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Knowledge of the role of individual associations has provided an insightful understanding
of the structures of animal societies, especially in highly social mammals such as
primates. Yet, this is unbalanced towards marine mammals, particularly to beaked
whales, due to their elusive nature. In addition, information on the fundamental drivers
of the social structure of these deep-diving animals is still scarce. Here, the hypothesis
of female defence polygyny was tested in Blainville’s beaked whales (Mesoplodon
densirostris) and discussed within the context of marine and terrestrial organisms
displaying similar patterns, by (i) estimating residency times to obtain information on
the movements into and out of the area, (i) analysing social networks to assess
individual association metrics, (i) measuring the strength of the associations to assess
the existence of preferred or avoided relationships among individuals, and (iv) modelling
different social structures to address temporal patterns in social relationships. Using a 9-
year photographic dataset derived from the pelagic habitat, individual associations were
inferred based on likelihood techniques. This approach allowed to infer on the species’
social structure in relation to age class, sex, residency status, and spatio-temporal
patterns, which can be a good practice to be applied for other taxa. Heterogeneity
in capture probability and residency times was observed between age-sex classes, with
adult females exhibiting long-term site fidelity. This suggests different habitat roles and
spatial structuring within this social organisation. Strong and long dyadic associations
occurred between adult females and immatures, contrarily to between males, and
the best-fitting models of the temporal patterns suggested long-lasting and temporary
associations. The present findings unravel a complex social structure stratified by age-
sex class and influenced by female philopatry and defence polygyny, like an unimale
group mating system, which varies from other beaked whales but is similar to some
birds, pinnipeds, or non-human primates.

Keywords: age/sex-specific, beaked whales, individual temporal associations, island systems, megafauna,
movement and residency patterns, pelagic habitat, social network
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INTRODUCTION

Movement patterns and habitat composition are known to
influence complex animal social structures (He et al., 2019).
Animal movements are generally driven by resource availability,
mating accessibility, predator avoidance and habitat complexity
(e.g., Bailey and Thompson, 2006; Duijns et al., 2019), which
in turn modulate social behaviour, group composition and
population dynamics at a broader scale (Morales et al., 2010).
The resulting social structure plays a pivotal role in the
population’s ecology since it influences the spread of diseases
and genetic flow (Sutherland, 1998). Therefore, social structure
is considered a determining factor in conservation management
plans (Wilson, 1975).

To study a population’s social structure, data on interactions
between known individuals through time are needed (Hinde,
1976; Whitehead, 2008), which can sometimes be challenging
to witness. Once associations are established, various tools
exist to describe and model social structure (reviewed in
Farine and Whitehead, 2015), which has provided a profound
understanding of animal associations and their socio-ecological
processes in highly social terrestrial mammals (e.g., Schreier
and Swedell, 2009; Foerster et al., 2015; Berger et al., 2021).
However, little attention had been given to the societies of
species whose meaningful relationships are difficult to assess,
such as cetaceans (whales and dolphins) (Lusseau et al., 20065
Rendell et al., 2019). Cetaceans associate with conspecifics (and
occasionally interspecifically) when survival, access to resources
and reproductive success are increased by group formation
(Gowans et al., 2007). Nonetheless, the longevity and strength
of those associations, and hence social structures, are modulated
by the individuals’ residency patterns and habitat selection,
which differ among and within species. As a result, cetacean’s
social structures range from highly fluid, so-called fission-
fusion societies, where individuals associate in groups that
change in composition and size daily (e.g., bottlenose dolphin
Tursiops truncatus, Connor et al., 2000), to permanent associated
matrilineal groups (e.g., killer whales Orcinus orca, Baird and
Whitehead, 2000).

Nevertheless, most information on cetacean social systems is
from common and accessible species (i.e., abundant, inhabiting
coastal waters, or easily approachable), thus exists a gap in the
knowledge of the societal patterns of lesser studied Families such
as beaked whales (Li and Rosso, 2021; Weiss et al., 2021). This
is mainly because beaked whales inhabit pelagic and difficult-
to-access environments and because of their short surfacing
periods and cryptic behaviour (Tyack et al., 2006). Although
research on beaked whales has increased in the last two decades
(reviewed in Hooker et al., 2019) due to their high vulnerability to
anthropogenic noise and specifically to navy sonar (Tyack et al,,
2011), studies on these animals’ social structures cover only four
species (out of at least 24 extant species, Carroll et al., 2021) and
are still on their early stages (Baird, 2019; Weiss et al., 2021).
In Blainville’s beaked whales (Mesoplodon densirostris), resident
populations of this medium-sized (4-5 m long) deep-diver have
only been described in a few remote archipelagos (Hooker et al.,
2019) and only one peer-reviewed study, wherever known, has
provided insights on its social structure (McSweeney et al., 2007).

