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ABSTRACT: Dietary specialization allows species with overlapping ranges and similar trophic
levels to coexist by reducing competition. Offshore killer whales are sympatric with other popula-
tions of Orcinus orca in the northeastern Pacific, but their feeding preferences are poorly known.
Using genetic, drone videography, photographic, and observational evidence collected during 84
predation events, we found that elasmobranchs comprised almost 90% of all prey sampled, reveal-
ing that the offshore killer whale ecotype has a specialized diet. Sharks are energetically profitable
prey because they are predictably available, large-bodied, and have a large, lipid-rich liver. In
addition to previously documented prey, we identified 4 new species: salmon shark, Pacific electric
ray, albacore tuna, and broadnose sevengill shark. Targeted species differed depending on the time
of year and region, matching the known seasonal availability and migratory behaviour of sharks.
Pacific sleeper sharks (45.2% of identified prey) and salmon sharks (6.0 %) were primarily taken in
Alaska, USA, and northern British Columbia (BC), Canada, in spring and early summer, whereas
blue sharks (17.9%) and Pacific spiny dogfish (16.7 %) were typically caught in southerly locations
along the continental shelf edge off BC in late summer and fall. Blue, broadnose sevengill, and
shortfin mako sharks were hunted off California, USA, in winter. Teleosts comprised only 10.7% of
predation events. We conclude that in addition to fish-eating and marine mammal-eating ecotypes,
offshore killer whales represent another example of pronounced, likely culturally transmitted,
dietary specialization among the killer whales of the northeastern Pacific.
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1. INTRODUCTION

Dietary specialization is thought to reduce compe-
tition between sympatric species or populations that
occupy similar trophic levels (Miller 1967, Futuyma
2001). Specialists tend to be more efficient foragers
than generalists when the selected resources are
energetically profitable and occur predictably (Krebs
et al. 1977, Futuyma & Moreno 1988). If natural selec-
tion favours divergent traits that enable foraging spe-
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cializations, then assortative mating, social and repro-
ductive isolation, and eventually speciation, may
result (Dieckmann & Doebeli 1999, Schluter 2001).
For instance, as a species, the killer whale Orcinus
orca is a globally distributed apex predator that ex-
ploits a diverse array of prey (Ford 2002, Ford & Ellis
2014). At the population scale, however, distinct
dietary specializations have arisen through natural
selection and are likely maintained through cultural
traditions (Foote 2012, Riesch et al. 2012, Filatova
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2024). These specialist populations, also known as
ecotypes, do not interbreed even where they occur
sympatrically and may even constitute separate spe-
cies (Morin et al. 2010, 2024, Riesch et al. 2012).

Three sympatric killer whale ecotypes are found in
the northeastern Pacific Ocean (Ford et al. 2000). The
least encountered of these, first described in the 1980s
and known as offshore killer whales (OKW), is geneti-
cally distinct but is more closely related to the fish-
eating residents than to the mammal-eating Bigg's
(formerly known as transient) killer whales (Hoelzel et
al. 1998, 2002, Barrett-Lennard 2000, Riesch et al.
2012). The OKW population appears to be small, as it
was last estimated to have an abundance of about 300
individuals (Ford et al. 2014) and is listed as threat-
ened under Canada's Species at Risk Act (Govern-
ment of Canada 2002). The OKW range extends along
continental shelf and slope waters from the eastern
Aleutian Islands, Alaska, to southern California
(Dahlheim et al. 2008, Ford et al. 2011, 2014, Schorr et
al. 2022). Within this vast latitudinal range, groups of
OKW undertake long distance movements; individ-
uals have been photographically matched between lo-
cations in Alaska and California that were over 2000—
4000 km apart, within the same study year (Dahlheim
et al. 2008). Satellite tags likewise showed that OKW
travel large distances over fairly short time periods
(e.g.>3800 km in 75 d), sometimes moving =100 km
d~! (Schorr et al. 2022). Furthermore, individuals bi-
opsied in Alaska had contaminant ratios indicating
that they had fed in Californian waters for at least part
of the year (Krahn et al. 2007).

The narrow niches occupied by specialist feeders
render them particularly vulnerable to environmental
change (Futuyma 2001, Whitehead & Ford 2018),
thus ascertaining dietary composition has important
conservation implications. However, the feeding eco-
logy of marine animals that hunt underwater across
large areas, far from shore, is difficult to study. As a
result, the diet of OKW has remained poorly known,
with previous studies characterizing it as entirely
piscivorous (e.g. Krahn et al. 2007, Ford et al. 2011) or
relatively generalist (Schorr et al. 2022). Early obser-
vations of OKW determined that they forage in large,
widely dispersed groups in a manner comparable to
that of piscivorous resident killer whales (Ford et al.
2000, 2011, 2014, Dahlheim et al. 2008). Like res-
idents, but unlike Bigg's killer whales, OKW can be
highly vocal while foraging and produce intense
echolocation clicks (Ford et al. 2000, Dahlheim et al.
2008, Ford & Ellis 2014), which further suggests pisci-
vory, because marine mammal prey would be alerted
by such vocalizations (Deecke et al. 20095).

Stable isotope ratios, fatty acid profiles, and persis-
tent organic pollutant patterns obtained from blubber
biopsies indicate that OKW consume a prey assem-
blage that is composed of fish and that their diet di-
verges significantly from both the resident and Bigg's
ecotypes (Herman et al. 2005, Krahn et al. 2007). OKW
blubber also contains levels of bioaccumulating con-
taminants notably higher than those of residents, de-
spite both being piscivorous (Herman et al. 2005, Krahn
et al. 2007). Chemical tracer analyses have suggested
a diet that includes long-lived, intermediate to high-
trophic level fish species containing large amounts of
omega-3 fatty acids, such as tuna and sharks (Herman
et al. 2005, Krahn et al. 2007). However, given how
rarely OKW are encountered, gaining a more detailed
understanding of their diet has required many years of
field effort. The first prey species attributed to the
OKW ecotype were identified from tissue samples col-
lected at the surface during feeding events (Ford et al.
2011, 2014, Ford & Ellis 2014) and from the stomach
contents of 2 individuals harpooned in 1955 and 1964
(Rice 1968, Pike & MacAskie 1969, Morin et al. 2006).
Collectively, these studies indicated that the Pacific
sleeper shark Somniosus pacificus was an important
prey species (Ford et al. 2011, Matkin et al. 2018), and
to a lesser extent, the Pacific spiny dogfish Squalus
suckleyi (hereafter referred to as dogfish) and blue
shark Prionace glauca (Ford et al. 2014). Teleost fishes,
including Chinook salmon Oncorhynchus tshawytscha,
Pacific halibut Hippoglossus stenolepis, and opah
Lampris guttatus have only been occasionally detected
in the diet of OKW (Rice 1968, Pike & MacAskie 1969,
Heise et al. 2003, Jones 2006, Morin et al. 2006,
Dahlheim et al. 2008, Ford et al. 2011, 2014).

Extreme apical tooth wear found in all but the
youngest age classes also suggested that OKW habit-
ually prey on sharks (Ford et al. 2011). In adult OKW,
teeth are often worn to the gumline, damage attrib-
uted to abrasion caused by the dermal denticles pre-
sent in shark skin (Dahlheim et al. 2008, Ford et al.
2011, Raverty et al. 2020). Similar tooth wear is evi-
dent in other populations of killer whales known to
prey on elasmobranchs, including a South African
'flat-toothed' morphotype described from 3 stranded
individuals, one of which had over 2500 shark verte-
brae in its stomach (Best et al. 2010, 2014). However,
tooth wear is not apparent in a New Zealand Kkiller
whale population of elasmobranch specialists, a dif-
ference explained by the high proportion (>90%) of
stingrays Dasyatis sp. and eagle rays Myliobatis tenui-
caudatus in their diet (Visser 2005); unlike sharks,
these species possess few to no abrasive dermal den-
ticles (Meyer & Seegers 2012).
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Here, we combine previous records of the diet of
northeastern Pacific OKW (n = 12 encounters; 2008—
2015) with new information (n = 18 encounters;
2004—2023) obtained from genetic analysis of prey
and fecal samples, photographs, boat-based observa-
tions, and drone videography of feeding behaviours
(see Table 1). These data were collected across the
continental shelf waters of Alaska (AK), British
Columbia (BC) and California (CA). Our aim was to
determine the relative contribution of elasmobranchs
to OKW diet and to assess whether this ecotype is a
specialist forager like its sympatric resident and
Bigg's counterparts. We examine OKW predation on
various shark species, identify 4 new prey species,
describe prey-specific hunting tactics, and outline the
bathymetric habitat characteristics associated with
foraging. Using these data, we evaluate OKW prey
preferences and relate seasonal habitat use to prey
distributions and migratory behaviour. Insights into
the dietary breadth of a potentially stenophagous for-
ager, such as the OKW, may indicate how vulnerable
this population is to changes in the abundance or
availability of its preferred prey.

2. MATERIALS AND METHODS
2.1. Field methodology

Predation events were sampled during opportunistic
encounters with OKW from 2004—2023 off AK, BC,
and CA. These results are presented alongside existing
dietary information collected between 1955 and 2015
(Rice 1968, Pike & MacAskie 1969, Morin et al. 2006,
Ford etal. 2011, 2014, Matkin et al. 2018; Table 1). The
field methods used in this study are described in detail
by Ford et al. (2011). We define an ‘encounter’ as the
detection and photographic identification of an indi-
vidual or group of OKW at one location on a given
date, while a ‘predation event' refers to the pursuit,
capture and consumption of a single prey item by an
individual or group of OKW during an encounter.
Thus, one encounter may contain multiple predation
events. When OKW were located, observers in small
research vessels approached obliquely from the left
side and photographed markings on their dorsal fins
and saddle patches to identify as many individuals as
possible, following the method developed by Bigg
(1982). OKW were distinguished from other north-
eastern Pacific ecotypes through multiple means, in-
cluding expert recognition of distinguishing acoustic,
behavioural, and morphological characteristics in the
field and photo-identification matches with individuals

that were genetically assigned to this population or
with close associates of such individuals.

While obtaining photo-identifications, observers
also looked for behaviours indicative of foraging, in-
cluding rapid changes in swimming direction and
speed, high arching dives followed by long submersion
times, and circling behaviour. A hydrophone deployed
over the side of the small vessel was helpful in locating
OKW and providing evidence of foraging behaviour
(i.e. presence of frequent echolocation click trains
with rapid inter-click intervals). Locations of suspected
predation events were carefully approached once the
whales had moved on, and the area was visually
scanned for prey remains, including tissue fragments,
fish scales, and oil slicks. The presence of seabirds was
often an additional indicator that predation had oc-
curred, and elasmobranch liver fragments were fre-
quently found on the surface at locations where birds
had congregated. Fecal plumes and particulates were
opportunistically spotted at the water's surface in the
wake of OKW, while we followed them to collect
photo-identification images or search for prey remains.
Prey fragments and whale fecal samples were collected
using a fine-meshed dip net attached to a pole, orin the
case of some fecal samples, a plastic bucket. When-
ever possible, a different net head was used for each
sample, and nets were rinsed with seawater and
brushed with a bleach solution between encounters to
minimize genetic cross-contamination. Samples were
preserved in 95% ethanol or by freezing (—20°C), and
the GPS coordinates of the collection site were
recorded. To further minimize possible contamination,
we also subsampled tissue from the interior of larger
prey samples using a sterile scalpel prior to running
the genetic analysis for species identification. When
prey samples could not be collected, prey species were
identified visually or by examining photographs or
drone video footage. Maps of prey sampling locations
were produced using R version 4.3.1 software (R Core
Team 2021) and are displayed using the Albers Equal
Area projection (EPSG:30095). Seafloor depths at sam-
ple collection locations were obtained from the
ETOPO 2022 database hosted by NOAA (NOAA Na-
tional Centers for Environmental Information 2022)
using the 'marmap' R package (Pante et al. 2023) and
were plotted at a grid resolution of 0.5 arc-minutes.

2.2. Genetic analysis for prey species identification
Extractions and subsampling were performed in an

ultraviolet (UV) polymerase chain reaction (PCR)
hood, and the equipment and work surface were ster-
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Table 1. Collection date, location, species, and minimum number of prey consumed by offshore killer whales, identified either by
examination of stomach contents, photographs, visual observation or video of predation events, or the genetic/morphological
analysis of prey samples (fish scales or tissue fragments) or scats collected in the vicinity of foraging whales. Minimum numbers
of prey per species were determined for each encounter using haplotype analysis (where possible), combined with assessments
of the time elapsed and distance between subsequent sample collection points (samples separated by >1 km or >20 min were
considered distinct kills). If the minimum number of individual prey differed from the total number of samples collected during
an encounter, the number collected is indicated inside parentheses next to the minimum number. Sources are indicated for infor-
mation obtained from previous publications; if no source is given, the entry represents new data from the present study. WCVI:
west coast of Vancouver Island; na: not applicable

Date Location Prey species Minimumno. ID method Source
(no. of samples) (if previously publ.)
19May 1955  Off SW Vancouver Island, BC Pacific halibut na Stomach Pike & MacAskie (1969)
contents (see Ford etal. 2011)
09 Jan 1964 Southern California Opah 2 Stomach Rice (1968), Morin et
contents al. (2006) (see Ford et
al.2011)
Carcharhinidae sp. 2
11 Mar 1996  Johnstone Strait, BC Pacific sleeper shark 1 Tissue (DNA) Fordetal. (2014)
23 Jun 2000 Haida Gwaii, BC Pacific halibut? 1 Photo Jones (2006)
19Mar2004  Johnstone Strait, BC Pacific sleeper shark 1 Tissue (DNA)
30May 2008 Dixon Entrance, BC Pacific sleeper shark 11(13) Tissue (DNA) Fordetal. (2011)
13 Jun 2009 Prince William Sound, AK Pacific sleeper shark 7 Tissue (DNA) Fordetal. (2011)
22Aug2010  LaPerouse Bank, WCVI, BC Chinook salmon 1 Scales Ford etal. (2014)
Blue shark 1 Photo Ford etal. (2014)
30Mar2011  Johnstone Strait, BC Pacific sleeper shark 1 Tissue (DNA) Fordetal. (2014)
08 Aug2011  Hecate Strait, BC Chinook salmon 1 Scales Ford etal. (2014)
Opah 1 Tissue (DNA)
18 Aug2011  Off SW Vancouver Island, BC Blue shark 1(3) Tissue (DNA) Fordetal. (2014)
05Sep 2011 Off SW Vancouver Island, BC Pacific spiny dogfish 1 Tissue (DNA) Fordetal. (2014)
29Jun 2012 Resurrection Bay, AK Pacific sleeper shark 4(5) Tissue (DNA) Fordetal. (2014)
07 Sep 2012 Barkley Canyon, WCVI, BC Pacific spiny dogfish 7 Tissue (DNA) Fordetal. (2014)
03Mar2013  Hecate Strait, BC Chinook salmon 1 Scales & Ford etal. (2014)
tissue (DNA)
20May 2013  Kachemak Bay, AK Pacific sleeper shark 1 Visual Matkin et al. (2018)
01Sep2014 Off SW Vancouver Island, BC Pacific spiny dogfish 1 Tissue (DNA)
04 Sep 2014 Dixon Entrance, BC Blue shark 1 Tissue (DNA)
23Jun 2015 Prince William Sound, AK Salmon shark 3 Tissue (DNA) Matkinetal. (2018)
06 Oct 2015 Off SW Vancouver Island, BC Pacific spiny dogfish 3 Tissue (DNA)
05Jul 2016 Hecate Strait, BC Pacific halibut 2 Tissue (DNA)
13Dec2016 Santa Cruz, CA Broadnose sevengill shark 1 Dronevideo  S.Moore (pers.comm.)
21May 2017  Resurrection Bay, AK Pacific sleeper shark 2 Tissue (DNA)
05Jun 2018 Kenai Fjords, AK Salmon shark 2 Tissue (DNA)
& photo
Pacific sleeper shark na Fecal (DNA)
10Jun 2018 Kenai Fjords, AK Pacific sleeper shark 1(2) Tissue (DNA)
17 Apr 2020 Seward, AK Pacific sleeper shark 1 Tissue (DNA)
06Aug 2021  Off SW Vancouver Island, BC Pacific spiny dogfish 1 Tissue (DNA)
Blue shark 1 Tissue (DNA)
12 Sep 2022 Off SW Vancouver Island, BC Pacific electric ray 1 Tissue (DNA)
13 Sep 2022 Off SW Vancouver Island, BC Pacific electric ray 1 Tissue (DNA)
Albacore tuna 3 Tissue (DNA)
Blue shark 3 Tissue (DNA)
14 Sep 2022 Off SW Vancouver Island, BC Blue shark 1 Tissue (DNA)
21Aug2023  Off SW Vancouver Island, BC Pacific spiny dogfish 1 Tissue (DNA)
Blue shark 3 Tissue (DNA)
24 Aug 2023  Off SW Vancouver Island, BC Pacific sleeper shark 9 Tissue (DNA)
6 Oct 2023 Off SW Vancouver Island, BC Pacific sleeper shark na Fecal (DNA)
Blue shark na Fecal (DNA)
29 Dec 2023 San Miguel Island, CA Blue shark 4 Dronevideo E.Parnes-Katz
(pers. comm.)
Shortfin mako shark® 1 Dronevideo E.Parnes-Katz
(pers. comm.)
“Unsuccessful predation attempt (chase but no capture or consumption)
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ilized using bleach and UV light prior to use. DNA
was extracted from the fecal samples using the
DNeasy PowerSoil HTP 96 kit (Qiagen), following the
manufacturer's protocols. Approximately 450 pl of
resuspended scat was added to the garnet bead plate
and prior to processing, excess ethanol was decanted
off following centrifugation at 1377 x g for 3 min.
A Proteinase K step was added post-homogenization
and centrifugation steps, whereby 20 pl of Proteinase
K (20 mg ml~!) was added to the supernatant, vor-
texed and incubated at 60°C for 10 min prior to the
addition of solution C2. Samples were eluted with
100 pl of 10 mM Tris (solution C6). Prey tissue sam-
ples were subsampled and excess ethanol blotted off
prior to extraction using the DNeasy Blood and Tis-
sue kit 96 (Qiagen), following the manufacturer's
instructions and eluted in 100 pl of AE Buffer.

