swiftsure Bank

Bulker 11.3 11.2 −0.2 11.5

Container ship 14.2 13.3 −0.9 14.5

Tanker 12.0 11.1 −0.9 11.5

b) Haro Strait

Bulker 12.5 11.7 −0.8 11.5

Container ship 17.0 13.7 −3.3 14.5

Tanker 11.8 10.9 −0.9 11.5

c) Boundary Pass

Bulker 12.7 11.4 −1.3 11.5

Container ship 17.4 13.9 −3.5 14.5

Tanker 12.0 11.2 −0.8 11.5

Speed through water values shown were derived from a frequency distribution of
vessel count and speed. Requested slowdown speed is also shown.

the AIS data for vessels with multiple transits both before and
during the trial.

Interim Sanctuary Zones (ISZ) 2020
Interim whale Sanctuary Zones (ISZs) on Swiftsure Bank, in
Swanson Channel off Pender Island, and around East Point off
Saturna Island were implemented between June 1 and November
30, 2020 (Figure 1 and Table 1, Supplementary Table 2). The
measures were assessed until October 31 to be in-line with the
other management measures. The passages of vessels, per type,
within the ISZs during the control and enforcement period
were established from AIS data. The vessel transits per type
within 8 km of the recorders positioned in the ISZs were also
examined to better understand the vessel-derived noise additions
to the recordings (Figure 5), with pre-trial and trial passage rate
compared through independent t-tests.

Vessel Presence and Speed Assessment
The passage rate of vessels by type was determined from the
AIS data and the number of transits reported to the Port
of Vancouver. Impacts from COVID-19 restrictions, in force
from April 6, 2020 were considered, whereby all commercial
marine vessels with a capacity of more than 12 passengers
were prohibited from engaging in non-essential activities, such
as tourism or recreation; cruise ships with the capacity for
overnight accommodations for 100 or more people were banned
in Canadian waters and refused moorage in Canadian ports,
and ferries were required to reduce the maximum number of
passengers to 50% of capacity (gov.bc.ca; Transport Canada,
2020). The number of ferry transits between Canadian ports
through the summer were quantified from information from BC
Ferries (bcferries.ca). Ferries transiting between Canadian and
American ports were absent throughout. Recreational boating
was discouraged, but formal restrictions were eased in late June
(June 24, gov.bc.ca).

Vessel presence, quantified from AIS track data, was used to
assess participation in trials and establish the vessel-derived input
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FIGURE 4 | The section of Juan de Fuca where tugs were requested to transit either in the 1500 m inshore lateral displacement zone or outbound shipping lane to
take a more southern route. The hydrophone deployed at Jordan River used to assess the efficacy of this measure is shown as a black triangle and labeled as
Jordan River AMAR.

FIGURE 5 | Modified polygons of maximum extent of 8 km (blue shading) around the (A) Swanson Channel, (B) Boundary Pass, (C) Haro Strait, and (D) East Point,
Saturna Island acoustic moorings (labeled AMAR) used to quantify vessel passages.
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to the soundscape for both control and trial periods. For the
slowdown trial areas in Haro Strait and Boundary Pass, and the
ISZs on Saturna Island and in Swanson Channel the area over
which the impact of vessels was considered was restricted by the
geography, constrained by island or reef landmasses (Figure 5).
In the more open water areas, vessel presence up to a maximum
distance of 8 km was considered, to restrict the analysis to vessels
within the shipping lanes, or waters immediately proximal to the
trial zones (Figure 5). For the slowdown program at Swiftsure
Bank, the analysis of vessels was restricted to the outbound traffic
lane and a maximum distance of 8 km. The maximum distance
of 8 km for the lateral displacement trial includes the waters from
the Jordan River mooring to the outbound shipping lane, but not
as distant as the inbound lane.

The 8 km limit is greater than the estimated detection range
of SRKW communication calls in Juan de Fuca Strait and on
Swiftsure Bank, which at its maximum was estimated to be
6.5 km (L10, Swiftsure Bank during the summer; Mouy et al.,
2020). Abiotic noise during the summer months is presumed
to be lowest; however, we used the conservative 8 km distance
to recognize that noise from wind, waves, water movement,
and precipitation makes substantial additions to the soundscape
(Vagle et al., 1990; Medwin et al., 1992; Richardson et al.,
1995; Nystuen, 1996; Nystuen and Ma, 2002; Ma et al., 2005;
Pensieri et al., 2015).

We quantified and compared vessels in these 8 km radius
areas, or modified polygons (Figure 5) for slowdown and lateral
displacement trials. For the ISZs on Swiftsure Bank, off Saturna
Island, and in Swanson Channel the vessel assessment from AIS
data was restricted to the area of exclusion (Supplementary
Table 2). Vessels were aggregated into five classes: Class A deep-
sea vessels, containing bulkers, container ships, tankers, and
vehicle carriers; fishing vessels; tugs; passenger vessels, which
included both ferries and cruise ships, and Class B vessels. In this
analysis Class B was used to assess the presence of small vessels
in each trial zone. The AIS data on the four Class A categories
were used to quantify compliance with the slowdown trials. For
the lateral displacement trial, only Class A tugs were used. For
the ISZs, avoidance of all vessel types was considered, with Class
B vessel movements highlighted.

The closest approach distance between each AIS-tracked
vessel in these categories and the acoustic recorder was assessed
and normalized to calculate the probability density functions of
distance for pre-trial and trial transits. This analysis was applied
to slowdown areas to confirm that any changes in the soundscape
were a result of participation in the voluntary measure. For the
lateral displacement, the passage distance of tugs were the focus
of the analysis.

Individual vessel speed was derived to give speed over ground
(SOG) from the time difference and distance between sequential
5-minute data points in the AIS data. This was corrected to
speed through water (STW) by accounting for the speed and
direction of surface currents retrieved from the WebTide model
(Hannah et al., 2008).