That study suggested ephemeral relationships and female defence
polygyny (characterised when males control females directly by
defending them against conspecifics males; Shuster and Wade,
2003), yet it was based on descriptive analyses.

Here, photographic data of Blainville’s beaked whales from
an oceanic pelagic habitat was used to analyse individual
associations and consequently to serve as a model system to
infer the social structure in relation to age class, sex, residency
status, and spatio-temporal patterns. To better understand the
species’ socio-behavioural traits and test the hypothesis of female
defence polygyny, likelihood techniques were used to (i) estimate
residency times, thus providing information on the movements
into and out of the area, (ii) analyse the social network to
assess individual association metrics, (iii) measure the strength
of the associations to assess the existence of preferred or avoided
relationships among individuals, and (iv) model different social
structures to address temporal patterns in social relationships.
Such an integrative approach is expected to contribute to a more
comprehensive view of the species’ social structure and enlighten
the mysterious life habits of elusive and lesser-known animals.
Finally, it is expected to advance the theoretical understanding
of a specific social strategy related to philopatry, mating, and
parental care in free-ranging animals, given that cetaceans
provide a powerful outgroup for inferring the evolution of the
social structure of other highly related mammals (Pearson, 2011).

MATERIALS AND METHODS
Study Area and Data Collection

Photographic data of Blainville’s beaked whales were collected in
the southern waters of Madeira Island (Portugal, 32°N 017°W),
in a core area covering about 1,000 km? up to 15 km off the
coast (see Fernandez et al., 2021). The study area is surrounded by
warm-temperate Atlantic waters and is characterised by a narrow
continental shelf and steep submarine canyons (Geldmacher
et al., 2000; Martins et al., 2007). These characteristics offer a
privileged access to the pelagic environment where the target
species commonly occurs throughout the year (Alves et al,
2018; Fernandez et al., 2021) and where some individuals are
likely island-associated (Dinis et al., 2017). The data were
collected year-round through whale-watching platforms (see
Acknowledgments; procedures detailed in Alves et al., 2018)
and in research trips, between 2011 and 2019 (Table 1 and
Supplementary Table 1). On each occasion with Blainville’s
beaked whales, animals were approached and photographed
using digital reflex cameras with zoom lenses, independently of
age class, sex, and distinctiveness.

Photographic Analysis and Site Fidelity

A previous photographic-identification (hereafter “photo-id”)
catalogue and dataset of all animals’ capture histories from
2011 to 2016 (Dinis et al, 2017) was updated with the
newly collected data following standardised procedures (Wiirsig
and Jefferson, 1990). Individuals were identified using unique
scarring patterns on the body as well as nicks on dorsal fins
(McSweeney et al., 2007; Dinis et al., 2017). The distinctiveness
of each whale was rated from 1 (poorly distinctive) to 4
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TABLE 1 | Summary of the photographic data used in the analysis, i.e., truncated
to distinctive animals and good quality pictures.

Year No. of No. of No. of newly

photographic captures identified
occasions individuals

2011 13 30 13

2012 6 9 4

2013 7 13

2014 9 14

2015 20 47 18

2016 17 41 12

2017 29 52

2018 23 52

2019 30 67 8

Total 154 325 79

(very distinctive) following McSweeney et al. (2007), and the
photographs were assigned a quality grade ranging from 1 to 4
(low- to high-quality) based on Alves et al. (2013). Only good
quality pictures (grade 3 or 4) and individuals with distinctiveness
2-4 (slightly to very distinctive) were used in the analyses
to enhance the reliability of the data. A capture was defined
as an individual identification from a photographic occasion
(Wiirsig and Jefferson, 1990).

Three catalogues were compiled: one for females, one for
males, and one for immature whales of unknown sex. Sex and
age class (immature, subadult male, adult male, or adult female)
was determined based on body size and colour, body scarring,
association with calves, and the presence or absence of erupted
teeth in the lower jaws (Claridge, 2006; McSweeney et al., 2007;
Dinis et al., 2017). Photographic comparisons were performed
visually (Robbins et al., 2011; Alves et al., 2019), and at least two
co-authors confirmed individual matches, sex, and age class.

Additionally, a residency pattern was attributed to each
individual. Three residency patterns were established based
on the capture histories. Individuals that exhibited multi-year
and year-round site fidelity (captured in at least 4 years and
three seasons, i.e., January-March, April-June, July-September,
October-December) were termed residents; individuals captured
only once or a few times within a week and never captured again
were termed transients; and individuals that fell between these
two categories were considered emigrants/immigrants or regular
visitors and were consequently termed visitors (adapted from
Alves et al., 2013). Two exceptions were made for whales Md99
and Md119 that were only seen during 3 (consecutive) years but
during the four seasons and always with resident whales, and
therefore were termed residents.