Three amplicon types for the characterization of
different taxonomic groups of prey were applied to
the extracted DNA samples to identify them to the
species level. The amplicons used were a ~270 bp seg-
ment of the chordate (16SChord) and ~250 bp of the
cephalopod 16S rRNA gene (16SCeph) (Deagle et al.
2009), and a ~260 bp segment of the cytochrome oxi-
dase I (COI) gene, amplified with primers designed
primarily for the amplification of salmonids (Thomas
et al. 2017). As this COI primer set amplifies non-
salmonid fish less efficiently due to sequence mis-
matches, it is used to validate and confirm salmon
species detections and can only be used for non-
salmonids to enhance the 16S identification when
there is sufficient amplification. The 16SChord/
16SCeph amplicons were multiplexed in one PCR
reaction, and the COI was performed in a separate
reaction. All PCR amplifications were performed in
20 pl volumes using the Multiplex PCR Kit (Qiagen).
Reactions contained 10 pl (2X) master mix, 0.25 pM
of each primer, and 2 pl template DNA. Thermal
cycling conditions were as follows: 95°C for 15 min
followed by 34 cycles of 94°C for 30 s, 57°C for 90 s
and 72°C for 60 s, and a final extension at 72°C for
600 s. Along with extraction and PCR blanks, a posi-
tive control for each amplicon was added to the ampli-
fication tray. These consisted of ~1.0E+5 copies,
synthesized gblocks Gene Fragments (IDT DNA) de-
signed to unique sequences that were encompassed
within the matching amplicon primers.

Amplified 16SChord/16SCeph and COI amplicon
samples were barcoded with unique, matching 10 bp
forward and reverse tags with an edit distance of 5.
The 16SChord/16SCeph and COI amplified samples
were pooled by amplicon into single libraries. These
were cleaned and concentrated using DNA Clean and

Concentrate-5 columns (Zymo) prior to library prepa-
ration and indexing using the KAPA Low Throughput
Library Preparation kit (KAPA) for [llumina platforms
as per the manufacturer's instructions. The quantity
of the indexed library pools was assessed using
dsDNA High Sensitivity kit (Qubit) and quality and
size assessed using the DNA 1000 Bioanalyzer chip
(Agilent). Finally, the pools were combined into a sin-
gle library of 66 to 33% ratio and processed on a
301 bp single end MiSeq V2 chip (Illumina) with a 5%
phiX spike in. The data were de-multiplexed by
library pool (index) on the sequencer and produced
as fastq files.

2.3. Bioinformatics for prey species identification

The bioinformatics pipeline for this analysis is avail-
able on GitHub (Sutherland 2022). Raw sequence files
were evaluated with FastQC (Andrews 2010) and
aggregated to view using MultiQC (Ewels et al. 2016).
Single-end data (16S and COI) were assigned to indi-
viduals using ngsfilter (Boyer et al. 2016) based on the
individual identifying barcode present on both sides
of the read for single-end data. A fasta file with a sin-
gle record obtained for each unique amplicon includ-
ing the number of reads assigned per sample in the
header was generated using obiuniqg (Boyer et al.
2016). Amplicons with low read counts (< 10 reads per
amplicon summed across all samples for each experi-
ment), or too short of read lengths (<55 bp for
16SChord, 16SCeph or COI) were removed. Ampli-
cons that are slight derivations of an original ampli-
con and therefore likely sequencing errors (i.e. inter-
nal sequences) were removed using obigrep and
obiclean, while singletons (no head sequence or inter-
nals) or head sequences were retained (Boyer et al.
2016). Data were then exported into tabular format
using obitab.

The filtered amplicon fasta file was then used as an
input for blastn (Altschul et al. 1997) using default
parameters against the nt database (NCBI) to retrieve
the top 10 alignments per query. The blastn output
and the filtered fasta file were imported into MEGAN
for taxonomic annotation of amplicons (Huson et al.
2016). The lowest common ancestor (LCA) algorithm
(Huson et al. 2007) was implemented using the fol-
lowing parameters for all amplicons: min. score = 100;
max. expected = 1.0E—8; min. % identity = 97
top % = 10; min. support % = 0 (off); and min. sup-
port = 1. Huson et al. (2007) suggest a min. score of
35—100 for 100—800 bp reads, respectively, and be-
tween 10 and 20% for top-percent. Taxonomy annota-
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tion was exported as a text file using the option ‘read-
Name_to_taxonName' within MEGAN. Amplicon
annotation was merged with per sample amplicon
counts in R (R Core Team 2021) using custom scripts.
Human reads, either due to contamination or sourced
from the environment, were removed from the data-
sets. Data were made proportional by dividing read
counts per species against the total reads (not includ-
ing human). For the read count output, any individual
sample-taxon combination with less than 10 reads
was transformed to 0.

2.4. Haplotype analysis

To determine whether prey tissues collected during
each OKW encounter came from multiple individuals
of the same species, or could represent repeat sam-
pling of the same fish, we conducted haplotype se-
quencing of the mitochondrial DNA (mtDNA) control
region (CR) using methods similar to those described
by Ford et al. (2011). The CR was amplified from ge-
nomic DNA by PCR using taxon-specific primers.
Primers flanking the CR were designed with binding
sites in the tRNA-proline and tRNA-phenylalanine
genes using Primer3 in Geneious Prime 2025.0.2
(www.geneious.com). Alternative binding sites in the
tRNA-threonine and 12S rRNA genes were selected
for rays and Lampris, respectively. Primer sequences
are provided in Table S1 in the Supplement; www.
int-res.com/articles/suppl/m763p171_supp.pdf. Re-
actions were performed in 20 pl volumes with 1x PCR
Buffer (Qiagen), 83.6 uM deoxynucleotide triphos-
phate (dANTPs), 0.50 pmol forward primer, 0.50 pmol
reverse primer, 2 pl genomic DNA (approx. 10 ng),
and 0.0278 Units HotStarTaq DNA Polymerase (Qia-
gen). The thermal profile applied in TADVANCED
Thermal Cyclers (Biometra Gmb) consisted of a 15 min
denaturation at 95°C followed by 35—40 cycles of
95°C for 30 s, 58°C for 30 s, and 68°C for 90 s, and a
16°C hold. A longer extension time of 2.5 min was ap-
plied for amplicons exceeding 2000 bases. Amplicons
were assessed for size on 1% agarose gels with SYBR
Safe and the Azure c150 Imaging System.

In preparation for Sanger sequencing, CR amplicon
concentration was determined with the Qubit dsDNA
BR Assay Kit (Invitrogen) and treated with ExoSAP-IT
PCR Product Cleanup (Applied Biosystems) to re-
move unincorporated primers and nucleotides. A
total of 1 to 3 pl was then used as template for sequen-
cing with the BigDye Terminator v3.1 Cycle Sequen-
cing Kit (Applied Biosystems). Reactions were per-
formed in duplicate with both forward and reverse

primers. Lastly, the BigDye XTerminator Purification
Kit (Applied Biosystems) was used to prepare sequen-
cing reactions prior to capillary electrophoresis on
the 3730x1 DNA Analyzer (Applied Biosystems).

Raw sequencing outputs were manually edited and
assembled into contigs in Geneious Prime 2025.0.2
using the default parameters. Consensus sequences
were subsequently aligned and trimmed to produce
identical 5' and 3' ends for comparison of the prey CR
by species. For amplicons exceeding 1100 bases, for-
ward and reverse reads were aligned independently.
Highly similar published sequences were sought out
with a Megablast (Morgulis et al. 2008) search of the
NCBI core_nt database. To visualize the number of
individual prey consumed in each OKW encounter,
haplotype networks of the CR sequences were pro-
duced with the integer neighbour-joining (IntNJ)
algorithm in PopART 1.7 (Leigh & Bryant 2015). A
network reticulation tolerance (o) of 0.1 to 0.5 was ap-
plied so as not to produce overcomplicated networks.
Nucleotide deletions at insertion—deletion positions
identified in conspecific CR sequence alignments
were replaced with mismatched nucleotides to ensure
sequences differing in one or more indels would be
recognized by the haplotype network algorithm (Joly
et al. 2007).

3. RESULTS

Between 2004 and 2023, foraging activity or defeca-
tion was observed during 30 encounters with OKW,
comprising a minimum (based on field observations
and prey haplotypes) of 84 predation events and 1
predation attempt (Table 1). This includes both newly
analysed (n = 44) and previously published (n = 40)
predation events. Prey fragments were collected from
77 of these predation events, including tissue frag-
ments from 75 events and fish scales from 3 events.
The large size of collected prey tissues relative to pos-
sible residue from other sources of DNA found on col-
lection nets (from either eDNA in seawater or from
prior sampling events) meant that DNA from the prey
sample overwhelmed any trace contamination. For all
newly analyzed prey tissues (n = 42), >74% of reads
(16SChord amplicon) were attributed to a single, top-
ranked prey species, and for 90% of these tissues (n =
38), >90% of reads were attributed to the top-ranked
species. In addition, the species identifications made
using the 16SChord amplicon were verified using a
second amplicon (COI). This allowed us to exclude
possible contaminating DNA in our assignment of
species to each prey sample.
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In 2 cases, prey species were identified from photo-
graphs of whales handling and consuming prey at
the surface (e.g. Fig. 1), and in one case the species
was identified visually by an experienced observer
(Table 1). Five predation events and the unsuccessful
predation attempt were recorded using drones (e.g.
Fig. 2) during 2 encounters in CA that were shared
with us by the videographers (E. Parnes-Katz & S.
Moore pers. comm.). Prey species in the drone videos
were identified by observers in the field and verified
by shark experts (R. McPhie, T. Chapple & J. Schulte
pers. comm.). In addition, we collected 7 OKW fecal
samples, but only 2 yielded genetic results beyond
Orcinus orca DNA (Table 1). We did not include re-
sults from stomach contents (n = 2 encounters, 1955
and 1964), fecal samples (n = 2, 2018 and 2023), and a
single tissue sample (1996) in the quantitative sum-
maries, figures or maps because the locations or

Fig. 1. Photographs of offshore killer whales Orcinus orca consuming a salmon
shark Lamna ditropis in the Kenai Fjords area, Alaska, on 5 June 2018. The dis-
tinctive caudal fin shape and white underbelly of the salmon shark are visible
in the photographs, and the species was confirmed by genetic analysis of tissue
fragments collected following the kill (photographs by Dan Olsen)

L e

number of predation events were not known. We also
discounted the photograph of a possible Pacific hali-
but described by Jones (2006), because the species
identification was deemed uncertain. Prey samples
were collected between March and October and
spanned ~48—60° N, from Prince William Sound, AK,
to the southwest coast of Vancouver Island, BC
(Fig. 3A,B). The only observations of foraging OKW
south of 48°N and during the winter months came
from the 2 encounters recorded using drones in CA
during December of 2016 (S. Moore pers. comm.) and
2023 (E. Parnes-Katz pers. comm.) (Fig. 3C).

The predation events documented between 2004
and 2023 (n = 84) indicated that the majority (89.3%)
of prey consumed by OKW were elasmobranchs
(Table 1). Prey species identified in both the current
and earlier studies included Pacific sleeper shark (n =
38, 45.2%), blue shark (n = 15, 17.9%), and dogfish
(n = 14, 16.7%). Our study also re-
vealed that OKW consume salmon
sharks Lamna ditropis. Evidence for
salmon shark predation (n = 5, 6.0%)
included tissue from 3 sharks collected
in Prince William Sound, AK (23 June
2015), as well as tissue from 2 addi-
tional sharks in combination with pho-
tographic evidence (Fig. 1) collected in
the Kenai Fjords area of AK (5 June
2018) (Fig. 3A). In addition, we discov-
ered that OKW prey on Pacific electric
rays Tetronarce californica from 2 tissue
samples (2.4%) collected off the west
coast of Vancouver Island, BC, in Sep-
tember 2022 (Fig. 3B). The first record
of OKW consuming a broadnose sev-
engill shark Notorynchus cepedianus
came from drone footage (Fig. 2) taken
in Monterey Bay, CA (S. Moore pers.
comm.). Genetic results from the 2
fecal samples indicated that individ-
ual OKW can prey on different shark
species within a short interval. For in-
stance, one fecal sample contained
Pacific sleeper shark DNA, but came
from a group of OKW that were actively
feeding on a salmon shark when the
feces were collected (Table 1). Likewise,
the other fecal sample contained a mix-
ture of Pacific sleeper and blue shark
DNA (Table 1), suggesting that these 2
species were eaten in quick succession.

In addition to elasmobranchs, OKW
are known to prey on teleost fishes
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Fig. 2. Still photographs from drone videography of offshore killer whales Or-
cinus orca preying on (A) a blue shark Prionace glauca, filmed off San Miguel
Island, California, on 29 December 2023 (videography and photographs by Eli
Parnes-Katz, killer whale encounter information courtesy of Ryan Lawler) and
(B) a broadnose sevengill shark Notorynchus cepedianus, filmed in Monterey
Bay, California, on 13 December 2016 (videography and photographs by

Slater Moore)

(Table 1) such as Chinook salmon (Ford et al. 2014)
and Pacific halibut (Pike & MacAskie 1969, Ford et al.
2011). Complementing these findings, we obtained 2
additional halibut samples (5 July 2016) and the first
record of OKW catching an opah in Canadian waters
(8 August 2011) from predation events in Hecate
Strait, BC (Fig. 3B). Prior evidence of OKW eating
opah comes from the stomach contents of an individ-

ual harpooned off southern CA in 1964
(Rice 1968; Table 1). We also provide
the first documentation of OKW hunt-
ing albacore tuna Thunnus alalunga,
which occurred in conjunction with
blue shark and electric ray predation
in September 2022 along the continen-
tal shelf edge west of Vancouver
Island, BC (Table 1, Figs. 3A & 4).
Taken together, teleost fishes made up
10.7% (n = 9) of all documented OKW
prey (Table 1).