The control-trial comparisons completed to assess the efficacy
of each of the conservation measures used a pre-trial period of
two months from the initiation date of the voluntary measure.

For slowdown trials at Swiftsure Bank this control period was
June 1-July 31, 2020, whereas for slowdown in Haro Strait and
Boundary Pass, lateral displacement through Juan de Fuca Strait,
and the Swiftsure Bank and Swanson Channel ISZs, control
periods from April 1-May 31 2020 were used. Pre-trial recordings
for the Saturna Island ISZ were limited to May 9-31, 2020 only.

Acoustic Recordings and Analysis
The underwater recordings were made using Autonomous
Multichannel Acoustic Recorders (AMAR G4, JASCO Applied
Sciences) equipped with GeoSpectrum Technologies M36-100
hydrophones mounted on a quiet mooring that positioned the
hydrophone approximately 2 m above the sea floor. Each system
was calibrated from 100 Hz to 250 kHz by the manufacturer,
and then again at 250 Hz prior to each deployment. Continuous
recordings were made at a sample rate of 256-kHz with 24-bit
resolution and stored on internal SD memory cards as wav files.
On retrieval, these wav files were processed with custom Python
scripts, modified from those used by Merchant et al. (2015).
One-minute power spectra were computed using a 1-s Hanning
window, with a 50% overlap and Welch’s averaging, from which
sound pressure level (SPL) measures were calculated. Recordings
from trial periods (Table 1) were compared to the baseline
established from pre-trial recordings for all management actions.

Broadband ambient noise in the 10 Hz to 100 kHz frequency
range was evaluated for changes between the pre-trial and trial
recordings. This range represents the frequencies for which,
if noise levels were increased, there may be behavioral or
physiological implications for SRKW (Heise et al., 2017). Killer
whale vocalizations are typically between 500 Hz and 15 kHz;
noise in this range potentially could obscure conspecific calling
or social behaviors, linked to group cohesion and coordination.
Echolocation occurs in the frequency range of 15-100 kHz,
therefore acoustic additions in this range could mask signal
echoes, impairing navigation, orientation, and prey location and
capture (Heise et al., 2017). Changes in soundscape and vessel
presence were evaluated using the decadal bands 10–100 Hz,
100–1000 Hz, 1000–10,000 Hz and 10,000–100,000 Hz.

To evaluate the changes in ambient noise from each of the
mitigation measures, a cumulative distribution function (CDF)
SPL analysis was conducted. The L5, L50 and L95 exceedance
levels were obtained for each using only data that satisfied
restrictions to minimize potential flow and wind noise in the
recordings to better assess the input from vessels. Here L95
represents general baseline quiet ambient conditions exceeded
95% of the time, L50 represents the median and levels of noise
50% of the time, and L5 gives the upper level of noise inputs,
present for a small proportion (5%) of the recordings. The L50
exceedance level is used frequently in noise comparisons to
represent typical sound levels (e.g., Klinck et al., 2012; Merchant
et al., 2012), whereas the L95 and L5 levels indicate the range of
sound levels present, and help characterize both the background
ambient noise level (L95) and periods of elevated noise that may
mask SRKW acoustic signals, or initiate behavioral change (Clark
et al., 2009; Merchant et al., 2015).

Restrictions on the data analyzed were made to limit abiotic
noise additions potentially obscuring the SPL changes resulting
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from the management measures. Only recordings made during
slack tides, when current estimates were less than 0.25 m/s, were
used. Current estimates were accessed from Webtide (Hannah
et al., 2008). Also, wind speeds could not exceed 5 m/s. Wind
speed data were collected from lighthouse or weather buoy
recordings. For Juan de Fuca Strait, the Sheringham Point light
station (48.0500N, -123.8833W) was used; for Swiftsure Bank,
wind measures were taken from the Cape Flattery/JA ocean buoy
(48.4930N, -124.7260W); Smith Island (48.3206N, -122.8308W)
wind recordings were used for Haro Strait, and for Boundary
Pass, and for the ISZs at Swanson Channel and Saturna Island,
wind speed data from East Point light station on Saturna Island
(48.7800N, -123.0400W) were used. All of these weather stations
(Figure 1) reported hourly.

Acoustic additions from small vessels may contribute
significantly to the overall noise levels, and potentially mask
the change in the sound field resulting from the conservation
measures. The use of Class B data represented the minimum
presence of small vessels, but many more were expected to
be present and not be equipped with AIS transponders. In an
effort to reduce the impact of these vessels in the soundscape
assessments for the slowdown trials, a small vessel detection
algorithm, based on the approach by Warner et al. (2020),
was implemented. This small vessel detector aimed to identify
small vessels both moving slowly and at speed in the acoustic
data to be removed, but retain signals for vessels subject to
the trial measures. The detector used hourly median SPL levels
in three decadal bands, comparing observed SPL values to
threshold SPL values in decibels (dB). Exceedances in SPL at or
above the threshold values compared to hourly values were a
determinant of small vessels (Warner et al., 2020). The frequency
band 100–1000 Hz has previously been used successfully as an
indicator of vessel presence (Merchant et al., 2012, 2015); for
the small vessel detector an increased amplitude in this band
by 6 dB, together with SPL elevated by 5 dB in the range
1–10 kHz, and by 23 dB in the 10–100 kHz compared to an hourly
median indicated small vessels moving at speed. In addition,
this same definition but with SPL in the 100–1000 Hz range
exceeding the hourly median by 6 dB, but by no more than 9 dB
represented small vessels moving slowly (Warner et al., 2020).
The precision (95.4%) and efficacy of the detector was established
for a test dataset by both manual review of the acoustic data,
and comparison to visual observations noting the number of
small vessels around the mooring during recording (Warner
et al., 2020). Those sections of data indicated by the detector to
include small vessels were omitted from the data analyzed for
slowdown and lateral displacement trials. For the ISZs it was only
times that these criteria were met that were used to determine
the changes in the sound field as a result of Class B and small
vessel presence.

