8 frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Jeremy Kiszka,
Florida International University, United States

REVIEWED BY
Ann Pabst,

University of North Carolina Wilmington,
United States

Olga Filatova,

University of Southern Denmark, Denmark

*CORRESPONDENCE
Keith D. Mullin
Keith.D.Mullin@noaa.gov

'Deceased

RECEIVED 05 July 2024
AccepTeED 03 October 2024
PUBLISHED 12 November 2024

CITATION
Barry KP, Mullin KD, Maze-Foley K,

Wilcox Talbot LA, Rosel PE, Soldevilla MS,
Dias LA, Ramirez-Ledn MR and Litz JA (2024)
Killer whales in the Gulf of Mexico and North
Atlantic off the Southeastern United States.
Front. Mar. Sci. 11:1460314.

doi: 10.3389/fmars.2024.1460314

COPYRIGHT

© 2024 Barry, Mullin, Maze-Foley,

Wilcox Talbot, Rosel, Soldevilla, Dias,
Ramirez-Ledn and Litz. This is an open-access
article distributed under the terms of the

Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 12 November 2024
p0o110.3389/fmars.2024.1460314

Killer whales in the Gulf of
Mexico and North Atlantic off the
Southeastern United States

Kevin P. Barry™, Keith D. Mullin™*, Katherine Maze-Foley??,
Lynsey A. Wilcox Talbot®, Patricia E. Rosel®,

Melissa S. Soldevilla®, Laura Aichinger Dias?*?,

M. Rafael Ramirez-Ledn” and Jenny A. Litz?

tMarine Mammal and Turtle Division, Southeast Fisheries Science Center, NMFS/NOAA, Pascagoula,
MS, United States, 2Marine Mammal and Turtle Division, Southeast Fisheries Science Center, NMFS/
NOAA, Miami, FL, United States, *Cooperative Institute for Marine and Atmospheric Studies, University
of Miami, Miami, FL, United States, “Marine Mammal and Turtle Division, Southeast Fisheries Science
Center, NMFS/NOAA, Lafayette, LA, United States, SDepartamento de Oceanografia Bioldgica, Centro
de Investigacion Cientificas y de Educacion, Superior de Ensenada, Baja California, Mexico

Killer whales occur in the Gulf of Mexico (GoMex) and the North Atlantic,
including off the southeastern United States (SEUS). Data from cetacean
surveys during 1990 — 2021 and other sources were combined to assess killer
whale biology, including spatial and temporal distribution, social structure,
genetics, morphology, acoustics, and predatory behavior. GoMex records
occurred predominantly in oceanic waters (>200 m) during spring and
summer. SEUS records occurred primarily in winter and spring off the North
Carolina region along the shelf-edge and deeper waters, and off the east coast of
Florida. Photo-identification analysis of GoMex killer whales resulted in 49
individuals sighted up to seven times with sighting histories up to 26 years, and
social analysis provided evidence of long-term relationships up to 16 years. The
GoMex genetic samples revealed two mtDNA haplotypes, one of which does not
match any outside the GoMex. Most GoMex whales had wide non-faint saddle
patches and many had cookiecutter shark scars while no scars were noted on
SEUS whales. Three groups recorded in the GoMex made few calls, but a group
harassing sperm whales produced many. Cetaceans and tuna are known prey in
the GoMex and SEUS, respectively. Directed studies of killer whales in the GoMex
areas would be difficult to implement as this species is very rare. It is therefore
important to pursue ongoing efforts to collect behavioral, acoustic and any
biological samples that will contribute to improve our understanding of the
biology and ecology of killer whales in tropical and subtropical regions.
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1 Introduction

Killer whales (Orcinus orca) are distributed globally with higher
densities in temperate and polar waters than tropical regions
(Forney and Wade, 2006). Long-term ecological research on killer
whales conducted in high latitude habitats of the North Pacific,
North Atlantic, and Antarctic describe distinctive external
morphology (morphotype), social structure, taxonomy and
speciation, population structure, dietary preferences (e.g., marine
mammals, fish, sharks, penguins), and distribution and movement
patterns (e.g., Bigg et al., 1990; Ford et al., 1998; Baird, 2000; Pitman
and Ensor, 2003; Foote et al., 2009; Moura et al., 2014; Morin et al.,
2015; Jourdain et al., 2019) among multiple ecotypes or
morphotypes (De Bruyn et al., 2013; Jefferson et al., 2015; Ford,
2019). The most extensively studied killer whales are the three well-
established ecotypes from the temperate eastern North Pacific
(resident, Bigg’s/transient, offshore) (Jones, 2006; Krahn et al,
2007; Dahlheim et al., 2008; Ford, 2009; Ford et al., 2011). Five
ecotypes or morphotypes have been described in the Antarctic-
Subantarctic (Type A, Type B-large, Type B-small, Type-C, Type-
D) (Pitman and Ensor, 2003; Pitman et al., 2007; Andrews et al.,
2008; Pitman, 2011; Pitman et al., 2011). Two proposed ecotypes
were described in the high latitude North Atlantic (Type 1, Type 2)
(Foote et al., 2009) but require further study (Foote, 2022).

Compared to these high latitude populations, information on
killer whales in low latitude warm waters (“tropical”) is sparse
because they are more dispersed and, in many cases, less accessible
in more offshore waters. Our current view of killer whale ecology is
largely based on high latitude populations and our understanding of
killer whale populations in tropical habitats is just beginning to
emerge. Limited studies have been conducted in the eastern
tropical Atlantic (Weir et al., 2010), Caribbean Sea (Bolafos-
Jimeénez et al., 2014; Bolafos-Jiménez et al., 2023), Bahamas (Dunn
and Claridge, 2013), Gulf of Mexico (O'Sullivan and Mullin, 1997),
eastern tropical Pacific (Olson and Gerrodette, 2008; Vargas-Bravo
et al, 2020), Hawaii (Baird et al., 2006), Galapagos Islands
(Denkinger et al., 2020), Indian Ocean (Terrapon et al., 2021), and
New Guinea (Visser and Bonoccorso, 2003). Because they are
comparatively understudied relative to populations at high
latitudes, tropical ecotypes/morphotypes are less well defined (Baird
et al., 2006; Olson and Gerrodette, 2008; Weir et al., 2010; Bolafios-
Jimenez et al., 2014; Vargas-Bravo et al., 2020). Killer whales across
the tropics in general appear to have a broad diet and have been
observed feeding on a range of prey (e.g., marine mammals, sharks,
fish, cephalopods) (e.g., Visser and Bonoccorso, 2003; Baird et al.,
2006; Denkinger et al., 2020; Terrapon et al,, 2021) and this includes
the Caribbean region (Bolafios-Jimeénez et al,, 2014; Kiszka et al,
2021). In some tropical areas they have only been observed feeding on
specific prey (e.g., marine mammals) (Dunn and Claridge, 2013) but
no populations have been defined as dietary specialists thus far based
on a limited of number observations.

Because killer whales are distributed throughout the world and
they have shown a diversity of adaptations (e.g., behavior, prey,
social structure and morphology) and, potentially, speciation
(Morin et al., 2010, 2024) in high latitude regions, it is important
to study them in tropical habitats to understand the complete extent
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and nature of their potential adaptations. Our goal here is to
develop a more comprehensive picture of killer whale ecology in
subtropical waters of the Gulf of Mexico and the North Atlantic
Ocean off the southeastern United States (U.S.) (Figure 1) and
include information on spatial and temporal distribution,
strandings, individual sighting histories and movements, potential
social structure, genetics, morphology, acoustics and prey. We
combine up-to-date killer whale records from published and
unpublished sources including U.S. National Marine Fisheries
Service (NMFS), Southeast Fisheries Science Center (SEFSC)
marine mammal line-transect surveys, other sightings made by
the SEFSC and Northeast Fisheries Science Center (NEFSC), public
sightings reported directly to the SEFSC and internet reports that
could be verified, and stranding reports.

2 Methods
2.1 Spatial and temporal distribution

From 1990 to 2021, the SEESC has conducted broad-scale,
visual, aerial- and ship-based line-transect surveys (Burnham et al.,
1980) in continental shelf (20 — 200 m depth) and oceanic waters
(>200 m depth) in the U.S. Gulf of Mexico (GoMex) and the North
Atlantic Ocean off the southeastern U.S. (SEUS) south of Delaware
(Figure 2; Table 1) (e.g., Fulling et al., 2003; Mullin and Fulling,
2004; Mullin et al., 2004; Garrison et al., 2010), primarily to collect
data to define cetacean species distribution and estimate abundance
(Hayes et al.,, 2021) to satisfy requirements under the U.S. Marine
Mammal Protection Act (MMPA).