We used haplotype sequencing of
the mitochondrial DNA CR to deter-
mine whether prey samples of the same
species collected during a single OKW
encounter represented unique individ-
uals (i.e. had different haplotypes) or
were possible repeat sampling of the
same fish (i.e. shared a haplotype) (see
Table 2, Fig. 5; Figs. S1—S6 in the Sup-
plement). If prey samples from a single
species within an encounter shared a
haplotype but were collected at loca-
tions separated by >1 km, or if >20 min
had elapsed between sampling events
(see Table 2), we designated these as
unique predation events based on the
previous approach by Ford et al. (2011).
For 2 encounters (231 and 242, Table 2),
precise sampling times and locations
were unavailable, so we relied solely on
haplotypes to determine the minimum
number of fish caught. Where haplo-
type results, combined with sampling
times and locations, led us to conclude
that the minimum number prey caught
by OKW differed from the number of
samples collected per species (n = 4
encounters), we have indicated this in
Table 1. Most of the prey samples col-
lected during a single encounter repre-
sented a series of unique individuals
(Table 2) rather than repetitive sam-
pling of the same fish. Notably, the 9
sleeper shark tissues collected on 24 August 2023 (en-
counter 434) all had distinct haplotypes (Fig. 5) and
thus came from different sharks. These sharks were
often captured in quick succession (range = 7—50 min
between captures) within a small area (distance be-
tween captures = 0.54—1.47 km, Table 2), similar to
the haplotype results for the sleeper sharks sampled in
May 2008 (n = 11) and June 2009 (n = 7, Table 1) that
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Fig. 3. Locations, species (point colour), and minimum numbers (point size; based on field observations and haplotype analy-
sis) of prey consumed by offshore killer whales since 2004 (n = 84; see Table 1) encountered in (A) Kenai Fjords and Prince
William Sound, Alaska, (B) coastal British Columbia, and (C) California. In cases where >1 prey item was consumed per en-
counter, the GPS coordinates of the first predation event were used to indicate the location for that event plus all subsequent
events involving the same prey species during the encounter. Only tissue and fish scale samples collected immediately fol-
lowing kills were included; fecal samples are not shown, since there was no way to determine the location where the prey were
originally consumed by killer whales. Blue shading: water depth (m), obtained from the NOAA ETOPO 2022 15 Arc-Second
Global Relief Model, extracted at a grid resolution of 0.5 min (NOAA National Centers for Environmental Information 2022).

Maps displayed using the Albers Equal Area projection
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cies during the encounter. Only tissue and fish scale samples collected immediately following kills were included; fecal samples
are not shown, since there was no way to determine the location where the prey were actually consumed. Blue shading: water
depth (m), obtained from the NOAA ETOPO 2022 15 Arc-Second Global Relief Model, extracted at a grid resolution of 0.5 min
(NOAA National Centers for Environmental Information 2022). Thick black line: 200 m bathymetric contour (continental shelf
edge); thinner black line: 1000 m bathymetric contour (continental slope). Map displayed using the Albers Equal Area projection

are described by Ford et al. (2011). In order to consider
the haplotypes of samples that were previously ana-
lysed by Ford et al. (2011, 2014), it was necessary to
evaluate a shorter CR sequence for both sleeper shark
and dogfish (Table 2, Figs. S2 & S3 in the Supplement).
Haplotype analysis was unsuccessful for tissues from
Pacific electric ray, opah, Chinook salmon, 1 blue
shark (4 September 2014) and 4 dogfish (1 September
2014 and 6 October 2015, see Table 1). All of the sam-
ples for which haplotype analysis failed were treated
as unique individuals, as they were either the only
sample of that prey species to be collected during the
encounter, or in the case of the 3 dogfish samples col-
lected on 6 October 2015, were separated by >20 min.

OKW in our study targeted prey found both closer
to the surface and at depth, and the hunting strategies
we saw differed accordingly. For instance, OKW
observed in both this study and by Ford et al. (2011)
seemed to locate, subdue and process sleeper sharks
at depth (indicated by long dive times). While sleeper

shark predation was sometimes undertaken by single
whales, it often involved small groups (2—4 whales,
sometimes as many as 8) undertaking long, steep
dives (=5—10 min) in turn at the same location before
fragments of liver tissue eventually rose to the sur-
face. Some of these pieces of liver were revisited and
consumed by the whales, but many were left behind
for seabirds and other scavengers. OKW were very
vocal during sleeper shark predation events and
echolocation was also prevalent. In one encounter
(30 May 2008), the melons of several whales appeared
abraded and were lighter in colour than the surround-
ing skin, implying that individuals had been ramming
sleeper sharks with their heads or lifting the carcasses
to prevent them from sinking. In contrast, smaller
blue sharks and dogfish were caught at much shal-
lower depths (indicated by shorter dive times), and
whales often moved substantial horizontal distances
while searching for and pursuing these species. For-
aging on smaller sharks also involved surface-active
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Table 2. Details of predation and defecation events by offshore killer whales for which haplotype sequencing analysis of the
prey's mitochondrial DNA control region was successfully run. (—) First predation event observed on this date, thus distance and
time from a previous event cannot be calculated; NR: no record available. Haplotype names begin with 2 letters denoting genus
and species, followed by a number (e.g. SPO1 for Somniosus pacificus, haplotype 1); GenBank accession numbers are provided for
each nucleotide sequence. Note that for Encounter 409, 2 samples of tissue were collected at the same time and location

Date Prey species Encounter Local Latitude Longitude Previous predation event Haplotype GenBank
time (h) (°N) (°W) Distance  Time acc. no.
(km) (min)
19 Mar 2004  Sleeper shark 162 15:25 50.5617 126.8033 - - SPO1 PQ602707
30 Mar 2011  Sleeper shark 228 14:59 50.5583  126.8633 - — SP06¢ PQ683627
29Jun 2012  Sleeper shark 242 NR  60.0667 149.3533 - - SP08® PQ683635
NR NR NR >0.2  Unknown SP08* PQ683636
NR NR NR >0.2 Unknown SP03/SP07¢ PQ683637
NR NR NR >0.2  Unknown SP05¢ PQ683638
NR NR NR >0.2  Unknown SP09* PQ683639
21 May 2017 Sleeper shark 404 12:30 60.0133  149.3567 - - SP08 PQ602712
13:40 59.9867 149.3500 2.98 70 SP06 PQ602713
05Jun 2018  Sleeper shark 407 14:39 59.9617 149.1900 - — SP10¢ PQ602710
(fecal)

10 Jun 2018  Sleeper shark 409 14:11  60.0057 149.3918 - - SP10 PQ602708
0 0 SP10 PQ602709
17 Apr 2020  Sleeper shark 414 11:25 60.0617 149.3883 - - SP11 PQ602711
24 Aug 2023  Sleeper shark 434 14:01 48.1167 125.0874 — - SP02 PQ602714
14:17 48.1207 125.0771 0.88 16 SP03 PQ602715
14:35 48.1125 125.0761 0.91 18 SP04 PQ602716
14:42  48.1109  125.0843 0.63 7 SP05 PQ602717
15:01 48.1156  125.0862 0.54 19 SP06 PQ602718
15:51 48.1122  125.0693 1.31 50 SP07 PQ602719
16:11 48.1213  125.0836 1.47 20 SP01 PQ602720
16:24 48.1141 125.0881 0.87 13 SP08 PQ602721
16:46 48.1206  125.0938 0.84 22 SP09 PQ602722
18 Aug 2011 Blue shark 231 14:19 48.0234 125.3072 - - PGO03 PQ683624
NR NR NR ~0.60 <7 PGO3 PQ683625
14:26 NR NR ~0.30 <7 PGO3 PQ683626
06 Aug 2021 Blue shark 416 19:15 48.2598  125.5055 - - PGO1 PQ602699
13 Sep 2022 Blue shark 425 17:48 48.7111 126.3874 - - PGO02 PQ602700
18:29 48.6472 126.3224 8.56 41 PGO3 PQ602701
19:15 48.6043 126.2859 5.47 46 PGO04 PQ602702
14 Sep 2022 Blue shark 426 10:45 48.1813  125.7039 — — PGO05 PQ602703
21 Aug 2023  Blue shark 433 14:52  48.2256  125.4748 - - PG06 PQ602704
15:10 48.2254  125.4585 1.21 18 PGO1 PQ602705
15:49 48.1949 125.4158 4.64 39 PGO05 PQ602706
5Sep 2011 Spiny dogfish 233 06:51 48.1840 125.4257 - - SA02 PQ683623
7Sep 2012  Spiny dogfish 239 14:19 48.3290 125.8671 - - SA02 PQ683628
14:58 48.3501 125.8618 2.38 39 SA03 PQ683629
15:17 48.3622 125.8535 1.48 19 SA04 PQ683630
16:38 48.3588  125.8455 0.70 81 SA05 PQ683631
16:46  48.3537 125.8485 0.61 8 SA06 PQ683632
16:59 48.3423 125.8520 1.29 13 SA06 PQ683633
17:13  48.3360 125.8492 0.73 14 SA07 PQ683634
06 Aug 2021 Spiny dogfish 416 17:09 48.2232  125.5437 - - SA01¢ PQ602723
21 Aug 2023 Spiny dogfish 433 14:06 48.2168 125.5010 - - SA01° PQ602724
23Jun 2015 Salmon shark 386 16:38 60.1017  147.5650 - - LDO1 PQ602727
NR  60.0883 147.6167 3.23  Unknown LDO02 PQ602728
17:57 60.0650 147.6533 3.29  Unknown LDO03 PQ602729
05Jun 2018  Salmon shark 407 14:47 59.9597 149.1892 - - LD04 PQ602725
15:11  59.9520 149.1950 0.92 24 LDO04 PQ602726
13 Sep 2022  Albacore tuna 425 15:38 48.8135 126.4435 - — TAO1 PQ602730
16:12  48.7923 126.4363 2.42 34 TAO02 PQ602731
17:35 48.7166 126.3963 8.91 83 TAO3 PQ602732
05Jul 2016  Pacific halibut 400 NR  53.4883 130.7433 - - HS01 PQ602733
NR  53.4800 130.7400 0.95 Unknown HS02 PQ602734

4Sample for which a short nucleotide sequence was considered
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Fig. 5. Integer neighbour joining haplotype network (a = 0.1)
of the mitochondrial DNA control region long sequence (1013
nucleotides) for 15 Pacific sleeper shark Somniosus pacificus
tissues recovered from offshore killer whale (OKW) predation
events. Colours used to distinguish separate OKW encounters
(black circles: inferred or unsampled sequences); number of
tissues collected during each encounter shown in the legend
in brackets, next to each encounter number. Numbered cir-
cles: distinct haplotypes (SP01—SP11) with diameters propor-
tional to the number of tissue samples with that haplotype.
Hashmarks on the lines connecting haplotypes: number of
nucleotide differences between them. One NCBI Genbank
Reference Sequence (dark blue) from S. pacificus is indicated
by accession number (NC_022734). Haplotype networks for
Pacific sleeper shark tissues with short control region (CR)
sequences (Fig. S2), as well as networks for the other OKW
prey species examined in this study (Figs. S1, S3—S6), are
given in the Supplement

behaviours, such as tossing prey in the air. These pre-
dation events more closely resembled resident killer
whale salmon foraging, in that sharks were often pur-
sued individually and were typically brought to the
surface to be consumed and possibly shared.

We observed a seasonal pattern in both the prey
taken and the regions in which OKW foraged. Sleeper
and salmon sharks were largely consumed from
March to June at latitudes >54°N (Fig. 6) in the coas-
tal waters of AK and northern BC (75% of encounters
involving either species; Table 2, Fig. 3A,B). However,
3 sleeper sharks were also taken at lower latitudes in
Johnstone Strait off northeastern Vancouver Island,

BC, in March 1996 (Table 1, not illustrated), 2004 and
2011 (Table 1, Fig. 3B), and 9 were captured along the
continental shelf edge west of Vancouver Island dur-
ing a single encounter in August 2023 (Table 1, Figs. 4
& 5). Conversely, blue sharks and dogfish were
mainly taken between August and October at lati-
tudes <49°N (Fig. 6) in open water along the conti-
nental shelf edge off Vancouver Island (83% of en-
counters; Table 2, Figs. 3B & 4). With the exception of
albacore tuna and 1 Chinook, teleost fishes were
caught at intermediate latitudes (52—54° N) in Hecate
Strait between these 2 regions (Fig. 3B) in either
March, July or August (60% of encounters; Table 2,
Fig. 6). Finally, the only recorded winter predation
events occurred farther south in coastal CA (34—
37°N, Fig. 3C) during December of 2016 and 2023
(Table 1, Fig. 6). These events involved OKW killing a
broadnose sevengill shark and 4 blue sharks (Fig. 2),
as well as the unsuccessful pursuit of a shortfin mako
shark Isurus oxyrinchus.

Most OKW predation events occurred in habitats
with seafloor depths of around 200 m (median =
206 m, range = 57—496 m; see Fig. 7), regardless of
where they were observed along the latitudinal gra-
dient. The exception was blue shark predation, which
occurred in habitats with greater maximum depths
(median = 338 m, range = 133—644 m; Fig. 7). The
ocean depth where the single broadnose sevengill
shark was captured was not calculated, because the
location for this event was approximate (Fig. 3C). Pre-
dation events frequently occurred in proximity to
steep-sided bathymetric features, including the conti-
nental shelf break and continental slope, the edges of
coastal banks, and the heads of submarine canyons
(Figs. 3B,C & 4).

4. DISCUSSION

4.1. Evidence supporting elasmobranch
specialization

Our study confirms that OKW are piscivores and
offers compelling evidence that they specialize on
elasmobranch prey when foraging in continental
shelf waters. These results support earlier studies
suggesting that OKW are piscivorous (Herman et al.
2005, Krahn et al. 2007, Ford et al. 2011, 2014, Matkin
et al. 2018) but refute a previous suggestion that they
are relative ecological generalists (Schorr et al. 2022).
Genetic identification of prey fragments, along with
photographs, observations, and aerial video of forag-
ing behaviour, indicated that elasmobranchs made up
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Fig. 6. Top panel: offshore killer whale (OKW) prey species identified by month, summarised by number of encounters (a single
encounter may appear multiple times in a month if multiple prey species were taken). Bottom panel: OKW prey species by month
and latitude of the first capture location within each encounter; minimum number of predation events per encounter (as deter-
mined by field observations and haplotypes) is indicated by the point size. Points have been horizontally jittered to improve read-
ability. Encounters (n = 30) were recorded in the continental shelf waters off Alaska, British Columbia, and California between
2004 and 2023. Elasmobranch species represent the vast majority (89.3%) of identified prey consumed by OKW during the study
period, with teleost fishes making up the remainder (10.7%). No predation events observed in January, February or November

89.3% of the sampled OKW diet, and prey DNA in 2
fecal samples (Table 1) further confirmed consump-
tion of elasmobranchs. Although thresholds defining
diets as ‘specialized’ are acknowledged to be some-
what arbitrary (Carneiro et al. 2017), OKW predation
on elasmobranchs qualifies as such under metrics
developed for marine birds, which characterize spe-
cialist diets as being >50—70% composed of one par-
ticular prey item or class of prey (Golet et al. 2000,
Votier et al. 2004).

Specialists are predicted to maintain their dietary
selectivity across broad geographic distributions that
are subject to varying environmental conditions
(Vorel et al. 2015), which appears to be true for OKW.
Six species of elasmobranchs made up the bulk of the
observed diet of OKW in both coastal and offshore

waters from AK to CA. Notably, teleost fishes were
consumed infrequently (10.7%) and may be taken
when elasmobranchs are less available. Most preda-
tion on halibut, Chinook salmon and opah occurred
in Hecate Strait, BC, in July and August, which repre-
sents an intermediate location and time period be-
tween the early summer, northern (AK and northern
BC) foraging observations on sleeper and salmon
sharks and later, more southerly summer and fall for-
aging observations on sleeper sharks, blue sharks and
dogfish (off Vancouver Island, BC). In over 3 decades
of study, there are no reports of OKW preying on
marine mammals, and these species are not known to
react fearfully or avoid this killer whale ecotype
(Dahlheim et al. 2008, Ford et al. 2014). Thus, we sug-
gest that elasmobranch specialization in OKW, in
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events by offshore killer whales (OKW) (2004—2023), grouped by prey spe-
cies. The broadnose sevengill shark observation made via drone videography
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around which most predation events are centred. Only one location per spe-
cies per encounter is used (i.e. if the same group of OKW preyed upon multi-
ple individuals of the same prey species during the same day, only the depth
at the location of the first of these predation events was included). Numbers
above the x-axis: number of encounters (n) recorded per prey species. Water
depths obtained from the NOAA ETOPO 2022 15 Arc-Second Global Relief
Model, extracted at a grid resolution of 0.5 min (NOAA National Centers for
Environmental Information 2022). These values represent the seafloor depths
at the locations where prey fragments were collected (at the surface); they do
not indicate the dive depths at which OKW captured their prey

netically from 2 tissue samples, is men-
tioned in a 1958 account from southern
CA, where 3 killer whales of an un-
known ecotype were seen ripping apart
and eating a large individual (Norris &
Prescott 1961). This species, which
grows to >1.4 m, occurs from southern
CA to northern BC (Hart 1973) in
depths of 60—200 m (Love 2011), well
within the known maximum (480 m)
diving abilities of OKW (Schorr et al.
2022). Electric rays have been caught
inshore of the continental slope along
Vancouver Island, BC, in both summer
and winter fisheries (McFarlane et al.
2010), in the same region where we ob-
served OKW capturing them. Preying
on electric rays likely requires adept
handling, as they can deliver a shock
of 45V at instantaneous pulse rates of
<308 electric organ discharges (EODs)
s7! (Lowe et al. 1994). Globally, other
killer whale populations use diverse
hunting strategies to capture rays
(Visser 1999, Alava & Merlen 2009,
Higuera-Rivas et al. 2023), many of
which have venomous spines (Duignan
et al. 2000) and would need similarly
careful handling.