A discovery curve was plotted using the capture histories,
and the recapture rates (RRs) per age class were calculated
to assess site fidelity. The discovery curve was created by
plotting the cumulative number of identified individuals against
the cumulative number of captures. The RRs were calculated
by dividing the number of individuals with >2 captures by
the total number of individuals. Recaptures within the same
day were excluded.

Movement Analysis

The amount of time animals spent within the study area was
examined using Lagged Identification Rates (LIR). The LIR is the
probability that an individual observed in the area at a given time
will still be present t time-lags later (Whitehead, 2001). Given
the difference between the capture histories of the age classes and
the fact that immatures were almost always seen with an adult
female, two different LIR were performed: one for all males and
one for females and immatures. All individuals captured between
2015 and 2019 (years with the higher number of captures,
Table 1), independently of the number of captures, were included
in the analysis. Four models were fitted to each dataset using
maximum likelihood, binomial loss, and bootstrapped standard
error (SE), following Whitehead (2009). The model with the
lowest Quasi Akaike Information Criteria (QAIC) was selected
as the best-fitting model (Whitehead, 2008, 2009). The sampling
period was defined as day, and associations were defined as
individuals grouped within an occasion. LIR was conducted using
SOCPROG version 2.9 (Whitehead, 2009).

Social Analyses

Network Analyses

A social network diagram was created using NetDraw 2.158
(Borgatti, 2002) to illustrate the species social structure (Kappeler,
2019). All occasions between 2011 and 2019 were considered,
excluding only those resulting in single captures as they did
not provide any linking information (and such cases likely
represented incomplete sampling effort in photographing the
entire group instead of solitary animals, given these were
never recorded during the research trips). Residency pattern
and age-sex class were included as individual attributes. Nodes
correspond to individuals, while lines between nodes represent
the strength of association among dyads, with thicker lines
indicating stronger associations.

Two network metrics (strength and clustering coefficient)
were obtained using SOCPROG’s network statistics (Whitehead,
2009). The strength is the sum of the weights of all links of a given
node, and can be used as a measure of individual social centrality
(Barrat et al., 2004). The clustering coefficient measures whether
the associates of an individual are themselves associated (Barrat
etal., 2004; Lusseau, 2007). Significant differences in the network
measures among attributes of age/sex and residency patterns
were tested with a double permutation test (Farine and Carter,
2022) using the aspine R package (Farine, 2013).

Preferred Associations

To reduce the chance of including spurious associations, only
whales with >3 captures from occasions with medium- (where
at least half of the group was photographed) and high-coverage
(where essentially all individuals were photographed) between
2011 and 2019 were included in this analysis. Because of the
opportunistic nature of data, the photographic coverage of
individuals during sightings was unknown. To overcome this
issue, 50 high-quality photographs, including at least three whales
in the frame, were selected to calculate the percentage of marked
individuals in a group and infer photographic coverage. The rate
of distinctive individuals was obtained by dividing the number
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of marked individuals by the total individuals captured in the
frame for each photograph and calculating an overall mean for
all pictures. This resulted in 71% (£19%) of the individuals in a
group being marked. Based on this and on the Blainville’s beaked
whales mean group size of 3.7 (SD = 1.7) individuals in the study
area (Alves et al, 2018; which is similar to other regions, see
Ritter and Brederlau, 1999; Claridge, 2006; McSweeney et al.,
2007), sightings with >2 captures were considered to be of
medium- and high-coverage, and were therefore used in the
subsequent analyses.

The half-weight association index (HWI) (Cairns and
Schwager, 1987) was used to represent the strength of the
association between beaked whale dyads (following Whitehead,
2008; Hoppitt and Farine, 2018), where “0” indicated that
individuals were never captured together and “1” that individuals
were always together. The mean and the maximum of
associations were also calculated.

Permutation tests were used to assess whether preferred
or avoided relationships among individuals and among age
classes existed (Bejder et al, 1998; Whitehead, 1999). The
null hypothesis was that individuals were associated with the
same probability with other individuals. Observed coeflicients of
variation (CV) of the pairwise association indices significantly
higher than those from permuted datasets were taken as evidence
that individuals had preferred companions (Whitehead, 1999;
Whitehead et al., 2005). The number of permutations generated
was increased until the p-values stabilised (Bejder et al., 1998;
Whitehead, 1999), at 1,000 trial flips per permutation. Based
on the LIR results, three different sampling periods were
used to assess associations between individuals and among
age classes (adapted from Gero et al, 2015): (1) “hour’
hourly sampling period to test for short-term associations,
(2) “month,” a monthly sampling period to test for medium-
term associations, and (3) “year, yearly sampling period
to test for long-term associations. This procedure removes
any existing autocorrelation between groups that have been
sighted together for short periods (hours or days) (personal
communication, H. Whitehead, 2020). The association was
defined as individuals grouped within an occasion for all three
sampling periods, and associations were permuted between
sampling periods.

