? frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Olga Filatova,
University of Southern Denmark, Denmark

REVIEWED BY

Rebecca Cohen,

Cornell University, United States
Kathleen M Stafford,

Oregon State University, United States

*CORRESPONDENCE

Thomas Doniol-Valcroze
thomas.doniol-valcroze@dfo-

mpo.gc.ca

"These authors share senior authorship

RECEIVED 13 April 2023
ACCEPTED 21 July 2023
PUBLISHED 10 August 2023

CITATION
Pilkington JF, Stredulinsky EH,
Gavrilchuk K, Thornton SJ, Ford JKB
and Doniol-Valcroze T (2023) Patterns
of winter occurrence of three sympatric
killer whale populations off eastern
Vancouver Island, Canada, based on
passive acoustic monitoring.

Front. Mar. Sci. 10:1204908.

doi: 10.3389/fmars.2023.1204908

COPYRIGHT

© 2023 Pilkington, Stredulinsky, Gavrilchuk,
Thornton, Ford and Doniol-Valcroze. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Marine Science

TvpPE Original Research
PUBLISHED 10 August 2023
D01 10.3389/fmars.2023.1204908

Patterns of winter occurrence of
three sympatric killer whale
populations off eastern
Vancouver Island, Canada, based
on passive acoustic monitoring

James F. Pilkington®, Eva H. Stredulinsky?,
Katherine Gavrilchuk?, Sheila J. Thornton?, John K. B. Ford™!
and Thomas Doniol-Valcroze™!

tCetacean Research Program, Pacific Biological Station, Fisheries and Oceans Canada, Nanaimo,
BC, Canada, 2Marine Mammal Conservation Physiology Program, Pacific Science Enterprise Centre,
Fisheries and Oceans Canada, West Vancouver, BC, Canada

Understanding habitat use patterns of animal populations across space and time
is fundamental to identifying ecological requirements, and informing threat
mitigation and conservation strategies. Persistent data gaps tend to occur with
cryptic species in difficult-to-access environments, where the use of appropriate
monitoring tools is indispensable for detection. Three populations of threatened
and endangered killer whales occur year-round in waters off British Columbia,
Canada; however, their winter habitat use patterns are not well known. Here we
quantify wintertime use of the northern Strait of Georgia by these sympatric killer
whale populations, revealing the importance of this previously understudied
region. Using a network of passive acoustic monitoring devices deployed over
three winter periods, we examine site-specific and regional patterns of
occurrence of Bigg's, and Southern and Northern Resident killer whales. All
three populations frequented these waters in nearly every month from
November to April, and across all study years. Bigg's killer whales were
detected most frequently, followed by Southern Residents, then Northern
Residents. Population-specific differences in site use was apparent, with
Southern Resident detections occurring more often than expected off the
southwest side of Texada Island, while Northern Residents appeared to favor
the east side of Texada Island. Remarkably, the patterns of winter use we observe
in this region by Resident killer whale populations have seemingly persisted for at
least 50 years. Additionally, we evaluate and discuss the effect of using multiple
simultaneous recorders to characterize habitat use patterns. Lastly, we present a
data-driven approach for estimating acoustic residence time, describe inter-
population differences in winter residency in the northern Strait of Georgia, and
discuss implications for critical habitat designation. This study fills important
knowledge gaps related to killer whale winter occurrence off western Canada,
highlighting the significance of the northern Strait of Georgia for these at-
risk populations.
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Introduction

Monitoring the presence and seasonality of multiple animal
populations is needed to understand how sympatric species
partition their habitat and to inform management actions under
an ecosystem-based approach (Pikitch et al., 2004). For populations
living in seasonally inaccessible, remote, or otherwise challenging
habitats, data collection required for such monitoring can prove
extremely difficult. Passive acoustic monitoring (PAM) offers an
alternative, cost-effective, and non-invasive surveying method that
is becoming a standard practice in ecological research (Sugai et al.,
2019). In the marine environment, PAM can be used to detect
marine mammals in situations where visual surveys are difficult
(Marques et al,, 2013) and is commonly used to investigate seasonal
and diel trends in occurrence of marine mammals, even in
inclement weather and at night (e.g., Norris et al., 1999; Mellinger
et al,, 2007). Examples of its applications to cetaceans include
obtaining information on habitat use by multiple species at a
given site (e.g., Marcoux et al.,, 2017) or by multiple populations
of the same species (e.g., blue whales, Barlow et al., 2022), spatial
(e.g., Burnham et al., 2019) and temporal (e.g., Todd et al., 2020)
segregation of species, and inter-annual variation in habitat use
(Rice et al., 2021).

Although PAM instruments can record data continuously
without regard to sea-state or visibility, once deployed they are
spatially restricted to a defined, though variable, detection radius
from their deployment site (unlike surveys from a moving platform;
Marques et al., 2013) and the information they provide is typically
limited to a single location (e.g., Riera et al, 2019). To achieve
greater geographic coverage, studies often deploy multiple
recorders. Determining recorder locations requires consideration
of study objectives, PAM resources available, and vocal behavior of
the species or population of interest, as well as trade-offs between
the spatial breadth of acoustic coverage and spatial gaps among
recorder detection ranges. Placing recorder sites in closer proximity
to one another allows for precise characterization of animal
presence in a smaller region (e.g., the Scotian Shelf in Delarue
et al., 2022; Frouin-Mouy et al., 2022), whereas placing recorder
sites far apart allows for broader spatial coverage, albeit with
potentially large spatial gaps (e.g., the Grand Banks of
Newfoundland in Delarue et al, 2022). Studies may attempt to
maximize detection probability of a particular species or population
in a given region by taking into account prior knowledge of
population- and/or region-specific behavior (e.g., Hanson et al,
2018). Though it is often difficult for PAM studies to quantify the
abundance and movement patterns of individuals in a population
(Marques et al., 2013), using multiple recorders can provide insight
into how long animals typically reside within a region, which may
have important implications for threat exposure and determination
of an area’s function and importance.

Killer whales (Orcinus orca), particularly those in the
northeastern Pacific, are especially well suited to PAM studies, as
previous research has demonstrated that many populations can be
reliably distinguished through their distinctive vocalizations and
group-specific repertoires of stereotyped calls (Ford, 1991; Yurk
et al., 2002; Deecke et al., 2005; Saulitis et al., 2005; Ford et al., 2014;

Frontiers in Marine Science

10.3389/fmars.2023.1204908

Sharpe et al., 2017). Data collected from autonomous acoustic
recorders have therefore been used to document habitat use in
areas such as the west coast of Vancouver Island, Canada (Burnham
et al., 2016; Riera et al., 2019), the Gulf of Alaska (Yurk et al., 2010;
Myers et al., 2021), and the continental shelf of the U.S. west coast
(Hanson et al., 2013), and to identify critical habitat in Canadian
waters (Ford, 2006; Ford et al., 2017).

