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Abstract
The associations of social individuals are normally represented by a social network, which is a static representation of 
dynamic relationships, generally influenced by spatio-temporal, demographic, environmental and kinship drivers. We exam-
ined the social structure of core resident short-finned pilot whales off Madeira, an archipelago in the Northeast Atlantic, 
delineating their spatial overlapping, temporal evolution, demographic process and site fidelity, between two sub-periods 
(1997–2013 and 2014–2019). Decades of individual photo-identification work showed that social clusters were formed by 
preferred companions. The results indicate that this short-finned pilot whale community consists of social clusters, with 
most individuals showing long-term stability of cluster membership. However, clusters can be also subject to dynamic 
changes, and sometime split up into two which may be due to an increase in the number of individuals in the original cluster 
and, consequently, challenges to maintaining associations among individuals in large groups. In general, the probability of 
associations among core resident individuals within a cluster decreased with time (decreased by half in 18–54 years), which 
was related to demographic events. All clusters showed highly overlapping distribution areas, suggesting that their social 
structure is not driven by spatial factors but likely social preferences.

Keywords  Dynamic network · Globicephala macrorhynchus · Island-associated cetaceans · Madeira archipelago—
Northeast Atlantic · Spatial overlap · Social structure

Introduction

Social animals tend to form complex systems of associations 
among individuals, creating organizational patterns known 
as social structure (e.g. Whitehead 2008a). Demographic 
events such as birth, death or migration can affect social 
structures, sometimes having structure-wide and long-lasting 
consequences (Shizuka and Johnson 2020). A highly social 
individual will possibly join (either by immigration or birth) 

a social structure with multiple connections (e.g. Gero et al. 
2013); conversely, the dispersal (either by permanent emi-
gration or death) of a highly social individual will probably 
reduce the network connectivity (e.g. Elliser and Herzing 
2011).

Various cetacean species show different social structure 
aspects, both at inter and intra-species levels which makes 
generalization complicated. However, some traits can be 
shared between species or populations and help us better 
interpret observations made in other species or populations. 
For example, several killer whale (Orcinus orca) popula-
tions have a stable kin-based social structure based on mat-
rilines (e.g. Guinet 1991; Esteban et al. 2016a), where even 
a lack of dispersal, for both sexes, from their natal groups 
has been confirmed in some populations (e.g. Bigg et al. 
1990; Tavares et al. 2017). Sperm whales (Physeter mac-
rocephalus) also have a stable matrilineal social structure; 
however, males disperse from their natal group (Lyrholm 
and Gyllensten 1998; Whitehead and Weilgart 2000). Sev-
eral studies also support the notion of a stable matrilineal 
kin-based structure for pilot whales (Globicephala spp.). 
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First, genetic studies in short-finned pilot whales (Globi-
cephala macrorhynchus; Fig. A1) show that the most closely 
related individuals occur within groups which suggest 
natal philopatry to the group (Alves et al. 2013; Van Cise 
et al. 2017). Second, mature male long-finned pilot whales 
(Globicephala melas) sampled from drive fisheries in the 
Faroe Islands neither mate within, nor disperse from their 
natal groups (Amos et al. 1993). However, the large groups 
sampled during these fisheries may not reflect typical kin-
based group size for pilot whales (Connor 2000). Third, 
no evidence of sexual segregation has been found in the 
association networks for long-finned pilot whales (Augusto 
et al. 2017). Finally, short-finned pilot whales exhibit a long 
post-reproductive period (Marsh and Kasuya 1984, 1986), 
which development has been suggested as a result of their 
demographic structure, i.e. females surviving beyond the 
point of reproductive cessation (Foote 2008), but also the 
balance between costs and benefits to aid other group mem-
bers fitness (Ellis et al. 2018). However, some studies sug-
gest non kin-based social structure for pilot whales, such as 
multiple matrilines found within mass stranded groups of 
long-finned pilot whales (Oremus et al. 2013) and among 
short-finned pilot whales encountered together several times 
over multiple years (Hill et al. 2019). Other studies question 
the stability of their associations, short-term associations 
have been noted in long-finned pilot whales that lasted from 
hours to days (Ottensmeyer and Whitehead 2003) and, for 
both species, bachelor groups of young and mature males 
have been found (Desportes et al. 1992; Mahaffy et al. 2015), 
suggesting at least temporary male dispersal. Nevertheless, 
pilot whales are generally assumed as one of the mammals 
with stable social structure based on preferred associa-
tions (Heimlich-Boran 1993; Siemann 1994; Ottensmeyer 
and Whitehead 2003; de Stephanis et al. 2008; Alves et al. 
2013; Servidio 2014; Mahaffy et al. 2015). In summary, 
there is still much to discover about the social structure of 
pilot whales, however, these studies indicate an intermediate 
matrilineal kin-based social structure for pilot whales, with 
association stability between that of sperm whales and killer 
whales (Mahaffy et al. 2015).

Social species, with stable long-lasting associations, nor-
mally have key individuals which form bonds with individu-
als of several social units and maintain the interconnection of 
the complete network (Lusseau and Newman 2004). Cohe-
sion in killer whale social networks appears to be dependent 
on a small number of key female juveniles (Williams and 
Lusseau 2006). In fact, deaths due to illegal long-line fishery 
disrupted social groups of depredating killer whales, result-
ing in decreased fitness of survivors (Busson et al. 2019). In 
short-finned pilot whales, older females have fewer calves 
but lactate longer, which is attributable to the prolonged 
nursing of their own calves (Kasuya and Marsh 1984; Marsh 
and Kasuya 1991) and, consequently, the death of an older 

mother could substantially reduce the survival probabilities 
of several dependent young, as suggested by Marsh and 
Kasuya (1991). Stable social structures are thus potentially 
vulnerable to the removal of certain key individuals.

Short-finned pilot whales (hereafter pilot whales) are one of 
the most frequently observed species off Madeira (geographic 
location of Madeira is shown in Fig. 3A) throughout the year 
(Freitas et al. 2004). Most individuals have low re-sighting 
rates, with 68% of animals seen only once, named transients; 
11% of individuals seen more than five times in at least three 
years and three seasons, named residents; and the remaining 
animals (21%) seen more than once but less frequently than 
the residents, named visitors (Alves et al. 2013). Alves et al. 
(2013) described a structured society with long-lasting asso-
ciations and no genetic difference among transients, visitors 
and residents (Alves et al. 2013). Among the 503 individuals 
identified in Madeira, twelve visitors and transients were also 
seen in the Canaries, while nine residents and transients were 
observed in the Azores, but none of the animals were identified 
in all three archipelagos (Alves et al. 2019).

In a pelagic population, such as the pilot whales off 
Madeira (Alves et al. 2013), animals that spend most of their 
time inshore could be more exposed to anthropogenic threats 
that tend to concentrate near coastlines, where cumulative 
risks for marine mammal species have been described (Avila 
et al. 2018). Although population boundaries in these marine 
ecosystems are challenging to define (Taylor et al. 2000), 
the identification of adequate countable units is crucial for 
effective management of wildlife (Roff et al. 2013).