We also present the first evidence of
albacore tuna being preyed on by
OKW. Other killer whale populations
hunt Atlantic bluefin tuna Thunnus
thynnus in the Strait of Gibraltar (Gui-
net et al. 2007, Garcia-Tiscar 2009,
Rudd et al. 2024) and the northwestern
Atlantic (A. Ogilvie pers. comm.). Tuna
are also depredated from fisheries

conjunction with the foraging specializations of res-
ident and Bigg's killer whales, reduces niche overlap
among these sympatric ecotypes and may be perpet-
uated through cultural transmission of learned be-
haviours (Whitehead 2007, Whitehead & Ford 2018).
Globally, many other killer whale populations prey
on elasmobranchs (Table 3), either as specialists or as
a component of a more generalist diet, suggesting
such species represent a valuable prey resource.

4.2. Newly reported prey species for OKW

We report the first evidence of OKW consuming
rays. The Pacific electric ray, which we identified ge-

by killer whales in the Strait of Gibraltar (Esteban et
al. 2016), South Africa (Best et al. 2010), and Brazil
(Secchi & Vaske 1998, Dalla Rosa & Secchi 2007). Strait
of Gibraltar killer whales (Guinet et al. 2007) use an
endurance-exhaustion tactic to catch free-swimming
tuna. We do not know if a similar tactic is employed by
OKW, but we did observe high-speed, nose-first sur-
face strikes during tuna hunts, which resembled
strategies used by Bigg's killer whales to subdue mar-
ine mammals. Albacore tuna can swim at speeds
>80 km h~! for short time periods (Love 2011), sug-
gesting that OKW may prey on them using surprise
as a foraging tactic. Off BC, albacore are surface-
oriented (<25 m) (Childers et al. 2011, Love 2011) and
most abundant in upwelling zones (Laurs et al. 1984),
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Table 3. Elasmobranch species identified in the diets of killer whales globally (does not include prey taken by individuals defin-
itively identified as offshore killer whales). Prey that could not be identified to the species level are indicated by their Genus or
Family name. Note that pers. comm. and unpubl. data cited in other sources were not included, as the information could not

be verified

Indian Ocean

Papua New Guinea

New Zealand

Broadnose sevengill shark
Shortfin mako shark®

Portuguese dogfish
Tiger shark
Requiem shark
Mobulid ray

Giant manta ray
Sicklefin devil ray

Scalloped hammerhead shark

Hammerhead shark
Grey reef shark
Giant manta ray
Blue-spotted ray

Eagle ray or sting ray

Electric ray

Basking shark

Shortfin mako shark
Common thresher shark
Smooth hammerhead shark
School shark?®

Region Common name Scientific name Source
North Atlantic Greenland shark Somniosus microcephalus Remili et al. (2023)
Blue shark® Prionace glauca Mucientes & Gonzales-Pestana (2020)
North Pacific Big skate Raja binoculata Van Cise et al. (2024)
California & Mexico White shark Carcharodon carcharias Jorgensen et al. (2019),
(Pacific) Pyle et al. (1999)
Bull shark Carcharhinus leucas Ayres et al. (2024)
Prickly shark Echinorhinus cookei Lara-Lizardi et al. (2025)
Whale shark Rhinocodon typus O'Sullivan & Mitchell (2000),
Ortega-Ortiz et al. (2023),
Pancaldi et al. (2024)
Munk's devil ray Mobula munkiana Higuera-Rivas et al. (2023)
Cownose ray Rhinoptera steindachneri Higuera-Rivas et al. (2023)
Pelagic sting ray Pteroplatytrygon violacea Higuera-Rivas et al. (2023)
Manta ray Mobula sp. Guerrero-Ruiz et al. (2007)
Pacific electric ray Tetronarce californica Norris & Prescott (1961)
Basking shark® Cetorhinus maximus Brown & Norris (1956)
South America Requiem shark Family Carcharhinidae Fertl et al. (1996), Merlen (1999)
(Pacific) Hammerhead shark Sphyrna sp. Merlen (1999),
Sonnino Sorisio et al. (2006)
Galapagos shark Carcharhinus galapagensis  Fertl et al. (1996)
Giant manta ray Mobula birostris Merlen (1999), Alava & Merlen (2009)
Sting ray Dasyatis sp. Merlen (1999)
Eagle ray Myliobatis sp. Castello (1977), de Roy (1993),
Dalla Rosa et al. (1994) in Fertl et al.
(1996)
South America Broadnose sevengill shark Notorynchus cepedianus Reyes & Garcia-Borboroglu (2004)
(Atlantic) Blue shark® Prionace glauca Passadore et al. (20195)
Shortfin mako shark® Isurus oxyrinchus Passadore et al. (20195)
South Africa White shark Carcharodon carcharias Best et al. (2010),
Towner et al. (2022, 2023, 2024)
Blue shark Prionace glauca Best et al. (2014)

Notorynchus cepedianus
Isurus oxyrinchus

Centroscymnus coelolepi
Galeocerdo cuvier
Family Carcharhinidae
Mobula sp.

Mobula birostris

Mobula tarapacana

Sphyrna lewini
Sphyrna sp.

Carcharhinus amblyrhynchos

Mobula birostris
Dasyatis kuhlii

Mpyliobatis tenuicaudatus or

Dasyatis sp.

Torpedo fairchildii
Cetorhinus maximus
Isurus oxyrinchus
Alopias vulpinus
Sphyrna zygaena
Galeorhinus galeus

“Species were fisheries depredations rather than hunted naturally

Engelbrecht et al. (2019)
Williams et al. (2009)

Terrapon et al. (
Terrapon et al. (
Terrapon et al. (2021
Terrapon et al. (
Terrapon et al. (
Terrapon et al. (2024

Visser & Bonoccorso (2003)
Skinner (1994) in Fertl et al. (1996)
Visser & Bonoccorso (2003)
Visser & Bonoccorso (2003)
Visser & Bonoccorso (2003)

Visser (1999)

Visser & Bonoccorso (2003)
Fertl et al. (1996)

Visser et al. (2000)

Visser (2005)

Visser (2005)

Visser (2000)
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such as the shelf edge where we observed OKW prey-
ing on tuna (Table 1; Figs. 3B & 4). Our observations
(September 2022) coincided with the albacore migra-
tion; fish arrive on the North American coast from the
central Pacific Ocean in the early summer, move
northward, and reach Vancouver Island by August and
September (Beamish et al. 2005, Childers et al. 2011,
Love 2011). Albacore usually depart the coast in late
fall to overwinter in the open Pacific (Childers et al.
2011). No tuna depredation by OKW was noted, al-
though both commercial and sport tuna fishers were
present when the albacore foraging events occurred.

The planktivorous 12—15 m basking shark Cetorhi-
nus maximus has vestigial teeth (Harrison Matthews
& Parker 1950, Wallace & Gisborne 2006), swims
slowly, and has a liver comprising 20—30% of its mass
(Alexander 1990, Phelger 1998) — traits that make it a
potentially high-value, low-risk prey. Although bask-
ing sharks once occurred throughout the northeast-
ern Pacific and may have been important prey species
for OKW in the past, they were largely eradicated
from BC by the 1970s (Wallace & Gisborne 2006) and
have been rare in CA since the 1990s (MclInturf et al.
2022). However, Brown & Norris (1956) observed 7
killer whales of an unknown ecotype feeding on 2
basking sharks discarded as by-catch off CA (Table 3).
Although basking shark sightings in the northeastern
Pacific continue to be rare and there have been no
observations of OKW preying on them, if the popula-
tion recovers, they might provide an important prey
resource for OKW in the future.

4.3. Hunting tactics, prey sharing and possible
surface sampling bias

We describe and contrast the hunting tactics of
OKW foraging on larger, more benthically distrib-
uted sleeper sharks, to the tactics used on smaller
species such as dogfish and blue sharks that are found
at shallower depths. Globally, a variety of strategies
are used by killer whales to hunt sharks and rays. Tail
strikes are used by OKW (Dahlheim et al. 2008) as
well as killer whales in New Zealand (Visser 2005),
Patagonia (Reyes & Garcia-Borboroglu 2004), and the
Gulf of California (Ayres et al. 2024, Lara-Lizardi et al.
2025), to help incapacitate sharks, a large and poten-
tially dangerous prey. Killer whales also ram elasmo-
branchs at high speed (Ortega-Ortiz et al. 2023, Pan-
caldi et al. 2024, Reilly 2024) or breach on top of them
(Terrapon et al. 2024), much as Bigg's killer whales do
to subdue pinnipeds and porpoises. Killer whales
hunting whale sharks in the Gulf of California at-

tacked the ventral and pelvic areas to exsanguinate
prey and provide access to the lipid-rich liver (Pan-
caldi et al. 2024). Killer whales may also flip or roll
sharks over (Pyle et al. 1999, Visser & Bonoccorso
2003, Towner et al. 2023, Pancaldi et al. 2024), sug-
gesting they subdue these prey species by inducing
tonic immobility (Pdez et al. 2023).

Describing the tactics of a predator that hunts
underwater and often at substantial depths is diffi-
cult. Thus, in most cases, surface observations are
used to infer hunting behaviour in killer whales.
Underwater and aerial drone videography can aug-
ment these observations, providing a clearer view
of prey pursuit and handling (Wright et al. 2016,
Higuera-Rivas et al. 2023, Towner et al. 2023, Pan-
caldi et al. 2024, Reilly 2024, Lara-Lizardi et al. 2025).
Although sampling prey tissues at the surface may
miss some predation events occurring at depth, this
bias is likely minimal. Our sampling technique de-
tected both prey species that occur closer to the sur-
face (e.g. blue sharks, albacore tuna, and Chinook
salmon) as well as deep water, more benthically
oriented species (e.g. sleeper sharks and halibut).
Notably, prey found in stomach contents (opah, hali-
but and shark) were also present in the assemblage
we identified using prey fragment sampling. Tagging
data indicate that resident Kkiller whales typically
return to the surface to process their prey immedi-
ately after capture, rather than consuming salmon at
depth (Wright et al. 2017). This is probably driven by
the need to replenish oxygen stores and offload car-
bon dioxide after energetically costly underwater
chases; OKW may do the same, particularly when
prey are caught individually rather than cooper-
atively. Furthermore, lipid-rich shark liver is highly
buoyant, meaning OKW do not need to bring shark
prey to the surface for a tissue sample to be col-
lected. We often collected pieces of sleeper shark
liver floating at the surface without seeing the prey
itself. Lastly, like other Kkiller whale ecotypes (Baird
& Dill 1996, Wright et al. 2016), OKW are likely to
surface with their prey and engage in prey sharing,
as was first proposed by Ford et al. (2011) and con-
firmed in drone video footage from CA in 2016 and
2023 (Table 1, Fig. 2). In this footage, blue and
broadnose sevengill sharks being consumed by
OKW at the surface were passed between multiple
individuals, with large pieces of tissue being
dropped and picked up by other group members.
Sharing of shark prey is probably a form of mutual-
ism, given that cooperation may be needed to take
such large and potentially dangerous species, but it
may also be a form of kin selection, as it is in resident
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killer whales (Wright et al. 2016). Further, sharing
may help young animals learn specialized hunting
and prey handling skills and assist older whales with
extreme tooth wear that can no longer effectively
grasp and tear prey (Ford et al. 2011).

4.4. Prey profitability and selective consumption of
elasmobranch liver tissue

Many carnivores select prey species or tissue types
based on macronutrient (i.e. lipid and protein) com-
position and caloric content (Gende et al. 2001, Kohl
et al. 2015). More specifically, killer whales are
known to select either prey species or tissues that are
high in lipids (Jefferson et al. 1991, Whitehead &
Reeves 2005, Ford & Ellis 2006, Jourdain et al. 2020).
Likewise, OKW are probably targeting elasmo-
branchs specifically for their large, oily, energy-rich
livers. Many sharks, especially the larger-bodied,
deep-sea species, have large liver-to-body-size ratios
because the lipid-filled liver provides neutral buoy-
ancy (Bone & Roberts 1969, Alexander 1990, Phelger
1998, Lingham-Soliar 2005, Gleiss et al. 2017). The
liver also provides elasmobranchs with an energy
reserve (Craik 1978) more calorically dense than
whale blubber (Bone & Roberts 1969, Del Raye et al.
2013, Pethybridge et al. 2014). For example, blue
shark (Jayasinghe et al. 2003a), salmon shark (Jaya-
singhe et al. 2003b), and dogfish (Kang et al. 1998)
livers can contain >50% oil by mass, all species that
were consumed by OKW (Table 1). Female sharks can
have larger relative liver volumes and oil content than
males of the same species (Jayasinghe et al. 2003a,b),
and lipid quantity and composition of shark livers
fluctuates with ontogeny, diet, season, migration, and
other factors (Wetherbee & Nicols 2000, Jayasinghe
et al. 2003a,b), all of which might affect OKW prey
preferences. Furthermore, oily livers likely have
acoustic scattering properties that differ from the sur-
rounding muscle, possibly allowing OKW to assess a
shark's relative liver size using echolocation and
thereby select larger sharks.

Worldwide, killer whales that eat sharks frequently
consume the liver but discard most other portions
of the carcass (Pyle et al. 1999, Reyes & Garcia-
Borboroglu 2004, Engelbrecht et al. 2019, Mucientes
& Gonzalez-Pestana 2020, Towner et al. 2022, 2023,
2024, Reeves et al. 2025). In the drone video footage
of OKW carrying a broadnose sevengill shark car-
cass off CA, the whales appeared to have eviscerated
the shark and removed its liver. Likewise, a sleeper
shark carcass recovered near Juneau, AK, that bore

evidence of killer whale tooth marks similarly had its
liver, throat, tongue and heart removed (Matta et al.
2024). In our sampling of OKW shark predation
events, liver fragments were the most frequently re-
covered tissue type, and whales appeared to prefer-
entially remove this organ during prey processing.
The skin and muscle tissue of sleeper sharks Somnio-
sus spp. is toxic to some mammals and birds, particu-
larly when freshly killed (McAllister 1968, Anthoni
et al. 1991, Coad 1995), explaining why OKW might
discard the non-liver portions of this and possibly
other elasmobranchs. Furthermore, the lower density
of shark liver (Bone & Roberts 1969) means it floats
more readily than other tissues (Towner et al. 2023),
making it easier for an air-breathing predator to pro-
cess, share, and consume at the surface. However,
this property also means that liver tissue is more
likely to be collected by researchers observing pre-
dation events, which represents a potential bias in
the dietary importance assigned to this organ. Inter-
estingly, discarded shark carcasses may release
necromones, which are compounds that induce flight
responses when detected by other elasmobranchs
(Stroud et al. 2014, Gervais & Brown 2021). These
chemical signals could explain why sharks tend to
desert an area for periods of up to several months
following killer whale predation events (Pyle et al.
1999, Engelbrecht et al. 2019, Jorgensen et al. 2019,
Towner et al. 2023, Ayres et al. 2024), a response that
may help account for the extensive movements that
OKW seem to make in search of prey.

4.5. Seasonal and regional patterns of
shark predation

Photo-identification and satellite tagging studies
suggest that OKW typically occur in AK and BC in
spring and summer and then move southward to CA
by winter (Ford et al. 2000, 2014, Dahlheim et al. 2008,
Schorr et al. 2022). Furthermore, Schorr et al. (2022)
reported that tagged OKW used shallower continen-
tal shelf habitats at higher latitudes in AK, BC, and
Washington (WA), but deeper continental slope
waters at more southerly latitudes off Oregon (OR)
and CA. Our observations align with this seasonal
distribution: prey samples from AK were collected
between April and June, most BC samples between
July and October, and drone videography of preda-
tion events in coastal CA were recorded in December.
This latitudinal pattern was accompanied by a sea-
sonal shift in the prey species taken: OKW captured
sleeper and salmon sharks in shallower coastal waters
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at high latitudes in the spring and early summer, but
preyed on blue sharks, dogfish, and albacore tuna (in
addition to sleeper sharks) at lower latitudes along
the continental shelf edge off BC in late summer
and early autumn. Winter observations off CA in
December included predation on blue sharks and a
broadnose sevengill shark, as well as a chase of a
shortfin mako shark. Although these distributional
shifts may in part be artifacts of the limited number of
OKW encounters and a seasonal effort bias in
northerly regions, our directed research efforts were
relatively consistent from June to September in AK
and along the continental shelf break west of Van-
couver Island, BC, suggesting our observations re-
flect a true seasonal shift in OKW distribution and
foraging behaviour.