When possible, data recorded for killer whale sightings from ship
or aerial surveys included group size, sea surface temperature, water
depth, the number of calves and adult males, and behavior. Differing
survey objectives among years affected the geographic distribution of
survey effort. During ship surveys, when possible, photographs were
taken to identify individual killer whales primarily based on dorsal
fin characteristics (e.g., Bigg et al., 1990). When sighted from the ship
in favorable weather, a small boat was often deployed to approach
the killer whales to facilitate photography and attempt remote biopsy
sampling to obtain a skin and blubber sample for genetic and other
analyses. Starting in 2000, an acoustic array was typically deployed
during surveys from the ship (see below).

To complement SEFSC line-transect survey sightings,
opportunistic killer whale sighting reports were compiled from 1)
a 2015 NEFSC line-transect survey in the SEUS study area; 2)
NOAA ships conducting fisheries research from 1978 to 2022; 3)
those shared by the public directly with the SEFSC from 1989 to
mid-2024, with varying degrees of additional information,
including photographs, video, date and location; and 4) killer
whale sighting information from published sources (i.e., Hairr,
2012; Whitt et al.,, 2015; Ramirez-Leon et al., 2020). These
sighting records, both opportunistic and from dedicated SEFSC
line-transect surveys, include those previously published by
O'Sullivan and Mullin (1997).

To supplement spatial and temporal distribution information,
opportunistic internet reports of killer whale sightings (e.g., news
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FIGURE 1

Locations of killer whale sighting (triangles) and stranding (squares) records for the Gulf of Mexico and the SEUS Atlantic Ocean from NOAA SEFSC
marine mammal line-transect surveys, verified public reports and other sources, internet reports, strandings, and Katona et al. (1988). SEUS Atlantic
study area is confined to U.S. waters from the Gulf of Mexico boundary through the Straits of Florida to (83°W to ~28°N) to Delaware (~38.5°N).

media, sports fishing blogs) were found by searching with Google®
from 2004 to April 2024 using keyword combinations such as
appropriate U.S. and Mexico state names with killer whale. Reports
were included if they contained sufficiently detailed information to
reasonably validate the information (e.g., video, photographs,
location, date, and group size).

Finally, sighting and stranding data were compiled to provide a
complete overview of killer whales and their spatial and temporal

distribution in GoMex and SEUS waters from the following sources:
1) published records from Katona et al. (1988) (Supplementary
Table S1) and Schmidly (1981); 2) all database records from OBIS-
SEAMAP (https://seamap.env.duke.edu, accessed 27 February
2024); 3) and stranding records from the NOAA National Marine
Mammal Health and Stranding Response Database for the
Southeast [U.S.] Region (accessed 27 February 2024). Records
from each of the sources described were compared so duplicate
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FIGURE 2

Survey effort during SEFSC aerial- and ship-based line transect surveys from 1990 to 2021 in the Gulf of Mexico and Atlantic Ocean.

Frontiers in Marine Science

03

frontiersin.org


https://seamap.env.duke.edu
https://doi.org/10.3389/fmars.2024.1460314
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Barry et al.

TABLE 1 Approximate search effort (1000 km) during SEFSC marine
mammal research surveys by season in continental shelf (<200 m) and
oceanic waters (>200 m) in the Southeast (SE) U.S. Atlantic and U.S. Gulf
of Mexico from 1990 to 2021.

Spring Summer Fall Winter Total
SE U.S. Atlantic
Continental Shelf 38 33 25 42 138
Seasonal fraction 0.28 0.24 0.18 0.30
Oceanic 0 48 3 8 59
Seasonal fraction 0 0.82 0.04 0.13
U.S. Gulf of Mexico
Continental Shelf 11 37 59 20 127
Seasonal fraction 0.08 0.29 0.47 0.16
Oceanic 58 81 17 33 188
Seasonal fraction 0.31 0.43 0.09 0.17

records could be removed. Data used for analyses came from all or a
subset of the data sources described, therefore, except for the SEFSC
line-transect sightings, the findings cannot be viewed in the context
of survey effort.

2.2 Photo-identification analyses

To study the social structure, external morphology, and ranging
and temporal patterns of GoMex killer whales, individual whales
were identified using photographic data from SEFSC surveys and
from non-NOAA data provided to the SEFSC. Photographs of killer
whale dorsal fins and other identifying characteristics were digitized
when necessary, cropped, rotated, and sorted per individual. The
best photograph(s) were then entered into FinBase (Adams et al.,
2006) and quality rated as excellent, good, fair, or poor. Individuals
were primarily identified using the notches, scarring, and shape of
their dorsal fins, as well as distinguishing characteristics on their
bodies [i.e., eye patches (Visser and Mikeldinen, 2000), saddle patch
characteristics, cookiecutter shark (Isistius spp.) scars, and other
scars] and assigned a distinctiveness category: very distinctive,
distinctive, slightly distinctive, or not distinctive (Mcsweeney
et al, 2007; Young et al., 2011). Non-distinctive whales and
photos of poor quality were excluded from the analyses. While
not ideal, both left- and right-side photos were not available for each
identified whale. Three people experienced with photo
identification (photo-ID) examined the photos for individual
whale identification and matches, and those without agreement
from all three people were also excluded.

2.3 Gulf of Mexico social structure
To assess the social structure of GoMex killer whales, groups

were defined as all whales sighted in the same location at the same
time and showing coordinated behavior, and included all whales
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within visual range of the vessel (Baird and Dill, 1996). Only one
group was ever within visual range at any given time due to the
scarcity of killer whale sightings. Groups could contain multiple
subgroups. In general, whales within a sighting were described as
“tight” groups with less than a body length between individuals, but
the maximum separation noted for individuals was 200 m, and the
maximum separation noted for subgroups was 50 - 500 m. Affiliate
refers to an individual whale sighted in the same group as a specific
whale. The total number of affiliates across all sightings of each
identified whale were calculated.

We examined the associations of individual killer whales using
the program SOCPROG2.9 (Whitehead, 2009). Data were restricted
to 49 whales that were slightly to very distinctive and had photos of
fair to excellent quality to examine lagged association rate. Analyses
of association indices (Als), displays of the matrix of Als, and tests
for preferred/avoided companions were performed on a subset of 13
whales that were sighted three or more times.

Because not every individual was identified in each group, the
half-weight index was chosen to calculate Als (Cairns and
Schwager, 1987) as: 2ab/(a + b), where a = total number of times
individual a was seen, b = total number of times individual b was
seen, and ab = total number of times a and b were seen together. A
dendogram was created using hierarchical cluster analysis (using
average linkage) to display the matrix of Als.

To test for preferred or avoided companions (whales who
preferentially associate or avoid one another), it is recommended
to use animals sighted a minimum of five times (or in 5 sampling
periods) (Whitehead, 2008); however, despite having data spanning
26 years, data were insufficient to use animals sighted five or more
times, and hence a lower cutoff of three sightings was used in order
to make a preliminary examination of preferred/avoided
companions. Permutation tests, as in Bejder et al. (1998) with
modifications as in Whitehead et al. (2005), were used to test the
null hypothesis that there are no preferred or avoided companions
given the number of groups each individual whale was sighted in
during each sampling period. The permute groups within samples
test and the permute associations within samples test were both
performed. The permute groups within samples test tests for
preferred companions both within and between sampling periods
(short-term and long-term). The sampling period for the
permutation tests was set to 5 years. Long-term preferred
companionships are shown by a significantly high CV of the real
(observed) Als. Short-term preferred companionships are shown by
a significantly low mean of the real Als. If some individuals avoid
each other, the proportion of non-zero Als should be lower in the
real data than in the random data. The permute association within
samples test tests for long-term (between sampling period)
preferred/avoided companionships, and the sampling period was
also set to 5 years. Long-term preferred/avoided companionships
are shown by a significantly high SD and CV of the real Als.

The temporal analyses module in SOCPROG2.9 was used to
estimate standardized lagged and null association rates. The lagged
association rate is the estimate of the probability that if two
individuals are associating now, they will still be associated
various time lags later (Whitehead, 1995, 2009). The null
association rate is the expected value of the lagged association
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rate if there is no preferred association given the sighting histories of
the individual whales and the number of associations of each
individual whale in each sampling period. It will generally be less
than or equal to the lagged association rate. When the lagged
association rate equals the null association rate, this indicates no
preferred associations over these time lags (Whitehead, 2009).
“Standardized” rates were used because not all true associates of
an individual were recorded during a sampling period in which it
was seen (Whitehead, 1995, 2009). Mathematical models were fit to
the standardized lagged association rates, and the quasi Akaike
information criterion (QAIC) was used to select the best model
(Whitehead, 2007).