The aim of this study was to evaluate the social struc-
ture, and potential structural changes over time (a period 
of 22 years), of the pilot whales off the coast of Madeira 
that spend most of their time in nearshore waters. First, we 
describe the social structure of most regularly observed indi-
viduals, defining social groups with preferred companions, 
named cluster, calculating several social features between 
and within those clusters and between two sub-periods. Sec-
ond, we test if the association probability changed over the 
entire study period, for all individuals and also within clus-
ters. Third, we evaluate any changes in regards to site fidelity 
and demographic process. Finally, we evaluate whether indi-
viduals from different social clusters exhibited differences 
in the spatial use of the study area.

Methodology

Data sampling

Field work was conducted during a period of 22  years 
(1997–2019) in Madeira archipelago, which is in the Cen-
tral Northeast Atlantic, approximately 1000 km southwest 
of the Iberian Peninsula. Intraplate volcanism generated the 
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archipelago and a group of seamounts in the surroundings 
(Geldmacher et al. 2000). Complex bathymetry such as the 
one found in this region normally provides rich habitat for 
marine predators (Hazen et al. 2013).

Data was collected from different platforms, beginning 
opportunistically in 1997, then year-round from dedicated 
systematic and non-systematic surveys from 2001 onwards 
and from platforms of opportunity, mainly whale watching 
(WW) boats, since 2003, and finally from 2010 onwards 
by observers on board WW boats, trained by the Madeira 
Whale Museum (MWM). Whenever pilot whales were 
encountered, dorsal fin pictures were taken of both sides of 
the individuals, and whenever possible the GPS locations 
were recorded both from dedicated and opportunistic plat-
forms. From 1997 until 2002, pictures were taken with an 
analog camera mounted with 70–300 mm lenses, with color 
slide films. Since 2003 digital cameras were used with image 
stabilizer lenses ranging from 70 to 400 mm. Animals were 
considered in the same encounter when they were less than 
ten body lengths of one another and engaged in similar and/
or coordinated behavior (Fig. A1A; Williams and Lusseau 
2006) during a day (i.e. the sampling period).

The MWM photo-identification database from 1997 to 
2011 (Alves et al. 2013) was reanalyzed to include the use 
of secondary marks, such as scars, body coloration pattern 
or dorsal fin shape (Auger-Méthé and Whitehead 2007), to 
help identify individuals that might gain new primary marks 
during the long study period. Considering the year-round 
photo-identification effort, the evolution of temporary marks 
could be monitored throughout the year, which was previ-
ously shown to be robust for mark-recapture analysis (e.g. 
Verborgh et al. 2021). The database was also updated until 
2019, using photo-identification images from both platforms 
of opportunistic and dedicated surveys. All the dorsal fins 
present in each photograph were analyzed, recording the 
identity of each individual based on nicks and notches (pri-
mary marks) on the trailing edge of the dorsal fin; distinc-
tiveness (D), to characterize dorsal fin edge primary marks, 
was classified as: ‘no marks’ (D0); ‘one mark or very small 
marks’ (D1); ‘two or more marks’ (D2); and ‘large or very 
distinctive marks’ (D3). The quality of the dorsal fin picture 
itself was scored based on focus, angle, size, light, presence 
of water splashes or water dripping on the trailing edge and 
the visible percentage of the dorsal fin. To score a picture 
with the highest quality (Q2 or excellent) the dorsal fin had 
to be focused, at a perpendicular angle of 270° or 90°, have 
a large enough size to distinguish features easily, no water 
in front or on the dorsal fin trailing edge, be perfectly lit and 
with the trailing edge fully out of the water. A Q1 (good) 
dorsal fin still had to be well lit to see coloration pattern on 
the body and dorsal fin completely visible but would not ful-
fill one of the Q2 requirements. A Q0 (poor quality) dorsal 
fin was scored whenever one or more of the Q1 requirements 

were not fulfilled. The apparent age status was also noted 
based on the presence of fetal folds (newborn), relative size 
compared to other individuals (calf < 1/3 size of adults, Fig. 
A1C, juvenile 1/3 to 2/3 size of adult) and body coloration 
(lighter in non-adults); adults were large individuals with a 
visible convex shape, due to muscular development, between 
the blowhole and the dorsal fin. Minimum age was also esti-
mated from the age status given when the individual was 
first seen. Individuals were classified as ‘calves’ during their 
first two years of life, then as ‘juveniles’ until 7–10 years of 
age while older animals were recorded as ‘adults’. This cor-
responds with the sexual maturity in females, while males 
generally reach it later at the age of 17 years (Kasuya and 
Tai 1993). Therefore, our definition of adults does not reflect 
fully not exclusively sexually mature individuals of both 
sexes, but includes also sub-adults males. Genetic sexing of 
some individuals was also available from Alves et al. (2013).

Matches were made by comparing each new dorsal fin 
image with the MWM photo-id catalogue. This process 
was done using the software finFindR (https://​github.​com/​
haimeh/​finFi​ndR) which has automatic matching functions 
(Thompson et al. 2022). The individuals that could not be 
found by the software were searched manually. Then, new 
individuals that could not be matched were given a new 
unique alpha-numeric code (GmaXXXX, where XXXX 
would be a number starting at 0001).

Social structure

Social structure analyses were done on the entire study 
period and also on two sub-periods to investigate variabil-
ity of associations over time. The first sub-period included 
the years 1997–2013 (97–13), and the second sub-period the 
years 2014–2019 (14–19). The sub-period separation year 
was due to a low photographic effort year in the study area 
(Verborgh et al. 2022), and coinciding with the year, 2014, 
that a WW exclusion zone was defined east of Madeira, 
where any WW operation is forbidden (Região Autónoma 
da Madeira 2014). Only data with Q1 and Q2, and marked 
individuals with D1 to D3 were included in this study. For 
the social structure analyses (unless detailed otherwise), data 
was further restricted to individuals observed in more than 
four years and four seasons (Servidio et al. 2019), and in 
more than five sampling periods in each sub-period (these 
whales are named hereafter core resident). Considering the 
restrictions applied, false negative errors, i.e. not matching 
two individuals when they are the same, are unlikely to be 
included in the data set. False positive errors, i.e. matching 
two individuals as the same when they are different, were 
highly unlikely to occur, given that specific primary and/or 
secondary marks had to be clearly observed to be considered 
a match. Membership in an encounter was used to define 
when individuals were associated, ‘gambit of the group’ 

https://github.com/haimeh/finFindR
https://github.com/haimeh/finFindR
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(Whitehead and Dufault 1999) during a sampling period. 
The stringent quality control and the restrictions applied 
helps to minimize false associations (Whitehead 2008a).