Temporal Patterns

Standardised lagged association rates (SLAR) were used to
address temporal patterns in social relationships (Whitehead,
1995). SLAR assessed the probability that two associated
individuals at a given time would still be associated at a
certain time-lag in the future. To aid in the interpretation of
SLAR, the null association rate was also considered (Whitehead,
2009). The moving average was chosen to adjust best between
precision and smoothing, and SE was estimated using the
temporal jackknife method on each sampling period (Whitehead,
2009). Four exponential models that represented simulated social
structures were fitted to the SLAR: the first model had no
decay and suggests permanent associations; the second model
had a decay down to zero and suggests that associations
decrease until complete disassociation; the third model had a

decay that levelled off and suggests long-lasting and temporary
associations; and the fourth model had two decays and suggests
two levels of disassociation, one at shorter and one at longer
time lags (Whitehead, 2008). The best fitting model was
chosen through the lowest QAIC (Whitehead, 2008, 2009).
Since the patterning of all associations is important, data
from 2011 to 2019 including all individuals, independently
of the number of times captured, during medium- and
high-coverage events were used for two SLARs: one for all
individuals and other for adult female associations. The sampling
period was defined as day, and associations were defined as
individuals grouped within an occasion. Preferred association
and temporal pattern analyses were performed using SOCPROG
2.9 (Whitehead, 2009).

RESULTS

A total of 325 captures based on good quality pictures
were obtained from 154 photographic occasions, allowing the
identification of 79 distinctive animals (Table 1). There was a
mean of 2.1 captures (SD = 1.1, range 1-5) per occasion, and of
the total catalogued whales, 29 were adult females, 19 were adult
males, 12 were subadult males, and 19 were immature (Table 2).

Sixty-six percent of the animals (n = 52) were captured on
multiple occasions (mean = 4 captures, range 2-31). Fifty-seven
percent of the animals (n = 45) were captured intra-annually
and the remaining were captured inter-annually [of which 53%
(n = 18) were adult females, 21% (n = 7) adult males, 9%
(n = 3) subadult males, and 18% (n = 6) immatures]. Inter-
annual recaptures ranged from 2 to 8 years, but only adult
females were recaptured in > 5 years (Supplementary Table 1 and
Supplementary Figure 1).

Residents comprised 14% of the animals (n = 11), visitors 39%
(n = 31), and transients 47% (n = 37). Adult females were the
dominant age-sex class of residents (64%, 7/11) and visitors (48%,
15/31), whereas adult and subadult males and immatures were
mainly transients (Table 2).

The overall RR was 0.66. Adult females presented the highest
value (RR = 0.86), followed by immature individuals (RR = 0.63)
and adult males (RR = 0.58), while subadult males had the
lowest (RR = 0.42). The discovery curve showed a slight decrease
between 200 and 300 cumulative captures, and thereafter the
curve begins to stabilise (Figure 1).

TABLE 2 | Frequency table of age-sex class per residency patterns of Blainville’s
beaked whales in Madeira.

Adult females  Adult males Subadult Immature Total
males
Residents 7 2 0 2 11
Visitors 15 6 3 7 31
Transients 7 11 9 10 37
Total 29 19 12 19 79
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FIGURE 1 | Discovery curve for distinctive whales based on good quality images.
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Movement Analysis

The best-fitting LIR model for the adult females and
immatures, and for the adult and subadult males, was the
“Emigration + Reimmigration + Mortality” (Table 3). The
model indicates that 11 adult females and immatures (SE = 2)
spent an average of 214 days (SE = 99) in the area before
leaving to return after 158 days (SE = 448) with a mortality rate
of < 0.001 (Figure 2A). It also estimated that 1 male (SE = 0.94)
spends an average of 1 day (SE = 21) before leaving to return
to the study area 14 days later (SE = 44) with a mortality rate
of <0.001 (Figure 2B).

Social Analyses

Network Analyses

The social network analyses comprised 70 individuals from 97
photographic occasions with a total of 267 captures, of which
28 were adult females, 18 adult males, 9 subadult males, and
15 immature individuals. The network diagram shows that
most individuals (92%; n = 64) are linked by association in
the main social core, while the remaining six individuals (8%)
form satellite dyads (Figure 3). The main cluster includes all
the resident individuals, 29 visitors (93%) and 24 transients
(86%). In contrast, the remaining three satellite clusters only
include transients and visitors (two visitor-transient dyads and
one transient-transient dyad).

Network measures varied greatly between residency patterns
but were similar between age classes and sexes (Figure 4
and Supplementary Table 2). The double permutation test
showed no significant differences in the strength and clustering
coefficient when testing the influence of age-sex classes and
residency patterns.