2.4 Genetic and sex data analyses

Twelve biopsy skin samples were collected from killer whales in
the GoMex between 2001 and 2010 (Table 2). DNA was extracted
from skin using a standard proteinase K digestion followed by
phenol-chloroform extraction (Rosel and Block, 1996) or using a
Qiagen DNeasy Blood and Tissue kit following the manufacturer’s
protocol. DNA quality was assessed by agarose gel electrophoresis
and quantity was measured by fluorometry (Hoefer DyNA Quant
200, GE Healthcare).

The complete mitochondrial DNA (mtDNA) control region
was amplified and sequenced in two overlapping fragments. The 5’
portion was amplified using the primer pair L15824 and H16265
(Rosel et al., 1999) with an annealing temperature (T,) of 55°C. The
3" end was amplified using the primer pair L16061 (Tolley and
Rosel, 2006) and H00651 (Kocher et al., 1989), T, = 52°C. Each PCR
reaction included 25 ng of DNA in 25 pl reactions with 20 mM Tris-
HCI (pH 8.4), 50 mM KCI, 1.5 mM MgCl,, 150 uM dNTPs, 0.3 uM

10.3389/fmars.2024.1460314

of each primer, and 1 U Taq DNA Polymerase (Invitrogen). Bovine
serum albumin (BSA; Sigma-Aldrich) was added to the reaction at a
final concentration of 0.24 mg ml™ to enhance amplification when
needed. The PCR cycling profile was 95°C for 30 s followed by 36
cycles of 95°C for 30 s, T, as listed above for 30 s, and 72°C for 30 s
with a final extension at 72°C for 10 min. PCR products were
purified via extraction from low melting point agarose followed by
agarose digestion, then sequenced in both directions using the
BigDye Terminator v1.1 cycle sequencing kit (Applied
Biosystems) and run on an ABI 3500 Genetic Analyzer. Forward
and reverse sequences were independently edited and final
consensus sequences assembled for each sample using Geneious
Prime 2019.2 (https://www.geneious.com). Unique haplotypes were
identified in Geneious Prime and then compared to published
sequences for killer whales in the GenBank database
(www.ncbinlm.nih.gov/genbank) using NCBI's BLAST (Johnson
et al,, 2008) on 17 May 2023.

The sex of each sample was genetically determined by PCR
amplification of ZFX and SRY gene fragments using primer pairs
and PCR conditions as described in Rosel (2003) except 25 ng of
DNA and 0.75 - 1.5 U Taq DNA Polymerase was used in each
reaction. When needed, BSA was added to the PCR reaction at a
final concentration of 0.3 mg ml'. Fragment sizes produced by PCR
were visualized via electrophoresis on a 2.5% agarose gel in 1x SB
(sodium borate) buffer to determine sex.

When sex could not be determined genetically, some individual
killer whales were identified to sex using dorsal fin characteristics.
Sexually mature males were defined as individuals with an upright,
pronounced dorsal fin in relation to body size (Bigg, 1982). Sexually
mature females are individuals with falcate and smaller dorsal fins
in relation to body size (Bigg, 1982), however sexually mature
females are difficult to distinguish from juvenile males whose dorsal

TABLE 2 Biopsy samples collected from killer whales in the Gulf of Mexico.

SEFSC Lab ID

Field ID

Collection
Date

Latitude,
Longitude

Photo
Catalog ID

Total # of
Sightings

Genetic
Haplotype

(Range
in Years)

Oorc001 GU010815-01 8/15/2001 28.1983, -89.2953 oorcl Male n/a

Oorc002 GU010815-02 8/15/2001 28.2077, -89.2937 oorcl Male n/a

Oorc004 GU20040415-07-01 4/15/2004 27.3643, -89.7347 oorc2 Female n/a

Oorc003 GU20040605-08-01 6/5/2004 25.7682, -88.3038 oorc2 Male 12009 1

Oorc005 R3090712-01 7/12/2009 25.8584, -90.4125 oorcl Male 8006 1

Oorc006 R3090712-02 7/12/2009 25.8431, -90.4125 oorcl Male 1000 4 (16.1)

Oorc007 R3100206-01 2/6/2010 26.2127, -92.6599 oorc2 Female 12008 1

Oorc008 = Oorc009 R3100206-02 = 2/6/2010 26.1789, -92.7083; oorcl Male 6005 4 (15.9)
R3100206-03 26.1536, -92.7229

Oorc010 R3100206-04 2/6/2010 26.1257, -92.7374 oorc2 Male 6001 1

Oorc011 R3100206-05 2/6/2010 26.0985, -92.7867 oorcl Male 2000 4 (7.4)

Oorc012 R3100206-06 2/6/2010 26.0755, -92.8096 oorcl Male 2001 2 (5.7)

Genetic haplotype names were assigned for the complete mtDNA control region (914 bp). Sex genetically determined. Photo Catalog ID: n/a = photograph was not available. For biopsied whales
that were photographed and distinct, the total number of sightings and range in years from first to last sighting are indicated.
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fins have not yet reached full size. To differentiate sexually mature
females from juvenile males, whales were only positively identified
as females using dorsal fin characteristics if they had a sighting
history spanning 15 years indicating they likely had reached sexual
maturity (Olesiuk et al, 2005). Animals with a sighting history
spanning 10 or 11 years were considered probable females.

2.5 External morphology

We assessed a subset of characteristics following Bolafos-
Jiménez et al. (2014) for GoMex Kkiller whales that are used to
describe their external morphology: (1) eye patch size - the ratio of
the eye patch length and the distance from the blowhole to anterior
base of the dorsal fin (Visser and Mikeldinen, 2000), (2) eye patch
orientation relative to the long axis of the body - parallel, up or
down (Evans et al., 1982), (3) saddle patch width - wide or narrow,
(4) saddle patch intensity - faint, intermediate or conspicuous
(Olson and Gerrodette, 2008; Jefferson et al., 2015; Vargas-Bravo
et al., 2020; Olson et al.,, 2023), (5) saddle patch shape — open or
closed, and (6) dorsal cape — present or absent (Evans et al., 1982)
(Figure 3; Supplementary Figure S1). For GoMex individuals, most
of these characteristics were visible in the photographs and they
were assessed with an important caveat that all photographs that
were generally perpendicular to the dorsal fin were included.
Ideally, all assessments would be made from photographs taken
from a right angle to the dorsal fin. Photographs were not taken
strictly to assess morphology and were collected under a range of
field conditions that were many times opportunistic, and where the
whales were often evasive. Due to the limited killer whale sighting
opportunities, these are most likely the best photographs that will be
available for the foreseeable future.

10.3389/fmars.2024.1460314

We also assessed individuals for the presence of fresh wounds or
scars from bites of cookiecutter sharks (e.g., Dwyer and Visser,
2011; Grace et al., 2018) and presence of pseudostalked
barnacles (Xenobalanus globicipitus) (Kane et al., 2008;
Whitehead et al., 2015).

2.6 Acoustic data collection and analysis

Acoustic recordings were frequently collected during SEFSC
ship-based marine mammal surveys starting in 2000, and
recordings associated with five killer whale sightings were
available. During these surveys, a multi-element hydrophone
array was towed behind the ship to record and localize acoustic
signals from vocalizing cetaceans concurrent with visual surveys.
The recordings from the summer 2001 cruise were collected with
two pre-amplified hydrophones (Benthos AQ4, Benthos, Falmouth,
USA), which were recorded to hard-drives at a 48 kHz sample rate
with a 400 Hz high pass filter (Edirol USB Audio Interface UA-3
sound card, Roland Corp. USA, Los Angeles, U.S.A; detailed in
SEFSC (2001)). The recordings from the surveys over the 2016 to
2018 period were collected with two hydrophones (Reson TC4013,
Teledyne Marine, Slangerup, Denmark) and were recorded to hard-
drives at a 500 kHz sample rate (custom 12 channel SailDAQ
soundcard) and were decimated to 192 kHz with a 1 kHz high pass
filter (detailed in GU1605 Appendix B, NMES, 2016).

All acoustic recordings were analyzed using PAMGuard
software (version 1.15.17). Spectrograms with approximately
100 Hz frequency resolution and 1 ms time resolution were
reviewed for calls from killer whales and other toothed whales.
Echolocation clicks were automatically detected and bearings were
calculated based on time-difference-of-arrival methods using the

FIGURE 3

Examples of killer whales from (A-C) the Gulf of Mexico and from (D) the Atlantic adjacent to the southeastern United States. Each of the killer
whales shown have no cape, and medium-sized eye patches that are parallel in orientation. Photo B has a saddle patch that is wide, conspicuous
intensity, and closed. Photo C has a saddle patch that is wide, faint intensity, and closed. (Additional examples of external morphology are shown in

Supplementary Figure S1).

