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ABSTRACT

Identifying biogeographical patterns and important biological (blue) corridors can greatly contribute to conservation plan-
ning. Yet, this is particularly challenging when addressing pelagic species. In this study, satellite telemetry and photographic-
identification data of short-finned pilot whales (Globicephala macrorhynchus) were used to identify preferred areas and pathways
in the Macaronesia biogeographical region, namely between Madeira and two regions in the Canary Islands, the Western (WCI,
La Palma and El Hierro) and the Central (CCI, Tenerife and La Gomera). Home-range and time-varying move persistence anal-
yses from tracking data of four whales that moved between both archipelagos over 578 days revealed preferred areas in Madeira
and the WCI, new connectivity pathways and the importance of both regions for area-restricted behaviours. These findings
were corroborated by a high number (n=71) of photographic matches between Madeira (catalogue of 1276 individuals) and the
WCI (456 individuals), compared to only four between Madeira and the CCI (717 individuals). The high linkage of the WCI with
Madeira and the CCI (n =48) suggests that the WCI constitute a key habitat for potential mixing of pilot whales from different
groups. This study emphasizes that a combined methodological approach provides robust baseline information for pilot whales'
conservation management, which could be valuable for other scenarios and species. Furthermore, shown connectivity patterns
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contribute to broadening our knowledge on potential blue corridors in the eastern North Atlantic and highlight the importance

of considering wide and international geographic areas for conservation planning of highly mobile marine species.

1 | Introduction

Understanding the movements and ranging patterns of highly
mobile species is of paramount importance for various facets of
conservation biology, including the assessment of conservation
status, the optimization of protected areas or the development of
dynamic management strategies (Fraser et al. 2018; Reisinger,
Johnson, and Friedlaender 2022). This is highly relevant
within the realm of megafauna conservation, especially of ma-
rine mammals, given that many species are threatened (Chen
et al. 2022; TUCN 2022) and play pivotal roles in the structure
and maintenance of their ecosystems (Moore 2008; Woodstock
et al. 2023). However, acquiring comprehensive movement data
on animals living in oceanic waters is challenging due to their
elusive nature and the vast and complex three-dimensional en-
vironment they inhabit (Alves, Queiroz, and Jodice 2023).

Technological advancements and development of analytical
tools over the past decades have significantly enhanced the abil-
ity to study the movement patterns of marine mammals (Hays
et al. 2016), yet each method offers unique advantages and
faces specific limitations. Photographic-identification (hereaf-
ter photo-identification), which entails cataloguing individuals
based on distinctive features and marks, has been commonly
used to gain insights into population dynamics (Wiirsig and
Jefferson 1990; Friday et al. 2000). By comparing catalogues
from different geographical regions, it has also provided infor-
mation regarding large-scale movements of several cetacean
species (Olson, Galletti, and Espanol-Jiménez 2020). Other
methods, such as acoustic monitoring (Risch et al. 2014; Davis
et al. 2020) and genetic analyses (Oremus et al. 2009; Van Cise
et al. 2019), allow inferring distribution changes, and gene flow
and population structure, respectively. Another cutting-edge
approach to studying movement patterns and habitat use of
large marine organisms over a wide scale is satellite telemetry,
which involves the attachment of a device (a ‘biologger’ or ‘tag’)
that stores and/or transmits positional (and in some cases envi-
ronmental) data. Such devices can provide near real-time data
on horizontal and/or vertical movements. This approach also
allows for the collection of movement information in offshore
domains that are less accessible and thus less surveyed (Block
et al. 2011; Hazen et al. 2012; Hays et al. 2016).

A combination of methods can also be applied to enhance the
necessary information for a better understanding of a species’
spatial and temporal use (Alves, Queiroz, and Jodice 2023). The
application of such techniques can contribute towards species’
conservation management, especially when dealing with an-
imals moving across borderless seas, which requires higher
international efforts and proper legislation that is usually dif-
ficult to meet (McGowan et al. 2017; Fraser et al. 2018). For ex-
ample, satellite telemetry and stable isotopes have been used to
study baleen whales' movements in the North Atlantic (M. A.
Silva et al. 2019; Pérez-Jorge et al. 2020). Baumann-Pickering
et al. (2015) combined passive acoustic monitoring with satel-
lite telemetry to distinguish signals from two delphinid species

in Hawai'i, thereby enhancing long-term monitoring efforts to
mitigate bycatch. Satellite telemetry has also been combined
with photo-identification to identify Southern right whales
Eubalaena australis conservation areas in sub-Antarctic remote
waters (Kennedy et al. 2023). Approaches such as Biologically
Important Areas (BIAs) and Important Marine Mammal Areas
(IMMAs5) serve as examples of combining multiple data sources,
including photo-ID, telemetry, acoustics and sighting data,
among others, to inform conservation management (Kratofil
et al. 2023; ITUCN-MMPATF 2024).

