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Killer whales (Orcinus orca) are cosmopolitan apex predators that occupy
important ecological roles and show some variations in feeding and social
habits in coastal and pelagic environments worldwide. Although they have
been regularly reported along the Brazilian coastline, their natural history in
these tropical and subtropical waters remains poorly understood. Here, we
provide new information on group size, behavior, movements and the first
assessment of their social structure in Brazilian coast. From 2005 to 2021, 57
new records of sightings were opportunistically observed with estimated group
sizes ranging from 1 to 11 individuals (mean = 5.61; SD = 2.91), and 47 individuals
were photo-identified—28% adult females, 19% adult males, 19% juveniles, 17%
calves and 17% adults of unknown sex. Thirty-one individuals (66%) were sighted
just once and sixteen (34%) were resighted more than once (resighting rate =
0.30 + 0.30 SD). Killer whales were observed feeding on rays four times (two out
of which on butterfly rays Gymnura altavela), twice on an unidentified fish school
of fish, while attacks on marine mammals were recorded. Between 2020 and
2021, photo-identification results of 11 specific individuals revealed both long
and short-distance movements from the southeastern and southern Brazilian
coasts to the coast of Uruguay. Individuals seem to be resighted together over
time, as suggested by the average half-weight association index (HWI = 0.29 +
0.19 SD) and a permutation test rejecting the null hypothesis of random
association (CV,ey = 0.67 > CVypean = 0.01, pcy = 1.00), forming small groups
of mixed age-sex that engage in both short- and long-term associations. These
patterns suggest that they could form stable social units that also experience
some degree of fission-fusion dynamics. While the nature of the opportunistic
data hinders a definitive portrayal of the social structure of killer whales using the
Brazilian coastal waters, these novel insights contribute to mapping the socio-
ecology and behavioral diversity of one of the most widely distributed mammals.
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Introduction

Killer whales (Orcinus orca, Linnaeus, 1758) have a wide
distribution throughout the world’s oceans. They are most
commonly found in higher latitudes in temperate and sub-polar
waters with high marine productivity but also occur in offshore and
less productive tropical waters (Leatherwood and Dalheim, 1978;
Forney and Wade, 2006). They are considered top ocean predators,
feeding on a variety of different prey, from invertebrates, fishes, and
other marine mammals (Ford, 2002). Within their monotypic genus
(Rice, 1998), killer whales from the both hemispheres form several
ecotypes with distinguished external morphology, habitat use,
behavior, social structure, acoustic repertoire, prey preferences,
and genetics (Ford et al., 1998; Baird and Whitehead, 2000;
Pitman and Ensor, 2003; Visser, 2007; LeDuc et al., 2008; Foote
et al., 2009; Pitman, 2011; Durban et al., 2016; Foote et al., 2016). In
the south-western Atlantic, killer whales were recorded along all
Argentinean coast, mainly in Peninsula Valdés (Iiiguez, 2001).
Small groups have been sighted around the Falkland (Malvinas)
Islands (Yates et al., 2007) and in Uruguay, were observed in coastal
waters and also related with depredation on catches of the pelagic
longline fishery in offshore waters (Iriarte, 2006; Passadore
et al., 2015).

Along most of the Brazilian coast, between latitudes 03°N to 32° S,
killer whales have been reported as opportunistic sightings or stranding
events of single individuals (Lodi and Hetzel, 1998; Siciliano et al., 1999;
Dantas, 2007). Capture records by ex-soviet pelagic fleets during the
whaling period (1969/70-1978/79) were also recorded in the region
(Mikhalev et al., 1981). Their occurrence in coastal waters off south-
eastern Brazil was associated with upwellings conditions and prey
availability (Siciliano et al,, 1999) and records have increased in the last
two decades as more search efforts were applied (Pinedo et al., 2002;
Santos and Netto, 2005; Meirelles et al., 2009; Santos and Silva, 2009;
Santos et al., 2010; Batista et al., 2012; Ott et al., 2017; Lodi and Tardin,
2018; Santos et al., 2019; Renault-Braga et al,, 2019). Few specimens
had been studied in detail since fresh strandings are rare (Lemos et al,,
2013; Laeta et al., 2019; Groch et al., 2020) and Morin et al. (2015) cite
the stranding of an Antarctic killer whale type C in Brazil but without
providing detailed information. The depredation by killer whales in the
tuna longline fishery that operates from the north to south of Brazil to
Uruguay indicates the regular presence of killer whales in offshore
waters (Secchi and Vaske, 1998; Dalla Rosa and Secchi, 2007; Dantas,
2007; Passadore et al., 2012; Wedekin et al., 2014). Further evidence of
their occurrence in oftshore waters off Brazil comes from dedicated
surveys and technical reports (Ramos et al., 2010; Andriolo et al., 2015;
Di Tullio et al., 2016; PMC-BS, 2017).