Frontiers in Marine Science

06

frontiersin.org


https://doi.org/10.3389/fmars.2024.1460314
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Barry et al.

Click Detector module (e.g., Keating and Barlow, 2013). Bearing
time plots, which show bearing tracks of individual echolocating
whales and dolphins as consecutive clicks received at consistent
bearing angles, were reviewed concurrent with spectrogram
review. This provided additional context for mixed species
acoustic encounters, to distinguish acoustic detections of killer
whales and other species. Echolocation signals, pulsed calls
including codas, discrete or burst-pulsed calls, and whistles were
identified to species by one experienced acoustic analyst and
verified by other analysts.

2.7 Predatory/aggressive behavior

Predation or aggressive behavior directed toward potential
prey by killer whales observed in the GoMex and SEUS during
previously unreported sightings or from the published
literature were summarized to better understand the feeding
ecology of killer whales. Aggressive behavior was defined as
killer whales moving repeatedly or consistently toward
potential prey that elicited avoidance (e.g., fleeing, rapid
travel away) or distress (e.g., apparent defensive formations,
defecation) reactions from the prey.

3 Results
3.1 Spatial and temporal distribution
A total of 49 killer whale groups were sighted in the GoMex

from 1978 to mid-2024 (Figure 1; Supplementary Table S2),
including 23 recorded during SEFSC marine mammal line-

10.3389/fmars.2024.1460314

transect surveys, 15 opportunistic sightings [7 from other NOAA
surveys, 6 shared by public, and 2 from published sources
subsequent to O'Sullivan and Mullin (1997)], six found on the
internet with verified photographs or video, and five published by
Katona et al. (1988) (Supplementary Table S1). While sightings
from dedicated line-transect surveys occurred in a broad area in the
oceanic waters of the central GoMex, sightings from all sources
show a broader distribution that includes the western oceanic
GoMex and two sightings in continental shelf waters off Texas,
one near Tampa Bay, Florida, and three in the Bay of Campeche
(Figure 1). At least one killer whale sighting (i.e., non-stranding) has
been reported in the GoMex in each season of the year based on all
sources although there is only one record for winter (Table 3).
While most of the sightings from all sources (75%) as well as those
from SEFSC marine mammal line-transect surveys (83%) were
from spring and summer, the vast majority (74%) of SEFSC line-
transect survey effort in oceanic waters also occurred in these
seasons (Table 1).

More detailed data from SEFSC line-transect marine mammal
ship and aerial surveys in the GoMex since 1990 revealed median
group size as 6.0 whales and the mean group size, water depth, and
sea surface temperature of groups as, 7.1 whales (n = 23, SD = 4.69,
range = 1 — 14), 2011 m (n = 23, SD = 826, range = 621 - 3300 m)
and 27.3°C (n =21, SD = 2.35, range = 22.7° - 31.6°C), respectively.
Eight of these groups had more than 10 whales and nine had four or
fewer whales (Figure 4).

In the SEUS, a total of 24 killer whale sightings, including three
during SEFSC and NEFSC marine mammal line-transect surveys,
two from Hairr (2012), two found on the internet with verified
photographs or video, and 17 published by Katona et al. (1988)
(Supplementary Tables S1, S2), primarily occurred in a broad area off
the North Carolina region as well as adjacent to the east coast of

TABLE 3 Killer whale sighting records by season in the Gulf of Mexico and Southeast (SE) U.S. Atlantic (see Supplementary Tables S1, S2; One Gulf of

Mexico and three Atlantic sightings could not be assigned to a season).

Season SEFSC line-transect surveys Other verified sightings & Internet Total
Gulf of Mexico
Spring 11 7 1 19
Summer 8 8 1 17
Fall 3 5 3 11
Winter 1 0 0 1
Total 23 20 5 48
SE U.S. Atlantic
Spring 0 4 8 12
Summer 2 0 2 4
Fall 0 0 0 0
Winter 0 1 4 5
Total 2 5 14 21

Spring - March, April, May.

Summer - June, July, August.

Fall - September, October, November.
Winter - December, January, February.
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FIGURE 4

Distribution of group sizes for 23 killer whale sightings made during SEFSC ship and aerial-based line-transect surveys in the Gulf of Mexico from

1990 to 2018.

Florida (Figure 1). Most killer whale sightings (80%) were from
winter and spring, although the two SEFSC sightings were in summer
(Table 3) when the majority of survey effort in oceanic waters (82%)
in this area occurred (Table 1). Group sizes were 4, 5, and 6 whales
from line-transect surveys with two sightings in oceanic waters
(>2000 m) and one on the continental shelf (<200 m).

From 1912 through 2023, ten killer whale strandings, all single
whales except one, have been reported in the GoMex and SEUS
(Figure 1); three in the GoMex and three in the SEUS by
Katona et al. (1988) (Supplementary Table S1) and subsequently,
three in the GoMex, all on the Yucatan Peninsula, one of which was
of five whales (M. R. Ramirez-Ledn, pers. comm.); and one in the
SEUS in northern Florida (Supplementary Table S2).

3.2 Photo-ID catalog

Fifty-nine individual whales (22 males, 5 females, 5 probable
females and 27 females/juvenile males), including 10 non-distinct
whales, from the GoMex are in the photo-ID catalog and were given
a unique catalog number (Supplementary Table S3). In the SEUS,
photographs were taken during two of the three sightings but only
one distinct adult male was clearly identifiable in each group and
these males were different. The two males did not match any whale
in the GoMex catalog.

3.3 Gulf of Mexico social structure

In the GoMex, 49 distinct individual killer whales were sighted 1
to 7 times (Figure 5) and individuals ranged widely over the north-
central GoMex (Supplementary Figure S2). The most frequently
sighted killer whale also had the longest sighting history - a male
(ID 5000) with seven sightings spanning 26 years (1992 - 2018).
The next most frequently sighted whales were two females that were
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each sighted five times, one (ID 7002) with sightings spanning 18
years (1994 - 2012) and the other (ID 7007) with sightings spanning
17 years (1993 - 2010). A distinctive male (ID 1000) with
approximately the top third of his dorsal fin missing was sighted
on four occasions spanning 16 years (1993 — 2009), but with a 15-
year gap between the most recent two sightings.

Total number of affiliates across sightings ranged from 1 to 28
(mean = 9.3). There was evidence of long-term relationships
between affiliates. A male (ID 6005) and a female (ID 8005) with
severe propeller scarring along her entire peduncle (Supplementary
Figure S3) were sighted together four times spanning 16 years
(2001 - 2017), and neither whale was sighted absent of the other
(Supplementary Table S3). Four whales [1 female (ID 7002), 3
probable females (IDs 7003, 8003, 8004)] were sighted together on 8
June 1994 and again on 15 April 2004, nearly 10 years later. Two
whales [1 female (ID 7007), 1 probable female (ID 8004)] sighted
together on 21 May 1996 were sighted together on 15 April 2004,
nearly eight years later. Three whales [2 males (IDs 2000, 2001) and
1 unknown (ID 6003)] sighted together on 28 May 2004 were
resighted together on 6 February 2010, more than five years later.
Five whales [1 male (ID 6006), 2 females (IDs 7002, 8005), and 2
unknown (IDs 6003, 7005)] were sighted together on 6 February
2010 and again on 20 September 2012, more than two and a half
years later. Two whales [both males (IDs 5000, 6000)] were sighted
together on 5 June 1992 and again on 13 June 1993, just over a
year apart.

Though based on a small number of sightings, there are multiple
lines of evidence for long-term preferred companions: 1) the permute
groups within samples test indicated the CV of the real Als was
significantly higher than the randomly generated Als (p = 0.0360); 2)
the permute associations within samples test showed both the SD and
CV of the Als were higher in the real data (p = 0.0040 for both tests)
(Table 4) versus the randomly generated data; and 3) the lagged
association rate was higher than the null association rate for over
4000 days (~11 years) and the preferred companions model was the
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Sighting frequency of 49 individually identified killer whales sighted in the Gulf of Mexico during 21 sightings made during SEFSC vessel surveys from

1992 to 2018 in which photographs were taken for photo-identification.

best fit (lowest QAIC) (see Table 5). The proportion of non-zero Als
was significantly lower in the real data (p = 0.0230) than the random
data, indicating some individuals may avoid each other.

The dendogram created using hierarchical cluster analysis (using
average linkage) of the 13 whales sighted 3 or more times indicated
three major groupings of whales associating at a rate of ~0.2, and
within-group associations of 0.5 to 1 (Figure 6).