The short-finned pilot whale Globicephala macrorhynchus,
hereafter pilot whale, is a deep-diving, highly mobile ma-
rine top predator, distributed throughout tropical and warm
temperate waters (Betty et al. 2023), which exhibits a com-
plex social and geographical ecology (Olson 2009; Mahaffy
et al. 2015; Aguilar de Soto and Alves 2023). Pilot whales are
typically organized in matrilineal groups with stable and long-
term social bonds (Betty et al. 2023). Within-population social
structure, with distinct communities and varying levels of site
fidelity, may influence their movements and space-use pat-
terns at different scales. In the Macaronesia biogeographical
region (eastern North Atlantic), which is considered a hotspot
for marine megafauna (Afonso et al. 2020), this species is
among the most frequently sighted cetaceans (Carrillo, Pérez-
Vallazza, and Alvarez-Vazquez 2010; M. A. Silva et al. 2014;
Alves, Ferreira, et al. 2018). Based on photo-identification
data, wide-ranging movements of 21 pilot whales with distinct
residency patterns (transients—individuals photographed
once; visitors—individuals that exhibited multi-year but sea-
sonal specific presence; and residents—individuals that ex-
hibited multi-year and year-round site fidelity) have been
recorded between the archipelagos of the Azores, Madeira and
Canary Islands (Alves et al. 2019). A highly resident group of
animals from Madeira observed travelling to the Azores and
back highlights that long-ranging movements are not limited
to visitors or transients and supports the connectivity observed
in the area (Alves, Alessandrini, et al. 2018). These findings,
together with genetic analyses, have contributed to our knowl-
edge that animals with different residency patterns and from
different archipelagos may not be genetically isolated (Alves
et al. 2013; Miralles et al. 2016). Although connectivity within
the Macaronesia biogeographical region has been established,
substantial information has been lacking for several areas,
such as the westernmost islands, which could have resulted
in skewed results (Alves et al. 2019). Therefore, comparisons
with additional and updated data could be useful to improve
our understanding of movement patterns and connectivity
in the region and to identify additional important regions.
Since climate change could contribute to dynamic shifts in be-
haviour, continuous monitoring of movements and habitat use
is paramount.

Conservation areas for cetaceans have been identified in
Macaronesia by international conservation programmes such as
the Natura 2000 Network, Mission Blue (‘Hope Spots’) and Whale
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Heritage Site (“Whale Sanctuary’). Moreover, important habitat
areas have been identified for island-associated pilot whales in
the Canary Islands and Madeira, specifically off the southwest
of Tenerife and southeast of Madeira (Boran and Heimlich 2019;
Servidio et al. 2019; Fernandez et al. 2021; Esteban, Verborgh, and
Freitas 2022). All combined, it supports the idea that pilot whales
exhibit spatial segregation and that there is an ecological connec-
tivity network in Macaronesia (Alves et al. 2019). Nevertheless, ad-
ditional keystone information is needed to promote the creation of
a large marine protected area in the Eastern Atlantic, such as the
‘Macaronesian Biodiversity and Ecological Migration Corridor for
Cetaceans’ (Carrillo 2007; Herrera et al. 2021). Blue corridors, as
such, are marine routes designated for the safe migration, move-
ment and protection of marine species and often connect crucial
habitats across large distances, which would contribute to the
conservation of several cetacean species with known connectivity
patterns between Macaronesian archipelagos (Prieto et al. 2014;
Steiner et al. 2015; Alves et al. 2019; Dinis et al. 2021; Ferreira
et al. 2021). Crucial keystone information includes obtaining
fine-scale movement/tracking data, which has provided new in-
sights into the dynamic ecology and management of pilot whales
worldwide (Kratofil et al. 2023; Thorne et al. 2017; Hill et al. 2019).
Connectivity and potential biological oceanic corridors could be
identified by integrating tracking data with photo-identification.
Such a connectivity-based approach could provide the necessary
tools for effective conservation planning (Pastor et al. 2023) in off-
shore Atlantic archipelagos of different countries geostrategically
located between Europe and Africa.