Preferred Associations

The mean association indices were low (HWI = 0.04 & 0.02), but
the maximums were high (Supplementary Figure 2). The highest
maximum association indices were found between immature
whales and adult females (0.51 £ 0.13), followed by adult males
with adult females (0.34 £ 0.12), and within adult females
(0.25 £ 0.13). The lowest mean and maximum association indices

were found for all combinations of subadult males and adult
males’ dyads (HWI = 0 for subadult-subadult and male-male
dyads, HWI = 0.01 = 0.01 for subadult male—adult male dyads).
The sum of association indices indicated that the associates per
individual ranged from 1.3 to 4 whales (mean = 2.48 & 0.59,
Supplementary Figure 3).

Permutation tests within and between adult males, subadult
males, and immature whales, could not be permuted, for which
the null hypothesis that individuals associate randomly could not
be rejected. However, preferred associations within adult females
and between adult females and the other age-sex classes varied
for short-, medium-, and long-term sampling periods (Table 4).
The observed CV was significantly higher than the random CV
for the dataset, including all the individuals for short-, medium-,
and long-term periods. Adult females had short- and medium-
term preferred associations within their category and between all
age-sex classes (p < 0.05) except for subadult males with whom
they associated randomly. The significant monthly associations
between adult females and adult males revealed that Md119
(adult resident male) had strong associations with Md55 and
Md99 (adult resident females, HWI = 0.45 and 0.48 respectively,
p < 0.05). Long-term preferred associations occurred within
adult females, and between adult females and immatures
(p < 0.05), and long-term random associations occurred between
adult females and all males independently of age class.

Temporal Patterns

The third model was the best-fitting model for all individuals
and for adult females (Table 5). For all individuals, SLAR was
highest for short time lags and started decreasing fast after
100 days, reaching the null association rate in about 1 year
(Figure 5A). Adult females showed a similar pattern, except that
SLAR constantly declined from the short time lags and that the
null association rate was reached later (Figure 5B).

DISCUSSION

This study provides an analysis of the social structure of
Blainville’s beaked whales in insular oceanic ecosystems, which
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TABLE 3 | Models fitted to Lagged Identification Rates (LIR) for adult females and immatures, and for adult and subadult males of Blainville's beaked whales captured
between 2015 and 2019.

Age-sex class Model Formula QAIC
Adult female 4+ immature (n = 48) Closed 1/22.10 4899.37
Emigration/mortality (1/14.97) g(—7 /1424.11) 4848.00
Emigration + reimmigration (1/12.40)x[(1/800.99) + (1/503.82) g~ (1/800.99 + 4843.14
1/803.82) x )1/(1/800.99 + 1/503.82)
Emigration + reimmigration + mortality (e(=0-0004 x 1)/10.89) x [(1/158.43) + (1/214.44) 4842.27
e(—(1/158.43 + 1/214.44) x ©)]/(1/158.43 + 1/214.44)
Adult 4+ subadult males (n = 31) Closed 1/17.43 813.78
Emigration/mortality (1/9.80) e(~ T /862.12) 794.42
Emigration + reimmigration (1/2.91) x [(1/58.92) + (1/10.61) e~ (1/58.92 + 1/10.61) 802.39
* ©)1/(1/58.92 + 1/10.61)
Emigration + reimmigration + mortality (e(—0-001 x 1/0.94) x [(1/14.36) + (1/1.38) 791.08

e(~(1/14.36 + 1/1.38) x 1]/(1/14.36 + 1/1.38)

T is time lag in days. The lowest QAIC (in bold) indicates the best-fitting model. Estimated residency parameters and standard errors (SE) for the best-fitting model for
adult females and immatures are: population size in the study area at a given time = 10.89 (2.29); residence time in the study area = 214.44 (99.68) days; residence
time out of the study area = 158.43 (448.63) days, and mortality = 0.0004 (0.0004). Estimated parameters for the best-fitting model for adult and subadult males are:
population size in the study area at a given time = 0.94 (2.13); residence time in the study area = 1.38 (21.16) days; residence time out of the study area = 14.36 (44.48)
days; and mortality = 0.007 (0.0006).

0.16 - .

0.14 - o

0.02 ‘ L L L

10 10 10? 10°
B 038 ; . T
0.6 - .