3.4 Genetics

The complete mtDNA control region [914 base pairs (bp)] was
sequenced for 12 biopsy samples from GoMex killer whales. Two

TABLE 4 Results of permutation tests for preferred/avoided companions.

A. The permute groups within samples test.

Mean of Al CV of Al Proportion of

Non-Zero Al
Real/Observed Data 0.27778 1.02356 0.55128
Random Data 0.28731 0.91323 0.61995
p Value 0.1160 0.0360* 0.0230*

B. The permute associations within samples test.

SD of Al CV of Al
Real/Observed Data 0.28432 1.02356
Random Data 0.26027 0.93787
p Value 0.0040* 0.0040*

n = 13 killer whales sighted > 3 times; *denote a significant difference in real/observed versus
random data.

(A) Sampling period was set to five years. p values stabilized at 20,000 permutations (1,000
flips per permutation). Significant variations from random were tested using a two-tailed test
(0= 0.05). (B) Sampling period was set to five years. P values stabilized at 15,000 permutations
(1,000 flips per permutation). Significant variations from random were tested using a two-
tailed test (o0 = 0.05).
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haplotypes were identified among the samples with seven
transitional differences between them. Using photo-ID data, one
individual (ID 6005) was identified as being sampled more than
once and the two genetic samples had matching control region
haplotypes and sex. Removal of the duplicate sample resulted in a
total of 11 individual animals in the genetic data set (Table 2). Of
these 11, eight exhibited distinctive dorsal fins. No dorsal fin
photos were available for the remaining three animals. However,
based on field notes and the genetic data, we could determine that
those three animals were unique from one another - one was a
female biopsied in 2001 and two were males biopsied during the
same sighting in 2004. Field observations for the latter indicate
the two biopsies were collected from an animal with the dorsal fin
of an adult male and an animal with a smaller, “female-type”
dorsal fin. While these three represent different animals, without
dorsal fin photos, we cannot rule out they were re-sampled in
later years. Therefore, the 12 biopsy samples represent at least
eight confirmed individuals (seven males and one female) and
could represent up to 11 individuals (nine males and two
females) (Table 2).

Control region haplotype oorcl (GenBank accession number
DQ845456) was found in seven individuals (five with photo-ID
data) and in three of the four sampling years (2001, 2009, and 2010).
This haplotype is identical to the control region sequence of two
other entries in GenBank [accession numbers GQ303372 (Foote
et al., 2009) and GU187216 (Morin et al., 2010)], both from the
same sample collected in the GoMex in August 2001 and which is
also one of the individuals used in our study (Field ID GU010815-
02). Oorcl does not match any known killer whale haplotypes from
samples collected outside of the GoMex. The second haplotype,
oorc2 (GenBank accession number PP910826), was found in four
individuals (three with photo-ID data) during years 2004 and 2010.
This haplotype matches the control region sequence of two samples
collected in the South Atlantic Ocean: one from the northeastern
coast of Brazil and the other from waters near the Cape of Good
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TABLE 5 Exponential models (td = time lag in days) fit to data on standardized lagged association rates (g').

Model Fitted Model Maximum likelihood values for parameters Result
Description (with jackknifed standard errors)

Preferred g = 0.040918 al = 0.040918 (s.e. 0.02287) 73.9338 0 Best
companions (PC)

Casual g = 0.044603*exp(-3.2401e-05*td) al = 3.2401e-05 (s.e. 0.65647) a2 = 0.044603 (s.e. 0.59456) 75.8907 1.9569 Substantial
acquaintances (CA) support

PC +CA g =0.040133 al = 0.0056568 (s.e. 0.17282) a2 = 0.040133 (s.e. 0.022904) 77.5133 3.5795 Less support

+-0.033641*exp(-0.0056568*td)

a3 = -0.033641 (s.e. 0.032653)

Two levels of CA g = 1.951*exp(-0.90099*td)

+0.043967*exp(-2.9004e-05*td)

QAIC, quasi Akaike information criterion.

Hope, Africa (KR180322; Morin et al., 2015), as well as a sample
collected in the northwest Pacific near Taiji, Wakayama, Japan
(KR180299; Morin et al., 2015).

Genetic samples were collected from multiple individuals during
three sightings. On 15 Aug 2001 and 12 July 2009, two genetic
samples were collected each and those individuals had matching
oorcl control region haplotypes. Five individuals were sampled
during the 06 Feb 2010 sighting and of those individuals, three had
the oorcl haplotype and two the oorc2 haplotype, resulting in one
group with mixed mtDNA control region haplotypes.

3.5 External morphology

All 59 whales in the GoMex photo-ID catalog were assessed for
morphological characteristics, however, not every whale could be
assessed for all characteristics. The ratio of the eye patch length
relative to the length from the blowhole to the anterior base of the
dorsal fin averaged 31% (median = 31%, range 22 - 38%, n = 36).
Eye patch orientation (n = 36) was parallel (80%), down (14%) and

al = 0.90099 (s.e. 0.63632) a2 = 2.9004e-05 (s.e. 0.65647)
a3 = 1.951 (s.e. 2.2477) a4 = 0.043967 (s.e. 0.59455)

81.3521 7.4183 Little support

up (6%) although in none of the non-parallel cases was the
departure dramatic. Saddle patches (n = 49) were wide (76%) or
narrow (24%) and were closed (100%). Saddle patch intensity (n =
38) was faint (39%), intermediate (50%), and conspicuous (11%)
although lighting could be critical to the interpretation. None of the
individuals had a cape. The shape of the dorsal fin tip was not
assessed, partially, because they have a range of shapes from very
round to more pointed (Supplementary Figure S1). Only seven
whales from the SEUS could be assessed. None had a cape and all
had eye patches that were parallel and ranged from 28 - 35% in
relative length. The saddle patches on only two whales could be
assessed and both were faint with one wide and one narrow.

Forty-seven percent of GoMex whales (27/58) had at least one
cookiecutter shark bite wound or scar. Some individuals had
numerous scars (Supplementary Figure S1). In contrast, no whale
from the SEUS had any obvious cookiecutter shark bite wound or
scar. Only four whales from the GoMex, each in a different sighting,
and one from the SEUS, could be found with a pseudostalked
barnacle, and in each case, there appeared to be 1 — 3 barnacles on
the tip of the dorsal fin (Supplementary Figure S1).
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FIGURE 6

Dendogram generated using average linkage cluster analysis for 13 individual killer whales identified in three or more sightings in the Gulf of Mexico
during SEFSC vessel surveys from 1992 to 2018. The numbers along the right axis represent identification numbers for individuals. However, in the
case of 9900 and 9906, these identification numbers were shortened from the actual identification for acceptance into SOCPROG2.9. Animal 9900
in Figure 5 is Catalog ID 12000, and 9906 is Catalog ID 12006 as noted in Supplementary Table S2.
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3.6 Acoustics

Acoustic recordings were available for four visual GoMex
sightings and one visual SEUS sighting with killer whales during
SEFSC surveys. Of the three GoMex line-transect survey sightings
during 2017 - 2018, two had no killer whale calls present and one
had only one likely killer whale whistle of 3 s duration
detected (Figure 7).

The fourth GoMex encounter with recordings was the 15
August 2001 sighting in which a group of seven killer whales that
included one adult male, five female/juvenile males, and one calf
was observed harassing sperm whales (see Predatory/Aggressive
Behavior Section). In this encounter, sperm whales were originally
acoustically detected producing regular clicks (primarily used for
foraging/feeding), then switched to producing codas, creaks, rapid
clicks, squeals and chirrups along with regular clicks around the
same time visual observers noticed the killer whales approaching
the sperm whale group, and continued these vocalizations
throughout the interaction. Many calls from this encounter could
be attributed to killer whales (Figure 7) including 29 high-frequency
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downswept whistles (24 - 16 kHz, 0.1 - 0.5 s duration), 25 rapid
click trains of 20 - 40 clicks (10 - 24 kHz) over 1 - 2 s, and seven
high frequency burst-pulses (10 - 24 kHz). The rapid click train
bearing tracks followed closely with sperm whale click bearing
tracks, suggesting the male killer whale documented to be
interacting within the sperm whale group may have produced
them. Many lower frequency burst-pulsed calls or whistles (750 -
900 Hz fundamental, 1500 — 1800 Hz harmonic) were also detected
throughout the encounter (Figure 7), but it could not be determined
whether those were produced by the killer whales or sperm whales.
Note, during this encounter, our system bandwidth upper limit was
24 kHz, so it is possible GoMex high frequency whistle ranges for
killer whales extend above 24 kHz.