The wide latitudinal range occupied by OKW in
the northeastern Pacific may reflect the seasonal dis-
tributions of their elasmobranch prey. For example,
salmon sharks segregate by sex and size across the
North Pacific, with larger female salmon sharks ag-
gregating on the continental shelf in the Gulf of
Alaska (GOA) in summer and early autumn (June—
September) to feed on salmonids returning to spawn
(Nagasawa 1998, Wright & Hulbert 2000, Hulbert et
al. 2005, Weng et al. 2005, 2008, Goldman & Musick
2008, Carlisle et al. 2011, Coffey et al. 2017). The 5
salmon shark predation samples we collected in
June were within or adjacent to Prince William
Sound, a region in the GOA known for high summer
densities of salmon sharks (Carlisle et al. 2011). Dur-
ing summer, salmon sharks in the GOA occur above
the thermocline (<60—100 m) (Wright & Hulbert
2000, Hulbert et al. 2005, Carlisle et al. 2011, Coffey
et al. 2017), where they may be easier for OKW to
capture. Once salmon enter spawning streams, many
salmon sharks undertake southerly migrations off-
shore or along the North American coast, where they
use progressively deeper water to feed (Hulbert et
al. 2005, Weng et al. 2005, 2008, Block et al. 2011,
Carlisle et al. 2011, Coffey et al. 2017, Garcia et al.
2021); this could mean that they become less avail-
able as prey for OKW. During late summer and early
fall, most OKW predation events had shifted south-
ward along the continental shelf edge off BC, where
the whales fed on sleeper sharks, dogfish, blue
sharks, and albacore tuna. Although this switch to
more pelagic foraging may reflect the movement of
salmon sharks to deeper offshore or waters, we had
very little research effort south of Vancouver Island
or west of the continental slope, where salmon
sharks overwinter. During spring, female salmon
sharks move to the northern California Current sys-

tem, possibly attracted by early salmon runs (Weng
et al. 2008). Thus, despite our salmon shark preda-
tion observations being restricted to summer in AK,
this species may be important prey to OKW in other
regions and throughout the year.

Pacific sleeper sharks were also frequently taken by
OKW in the Gulf of Alaska and BC during spring and
early summer (March—June). Most were captured at
>54° N, although 3 were also taken in Johnstone Strait
off northeastern Vancouver Island, BC, and 9 were
taken during a single encounter in Juan de Fuca Can-
yon, BC. Sleeper sharks were the most commonly re-
corded OKW prey (n = 38, 45.2%), likely because
their large size (typically 2.5—3 m; Orlov & Moiseev
1998, Sigler et al. 2006), slow swimming speed (Fuji-
wara et al. 2021), and large livers make them energet-
ically profitable (Ford et al. 2011). Additionally,
sleeper sharks represent a predictable prey resource
because they are generally nonmigratory (Wright &
Hulbert 2000, Hulbert et al. 2006, Orlov & Baitalyuk
2014), occurring year-round in continental shelf and
slope waters throughout the range of OKW (Compa-
gno 1984, Courtney & Sigler 2007, Love 2011, Matta
et al. 2024). Fisheries-independent by-catch indices,
however, suggest sleeper shark abundance in the
GOA and BC was higher in the 1990s and early 2000s
but has declined greatly since then (Matta et al.
2024). At high latitudes, sleeper sharks occur close to
shore (Sigler et al. 2006), which coincides with the
coastal habitats and relatively shallow water depths
(~50—300 m), where we detected most sleeper shark
predation events in AK and northern BC. The excep-
tion was 7 sharks taken by OKW in Prince William
Sound, AK in 2009 at a location ~450 m in depth. Pac-
ific sleeper sharks tagged in the northern GOA (an
area that overlapped with our observations of sleeper
shark predation), spent 61 % of their time between 150
and 450 m and made regular forays to <100 m, espe-
cially at night (Hulbert et al. 2006). Conversely, in
more southerly latitudes, sleeper sharks occur deeper
(up to 2000 m) and seldom approach the surface
(Compagno 1984, Ebert et al. 1987, Sigler et al. 2006).
Thus, the northerly bias in observed sleeper shark
predation events may result because this species is
less accessible to OKW in the south. Average length
of sleeper sharks is also greatest in the GOA (Matta et
al. 2024), which may make it more energetically prof-
itable for OKW to target them in this area.

Blue sharks, the most abundant shark in the north
Pacific, occur as far north as the Gulf of Alaska, but
are found in greatest densities between 20 and 50° N
(Kleiber et al. 2009, Love 2011, King et al. 2015). Pre-
dation on blue sharks by OKW reflects this distribu-
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tion; only 1 of the 15 blue sharks was taken north of
50° N. After sleeper sharks, blue sharks were the sec-
ond-most commonly identified prey (n = 15, 17.9%).
Like salmon sharks, blue sharks undertake seasonal
north—south migrations. During summer, tagged im-
mature female blue sharks made extensive use of hab-
itat off southwestern Vancouver Island, BC, and WA
(Maxwell et al. 2019), the same season and area where
the majority of blue shark OKW predation samples
were collected. This region also corresponds spatially
with peak annual blue shark by-catch in recent Cana-
dian Pacific fisheries (COSEWIC 2016) and had the
highest historic fisheries CPUE for blue sharks in the
North Pacific, with blue sharks being most common
from June—September between 40 and 50°N (Stras-
burg 1958). Like salmon sharks, blue sharks segregate
by sex and size, with those in Canadian Pacific waters
being mostly subadult females (Nakano 1994, McKin-
nell & Seki 1998, COSEWIC 2006, 2016, Maxwell et
al. 2019). Thus, specializing on sharks in the north-
eastern Pacific may be especially advantageous for
OKW, since female sharks are most common in the
region, and typically have higher oil content than
males (Jayasinghe et al. 2003a).

The highest CPUEs and model-predicted spatial
occurrence for blue sharks in Canadian waters are
found along the continental shelf edge and slope
from northern Haida Gwaii to the west coast of Van-
couver Island, as well as within Hecate Strait (COSE-
WIC 2006, 2016, Proudfoot et al. 2024). Blue shark
predation by OKW was observed along this shelf
edge, but only a single kill was observed north of
Vancouver Island (Fig. 3B). This gap may be due to
both lower blue shark densities in northerly areas, as
well as our limited research effort in these remote
locations. In fall, blue sharks move to the coastal
waters of southern CA and Baja on their way to pre-
sumed winter breeding grounds (Maxwell et al.
2019). The southward movement of OKW into Cali-
fornian waters in fall and winter may in part reflect
this seasonal shift, with 4 blue shark predation
events being observed in CA in December. Blue
sharks generally use the upper 350 m of the water
column (COSEWIC 2006, Love 2011) and spend over
half of their time above 50 m (Sciarotta & Nelson
1977, Weng et al. 2005, Stevens et al. 2010), well
within the diving abilities of OKW (Schorr et al.
2022). As with sleeper sharks, blue sharks spend
more time near the surface in the northernmost part
of their range and are distributed more deeply in
tropical regions (Strasburg 1958, Vedor et al. 2021).
Thus, blue sharks may be more easily hunted by
OKW off BC than they are farther south.

Pacific spiny dogfish are widely distributed across
the shelf and upper continental slope waters of the
northeastern Pacific but are most abundant between
southeast AK and northern OR (Ketchen 1986,
McFarlane & King 2003, Love 2011). This species was
the third-most commonly recorded prey of OKW
(n =14, 16.7%). Dogfish predation occurred between
August and October along the shelf edge west of Juan
de Fuca Strait, BC (~48°N), which corresponds spa-
tially with the highest CPUE and model-predicted
biomass of dogfish from fisheries surveys (Brodeur et
al. 2009, McFarlane et al. 2010). Historically, this re-
gion was an important commercial fishing ground for
dogfish (Alverson & Stansby 1963, Ketchen 1986).
Dogfish caught in summer trawl surveys were most
prevalent at shallow depths (<200 m) (Brodeur et al.
2009), well within the diving range of OKW (Schorr et
al. 2022). Dogfish stocks in inner coastal waters, such
as the Salish Sea, appear to be largely non-migratory
(McFarlane & Beamish 1986, McFarlane & King
2003), suggesting that some aggregations may repre-
sent a predictable, year-round prey resource for
OKW. A portion of the offshore dogfish stock, how-
ever, undertakes seasonal north—south movements
along the North American coast (Holland 1957,
Ketchen 1986, McFarlane & King 2003). As with sal-
mon and blue sharks, north—south migration of dog-
fish may influence the seasonal movements of OKW.
Although dogfish predation by OKW was not de-
tected in the Gulf of Alaska, the species occurs there
in nearshore waters, albeit at lower densities than in
BC (Tribuzio et al. 2008, Gasper & Kruse 2013). OKW
may also prey on dogfish east of Haida Gwaii in Hec-
ate Strait (i.e. Dogfish Bank), where high probabilities
of dogfish were predicted by a recent fisheries model
(Thompson et al. 2023). At the turn of the 20'" century
and in the 1940s, Hecate Strait supported major fish-
ing grounds for a dogfish liver oil industry (Alverson
& Stansby 1963, Ketchen 1986). While there have
been acoustic detections of OKW in this region in
April, June and August (Ford et al. 2014), dogfish pre-
dation has not yet been observed there (likely due to
limited research effort).

4.6. Association between shark predation events
and bathymetric features

Most OKW prey samples were collected from
habitats with bottom depths of around 200 m. Our
observations in both AK and BC suggest that during
the summer, foraging OKW often follow the 100—
200 m bathymetric contours. For example, OKWs
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feeding on Pacific sleeper sharks in Dixon Entrance,
BC, caught 11 individuals (Table 1) along the edge
of Learmonth Bank, a feature that drops off sharply
beginning at around 100—200 m (Ford et al. 2011).
Off the west coast of Vancouver Island, BC, the
100—200 depth range demarcates the continental
shelf edge and was a common foraging location for
OKW (Fig. 4). This association between OKW and
the shelf edge was also recognized during photo-
identification (Ford et al. 2014) and satellite tagging
(Schorr et al. 2022) analyses. The abrupt topography
of the shelf edge amplifies currents and generates
strong seasonal (April—October) upwelling (McFar-
lane & Robinson 1997, Genin 2004). The associated
primary production attracts aggregations of zoo-
plankton, forage fish, and predators, including
sharks (Simard & Mackas 1989, Genin 2004, Evans
et al. in press), making this region a reliable feeding
ground for OKW. The continental shelf edge and
slope of BC are predicted to support high densities
of blue sharks and sleeper sharks (Proudfoot et al.
2024), and tagged blue sharks show movement and
habitat use patterns that are broadly linked to
related oceanographic features such as upwelling
zones and thermal fronts (Vedor et al. 2021).

Seamounts also drive upwelling that aggregates
marine life (Morato et al. 2010), and although these
features are under-represented in our study, they may
be important foraging areas for OKW. In the western
and central Pacific, longline by-catch of blue shark
and opah increased with proximity to seamounts, as
did the probability of catching other shark and tuna
species, suggesting that seamounts serve as resting,
foraging, breeding, or nursery areas for many migra-
tory pelagic fish (Morato et al. 2010). In the Gulf of
Alaska, hydrophone detections of vocalizing OKW
were most frequent at stations positioned on sea-
mounts, compared to those on the shelf or slope (Rice
et al. 2023). These detections occurred from October
to December, when OKW may be moving away from
continental shelf feeding grounds to follow migrating
shark populations. Likewise, in the fall and winter,
OKW vocalizations were detected at seamounts west
of the continental shelf edge in BC (Dellwood, Bowie,
and Explorer Seamounts and Paul Revere Ridge;
Cetacean Research Program, Fisheries and Oceans
Canada unpubl. data).

Blue sharks were the only prey species not taken by
OKW in habitats of ~200 m but were instead captured
in locations with a median seafloor depth of 338 m.
This difference probably arose because OKW often
captured blue sharks at the heads of submarine can-
yons along the shelf edge off southwestern Van-

couver Island, BC (Fig. 4), where densities of this spe-
cies are predicted to be high (Proudfoot et al. 2024).
Dogfish were also caught by killer whales near these
canyons but were more frequently taken inside of the
shelf edge in shallower water. Like the shelf edge,
upwelling at canyon heads supports concentrations
of zooplankton, aggregations of forage fish, and
higher level predators (Allen et al. 2001, Genin 2004),
and these features may serve as rich foraging areas for
OKW. The broadnose sevengill shark consumed in
CA was similarly caught near the head of the Monte-
rey Canyon. Likewise, Moresby Trough in Hecate
Strait, BC, was identified as a potentially important
foraging area because of the high number of OKW
encounters relative to research effort (Ford et al.
2014) and the prediction that high densities of blue,
salmon, and sleeper sharks occur in the canyons of
southern Hecate Strait (Williams et al. 2010, Proud-
foot et al. 2024). Despite this, elasmobranch predation
has not yet been observed in the region, likely due to
limited observational effort.

5. CONCLUSIONS

Killer whale populations are known for their pro-
nounced culturally transmitted dietary specializa-
tions (Ford & Ellis 2014). Offshore killer whales,
which prey primarily on elasmobranchs, represent
another example of this, exhibiting a level of dietary
specialization comparable to that of the Resident
and Bigg's killer whale ecotypes of the northeastern
Pacific (Ford et al. 1998, Ford & Ellis 2006). Further-
more, our results suggest that OKW, which are
known to range from CA to AK, undergo predictable
seasonal movements, tracking the availability and
migration patterns of their preferred prey. Elasmo-
branchs, with their widespread distributions, large
body mass, and lipid-rich livers, represent an ener-
getically profitable food source. Globally, many
shark species are in steep decline (Pacoureau et al.
2021) because life history traits such as slow growth,
late maturation, and low fecundity make them sus-
ceptible to overfishing (Musick et al. 2000, Nakano
& Stevens 2008). As specialist predators, OKW are
predicted to be vulnerable to changes in the distri-
bution and abundance of their prey (e.g. Ford et al.
2010). The historic near-extirpation of basking
sharks in BC (Wallace & Gisborne 2006), which were
likely an important prey species, the reduction of
dogfish biomass by intense commercial liver-oil fish-
eries (Alverson & Stansby 1963, Ketchen 1986), and
recent sleeper shark declines in Alaskan waters
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(Matta et al. 2024) have all likely affected prey avail-
ability for OKW. Addressing such conservation
issues into the future will require further insight into
how seasonal shifts in OKW diet, as identified in this
study, influence OKW movement, distribution and
habitat use, particularly during the data-limited
winter months and in under-sampled regions.
Emerging techniques such as quantitative fatty acid
signature analysis of blubber (as in Remili et al.
2023) might provide a more detailed, longer-term
understanding of the dietary breadth of OKW that
would complement the prey sampling results re-
ported here. Finally, the impact that OKW have as
wide-ranging, specialized apex predators on the
tropho-dynamics of ecologically and commercially
important fish populations may be under-appreci-
ated and requires further study.

Acknowledgements. We are grateful to the staff of the Molec-
ular Genetics Lab (MGL) at the Pacific Biological Station
(Fisheries and Oceans Canada) in Nanaimo, BC, for under-
taking the metabarcoding analysis of prey tissue and killer
whale fecal samples. In particular, we thank Christoph Deeg
for improving the R code used to organize the pipeline data.
We similarly thank the staff of the Sclerochronology Lab,
also located at the Pacific Biological Station, for identifying
the Chinook salmon scales presented in this paper. We are
grateful to the following individuals for collecting offshore
killer whale prey samples: Robin Abernethy, Jim Borrow-
man, Erin Foster, Mark Malleson, Linda Nichol, James Pilk-
ington, Eva Saulitis, Konrad Schaad, Eva Stredulinsky, and
Jared Towers. We thank Eli Parnes-Katz, Ryan Lawler and
Slater Moore for sharing information, photographs and
drone video footage of their encounters with offshore killer
whales feeding on sharks in California. Romney McPhie,
Taylor Chapple, and Jess Schulte kindly provided their
expertise to confirm shark species recorded on the drone
videos. Alison Ogilvie, Brigid McKenna, and Tim Cole from
the Whale Ecology Branch, Northeast Fisheries Science
Center, NOAA, shared details about their sighting of killer
whales hunting tuna in the northwestern Atlantic. An earlier
version of the manuscript benefited greatly from editing and
content suggestions provided by James Pilkington. We are
incredibly grateful to Jane Watson for valuable editorial
feedback and for sharing her extensive knowledge of marine
ecology at multiple stages during the writing process. The
insightful comments and suggestions of 3 anonymous
reviewers also improved the manuscript considerably, and
we thank them for contributing their time and knowledge.
Field research on offshore killer whales in Canada was con-
ducted by Fisheries and Oceans Canada under Marine
Mammal Research License no. MML-001 and in WA state
waters under NOAA permit 21678 issued to John Calambo-
kidis, Cascadia Research Collective. Funding was provided
by the Fisheries and Oceans Canada Species at Risk pro-
gram. In Alaska, field research was conducted by the North
Gulf Oceanic Society under National Marine Fisheries Ser-
vice permit numbers 15616, 20341 and 26614 and was funded
by the Exxon Valdez Oil Spill Trustee Council, Major Marine
Tours, and Kenai Fjords Tours.