Despite these observations off Brazil, the natural history of killer
whales in these tropical and subtropical waters remains poorly
understood, and data deficiency precludes the assessment of their
conservation status (ICMBio, 2023). The first published record of
killer whale movements in the region described a solitary male
resighted over 11 years along the coast of Rio de Janeiro and Parana
(22°S - 25°S) (Santos and Silva, 2009; Lodi and Farias-Junior, 2011).
In 2016 and 2017, the PMC-BS (Santos Basin Cetacean Monitoring
Project) that monitors the cetacean populations in coastal and
oceanic areas of the Santos Basin offshore sedimentary basin to
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assess possible impacts of oil activities and gas on these animals,
tagged four individuals in southeastern Brazil. Their data showed
animals that remained approximately 225 km from the coast for 3
to 13 days, and a solitary male that moved from southern Brazil to
the southern coast of Uruguay and Argentina during 33 days
(PMC-BS, 2017). In addition, Santos et al. (2019) reported on a
group of killer whales that travelled between Rio de Janeiro and Sao
Paulo over a period of 27 days and Durban and Pitman (2012),
through satellite telemetry, identified movements of five Type B
Antarctic killer whales between the Antarctic Peninsula and the
oceanic waters of southern Brazil and Uruguay. Such scattered
reports on movements and behavior, although precious, hinders
our understanding of the complex relationships of killer whale
groups of this region. In this paper, new observations including
group size, behavior and movements are presented contributing
with more pieces of this puzzle in order to have a better
understanding of the whole picture. Also, considering that social
structure synthesizes a vital class of ecological relationships
(Whitehead, 2008), can affect population dynamics, genetics
(Wilson, 1975; Strier, 1997) and, is an important factor for
conservation (Sutherland, 1998), using traditional photo-
identification techniques, we present the first assessment of social
structure of killer whales off the Brazilian coast.

Materials and methods
Data collection and study area

The sighting data and images of killer whales in this study were
recorded opportunistically from 2005 to 2021 by 3 different
contributors: (i) from Baleia a Vista Project (ProBaV), a citizen
science project that monitors the waters off the north coast of Sao
Paulo, Brazil, around the region of Ilhabela Archipelago (23° 48.735'
S, 45° 22.019' W) (Cardoso et al., 2019a; Cardoso et al., 2019b;
Athayde et al., 2020; Siciliano et al., 2020; Marcondes et al., 2021;
Athayde et al., 2022), (ii) from Argonauta Institute, an institution
dedicated to the conservation of coastal and marine ecosystems that
also monitors the same region as ProBaV since 1998; and (iii) from
occasional contributors: wildlife photographers and enthusiasts,
divers, sailors, and others who had opportunistically encountered
killer whales during their professional or recreational activities.
Most of these contributor’s records were reported from southern
and southeastern Brazil, except for five records that were made in La
Paloma, on the coast off Uruguay (Figure 1). The authors were
contacted directly and the following information were collected:
additional media (video/ photos), geographical coordinates, group
size estimate and, species behavior observed during the sightings
(travelling, feeding, courtship and resting). Permission for the
academic use of their images and data were obtained.

Photo and data analysis

Photos from ProBaV and Argonauta Institute were taken using
various combinations of DSLR cameras and lenses and, in attempt
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FIGURE 1

Study area in southeastern coast of Brazil and the 5 additional sightings of Uruguay showing the location of killer whale sightings (n

to increase the chances of identifying individuals, when possible,
pictures of both sides of the dorsal fins, eyepatches and saddle
patches were taken in different angles. In some encounters, it was
not achievable to photograph all individuals of the group. The
images shared by contributors were added to this unified database.
A total of 8.754 images were analyzed and for the entire data set, a
quality rating between 1 (lowest) and 3 (highest) was assigned based
on sharpness, contrast and angle of the dorsal fin and the eyepatch
in relation to the camera (Jourdain et al., 2017).

For the photo-identification analysis, only qualified images of a
quality > 2 were used. The individuals were photo-identified and
cross compared by their natural marks, nicks, notches and scars and
were included in the catalog (Figure 2). Sex and stage of maturity
were based on the external morphology as previously determined by
Bigg et al. (1987) and classified in five different categories: 1) Adult
males - males that have reached sexual maturity and clearly present
a taller dorsal fin; 2) Adult females - individuals with smaller dorsal
fin, where no development of secondary sexual characteristics over
the years or by close and consistent association with the calf; 3)
Juveniles - individuals of both sexes that have not reached mature
size, measuring between 50% to 75% the size of an adult female, but
larger than calves; 4) Calves - young killer whales measuring less
than 50% the size of an adult female; 5) Unknow - when the
distance of the image only allows identifying those animals were
killer whales but not classifying the sex/ stage of maturity (Visser,
2000b; Tavares et al., 2016) or when it was not possible to
differentiate females from males that had not yet had dorsal fin
sprouting. Photo-identified individuals were assigned to
alphanumeric labels (prefix BR followed by a number); calves
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accompanying females were assigned the same label plus a
sequential letter. So, if the mother is BROI1, the calf will be
BRO1A. If she is seen again at another time with a new calf, that
one will be given the name BRO1B and so on. This is a similar
method used to catalog the transient killer whales of the west coast
of the United States and Canada in Pacific waters (Ford and Ellis,
1999) and for the Bryde’s whales (Balaenoptera brydei) studied in
the same region (Athayde et al, 2020). The resighting rate of
identified killer whales was calculated by dividing individuals re-
sighted in previous years (mt) by individuals identified each year
(nt) (Denkinger et al., 2020).