The one SEUS killer whale encounter with recordings was also a
mixed species recording, with pilot whales (Globicephala sp.)
present and producing sounds. Echolocation clicks with peaks in
the 4 - 12 kHz range, attributed to pilot whales, were common
throughout this detection. Additionally, there were stereotyped
burst-pulsed or discrete calls of 0.5 - 0.75 s duration, rapid click
packets (5 — 60 kHz with around 15 clicks in 0.2 s), and graded

Time (s)

Spectrograms of (upper panel) probable killer whale whistle from 27 September 2018 in the Gulf of Mexico, and (lower two panels) mixed killer
whale and sperm whale encounter in the Gulf of Mexico on 15 August 2001 with sperm whale clicks and codas, killer whale high frequency whistles
(hfw), burst-pulses (hfbp), and echolocation click packets (hfec), and calls of undetermined origin.
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buzz-burst-pulsed calls of 0.1 to 1 s duration, but these could not be
differentiated to whether the killer whales or pilot whales
produced them.

3.7 Predatory/aggressive behavior

On 20 September 2012, a group of approximately 15 killer
whales was observed from a vessel conducting sea turtle research in
the GoMex just south of the Mississippi River delta (613 m deep)
attacking several dwarf sperm whales (Kogia sima) (C. McKenzie,
pers. comm.). The killer whales circled the dwarf sperm whales,
with the larger whales, including at least one adult male, “hitting
and wounding” them although no wounds were visible in the
photographs. The smaller killer whales would then approach and
attack the dwarf sperm whales (Figure 8).

On 10 June 2024 a group of 15 - 25 killer whales that included
two adult males and calves was observed in multiple subgroups
from a recreational fishing boat south of the Florida Panhandle in
the GoMex (786 m deep). Short cell phone videos show a subgroup
of 4 - 5 with females/juveniles and calves pursuing 2 — 3 dolphins
that were most likely from the genus Stenella. Due to darkness it is
unknown how this event ended (T. Ream, pers. comm.).

On 15 August 2001 while the SEFSC was conducting sperm
whale research in the GoMex south of the Mississippi River delta
(1070 m deep) a group of seven killer whales was observed harassing
sperm whales for 1 hr. This interaction was observed through 25x
binoculars from a large ship towing an acoustic array. A small boat
was already in the water to collect biopsies from sperm whales
located over 3.5 km from the killer whale-sperm whale interaction
site and subsequently collected a biopsy from two killer whales and

10.3389/fmars.2024.1460314

photographs. The sperm whales made notable vocalizations (see
Acoustic sections) and displayed some notable behaviors that
included more distant sperm whales swimming rapidly to the
interaction site, an apparent “defensive” formation, and
defecation (Appendix SI inside Supplementary Data Sheet SI).
There was no indication that the killer whales killed or wounded
any of the sperm whales.

4 Discussion
4.1 Spatial and temporal distribution

Killer whales inhabit oceanic waters throughout the northern
GoMex but there are few marine mammal surveys of the southern
oceanic GoMex. Killer whales have been sighted in the southern
GoMex and the overall GoMex distribution remains similar to that
reported by O'Sullivan and Mullin (1997). While there is a gap in
sightings in the western GoMex during SEFSC surveys, there are a
number of other sightings off Texas (Figure 1). Also, despite a very
large amount of survey effort in continental shelf waters during both
SEFSC marine mammal (Table 1; Figure 2) and fisheries research
surveys, no killer whales have been reported. While three sightings
were reported in GoMex continental shelf waters (Katona et al.,
1988), more reports would be expected if killer whales frequented
shelf waters, given both the large amount of survey effort and the
volume of commercial and recreational activity in GoMex
shelf waters.

It is curious that killer whales do not inhabit continental shelf
waters in both the GoMex and SEUS more frequently. Shelf waters
are productive and in both areas there are tens of thousands of

FIGURE 8

(A-D) Killer whales attacking a Kogia in the Gulf of Mexico on 20 September 2012. (A) The animal is clearly a Kogia based on the size, tapered head,
and small underslung jaw. (D) It was identified as a dwarf sperm whale (K. sima) based on the large, erect and pointed dorsal fin (white outline)
(Jefferson et al., 2015). Photographs by Caz McKenzie. (Photos are heavily cropped from the original photos).
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bottlenose dolphins (Tursiops spp.) and Atlantic spotted dolphins
(Stenella frontalis), and other potential prey (e.g., fish, sharks and
turtles) (Hayes et al., 2021).

Similar to the oceanic GoMex, killer whales are found
throughout the eastern tropical Pacific, which is vast, and is one
of few other tropical areas that has been systematically surveyed for
cetaceans. Over 8000 killer whales are estimated to inhabit the
eastern tropical Pacific (19 million km?) (Wade and Gerrodette,
1993) whereas estimates range from 28 (CV = 1.02) to 277 (CV =
0.42) for the oceanic northern GoMex (380 thousand km?) (Waring
et al,, 2013). Killer whales are also found throughout the Caribbean
Sea associated with the Windward and Leeward islands and near the
coasts of Central and South America with few records from the
open Caribbean. This distribution may be an artifact of lack of
survey effort far from land and the distribution of human activities
(Bolafios-Jimeénez et al., 2023). Otherwise, few broadscale marine
mammal assessments of other tropical regions have been made. It is
unknown if killer whales are present in the GoMex year-round or if
their abundance varies throughout the year. While there are
sightings from all seasons there is only one from winter (Table 3).
Killer whales are highly mobile and could shift distribution to the
southern GoMex (where the SEFSC does not survey) and/or leave
the GoMex completely during winter, but this is difficult to
ascertain since there is less effort in winter with SEFSC marine
mammal oceanic surveys occurring primarily from late spring
through early fall and likely less recreational activity in winter. If
killer whale photo-ID catalogs in adjacent waters of the Bahamas
and Caribbean can be identified, comparisons may help determine
whether GoMex individuals move throughout the western tropical
North Atlantic. Similarly, satellite tags (e.g., Durban and Pitman,
2012) could potentially help address movement questions.

In the SEUS between 1990 and 2022, only two groups of killer
whales were sighted during SEFSC surveys from the Delaware
border (~38.5°N) south to the north end of the Bahamas (~27°N)
despite considerable survey effort in both continental shelf and
oceanic waters (Figure 2, Table 1), and an additional sighting was
made during a NEFSC survey in this area. Similar to the GoMex,
killer whales in the SEUS appear to prefer deeper waters but in the
SEUS sightings are more concentrated along the shelf-edge region.
More survey effort has been made in GoMex oceanic waters
(~188,000 km) compared to the SEUS (~59,000 km) (Table 1)
which may partially account for the difference in the number of
killer whale sightings between the two areas during SEFSC surveys.
While two survey sightings were off the North Carolina region,
killer whales have also been documented oft the east coast of Florida
(Katona et al., 1988; Dunn and Claridge, 2013; Bolafos-Jiménez
et al., 2023). Sightings off the North Carolina region have been
previously reported and SEFSC survey results are similar to those of
Katona et al. (1988) that show few records from off Georgia and
South Carolina.

Few killer whale strandings have been documented in the
GoMex and SEUS. In both areas they occur in low abundance,
and in the GoMex they are usually distributed well oftshore. In
general in the GoMex, the stranding/recovery rates of all species
that occur offshore tend to be low (Williams et al., 2011).
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Regardless, killer whales tend to not strand even in areas where
they occur closer to shore (Dahlheim et al., 1982). It is interesting
that the GoMex strandings on the Yucatan were just west of four
sightings in the Caribbean Sea in the Yucatan Channel reported by
Bolafos-Jiménez et al. (2023).

4.2 Genetics

Two mtDNA control region haplotypes were identified from
killer whales sampled in the northern GoMex. The most common
control region haplotype (oorcl) appears to be unique to this region
when compared to global data. Interestingly, animals with the oorcl
haplotype were sighted up to four times, with a range of 5.7 to 16.1
years between sightings whereas animals with the less common
haplotype (oorc2) were each only sighted once during the course of
this research (Table 2; Supplementary Table S3), raising support for
some degree of a geographically restricted matriline in the GoMex
for some killer whales. Further sampling in adjacent waters of the
Caribbean would help clarify the range of this unique haplotype.