The half-weight association index (HWI) was used to 
calculate the strength of association between individu-
als (Whitehead 2008a), as it is one of the most common 
association indices used among marine mammal species 
(Weiss et al. 2021), and because it is recommended when 
there could be incomplete sampling (e.g. not all associates 
being identified; Whitehead 2008a). HWI ranges from zero 
(never observed together) to one (never seen apart; White-
head 2008a). Social differentiation (S) is a coefficient of 
variation estimate of the true association indices, measured 
using maximum likelihood; S < 0.3 homogeneous, S > 0.5 
well differentiated, S > 2.0 extremely differentiated (White-
head 2008b). We also calculated the correlation coefficient 
(r) between the true and estimated association indices, using 
maximum likelihood; r = 0.4 “somewhat representative” and 
r = 0.8 “good” representation (Whitehead 2008a). Standard 
errors (SE) for S and r were calculated with bootstrap meth-
ods (1000 iterations). We used a permutation test (Bejder 
et al. 1998; Whitehead and Dufault 1999), in which observed 
associations among individuals were permuted within the 
sampling sub-periods, controlling for the number of associ-
ates of each individual in each sub-period, to test for pre-
ferred/avoided associations (Whitehead 2008a) and whether 
the association patterns observed were different from what 
might be expected if random. The association matrix was 
permuted 10,000 times as this stabilized the p values, and 
each permutation included 1,000 trials (attempts to switch 
a part of a matrix of associations). HWI, S, r and permuta-
tion test within sampling sub-periods were performed with 
SOCPROG 2.9 (Whitehead 2009).

The distribution of associations between core resident 
individuals was represented as a social network for the 
whole study period and both sub-periods. A fast greedy 
modularity optimization algorithm (Clauset et al. 2004) 
was used to define the community structure network for the 
whole study period and both sub-periods, using modularity 
(M) by gregariousness, where values larger than 0.3 indicate 
good divisions; resulting communities were named as clus-
ters (Lusseau and Newman 2004). Network visualization and 
analyses of community structure were performed in R 3.6.1 
(R Core Team 2019), with package ‘qgraph’ (Epskamp et al. 
2012). Cluster size was calculated for core resident indi-
viduals as the number of individuals per cluster grouped by 
modularity. We also tested if the structure observed within 
the core resident individuals was more structured into clus-
ters than expected if random, noting when the observed M 
was higher than 95% of the network M values calculated 
from 1,000 randomly generated networks from permuted 
data (one-tailed; Shizuka and Farine 2016). Furthermore, we 
tested the robustness of the clusters defined by modularity, 

rcom, by estimating the effect of sampling effort as the prob-
ability that a pair of individuals that were assigned to the 
same cluster in the observed network was assigned to the 
same cluster in 1,000 bootstrapped networks, with more 
robust data having values closer to one (Shizuka and Farine 
2016). Permutation on M and calculation of rcom were done 
in R 3.6.1 (R Core Team 2019), rcom with ASSORNTET 
(Farine 2014) and “asnipe” (Farine 2019).

Local centrality metrics (e.g. strength) of the social 
structure, as suggested by Silk et al. (2015), are thought 
to be accurate even when a low proportion of a population 
have been identified, as it has a linear relationship between 
a partial (only identifiable individuals) and a full network 
(all individuals). Strength, is the sum of weighted ties for a 
given individual (Barthélemy et al. 2005), with high values 
indicating that an individual has strong associations with 
other individuals. This metric was calculated and averaged 
across all individuals in the network (all clusters) and within 
each cluster to determine the robustness of the social struc-
ture and evaluate changes along the network structure. The 
same number of individuals among networks are required to 
compare those networks (Tantardini et al. 2019), so we fur-
ther restricted the data to individuals that were observed in 
both sub-periods (hereafter long-term core resident, LTCR). 
We tested if the observed strength was higher or lower than 
expected if associations were random (two-tailed), in both 
sub-periods, by doing permutation tests, swapping obser-
vations of two individuals observed in different encounters 
1,000 times, recalculating the network after each swap, 
maintaining the same number of individuals, encounters per 
individual and same distribution of encounter sizes (Bejder 
et al. 1998; Farine 2017). We also tested the robustness of 
the structure within clusters, by conducting permutations 
in each cluster independently, not swapping individuals 
among clusters. Furthermore, we compared HWI statisti-
cally between periods of LTCR using a matrix correlation 
test (Spearman mantel test with 10,000 permutations), to test 
the stability of association patterns across periods. Strength, 
mantel test and permutations were performed in R 3.6.1 (R 
Core Team 2019), with packages IGRAPH (Csardi and 
Nepusz 2006), “vegan” (Oksanen et al. 2008) and “asnipe” 
(Farine 2019), respectively.

Temporal analyses

Standardized lagged association rates (SLAR) were used to 
estimate the probability that two individuals are associated 
at a time, and after an interval, the second individual will be 
a randomly chosen associate of the first (Whitehead 1995). 
SLAR was calculated for all animals regardless of the number 
of times they were seen and the cluster they were assigned 
to, and for the whole study period (Whitehead 2008a), to 
compare the stability of pairs of individuals in the whole 
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population and within clusters. Considering that the data set 
is relying also on pictures coming from platforms of oppor-
tunity, where probably not all animals in an encounter were 
photographed in every sampling period, SLAR accounts for 
cases when not all the true associates of an individual are 
recorded during a sampling period. Mathematical models 
of several temporal association patterns were fitted to the 
observed SLAR (Whitehead 2008a). The best-fitting most 
parsimonious model was selected using the quasi-likelihood 
Akaike Information Criterion (QAIC) (Burnham and Ander-
son 2004), which accounts for over dispersion in the data 
(Whitehead 1995, 2008a). Standard errors were estimated by 
jackknife methods (Efron and Gong 1983). A null SLAR was 
compared to the observed ones, to check if animals associ-
ated randomly. SLAR was calculated in the SOCPROG 2.9 
program (Whitehead 2009).

Site fidelity and demographic processes

Demographic processes and site fidelity can have differ-
ent effects on the association patterns of the individuals 
(Whitehead 1995). We used lagged identification rate (LIR) 
to assess the presence and absence of individuals in the 
study area. LIR estimates the probability that an individual 
in the study area at a time is the same as a randomly cho-
sen individual from the study area after an interval. LIR is 
constant when the population is closed (no birth, death or 
migration), and LIR decreases when animals leave the study 
area through permanent emigration and/or mortality (White-
head 2001). The best-fitting most parsimonious model were 
selected using QAIC (Burnham and Anderson 2004). A set 
of models were fitted to test for closed and open population, 
including various combinations of emigration, re-immigra-
tion and mortality (Whitehead 2001). Confidence intervals 
were estimated for LIR using 1,000 bootstraps (Whitehead 
2007). LIR analysis was done for the whole study period 
for all animals, and also for each cluster separately. LIR can 
help in the interpretation of the SLAR, because if one animal 
leaves the study area then it cannot associate with animals 
still in it, and if two individuals leave, then we cannot infer 
their association pattern (Whitehead 2008a). LIR was run 
in the SOCPROG 2.9 program (Whitehead 2009). Addi-
tionally, a turnover of individuals was directly calculated 
as the percentage of emigrated/dead and immigrated/born 
individuals over the final number of core resident individu-
als in the second sub-period for all core resident individuals 
and, for the different clusters, defined by modularity over the 
whole study period (see Results; Fig. 1).