RESULTS

Vessel Presence and Speed Assessment
The AIS data indicated that the vessel passages, by type, within
the 8 km distances or modified polygons varied considerably

between the sites (Figures 6, 7). At Swiftsure Bank and Jordan
River there was greater consistency between the control and
trial periods (Figure 6). Deep-sea commercial traffic dominated
Jordan River, with Class A vessels consistently about 50% of the
transits within 8 km of the mooring by week (Figure 6). This
contrasted with Haro Strait and Boundary Pass, which showed an
increase of Class B vessels from May to peak in July to August, and
then decline again in the late summer (Figure 6). This increase
in smaller vessels was less pronounced at Swiftsure Bank, with
a greater proportion of ‘other’ vessel additions (Figure 6). Tug
traffic was present at all locations, but was most common on
Swiftsure Bank, Jordan River, and Haro Strait. The level and
proportional presence of each vessel type at each of these sites
was consistent with the year before (Vagle, 2020).

Class B vessels dominated in the ISZs. The exclusion zone
on Swiftsure Bank showed more variety in vessel composition
over time compared to the other locations (Figure 7). Only
Saturna Island showed periods when vessels were absent, with
vessel presence for Swiftsure Bank and Swanson Channel actually
elevated during the enforced exclusion period (Figure 7).

The proportion of time that each vessel type was at the closest
point of approach, and likely the dominant noise source for 10-
min periods, was aggregated and examined on a weekly basis.
Class A vessels were closest to the mooring for 50% of the
recording time in both control and trial periods at Swiftsure
Bank and Jordan River. Proportions of the recordings with vessels
within 8 km were greatest for moorings on Swiftsure Bank and
Jordan River, consistently exceeding 60%. In Haro Strait and
Boundary Pass, the AIS data showed tugs to pass closest to the
moorings. Conversely, AIS data showed vessels to be present
rarely more than 20% of the time per week at the mooring within
the ISZ off Saturna Island.

Recordings from within the Swanson Channel ISZ may reflect
the change in ferry traffic over the summer. Passage numbers
from Otter Bay, the closest ferry terminal on Pender Island,
and in proximity to the ISZ, showed ferry traffic decreased
following the April COVID-19 restrictions. The summer months
would normally see increases in ferry transits through the study
area, however sailings between Vancouver Island and the lower
mainland of British Columbia and the Gulf Islands were reduced
or suspended as part of the pandemic response measures. As
restrictions eased, sailings through the summer increased to 70%
of 2019 levels. The number of transits were consistent throughout
the trial period. The most notable change between years resulting
from these restrictions was for cruise ships and ferries transiting
across the American-Canadian border, which were totally absent
for summer 2020 (Vancouver Fraser Port Authority, Unpublished
data). This, however, did not overtly impact the results of the
conservation measures trialed in this analysis.

The number of Class A commercial cargo vessel transits
through the Salish Sea to the Port of Vancouver were generally
unchanged when compared to previous years (Vancouver Fraser
Port Authority, Unpublished data). Importantly, for the lateral
displacement trial and comparison between years, the transits
of tugs were also comparable to previous years. A notable
short-term decline in passages in June-July was seen for vehicle
carriers/roll-on-roll-off vessels only (Vancouver Fraser Port
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FIGURE 6 | Vessel passages by type within 8 km of the mooring expressed proportionally of weekly totals from AIS data for (A) Swiftsure Bank, (B) Jordan River,
(C) Haro Strait, (D) Boundary Pass. The data were used to assess changes in the sound field based on vessel presence and participation. Trial for (A) Aug. 1-Oct.
31; (B) Jun. 1-Oct 31; (C) and (D) Jul. 1- Oct. 31.

Authority, Unpublished data). The AIS data showed a reduction
of Class B vessels in Canadian waters in 2020 compared to
previous years, perhaps due to COVID-19 restrictions and
passage of recreational vessels between America and Canada
being restricted throughout the summer.

Slow Down Participation
The AIS data showed the number of vessel transits through the
slowdown zones at Swiftsure Bank and Haro Strait to Boundary
Pass were consistent during trial periods and the control period.
Therefore, any changes in the ambient noise fields resulted from
either a change in the relative distance of the transit from the
mooring, or changes in vessel speeds. The former was ruled
out through the probability density analysis of closest approach,
using the AIS data on weekly vessel passages. For Swiftsure Bank,
vessels predominantly transited between 0.8-1.2 km from the
mooring. This was consistent for both pre- and trial periods.
A peak of vessel passages at a distance of approximately 10 km
from the mooring was recorded for July 1-November 1, which,

when vessels were considered by type, was attributed to tugs.
Vessels were most likely to pass within 2 km of the mooring at
Haro Strait, and within 1 km at Boundary Pass. The probability
densities were again consistent between the pre- and trial periods.
The AIS data showed participation in the slowdown measures to
be greater in 2020 compared to all other trial years. This was also
confirmed in the pilots’ self-reporting; there were 1803 transits
through the Haro Strait-Boundary Pass slow down zone, 91% of
which pilots reported to have reduced their speed. At Swiftsure
Bank, a non-piloted area, STW calculations suggested 82% of
the 861 transits reduced speed to within one knot of the target
speeds during the trial period (Vancouver Fraser Port Authority,
Unpublished data).

The speed through water for each vessel was quantified and
compared to an overall median value for vessels of the same
type for each of the slowdown regions and passages within 8 km
(Table 2). Most of the transit speeds fell within 5 knots above or
below the pre-trial median speed. The most notable reduction of
speed was by container ships that participated in the program
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FIGURE 7 | Vessel passages within the Interim Sanctuary Zones (ISZz) at (A) Swiftsure Bank, (B) Swanson Channel, (C) Saturna Island expressed weekly from AIS
data. The number of vessels, and the proportion of vessel type, is shown. Trial period for ISZs Jun. 1-Oct. 31, 2020.

in the Haro Strait-Boundary Pass trial area. The median speeds
recorded at Swiftsure Bank for bulkers and container ships were,
however, already below the requested slowdown speed in the
pre-trial periods (Table 2).