Group size, behavior, and seasonality analysis were recorded for
all sightings from 2005 to 2021 from the three sources. The
movement analysis considered only records of re-sightings of
individuals to demonstrate their displacements. Maps for analysis
and representation of movements and sightings were produced with
QGIS 3.10 software using bathymetric data from GEBCO
Compilation Group, (2021).

Data social analysis

For the social analysis, we defined groups as two or more
different individuals that were in visual range of the observers. To
minimize spurious associations, we analyzed only individuals
sighted at least three times and in encounters where it was
possible to photo-identify at least two individuals in the group.
Associations were estimated using the half-weight index (HWI),
which represents the proportion of times individuals were seen
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FIGURE 2

Individuals BRO5 and BR16 photo-identified by their natural marks through the dorsal fin and eyepatch.

together, attempting to minimize biases when not all individuals
within each group have been identified (Cairns and Schwager, 1987;
Whitehead, 2008). The resulting association matrix was projected as
a social network, in which numbered nodes representing the
individuals were linked by weighted lines whose thicknesses were
proportional to their association indices (Whitehead and Dufault,
1999; Whitehead, 2009). A Monte Carlo permutation test was
performed by permuting groups within samples (Whitehead,
2009) to test the null hypothesis that individuals associate at
random, using the coefficient of variation (CV) of the association
matrix as a benchmark. The null hypothesis was rejected when the
CV of the observed data was significantly greater than the CV of the
permuted data (Bejder et al, 1998; Whitehead, 2009), indicating
that there were disproportionately larger and smaller observed
indices than expected by chance, which are suggestive of
preferred and avoided associations, respectively. The group data
were permutated four times (1000, 5000, 10000 and 20000
iterations) until the overall p-value stabilized (Bejder et al., 1998);
we reported results generated with 20.000 permutations. To infer
social units, if any, we projected the association matrix with
hierarchical clustering analysis and used the maximum
modularity Q, calculated by the leading eigenvector method
(Newman, 2006), to identify a suitable partition of the
dendrogram. To test the statistical significance of this partition,
we used a null model approach (Farine and Whitehead, 2015),
equivalent to the Monte Carlo permutations above (Bejder et al.,
1998), to generate an ensemble of 20000 permuted association
matrices and build a benchmark distribution of Q-values; the
observed Q-value was considered significant if falling outside of
the 95% confidence intervals (CI) of the benchmark distribution
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(Farine and Whitehead, 2015). Finally, we investigate the temporal
patterns of associations. We calculated the standardized lagged
association rate (SLAR) as the probability of two animals that are
associated at a given time to be associated again after different time
lags (Whitehead, 1995). As a benchmark, we calculated the null
association rates (NAR) in which individuals are assumed to
associate at random. The standard errors of SLAR were estimated
using the jackknife procedure (Whitehead, 1995). Then, we fitted
four exponential models to SLAR (Whitehead, 1995) and selected
the most parsimonious with quasi-Akaike Information Criterion
(QAIC; Whitehead, 2007), to describe how associations decay over
time. The first model, SLAR1, has no decay in association rates,
suggesting permanent associations; the second model SLAR2,
represents association rates that decay to zero, suggesting
associations that happened for a given time but never again;
SLAR3 represents rates that decay and level off after a given lag,
suggesting both long-lasting and temporary associations; SLAR4
represents two exponential decays to zero, suggesting a level of
disassociation at a shorter lag and another at longer time lag
(Whitehead, 1995). Social analyses were conducted using
SOCPROG 2.9 (Whitehead, 2009).