This study aims to quantify previously unknown movement
patterns and to identify connectivity and potentially unknown
preferred regions and pathways of an apex pelagic predator, the
short-finned pilot whale, within Macaronesia. It builds upon
existing knowledge (Alves et al. 2019) by integrating informa-
tion from novel fine-scale biologgers and updated long-term
photo-identification data from the Canary Islands and Madeira,
to explore key locations or corridors linking populations, using
home-range analyses and innovative time-varying move per-
sistence models. Such an improved and updated understanding
of marine metapopulation dynamics through a multimethod-
ological and connectivity-based approach is expected to increase
knowledge and advance conservation management of an iconic
species and its surrounding elements.

2 | Material and Methods
2.1 | Study Area

This study covered two archipelagos of the Macaronesia biogeo-
graphical region—Madeira (Portugal) and the Canary Islands
(Spain) (Figure 1)—where pilot whales are at times abundant
(Alves et al. 2015; Servidio et al. 2019; Verborgh et al. 2022).
Madeira Island is mainly influenced by a branch of the Azores
Current System, while the Canary Islands are mainly influ-
enced by the Canary Current. Together with the Gulf Stream
in the western North Atlantic, these Currents form the
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FIGURE1 | Satellite tracks, move persistence index (y,) and range estimates (utilization distribution—UD) at 50% and 95% isopleths (from an au-

tocorrelated kernel density estimation—AKDE) of four short-finned pilot whales tagged in Madeira between 2018 and 2021. Low move persistence

values observed around Madeira and the Western Canary Islands indicate lower autocorrelation in speed and directionality along the trajectory (sol-

id line between locations), while high values indicate high speed and directed travel. Isobaths refer to 1000 m depth contours. Lower right inset: The

black square indicates the study area in the eastern North Atlantic. The three regions considered in this study are Madeira Island, and the Western

and Central Canary Islands (WCI and CCI, respectively). Information on individual movements is available in Figures S2-S4.
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boundaries of the North Atlantic Gyre (Cropper 2013; Cardoso
and Caldeira 2021). Both archipelagos have an exclusively volca-
nic origin, where great depths are found relatively close to shore,
and complex oceanographic disturbances (leeward eddies,
island wakes, upwelling and downwelling) and topographic
features can be observed (Caldeira et al. 2002; Benazzouz,
Demarcq, and Déniz-Gonzalez 2015), leading to spatio-temporal
variation in the habitat use of pilot whales in these islands
(Servidio et al. 2019; Fernandez et al. 2021; Esteban, Verborgh,
and Freitas 2022). Surrounding waters in Madeira (mainly to
the south) are utilized by resident animals throughout the year,
with visits of seasonal populations that stay in the area for 1-3
seasons (Alves et al. 2013). Among the Canary Islands, which
span >500km in a west-east orientation—about the same dis-
tance between these and Madeira Island (Figure 1), there is a
non-uniform interisland distribution of pilot whales. For exam-
ple, there is a higher preference among island-associated ani-
mals for the central islands of Tenerife and La Gomera, where
the same individuals regularly move in-between, and for Gran
Canaria to a lesser extent (Servidio 2014). In contrast, mainly
transients are known to visit the eastern islands of Lanzarote
and Fuerteventura, and limited data exist for the western is-
lands of La Palma and El Hierro (Servidio et al. 2019). This non-
uniform interisland distribution of pilot whales, coupled with
the limited data available for the western islands, led us to focus
on compiling data from three main regions, namely, Madeira
Island, the Western Canary Islands—WCI (La Palma and El
Hierro) and the Central Canary Islands—CCI (Tenerife and La
Gomera) (Figure 1).