Several sympatric populations of killer whales inhabit the
coastal waters of the northeastern Pacific (Matkin et al., 1999;
Ford et al., 2000; Krahn et al., 2007; Dahlheim et al., 2008; Ford
et al,, 2014). Within the fish-eating ‘resident’ ecotype, the Northern
Resident and Southern Resident killer whale populations (NRKW
and SRKW, respectively) do not interbreed or socialize with each
other despite their partially overlapping ranges, and are considered
genetically and culturally distinct from one another, as well as from
other killer whale populations. In addition, the West Coast
Transient population of mammal-hunting Bigg’s killer whales
(BKW, aka ‘transient ecotype’; Ford et al., 1998) occupy the same
waters as these Resident killer whale populations, but are
genetically, socially and culturally isolated such that they may
qualify as a discrete species (Morin et al, 2010). These three
populations are listed under Canada’s Species At Risk Act
(NRKW and BKW as ‘threatened’, SRKW as ‘endangered’), which
requires the identification of their critical habitat as well as an
assessment of anthropogenic threats (Fisheries and Oceans Canada,
2018), ideally using reliable, year-round information on distribution
and habitat use. Understanding travel and residency patterns also
helps infer the function and importance of different habitats.
Obtaining such data for free-ranging cetaceans is difficult due to
their cryptic nature, broad spatial ranges and rapid movements in
relatively remote areas. Winter distribution in particular constitutes
an important gap in knowledge for killer whales in Canadian waters
(Ford, 2006; Riera et al., 2013; DFO, 2017) because of the logistical
challenges associated with field work at that time of year due to
inclement weather and short daylight hours.

Within the inland waters of Washington State and southern
British Columbia (BC), collectively known as the Salish Sea, the
northern Strait of Georgia (NSoG) is an understudied and
potentially important winter habitat for killer whales (Figure 1).
Despite not being part of legally designated critical habitat, there is
historical evidence that the NSoG is used by Resident and Bigg’s
killer whales in winter (e.g., stranded and recovered carcasses: Pike
and MacAskie, 1969; opportunistic encounters: Bigg et al., 1976;
historical captures for aquaria: Colby, 2018). In more recent
decades, opportunistic winter sightings and encounters in the area
(DFO Cetacean Research Program, unpubl. data), recovered
carcasses (e.g., Center for Whale Research, 2016; Fisheries and
Oceans Canada, 2019), as well as biologging data (Hanson et al.,
2017), have documented contemporary use of the area by SRKW,
and BKW have been increasingly present in the Salish Sea (Shields
et al., 2018; Towers et al., 2019). However, because the NSoG area is
not as densely populated as the southern Strait of Georgia and the
rest of the Salish Sea, it does not receive as much dedicated or
opportunistic effort, especially in winter. Here we describe the
NSoG’s winter use by three sympatric killer whale populations.
Using a fine-scale configuration of multiple passive acoustic
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FIGURE 1

Northern Strait of Georgia study area and locations of PAM recorder sites assessed in this study: (1) Grant Reefs, (2) Kitty Coleman, (3) northwest
Lasqueti Island, (4) Sinclair Bank, and (5) McCall Bank. Turquoise polygon in inset map indicates the extent of the Salish Sea, composed of waters
around the Discovery Island archipelago (A), the Strait of Georgia (B), Juan de Fuca Strait (C) and Puget Sound (D).

recorders to increase the likelihood of killer whale detection across
this complex region and a novel data-driven approach to define
acoustic encounters, we characterize both site-specific and regional
patterns of occurrence and residency, as well as diel, seasonal and
interannual trends.

Materials and methods
Acoustic data collection

We deployed autonomous archival hydrophone recorders at
five different locations throughout the NSoG, providing broad
geographic coverage over which to evaluate winter habitat use
(Figure 1). Fourteen deployments were conducted at these sites to
cover the three winter periods from 2015-2018 (Supplementary
Table 1). Herein, we use the terms “recorders” and “sites”
interchangeably, and use the term “study year” to refer to a given
winter period across calendar years (e.g., the 2016-17 study year
refers to the period of November 2016 to April 2017).

All instrument deployments except those at McCall Bank were
conducted from a small vessel, by hand, using a custom grapple
mooring system that allowed the moorings to be deployed and
retrieved manually. The custom mooring consisted of a central
concrete block from which the recorder was suspended using a
trawl float and a polyvinyl chloride (PVC) protective sheath (made
acoustically transparent with large holes). Two 36 m lines running
in opposite directions were stretched out across the seafloor from
the concrete block, terminating in 5 kg ‘Bruce’-type anchors.
Deployments using these grapple moorings had recorder depths
of approximately 30-40 m (Supplementary Table 1). The McCall
Bank mooring consisted of the recorder in a PVC sheath with an
acoustic release, suspended above a weight on the seafloor using a
trawl float, resulting in a recorder depth of 220 m.
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Three different models of recorder were used throughout the
study: SoundTrap 303 HF and SoundTrap STD (Ocean Instruments,
nominal sensitivity of -173 dB re 1V/pPa for ‘high-gain’ setting) with
extended battery housings, and MicroMARS (long-duration, Desert
Start Technologies, MH-33-1 hydrophone, nominal sensitivity of
-165dB re 1V/uPa). The technical specifications for these
instruments state they have a flat frequency response over the focal
band of our study (700 Hz to 12,500 Hz). All instruments were set to
record on a duty cycle consisting of 5 min of continuous recording for
every 15-min period (5-min record, 10-min pause, repeated),
equating to 33% temporal coverage. This particular duty cycle has
no impact on the detection of Resident killer whales at the daily
resolution, nor on the accuracy of acoustic bout durations (Rand
et al,, 2022). We assume that our duty cycle has minimal negative
effect on the detection of the relatively brief and less frequent bouts
that characterize BKW acoustic behavior (effectively similar to some
mesoplodon species, as in Stanistreet et al. (2016)); however,
subsampling effects have not yet been assessed in the context of
BKW specifically. Recorders were set to record 16-bit audio files
(MicroMARS: waveform files; SoundTraps: lossless compression
retroactively uncompressed to waveform files) at sample
frequencies of 25 kHz, 36 kHz, and 48 kHz for the MicroMARS,
SoundTrap STD, and SoundTrap HF, respectively.

Analysis of acoustic recordings

Recordings were analyzed in a multi-step process, involving: (1)
automated detection of potential killer whale tonal signals, (2)
manual validation of detections, (3) QA/QC of manually
validated detections, (4) manual identification of killer whale
groups present in recordings with positively-validated KW
detections, and (5) evaluation of the automated detector’s recall
(i.e. quantifying false negatives). First, all recordings were processed
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using the Whistle and Moan Detector in PAMGuard software
(Gillespie et al., 2013) to search for tonal sounds that could be
killer whales. Echolocation clicks were not assessed in this study.
For consistency, all recordings were processed using a 25 kHz
sample frequency at 1024 Hz FFT length, and 50% FFT hop, and the
detector operated within the user-defined band of 700 Hz to 12,500
Hz. When necessary, recordings made at a higher sample frequency
were decimated using the PAMGuard Decimator module within the
processing workflow to 25 kHz; this was required for all SoundTrap
recordings. During processing it became evident that one of the
MicroMARS recorders had a self-noise issue in each of its
deployments, where long tonal sweeps were present in all
frequencies above 6,000 Hz. This self-noise resulted in
unmanageable levels of false positives, so we limited the
bandwidth of the detector to frequencies below 6,000 Hz for all
deployments. Because killer whale vocalizations are known to have
energy extending above 6,000 Hz, we evaluated whether limiting the
bandwidth to below 6,000 Hz resulted in missed recordings
containing killer whale vocalizations. We analyzed two
consecutive months (November and December) of data from a
single deployment (AMO077) using full-bandwidth detections and
detections limited to below 6,000 Hz. We concluded that because no
killer whale-positive recordings in our two-month subsample were
missed using the 6,000 Hz cut off, this solution had minimal, if any,
effect on our results.