Results

Group size, behavior and, seasonality

The opportunistic sightings from 2005 to 2021 yielded 57 new
observations of killer whales, in groups from one to 11 individuals
(mean = 5.61, SD = 2.91). Forty-seven individuals were photo-

frontiersin.org


https://doi.org/10.3389/fmars.2023.1206796
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Athayde et al.

identified including: 28% adult females (n = 13), 19 % adult males (n
=9), 19% juveniles (n = 9; where 7 of unknow sex and 2 males), 17%
calves (n = 8; where 7 of unknow sex and 1 male), and 17% of adults
of unknown sex (n = 8). Travelling was the most common behavior
observed (88%), followed by feeding (10%). In two occasions (July
20, 2019 and December 30, 2020), killer whales were observed
hunting and sharing butterfly rays (Gymnura altavela) in the south
of the Ilhabela Archipelago, Sao Paulo state, in association with
frigatebirds (Fregata magnificens) and brown boobies (Sula
leucogaster) (Figure 3). In a third occasion (November 24, 2021),
the group was hunting a stingray (unidentified species) in Arraial do

FIGURE 3

10.3389/fmars.2023.1206796

Cabo, Rio de Janeiro. On January 10, 2021 and December 15, 2021,
they were spotted surrounding a school of fish (unidentified species)
around the region of the Arvoredo Archipelago in Santa Catarina state
and Marambaia Island, Rio de Janeiro, respectively. On November 30,
2018, in the northeast of Ilhabela Archipelago, Bryde’s whales were
observed by ProBaV feeding on a school of fish when killer whales
approached the whales. No attempt to attack Bryde’s whales was
observed and despite a brief interaction, killer whales seemed more
interested in attacking a stingray (unidentified species) in the same
area. After feeding on the stingray, they left the area. Only in one
occasion (2%) it was possible to watch orcas in a video socializing in a

Killer whales hunting a butterfly ray (Gymnura altavela) off the Ilthabela Archipelago, Sdo Paulo, on (A) July 20 2019 and on (B, C) December 30 2020

in association with Fregata magnificens.
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possible courtship behavior off Ilhabela on December 7, 2012. Resting
was not observed. killer Whales were sighted all year round on the
coast, and the number of sightings seem to increase in the austral
spring and summer (spring: 39%, summer: 33%, winter: 26%, fall: 2%;
n=>57 sightings).

Re-sightings

Out of the 47 photo-identified individuals, 31 (66%) were
sighted just once and 16 (34%) were resighted more than once,
where: 1 (2%) was resighted thirteen times, 1 (2%) eleven times, 1
(2%) ten times, 1 (2%) nine times, 3 (6%) eight times, 1 (2%) seven
times, 2 (4%) four times, 4 (8%) three times and, 2 (4%) twice. The
mean of resighting rate for the cataloged killer whales was 0.30 (SD
= 0.30), noting that in the last 4 years more than 50% of individuals
had been sighted in previous years (2018 - 56%; 2019 - 63%; 2020 -
53%; 2021 - 83%) (Table 1).

Two animals were resighted equal to or greater than 10 years
apart. The adult female BR22, where the first sighting was
November, 22 2010 and last on November 22, 2020 (10 years)
and the adult male BR14 where the first sighting was July, 04 2005
and last on August 10, 2018 (13 years). A previously known adult
male was sighted once traveling alone (BRO1). Published articles
reported 14 sightings of this male (Santos and Silva, 2009; Lodi and
Farias-Junior, 2011) over 11 years and here we report one additional
sighting on July 7, 2009.

Movements

Based on these re-sightings, between 2020 and 2021, it was
possible to track the movements of 11 specific individuals: BRO3,
BR04, BR04A, BR05, BR06, BR08, BR12, BR13, BR16, BR16A and
BR22 in different regions (Figure 4). On October 29, 2020,
individuals BR04, BRO5 and BR06 were sighted with other non-

TABLE 1 Resighting rates per year from 2005 to 2021.

10.3389/fmars.2023.1206796

photo-identified individuals near to Ilha do Xavier in the state of
Santa Catarina. Seventeen days later, between November 15 and
November 22 of 2020, BR03, BR05, BR06, BR08, BR13 and BR16A
were sighted in Arraial do Cabo in Rio de Janeiro. On this last
occasion, these individuals were seen together with the adult female
BR22, which was swimming with 4 other non-photo-identified
individuals, in a group of 11 animals. On December 27 of 2020, a
group of killer whales were reported in Ilha Grande in Rio de
Janeiro and the individuals BRO3, BR04A, BR06, and BR0O8 were
identified. On December 28 and 29, BR05, BR16 and, BR16A were
sighted between the region of Ubatuba, Sdo Paulo and Ilhabela
Archipelago. On December 30, all the killer whales of the group
were photo-identified by ProBaV in the Ilhabela Archipelago
(BRO3, BR04, BR04A, BRO5, BR06, BR08, BR12, BR13, BR16 and
BR16A). On January 9 and 10, 2021, BR04, BR04A, and BRO5, were
sighted in Santa Catarina, in the region of Ilha do Arvoredo. Seven
months later, on August 18 of 2021, a group of 5 killer whales were
sighted in Marica, Rio de Janeiro, where was possible to identify 3
individuals: BR04, BR12 and BR13. The individuals BRO5 and BR13
were sighted in La Paloma on September 16, in the coast of Uruguay
and 69 days later, on November 24, BR05, BR06, BR12 and BR13
were sighted again on Arraial do Cabo, R] (approximately 920nm of
distance). On December 14, 2021, BR12, BR13, BR16, BR16A were
sighted swimming close to the Ipanema beach, Rio de Janeiro and
on December 15, individuals BR0O5, BR08, BR12 were sighted
around Marambaia Island. It is important to note that, except for
the record of December, 30 of 2020, in all these occasions, more
animals were part of the group, but only some of them were photo-
identified (Table 2).