LITERATURE CITED

]\'{Alava JJ, Merlen G (2009) Video-documentation of a killer

whale (Orcinus orca) predatory attack on a giant manta
(Manta birostris) in the Galapagos Islands. Lat Am J
Aquat Mamm 7:81—84

]%Alexander RM (1990) Size, speed and buoyancy adaptations

in aquatic animals. Am Zool 30:189—196

] Allen SE, Vindeirinho C, Thomson RE, Foreman MGG, Mac-

kas DL (2001) Physical and biological processes over a
submarine canyon during an upwelling event. Can J Fish
Aquat Sci 58:671—684

] Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z,

Miller W, Lipman DJ (1997) Gapped BLAST and PSI-
BLAST: a new generation of protein database search pro-
grams. Nucleic Acids Res 25:3389—3402

Alverson DL, Stansby ME (1963) The spiny dogfish (Squalus
acanthias) in the northeastern Pacific. United States Fish
and Wildlife Service Special Scientific Report — Fisheries
No. 447. Department of the Interior, Fish and Wildlife
Service,Washington, DC

Andrews S (2010) FastQC: a quality control tool for high
throughput sequence data. www.bioinformatics.babra
ham.ac.uk/projects/fastqc/

] Anthom U, Christophersen C, Gram L, Nielsen NH, Nielsen

P (1991) Poisonings from flesh of the Greenland shark
Somniosus microcephalus may be due to trimethylamine.
Toxicon 29:1205—1212

]\'{ Ayres KL, Gallagher AJ, Higuera-Rivas JE (2024) Orca (Orci-

nus orca) and shark predator—prey interactions within
Cabo Pulmo National Park in the Gulf of California, Mex-
ico. Front Mar Sci 11:1407379

#‘Baird RW, Dill LM (1996) Ecological and social determinants

of group size in transient killer whales. Behav Ecol 7:
408—416

Barrett-Lennard LG (2000) Population structure and mating
patterns of Kkiller whales (Orcinus orca) as revealed by
DNA analysis. PhD dissertation, University of British
Columbia, Vancouver

#‘Beamish RJ, McFarlane GA, King JR (2005) Migratory pat-

terns of pelagic fishes and possible linkages between
open ocean and coastal ecosystems off the Pacific coast
of North America. Deep Sea Res II 52:739—755

] Best PB, Meyer MA, Lockyer C (2010) Killer whales in South

African waters —a review of their biology. Afr J Mar Sci
32:171—-186

ﬁg Best PB, Meyer MA, Thornton M, Kotze PGH, and others

(2014) Confirmation of the occurrence of a second killer
whale morphotype in South African waters. Afr J Mar Sci
36:215—224

Bigg MA (1982) An assessment of killer whale (Orcinus orca)
stocks off Vancouver Island, British Columbia. Rep Int
Whaling Comm 32:655—666

A Block BA, Jonsen ID, Jorgensen SJ, Winship AJ and others

(2011) Tracking apex marine predator movements in a
dynamic ocean. Nature 475:86—90

] Bone Q, Roberts BL (1969) The density of elasmobranchs.

J Mar Biol Assoc UK 49:913—937

] Boyer F, Mercier C, Bonin A, Le Bras Y, Taberlet P, Coissac E

(2016) obitools: a UNIx-inspired software package for
DNA metabarcoding. Mol Ecol Resour 16:176—182
Brodeur RD, Fleming IA, Bennett JM, Campbell MA (2009)
Summer distribution and feeding of spiny dogfish off
the Washington and Oregon coasts. In: Callucci VF,
McFarland GA, Bargmann GG (eds) Biology and man-


https://doi.org/10.5597/lajam00139
https://doi.org/10.1093/icb/30.1.189
https://doi.org/10.1139/f01-008
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1016/0041-0101(91)90193-U
https://doi.org/10.3389/fmars.2024.1407379
https://doi.org/10.1111/1755-0998.12428
https://doi.org/10.1017/S0025315400038017
https://doi.org/10.1038/nature10082
https://doi.org/10.2989/1814232X.2014.923783
https://doi.org/10.2989/1814232X.2010.501544
https://doi.org/10.1016/j.dsr2.2004.12.016
https://doi.org/10.1093/beheco/7.4.408

192

Mar Ecol Prog Ser 763: 171—196, 2025

agement of dogfish sharks. American Fisheries Society,
- Bethesda, MD, p 39-51
A Brown DH, Norris KS (1956) Observations of captive and
., wild cetaceans. J Mammal 37:311—326
N Carlisle AB, Perle CR, Goldman KJ, Block BA (2011) Sea-
sonal changes in depth distribution of salmon sharks
(Lamna ditropis) in Alaskan waters: implications for for-
aging ecology. Can J Fish Aquat Sci 68:1905—1921
] Carneiro APB, Bonnet-Lebrun AS, Manica A, Staniland 1J,
Phillips RA (2017) Methods for detecting and quantifying
individual specialisation in movement and foraging
strategies of marine predators. Mar Ecol Prog Ser 578:
151—-166
Castello HP (1977) Food of a killer whale: eagle sting-ray,
Myliobatus found in the stomach of a stranded Orcinus
orca. Sci Rep Whales Res Inst 29:107—111
] Childers J, Snyder S, Kohin S (2011) Migration and behavior
of juvenile North Pacific albacore (Thunnus alalunga).
Fish Oceanogr 20:157—173
Coad BW, Waszczuk H, Labignan I (1995) Encyclopedia of
Canadian fishes. Canadian Museum of Nature, Ottawa,
Canadian Sportfishing Productions, Waterdown
] Coffey DM, Carlisle AB, Hazen EL, Block BA (2017) Oceano-
graphic drivers of the vertical distibution of a highly
migratory, endothermic shark. Sci Rep 7:10434
Compagno LJV (1984) Sharks of the world: an annotated
and illustrated catalogue of shark species known to date,
Vol 4(1). FAO Fish Synop 125. Food and Agriculture
Organisation, Rome
COSEWIC (2006) COSEWIC assessment and status report
on the blue shark Prionace glauca (Atlantic and Pacific
populations) in Canada. Committee for the Status of
Endangered Wildlife in Canada, Ottawa
COSEWIC (2016) COSEWIC assessment and status report
on the blue shark Prionace glauca (North Atlantic and
North Pacific populations) in Canada. Committee for the
Status of Endangered Wildlife in Canada, Ottawa
Courtney DL, Sigler MF (2007) Trends in area-weighted
CPUE of Pacific sleeper sharks Somniosus pacificus in the
northeast Pacific Ocean determined from sablefish long-
line surveys. Alsk Fish Res Bull 12:292—-316
] Craik JCA (1978) The lipids of six species of sharks. J Mar
., Biol Assoc UK 58:913—921
]“Dahlheim ME, Schulman-Janiger A, Black N, Ellifrit DK
(2008) Eastern temperate North Pacific offshore killer
whales (Orcinus orca): occurrence, movements, and
insights into feeding ecology. Mar Mamm Sci 24:
. 719-729
A Dalla Rosa L, Secchi ER (2007) Killer whale (Orcinus orca)
interactions with the tuna and swordfish longline fishery
off southern and south-eastern Brazil: a comparison with
shark interactions. J Mar Biol Assoc UK 87:135—140
Dalla Rosa L, Secchi ER, Zerbini AN (1994) Variacad nos itens
alimentares de orca, Orcinus orca, no sul do Brasil
(Abstract). In: Ximenz A, Simdes-Lopes PC (eds) 6a
Reuniao de Trabalho de Especialistas em Mamiferos
Aquaticos da America do Sul, Florianopolis, Brasil, 24—28
October, p 73
de Roy T (1993) Orca bull feeding on eagle ray, Santa Cruz,
Galdpagos. Ocean Realm January—February 1993, p 55
(photograph)
] Deagle BE, Kirkwood R, Jarman SN (2009) Analysis of Aus-
tralian fur seal diet by pyrosequencing prey DNA in
., faeces. Mol Ecol 18:2022—2038
A Deecke VB, Ford JKB, Slater PJB (2005) The vocal behaviour

of mammal-eating killer whales: communicating with
- costly calls. Anim Behav 69:395—405
A Del Raye G, Jorgensen SJ, Krumhansi K, Ezcurra JM, Block
BA (2013) Travelling light: white sharks (Carcharodon
carcharias) rely on body lipid stores to power ocean-
., basinscale migration. Proc Biol Sci 280:20130836
A Dieckmann U, Doebeli M (1999) On the origin of species by
sympatric speciation. Nature 400:354—357
Duignan PJ, Hunter JEB, Visser IN, Jones GW, Nutman A
(2000) Stingray spines: a potential cause of killer whale
mortality in New Zealand. Aquat Mamm 26:143—147
Ebert DA, Compagno LJV, Natanson LJ (1987) Biological
notes on the Pacific sleeper shark, Somniosus pacificus
(Chondrichthyes: Squalidae). Calif Fish Game 73:117—123
] Engelbrecht TM, Kock AA, O'Riain MJ (2019) Running
scared: when predators become prey. Ecosphere 10:
., €02531
A Esteban R, Verborgh P, Gauffier P, Giménez J, Guinet C, de
Stephanis R (2016) Dynamics of killer whale, bluefin tuna
and human fisheries in the Strait of Gibraltar. Biol Conserv
194:31—-38
Evans R, Gauthier S, Robinson CLK, English PA, Stanley C,
Nichol LM, Wright BM (in press) The effects of the
oceanic environment on the persistence of euphausiid
hotspots and co-occurence with marine predators along
the Pacific coast of Canada. Ecol Appl
] Ewels P, Magnusson M, Lundin S, Kaller M (2016) MultiQC:
summarize analysis reports for multiple tools and sam-
ples in a single report. Bioinformatics 32:3047—3048
] Fertl D, Acevedo-Guitierrez A, Darby FL (1996) A report of
killer whales (Orcinus orca) feeding on a carcharhinid
. sharkin Costa Rica. Mar Mamm Sci 12:606—611
' Filatova OA (2024) The role of cultural traditions in ecological
nice partitioning in cetaceans. Biol Bull Rev 14:133—140
Foote AD (2012) Investigating ecological speciation in non-
model organisms: a case study of killer whale ecotypes.
Evol Ecol Res 14:447—465
Ford JKB (2002) Killer whale Orcinus orca. In: Perrin WF,
‘Waursig B, Thewissen JGM (eds) Encyclopedia of marine
mammals. Academic Press, San Diego, CA, p 669—676
] Ford JKB, Ellis GM (2006) Selective foraging by fish-eating
killer whales Orcinus orca in British Columbia. Mar Ecol
Prog Ser 316:185—199
] Ford JKB, Ellis GM (2014) You are what you eat: foraging spe-
cializations and their influence on the social organization
and behavior of killer whales. In: Yamagiwa J, Karczmarski
L (eds) Primates and cetaceans: field research and conser-
vation of complex mammalian societies. Springer, Tokyo,
p 75—98
] Ford JKB, Ellis GM, Barrett-Lennard LG, Morton AB, Palm
RS, Balcomb KC (1998) Dietary specialization in two
sympatric populations of killer whales (Orcinus orca) in
coastal British Columbia and adjacent waters. Can J Zool
76:1456—1471
Ford JKB, Ellis GM, Balcomb KC (2000) Killer whales: the
natural history and genealogy of Orcinus orca in British
Columbia and Washington State. University of British
Columbia Press, Vancouver
A Ford JKB, Ellis GM, Olesiuk PF, Balcomb KC (2010) Linking
killer whale survival and prey abundance: food limitation
in the oceans' apex predator? Biol Lett 6:139—142
] Ford JKB, Ellis GM, Matkin CO, Wetklo MH, Barrett-Len-
nard LG, Withler RE (2011) Shark predation and tooth
wear in a population of northeastern Pacific killer whales.
Aquat Biol 11:213—224


https://doi.org/10.2307/1376730
https://doi.org/10.1139/f2011-105
https://doi.org/10.3354/meps12215
https://doi.org/10.1111/j.1365-2419.2011.00575.x
https://doi.org/10.1038/s41598-017-11059-6
https://doi.org/10.1017/S002531540005685X
https://doi.org/10.1111/j.1748-7692.2008.00206.x
https://doi.org/10.1017/S0025315407054306
https://doi.org/10.1111/j.1365-294X.2009.04158.x
https://doi.org/10.1016/j.anbehav.2004.04.014
https://doi.org/10.1098/rspb.2013.0836
https://doi.org/10.3354/ab00307
https://doi.org/10.1098/rsbl.2009.0468
https://doi.org/10.1139/z98-089
https://doi.org/10.1007/978-4-431-54523-1
https://doi.org/10.3354/meps316185
https://doi.org/10.1134/S2079086424010043
https://doi.org/10.1111/j.1748-7692.1996.tb00075.x
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1016/j.biocon.2015.11.031
https://doi.org/10.1002/ecs2.2531
https://doi.org/10.1038/22521

Wright et al.: Offshore killer whale dietary specialization

193

Ford JKB, Stredulinsky E, Ellis GM, Durban JW, Pilkington JF
(2014) Offshore killer whales in Canadian Pacific waters:
distribution, seasonality, foraging ecology, population
status and potential for recovery. DFO Can Sci Advis Sec

Res Doc 2014/088. Fisheries and Oceans Canada, Ottawa

A Fujiwara Y, Matsumoto Y, Sato T, Kawato M, Tsuchida S
(2021) First record of swimming speed of the Pacific
sleeper shark Somniosus pacificus using a baited camera
array. J Mar Biol Assoc UK 101:457—464

X Futuyma DJ (2001) Ecological specialization and generaliza-
tion. In: Fox CW, Roff DA, Fairbairn DJ (eds) Evolution-
ary ecology — concepts and case studies. Oxford Univer-
sity Press, Oxford, p 177—189

] Futuyma DJ, Moreno G (1988) The evolution of ecological
specialization. Annu Rev Ecol Syst 19:207—233

] Garcia S, Tribuzio CA, Seitz AC, Courtney MB, Nielsen JK,
Murphy JM, Oxman DS (2021) Differential horizontal
migration patterns of two male salmon sharks (Lamna
ditropis) tagged in the Bering Sea. Anim Biotelem 9:38

Garcia-Tiscar S (2009) Interacciones entre delfines mulares y
orcas con pesqeuerias en el Mar de Alboran y Estrecho
de Gibraltar. PhD thesis, Universidad Auténoma de

., Madrid
A Gasper JR, Kruse GH (2013) Modeling of the spatial distribu-
tion of Pacific spiny dogfish (Squalus suckleyi) in the Gulf
of Alaska using generalized additive and generalized lin-
ear models. Can J Fish Aquat Sci 70:1372—1385
] Gende SM, Quinn TP, Willson MF (2001) Consumption
choice by bears feeding on salmon. Oecologia 127
. 372-382
A Genin A (2004) Bio-physical coupling in the formation of
zooplankton and fish aggregations over abrupt topo-
graphies. J Mar Syst 50:3—20
] Gervais CR, Brown C (2021) Impact of conspecific necrom-
ones on the oxygen uptake rates of a benthic elasmo-
., branch. Anim Behav 174:1—-8
N Gleiss AC, Potvin J, Goldbogen JA (2017) Physical trade-offs
shape the evolution of buoyancy control in sharks. Proc
Biol Sci 284:20171345

Goldman KJ, Musick JA (2008) The biology and ecology of
the salmon shark, Lamna ditropis. In: Camhi MD, Pikitch
EK, Babcock EA (eds) Sharks of the open ocean: biology,
fisheries and conservation. Blackwell Publishing, Oxford,
p95—104

] Golet GH, Kuletz KJ, Roby DD, Irons DB (2000) Adult prey
choice affects chick growth and reproductive success in
pigeon guillemots. Auk 117:82—91

Government of Canada (2002) Species at Risk Act, SC 2002,
Chapter 29. An Act respecting the protection of wildlife
species at risk in Canada (last amended November 27,
2024)

Guerrero-Ruiz M, Urban RJ, Gendron D, Rodriguez ME
(2007) Prey items of killer whales in the Mexican Pacific
(Paper SC/59/SM14). International Whaling Commis-
sion Scientific Committee, Anchorage, AK