Lagged Identification Rate

10° 10! 10° 10
Time Lag (Day)

FIGURE 2 | Lagged Identification Rates (LIR) for (A) adult females and immatures and (B) adult and subadult males in Madeira between 2015 and 2019. The graph
shows the probability that an individual Blainville’s beaked whale captured at an initial time “0” will be captured again at x time later in the study area. Blue lines
represent the best-fitting model according to Table 3, green circles represent the data, and vertical bars indicate SE calculated using a bootstrap method on each
sampling period.

are characterised by specific topographic and oceanographic in relationship to age class, sex, residency status, and spatio-
variables that are known to influence predators’ habits, such as  temporal patterns showed a social structure modulated by
cetaceans (Abecassis et al.,, 2015; Fernandez et al., 2021). The adult females. This agrees with analyses of mammalians’
analysis of a longitudinal dataset on individual associations social complexity where a female-based sociality prevails
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FIGURE 3 | Network diagram of Blainville's beaked whales. Nodes represent
individuals and are coloured and shaped for age-sex class and residency
attributes: pink- adult female, blue- adult male, orange- subadult male, green-
immature; circle- resident, triangle- visitor, and square- transient. The
thickness of the lines between nodes represents the strength of association
among dyads, where thicker lines correspond to stronger associations. The
embedded network at the top right is the network of the resident whales only.
llustration® ARDITI/E. Berninsone.

(Lukas and Clutton-Brock, 2018), in which cetaceans, and
especially toothed whales, are no exception (Rendell et al., 2019).
The present findings support the hypothesis of female defence
polygyny suggested by McSweeney et al. (2007) for a population
in Hawaii, as well as reported in the Bahamas and Canary Islands
(Claridge, 2006; Sudrez, 2018). In addition, the present findings
support information on female philopatry based on higher
residency levels by adult females and provide a discussion on this
social strategy.

The findings obtained in this study are inferred from a good
agreement of the combination of movement and social analyses,
from which five broad main results have emerged. First, there
was heterogeneity in capture probability, given that 60% of the

animals were captured on multiple occasions and most of the
inter-annual recaptures (and the longer ones; >5 years) were
from adult females. Island-associated animals (i.e., residents and
visitors) were also mainly adult females, which presented the
highest RR (0.86). The asymptotic discovery curve, observed
from approximately > 300 cumulative captures, reveals that
the studied island-associated population seems relatively small
(likely < 50 animals). This also shows that recruits are less
common throughout the years and some adult females exhibit
high site fidelity, supporting Dinis et al. (2017).

Second, the best-fitting models from the LIR analysis included
emigration and reimmigration with (residual rates of) mortality,
which suggests temporary migration into and out of the area
and transiency, with mortality within expected values given the
duration of the study and the long-living nature of this mammal
species. Additionally, it shows heterogeneity in residency times
between age-sex classes. A higher number of adult females and
immatures spent more time in the area than adult and subadult
males, but also left for more extended periods. This reinforces
the more constant presence of adult females and immatures in
Madeira. The differentiated habitat use by Blainvilles beaked
whales of different age classes, sexes and residency patterns has
also been described in the Hawaii, Bahamas and Canaries from
photo-id analysis (Claridge, 2006; McSweeney et al., 2007; Sudrez,
2018). Moreover, the heterogeneity in residency times between
age-sex classes suggests different habitat roles, supporting spatial
structuring within the species social organisation, with an
indication of female philopatry.

Third, the social network analyses shows that the main
cluster includes all the resident individuals and 93% of the
visitors, supporting an island-associated population in the study
area. This agrees with the previous points and with Dinis
et al. (2017). Central individuals can be information carriers in
dolphin societies (Lusseau and Newman, 2004), yet there was no
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FIGURE 4 | Boxplot for strength and clustering coefficient for each residency pattern (R-resident, V-visitor, T-transient) in adult females (the most representative
group). The horizontal line in the box represents the median, the bottom and top of the boxes represent the first and third quartiles and whiskers show values within
1.5 times of the interquartile range from the boxes. Raw data are plotted as single points. A double permutation test showed no significant differences on the

influence of residency patterns in the social network structure.
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TABLE 4 | Permutation tests for preferred associations within and between age
classes and sexes for individuals captured on > 3 occasions for short-, medium-,
and long-term between 2011 and 2019.

CV of CV of random p-value
observed HWI HWI mean

mean
Short-term (sampling period hours)
All individuals (n = 36) 2.31 2.00 0.001
Adult female —Adult female 217 1.99 0.02
(n=19)
Adult female—Adult male 1.74 1.61 0.02
(n = 26)
Adult female—Subadult male 2.34 2.29 0.25
(n=21)
Adult female—Immature 2.40 2.04 0.002
(n = 26)
Medium-term (sampling period months)
All individuals 2.26 2.09 0.001
Adult female —Adult female 2.30 2.03 0.003
Adult female —Adult male 1.75 1.63 0.03
Adult female —Subadult male could not be permuted
Adult female —Immature 2.25 1.97 0.00
Long-term (sampling period years)
All individuals 2.26 2.09 0.001
Adult female —Adult female 2.30 2.10 0.01
Adult female—Adult male 1.75 1.68 0.16
Adult female —Subadult male 2.34 2.24 0.13
Adult female —Immature 2.26 2.05 0.01

HWI, half-weight association index; CV, coefficients of variation.