Lateral Displacement Participation
The overall number of tugs transiting the Strait of Juan de
Fuca was low compared to the number of other commercial
vessels, therefore their impact on the overall noise field was
also relatively low. The density of position reports of tugs in
the lateral displacement zone in 2020 was greater than in 2019.
The mean changes in distance from the Enhanced Management
Area (Figures 1, 2), protected for SRKW foraging, increased on
average by 1.22 km from 2017, when no lateral displacement was
enacted, to the 2020 lateral displacement (Vancouver Fraser Port
Authority, Unpublished data). However, a large majority of the
tug travel in this area was noted in the inbound and outbound
shipping lanes, or south of the shipping lanes, in United States
waters, outside of the trial period.

During the 2020 study period all tugs north of the outbound
shipping lane, or within 8 km of the Jordan River mooring were

tracked. During the pre-trial period (April 1-June 1) 24 different
tugs and a total of 46 transits were considered. During the
trial period (June 1-November 1) 32 different tugs were tracked
with a total of 144 transits. This was a significant increase in
average daily transit number between pre-trial and trial periods
(t(280.512) = 2.353, p = 0.019, Figure 8). Overall, the mean
transit distance of tugs from the mooring increased significantly
(Figure 8; t(2.029) = 168.051, p = 0.044), by 463 m on average.
Passages within 1.5 km of the mooring showed a considerable
decrease during the trial period (Figure 8). Eighty-two percent
of the tugs spent at least of 50% of their transit through the trial
zone in the outbound lane or the lateral displacement zone. This
was an increase from 76% of transits in the previous year. For tugs
that made multiple transits (n = 11) in both the pre-trial and trial
periods, the distances were either significantly increased (n = 3) or
unchanged, and already at a distance consistent with the request
(n = 8). The transit speeds of these vessels were also generally
reduced in the displacement and enhanced management zones
in Juan de Fuca Strait compared to those in shipping lanes or
the traffic separation zone (Vancouver Fraser Port Authority,
Unpublished data).
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FIGURE 8 | Distribution of nearest approach distances for tugs as they passed the Jordan River mooring (positioned at zero) during the pre-trial period (light) and
trial period (black). Darker gray represents where pre- and trial period results overlap.

ISZ Exclusion Compliance
Vessel passages through the ISZs were quantified and expressed
for pre-trial and trial periods (Figure 7). Generally, the number
of vessels (Figure 7), and proportion of time with vessels in
the ISZs increased as the summer progressed. Swanson Channel
showed Class B vessels consistently present, with this vessel type
dominating proportionally. The number of vessels within the
area around the mooring (Figure 5) significantly increased for
the period that the ISZ measures were in place compared to the
control period (t(388.406) = 8.102, p < 0.001), and generally
increased throughout the summer also. Limited recording time
in May, prior to the commencement of the exclusion zone
measures, was available for Saturna Island to further act as a
control. However, this pre-trial period did feature days with
considerable vessel presence (Figure 7). In the week of May
13, 2020 AIS records showed several days with vessels present
for at least 6 hours per day, and two days exceeding 16 hours
from the AIS records. The traffic composition in the Swiftsure
Bank ISZ was representative of its proximity to the commercial
traffic lanes, as well as being an area use by Class B and smaller,
recreational vessels.

Changes in Ambient Noise Levels
Data for periods when current speeds exceeded 0.25 m/s, wind
speeds were more than 5 m/s, or when the small vessel detector
signaled the presence of non-AIS tracked vessels were removed
to more clearly evaluate the efficacy of the vessel slowdowns
and lateral displacement. The low-current criterion reduced the
number of available minutes of valid data by about 50%, except
for the Swanson Channel ISZ where the reduction was only 6%.
The corresponding reduction in available minutes due to the
wind speed criterion varied between 16 and 46%. The reduction
in available minutes to analyze as a result of the small vessel
detector ranged between a low of 5% at Jordan River to a high of

18% in the Swanson Channel ISZ (see Supplementary Table 4).
Therefore, the largest proportion of removals resulted from the
restriction of abiotic noise in the ambient levels. Removals of
small vessels, following the removal of high wind and current
periods, were greatest in the ISZs at Swanson Channel (43%) and
Saturna Island (57%), and least at the Swiftsure Bank slowdown
mooring. Overall, this process left between 11-34% of the trial
data to compare to equally filtered control data, with Jordan
River the least affected and Swanson Channel the most. A similar
removal of Class A vessels left between 20-62% of the data for
an analysis of the changes in ambient noise levels for the Class B
vessel presence in ISZs (see Supplementary Table 4).

The SPLs derived from the cumulative distribution functions
(CDFs), and changes between trial and pre-trials periods
showed a decrease in almost all locations and frequency ranges
tested at the L5, L50, and L95 exceedance levels (Table 3 and
Supplementary Table 3). Considerable decreases were seen for
median broadband soundscape frequencies during the slowdown
and lateral displacement trial periods compared to the prior two
months. Similar declines were seen for the frequency ranges
relevant to SRKW (Table 3). For Swiftsure Bank, Boundary Pass,
and Jordan River reductions were seen most notably in SPL values
at median levels, whereas for Haro Strait these reductions were
limited to periods when the noise levels were most elevated, at
the L5 exceedance level (Table 3). Lesser reductions in SPL were
seen in the ISZ recordings when comparing data collected during
the slowdown trials were compared to control periods. The ISZ
measures on Swiftsure Bank did show notable decreases in the
lowest frequencies in ambient noise (L95) levels, unmatched by
other moorings (Supplementary Table 3).