Spatial analyses

We studied the relationship between association among 
pilot whales and their spatial overlap by estimating the 

area used by each LTCR individual, and for each clus-
ter. We assigned animals to their corresponding cluster a 
posteriori and combined the encounters of all individuals 
of a given cluster (using the three main clusters of the 
whole study period for LTCR individuals, see Results; 
Fig. 1), to estimate the area of usage of that cluster. For 
each cluster, we only used the position of the first individ-
ual seen on a sampling day, to avoid spatial correlation. 
An encounter was assigned to a specific cluster when 
at least two individuals of that cluster were observed. 
The areas used were determined by calculating kernel 
density estimates (KDEs) with the ‘ad hoc’ method for 
determining the optimal smoothing parameter (Worton 
1989). The fifty percent of density volume contour was 
used to define their core area, while their home range is 
represented by the 95% (Beirão-Campos et al. 2016). The 
overlap between areas of the different clusters and indi-
viduals were measured with the home-range (HR) which 
estimates the proportion of overlap between areas (Ker-
nohan et al. 2001). Typically, the degree of overlap is not 
reciprocal; overlaps closer to zero in each of these metrics 
would mean that each cluster/individual uses a specific, 
separate region in the study area (Kernohan et al. 2001). 
We analyzed the relation between associations and spa-
tial overlap, to explore the influence of ranging behavior 
on social interactions during the whole study period. A 
correlation analysis was performed between the HWI of 
LTCR and core areas of dyad (pair of individuals) spatial 
overlap (Mantel Pearson correlation with 1,000 permu-
tations). The spatial analyses were performed in the R 
environment (R Core Team 2019) with “adehabitatHR” 
(Calenge 2006) and “vegan” packages (Oksanen et al. 
2008).

Results

Data set

Over 900 encounters of pilot whales were recorded in 
Madeira from 1997 to 2019, of which over 400 were of core 
resident individuals, based on the analysis of more than 
49,000 dorsal fin images (almost 9,000 were of core resi-
dent); 1,156 individuals were identified, of which only 54 
animals were categorized as core residents (Table 1). All 
core resident individuals used in this study were either D2 
or D3, after applying the restriction of at least five sam-
pling periods, i.e. they were all distinguishable (Table 1). 
Although the first sub-period is longer than the second 
(16 years versus five years), the number of individuals 
identified are similar in both sub-periods, as an increase in 
the photographic effort is indicated by similar number of 
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sampling periods and an increase in the fins analyzed dur-
ing the second sub-period. GPS positions were available for 
most encounters (1997–2019: 68%) and opportunistic sight-
ings (1997–2019: 57%; Table 1).

Social structure

The social structure of the core resident pilot 
whales in Madeira is well differentiated in both 

Fig. 1   Network diagrams for core resident individuals of pilot whales 
in Madeira in the different sub-periods (A: 1997–2013; B: 2014–
2019; C: 1997–2019), where each node represents an individual 
with its numeric code, each cluster is represented by the color of the 
node, and the associations are represented by weighted edges which 
are determined by the HWI among dyads. Animals that were not 
included in the calculation of strength (seen in only one sub-period) 
are in bold and their nodes are square (i.e. no LTCR). D Summary 

table of the changes in the number of edges (linking dyads) between 
and within clusters, detailed by missing edges and new edges com-
pared between sub-periods for LTCR individuals. Changes among 
individuals of green and pink clusters are given in brackets. No LTCR​ 
individuals are not present in one of the sub-period, so the number of 
edges with those individuals are detailed separately (in square brack-
ets are the number of edges for the individual Gma0538 that either 
emigrated or died during the study period)
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sub-periods (1997–2013: S ± SE = 1.78 ± 0.17; 2014–2019: 
S ± SE = 1.78 ± 0.12). The estimated association indices 
were a good representation of the true association indices 
for both sub-periods (1997–2013: r ± SE = 0.76 ± 0.03; 
2014–2019: r ± SE = 0.65 ± 0.02). The overall association 
pattern was not random and preferred/avoided associations 
were indicated by significantly higher real association indi-
ces SD for both sub-periods (1997–2013: real SD = 0.20, 
random SD = 0.18, p < 0.01; 2014–2019: real SD = 0.18, 
random SD = 0.17, p < 0.01).

The maximum modularity defined four clusters for 
core resident individuals in both sub-periods (Fig. 1 and 
Table 2), although they were not the same four clusters, the 
green cluster is only detached in the first sub-period, and 
in the second sub-period the pink cluster appeared for the 
first time. Both modularity and rcom values for our cluster 
assignments were relatively high (M > 0.3 and rcom close 
to 1), suggesting robust cluster structure and high cluster 
fidelity with a low propensity for individuals to mix with 
other clusters (Table 2). The core resident social network for 
the whole period only differentiated three clusters (Table 2 
and Fig. 1); those clusters were used to carry out the tem-
poral and spatial analysis among clusters. In all cases, the 
grouping structure suggested by modularity is supported by 
stronger weighted links within clusters than among clusters 
(Fig. 1).

If clusters are stable associations of individuals, we 
expect strength within clusters not to decrease notably over 
time. Strength within clusters of LTCR was similar between 
study sub-periods, though a slight increase was detected in 
the red cluster and a decrease was detected among individu-
als of the blue cluster (Table 2). Strength was lower than 

expected if the associations were random, only the yellow 
cluster had stronger than random associations (Table 2).

Only one individual, belonging to the blue cluster, was 
absent in the second sub-period (Fig. 1 and Table 2). All 
individuals belonging to the green cluster in the first sub-
period were grouped together with the red cluster in the sec-
ond sub-period (Fig. 1 and Table 2). The blue cluster split 
in two, resulting in the creation of the pink cluster during 
the second sub-period (Fig. 1B). In the pink cluster, apart 
from the six adult individuals that originally belonged to 
the blue cluster, we observed four additional individuals, of 
which one was born during the study, and three new adult 
individuals that were not identified before. In the yellow 
cluster there was one new adult individual in the second 
sub-period. In the red cluster there were five additions in the 
second sub-period, four births and one new adult individual. 
In summary, all individuals remained in the same cluster 
since the first sub-period with the exception of (i) an absent 
individual (Gma0538); (ii) individuals that formed a new 
cluster (pink) and (iii) a cluster (green) that joined another 
cluster (red). Therefore, a low level of cluster changes have 
been observed over 22 years. In fact, we found a strong and 
positive correlation among the association indexes of both 
sub-periods (Mantel test: r = 0.823; p < 0.01) of LTCR, sug-
gesting that individuals tend to maintain the same pattern of 
association over time. Individuals were followed on average 
over 12 years (range: 5–20) and age was estimated from a 
minimum of 5–27 years old showing strong cluster fidel-
ity. Two adult males and two adult females were previously 
sexed genetically (Alves et al. 2013) and were identified in 
the blue and the red cluster.

Table 1   Summarized 
photographic effort and general 
results for the core resident 
pilot whales off Madeira by 
sub-periods

Data from opportunistic platforms (WW) are detailed and the number of encounters, from which GPS position 
was available, are presented in square brackets [GPS]. Details of photographic quality (Q1 and Q2), distinctive-
ness of individuals (D2 and D3) and change of distinctiveness (D1→D2 and D2→D3) are also shown.