In addition to the sighting of individuals BR0O5 and BR13 on 16
September, 2021 in La Paloma, Uruguay, a third individual sighted
on January 22, 2017 in Florianopolis, Santa Catarina, Brazil, in a
group with 5 other animals, was also sighted 3 times in Uruguay: the
adult male BR34 was sighted alone on September 1 2015, on 26
November, 2017 with another individual non-photo identified and
on October 9 2021, with individuals BR38 and BR39.

Cumulative ID

Ids/year (nt)

2005 1 0
2009 1 0
2010 1 0
2012 2 0
2015 10 1
2016 5 2
2017 13 4
2018 16 9
2019 8 5
2020 19 10
2021 12 10

Frontiers in Marine Science

Resightings previous years (mt)

Resighting rate (R = mt/nt)

1 0.00
2 0.00
3 0.00
5 0.00
14 0.10
17 0.40
26 0.31
33 0.56
36 0.63
45 0.53
47 0.83
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Movements of 11 photo-identified individual killer whales (Orcinus orca) between October 2020 and December 2021 along the southeastern-south

Brazilian coast and Uruguay.

Social associations

The social analysis was conducted for 12 out of the 47 photo-
identified individuals that were sighted at least three times, and
during encounters when it was possible to photo-identify at least 2
individuals in the group. The mean half-weight association index
was 0.29 + 0.19 SD, with values ranging from 0 to 0.75 (Table 3).
Among the sex and maturity classes, on average, associations with
juveniles (0.38 + 0.03 SD) and with adult females (0.30 + 0.10 SD)
tended to be higher than those with calves (0.22 + 0.03 SD), and
adult males (0.17 + 0.07 SD).

The Monte Carlo permutation test allowed us to reject the null
hypothesis that individuals associated randomly (CVreal = 0.67 >
CVmean = 0.01, pCV = 1.00); therefore there are some preferred or
avoided associations among these subset of 12 individuals. Social
preferences may happen among individuals of different sexes and
maturity classes. For example, the adult male BR14 and the adult
female BR15 were seen associated with BR03, BR04, BR16 and BR08
on August 10 2018, and individuals BR16 and BR14 were
photographed together on November 7, 2018. The hierarchical
cluster analysis produced a dendrogram with a cophenetic
correlation coefficient value of 0.82592 (Figure 5A) visually
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suggesting that there could be different social units with mixed
sexes and maturity classes. Values above 0.8 are considered a good
representation of social matrix (Bridge, 1993). However, the social
network depicting associations among individuals (Figure 5B) was
highly connected (proportion of realized links and possible links =
0.833) and showed no reliable partitions since the modularity was
low (<0.3; Newman, 2004) and nonsignificant (Q = 0.034, 95% CI =
0.008 -0.088).

The lagged association rate (SLAR) was, for the most part,
greater than the null association rate (NAR), suggesting that,
overall, individuals continue to associate over time (Figure 5C).
The best fitting model was SLAR 1, with association rates of 0.111 +
0.018 SE and no decay over time (Table 4), reinforcing that there are
some long-lasting associations within this subset of 12 individuals.
SLAR2 also received some support of the data (AQAIC< 2;
Whitehead 2007), which indicate that association rates could
decay down to zero. This suggest that there are some casual
acquaintances, that is, associations that eventually happen among
some individuals then never again. Taken together, the social
analyses suggest that the most re-sighted individuals can engage
in both long- and short-term associations, that are not defined by
the sex or maturity classes.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1206796
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Athayde et al. 10.3389/fmars.2023.1206796

TABLE 2 Sighting of 11 specific individual killer whales (Orcinus orca) between 2020 and 2021.

BRO3 A BRO4 BRO4A BRO5 BRO6 BR0O8 BR12 BR13 BR16 BR16A BR22 Group Size IdPe:c'zitﬁoe-d
29/10/2020 X X X 9 3
15/11/2020 X X 8 2
22/11/2020 X X X X X X 11 7
27/12/2020 X X X X 9 4
28/12/2020 X 4 1
29/12/2020 X X 9 2
30/12/2020 X X X X X X X X X 9 9
09/01/2021 X X 6 2
10/01/2021 X 6 1
18/08/2021 X X X 5 3
16/09/2021 X X 3 2
24/11/2021 X X X X 7 4
14/12/2021 X X X X 7 4
15/12/2021 X X X 10 3

The Group size column indicates the size of the group sighted in the occasion and the Photo-Identified column; how many individuals of the group were photo-identified.