Slowdown trials at Swiftsure Bank and Boundary Pass resulted
in reductions in median noise levels predominantly in the
lowest frequency bands (Supplementary Table 3). The greatest
broadband ambient noise reductions were at Swiftsure Bank as

Frontiers in Marine Science | www.frontiersin.org 11 July 2021 | Volume 8 | Article 664691

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-664691 July 29, 2021 Time: 11:43 # 12

Burnham et al. Trials to Reduce Vessel Noise

TABLE 3 | The differences in SPL between pre-trial and trial periods at the L5, L50,
L95 exceedance levels are shown for frequency ranges important to SRKW
communication (500 Hz to 15 kHz) and echolocation (15–100 kHz).

SPL difference (dB)

Frequency range (Hz) L95 L50 L5

a) Swiftsure Bank, slowdown trial

10-100000 −0.7 −2.0 −4.9

500-15000 −3.7 −2.0 −0.6

15000-100000 −1.4 −2.2 −2.7

b) Haro Strait, slowdown trial

10-100000 2.6 −1.6 −3.0

500-15000 0.8 0.2 −1.4

15000-100000 2.8 1.3 −1.6

c) Boundary Pass, slowdown trial

10-100000 2.8 −2.3 −2.2

500-15000 −4.3 0.8 −0.2

15000-100000 −0.6 −4.3 −0.4

d) Jordan River, lateral displacement, tugs only

10-100000 0.8 −1.4 −1.2

500-15000 −1.9 −1.9 −3.0

15000-100000 −0.9 −3.3 −4.7

e) Swiftsure ISZ

10-100000 −4.3 1.8 2.3

500-15000 −4.0 −3.1 9.9

15000-100000 0.2 0.0 −3.6

f) Swiftsure ISZ, class B vessels only

10-100000 −9.8 1.9 9.1

500-15000 −2.5 −2.2 13.8

15000-100000 −1.2 0.0 −0.4

g) Saturna Island ISZ

10-100000 −1.2 2.2 2.7

500-15000 −2.4 −3.0 −1.0

15000-100000 −0.1 −0.8 −9.1

h) Saturna Island ISZ, class B vessels only

10-100000 −2.6 −3.9 5.8

500-15000 −2.2 −8.5 −2.9

15000-100000 −0.1 −2.9 −16.4

i) Swanson Channel ISZ

10-100000 −0.7 −1.0 0.3

500-15000 −2.1 −2.7 −1.7

15000-100000 0.0 −0.4 0.3

j) Swanson Channel ISZ, class B vessels only

10-100000 0.5 0.9 3.7

500-15000 0.3 −0.1 1.5

15000-100000 0.2 1.8 2.7

The full soundscape range (10 Hz to 100 kHz) is shown for its potential to
impact behavior.

a result of the slowdown action. Boundary Pass comparisons
showed the greatest reduction in the SRKW communications
band at the L95 level, more indicative of a change in background
noise (Table 3). The greatest reduction in noise in echolocation
frequencies came from the median SPL at the same mooring.
The Haro Strait mooring showed a similar pattern of declines in
SPL, with the more notable reductions seen at the L5 exceedance
level (Table 3).

The impact of tug movement in the lateral displacement
zone was considered separately because the number of vessels
was limited (n = 46 and n = 144, pre-trial and trial periods
respectively), and only the impact of the closest approaches of
these vessels was considered (Table 3). Considerable reductions
were seen in the SRKW frequency ranges, with mid- to higher-
frequency ranges showing the most noticeable decreases in
SPL during the trial period (Table 3 and Supplementary
Table 3). The reductions possible from individual tug transits
were also quantified. Sixteen individual vessels were identified
in the AIS data to have made transits in the management
zone in both the pre-trial and trial periods, 11 of these were
multiple transits. Eight of these tugs made their journeys at a
consistent distance from the mooring in both the control and
trial periods, and were already at a distance that complied with
the trial and use of the lateral displacement zone. Three of
the tugs were found to alter their route in accordance to the
lateral displacement trial request. The most significant change
showed the closest approach distance in the pre-trial period
to be 750 m, which was increased to 1760 m during the trial
period. This increase of more than 1 km distance from the
mooring reduced overall soundscape levels in the broadband
frequency 10 Hz to 100 kHz from 130.6 dB re 1 µPa to
125.3 dB re 1 µPa (−5.3 dB change). Similar reductions in the
SRKW communication band (−4.7 dB) and echolocation band
(−5.6 dB) were recorded. In both of the SRKW communication
frequency ranges, greater reductions were found at Jordan River
than could be attributed from changes in tug traffic alone.
However, the reverse was true for the reduction in broadband
ambient noise, with overall no change at this mooring when all
vessel types were considered.

Inclusion of the changes in Class B vessels only for the
ISZs in this analysis focused on smaller vessels. Reductions
in SPL were considerable in the highest frequency ranges at
Saturna Island, whereby changes considering Class B vessels
only far outweighed those found when including Class A
traffic (Supplementary Table 3). This pattern was reversed for
Swanson Channel, suggesting that Class B vessels remained in
the exclusion zone during the trial period (Figure 7 and Table 3).
Although background and median noise levels were reduced for
recordings made in the Swiftsure ISZ when measures were in
place, these reductions were focused in the low frequencies. The
removal of Class A vessels from the recordings showed even
greater reductions in these low-frequencies and ambient noise
levels (Table 3). This was also seen for the Swanson Channel
ISZ, with few reductions found at this mooring for the Class B
vessel comparison of trial to control (Figure 5). Saturna Island
ISZ, however, showed much greater reductions when considering
only Class B vessels, focused in the mid- to high-frequencies and
SRKW bands (Table 3).