Earlier studies revealed that control region data exhibit poor
resolution for determining phylogeographic relationships among
killer whales, due to the low level of variability in this relatively short
DNA fragment; however whole mitogenome analysis can improve
inference of evolutionary divergence among ecotypes (Morin et al.,
2010; Duchene et al,, 2011; Foote et al., 2013). The mitogenome
from a GoMex killer whale with the oorcl control region haplotype
was sequenced in previous research and phylogenetic analysis
placed it in a clade with samples collected near Antarctica and
the Crozet Archipelago, the western South and eastern North
Atlantic, and the western South Pacific oceans (mitogenome
MtGen_60 in phylogenetic clade 6; Morin et al., 2015). The whole
mitogenome has yet to be sequenced for an individual from the
GoMex with the oorc2 control region haplotype. However, this
oorc2 haplotype sequence is identical to multiple samples for which
the whole mitogenome has been sequenced (mitogenomes
MtGen_120, MtGen_124 and WNPjap in phylogenetic clade 12;
Morin et al, 2015). These mitogenomes grouped together in a
phylogenetic clade separate from the GoMex animals with the oorcl
haplotype (Morin et al.,, 2015). Samples within mitogenome clade
12 were collected from the North and South Atlantic, western North
Pacific, and Indian oceans, as well as waters near southwest
Australia, western Thailand, and Antarctica (Morin et al., 2015).
To understand whether the GoMex killer whales are a genetically
distinct population, further sampling is needed to fill in geographic
gaps, particularly in the Caribbean and Atlantic Ocean, with genetic
analysis using mitogenome or nuclear data to help resolve the
evolutionary relationship among individuals in the GoMex and
nearby waters.

4.3 Gulf of Mexico social structure

Although the dataset was small, some aspects of social structure
were apparent. Individual killer whales in the GoMex do
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preferentially associate with other killer whales, and they associate
with these animals over the long-term, for at least one to two
decades. However, an individual’s network of affiliates is large,
meaning individuals were sighted with many other individuals, and
animals were found in a range of group sizes. Denkinger et al.
(2020) suggested that in the Galapagos and eastern tropical Pacific
region, another generally oligotrophic area, killer whales live in a
fission-fusion society (Connor et al., 2000) where small groups may
fuse to form larger groups when it is beneficial to forage on larger
prey, such as baleen whales. Our results are consistent with fission-
fusion societies for GoMex killer whales but given the limitations of
our data it is too early to make that conclusion. If GoMex killer
whales are generalists and consume a variety of prey, as has been
found for other subtropical to tropical areas (see below), then we
would expect group sizes to vary and social structure to be
somewhat flexible. The mtDNA control region data identified
multiple matrilines within one group (during the 06 Feb 2010
sighting) with one haplotype more globally dispersed and the other
representing a separate maternal lineage possibly restricted to the
GoMex. The evidence for a geographically restricted mtDNA
haplotype might be suggestive of a historically more
geographically isolated group of whales, with the total range of
this population still undefined. More work is needed to better
understand the social structure of GoMex killer whales and how
it relates to predatory behavior, prey, and evolutionary history of
this population.

4.4 External morphology

GoMex and SEUS killer whales generally look like the ‘classic’
black and white killer whales found worldwide (Pitman and Ensor,
2003) (Figure 3). GoMex killer whales can generally be described as
having no dorsal cape and oval medium-sized eye patches (see
Pitman and Ensor, 2003) that are parallel to the axis of the body.
Saddle patches were all closed but varied in intensity (39% faint and
61% non-faint) and width (76% wide and 24% narrow). There was
no indication that these characteristics were confined to a group of
whales or to whales with a specific mtDNA haplotype. For example,
similar to a group in the Pacific (Olson et al., 2023), whales in the
GoMex with both narrow and wide saddle patches were seen
together in the same groups (Supplementary Figure S1). Eastern
North Pacific ecotypes have external morphological characteristics
that are different from each other but are uniformly consistent
across ecotypes that allows them to be differentiated by experienced
observers in the field (Morin et al., 2024). This does not appear to be
the case for GoMex and none of the morphological characteristics
evaluated allowed us to group GoMex whales together or to
diagnose a single whale as a GoMex whale.

This is generally similar to other tropical populations, e.g., those
described for the Caribbean (Bolanos-Jiménez et al., 2014), tropical
West Africa (Weir et al., 2010), Hawaii (Baird et al., 2006), and the
wider eastern tropical Pacific (Olson and Gerrodette, 2008), where
no unique morphotypes have been clearly defined. However, an
“Eastern Tropical Pacific” ecotype has been proposed for a
nearshore population based on studies from the Central Mexican
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Pacific (Vargas-Bravo et al., 2020). It should be noted that sample
sizes from these tropical studies are usually small.

Morphological characteristics have been described for other
tropical areas but only quantified for the Caribbean (Bolaos-
Jimeénez et al, 2014) and the Mexican Central Pacific (Vargas-
Bravo et al,, 2020). Aspects of morphology of GoMex killer whales
appear to be similar to those in both areas (i.e., no cape, closed
saddle patches, and a preponderance of parallel eye patches).
However, saddle patches in the GoMex were primarily non-faint
saddle patches whereas about 85% and 100% were faint in the
Caribbean and Mexican Central Pacific, respectively. Also, saddle
patches were primarily wide in the GoMex but all were narrow in
the Caribbean. Similarly, saddle patches for Hawaii (Baird et al,
2006) and the wider eastern tropical Pacific (Olson and Gerrodette,
2008) are also generally described as faint and narrow, although
there is variation. A better understanding of the relationship
between Caribbean and GoMex killer whales will require genetic
studies along with tagging and photo-ID studies. Given the mobility
of killer whales and the adjacent proximity of the GoMex and
Caribbean, including the Bahamas, it seems likely that individuals
would move between these areas at least to some degree.

Cookiecutter shark scars or wounds were commonly observed,
being clearly visible on nearly half of the GoMex killer whales. This
is certainly a minimum because seeing scars in photographs
depends on lighting, the part of the whale that is visible, and
photo quality. Scars are most visible on the saddle patch and tend
to be obscured on the darkest part of the whale. Cookiecutter shark
wounds commonly occur on deepwater cetaceans in the GoMex
and elsewhere (Pérez-Zayas et al., 2002; Dwyer and Visser, 2011;
Wenzel and Lopez Suarez, 2012; Best and Photopoulou, 2016; Grace
et al,, 2018). In contrast, the few whales sighted and photographed
in the SEUS did not appear to have cookiecutter shark bites or scars.
If they really do not have bites/scars, it would indicate that these
whales do not spend a lot of time in deep tropical to warm
temperate waters inhabited by cookiecutter sharks (see Wenzel
and Lopez Suarez, 2012), which could suggest they do not mix with
GoMex killer whales.

In the eastern tropical Pacific, 38% of killer whale groups had
Xenobalanus infestations (Kane et al., 2008) compared to 19% in the
GoMex. Both areas are largely oligotrophic but the eastern tropical
Pacific, which is much larger, has regions of higher productivity. In
both areas the intensity of the infestation was similar with typically
three or fewer barnacles per whale.

4.5 Acoustics

In the GoMex, three of the four killer whale visual encounters
with recordings had no or only one obvious killer whale call
detected throughout the encounter, though other marine
mammals were acoustically detected during each. Mammal-eating
killer whales vocalize infrequently and may use passive listening
when hunting, instead of echolocation, to avoid alerting their prey,
with vocalization rates increasing after a successful hunt (Barrett-
Lennard et al., 1996; Deecke et al., 2005). The limited vocalizations
from these three groups are compatible with hypotheses that they
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were hunting marine mammals, and is consistent with findings of
limited vocalizations from killer whales during sperm whale
harassment and Kogia spp. predation events in the GoMex and
Bahamas, respectively (Dunn and Claridge, 2013; Whitt et al,
2015). However, this does not rule out alternative hypotheses, as
fish eating whales can also be silent for extended periods.

Conversely, the killer whales harassing sperm whales in the
GoMex in August 2001 produced many calls, including high
frequency whistles (HFW) similar to whistles described for
multiple ecotypes from all oceans over the last decade (Filatova
et al,, 2012; Simonis et al., 2012; Trickey et al., 2014; Andriolo et al.,
2015; Samarra et al., 2015). The downswept HFWs we recorded in
the 24 to 16 kHz range were distinctly different from the higher
frequency and variable frequency modulation HFWs produced by
herring eating killer whales from Iceland and Norway (Samarra
etal, 2010, 2015). On the other hand, they share strong similarities
to those recorded from mammal-eating killer whales from
Antarctica (Trickey et al.,, 2014) and the western South Atlantic
(Andriolo et al., 2015), as well as those from offshore and unknown
ecotypes in the North Pacific (Samarra et al.,, 2010; Filatova et al,,
2012). Interestingly, killer whales produced the HFWs recorded in
the western South Atlantic during an attack on sperm whales
(Andriolo et al,, 2015), but in contrast to the GoMex encounter
in 2001, they were only produced when traveling and not during
close approaches to the sperm whales. The function of HFWs
remains unknown. They may be used for short-range
communication (Samarra et al., 2010), in situations where high
frequencies would not be detected by prey or competitive species
(Simonis et al., 2012), or they could be an important component of
the attack stage during sperm whale or other marine
mammal interactions.