1997–2013 2014–2019 1997–2019

Total WW Total WW Total WW

Sampling periods (SP) 194 172 143 131 337 303
Encounters [GPS] 256 [185] 198 [127] 194 [120] 141 [67] 450 [305] 339 [194]
Fins analysed Total 1502 1287 8165 5511 9667 6798

Q1 309 254 5442 3723 5751 3977
Q2 1193 1033 2723 1788 3916 2821

Individuals (IND) Total 44 53 54
D2 33 39 40
D3 11 14 14
D1→D2 0 3 3
D2→D3 1 2 3

Mean SP/IND (min–max) 23 (6–46) 12 (6–22) 30 (7–63)
Mean IND/SP 5 5 5
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The number of edges between and within clusters also 
changed with time. The blue and yellow clusters lost more 
edges between them and gained more new edges with other 
clusters, especially with the new pink cluster (Fig. 1A, B, 
D). The blue cluster was also the one with more missing 
edges within the cluster, while the red cluster is the one with 
more new edges within the cluster (Fig. 1). The changes in 
the number of edges with individuals only observed during 
one of the sub-periods (no LTCR) was more common within 
their own cluster than with other clusters (Fig. 1A, B, D).

Temporal analyses

The results of the temporal analyses, including all the indi-
viduals for the whole study period (Fig. 2A), suggest that 
associations among pilot whales decrease with time; how-
ever, association values remain higher than if association 
between individuals were random. The model that best fitted 
the SLAR data (based on QAIC; Appendix Table A1) had 
terms of exponential decay, which is commonly named as 

two levels of casual acquaintances, estimating that SLAR 
declined by half after nearly ten years. SLAR within clus-
ters were significantly higher than expected if association 
between individuals were random, in general higher than for 
all the individuals (Fig. 2A). All SLAR curves within clusters 
had a smooth decline of associations at the end of the study 
period which is best fitted with a casual acquaintances model 
(Fig. 2A; Appendix Table A1). For clusters, the SLARs 
decreased by half after an average of 32 years (red: 23 years, 
blue: 18 years and yellow: 54 years; Appendix Table A1).

Site fidelity and demographic processes

LIR for all the individuals decayed over short time scales 
(approximately two days), then stabilized until a marked 
declined at the end of the study period (Fig. 2B). LIR best 
model was supported by QAIC (ΔQAIC ≤ 2) and included 
parameters that indicated emigration (approximately 2 years 
out of the study area), reimmigration (approximately 

Table 2   Social network metrics of pilot whales off Madeira; values are given for each sub-period or the overall study period, as indicated, and 
values were also calculated for clusters defined in the whole study period (Fig. 1C)

Values within brackets are SD. Significant p value calculated with the permutation test, indicating that observed values were higher (*) or lower 
(#) than expected if observations were random.

Measure Period Core resident

All clusters Red Yellow Blue

Cluster size 97–13 Mean = 15 (3.86) 13 11 20
14–19 Mean = 18 (4.49) 18 12 23
97–19 Mean = 18 (4.89) 18 12 24

Emigration/death 97–13 1 0 0 1
Immigration 14–19 5 1 1 3
Birth 14–19 5 4 0 1
Turnover 97–19 21% 27% 8% 22%
Mean nº years (min–max) 97–19 10 (5–16) 8 (5–13) 12 (5–16) 10 (5–14)
Mean nº encounters (min–max) 97–13 24 (5–48) 20 (6–42) 38 (5–48) 19 (6–29)

14–19 13 (5–24) 14 (5–24) 14 (8–24) 12 (5–18)
Mean HWI (Max) 97–13 0.12 (0.65) 0.23 (0.62) 0.47 (0.70) 0.33 (0.65)

14–19 0.10 (0.73) 0.28 (0.66) 0.42 (0.67) 0.23 (0.73)
97–19 0.09 (0.62) 0.22 (0.56) 0.42 (0.68) 0.24 (0.64)

Modularity 97–13 0.50*
14–19 0.65*
97–19 0.55*

rcom 97–13 0.99
14–19 0.97
97–19 0.99

Measure Period Long-term core resident (LTCR)

All clusters Red Yellow Blue

Strength 97–13 2.96 (1.08)# 2.61 (1.45)# 4.56 (1.22)* 6.19 (1.16)#
14–19 2.85 (1.12)# 2.91 (1.27)# 4.43 (0.98)* 5.36 (0.72)#
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10 months in the study area) and mortality (0.07 individu-
als/year; Appendix Table A2). When the individuals were 
classified by their cluster (Fig. 2B), the best model to explain 
the decline of LIR with time indicated emigration or mor-
tality for all the clusters (Appendix Table A2). For all core 
resident individuals a turnover of 21% was estimated, and 
for clusters this turnover ranged from 8 to 27% (Table 2).

Spatial analysis

Spatial distribution slightly influenced the core resident’s 
probability of association; with a significant but weak cor-
relation between HWI and HR (Mantel test: r = 0.362; 
p = 0.001), indicating that individuals that used more simi-
lar areas tend to show higher HWI. Animals from different 
clusters had spatially coinciding home ranges, with a large 
overlap in the 95% KDE among all three clusters and a vari-
able overlap in the 50% KDE core areas (Fig. 3). Note that 
the gap between the core areas in Fig. 3E is the result of 
whale watching boats operating from different harbors and 
with more effort closer to those harbors. Intrinsically the 
distribution pattern presented in Fig. 3E may be biased and 
should be considered with caution.

Discussion

In Madeira, core resident pilot whales exhibit a well dif-
ferentiated structure where not all animals tend to interact 
with each other but have preferred companions, supporting 
the division into socially meaningful clusters of varying size 
and association strength. A well differentiated structure was 
mostly maintained over time within the core resident pilot 
whales off Madeira, but slight changes were observed in the 
configuration of some clusters. The red and yellow clus-
ters only showed small changes in their structure between 
sub-periods. In contrast, the green cluster, formed initially 
by three individuals and without any observed associations 
with other individuals, was later grouped with the red clus-
ter, associating particularly with their new individuals, the 
ones incorporated during the second sub-period (no LTCR; 
Fig. 1B, D). The animals from the green cluster could be 
“new” core resident individuals, or immigrants, which are 
spending more time in the study area, as these whales are 
known to sometimes disperse from the study area (Alves 
et al. 2019). In fact, one of those individuals was previously 
described as a visitor (Alves et al. 2013), and the other two 
were not included in previous analyses. Nevertheless, most 

Fig. 2   A SLAR of pilot whales 
in Madeira for the whole study 
period, including all individuals 
without restrictions (in black), 
with a null and a modeled 
SLAR, and SLAR for individu-
als belonging to each cluster (in 
colors), defined by the maxi-
mum modularity for the whole 
study period (Fig. 1C). B LIR of 
all individuals (in black) and by 
clusters (in colors) for the whole 
study period. The colors of the 
curves correspond to the colors 
of the clusters defined in Fig. 1



1324	 R. Esteban et al.

1 3

of the core resident pilot whale clusters of the first sub-
period (Fig. 1A) correspond to previously described resident 
groups (Alves et al. 2013).