DISCUSSION

Large scale changes in the acoustic environments of cetaceans
are an increasing concern (Tyack, 2008). Vessel presence,
and vessel-derived acoustic disturbance is one of three main
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factors listed as limiting the population recovery for SRKW
(Weilgart, 2007; Lacy et al., 2017; Department of Fisheries and
Oceans Canada [DFO], 2018). Whale habitat use in the Salish
Sea is associated with the abundance of their salmonid prey
(Nichol and Shackleton, 1996; Baird et al., 2005), foraging, or
traveling between foraging and wintering habitats (Balcomb and
Bigg, 1986; Krahn et al., 2004). The management experiments
discussed here encompassed known SRKW summer habitat
on Swiftsure Bank, in portions of Juan de Fuca Strait, Haro
Strait and the west side of San Juan Island, Swanson Channel,
Boundary Pass, and southern portions of the Strait of Georgia
(Department of Fisheries and Oceans Canada [DFO], 2017a,b;
Olson et al., 2018).

Killer whales use their acoustic senses for navigation and
foraging, as well as to maintain contact between conspecifics.
Marine traffic creates disturbances that modify behavior,
degrades marine environments, and effectively fragments habitat
(Pirotta et al., 2019). Noise from vessels has the potential to
affect the whales’ ability to perform critical life processes through
masking. The management measures outlined here are aimed
to reduce the impact from vessels. In particular, reducing noise
additions to the frequency ranges used by SRKW in echolocation
and calling. Also, changes in the spatial extent over which they
can communicate or echolocate impacts navigation, foraging
success, and group cohesion. Decreased foraging success, for an
already nutritionally stressed population (Ford et al., 2009) is a
serious challenge to survival.

Compensation techniques in calling, including louder
vocalizations, and in altered frequencies, help SRKW maintain
acoustic contact in the presence of small vessels as noted by Holt
et al. (2009, 2011). This may, however, also alter their energetic
balance, expending more energy to call more consistently (Noren
et al., 2013; Holt et al., 2015). However, through metabolic studies
with dolphins, Noren et al. (2017) suggest the energetic cost of
altered acoustics use, especially for echolocation, is negligible
compared to other behaviors that might result from vessel
presence. Changes in behavior or avoidance of noise sources
in foraging areas (Lusseau et al., 2009; Noren et al., 2009, 2016)
resulting from the perception of anthropogenic noise as a risk
(Tyack, 2008) may further compound its energetic implications.
The cumulative cost of these responses is heightened for SRKW
as a prey-limited species.

Assessing the efficacy of mitigation programs should take into
account both the rate of compliance by vessels to changes in their
speed and/or route, and then, knowing the rate of participation
in a trial, quantify the reductions of noise in the sound field. All
the measures enacted were aimed to balance the effective change
in SPL and compliance. Efficacy also should be measured in the
frequencies relevant to the focal species for these measures, as we
have done using the frequency ranges for SRKW communication
and echolocation.

Adaptations of the conservation actions have been made
since the trials began in 2017 to both increase participation
and reductions in ambient noise level. For the slowdown trials,
for example, changes in the trial start time, area, and speed
restrictions have resulted in increased noise reductions. As well,
the proportion of vessels participating in the trial in 2020

surpassed previous years. The initiation of measures has been
based on sightings of SRKW in the Salish Sea since 2018. The
whales follow the ‘in-migration’ of northern Chinook salmon
(Oncorhynchus tshawytscha) populations, which typically occurs
from April to September (Waples et al., 2004). Chinook salmon
is the near-sole prey for this period for SRKW, with fish from
the Fraser River comprise up to 90% of their diet at this time in
these inland waters (Hanson et al., 2010, 2021); however, there
have been large fluctuations in salmon abundance and survival in
the Salish Sea (Ruff et al., 2017), and stocks are depleted (Nelson
et al., 2019). These losses have been linked to habitat degradation,
over-harvest, and changing ecosystem conditions (Lawson, 1993;
Ruckelshaus et al., 2002; Peterson and Schwing, 2003; Ward et al.,
2015). In recent years, SRKW have reduced their residency times
in the Salish Sea, and have been noted to have been absent
between April and June, entering these waters increasingly later
in the summer (Shields et al., 2018; Hanson et al., 2021).

Vessel presence was most altered by COVID-19 restrictions
in pre-trial rather than trial periods, although restrictions and
advisories to limit travel remained in place throughout. The
week-by-week reductions in noise levels in the Strait of Georgia
reported by Thomson and Barclay (2020) in January to April
2020 were not seen in our data, nor were the reductions in
commercial vessel traffic they reported in comparison to previous
years. We, therefore, have not made any attempt to correct the
comparison between the control and trial periods to account for
these restrictions.

For Boundary Pass and Haro Strait, pilot-reported
participation (91%) exceeded that of previous years, including
2019 where the request was the same for distance and speed. The
reductions in broadband ambient noise were similar to previous
trial years (Joy et al., 2019; MacGillivray et al., 2019). However,
the greatest SPL changes were noted in the lower frequencies in
prior studies. During the 2020 trial there were also reductions
in the mid- to high-frequencies for median and background
(L95) exceedance levels for Boundary Pass, and in the upper
sound limits in Haro Strait (L5; Table 3 and Supplementary
Table 3). Previous trials had not noted SPL reductions for
frequencies greater than 15 kHz. This may result from the
removal of small vessels from the analysis, which typically add
to higher frequencies, and are seasonally increased during the
trial period (Figure 6). The slowdown at Swiftsure Bank was
introduced in 2020, and showed a high rate of participation.
However adjustment in transit speeds from pre-trial to trial were
not as great as those for the slowdown zone in the inner waters,
especially for container vessels (Table 2). Despite this, changes
in median ambient noise levels were recorded, predominantly
in the low frequencies (Supplementary Table 3), with the
change between the control and trial period in these frequencies
greater than those calculated for Haro Strait and Boundary Pass.
The changes in noise levels at frequencies pertinent to SRKW
(Branstetter et al., 2017; Heise et al., 2017) showed greatest
change at Boundary Pass for the slowdown measures, and were at
their least in the adjoining Haro Strait (Table 3). The differences
in acoustic levels and changes in ambient noise between the
slowdown trial zones could be attributed to differing topography,
distances between moorings and vessel passage, and water
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property profiles (Warner et al., 2020), as well as the different
composition of vessel traffic (Figure 6).