] Guinet C, Domenici P, de Stephanis R, Barrett-Lennard L,
Ford JKB, Verborgh P (2007) Killer whale predation on
bluefin tuna: exploring the hypothesis of the endur-
ance-exhaustion technique. Mar Ecol Prog Ser 347:
111-119

] Harrison Matthews L, Parker HW (1950) Notes on the anat-
omy and biology of the basking shark (Cetorhinus maxi-
mus (Gunner)). Proc Zool Soc Lond 120:535—576

Hart JL (1973) Pacific fishes of Canada. Fish Res Bd Can
Bull 180

A Heise KA, Barrett-Lennard LG, Saulitis E, Matkin C, Bain D
(2003) Examining the evidence for killer whale predation
on Steller sea lions in British Columbia and Alaska. Aquat

., Mamm 29:325—334

]'* Herman DP, Burrows DG, Wade PR, Durban JW and others
(2005) Feeding ecology of eastern North Pacific killer
whales Orcinus orca from fatty acid, stable isotope, and
organochlorine analyses of blubber biopsies. Mar Ecol

. Prog Ser 302:275—-291

A Higuera-Rivas JE, Hoyos-Padilla EM, Elorriaga-Verplancken
FR, Rosales-Nanduca H, Rosenthal R, Urban RJ (2023)
Orcas (Orcinus orca) use different strategies to prey on
rays in the Gulf of California. Aquat Mamm 49:7—18

] Hoelzel AR, Dahlheim M, Stern SJ (1998) Low genetic vari-
ation among Kkiller whales (Orcinus orca) in the eastern
north Pacific and genetic differentiation between forag-
ing specialists. J Hered 89:121—128

] Hoelzel AR, Natoli A, Dahlheim ME, Olavarria C, Baird RW,
Black N (2002) Low worldwide genetic diversity in the
killer whale (Orcinus orca): implications for demo-
graphic history. Proc Biol Sci 269:1467—1473

Holland GA (1957) Migration and growth of the dogfish
shark, Squalus acanthias (Linnaeus) of the eastern North
Pacific. Wash Dep Fish Res Pap 2:43—59

] Hulbert LB, Aires-da-Silva AM, Gallucci VF, Rice JS (20095)
Seasonal foraging movements and migratory patterns of
female Lamna ditropis tagged in Prince William Sound,

., Alaska. JFish Biol 67:490—509

A Hulbert LB, Sigler MF, Lunsford CR (2006) Depth and

movement behaviour of the Pacific sleeper shark in the
. horth-east Pacific Ocean. J Fish Biol 69:406—425

A Huson DH, Auch AF, Qi J, Schuster SC (2007) MEGAN ana-
lysis of metagenomics data. Genome Res 17:377—386

] Huson DH, Beier S, Flade I, Gérska A and others (2016)
MEGAN community edition: interactive exploration and
analysis of large-scale microbiome sequencing data.
PLOS Comput Biol 12:e1004957

] Jayasinghe C, Gotoh N, Tokairin S, Ehara H, Wada S
(2003a) Inter species changes of lipid compositions in
liver of shallow-water sharks from the Indian Ocean. Fish

. Sci69:644—653

A Jayasinghe C, Gotoh N, Wada S (2003b) Variation in lipid
classes and fatty acid composition of salmon shark
(Lamna ditropis) liver with season and gender. Comp
Biochem Physiol B Biochem Mol Biol 134:287—295

] Jefferson TA, Stacey PJ, Baird RW (1991) A review of killer
whale interactions with other marine mammals: preda-

., tionto coexistence. Mammal Rev 21:151—180

A Joly S, Stevens MI, Jansen Van Vuuren B (2007) Haplotype
networks can be misleading in the presence of missing
data. Syst Biol 56:857—862

] Jones IM (2006) A northeast Pacific offshore killer whale
(Orcinus orca) feeding on a Pacific halibut (Hippoglossus
stenolepis). Mar Mamm Sci 22:198—200

p | Jorgensen SJ, Anderson S, Ferretti F, Tietz JR and others
(2019) Killer whales redistribute white shark foraging
pressure on seals. Sci Rep 9:6153

] Jourdain E, Karoliussen R, de Vos J, Zakharov SE, Tougard
C (2020) Killer whales (Orcinus orca) feeding on lump-
fish (Cyclopterus lumpus) in northern Norway. Mar

., Mamm Sci 36:89—102

A Kang SJ, Timmins MCA, Ackman RG (1998) Similarities in
the lipid class profiles of oils from Atlantic and Pacific
dogfish livers. J Am Oil Chem Soc 75:1667—1672

Ketchen KS (1986) The spiny dogfish (Squalus acanthias)


https://doi.org/10.1017/S0025315421000321
https://doi.org/10.1093/oso/9780195131543.003.0019
https://doi.org/10.1146/annurev.es.19.110188.001231
https://doi.org/10.1186/s40317-021-00260-0
https://doi.org/10.1139/cjfas-2012-0535
https://doi.org/10.1007/s004420000590
https://doi.org/10.1016/j.jmarsys.2003.10.008
https://doi.org/10.1016/j.anbehav.2021.01.009
https://doi.org/10.1098/rspb.2017.1345
https://doi.org/10.1093/auk/117.1.82
https://doi.org/10.3354/meps07035
https://doi.org/10.1111/j.1096-3642.1950.tb00663.x
https://doi.org/10.1578/01675420360736497
https://doi.org/10.3354/meps302275
https://doi.org/10.1007/s11746-998-0109-5
https://doi.org/10.1111/mms.12618
https://doi.org/10.1038/s41598-019-39356-2
https://doi.org/10.1111/j.1748-7692.2006.00013.x
https://doi.org/10.1080/10635150701633153
https://doi.org/10.1111/j.1365-2907.1991.tb00291.x
https://doi.org/10.1016/S1096-4959(02)00268-3
https://doi.org/10.1046/j.1444-2906.2003.00668.x
https://doi.org/10.1371/journal.pcbi.1004957
https://doi.org/10.1101/gr.5969107
https://doi.org/10.1111/j.1095-8649.2006.01175.x
https://doi.org/10.1111/j.0022-1112.2005.00757.x
https://doi.org/10.1098/rspb.2002.2033
https://doi.org/10.1093/jhered/89.2.121
https://doi.org/10.1578/AM.49.1.2023.7

194

Mar Ecol Prog Ser 763: 171—196, 2025

in the northeast Pacific and a history of its utilization.
Canadian Special Publication of Fisheries and Aquatic
., Sciences 88. Fisheries and Oceans Canada, Ottawa
A King JR, Wetklo M, Supernault J, Taguchi M, Yokawa K,
Sosa-Nishizaki O, Withler RE (2015) Genetic analysis of
stock structure of blue shark (Prionace glauca) in the
north Pacific ocean. Fish Res 172:181—189
Kleiber P, Clarke S, Bigelow K, Nakano H, McAllister M,
Takeuchi Y (2009) North Pacific blue shark stock assess-
. ment. NOAA Tech Memo NOAA-TM-NMFS-PIFSC-17
A Kohl KD, Coogan SCP, Raubenheimer D (2015) Do wild car-
nivores forage for prey or for nutrients? BioEssays 37:
. 701-709
A Krahn MM, Herman DP, Matkin CO, Durban JW and others
(2007) Use of chemical tracers in assessing the diet and
foraging regions of eastern North Pacific killer whales.
., Mar Environ Res 63:91—114
FKrebs JR, Erichsen JT, Webber MI, Charnov EL (1977) Opti-
mal prey selection in the great tit (Parus major). Anim
., Behav25:30—38
]“ Lara-Lizardi F, Gomez MF, Quintero-Perez A (2025) First
record of orcas (Orcinus orca) preying on a prickly shark
(Echinorhinus cookei) in the Gulf of California: insights
into shark ecology. Front Fish Sci 3:1437507
] Laurs RM, Fiedler PC, Montgomery DR (1984) Albacore tuna
catch distributions relative to environmental features
observed from satellites. Deep Sea Res A 31:1085—1099
] Leigh JW, Bryant D (2015) PopART: full-feature software for
haplotype network construction. Methods Ecol Evol 6:
. 1110-1116
A Lingham-Soliar T (2005) Caudal fin allometry in the white
shark Carcharodon carcharias: implications for locomo-
tory performance and ecology. Naturwissenschaften 92:
231-236
Love MS (2011) Certainly more than you want to know about
the fishes of the Pacific Coast: a postmodern experience.
Really Big Press, Santa Barbara, CA
Lowe CG, Bray RN, Nelson DR (1994) Feeding and associ-
ated electrical behavior of the Pacific electric ray Torpedo
., californica in the field. Mar Biol 120:161—169
]“ Matkin C, Olsen DW, Ellis G, Ylitalo G, Andrews R (2018)
Long-term killer whale monitoring in Prince William
Sound/Kenai Fjords Exxon Valdez Oil Spill Trustee Coun-
cil Project 16120114-M. https://evostc.state.ak.us/media/
7203/16120114-m-matkin-et-al-2018-final-report.pdf
] Matta ME, Tribuzio CA, Davidson LNK, Fuller KR, Dunne
GC, Andrews AH (2024) A review of the Pacific sleeper
shark Somniosus pacificus: biology and fishery interac-
., tions. Polar Biol 47:433—458
A Maxwell SM, Scales KL, Bograd SJ, Briscoe DK and others
(2019) Seasonal spatial segregation in blue sharks (Prion-
ace glauca) by sex and size class in the Northeast Pacific
Ocean. Divers Distrib 25:1304—1317
McAllister DE (1968) Poisonous and venomous fishes of
Canada. National Museum of Canada Natural History
Papers 42. National Museum of Canada, Ottawa
] McFarlane GA, Beamish RJ (1986) A tag suitable for asses-
sing long-term movements of spiny dogfish and prelimi-
nary results from use of this tag. N Am J Fish Manage 6:
69—76
McFarlane GA, King JR (2003) Migration patterns of spiny
dogfish (Squalus acanthias) in the North Pacific Ocean.
Fish Bull 101:358—367
McFarlane G, Robinson CLK (1997) Physical, biological and
fisheries oceanography of a large ecosystem (west coast

of Vancouver Island) and implications for management.
Oceanol Acta 20:191—-200
McFarlane GA, McPhie RP, King JR (2010) Distribution and
life history parameters of elasmobranch species in British
Columbia waters. Can Tech Rep Fish Aquat Sci 2908.
Fisheries and Oceans Canada, Ottawa
A McInturf AG, Muhling B, Bizzarro JJ, Fangue NA, Ebert DA,
Caillaud D, Dewar H (2022) Spatial distribution, temporal
changes, and knowledge gaps in basking shark (Cetorhi-
nus maximus) sightings in the California Current Ecosys-
., tem. Front Mar Sci 9:818670
A McKinnell S, Seki MP (1998) Shark bycatch in the Japanese
high seas squid driftnet fishery in the North Pacific
Ocean. Fish Res 39:127—138
Merlen G (1999) The orca in the Galapagos: 135 sightings.
Not Galdpagos 60:2—8
] Meyer W, Seegers U (2012) Basics of skin structure and func-
., tioninelasmobranchs: areview. J Fish Biol 80:1940—1967
M Miller RS (1967) Pattern and process in competition. Adv
., EcolRes4:1-74
A Morato T, Hoyle SD, Allain V, Nicol SJ (2010) Seamounts are
hotspots of pelagic biodiversity in the open ocean. Proc
., Natl Acad Sci USA 107:9707—9711
A Morgulis A, Coulouris G, Raytselis Y, Madden TL, Agarwala
R, Schaffer AA (2008) Database indexing for production
MegaBLAST searches. Bioinformatics 24:1757—1764
] Morin PA, LeDuc RG, Robertson KM, Hedrick NM and
others (2006) Genetic analysis of killer whale (Orcinus
orca) historical bone and tooth samples to identify west-
ern U.S. ecotypes. Mar Mamm Sci 22:897—909
] Morin PA, Archer FI, Foote AD, Vilstrup J and others (2010)
Complete mitochondrial genome phylogeographic anal-
ysis of killer whales (Orcinus orca) indicates multiple spe-
. cies. Genome Res 20:908—916
A Morin PA, McCarthy ML, Fung CW, Durban JW and others
(2024) Revised taxonomy of eastern North Pacific killer
whales (Orcinus orca): Bigg's and resident ecotypes
deserve species status. R Soc Open Sci 11:231368
] Mucientes G, Gonzalez-Pestana A (2020) Depredation by
killer whales (Orcinus orca) on a blue shark (Prionace
glauca) in northeastern Atlantic. Aquat Mamm 46:
., A478—482
A Musick JA, Burgess G, Cailliet G, Camhi M, Fordham S
(2000) Management of sharks and their relatives (Elas-
mobranchii). Fisheries (Bethesda, Md) 25:9—13
Nagasawa K (1998) Predation by salmon sharks (Lamna
ditropis) on Pacific salmon (Oncorhychus spp.) in the
North Pacific Ocean. N Pac Anadr Fish Comm Bull No 1:
419—433
Nakano H (1994) Age, reproduction and migration of blue
shark in the North Pacific Ocean. Bull Nat Res Inst Far
., Seas Fish 31:141-256
A Nakano H, Stevens JD (2008) The biology and ecology of the
blue shark, Prionace glauca. In: Camhi MD, Pikitch EK,
Babcock EA (eds) Sharks of the open ocean: biology, fish-
eries and conservation. Blackwell Publishing, Oxford,
p 140—151
NOAA National Centers for Environmental Information
(2022) ETOPO 2022 15 Arc-Second Global Relief Model.
https://doi.org/10.25921/{d45-gt74
Norris KS, Prescott JH (1961) Observations of Pacific ceta-
ceans of Californian and Mexican waters. Univ Calif Publ
Zool 63:291—402
O'Sullivan JB, Mitchell T (2000) A fatal attack on a whale
shark Rhincodon typus, by Kkiller whales Orcinus orca off


https://doi.org/10.1016/j.fishres.2015.06.029
https://doi.org/10.1002/bies.201400171
https://doi.org/10.1016/j.marenvres.2006.07.002
https://doi.org/10.1016/0003-3472(77)90064-1
https://doi.org/10.3389/frish.2025.1437507
https://doi.org/10.1016/0198-0149(84)90014-1
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1007/s00114-005-0614-4
https://evostc.state.ak.us/media/7203/16120114-m-matkin-et-al-2018-final-report.pdf
https://doi.org/10.1007/s00300-024-03247-8
https://doi.org/10.1111/ddi.12941
https://doi.org/10.1577/1548-8659(1986)6%3C69%3AATSFAL%3E2.0.CO%3B2
https://doi.org/10.1002/9781444302516.ch12
https://doi.org/10.1577/1548-8446(2000)025%3C0009%3AMOSATR%3E2.0.CO%3B2
https://doi.org/10.1578/AM.46.5.2020.478
https://doi.org/10.1098/rsos.231368
https://doi.org/10.1101/gr.102954.109
https://doi.org/10.1111/j.1748-7692.2006.00070.x
https://doi.org/10.1093/bioinformatics/btn322
https://doi.org/10.1073/pnas.0910290107
https://doi.org/10.1016/S0065-2504(08)60319-0
https://doi.org/10.1111/j.1095-8649.2011.03207.x
https://doi.org/10.1016/S0165-7836(98)00179-9
https://doi.org/10.3389/fmars.2022.818670