Discussion sharks, rays, fish, and cetaceans (Siciliano et al., 1999). Previous
studies on killer whales off Brazil have shown both predation and

There is a remarkable lack of consistent data on killer whales’  the presence in the stomach contents of a wide range of prey, such
population characteristics, social structure and behavior in tropical ~ as rays, sharks, teleosts, salps, penguins, Burmeister’s porpoise
and subtropical waters worldwide. Despite the opportunistic nature ~ (Phocoena spinipinnis), franciscana dolphins (Pontoporia
of our sighting data, our findings suggest that killer whales are  blainvillei) and minke whale (Balaenoptera sp.) (See Table S1 on
present regularly along the coast of western south Atlantic, and ~ Supplementary Data) (Castello, 1977; Bittencourt, 1983; Castello
provide novel insights on the occurrence, movements, foraging and ~ and Pinedo, 1986; Dalla Rosa, 1995; Lodi and Hetzel, 1998; Secchi
social behavior. and Vaske Jr., 1998; Ott and Danilewicz, 1998; Fernandes, 2001;
These data suggest that killer whales are apparently more  Santos and Haimovici, 2001; Santos and Netto, 2005; Dalla Rosa
frequently sighted off southeastern Brazil during the austral  and Secchi, 2007, Monteiro, 2008; Troina et al. 2020). Two videos
spring and summer (see also Siciliano et al, 1999)—although  released on the internet, one on September 11, 2019 in Bahia and
caution is needed when interpreting seasonality because nautical  the other on November 5, 2021, in Arraial do Cabo - Rio de Janeiro,
activity, thus opportunistic sightings, increase in the region during  show respectively, killer whales in a potential hunt and an attack on
these seasons. Remarkably, the re-sightings of the same 11  humpback whales (unpublished data). This region is also regularly
individuals in the same region over the years, including re-  used by Bryde’s Whales (Gongalves et al., 2015; Lodi et al., 2015;
sightings of 3 individuals off the coast of Brazil and Uruguay, Athayde etal,2020) and as a migration route for humpback whales
suggest that killer whales are widely distributed in this region and  (Megaptera novaeangliae) and southern right whales (Eubalaena
yet can show some degree of site fidelity to specific locations along  australis) (Groch et al., 2005; Siciliano et al., 2019; Renault-Braga et
this coast. Similar wide-ranging movements have been observed  al., 2019)—all of which could be potential targets of killer whales.
across the world. For example, between Mexico and Peru  For instance, in 2008, a newborn female southern right whale was
(Guerrero-Ruiz et al., 2005; Pacheco et al., 2019), Antarctic and  found dead with several tooth marks of adult killer whale in the
New Zealand (Eisert et al., 2015), and between Alaska and  body (Ott et al, 2017) and in 2012, killer whales were observed
California (Goley and Straley, 1994; Dahlheim et al., 2008). In the  harassing a group of sperm whales (Physeter macrocephalus) to prey
latter, some social units range more widely and transit hundreds of ~ on a sperm whale calf (Andriolo et al., 2015; Sucunza et al., 2022).
kilometers along the coast, while other units how higher fidelity to By contrast, on September 19, 2019, while conducting regular
certain regions (Ford and Ellis, 1999). monitoring of southern right whales in the south of Brazil,
These movements and occurrence of killer whales are typically ~ researchers observed a group of at least four killer whales in
associated to prey preferences and availability. In the southeastern  direct interaction with a mother-calf pair of southern right
coast of Brazil, there are upwelling systems (such as the rich waters ~ whales. Despite the close proximity of the killer whales to the
of the Cabo Frio) that attract a variety of seasonally abundant  whales, no attack occurred (Renault-Braga et al, 2019). In our
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TABLE 3 Sighting history and associations among killer whale individuals in the Brazilian coastal waters.

First year seen in this

Last year seen in this

Level of Association - Level of Association -

Individual Sex Maturity study study Mean Maximum
BRO3 ? Juvenile 2015 2020 041 0.75
BRO4 F Adult 2012 2021 0.34 0.56
BRO4A ? Calf 2020 2021 0.20 036
BRO5 M Juvenile 2015 2021 0.35 0.64
BRO6 F Adult 2015 2021 0.36 0.60
BRO8 M Juvenile 2015 2021 0.40 0.75
BRI2 M Adult 2016 2021 0.22 0.56
BRI3 ? Juvenile 2015 2021 0.36 0.64
BR14 M Adult 2005 2018 0.12 0.44
BRI5 F Adult 2015 2020 0.14 036
BR16 F Adult 2018 2020 0.35 0.60
BRIGA M Calf 2020 2021 0.24 0.60