4.6 Predatory/aggressive behavior

The dwarf sperm whale predation event described here is the
first reported for killer whales in the GoMex, though Kogia spp.
have previously been identified as a killer whale prey species
(Mcalpine, 2009; Dunn and Claridge, 2013; Olson et al., 2023). In
fact, Madsen et al. (2005) hypothesized that K. breviceps evolved to
use narrow-band high frequency (NBHF) clicks as a way of evading
acoustic detection by killer whales. Pitman et al. (2003) described
killer whales in the GoMex killing and consuming at least one
pantropical spotted dolphin (Stenella attenuata). In addition to
Kogia spp. and pantropical spotted dolphins, other cetacean species
that occur in the GoMex and SEUS [e.g., Atlantic spotted dolphins,
Fraser’s dolphins (Lagenodelphis hosei)] have been documented as
killer whale prey elsewhere (e.g., Jefferson et al., 1991; Dunn and
Claridge, 2013).

Whitt et al. (2015) describe a 2011 event where killer whales
harassed sperm whales in the GoMex that did not appear to result in
any sperm whale injury or mortality. Many of the behaviors observed
for both species during the killer whale-sperm whale interaction on
15 August 2001 in the GoMex were similar to those observed by
Whitt et al. (2015), and also in the Bahamas (Dunn and Claridge,
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2013) and near the Galapagos Islands (Arnbom et al., 1987) where
there was no evidence of sperm whales being killed or seriously
wounded. However, killer whales killing or wounding sperm whales
was observed in the Pacific Ocean (Pitman et al., 2001) and Atlantic
Ocean off Africa (Weir et al.,, 2010).

In some areas, killer whales feed on Atlantic bluefin tuna
(Thunnus thynnuss) (e.g., Guinet et al., 2007) and they have been
observed feeding on tuna off North Carolina (Hairr, 2012). Killer
whales have not been reported preying on tuna in the GoMex but it
is one of the primary western North Atlantic bluefin tuna spawning
areas (Knapp et al., 2014) and there is a commercial pelagic longline
fishery for yellowfin tuna (T. albacares) (Teo and Block, 2010). Off
Brazil, killer whales depredate tuna (Thunnus spp.) and swordfish
(Xiphias gladius) caught in the longline fishery (Dalla Rosa and
Secchi, 2007). There has been one recorded killer whale take in the
commercial pelagic longline fishery in the GoMex where an adult
male was entangled and released alive (Garrison et al.,, 2009; S.
Cushner, pers. comm.). The species composition from the haul was
primarily mahi mahi (Coryphaena hippurus) and yellowfin tuna,
but no damage to the catch indicative of depredation was noted in
the data (S. Cushner, pers. comm.). There have been no known
observations of GoMex killer whales preying on non-marine
mammals but, in addition to tuna, other known prey species such
as leatherback sea turtles (Dermochelys coriacea) (e.g., Pitman and
Dutton, 2004; Elwen and Leeney, 2011), elasmobranchs (e.g., Fertl
et al., 1996; Pyle et al,, 1999; Reyes and Garcia-Borboroglu, 2004;
Visser, 2005; Alava and Merlen, 2009; Terrapon et al., 2021), and
sunfish (Mola mola) (e.g., Weir et al, 2010; Ryan and Holmes,
2012), also occur in both the GoMex and SEUS.

While studies have shown that high latitude subpopulations of
killer whales appear to have rigidly-defined prey preferences (e.g.,
fish or marine mammals) (Jefferson et al.,, 2015), recent studies
indicate, at least in the North Atlantic, there are not rigid prey
preferences but more general tendencies in populations with
individual variation (Lefort et al., 2020; Remili et al., 2023). While
not observed in the GoMex, consumption of non-marine mammal
prey such as fish cannot be ruled out because of the likelihood that
capture and/or consumption would occur below the surface and be
less observable or unobservable, as opposed to the inherently
surface-oriented capture/consumption of air-breathing marine
mammals (e.g., Hanson et al,, 2010).

In the high latitude North Atlantic and North Pacific, killer
whale group size may be indicative of their primary prey where,
while variable, those that prey primarily on pinnipeds, dolphins or
small whales tend to occur in small groups (e.g., <5) (Baird and Dill,
1996; Ford et al., 1998; Saulitis et al., 2000; Higdon et al., 2012)
whereas those that feed primarily on fish occur in larger groups
(e.g., >10) (Ford et al., 1998; Baird, 2000; Tavares et al., 2017; Olsen
et al,, 2020). In areas where killer whales may not be dietary
specialists, the relationship between prey and group size may be
harder to define. Baird et al. (2006) suggest that killer whales in low-
productivity tropical and oceanic areas should have a wider-range
of prey than those inhabiting productive waters where specific prey
is more abundant, and evidence from several tropical areas indicates
that killer whales feed on both marine mammals and other species

frontiersin.org


https://doi.org/10.3389/fmars.2024.1460314
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Barry et al.

(Baird et al., 2006; Sorisio Sonnino et al., 2006; Alava and Merlen,
2009; Weir et al., 2010; Alava et al., 2013; Bolafios-Jiménez et al.,
2014; Terrapon et al, 2021). Groups sizes reported from many
tropical areas tend to be relatively small with means ranging from
3.4 to 5.6 whales (Wade and Gerrodette, 1993; Garcia-Godos, 2004;
Baird et al., 2006; Weir et al., 2010; Dunn and Claridge, 2013;
Testino et al., 2019; Vargas-Bravo et al., 2020; Castro-Azofeifa,
2021; Bolanios-Jimenez et al., 2023). In the GoMex, where killer
whales have only been observed feeding on marine mammals, the
mean group size was larger, 7.1, and the groups observed preying on
S. attenuatta and K. sima were estimated to have 12 and 15 whales,
respectively, and those harassing sperm whales had 5 and 7 whales.
However, given the small sample size it is too early to draw
conclusions about the prey in the GoMex. The situation in the
Bahamas is similar where killer whales have only been observed
preying on marine mammals (Dunn and Claridge, 2013) but other
species, such as large pelagic fish, cannot be ruled out.

5 Conclusions

Historical data including 30 years of discontinuous survey data
on killer whales from the GoMex and SEUS provide insights into
their biology and ecology:

1. Killer whales in the GoMex almost exclusively inhabit oceanic
waters (>200 m deep) and there are few records from the extensive
continental shelf. Those in the SEUS are more concentrated in the
shelf-edge region but also inhabit deeper waters. For both areas,
there is an abundance of potential prey, both marine mammal and
other species, throughout continental shelf waters so it is curious
that killer whales do not inhabit shelf waters more frequently.

2. Killer whales are uncommon but routinely sighted in the
GoMex in all seasons but winter and are part of the oceanic cetacean
community, and this includes specific individuals sighted over
decades. Like other killer whales in the world, there is evidence of
long-term associations of individual whales.

3. Killer whales, including individuals, range widely in the
oceanic GoMex, whereas most records for the SEUS are off the
east coast of Florida and the North Carolina region.

4. There is a genetic haplotype, thus far, found only in the
GoMex which leaves open the possibility of a GoMex population or
at least a group of individuals that are descendants of a maternal
lineage not found elsewhere.

5. GoMex and SEUS killer whales are, except for Antarctic/
subantarctic morphotypes Types B, C and D, broadly similar in
external appearance to other killer whales found throughout the
world. Compared to other tropical populations killer whales in the
GoMex appear to have a higher prevalence of wide non-faint
saddle patches.

6. Based on limited information, killer whales may be only
situationally vocal. Killer whales harassing sperm whales were very
vocal, otherwise they made few vocalizations.

7. No conclusions can be made with respect to prey
specialization in either area, only that GoMex whales have been
observed feeding on marine mammals and those in the SEUS have
been observed feeding on tuna.
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Clearly there is much more to learn about all aspects of killer
whale biology in the GoMex and SEUS and the tropics in general.
Directed killer whale studies in these areas would be extremely
difficult and inefficient because killer whales occur far from shore
and are infrequently encountered. Therefore, it is important that
cetacean researchers working in these areas are prepared with
sampling protocols to collect a full suite of photo-ID, behavioral,
morphological, acoustic, and genetic data when killer whales are
encountered, and to take advantage of additional information that
can be gleaned from sightings shared by other researchers and the
public. Additionally, it is critical that researchers throughout the
GoMex, western North Atlantic, and Caribbean work cooperatively
and share information and insights so that a regional understanding
of killer whale biology can be achieved.
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