The Whistle and Moan Detector does not classify sounds, but
rather detects tonal signals meeting particular user-defined criteria;
those that fall within the analysis band (previously described),
exceed 6 dB SNR, have a minimum length of 15 time slices and a
maximum total size of 30 pixels. The detector produces a list of
date-time stamps and frequency ranges of detected sounds, as well
as the time-frequency contours of the detected sounds, which then
require manual classification to determine whether they are sounds
made by killer whales. Each of these detections was examined
aurally and visually in spectrograms (512 Hz FFT, 50% overlap,
Hann window, 30-second duration per screen) by trained analysts
using PAMGuard ViewerMode, which allows the user to overlay
detections made by the Whistle and Moan detector onto
spectrograms. The analysts reviewed and identified each detected
sound to species, a potential species, or a sound type (if abiotic).
This manual validation of every detection removed all false positives
from further analyses. Four different analysts were involved in this
detection validation process. To ensure consistency across the
different analysts’ datasets, one analyst (JP) also conducted quality
control by examining approximately 25% of each deployment’s
validated detections (which included all detections identified by the
analysts as killer whale or potential killer whale), correcting the
analysts’ identification of detections as needed.

After this detection validation stage, all 5-min recordings
wherein at least one detection of killer whales or potential killer
whales was validated were evaluated in their entirety to identify the
groups of killer whales present. This manual assessment was
undertaken by one of two analysts (JP, JKBF), trained and
experienced in the identification of killer whale discrete call types
and acoustic identification of killer whale groupings based on the
identification of catalogued stereotyped burst-pulsed vocalizations.
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These two analysts were shown to have a high-degree of agreement
in identifying killer whale groups at various population levels in a
prior study, minimizing bias that could be introduced by using
multiple analysts for this analysis step. The manual identification of
killer whale groups was conducted by aurally and visually
examining each recording separately as spectrograms using
SpectroPlotter (version 7.0.2, JASCO Applied Sciences, Ltd.) or
Amadeus Pro (HairerSoft, version 1.2), based on user preference
(512-1024 Hz FFT, 50-75% overlap, Hann window, 30-second
duration per screen, zooming in when necessary). The analysts
identified each unique call type present in the recordings using
digitized discrete call type catalogues for each killer whale
population previously observed in the study area: Northern and
Southern Resident (Ford, 1987; Ford, 1991), Bigg’s (Ford, 1987;
Deecke, 2003), and Offshore killer whales (DFO Cetacean Research
Program, unpubl. data). The analysts noted the population(s) of
killer whale present in each recording, as well as the acoustic clan(s)
and pod(s) for Resident killer whales, as defined by Ford (1991) and
Bigg et al. (1990), whenever possible.

For SRKW, due to overlap in the three pods’ repertoires (most
notably pods K and L), we allocated a fourth pod category called “L/
K” to recordings where L and/or K groups were present but the
singular pods could not be distinguished due to the quality and types
of call types present. Where calls were of a quality and type that
allowed for the differentiation of L and K pods, we noted L pod as
present if S02iii or S19 call types were present (but see below
regarding individual L87), and we noted K pod as present if there
were a high proportion of S16 and S17 or S36 vocalizations relative to
other calls, without any S02iii or S19 call types present; if S02iii and
S19 calls were also present, then L and K pods were noted as present
together. The case of the SRKW individual L87 also presents a unique
situation for the interpretation of PAM-derived pod composition.
L87 is a lone adult male who travelled predominantly with groups
from J pod during at least our first study year, and is presumed to still
use his L pod call repertoire. To ensure that the presence of L pod
calls in otherwise J-dominated bouts did not inflate the true presence
of actual L pod groups using the area, we assessed whether the
number and frequency of occurrence of L pod calls amongst
otherwise J-pod-only vocalizations could be attributed solely to an
individual animal (i.e., L87) or were more likely from an actual group
of L pod animals. If it was determined that only a few non-
temporally-overlapping vocalizations from the L pod repertoire
(primarily S02iii, S19, S18, and S16 call types) were mixed in with
predominantly J pod vocalizations, the encounter was logged as only
containing J pod, under the assumption that the limited L pod
vocalizations present were from L87 and not a group of L pod whales.

To assess the impact that false negatives had on the results, we
manually reviewed a random subsample of 5% of daily recordings
from all deployments from the first winter of the study for killer
whale presence and then calculated recall, defined as:

L ) * 100 (1)

Recall = <m

where TP refers to true positives (tally of days where both the

detector-based methods and the manual review found killer whale
vocalizations that could be confidently attributed to population)
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and FN refers to false negatives (tally of days in which the detector-
based methods did not find killer whale vocalizations that could be
confidently attributed to population, but the manual analyst did).
We computed recall scores for each of the three deployments, as
well as for all three deployments combined for a ‘region-wide’ recall.

Dataset restrictions

To mitigate the effect of varying numbers of active recorders in
the study area for our analyses, data were limited to months
wherein, for most study years, a minimum of three recorders
were active (November to April inclusive). Detections of killer
whales that could not be confidently identified to population due
to low signal-to-noise ratio were not included in analyses, with the
exception of our residence models (see Site and regional residency
section for details). All analyses and figure generation were
undertaken using R programming software (R Core Team, 2021).

Contribution of multiple recorders

To investigate how the number of recorders within the study
area informed our interpretation of killer whale occurrence at the
regional scale, we examined how the number of unique calendar
days with detections changed with increasing numbers of
simultaneously active recorder sites. We selected four periods
during our study when at least three sites were continuously
active: 1) November 2015 to February 2016 (109 effort days; 3
active recorders); 2) January 2017 to February 2017 (45 effort days;
5 active recorders); 3) Dec 2016 to February 2017 (86 effort days; 4
active recorders), and; 4) November 2017 to March 2018 (121 effort
days; 4 active recorders). For each of these periods, we calculated the
number of days with detections of each population as sites were
added step-wise. Sites were added in the order that maximized
detection days when pooled with previously-added site(s).
Detection days were computed as a percentage of effort days to
facilitate comparison across the four periods.

Trends in regional acoustic presence

To examine trends in acoustic presence in the study area across
years and months, we derived two metrics of detection days per unit
effort (DDPUE). We first tabulated the number of unique calendar
days with at least one detection as a proportion of unique calendar
days when at least one recorder in the study area was active, termed
“unique DDPUE”. Because this metric is potentially affected by the
number of active recorders in the study area, we also calculated
“cumulative DDPUE”, which used the cumulative number of
calendar days with detections among all active recorders as a
proportion of cumulative effort days among recorders. For
example, should 5 recorders be operating for a single day and
killer whales were detected on two of the recorders that day, unique
DDPUE would be 1 unique detection day/1 unique effort day = 1.0;
whereas cumulative DDPUE would be calculated as 2 cumulative

Frontiers in Marine Science

10.3389/fmars.2023.1204908

detection days/5 cumulative effort days = 0.4. The values of these
two metrics were statistically compared across seasons for each
population using equality of proportions testing (Agresti, 2007).

Site and regional residency

To explore the duration for which each population was typically
acoustically present, as well as the duration for which they were
typically acoustically absent before ‘returning’, we used a mark-
recapture approach where we generated lagged detection rates
(LDRs) and fit emigration-reimmigration models to predict the
probability that a given population detected at time ¢ = 0 was still
acoustically present after a lag of 7.

It is important to note that these lagged rates used acoustic
detections identified to population only, not to individuals,
matrilines or pods; therefore, these residence times cannot
provide information on animal movement (i.e. physical presence
or absence), but simply to acoustic presence or absence of a given
population. Time “acoustically present” at a given site or within the
region may represent one group from a population remaining
physically present and consistently vocal, or interchanging
vocalizing groups from the same population.