To avoid bias associated with small sample sizes, association indices were only calculated for the 12 individuals that were sighted at least three times and in encounters where it was possible to
photo-identify at least 2 individuals in the group. Question marks denote individuals whose sex is unknown.

observations, killer whales were only seen feeding on
elasmobranchs and fish: four times on rays (such as Gymnura
altavela) and twice on a school of unidentified fish. No attacks on
marine mammals have been recorded and just as observed with the
mother-calf pair in 2019, despite the opportunity to prey on two
Bryde's whales on November 30, 2018, north of the Ilhabela
Archipelago, the group of eight killer whales preferred to attack a
stingray. The killer whales found in these waters seem to be more
generalist or opportunistic foragers (Lodi and Hetzel, 1998;
Siciliano et al, 1999), in agreement with suggestions that killer
whales in tropical waters tend to be less specialized on certain prey
items than those found in temperate waters because diet breadth
should increase as the availability of the most highly profitable prey
decreases (Baird, 2002).

Prey type and availability typically shape group size and stability
(Beck et al.,, 2012). Corroborating this idea, the mean size of the
group of killer whales observed in this study was 5.61 individuals
(SD = 2.91), similarly to previous observations off Brazil (4.3
individuals; Lodi and Hetzel, 1998; 3.9 individuals; Siciliano et al.,
1999). This average group size is also similar to observations in
other sub-tropical and tropical waters where killer whales show
generalist feeding behaviors: Caribbean: 4.1 individuals (Bolafos-
Jimeénez et al., 2023), Galapagos: 4 individuals (Denkinger et al.,
2020), Mexico Central Pacific coast: 4.6 individuals (Vargas-Bravo
et al., 2020), Peru: 4.5 individuals (Garcia-Godos, 2004) and 4.3
individuals (Testino et al., 2019), Costa Rica: 3.4 individuals
(Castro-Azofeifa, 2021), Hawaii: 4.2 individuals (Baird et al.,
2006), Tropical West Africa: 5.6 individuals (Weir et al., 2010),
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FIGURE 5
Depiction of the social structure of killer whales off the coast of Brazil. (A) The dendrogram from a hierarchical cluster analysis with the average
linkage method. Sexes are indicated when known. (B) The social network in which nodes representing individuals are linked by their association
indices with no clear partition in social units. Node colors denote sex (orange = females, blue = males, yellow = unknown), sizes denote maturity
(large = adult, medium = juvenile, small = calf). (C) Standardized lagged association rates were, for most part, above the null rate and relatively stable
over time, as suggested by the best-fitting model.
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TABLE 4 Exponential decay models fit to Standardized Lagged Association Rates (SLAR) ranked by the lowest quasi-Akaike Information Criteria

(QAIC).
Model
- gt =0.111
SLAR2 g’ (£) = 0.106 . 4591079
f— ¢/(1) = 0.111 - 19.238 . {650
SLAR4 ¢(1)=0.019- 7% 40,105 - ((5:5310°0)

AQAIC indicate the relative support for each model.

Eastern Tropical Pacific: 5.4 individuals (Wade and Gerrodette,
1993), and Mozambique Channel: 6.1 individuals (Terrapon et al.,
2021). By contrast, in temperate and polar zones, group size and is
more variable and vary with the target prey type. For instance, the
Antarctic Type A killer whales feeds mainly on Antarctic Minke
whales and form groups of 13.6 individuals on average; the Type B
(11.8 individuals) tend to prey upon pinnipeds, whales and
penguins; and the Type C, (46.1 individuals) apparently feeds
mainly on fish (Pitman and Ensor, 2003). In Norwegian waters,
the mean size for herring-feeding killer whale groups is 15
individuals (Simila et al., 1996) while seal-feeding groups are 5
individuals (Jourdain et al., 2017); in addition, the group sizes of
killer whales hunting seals off Scotland are smaller (5.8 individuals)
than those on the Icelandic herring grounds (14.8 individuals)
(Beck et al,, 2012). These observations in Antarctic, Norway,
Scotland and Icelandic are similar to those from the well-studied
North Pacific population, with a proportional smaller more
consistent group size of mammal-eating transient Killer whales
(4.2 individuals; Baird and Dill, 1996) compared with fish- eating
resident killer whales that often occur in groups of dozens to
hundreds of individuals (Ford et al., 1998). According to Baird
and Dill (1996) the small size of the mammal-eating groups could
contribute to the management and maximization of energy intake.
Associations with other groups, increasing the size of the group,
would be useful to increase the success rates of prey difficult to
capture or large prey allowing additional individuals to feed without
increasing competition. Still in these zones, it is also possible to find
more diverse groups where whales seem to be more generalists, as in
Chilean Patagonia (4.2 individuals; Hiussermann et al., 2013 and 5
individuals; Capella et al., 2014) and in New Zealand (mean of 12
individuals) where 27 different species of prey have been recorded,
being ray the most common type of prey and, the diet varying
according to the 3 sub-populations proposed for the region (Visser,
2007). Taken together, our data and this literature suggest that killer
whales of southeastern Brazil are generalist foragers; however, one
cannot yet discard the possibility that there may be specific groups
with a specialized diet in the region.