Moreover, the photographic effort evolved over the study 
period (Table 1), with an increase in photographic equipment 
quality and photographers’ experience. This increase would 
help to identify more individuals of lower distinctiveness. 
The number of core resident pilot whales increased during 

the second sub-period, with ten new individuals (Table 2), 
of which five were always categorized as adults. They could 
either be immigrating animals or animals not photographed 
during the first sub-period, or they acquired marks that 
allowed us to identify them. However, another five core resi-
dent individuals were born during the study period, as they 
were categorized as calf or juvenile, but still marked, which 
cannot be assigned solely to the increase in effort. On the 

Fig. 3   A Study area overview 
location in relation to south-
western Europe with inset and 
details of the Madeira archi-
pelago, clusters and ranges of 
short-finned pilot whales and 
the whale-watch (WW) exclu-
sion zone. B–D Kernel density 
estimate (KDE) for each of the 
three social clusters of LTCR 
pilot whales in Madeira where 
the lighter grey area represents 
their home range (95% KDE), 
the darker grey area represents 
their core area (50% KDE) 
and the WW exclusion zone is 
delimited by a black dash line. 
Each dot represents a cluster 
encounter, with color code 
following the social clusters 
classification by modularity 
for the whole period; B—red, 
C—blue, D—yellow; and all 
other cluster encounters are in 
dark grey. E Core areas (50% 
KDE) for LTCR overlapped, 
specific values are in the table, 
together with the overlap of 
their home ranges (95% KDE). 
The encounter locations of 
clusters at the south western 
Madeira B–D, and consequently 
their core areas (E; red and 
yellow clusters) are the result 
of opportunistic encounters by 
whale watching boats departing 
from a different harbour, which 
should be viewed with caution 
as the resulting distribution pat-
tern could be biased
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other hand, the increase in photographic effort allowed us to 
separate the study period into two sub-periods with unequal 
time span, as we had similar number of sampling periods 
(Table 1). There is an uneven sampling of clusters in the 
first sub-period, when the yellow cluster was the one most 
encountered (Table 2) and highly associated with other clus-
ters (Fig. 1A). However, during the second sub-period the 
mean number of encounters per individuals are more evenly 
distributed among clusters (Table 2) and fewer edges between 
clusters are present (Fig. 1B, D), suggesting that the pattern 
depicted in the second sub-period is more representative.

In nature, extreme changes in stable network structure 
from one period to another rarely happen (Shizuka and John-
son 2020). After a high poaching period for African elephants 
(Loxodonta africana), some aspects of the stable kin-based 
community structure were conserved (Goldenberg et al. 2016). 
However, in fission–fusion systems it is more common to 
observe a reorganization of associations after a high turnover 
period. Examples of this have been recorded in Atlantic bot-
tlenose dolphins (Tursiops truncatus) after a hurricane, where 
half of the population dispersed (either died or emigrated), 
and immigrant individuals incorporated into the existing net-
work which subsequently split into two communities (Elliser 
and Herzing 2011). Long-term studies and network analysis 
can help us understand the relationship between demographic 
events (deaths, births, emigration and immigration) with its 
ripple effects on the rest of the network (Shizuka and Johnson 
2020). In our study, for the overall network there are no appar-
ent changes of the sum of weights of the edges connected to 
a node, strength, between sub-periods (Table 2), and a high 
correlation of the association matrices was observed between 
those sub-periods. However, some changes seem to have 
occurred unequally across clusters, with a moderate turnover 
caused by the increase in number of individuals during the sec-
ond sub-period, and its related increase in cluster size, detected 
in blue and red clusters (Table 2). Mean cluster size increased 
from 15 individuals in the sub-period 97–13 to 18 individuals 
in the sub-period 14–19 (Table 2), possibly due to an increase 
of effort or a real increase of individuals in the clusters, which 
could have been unmarked calves or juveniles in the first sub-
period that acquired new marks or marked individuals entering 
the population.

In stable societies when group size grows, group cohe-
sion normally decreases, potentially leading to group fission 
(Stredulinsky et al. 2021). The smaller yellow cluster is the 
most cohesive with a mean HWI of 0.42 and a significantly 
higher strength than random networks, indicating an asso-
ciation preference between most individuals in this cluster 
(Table 2). On the other hand, red and blue clusters are less 
cohesive with about half HWI (0.22–0.24); both clusters also 
had a significantly lower strength than random networks, 
indicating avoidance between some individuals of the same 
cluster (Table 2). Both the fission of the blue cluster and the 

fusion of the original green and red clusters may result in the 
changes of their cohesiveness, and the increased modularity 
between the sub-periods. A higher loss of edges were also 
observed in the blue cluster (Fig. 1) and a decrease of both 
mean HWI and strength over time, probably also related with 
its fission (Table 2). Increased metabolic requirements in a 
group has been linked with the decrease in group cohesion, 
as individuals spend more time foraging to satisfy the nutri-
tional needs of members of a larger group (Stredulinsky et al. 
2021). In addition, during this increase in competition for food 
individuals may spend less time socializing (e.g. Stredulinsky 
et al. 2021). Group fission among kin-based stable social sys-
tems typically occurs between matrilines when the matriarch 
dies (e.g. Ménard 2017), but also across the matrilines while 
the matriarch is still alive (Stredulinsky et al. 2021). On the 
other hand, even with the highest turnover, the red cluster 
individuals maintain their cohesion, although the red final 
cluster size was smaller than the blue cluster, which could 
suggest an optimal cluster size between both magnitudes 
(Table 2).

Through group fission, individuals may leave their relatives 
in the original group and even their natal home range, provid-
ing a means of dispersal (Lefebvre et al. 2003). However, in the 
case of pilot whales off Madeira, there is no indication of dis-
persal outside their natal home range, as all individuals, except 
one, were present in the last sub-period in the study area. All 
six individuals that split from the blue cluster were apparently 
sexually mature adults. They were observed associated with 
calves during the first sub-period, and three of them were seen 
associated with calves in the second sub-period, suggesting 
that the group fission may not be caused by dispersal at sexual 
maturity. Rather individuals may have split from the group due 
to an increase in the number of individuals (either by birth or 
immigration) in the cluster, where such demographic change 
could have affected the relationships among individuals. The 
effects of demographic changes were most noticeable in the red 
cluster where the turnover rate was high. Many edges between 
the red and other clusters were lost in the second sub-period, 
while many were established with new individuals in the red 
cluster (and with individuals from the green cluster; no LTCR, 
Fig. 1). However, the split of a cluster is a gradual process, con-
sidering that they are still sometimes associated, so evidence on 
dispersal at sexual maturity in short-finned pilot whales should 
be further investigated. Apart from demographic changes, envi-
ronmental constraints may also influence group fission in social 
species (e.g. Lefebvre et al. 2003; Markham et al. 2015). Close 
monitoring of the associations between individuals, including 
information on sex, age classes, genetic kinship and/or envi-
ronmental drivers, may help us understand the dynamics and 
causes of group fission in pilot whales.