Noise emissions differ by vessel class. Container ships emit
the greatest sound levels of the Class A vessels tracked in this
study. Each transit has the capacity to elevate noise relative
to ambient by approximately 20 dB, focused in the 125 Hz
to 20 kHz range (Veirs et al., 2016). Similar levels have been
noted for bulkers and cargo vessels (Veirs and Veirs, 2006;
Veirs et al., 2016). The greater proportion of deep-sea and
tug traffic at Swiftsure Bank compared to the Haro Strait and
Boundary Pass zone (Figure 6), may have instigated the larger
reduction in low-frequency bands despite the reduction of speed
between zones. Regressions between the source level of vessel
emissions and speed (SOG) have shown a linear relationship in
the order of 0.93 dB per knot (1.8 dB per m/s) for broadband
source levels for the vessels transiting through the slowdown
zones, likely to vary within a range of 0.2-3.4 dB dependent
on vessel class (Veirs et al., 2016). Our examination of SPL
change was done through aggregate vessel classes, but several
other factors may influence the acoustic output other than
speed, including the vessel draft, size, loading, and maintenance
schedule (International Maritime Organization [IMO], 2014).

A reduction in speed by deep-sea and passenger vessels to
11 knots minimizes the amount of lost whale foraging time in
excess of 10% (Joy et al., 2019). Although a reduction of speed
results in lower acoustic inputs, it also extends transit times, and
so has the potential to increase the overall exposure time to vessel
noise for SRKW. However, notable increases in the percentage of
time with Class A vessels in proximity to the moorings was not
seen at the commencement or during the slowdowns, suggesting
that the benefits in reducing the overall sound exposure levels in
the whales’ soundscape in these areas was not at the expense of
SRKW exposure time.

The lateral displacement trial of tugs and barges has shown
both a good rate of participation, and reduction of the noise
in both the broadband and higher frequencies in all years. The
results shown here build on previous success (Vagle and Neves,
2019; Vagle, 2020). The reduction in noise as a result of moving
tugs away from SRKW critical habitats was noticeable. The
reductions were not as great as noted in 2019 for the trial reported
here, but compares well to the initial results in 2018 which had
reductions between 4.3–5.8 dB resulting from altered tug transit
routes (Vagle and Neves, 2019). The reductions in 2019 were
aided by a general reduction in shipping traffic (Vagle, 2020). The
probability of closest approach in the trial period was increased
from within 2 km of the mooring, with higher participation in
displacement trial in 2020 than in previous years. Moreover, tugs
were generally taking a route more distant to the mooring outside
of the trial. It should be noted that some of the tug transits
were port-to-port and so would not be subject to the lateral
displacement measures. These were not included in the transit
numbers used to measure participation, but they would still be
present in the AIS and acoustic data streams.

The physical presence and proximity of vessels has been
demonstrated to hinder foraging behaviors, with changes
in dive patterns and lost feeding opportunities reported
(Williams et al., 2006, 2009, 2014; Lusseau et al., 2009;

Noren et al., 2009; Holt et al., 2021). The greater maneuverability
of tugs compared to other vessel types has allowed a shift
in transit routes resulting in an increased distance between
them and SRKW foraging habitat (Department of Fisheries
and Oceans Canada [DFO], 2017a,b). This is more feasible
than a complete rerouting of shipping lanes. By putting
greater space between the areas used by the whales and the
vessel transit routes, the displacement measures reduce the
disturbance from physical presence, while also decreasing
the risk of vessel strikes. The significance of individual tugs
voluntarily altering their routes was seen with reductions
of approximately 5 dB in both the overall soundscape
and SRKW frequencies used for calling and echolocation,
resulting directly from an increase of 1 km in transit distance
from the mooring.

Following the results of these trials, modeling exercises have
been used to assess further mitigation actions. An additional
westward shift of the existing traffic lanes through Haro Strait,
and southward shift of the outbound lane through Juan de Fuca
Strait, for example, has been suggested to further reduce noise
levels in areas critical for SRKW (Matthews et al., 2018). In areas
where safe transit lanes are limited, as they are in the Salish Sea,
the creation or alteration of shipping lanes may not be possible.
Instead, re-direction of some vessel types or speed reductions
are more easily achieved and can succeed in reducing the vessel
impacts (Vanderlaan and Taggart, 2007; Conn and Silber, 2013;
Laist et al., 2014). This is also true for species whose presence and
movements are less predictable, or show changes in presence over
space and time as is increasingly noted for SRKW in the Salish Sea
(Hanson et al., 2021).