For this residency analysis, detections of killer whales that could
not be confidently identified to population due to low signal-to-
noise ratio were not included, unless they were considered close
enough in time to a detection with a confirmed population to adopt
the proximal detection’s identification. These presumptive
identifications were assigned to mitigate underestimating
residence times. For each killer whale detection with unclear
population identity, if the nearest detection was of BKW and the
time lag between the detections was less than 1.5 h, the detection
was assumed to be BKW. If the nearest detection was of SRKW or
NRKW and the time lag between the detections was less than 3 h,
the detection was assumed to be SRKW or NRKW, respectively.
Detections of an unknown Resident population were assumed to be
of the population from the nearest confirmed Resident detection, if
they were within 3 hours of one another. These temporal thresholds
were based on typical calling rates and speed of travel of RKW and
BKW (see Riera et al., 2013). These thresholds were considered
quite conservative, with extremely low probabilities of incorrectly
assigning a putative population, as only 0.2% of detections within
1.5 h of confirmed BKW detections were of non-BKW populations,
only 0.4% of detections within 3 h of confirmed SRKW detections
were of non-SRKW populations, and only 4% of detections within 3
h of confirmed NRKW detections were of non-NRKW populations
(see Supplementary Tables 1-3).

An LDR was defined as the probability that the population
detected at time ¢ is detected at time ¢ + 7 later, and was estimated
as the probability of a detection occurring time units after a given
population’s detection at time t =0 ( d(tr )) multiplied by the
probability that a random detection 7 time units later is of the same
population [see ‘lagged identification rate’ from Whitehead, 2001)].
The probability of detection, ), was calculated as the proportion of
detections at time ¢ = 0 that were followed by detection(s) 7 time
units later. The lagged identification rate, 7 (7 ), was calculated as the
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proportion of pairs of detections 7 time units apart that were of the
same population.

nd, m(7)

ny (1)

LDR(7) = d(1)« #(1) = 2)

where n, is the number of detections of the given population at
time t = 0, nd, is the number of 1, detections that were followed by
detection(s) 7 time units later, m(7) is the number of pairs of
detections of the same given population 7 time units apart, and g(7)
is the number of pairs of detections 7 time units apart. LDRs for
each population were calculated for each season hourly (to a
maximum of 336 h) at each site, as well as daily (to the
maximum time lag within the given season; 2015-16: 131 d, 2016-
17: 158 d, 2017-18: 175 d) across all sites, to generate site-specific
and regional rates, respectively.

In visual-based movement analyses, an LDR falling to zero
suggests permanent emigration from the study area following a
detection, whereas a leveling off at large time lags imply that some
animals remain within the area, or that either the same or different
individuals of the same population return to the area (Whitehead,
2001). However, in our analysis, we can only infer absence and
presence in acoustic terms. Acoustic absence may occur due to a
population being physically absent from the area, or due to a lack of
detected vocal activity from any individuals physically present in
the area. Therefore herein we use the term “returning”, not to infer
physical movement into the area of interest, but rather to indicate a
resuming of acoustic activity after a period of acoustic absence in
the given area.

In addition to visual inspection of the LDR over time, we fit a
mathematical model to the detection data to estimate residence
times at each site and within the study region. We assumed the
populations were closed within each study period, and that patterns
of acoustic presence and absence could be described using the
emigration-reimmigration model from Whitehead, (2001),
(Equation 6):

P(1) = (be™ V0T 4 2)/(a+ b) (3)

where P(7) is the expected probability that a member of a given
population is still acoustically present in the area after a lag of 7 time
units, a is the mean residence time (i.e., mean time acoustically
present) in the given area and b is the mean time acoustically absent
before ‘returning’. We also report on the value of P;,s = a/(a +b),
which is the asymptotic value of P(7) at large time lags and
represents the average probability of detecting a population in the
study area at any given time.

The model was fit to our LDR data using nonlinear least
squares, where the free parameters of the residence model (ie., a ,
b ) were chosen to minimize the sum of the squares of residuals,
using the R ‘nls’ function. Model fits were quantitatively assessed
using McFadden’s pseudo-R* (McFadden, 1974), derived by the R
package wzRfun ‘R2nls’ function (Zeviani, 2021), where the
coefficient of determination is adjusted for the null model. As
such, the R? values cannot be interpreted as absolute variance
explained by the model, but rather as the relative explanatory
power gained using the non-linear model over the null. We
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consider values greater than 0.2 to indicate adequate model fit (as
per McFadden, 1979).

Diel patterns in detections

To investigate detections as a function of time of day, we
calculated the total duration of recordings with detections within
a given period of day, as a proportion of the total duration of
recording hours that occurred during the given diel period. Diel
periods of day, night and twilight were assigned using the R package
suncalc (Thieurmel and Elmarhraoui, 2019), where morning and
evening twilight periods were combined to form a single diel
classification. Detection rates for each diel period were compared
via equality of proportions testing (Agresti, 2007).

Site-specific trends in detections

To explore how different populations used our study area, we
tallied the number of observed and expected days with detections at
each site over the study period. Expected detection days account for the
uneven sampling effort among sites contributing to our observed
detections. They were estimated by multiplying the total days of
effort at the given site by the expected rate of detection for the given
population (total number of detection days for the population in the
study divided by the total number of effort days in the study) (e.g.
Hanson et al., 2013). Were a population using the study area ‘evenly’
(i.e. time spent at each site was similar), we would not expect to see any
significant difference between observed and expected number of days
with detections (i.e., the site contributed detection days proportional to
the effort it contributed to the study). Should a population
preferentially use an area within our study bounds, we would expect
to see observed detection days significantly greater than expected at the
site(s) within that area. Conversely, if a population uses an area within
our study region less frequently relative to other areas within the
region, we would expect to see expected detection days significantly
greater than observed at the site(s) within that area. Statistically
significant differences between the number of observed and expected
detection days at each site were determined by Chi-square testing.

Results
Detector sensitivity

The 5% daily subsample resulted in the manual review of 1,925
recordings across the three 2015-16 deployments (AM077, AMO078,
AMO079). Recall at the daily resolution varied by deployment site.
Where recall ranges from 0% (missed everything) to 100%
(captured everything), the recall scores for each deployment were
82% (n=2/11 detection days missed from the subset), 67% (n=3/9),
and 100% (n=0/9) for Grant Reefs, Kitty Coleman, and NW
Lasqueti Island sites, respectively. The study region-wide recall for
all three 2015-16 deployments combined was 92% (n=2/24).
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Detection summary

Over all study years, recorders were active for a total of 494
unique calendar days between November and April. Killer whale
detections occurred on 60% (n=298/494) of these days. Detection
days, wherein at least one detection occurred at a minimum of one
active recorder site, were most numerous for BKW (n=207; 42% of
effort days), followed by SRKW (n=96; 19% of effort days), and
NRKW (n=39; 8% of effort days). Our first study year (2015-16) had
substantially fewer killer whale detection days (n=64/145, 44% of
effort days) between November and April than subsequent study
years (2016-17: n=113/168, 67% of effort days; 2017-18: n=121/181,
67% of effort days), but also had less effort with respect to number
and duration of deployments (see Supplementary Figures 1-3).

SRKW were detected on 96 calendar days between November
and April over our study period. These detections included all three
SRKW pods. Of detection days where SRKW detections could be
confidently identified to pod (n=84; 88% of SRKW days), 90%
included J pod (n=76) and 49% included K and/or L pod (n=41),
wherein K pod was definitively present at least 15 days, L pod was
definitively present at least 7 days, and calling was too ambiguous to
distinguish K pod from L pod on 23 days. Multi-pod detections
were common: on 28% of SRKW days (n=27), ] pod was detected
with K and/or L pod, wherein J and K pods were definitively present
together at least 5 days, ] and L pods were definitively present
together at least 3 days, ], K, and L pods were definitively present
together at least 2 days, and calling was too ambiguous to
distinguish K pod from L pod on 18 days. Of the 14 SRKW days
that K and/or L pod was present without J pod, both K and L pod
were definitively present together on 1 day; calling on the remainder
of days was too ambiguous to determine whether both K and L pod
were present or just one of the pods was.