Wright et al.: Offshore killer whale dietary specialization

195

Bahia de Los Angeles, Baja California. American Society of
Ichthyologists and Herpetologists 80th Annual Meeting/
American Elasmobranch Society (ASIH/AES) (Abstracts),
16th Annual Meeting, La Paz, Mexico
] Orlov AM, Baitalyuk AA (2014) Spatial distribution and fea-
tures of biology of Pacific sleeper shark Somniosus pacit-
icus in the North Pacific. J Ichthyol 54:526—546
Orlov AM, Moiseev SI (1998) New data on the biology of the
Pacific sleeper shark, Somniosus pacificus (Squalidae) in
the northwestern Pacific Ocean. In: MacKinlay D, How-
ard K, Cech J Jr (eds) Fish performance studies: sympo-
sium proceedings of the International Congress on the
Biology of Fish, Baltimore. American Fisheries Society,
Bethesda, MD, p 177—186
] Ortega-Ortiz CD, Lazcano-Pacheco C, Llamas-Gonzalez M,
Meza-Yanez R, Ruano-Cobian S, Lopez-Luna DG, Lifidan-
Cabello MA (2023) Expanding information on the prey
items and hunting tactics of the eastern tropical Pacific
killer whale (Orcinus orca) ecotype. EMBO 6:000635
] Pdez AM, Padilla EMH, Klimley AP (2023) A review of tonic
immobility as an adaptive behavior in sharks. Environ
., Biol Fishes 106:1455—1462
]“ Pancaldi F, Ayres KA, Gallagher A, Moskito J, Williamson
KC, Higuera Rivas JE (2024) Killer whale (Orcinus orca)
hunt, kill and consume the largest fish on Earth, the whale
shark (Rhinocodon typus). Front Mar Sci 11:1448254
#A'Pacoureau N, Rigby CL, Kyne PM, Sherley RB and others
(2021) Half a century of global decline in oceanic sharks
and rays. Nature 589:567—571
Pante E, Simon-Bouhet B, Irisson J (2023) marmap: import,
plot and analyze bathymetric and topographic data.
R package version 1.0.10. https://CRAN.R-project.org/
package=marmap
] Passadore C, Domingo A, Secchi ER (2015) Depredation by
killer whale (Orcinus orca) and false killer whale (Pseu-
dorca crassidens) on the catch of the Uruguayan pelagic
longline fishery in southwestern Atlantic Ocean. ICES J
. Mar Sci 72:1653—1666
]“ Pethybridge HR, Parrish CC, Bruce BD, Young JW, Nichols
PD (2014) Lipid, fatty acid and energy density profiles of
white sharks: insights into the feeding ecology and eco-
physiology of a complex top predator. PLOS ONE 9:
., €97877
X Phelger CF (1998) Buoyancy in marine fishes: direct and
indirect role of lipids. Am Zool 38:321—-330
Pike GC, MacAskie IB (1969) Marine mammals of British
Columbia. Bull Fish Res Board Can 71:1—-54
Proudfoot B, Thompson PL, Vaidyanathan T, Robb CK
(2024) Spatial estimates of blue shark, salmon shark, Pac-
ific sleeper shark and bluntnose sixgill shark presence in
British Columbia. Canadian Technical Report of the Fish-
eries and Aquatic Sciences 3600. Fisheries and Oceans
Canada, Ottawa
A Pyle P, Schramm MJ, Keiper C, Anderson SD (1999) Preda-
tion on a white shark (Carcharodon carcharias) by a killer
whale (Orcinus orca) and a possible case of competitive
displacement. Mar Mamm Sci 15:563—568
X Raverty S, St. Leger J, Noren DP, Burek Huntington K and
others (2020) Pathology findings and correlation with
body condition index in stranded killer whales (Orcinus
orca) in the northeastern Pacific and Hawaii from 2004 to
2013. PLOS ONE 15:€0242505
IR Core Team (2021) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna. https://www.R-project.org/

]\'i Reeves IMM, Weeks AR, Towner AV, Impey R and others
(2025) Genetic evidence of killer whale predation on
white sharks in Australia. Ecol Evol 15:e70786

Reilly P (2024) 60-year-old grandmother orca kills great
white shark in incredibly rare moment. New York Post,
March 5, 2024. https://nypost.com/2024/03/05/world-
news/60-year-old-orca-kills-great-white-shark-in-
incredibly-rare-footage/

] Remili A, Dietz R, Sonne C, Samarra FIP and others (2023)
Quantitative fatty acid signature analysis reveals a high
level of dietary specialization in killer whales across the

.. North Atlantic. J Anim Ecol 92:1216—1229

A Reyes LM, Garcia-Borboroglu P (2004) Killer whale (Orcinus
orca) predation on sharks in Patagonia, Argentina: a first
report. Aquat Mamm 30:376—379

Rice DW (1968) Stomach contents and feeding behaviour of
killer whales in the eastern North Pacific. Nor Hval-
fangst-Tid 57:35—38

Rice AC, Myers HJ, Olsen DW, Pilkington JF, Hildebrand
JA, Baumann-Pickering S (2023) Spatial and temporal
occurrence of killer whale (Orcinus orca) ecotypes in the
Gulf of Alaska Temporary Maritime Activities Area from
July 2011 to September 2019. Marine Physical Labo-
ratory, Scripps Institute of Oceanography, University of
California San Diego, La Jolla, CA. MPL Technical Mem-
orandum #660 under Cooperative Ecosystems Study Unit
Cooperative Agreement N62473-21-2-0012 for U.S.
Navy, U.S. Pacific Fleet, Pearl Harbour, HI

] Riesch R, Barrett-Lennard LG, Ellis GM, Ford JKB, Deecke

VB (2012) Cultural traditions and the evolution of repro-
ductive isolation: ecological speciation in killer whales?
. BiolJLinn Soc 106:1—-17

A Rudd JL, Abel G, Baringo F, Birch S, and others (2024) High-
resolution biologging of an Atlantic bluefin tuna cap-
tured and eaten by a supposed orca. Sci Rep 14:29352

] Schluter D (2001) Ecology and the origin of species. Trends

., Ecol Evol 16:372—380

M Schorr GS, Hanson MB, Falcone EA, Emmons CK, Jarvis
SM, Andrews RD, Keen E (2022) Movements and diving
behavior of the eastern north Pacific offshore killer whale
(Orcinus orca). Front Mar Sci 9:854893

Sciarotta TC, Nelson DR (1977) Diel behavior of the blue
shark, Prionace glauca, near Santa Catalina Island, Cali-
fornia. Fish Bull 75:519—528

Secchi ER, Vaske T Jr (1998) Killer whale (Orcinus orca)
sightings and depredation on tuna and swordfish long-
line catches in southern Brazil. Aquat Mamm 24:117—122

] Sigler MF, Hulbert LB, Lunsford CR, Thompson NH, Burek
K, O'Corry-Crowe G, Hirons AC (2006) Diet of Pacific
sleeper shark, a potential Steller sea lion predator, in the

., horth-east Pacific Ocean. J Fish Biol 69:392—405

A Simard Y, Mackas DL (1989) Mesoscale aggregations of
euphausiid sound scattering layers on the continental
shelf of Vancouver Island. Can J Fish Aquat Sci 46:
1238—1249

Skinner G (1994) Kimbe Bay has it all. Ocean Realm October
1994, p 21

] Sonnino Sorisio L, De Maddalena A, Visser IN (2006) Inter-
action between killer whales (Orcinus orca) and hammer-
head sharks (Sphyrna sp.) in Galapagos waters. Lat Am J
Aquat Mamm 5:69—71

] Stevens JD, Bradford RW, West GJ (2010) Satellite tagging
of blue sharks (Prionace glauca) and other pelagic sharks
off eastern Australia: depth behaviour, temperature
experience and movements. Mar Biol 157:575—591


https://doi.org/10.1134/S0032945214040080
https://doi.org/10.31031/EIMBO.2023.06.000635
https://doi.org/10.1007/s10641-023-01413-1
https://doi.org/10.3389/fmars.2024.1448254
https://doi.org/10.1038/s41586-020-03173-9
https://doi.org/10.1093/icesjms/fsu251
https://doi.org/10.1371/journal.pone.0097877
https://doi.org/10.1093/icb/38.2.321
https://doi.org/10.1111/j.1748-7692.1999.tb00822.x
https://doi.org/10.1371/journal.pone.0242505
https://www.r-project.org/
https://doi.org/10.1007/s00227-009-1343-6
https://doi.org/10.5597/lajam00095
https://doi.org/10.1139/f89-160
https://doi.org/10.1111/j.1095-8649.2006.01096.x
https://doi.org/10.3389/fmars.2022.854893
https://doi.org/10.1016/S0169-5347(01)02198-X
https://doi.org/10.1038/s41598-024-80744-0
https://doi.org/10.1111/j.1095-8312.2012.01872.x
https://doi.org/10.1578/AM.30.3.2004.376
https://doi.org/10.1111/1365-2656.13920
https://doi.org/10.1002/ece3.70786

196

Mar Ecol Prog Ser 763: 171—196, 2025

Strasburg DW (1958) Distribution, abundance, and habits of
pelagic sharks in the central Pacific Ocean. Fish Bull 58:
. 335-361
M Stroud EM, O'Connell CP, Rice PH, Snow NH, Barnes BB,
Elshaer MR, Hanson JE (2014) Chemical shark repellent:
myth or fact? The effect of a shark necromone on shark
feeding behavior. Ocean Coast Manage 97:50—57
] Sutherland B (2022) eDNA metabarcoding: pipeline to ana-
lyze eDNA metabarcoding samples (PE and SE, demulti-
plexed, multiplexed). https://github.com/bensutherland/
eDNA__metabarcoding
] Terrapon M, Kiszka JJ, Wagner J (2021) Observations of
killer whale (Orcinus orca) feeding behavior in the tropi-
cal waters of the northern Mozambique Channel Island of
Mayotte, southwest Indian Ocean. Aquat Mamm 47:
. 196-205
]“ Terrapon M, Venables SK, Lokker A, Bertrand N, Hooker SK,
Marshall AD (2024) Killer whale predation on a giant
manta ray (Mobula birostris), a sicklefin devil ray (Mob-
ula tarapacana) and a tiger shark (Galeocerdo cuvier) in
., thesouthwest Indian Ocean. Afr J Ecol 62:13342
]“Thomas AC, Nelson BW, Lance MM, Deagle BE, Trites AW
(2017) Harbour seals target juvenile salmon of conserva-
tion concern. Can J Fish Aquat Sci 74:907—921
] Thompson PL, Anderson SC, Nephin J, Robb CK and others
(2023) Integrating trawl and longline surveys across Brit-
ish Columbia improves groundfish distribution predic-
tions. Can J Fish Aquat Sci 80:195—210
] Towner AV, Watson RGA, Kock AA, Papastamatiou Y and
others (2022) Fear at the top: killer whale predation drives
white shark absence at South Africa's largest aggregation
. site. AfrJ Mar Sci 44:139—152
N Towner AV, Kock AA, Stopforth C, Hurwitz D, Elwen SH
(2023) Direct observation of killer whales preying on
white sharks and evidence of a flight response. Ecology
. 104:e3875
A Towner A, Micarelli P, Hurwitz D, Smale MJ and others
(2024) Further insights into killer whales Orcinus orca
preying on white sharks Carcharodon carcharias in South
Africa. Afr J Mar Sci 46:1—-5
Tribuzio CA, Rodgveller C, Heifetz J, Courtney D, Goldman
KJ (2008) Assessment of the shark stocks in the Gulf of
Alaska. In: Stock assessment and fishery evaluation
report for the groundfish resources of the Gulf of Alaska.
North Pacific Fishery Management Council, Anchorage,
AK, p 557—-612
] Van Cise AM, Hanson MB, Emmons C, Olsen D, Matkin CO,
Wells AH, Parsons KM (2024) Spatial and seasonal forag-
ing patterns drive diet differences among north Pacific
resident killer whale populations. R Soc Open Sci 11:
., TIs0s240445
A Vedor M, Mucientes G, Hernandez-Chan S, Rosa R, Hum-
phries N, Sims DW, Queiroz N (2021) Oceanic diel verti-
cal movement patterns of blue sharks vary with water
temperature and productivity to change vulnerability to
fishing. Front Mar Sci 8:688076
A Visser I (1999) Benthic foraging on stingrays by killer whales
(Orcinus orca) in New Zealand waters. Mar Mamm Sci 15:
220—227
Visser IN (2000) Killer whale (Orcinus orca) interactions with

Editorial responsibility: Peter Corkeron,
Nathan, Queensland, Australia
Reviewed by: 3 anonymous referees
Submitted: December 9, 2024; Accepted: April 8, 2025
Proofs received from author(s): June 21, 2025

longline fisheries in New Zealand waters. Aquat Mamm
. 26:241-252
A Visser IN (2005) First observations of feeding on thresher
(Alopias vulpinus) and hammerhead (Sphyrna zygaena)
sharks by killer whales (Orcinus orca), which specialize
on elasmobranchs as prey. Aquat Mamm 31:83—88
] Visser IN, Bonoccorso FJ (2003) New observations and a
review of killer whale (Orcinus orca) sightings in Papua
New Guinea waters. Aquat Mamm 29:150—172
Visser IN, Berghan J, van Meurs R, Fertl D (2000) Killer
whale (Orcinus orca) predation on a shortfin mako shark
(Isurus oxyrinchus) in New Zealand waters. Aquat Mamm
. 26:229-231
M Vorel A, Valkova L, Hamsikova L, Malon J, Korbelova J
(2015) Beaver foraging behaviour: seasonal foraging spe-
cialization by a choosy generalist herbivore. Behav Ecol
., Sociobiol 69:1221—1235
M Votier SC, Bearhop S, Ratcliffe JM, Furness RW (2004)
Reproductive consequences for great skuas specializing
as seabird predators. Condor 106:275—287
Wallace S, Gisborne B (2006) Basking sharks: the slaughter
of BC's gentle giants, Transmontanus, Vol 14. New Star
., Books, Vancouver, BC
& Weng KC, Castilho PC, Morrissette JM, Landeira-Fernandez
AM and others (2005) Satellite tagging and cardiac physi-
ology reveal niche expansion in salmon sharks. Science
., 310:104—106
]"Weng KC, Foley DG, Ganong JE, Perle C, Shillinger GL,
Block BA (2008) Migration of an upper trophic level pred-
ator, the salmon shark Lamna ditropis, between distant
ecoregions. Mar Ecol Prog Ser 372:253—264
]\Wetherbee BM, Nicols PD (2000) Lipid composition of the
liver oil of deep-sea sharks from the Chatham Rise, New
Zealand. Comp Biochem Physiol B Biochem Mol Biol
o 125:511-521
A Whitehead H (2007) Learning, climate and the evolution of
cultural capacity. J Theor Biol 245:341—-350
] ‘Whitehead H, Ford JKB (2018) Consequences of culturally-
driven ecological specialization: killer whales and bey-
., ond.J Theor Biol 456:279—294
A Whitehead H, Reeves R (2005) Killer whales and whaling:
the scavenging hypothesis. Biol Lett 1:415—418
] Williams AJ, Petersen SL, Goren M, Watkins BP (2009)
Sightings of killer whales Orcinus orca from longline ves-
sels in South African waters, and consideration of the
regional conservation status. Afr J Mar Sci 31:81—-86
] Williams R, Okey TA, Wallace SS, Gallucci VF (2010) Shark
aggregations in coastal waters of British Columbia. Mar
Ecol Prog Ser 414:249—256
Wright BA, Hulbert L (2000) Shark abundance increases in
., the Gulf of Alaska. PICES Press 8:16—17
]"Wright BM, Stredulinsky EH, Ellis GM, Ford JKB (2016)
Kin-directed food sharing promotes lifetime natal philo-
patry of both sexes in a population of fish-eating killer
o whales, Orcinus orca. Anim Behav 115:81—95
A Wright BM, Ford JKB, Ellis GM, Deecke VB, Shapiro AD,
Battaile BC, Trites AW (2017) Fine-scale foraging move-
ments by fish-eating killer whales (Orcinus orca) relate
to the vertical distributions and escape responses of
salmonid prey (Oncorhynchus spp.). Mov Ecol 5:3

This article is Open Access under the Creative Commons by
Attribution (CC-BY) 4.0 License, https:// creativecommons.org/
licenses/by/4.0/deed.en. Use, distribution and reproduction
are unrestricted provided the authors and original publication
are credited, and indicate if changes were made


https://doi.org/10.1016/j.ocecoaman.2013.01.006
https://github.com/bensutherland/eDNA_metabarcoding
https://doi.org/10.1578/AM.47.2.2021.196
https://doi.org/10.1111/aje.13342
https://doi.org/10.1139/cjfas-2015-0558
https://doi.org/10.1139/cjfas-2022-0108
https://doi.org/10.2989/1814232X.2022.2066723
https://doi.org/10.1002/ecy.3875
https://doi.org/10.2989/1814232X.2024.2311272
https://doi.org/10.1098/rsos.240445
https://doi.org/10.3389/fmars.2021.688076
https://doi.org/10.1111/j.1748-7692.1999.tb00793.x
https://doi.org/10.1578/AM.31.1.2005.83
https://doi.org/10.1186/s40462-017-0094-0
 PubMed
https://doi.org/10.1016/j.anbehav.2016.02.025
https://doi.org/10.3354/meps08718
https://doi.org/10.2989/AJMS.2009.31.1.7.778
https://doi.org/10.1098/rsbl.2005.0348
https://doi.org/10.1016/j.jtbi.2018.08.015
https://doi.org/10.1016/j.jtbi.2006.10.001
https://doi.org/10.1016/S0305-0491(00)00154-1
https://doi.org/10.3354/meps07706
https://doi.org/10.1126/science.1114616
https://doi.org/10.1093/condor/106.2.275
https://doi.org/10.1007/s00265-015-1936-7
https://doi.org/10.1578/016754203101024004