Exclusion of vessels from the ISZs had the lowest levels of
compliance. Swiftsure Bank showed very little change, if any,
between the proportion and time spent by vessels between
pre-trial and test periods. However, there were considerable
reductions in the ISZ recordings. This suggests that the
recordings at this mooring may also be affected by the slowdown
measures in place in the traffic lane proximal to the ISZ
(Figures 1, 3 and Table 3). This could also be indicated by
the most notable changes in SPL being focused in the lower-
frequencies, even when focusing on changes in the presence
of Class B vessels in the ISZ (Supplementary Table 3). The
presence of commercial vessel was low (Figure 7), and the
probability density analysis showed Class A vessels did not
travel within 2 km of the ISZ mooring, which further suggests
the changes may be a result of the proximal slowdown. The
ISZs in the Gulf Islands also typically showed low compliance,
although the time with, and presence of vessels (Figure 7) was
much less than the management area on Swiftsure Bank. The
noise reductions at Swanson Channel were focused in the low-
frequencies, and those representing vessel presence. Changes
from pre-trial were greatest only when considering Class A
vessels, suggesting that Class B and recreation vessels may be
prevalent while the ISZ was in place, which was confirmed by
the AIS data (Figure 7). The change in ferry passages over time,
as COVID-19 restrictions were eased through the summer, was
considered principally for its effect on the sound field in the
Swanson Channel ISZ. On a more regional scale, as considered
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here, ferries can make substantial additions to the soundscape.
The number of ferry transits to Otter Bay and through the
Gulf Islands were consistent between July and October 2020.
The recordings from the Swanson Channel mooring showed
decreases in SPL despite the increase of traffic, both from
ferries and smaller recreational vessels (Figure 7). The Saturna
Island ISZ showed the lowest vessel presence during the trial
period (Figure 7). However, the comparison between this and
baseline levels in the month before, especially for Class B vessels
(Table 3 and Figure 7) indicates an inflated reduction due to
intense vessel activity just before the commencement of the
exclusion. This is believed to be a result of the installation
and testing of an underwater listening station from mid- to
late-May. The pre-trial period was half of the other ISZs, as
recordings prior to May 9 were not available. For the ISZs, as
with all the management measures assessed, we were only able to
demonstrate the compliance by AIS-tracked vessels. Assessment
of changes in behavior by recreational mariners is much harder to
measure, and remains a significant gap in our analysis. Whether
the contributions from small vessels would surpass those of
commercial vessels, especially on localized scales, is currently not
possible to establish. However, their addition to the sound field
could be considerable based on their high number, high speed,
and use of coastal areas in the Salish Sea. Unchanged or increased
SPL levels in the decadal bands compared to the control pre-trial
recordings, especially in the 100–1000 Hz range (Supplementary
Table 3), considered with the proportional composition of vessel
traffic at each site (Figure 7) suggests that the use of the
management zones by smaller Class B and recreational vessels
remained high, or indeed increased, as the summer and trial
period progressed. Until the presence and acoustic additions
of small vessels are better characterized, we may underestimate
the impacts of vessel noise on cetacean species, especially those
in coastal waters.

Our conclusions are limited by the reliance on AIS data
to characterize vessel presence, especially when establishing
compliance to ISZs. Many vessels known to use these areas, such
as pleasure craft and fishing vessels, are not required to transmit
AIS data. Even for vessels where transceivers are required, the
cooperation of vessel captains is needed. For terrestrial AIS there
are gaps in coverage between base stations as the broadcasts are
approximately line-of-sight, which may reduce the reliability of
the spatial data. The broadcasts are also subject to human error in
data input, data corruption, signal noise, and instrument failure
(Aarsæther and Moan, 2009; McGillivary et al., 2009; Silber and
Bettridge, 2010; Robards et al., 2016).

Our ambient noise recordings have shown that considerable
changes in SPLs can be exacted with relatively small changes.
The change in slowdown measures between years by 0.5 to 1
knot, depending on vessel type, showed increased reductions
between 2018 and 2019 (Joy et al., 2019). As well, the altered
route of tugs and barges, a relatively small component of the
vessel traffic through Juan de Fuca Strait and other management
areas, reduced noise in the sound field. Also, we found changes by
single vessels can have a noteworthy impact. Most significantly,
all trial zones showed reductions in the SRKW communication
and echolocation frequency ranges (Table 3).

The limitations of vessel transit speed and route alteration, as
analyzed here, are operational measures designed to reduce the
vessel noise impacts on an endangered species using habitat areas
deemed critical for its survival. A reduction in anthropogenic
noise reduces the impact of lost echolocation and communication
ability that is required for locating and capturing prey. An
alternative approach would be source-based, whereby vessel
design is altered from the outset, or the existing fleet is
retrofitted to reduce their source levels (Veirs et al., 2017).
A more regular maintenance schedule is also an effective means
of reducing a vessel’s acoustic impact (International Maritime
Organization [IMO], 2014). Operational measures can be enacted
more proactively, and are typically applied on a local scale
and for shorter times. Source-base initiatives are longer term
measures that are being considered by the ECHO program and
its collaborators, with the potential for port incentives to be
provided to the quieter vessels. These would have a more global
and long-term effect.

A combination of both source and operational measures will
be the most effective route for decreasing the additions of noise
in the acoustic environment in the Salish Sea. A clear and
coordinated approach for managers, with additional effort given
to raising mariners’ awareness, is needed to maintain and increase
participation. Additional measures such as vessel convoying and
greater restrictions in timing or transit zones are yet to be fully
explored. This may increase the length of quiet periods between
vessel transits for SRKW.

A high level of stakeholder collaboration and regulatory
incentive to follow management directives was key to the
successes experienced in similar management programs in other
critical whale habitats (Wiley et al., 2013; Ebdon et al., 2019).
In other regions where speed reductions are in place, vessel
compliance is reported directly to the operating company
(e.g., Right Whale Corporate Responsibility Card for vessels in
Stellwagen Bank) or openly online (e.g., the Whale Safe Tool for
vessels in the Santa Barbara Channel) to increase adherence to
the speed limits in future transits.

The high rates of voluntary participation in the slowdown and
displacement trials we describe here suggests there is promise in
the application of these measures to reduce human impact on
the soundscape, even without regulatory backing. Commercial
vessel noise and disturbance has been identified as the greatest
threat to SRKW success, after the decline in prey availability
(Lacy et al., 2017). Whereas Chinook stock enhancements and
increased habitat quality involve complex solutions over time,
the measures described here can have an immediate benefit on
whales transiting or foraging in the Salish Sea. Enforcement
at current levels may increase compliance further, and prevent
compensatory behavior to try and make up lost time by increasing
speed in other areas, for example. In this study, voluntary
measures demonstrated a higher-level of compliance than those
mandated, although a program to heighten awareness of the
measures may further increase voluntary participation before
the introduction of more regulatory measures are needed. The
enforcement of the ISZ would also greatly benefit from increased
awareness as to the location and rationale of the conservation
measures. What is yet to be determined are the full behavioral
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implications that each of these measures has on SRKW. Increased
knowledge of whale response, and both short- and long-
term consequences of vessel-based acoustic disturbance will
enhance the accurate design, prioritization, and implementation
of effective management plans.
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