TABLE 5 | Models fitted to the standardised lagged association rate (SLAR) for all
individuals and for adult females.

Age-sex class Model formula QAIC
All individuals 0.059668 677.34
0.164610 g(~0-001975 x ©) 596.11

0.016073 + 0.231560 e(—0-006573 x ©) 568.79

0.229680 e(~0-007026 x 1) | 0 020314 e(~0-000152 x 1) 570 68

Adult females 0.109860 225.70
0.332700 (0001908 x 1) 190.56

0.036611 + 0.457340 g(—0-006697 x 1) 182.97

1.595400 e~ 14119 x 1) 4 0.300120 e(~0-001770 x ©) 192 40

The lowest QAIC (in bold) indicates the best-fitting model. The first model (with
one parameter) suggests permanent associations, the second model (with two
parameters) suggests that associations decrease until complete disassociation,
the third model (with three parameters) suggests long-lasting and temporary
associations, and the fourth model (with four parameters) suggests two levels of
disassociation (detailed in section “Material and Methods”). t is time lag in days.

significant influence of the age-sex classes and residency patterns
in the network measures. This could be related to the sampling
area that likely represents a portion of the home range of these
animals, especially of the transients, making it difficult to confirm
the role that different residency patterns might play in the social
network analyses of Blainville’s beaked whales.

Fourth, the tests for preferred associations show strong
dyadic associations between adult females and immatures,

contrarily to between males, as expected for a long-lived mammal
species (Lukas and Clutton-Brock, 2018). This is based on the
highest maximum association indices between adult females
and immatures and the lowest mean and maximum association
indices among all combinations of subadult males and adult
males’ dyads. The sum of association indices indicated that the
typical number of associates per individual ranged from 1.3 to
4, indicating small group sizes similar to other areas (reviewed
in Baird, 2019). Adult females exhibited short- and medium-
term preferred associations between all age-sex classes, except
for subadult males with whom they associated randomly. The
significant monthly associations between adult females and adult
males were likely influenced by pairs of dyads composed by a
particular adult resident male (Md119) with two adult resident
females (Md55 and Md99; based on their capture histories,
Supplementary Table 1). In the long-term, preferred associations
occurred only within adult females, and between adult females
and immatures, supporting the hypothesis of female defence
polygyny in this species.

Fifth, the best-fitting models from the analysis of the temporal
pattern included a decay that levelled off and suggested long-
lasting and temporary associations. The fast decrease of SLAR
after 100 days for all individuals, indicated that many associations
between individuals did not last longer than 3 months. The
null association rate was reached in about 1 year, meaning
that individuals associated randomly more often than expected
for about a year. The peaks formed at 400 and ~1,500 days
are, most probably, a sampling by-product. For adult females,
the null association rate was reached later (approximately
3.5 years). Therefore, adult females associated more often than
expected if they associated randomly for periods of at least
3.5 years, although the SLAR stays above the null association
rate for more extended periods. Such period could be related
to time invested in nursing and/or alloparental care, which
is a socioecological strategy commonly displayed by mammals
(Greenwood, 1980; Berger et al, 2021), and particularly by
deep-diving cetaceans like pilot (Globicephala spp.) or sperm
whales (Physeter macrocephalus) (Whitehead, 1996; Augusto
et al., 2017). While the obtained SLAR slope for adult females
declines faster, their association rates are higher than those from
all individuals, indicating that other age-sex classes, such as adult
males, subadult males, and immatures, have more ephemeral
associations between individuals and hence decreased the values
of the association rates. The jackknife precision estimates indicate
that associations between adult females last longer than all age
classes combined.

As an overview, there were intra- and inter-annual preferred
associations between females, but preferred associations with
males occurred only intra-annually. In addition, adult females
and immatures stayed extended periods in the area when
compared to adult and subadult males. It is suggested that
Blainville's beaked whales exhibit a general pattern of one adult
male leading a small group of females during a short- to mid-
period of time (hours to months) and that females are the ones
“controlling” the area (i.e., higher site fidelity) and displaying
longer-term associations; thus having a social structure driven
by female philopatry and defence polygyny. This agrees with the
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FIGURE 5 | Standardised lagged association rate (SLAR) for (A) all individuals and (B) adult females captured between 2011 and 2019. Vertical bars indicate SE
calculated using the temporal jackknife method. The brown line is the observed data, the yellow line is the best-fitting model according to Table 5, and the blue line

is the standardised null association rate (i.e., if individuals associated randomly).

unimale group mating system described in Clutton-Brock (1989)
where the cost-effectiveness of territoriality declines and males
are more likely to defend groups of females or to search receptive
females, as observed in several terrestrial mammals (Clutton-
Brock, 1989) and similar to sperm whales (Rendell et al., 2019).
It can therefore be inferred that Blainville's beaked whales have
a social structure stratified by age-sex class, and that they can
combine a mix of the sociality found in smaller delphinids where
ephemeral relationships usually take place (Gowans et al., 2007)
and in mid- to large-sized toothed whales where “matrifocal”
or matrilineal systems occur (Rendell et al., 2019). Different or
mixed social structures are not uncommon among mammals,
such as, for example, the stratified community and the multi-male
mating system of Risso’s dolphins (Grampus griseus) (Hartman
et al.,, 2008, 2015), which differs from the fission-fusion and
matrilineal society models.