NRKW were detected on 39 calendar days between November
and April over our study period. All NRKW detections during that
time were identified as A clan, specifically the A05 pod, with one
additional A clan detection being too faint to differentiate between
A04 or A05 pod. G clan was detected in our study area as well, but
those detections occurred outside of our November to April
analysis bounds.

Contribution of multiple recorders

The proportion of days with detections generally increased with
the number of active sites (Figure 2). The information gained by
adding more recorder sites, however, varied among populations,
with more information being gained for BKW than for NRKW and
SRKW. In some cases, the addition of recorder sites beyond the first
one did not contribute much additional data (e.g., Nov 2015 - Feb
2016 for SRKW), which could imply that one site contributed most
of the detections, or alternatively that detections were at multiple
sites on the same days, therefore not changing the overall number of
days with detection. In most cases, however, the curves clearly show
the benefits of additional sites in documenting regional presence,
with the number of days increasing for 2 and 3 sites before reaching
a plateau.
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Trends in regional acoustic presence

Winter acoustic presence of SRKW was generally consistent
throughout the study period according to unique DDPUE (3* =
1.49, p=0.48), though cumulative DDPUE showed a significant
decrease in later study years compared to the first (3> = 29.15,
p<0.001; Figure 3). This may be due to an actual decrease in acoustic
presence in the study area or no-to-little acoustic presence in
portions of the study area that saw additional recorder coverage
in later study years. Both BKW and NRKW showed significantly
greater acoustic presence in the last two study years compared to the
first, according to both unique (BKW: x2 ~40.96, p<0.001; NRKW:
x* = 15.11, p<0.001) and cumulative DDPUE (BKW: y* = 43.57,
p<0.001; NRKW: > = 12.42, p=0.002).

Each killer whale population showed different seasonal trends in
acoustic presence in our study area (Figures 4, 5) NRKW were
detected most frequently in February, although their detection rates
were highly variable. SRKW were generally more frequently detected
earlier in the study year (in late fall, particularly November). BKW
were detected relatively consistently throughout the winter months,
though cumulative DDPUE suggested that BKW acoustic presence
generally increased throughout the study year, to peak in
April (Figure 5).

Estimates of acoustic residency at
recorder sites

Our residence models for site-specific LDR showed adequate fit
for BKW and SRKW (i.e., better than the null model, with most R*
values above 0.4 or even 0.6); therefore their parameter estimates
are considered of adequate confidence (Figure 6; Supplementary
Table 2). Models for the NRKW population either did not converge
due to paucity of data or showed a weak signal not significantly
more informative than a null model.

Despite poor model fit, the LDR data show that NRKW
exhibited the shortest acoustic residency at our recorder locations,
often acoustically present for less than an hour (Figure 6).
Variability in our estimates of NRKW residence time among
sites was relatively small, with estimated mean residence times
ranging from 0.8-1.5 h at a given recorder location. Variability
among sites was greater in our estimates of time acoustically absent,
where mean time absent before returning ranged from 1-4 days (see
Supplementary Table 2). The estimated mean residence time for
SRKW at our recorder locations remained relatively consistent over
the three study periods, where they were typically acoustically
present for roughly two hours at a given site and returned 2-4
days later. Mean BKW residence time at our recorder locations was
generally greater than SRKW (roughly 2-3 h), with BKW typically
returning to a given site 2-3 days later. These short residence times
and longer absences meant that the average probability of detecting
each population at any given site, P;,r, was low (5% or less). As
recorder detection ranges varied among sites and years, depending
on the recorder depth and prevailing oceanographic conditions,
these estimates are best evaluated as a relative comparison
among populations.
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Time series

Nov 2015 - Feb 2016

(109 effort days)

- Jan - Feb 2017
(45 effort days)

- Dec 2016 - Feb 2017
(86 effort days)

- Nov 2017 - Mar 2018

(121 effort days)

Contribution of active recorder sites to detection days during periods when three or more recorder sites were simultaneously and continuously
active in the region. Sites were added step-wise in order maximizing unique DDPUE when pooled with previously added site(s). The x-value at which
the curves plateau suggests the number of sites required to accurately capture the acoustic presence of the given population in the region.

Estimates of regional acoustic residency

Regional residence models and estimates for BKW and SRKW
showed adequate fit (Figure 6; Supplementary Table 2). Models for
NRKW regional residence had poor fit (R%*< 0.20) or could not be
fitted. Our PAM detections indicate that the use of our study area as
a whole noticeably differed among the three killer whale
populations, and also differed from site-specific estimates of
residency. At a regional level, the acoustic residence time of
NRKW remained relatively stable over the three study periods,
where they typically were acoustically detected in the study area for
less than one day, returning after roughly 23-26 days, resulting in
low Pj,¢ , ie, overall detection probability of 1-2% (Figure 7).
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SRKW typically were acoustically present in the study area much
longer than NRKW, with mean residence times ranging from 2.3 to
8.5 days and LDR values remaining high at large time lags in stark
contrast to NRKW. Residence estimates suggest that over the course
of the three study periods, SRKW were acoustically present for
increasingly shorter continuous periods, but would also return
sooner; in 2015-16, SRKW were typically acoustically present in
the area for more than one week, returning after roughly 2-2.5
months, while in 2017-18 they typically were present for just over
two days in the area, returning roughly 4-6 weeks later, with values
of P;,r decreasing from 12% in 2015-15 to 5% in 2017-18 (Figure 7).

BKW detections became increasingly common over the three
study periods, and overall BKW regional residence time was the
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longest of all three populations. LDR values remained high at large
time lags and the models suggest that the asymptote was not
reached within the observation period. In 2015-16, BKW were
generally present in the study area in very few continuous periods of
roughly 10 days. During the following winter, their mean residence
time increased to approximately 2 weeks, typically returning after 6-

8 weeks, and in 2017-18, BKW were often continuously present for
well over a month. As a result, values of P;, (in this case, Pryy )
ranged from 3 to 18% (Figure 7). There is no prior baseline of
residence times for these populations within the study area, which
prevents comparison to longer-term norms or trends in usage of
the area.
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Unique detection days per unit effort for all detected killer whale populations. Bars indicate mean unique DDPUE across study years. Whiskers
indicate standard error in unigue DDPUE among study years. Number of hydrophones active each month noted in inset graphs, colored by study
year: 2015-16 (black), 2016-17 (dark grey), and 2017-18 (light grey).
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Cumulative detection days per unit effort for all detected killer whale populations. Bars indicate average unique DDPUE across study years. Whiskers
indicate standard error in cumulative DDPUE among study years. Number of hydrophones active each month noted in inset graphs, colored by

study year: 2015-16 (black), 2016-17 (dark grey), and 2017-18 (light grey).

Diel patterns in detections

Across the study years, there was no statistically significant
difference in detection rates among diel periods for SRKW (3 ~
4.39, p=0.11) or NRKW (x2 = 0.51, p=0.77). BKW detection rates
varied significantly with time of day (> = 12.17, p<0.01), due solely
to differences between daytime and nighttime calling. BKW
detection rates were significantly higher at night than during the
day for all years of the study, though this difference was only
statistically significant in 2017-18.