Systematic distance sampling line transect-surveys of all 
coastal waters of Madeira suggest that pilot whales occur primar-
ily in the channel between Madeira and Desertas islands (Freitas 
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et al. 2014; MISTIC SEAS II 2019), overlapping with the south-
ern part of the WW exclusion zone (Fig. 3A). Individuals using a 
particular area simultaneously are more likely to associate (Can-
tor et al. 2012), and perhaps this is even more likely at sea where 
there are no geographic barriers. In this study, a weak but sig-
nificant correlation between the social and spatial matrices was 
detected. In addition, a high degree of home range and core areas 
overlap between clusters was recorded in the pilot whales off 
Madeira (Fig. 3). Even when core resident individuals were most 
likely to use the same area, a modular well differentiated social 
structure was also detected (Table 2), discarding spatial overlap 
as a single driver of associations. This suggests the influence 
of social or ecological drivers for the associations, providing an 
important line of future inquiry. However, spatio-temporal influ-
ences are an important area of research, as individuals can use the 
same area at different times, and spatial behavior with temporal 
analyses should be further explored (Genoves et al. 2018).

The temporal probability of association (SLAR) between 
pilot whales off Madeira was not random, as it never crossed 
the null SLAR, decreased over time, and displayed dyadic 
associations generalized as two levels of casual acquaint-
ances, which is usually related to short-term associations. 
Different social systems can be fitted by the same SLAR 
model, as model generalization is not prescriptive (White-
head 2008a). Some ΔQAIC values are rather low, suggest-
ing that the best-fitted models are not without uncertainty. 
Accordingly, LIR was used to help in the interpretation of 
SLAR (Whitehead 2008a). A decay of LIR was observed 
among all individuals (Fig. 2B), which could be explained 
by the large proportion of individuals seen only once, 
defined as transients (Alves et al. 2013). However, LIR sta-
bilized for years (Fig. 2B & Appendix Table A2), as did the 
SLAR for all individuals, estimated to decline by half in ten 
years (Fig. 2A & Appendix Table A1). In general, time also 
influenced the presence and absence of individuals in the 
study area (LIR; Fig. 2B and Appendix Table A2), which 
matched with their corresponding SLAR (Fig. 2A). LIR for 
all individuals was generalized by a low mortality (0.07/
year), emigration and reimmigration of the animals, suggest-
ing that the decay of SLAR was also the result of the natural 
demographic processes and some individuals being tempo-
rarily absent from the study area, as suggested by matches 
of resident individuals between Madeira and Azores (Alves 
et al. 2019). SLAR results within clusters were generalized 
as casual acquaintances with even slower decreases, and the 
associations in two clusters lasting beyond the study period 
(red cluster 23 years and yellow cluster 54 years). In fact, 
the decrease of LIR in the clusters was mostly characterized 
by a low mortality or emigration of the animals (approxi-
mately 0.02/year; Fig. 2B and Appendix Table A2), which 
is in accordance with another study using this data set (Ver-
borgh et al. 2022). The results of that study, based on robust 
design mark–recapture, showed a lack of migration and high 

survival rate for individuals with high site fidelity. Conse-
quently, the small decrease of the association probabilities of 
the core resident pilot whale clusters observed off Madeira 
could be due to natural demographic effects, suggesting 
long-term associations among individuals of the same clus-
ter. The temporal evolution of the associations among indi-
viduals of the blue cluster may reflect the split in the group. 
The blue cluster has the fastest SLAR decline, decaying by 
half in approximately 19 years, while its LIR decayed in a 
similar rate as the remaining clusters (0.02/year). Therefore, 
the fast decline in associations may not be caused only by 
the loss of individuals (Fig. 2B and Appendix Table A2).

Several hypotheses have been proposed as drivers of the 
modularity and social differentiation in toothed whales—
for example, as a response to the increased threat of male 
harassment because of their strong sexual size dimorphism 
(Möller et al. 2012), due to the importance of maternal care 
which leads to stability in social structure (e.g. Rendell et al. 
2019) or the predictability and distribution of resources 
(Gowans et al. 2007). Weiss et al. (2021) supported all 
three hypotheses to explain the high modularity in larger 
marine mammals, as they tend to exhibit greater sexual size 
dimorphism, have long calving intervals, and have exten-
sive movement ranges because they normally feed on patchy 
prey. Wide movement ranges have been detected among 
these pilot whales (Alves et al. 2019). Although the drivers 
of these movements are still unclear, they could be driven by 
reproductive or feeding needs, but more data are needed on 
specific dietary preferences. Rendell et al. (2019) suggests 
that there are correlations between the stability of social 
groups of toothed whales with such kin-based stable social 
systems with the need of maternal care and cooperation, 
resulting in natal philopatry to the group (e.g. Bigg et al. 
1990). Previous studies off the coast of Madeira suggest that 
natal philopatry for pilot whales, as genetic relatedness was 
higher within than between groups (Alves et al. 2013). In 
this study, we found evidences that reinforced the idea of 
natal philopatry among pilot whales, most probably for both 
sexes. First, none of the core resident individuals switched 
between clusters during the present study (except for the 
individuals within the green cluster or the fission of the blue 
cluster). Second, two calves and five juveniles, born in the 
course of the study, were all observed in their natal cluster 
for the duration of the study and up to 16 years. Finally, the 
two adult females and two adult males previously sexed by 
Alves et al. (2013) also stayed in their respective clusters. 
Continuous monitoring of these individuals could help us 
understand community responses, such as social dynamics 
when/if key individuals disperse (e.g. Lusseau and New-
man 2004), and could give us a conclusive evidence of natal 
philopatry to the group (e.g. Bigg et al. 1990) for both sexes 
in this species.
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A high proportion of the encounters recorded in this 
study were observed from opportunistic platforms (Table 1), 
increasing the amount of data collected and temporal cover-
age. However, the robustness of the results was obtained by 
restricting the analyses to identifiable animals that spend 
most of their time in the study area, applying methodologies 
that accounted for missing data and temporally aggregat-
ing the data set into periods with sufficient records (Farine 
2018). If we want to understand how associations form and 
evolve over time, a more detailed temporal analysis of social 
structure and one that compares aggregated networks over 
shorter time periods is necessary (e.g. Hobson et al. 2013). 
Such information can only be obtained by an increase of 
dedicated surveys, where information is collected periodi-
cally to detect changes and trends in the associations of 
individuals.