Despite the paucity of encounters, our data provide novel
insights on the social patterns of killer whales in the western
south Atlantic waters. The association patterns among the most
re-sighted 12 killer whale individuals suggest that they can form
social groups of mixed age-sex, and engage in both long-term and
more labile social associations. It is possible that these individuals
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QAIC AQAIC
‘ 2462.67 0
‘ 2464.17 1.5
‘ 2466.57 39
‘ 2468.09 5.42

are part of a single or more relatively stable social units in which
members occasionally associate with each other with no clear
preferences for sex and maturity stage. This pattern resembles the
social structure of transient killer whales in the North Pacific (Ford
and Ellis, 1999; Baird and Whitehead, 2000), Marion Islands
(Reisinger et al., 2017), and Galapagos Islands (Denkinger et al.,
2020), Argentinean Patagonia (Ifiguez et al., 2005) and, Mexico
Pacific coast (Guerrero-Ruiz, 2013). However, the nature and
scarcity of our association data is such that it remains premature
to make such a conclusion. An increased and more homogeneous
sampling effort in space and time to complement our current
opportunistic and citizen science sampling will be crucial to
further reveal the structure into social units, and to estimate the
rates at which different units associate. Beyond odontocetes, such as
killer and sperm whales, social patterns combining permanent and
temporary associations can be found in several animal populations
with different degrees of fission-fusion dynamics, such as
orangutans, bats, elephants and hyenas (Kerth and Konig, 1999;
Van Schaik, 1999; Wittemyer et al., 2005; Smith et al., 2008). Social
plasticity in groups formation can reflect the underlying social and
ecological conditions that modulate the costs and benefits that
individual member experience. As in the abovementioned
populations, associations among multiple social units of killer
whales, temporarily increasing the size of the group, can be
advantageous for mating opportunities, care of the young, or to
increase foraging success on large prey that is difficult to capture; on
the other hand, individuals in larger groups pay the cost of
increased probability of competition for prey access (Hoelzel,
1993; Baird and Dill, 1996). In Galapagos, the average group size
was estimated to be 4 animals. However, when attacking baleen
whales, the groups appeared to consist of at least 5-10 animals, and
even up to 25 animals when they attacked sperm whales (Denkinger
et al,, 2020). In northern Patagonia, the associations between killer
whales are mostly long-term, but individuals from different groups
have been observed to leave their maternal groups and form new
groups (Ifiguez et al., 2005). This fluidity has also been identified
along the Mexico Pacific coast, where individuals have been found
to have indirect relationships with each other through key
associations (Guerrero-Ruiz, 2013). In our study, we observed
solitary adult males (BRO1) that were not seen associated with
any group and males that in certain sightings were alone or that
were associated with different groups on different occasions, as is
the case of males BR12, BR14 and, BR34 (Figure 6). Solitary adult
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FIGURE 6

The adult male BR12, sighted in association with a mother-calf pair (BR29 and BR29A) on July, 3 2016 in Florianopolis, SC (A) and on November, 22
2018 in Arraial do Cabo, RJ (B) with a group of other eight killer whales (BR03, BRO4, BRO5, BRO6, BRO8 BR13 and BR16), suggesting associations

with reproductive purposes or energetic benefits.

Photo: Mercedes Rios

males have also been recorded preying in the region, including in
association with the tuna longline fishery (Secchi and Vaske, 1998;
Santos and Netto, 2005). According to Baird and Dill (1996),
dispersal of individuals likely to occur due to the energetic
benefits of foraging alone or in small groups and other groups
may also allow them for a period of time to increased mating
opportunities. In our study, we did not observe male-male pairs as
described in Argentina (Hoelzel, 1991) and the Galapagos Islands
(Denkinger et al., 2020).

This is the first integrated assessment of the movements and
social behavior of killer whales in tropical and subtropical waters
of Brazil. Our data suggest site fidelity by various groups that
experience some degree of fission-fusion dynamics and engage in
long and short-term movements in the waters of southern and
southeastern Brazilian coast. Such movements seem to be erratic
and driven by foraging opportunities, likely related to the
productivity of western tropical South Atlantic and subtropical
waters. Killer whales exhibit a generalist feeding behavior in this
area; however, the possibility of there being groups with
specialized diets in the region is not ruled out. More systematic
surveys, covering both inshore and offshore waters over longer
periods, are required to further clarify the status, social patterns,
movements in western south Atlantic as well as an analysis of
stable isotopes and fatty acids from biopsies to better characterize
the diet of killer whales in the region. Given this, it appears
premature to classify the killer whales in this particular region as
belonging to any current or identified ecotype or a new yet to
be defined.
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