Site-specific trends in detections

For each population, at least one recorder site showed
significant differences between observed and expected detections
(Figure 8). NRKW were detected significantly more than expected
at Sinclair Bank, while both SRKW and BKW were detected there
significantly less than expected. SRKW were also detected less than
expected at McCall Bank and detected significantly more than
expected at the Lasqueti Island recorder site.

Discussion

Our multi-year PAM analysis shows that all three coastal
populations of killer whales in British Columbia visit the northern
Strait of Georgia (NSoG) in winter, BKW and SRKW extensively so.
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This corroborates previous historical and contemporary evidence of
killer whales” winter use of the area and provides a new line of
quantitative evidence that the area is a frequently-used winter
habitat for endangered SRKW. Although our ability to detect
vocalizing whales was good overall (92% at the regional scale),
our recall analysis did show that some days with killer whale
presence were missed by the automated detector, and this pattern
varied by deployment site. In addition to missed detections as a
result of methods, it is also important to note that presence of a
target species can only be established in PAM studies when animals
vocalize and ambient noise levels are such that those vocalizations
can be detected at a hydrophone location during the recording
period of the duty cycle. Also, there is some evidence that RKW may
spend considerably less time vocalizing during winter than in
summer (Hanson et al., 2018). As a result, our results represent
the minimum level of presence of killer whale populations in the
region during our study.

The acoustic residency times and regular visits to the NSoG
throughout winter by SRKW found in this study are supported by
previous satellite tagging of SRKW. Hanson et al. (2017) identified
three high-use areas for SRKW in winter, based on satellite tags
deployed from 2012-2016: the west coast of Washington, western
Juan de Fuca Strait, and the NSoG. Assuming tagged whales’
movements are reflective of their pod’s, members of ] pod moved
largely between the western entrance of Juan de Fuca Strait and the
NSoG, whereas K and L pods spent most of their time between the
western Juan de Fuca Strait and Point Reyes, California (Hanson
et al,, 2017). Pod-level differences were found in their winter
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Hourly lagged detection rates at sites (black circles) and LDR values predicted by residence model (blue line) for all sites pooled. Annotations provide
model estimates: mean time acoustically present at a given site, a, and the average probability of detecting a population at any given time, Pi... R®
denotes pseudo-R? value, where values > 0.2 are considered better fits than the null model. Time lags fitted by model capped at two weeks (336 h).
Grey ribbon represents the 95% confidence band of the fitted model. Model fits and estimates not provided for data series for which a model was

unable to converge (typically due to paucity of data)

movements and high-use areas, with minimal winter overlap
between ] pod and K and L pods. J pod spent the majority of
their time in winter within the NSoG and western Juan de Fuca
Strait, while K and L pod appeared to have a preference for waters
off the Washington and Oregon coast, as well as western Juan de
Fuca Strait. This same pattern of differential winter use of eastern
and southern Vancouver Island waters by SRKW pods was first
noted almost 50 years ago (Bigg et al., 1976). Our findings similarly
indicate that though all three SRKW pods were present in the NSoG
during winter, ] pod was present most frequently (90% of SRKW
detection days) and K and L pods less so (49% of SRKW
detection days).

The prevalence of RKW in the NSoG in winter is likely driven
by prey availability. NRKW and SRKW non-winter diet is primarily
composed of salmon, with a strong preference for Chinook
(Oncorhynchus tshawytscha) (Ford et al, 1998; Ford and Ellis,
2006; Ford et al., 2010; Hanson et al, 2010), which influence
RKW seasonal movements (Nichol and Shackleton, 1996;
McCluskey, 2006). RKW winter diet appears to remain focused
on Chinook salmon (Hanson et al., 2021), therefore it is likely that
their winter presence within the NSoG is also linked to the winter
presence of Chinook salmon in the region. Within the NSoG,
Chinook salmon from several stocks and age classes are present
year-round, the majority from local Salish Sea stocks, with a large
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proportion of fish that appear to remain ‘resident’ to the area
(Shelton et al., 2019; Freshwater et al., 2021; Quinn and Losee,
2022). The absolute winter abundance of Chinook in the region has
not been estimated; however, the local abundance may remain
relatively stable throughout the year, unlike other nearby regions
that experience large changes in abundance and likely serve
primarily as migratory corridors (e.g., northwest and southwest
Vancouver Island, and Juan de Fuca Strait) (Freshwater et al., 2021).
As the Strait of Georgia is known to be an important year-round
Chinook nursery and rearing ground (Healey, 1983), a large portion
of overwintering fish are relatively young (<3 years old) (Healey and
Groot, 1987) and therefore smaller in size than the average fish
encountered during summer or fall (due to both individual growth
and an influx of older migratory fish during summer).

The winter diet of Chinook salmon caught in the NSoG is
dominated by Pacific herring (Clupea pallasii) (Strait of Georgia
Data Centre, 2021). Although ‘resident’ herring populations and
young age-classes of herring reside in the Salish Sea year-round
(Taylor, 1964; Hay and McCarter, 1999; Therriault et al., 2009),
there is also a large seasonal influx of adult herring into the Salish
Sea every fall that persists through the spring. These migratory adult
herring spend winter in the Salish Sea and depart the region
promptly after spawning in late winter/early spring to return to
Vancouver Island’s west coast for the remainder of the spring and
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Daily lagged detection rates for the entire study area (black circles) and LDR values predicted by residence model (blue line). Annotations provide
model estimates: mean time acoustically present within the study area, a, and the average probability of detecting a population at any given time,
Pint. Models for which Py is not reached within the range of observed values instead report P,.x - the probability of detecting a population after the
maximum time lag observed in the given year. R denotes pseudo-R? value, where values > 0.2 are considered better fits than the null model. Grey
ribbon represents the 95% confidence band of the fitted model. Model fits and estimates not provided for data series for which a model was unable

to converge (typically due to paucity of data).

summer (Taylor, 1964; Therriault et al., 2009). Herring biomass in
the NSoG is the highest of the monitored regions in BC, and has
been consistently above average or increasing for the past decade
(Boldt et al, 2021). Herring spawning events in the NSoG are
recognized as the largest in British Columbia (Hay and McCarter,
2013), and the most consistent in the Strait of Georgia region since
the 1990s (Therriault et al., 2009; Fisheries and Oceans Canada,
2021). The diversity of herring age classes, resident populations, and
a large seasonal influx of migratory adult herring that stage over
winter in the NSoG likely support and influence the presence and
distribution of overwintering Chinook salmon in the region, which
in turn likely explains the relatively high levels of Resident killer
whale winter presence in the region we have documented in
this study.

Overwintering Chinook appear to use the Salish Sea throughout
winter for feeding (as opposed to migrating) (Maynard, 2019);
therefore, their local movements in the region are likely influenced
by the distribution and abundance of their prey. As a result, salmon
abundance is less likely to be concentrated in predictable migratory
bottlenecks, which may mean that Resident killer whales have to
travel more extensively throughout the region to increase their
likelihood of finding adequate quantities of prey during winter
(especially if the whales eat a higher proportion of younger, and
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therefore smaller, fish in the area in winter; Hanson et al., 2021).
This dynamic of whales moving widely and relatively transiently
throughout the broader region but returning to the NSoG regularly
could explain why Resident killer whale acoustic residency times
tended to be relatively brief, but frequent, in the region during our
study. It should be noted, however, that we also documented
occasions of sustained use of the area by Resident killer whales
for prolonged periods. There is a notable lack of available scientific
information on the distribution, behavior, energy content, and
abundance of Chinook salmon during winter in our study area.
Such wintertime studies could provide meaningful insight into
explaining the intra- and inter-annual occurrence and movements
of Resident killer whales throughout winter here, and potentially
lead to an understanding of the causes of inter-annual changes in
usage, such as the potential decrease in annual SRKW DDPUE over
our three-winter study. An understanding of the energy content of
over-wintering Chinook salmon in particular would also improve
our knowledge of the winter nutritional budget of Resident killer
whales; currently, in-depth analyses of prey energy-density have
only been examined for mature spawning-age fish caught in-river
for runs not necessarily accessible to Resident killer whales during
winter in coastal waters (O’Neill et al., 2014; Lerner and
Hunt, 2023).
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Number of observed and expected detection days at each site. Expected detection days were estimated by multiplying the total days of effort at the
given site by the expected rate of detection for the given ecotype (total number of detection days for the ecotype in the study divided by the total
number of effort days in the study). Statistically significant differences as determined by Chi-square testing noted with asterisks (* at 0.05 significance

level; ** at 0.01 significance level).