The study of the social structure can support the conserva-
tion of marine mammals (Weiss et al. 2021) by helping to 
define management units (e.g. Esteban et al. 2016b) or clarify-
ing the way death or removal events influence the population 
(e.g. Busson et al. 2019). A significant relationship between 
the connectivity of the social network and prey abundance has 
been found in the southern resident killer whales off the east-
ern Pacific (Foster et al. 2012), and between group splitting 
and low prey abundance in the northern resident killer whales 
off eastern Pacific (Stredulinsky et al. 2021). Core resident 
pilot whales could be used as indicators of the environmen-
tal status of the archipelago, since their range overlaps with 
most of the anthropogenic pressures around the islands. In 
Madeira, pilot whales are potentially subjected to a diversity 
of anthropogenic pressures, including contaminants, fisheries 
interactions, maritime traffic and WW activity. Such distur-
bances may impact both the behavior and physiology of an 
individual, and changes in these characteristics could affect 
an individual’s vital rates, directly or indirectly (Pirotta et al. 
2018). Our study provides important baseline knowledge 

about the social dynamics of pilot whale core residents of 
Madeira in two sub-periods, which coincided with prior and 
after the establishment of a WW exclusion zone in the area 
(Fig. 1). Furthermore, the second sub-period coincided with 
an increase in the number of WW boats, which was not related 
to changes in survival rates (Verborgh et al. 2022). In general, 
all clusters when in the study area should be receiving the 
same exposure to WW, as their home ranges highly overlap 
(Fig. 3) and the species main area of distribution partially 
coincides with the WW exclusion zone (Freitas et al. 2014; 
MISTIC SEAS II 2019). We suggest that environmental fac-
tors and anthropogenic disturbances should be incorporated 
as possible drivers of social change in future studies on the 
Madeiran pilot whales. Such factors have been found to cause 
shifts in sociality in other species (e.g. Cantor and Farine 
2018; Bond et al. 2021).

Using two decades of photo-ID and social network analy-
ses, we showed that core resident pilot whales off Madeira 
have a clustered society with strong long-term preferred com-
panionships. The networks represented a well differentiated 
society, with stronger ties among individuals of the same clus-
ter and weaker ties between individuals of different clusters. 
The predisposition of individuals to a group indicates that 
not all of the individuals interacted directly with each other, 
and this heterogeneous interaction pattern was structured into 
modules of denser associations, named clusters. The spatial 
overlap of social clusters also suggested minor differences in 
space use and, consequently, it is an unlikely driver for cluster 
structure in the social network.

Appendix

See Fig. A1, Tables A1, A2.

Fig. A1   Short-finned pilot 
whales(Globicephala macro-
rhynchus) photographed off 
Madeira island. A Boat perspec-
tive of a typical group size for 
this species in this region,a 
group of around thirteen 
individuals, as some individu-
als are submerged and not in 
the image. B Aerial perspective 
of a group ofnine whales with 
five individuals submerged. C 
Underwater perspective of an 
adult and a calf, notice the dif-
ferent body length
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Table A2   Models fitted to the lagged identification rate (LIR) found for all pilot whales off Madeira and clusters of core resident individuals 
from 1997 to 2019, ordered by the lowest Quasi-likelihood Akaike Information Criterion (QAIC) values

The ΔQAIC indicate the relative support for each model. The models have several biological interpretations: Emigration (E); Reimmigration 
(RE); Mortality (M); Closed population (C). Model was selected by the one with the minimum QAIC or one that ΔQAIC < 2 and it was visually 
fitting better the curve. The selected model is in bold

Description of model Formulae QAIC ΔQAIC

All ind E + RE + M R(t) = (e(−1.83× 10^−04*t)/39.97 × ((1/2.39) + (1/0.80). e(−(1/2.39+1/0.80)×t)) /
(1/2.39 + 1/0.80)

138,826.79 0

E/M R(t) = 0.006 × e (−1.84 x 10–04*t) 138,828.66 1.87
E/M R(t) = 1/158.29 × e (−t/5434.27) 138,828.66 1.87
E + RE R(t) = (1/158.28) × ((1/30640878738306.15) + (1/5434.27) × e(−(1/30640878738306.15+1/5434.

2705) × t))/(1/30640878738306.15) + (1/5434.2705)
138,830.66 3.87

C: E + RE R(t) = 0.004 + 0.02 × e(−140 × t) 139,397.07 570.28
C R(t) = 0.005 139,409.11 582.32
C R(t) = 1/213.13 139,409.11 582.32
E + RE + M R(t) = − 0.52 × e (−2.04×t) + 0.006 × e (−1.84×10^−03 × t) 139,989.96 1163.17

Red (1) E/M R(t) = 0.08 × e (−8.59x10^−05*t) 60,341.28 0
E/M R(t) = (1/12.50) × e (−t/11632.74) 60,341.28 0
E + RE R(t) = (1/12.40) × ((1/9286.15) + (1/9584.13) × e(−(1/9286.15+1/9584.13) × t))/

(1/9286.15 + 1/9584.13)
60,342.75 1.47

E + RE + M R(t) = (e(−8.58× 10^−05*t)/12.15) × ((1/2.27) + (1/76.35). e(−(1/2.27+1/76.35)×t))/
(1/2.27 + 1/76.35)

60,345.23 3.95

C R(t) = 1/14.11 60,417.18 75.9
C R(t) = 0.07 60,417.18 75.9
C: E + RE R(t) = 0.07 + 0.94 × e(−3.97 × t) 60,419.16 77.8
E + RE + M R(t) = 0.41 × e (−0.25×t) + 0.08 × e (−6.75×10^−05 × t) 60,722.08 380.8

Blue (2) E/M R(t) = 0.05 × e (−4.68x10^−05*t) 76,882.51 0
E/M R(t) = (1/18.85) × e (−t/21422.63) 76,882.51 0
E + RE + M R(t) = (e(−4.67× 10^−05*t)/18.98) × ((1/0.06) + (1/62.35). e(−(1/0.06+1/62.35)×t))/

(1/0.06 + 1/62.35)
76,886.51 4

E + RE + M R(t) = − 0.26 × e (−4.67x10^−05×t) + 0.31 × e (−4.67×10^−05 × t) 76,886.51 4
C R(t) = 1/20.64 76,917.62 35.11
C R(t) = 0.50 76,917.62 35.11
E + RE R(t) = (1/20.24) × ((1/1.11) + (1/56.23) × e(−(1/1.11+1/56.23)×t))/(1/1.11 + 1/56.23) 76,921.62 39.11
C: E + RE R(t) = 0.05 + 0.002 × e(−1.27 × t) 76,921.62 39.11

Yellow (3) E/M R(t) = 0.09 × e (−3.27 x 10–05*t) 95,995.09 0
E/M R(t) = (1/10.20) × e (−t/30551.91) 95,995.09 0
E + RE + M R(t) = −0.01 × e (−0.18×t) + 0.09 × e (−3.33×10^−05 × t) 95,998.56 3.47
E + RE + M R(t) = (e(−3.27× 10^−05*t)/10.19) × ((1/0.06) + (1/85.54). e(−(1/0.06+1/85.54)×t))/

(1/0.06 + 1/85.54)
95,999.09 4

C R(t) = 0.09 96,017.63 22.54
C R(t) = 1/10.74 96,019.63 24.54
C: E + RE R(t) = 0.09 –0.005 × e(−1.45 × t) 96,021.63 26.54
E + RE R(t) = (1/10.68) × ((1/0.34) + (1/54.61) × e(−(1/0.34+1/54.61) × t))/(1/0.34 + 1/54.61) 96,021.63 26.54

https://doi.org/10.1007/s42991-022-00280-0


1330	 R. Esteban et al.

1 3
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