The findings presented here shed light on a single species of
the second-most speciose family (Ziphiidae) of cetaceans. Studies
on the social structure of beaked whales exist only for four species

(17% of all known beaked whale’s species; Carroll et al., 2021),
derived from restricted areas (reviewed in Weiss et al., 2021).
While for Cuvier’s beaked whales (Ziphius cavirostris), sperm
competition seems to play a role in the mating system (Baird,
2019), in northern bottlenose whales (Hyperoodon ampullatus),
there are strong associations between males (Gowans et al.,
2001), whereas, in Bairds beaked whales (Berardius bairdii),
there are stable associations among more scarred (old and/or
male) individuals (Fedutin et al., 2015). Thus, beaked whales’
social structures should not be generalised, given that association
patterns, mating structures and societies vary between species
(Hooker et al., 2019).

This study also increases our knowledge of the social strategy
related to female philopatry and female defence polygyny. Here,
both are present, but one does not necessarily imply the other.
One and/or the other has been described for birds, pinnipeds,
deers, or non-human primates (Greenwood, 1980; Le Boeuf,
1991; Koening et al., 2013; Bose et al., 2017), thus suggesting
interspecific flexibility of mating systems and social structure,
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which could arise from several factors such as more cooperative
male resource defence (Koening et al., 2013). The formation
of stable associations can be correlated with biological and
ecological factors (Morales et al., 2010), with long-term bonds
being recorded within age-sex classes and with female-biased
kinship organisation being found among larger species (Weiss
etal.,, 2021). Such stable relationships provide certain advantages
over sporadic bonds, like allomaternal care in deep-diving species
(Rendell et al., 2019) or increased male mating success and
herding of females during breeding seasons (Clutton-Brock,
1989; Connor et al.,, 1992), which could partially explain the
described social system of the Blainville’s beaked whales.

Potential biases in the present study, especially those related
to heterogeneity in capturability and residency, could be related
to using data from platforms of opportunity. Nevertheless,
likelihood techniques were used to estimate parameters of
movement models (Whitehead, 2001), which allowed dealing
with the effort associated with collecting the individual
identifications that had been neither randomly nor systematically
distributed in space-time. In addition, the fact that the data were
collected year-round over a relatively long period, and that it
was restricted to good quality pictures and distinctive individuals,
helped minimising biases. Moreover, the HWI was selected to
represent the strength of the behavioural relationships between
dyads since it is potentially less biased and recommended to be
used when not all individuals have been identified in a sampling
period (Whitehead, 2008), as in this case. Although other indices
such as the Simple Ratio (Ginsberg and Young, 1992) could
also be a good candidate (following Hoppitt and Farine, 2018),
the inferences drawn from that index (not shown) were similar
to the HWI and therefore the latter was preferred based on
Whitehead (2008), even being aware that it does not fully correct
biases. Another issue is that, when there is a difference in QAIC
by less than two, the second best-fitting model should not be
disregarded since it still offers substantial support (Burnham
and Anderson, 2002). In this study, there was one case in the
LIR and another in the SLAR analyses. In the former case, the
only difference with the best model was that the second-best
did not include mortality. Given that it makes sense to consider
mortality in a real-life scenario, the model with the lowest QAIC
was in accordance with being the best one. In the latter case,
the third model was the best-fitting and the fourth model was
the second best. Again, the best-fitting suggests being the most
logical because permanent association (or preferred companions)
occurred to some extent (i.e., long-term associations among
adult females) in the targeted population. Finally, analyses on
the social structure of animals that spend most of its time
submerged, such as beaked whales (Tyack et al., 2006), should
be inferred with caution. However, we believe that the findings
obtained from surface data should reflect, in a general way, the
species social system.

To further assess the socioecology of deep-diving species
within an evolutionary approach, future studies should combine
photo-id analyses with genomics and/or biotelemetry (e.g.,
Aguilar de Soto et al.,, 2012; Abecassis et al., 2015; Visser et al,,
2021). Although challenging, targeting several individuals of the
same group would help clarify these elusive species’ matrilineal
kinship. Comprehensive studies, such as the present one, allow

incrementing our knowledge on the social behaviour of beaked
whales and identifying resident populations. This information is
necessary to better understand, manage and protect such cryptic
species from increasing anthropogenic disturbances for which
they are vulnerable.
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