As with RKW presence in the NSoG, BKW winter presence may
also be explained by the relative abundance and seasonal availability
of their preferred prey in the region. BKW are highly mobile
predators and forage year-round on a variety of marine mammal
species in the coastal waters of British Columbia (BC), notably
pinnipeds and small cetaceans (Baird and Dill, 1995; Baird and Dill,
1996). BKW seasonal movements and habitat use patterns likely
reflect the distribution and seasonal abundance of these prey (Baird
and Dill, 1995; Ford et al., 2013; Houghton et al., 2015; Shields et al.,
2018). Pacific harbor seals (Phoca vitulina) appear to have
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recovered to pre-exploitation levels and/or reached carrying
capacity within BC (Olesiuk, 2009; DFO, 2022), wherein the
largest proportion of the population (42%) is found within the
Strait of Georgia (DFO, 2022). Peaks in BKW occurrence correlate
spatiotemporally with harbor seal pupping and post-weaning,
which occurs from mid-August to late September off southeastern
Vancouver Island (Baird and Dill, 1995; Ford et al., 2013). Acoustic
presence in the NSoG during winter suggests foraging BKW are
likely targeting adult and sub-adult harbor seals during this period.
Likewise, the number of Steller sea lion (Eumetopias jubatus)
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rookeries and year-round haul-out sites in BC has increased, with a
greater number of sea lions occurring in BC’s coastal waters in
winter than in summer (DFO, 2021). Major year-round Steller sea
lion haul-outs are located in the NSoG, including on the east side of
Texada Island off Powell River and to the north of Texada Island,
and several important winter haul-outs occur on the west side of
Texada Island (DFO, 2021). Some of these haul-out locations
coincide with areas identified in this study where BKW acoustic
presence was greater than expected (Grant Reefs, Kitty Coleman),
suggesting BKW may be taking advantage of the seasonal pulse of
Steller sea lions in this region. Additionally, recent aerial surveys of
over-wintering California sea lions (Zalophus californianus),
another known BKW prey source, suggest their population size in
BC has increased three-fold over the last decade, with peak seasonal
occurrence in the Strait of Georgia in March (DFO, 2023). Of the
small cetacean species known to be consumed by BKW, Pacific
harbor porpoises (Phocoena phocoena), Dall’s porpoises
(Phocoenoides dalli), and Pacific white-sided dolphins
(Lagenorhynchus obliquidens), are all present throughout the year
in the Strait of Georgia (Jefferson et al., 2016; McMillan et al., 2022).
Harbor porpoise abundance is generally greater than Dall’s
porpoise, and the two species differ in their timing of peak
abundance (McMillan et al, 2022). Harbor porpoises exhibit a
seasonal increase in abundance between April and November,
peaking in autumn, in waters south of the NSoG (Hall, 2004;
McMillan et al., 2022), while Dall’s porpoise abundance peaks in
winter months in the same region (McMillan et al., 2022). Pacific
white-sided dolphins are seasonally present in the inside coastal
waters of BC, exhibiting broad offshore-inshore movement from
summer to winter, resulting in peak presence in nearshore waters in
BC during winter, including in the Strait of Georgia (Rechsteiner,
2012). The lack of small cetacean winter abundance data in our
study area constrains our understanding of why BKW use the NSoG
so extensively in winter, and therefore would greatly benefit from
studies targeting this data gap.

The acoustic presence of SRKW and BKW in the study area
showed roughly inverse trends, both in annual frequency of
presence and residence time. While the number of SRKW
detection days per unit effort appeared to have declined after the
first winter, the number of BKW detection days was markedly
higher in the last two winter periods compared to the first.
Additionally, the average SRKW acoustic residence time in the
study area became progressively shorter over the course of the three
winter periods, while the average BKW acoustic residence time
increased. Similar negative correlations between SRKW and BKW
presence have been observed in the adjacent central Salish Sea in
summer months (Shields et al., 2018). Although exploring potential
causes of this relationship is beyond the scope of this study, we
speculate that potential drivers could be ecotypic displacement
(given that RKW and BKW observed in close proximity exhibit
avoidance and, rarely, aggression; Ford et al., 2000), and/or indirect
interactions between the two ecotypes, where ecosystem conditions
impose inverse effects on the presence of each ecotype (Baird et al.,
1992). For example, many prey species of BKW in the Salish Sea,
such as harbor seals, Dall’s and harbor porpoises, and Pacific white-
sided dolphins compete with Chinook salmon for mutual prey such
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as herring (Heise, 1997; Nichol et al., 2013; Thomas et al.,, 2022).
High local densities of these BKW marine mammal prey may lessen
RKW seasonal presence by reducing local Chinook availability,
while attracting BKW to the area.

When acoustically present in the study area, NRKW were
detected more often than expected in Malaspina Strait, east of
Texada Island. NRKW detected in this study were represented only
by the A05 pod, which accounts for roughly 5% of the NRKW
population (Towers et al., 2020). The A05 pod appears to have an
annual tradition of using the NSoG in winter going back to at least
1969 when 13 individuals from the group were the target of a live-
capture event in Pender Harbor (off Malaspina Strait) on December
11th that saw the capture of six of the group’s individuals for the
aquarium trade (Bigg et al., 1976; Colby, 2018). The A05 pod is
consistently observed throughout winter in areas along the
mainland coast in our study area and throughout the Discovery
Islands archipelago, just north of our study area, including using
several beaches in those areas for rubbing (DFO Cetacean Research
Program, unpubl. data). This annual tradition of the A05 pod using
the NSoG during winter, which has persisted for more than 50
years, highlights the area’s importance to these particular
family groups.

The use of the Malaspina Strait area by SRKW and BKW on the
other hand was notably infrequent during the study, while SRKW in
particular appeared to show a preference for the waters west of
Texada Island, as indicated by our Lasqueti Island recorder site.
Similar intra- and inter-population patterns of spatial or temporal
segregation have been found in several previous studies of killer
whales in the North Pacific (Hauser et al., 2007; Yurk et al., 2010;
Filatova et al., 2019; Myers et al, 2021). NRKW and SRKW, in
particular, have exhibited seasonal segregation off southwestern
Vancouver Island, where SRKW are more often found in the area
during summer months, and NRKW are more prevalent in winter
months (Ford et al., 2017; Riera et al., 2019), as well as apparent
spatial (Emmons et al., 2021) and temporal (Rice et al, 2017)
differences in habitat use off the west coast of Washington. In the
NSoG, sites that were frequented by more than one population
rarely experienced temporal acoustic overlap of multiple
populations (Supplementary Figures 1-3).

Our PAM analysis revealed no significant difference in
detections among times of day for NRKW and SRKW, but
significantly more nighttime than daytime detections for BKW.
This finding is consistent with previous acoustic studies that have
shown similar nocturnal calling behavior in BKW (Deecke, 2003;
Newman and Springer, 2008). BKW are thought to be stealth
hunters that are not necessarily reliant on visual cues, but rather
use passive listening to locate and hunt prey, and can therefore be
very effective hunters at night (Barrett-Lennard et al., 1996; Deecke
et al., 2013). Successful hunting events by BKW are often followed
by substantial vocal activity, with calling rates greater than in any
other BKW behavioral state (Deecke, 2003; Deecke et al., 2005;
Saulitis et al., 2005; Riesch and Deecke, 2011). Both Deecke (2003)
and Newman and Springer (2008) suggest that increased BKW
vocal activity in nighttime hours might reflect significant feeding
activity occurring during that time. The same may be occurring in
our study area, where harbor seals tend to spend less time hauled-
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out on land during the night than during the day, particularly so in
winter (Watts, 1991), and therefore may experience higher rates of
predation by BKW at nighttime. Notably, similar trends in seasonal
and diel harbor seal haul-out behavior have also been found in other
global regions (e.g., Yochem et al., 1987; Hamilton et al.,, 2014),
which may explain the broad geographic range over which similar
BKW diel calling patterns have been observed.

Deploying multiple simultaneous recorders in this study initially,
and primarily, served the purpose of providing broad spatial coverage
of the region to increase the probability of detecting killer whales and
to determine which particular areas in the region were used by the
animals (e.g., Hanson et al., 2018). However, this approach also
allowed us to explore the utility and efficacy of deploying a network of
PAM devices to characterize the use of a given region, thus informing
study design considerations. Using multiple simultaneous recorders
in our study area provided additional information that changed our
interpretation of how whales were using the region, but yielded
diminishing returns as more recorder sites were added. The most
information gained was for BKW, where additional recorders placed
further afield captured additional BKW presence at relatively high
rates, likely due to their prolonged residence times in the study area,
their broad use of the study area, and their general nature to vocalize
infrequently. The relatively lower calling rates of BKW suggest that
with more recorders deployed over an area, one is more likely to
capture a BKW vocal bout, should they use the area somewhat
ubiquitously. Conversely, for the more vocal SRKW and NRKW
populations, two recorders strategically positioned within the region
would be expected to capture presence adequately, particularly for
SRKW, which appeared to use the study region quite extensively on a
daily scale. For populations that preferentially use a portion of a study
area (which may be the case for NRKW on the east side of Texada
Island), a greater number of recorders may be initially advantageous
to identify these high use site(s) and capture their presence, but would
not be expected to yield significantly more detections thereafter.

Although beneficial, using multiple simultaneous recorders can
make it difficult to find a single metric to characterize a population’s
use of an entire region, particularly if the number of recorders active
in the region varies over the course of the study. Our first metric, the
“unique DDPUE?, provides the proportion of days wherein a given
population was detected, irrespective of the number of recorders
that detected them, as an indicator of regional presence. Its
advantage is that values may be interpreted in absolutes, as an
indication of acoustic presence in an area (e.g., SRKW were
acoustically present 25% of the time that there was some degree
of effort in December). However, changes in the value of this metric
could reflect either a true pattern (e.g., the population is using the
sites more), or could reflect changes in the number of active sites
(e.g., adding an site that the animals use as well). To mitigate this,
we also calculated “cumulative DDPUE” to infer relative changes or
trends in acoustic presence while accounting for variable effort over
time. It is effectively a product of the proportion of effort days
wherein detection(s) occurred (i.e., unique DDPUE) and the
average proportion of recorders contributing to a given detection
day, therefore allowing inference about the breadth of daily
presence within the study area (i.e., whether animals are typically
present at one or more recorder sites in a given day). Although
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providing complementary information, this metric does not
distinguish frequency of occurrence and extent of occurrence (i.e.,
a value of 0.5 could indicate that the animals were present 100% of
the time on 50% of the recorders or that they were present 50% of
the time on 100% of the recorders).

Previous approaches to define killer whale ‘acoustic encounters’
have relied on reasonable but theoretical thresholds, estimated by
typical speed of travel, ecotypic-specific calling rates and
approximated site-specific detection ranges (Riera et al., 2013).
Here, we propose a data-driven, mark-recapture approach to
quantitatively describe the duration of killer whale acoustic
encounters. This approach provides estimates of acoustic residency
that are not reliant on theoretical assumptions, and has the additional
advantages of being able to estimate the duration of acoustic absence
(before ‘returning’), be flexibly applied to different recorder locations
without site-specific parameterization, and can provide estimates at
various spatial scales (i.e., site-specific or regional estimates of
acoustic residency). While this data-driven approach was
informative at the site-level, the use of multiple recorders in
relatively close proximity to one another also improved our ability
to characterize the use of the entire study area. This revealed that
regional residence times for each population were much longer (on
the scale of days to weeks, rather than hours) than they were at the
site-specific scale, especially for BKW. Therefore this configuration of
recorders, in combination with the mark-recapture approach using
acoustic detections, allowed us to bridge the gap between shorter-
duration encounters at smaller spatial scales, and the broader-scale
residency patterns within the NSoG region. The geographic scope of
this analysis could be broadened further to also include concurrent
PAM efforts in Puget Sound and off southern Vancouver Island to
describe SRKW winter residency of the entire Salish Sea region over
the study period.

In this study, we provide multi-year evidence showing that three
killer whale populations use the northern Strait of Georgia off
Canada’s west coast during the winter season. This contributes to
addressing the long-standing knowledge gaps related to killer whale
winter habitat use patterns in BC waters, particularly in an
understudied region. Our findings, when combined with several
other lines of evidence (e.g., satellite tagging: Hanson et al., 2017;
opportunistic sightings: Bigg et al., 1976; Olson et al.,, 2018),
demonstrate that SRKW rely on the entirety of the Salish Sea
year-round. Winter use of the NSoG by SRKW, notably J pod
members, has persisted for at least 50 years, suggesting this area is of
enduring importance to the population, supporting annual life-
history functions.

To date, available information on SRKW habitat use and advice
to management to inform threat mitigation and other conservation
measures for this population has been primarily focused on
summer. Our data offer a strong line of scientific evidence to
advise recovery efforts to protect SRKW throughout winter
months. Management measures aimed at mitigating threats to
SRKW, including fisheries closures and vessel slowdown zones,
have been focused in established SRKW critical habitat during
summer. However, protection efforts may be particularly crucial
during the winter period when foraging opportunities for Chinook
salmon are reduced compared to the summer season, as reflected in
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the seasonal decline of SRKW body condition (Fearnbach et al.,
2020; Stewart et al,, 2021). Additional management options, such as
the expansion of SRKW critical habitat protection under Canada’s
Species At Risk Act to include the waters of the NSoG, greater
consideration for acoustic mitigation and the implementation of
fisheries management measures that consider the seasonally
important areas and prey described herein, may therefore be
important for the recovery of this population.

Our findings provide a clear scientific basis with which to
evaluate spatiotemporal overlap between at-risk killer whales and
anthropogenic threats in the NSoG. For example, noise exposure
risks from naval practices exist in the NSoG, with two military
practice areas periodically active throughout the year in the region.
The whales’ regular presence here increases the probability of
negative interactions, and indeed our data revealed periods where
both killer whales and military sonar were detected simultaneously
or in close temporal proximity. Continued acoustic monitoring in
areas of importance for these at-risk populations, especially during
periods of lower visual effort, will be of high value for their science-

based conservation and management.
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