2.2 | Satellite Telemetry

Satellite biologgers (low impact minimally percutaneous
electronic transmitter—LIMPET SPOT6 tags from Wildlife
Computers) were deployed on healthy (i.e., robust and with no
signs of emaciation) adult and subadult pilot whales (not accom-
panied by calves) between 2018 and 2021 in the southern waters
of Madeira Island as part of a multi-purpose telemetry pro-
gramme towards medium- and large-sized odontocetes to infer
habitat use and the presence of preferred areas or corridors, led by
MARE-ARDITI (Marine and Environmental Sciences Centre—
Regional Agency for the Development of Research, Technology
and Innovation) (MARE-Madeira 2024). A Dan-Injection CO,
dartgun was used for tag deployment during dedicated field
trips, following all legal requirements and permits according
to current legislation (see Ethics Statement). Each tag is made
up of an electronics unit and two 6.0-cm long medical-grade ti-
tanium darts with backward-facing ‘barbs’, specially designed
for cetaceans (Andrews et al. 2019). SPOT tags transmit to the
Argos Satellite system, and consecutive transmissions, received
in a single satellite pass, are used to calculate the location of the
tag and, therefore, of the animal. The tags were programmed to
transmit twice daily (morning [6:00 AM to 1:00PM] and after-
noon [6:00PM to 12:00 AM]) during the first 55days (location
uplink limit of 25 per hour), once daily (8:00 AM to 12:00 PM) be-
tween 55 and 180days, and every 2days after 180days (8:00AM
to 12:00PM). The selected hours for transmission took into ac-
count the time and coordinates of the passage of the satellites, as
well as the potential regions where the tagged individuals could
move (i.e., longitudinally between the Mid-Atlantic and West

Africa, and latitudinally between Biscay and Cape Verde). The
mask feature prevented transmissions during hours with few or
no satellite passes to save battery power.

Data from individuals that moved between Madeira and the
Canary Islands were used for the analyses, which were per-
formed using the amt (Signer and Fieberg 2021) and aniMotum R
packages (Jonsen et al. 2023) in the R Statistical Software v4.1.3
(R Core Team 2022). Initially, the obtained location data, which
includes error ellipse information, were formatted and cleaned,
removing both locations on land and locations with quality class
Z. Next, a correlated random walk and move persistence model
was fitted, applying a 4.0-ms~! speed filter threshold and a 24-h
prediction interval. Simulated paths that crossed land barriers
were re-routed. Home-range estimators were used as an ex-
ploratory method to show the spatial extent of the area used by
individuals during tracking periods. Home ranges at 50% and
95% isopleths were then estimated from the correlated random
walk re-routed locations, employing autocorrelated kernel den-
sity estimation (AKDE). This family of estimators addresses the
challenges posed by contemporary movement data, including
autocorrelation, limited sample sizes, and missing or irregularly
sampled data (Signer and Fieberg 2021; I. Silva et al. 2022). The
time-varying move persistence approach encompasses the auto-
correlation observed in speed and direction during successive
horizontal displacements. An index of how an animal's move-
ment behaviour varies in space and time is provided through the
estimated persistence parameter (y,). It is presented along a con-
tinuous scale, ranging from 0 (reflecting low move persistence,
suggesting low speed and directionality) to 1 (indicating high
move persistence, reflective of high speed and directed travel)
(Jonsen et al. 2019). Individual home ranges, and associated
semivariograms, obtained using the ctmm R package (Fleming
and Calabrese 2022), are provided in Figures S2 and S3, respec-
tively, to aid in interpreting the pooled data. Individual move
persistence over time is provided in Figure S4. Results were
used to identify potentially preferred regions and biological con-
nectivity between islands/regions.

Whenever possible, biopsy samples and photographs were col-
lected simultaneously during the deployment of the satellite
tags. The former were collected using a biopsy darting system
(Mathews, Keller, and Weiner 1988) and allowed to determine
the sex through molecular analysis (detailed in Alves et al. 2020).
The latter were obtained using digital cameras with telephoto
lenses (70-300-mm F4 and 80-200-mm F2.8, among others) to
identify individuals and infer residency pattern throughout the
animals' capture histories (following Alves et al. 2013, 2020).

2.3 | Photo-Identification

Photo-identification catalogues of pilot whales from the three
target regions were compared to identify individual matches,
thereby inferring movement patterns and potential source-
destination preferences.

The catalogue of Madeira was based on photographic data col-
lected between 2003 and 2020 from research vessels and plat-
forms of opportunity (see Acknowledgements), comprising 1276
naturally well-marked animals (i.e., distinctive individuals)
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from good quality images (following Alves et al. 2013) (Table S1).
These were grouped according to the number of notches in the
trailing edge of the dorsal fin to facilitate comparison (Wiirsig
and Jefferson 1990; Alves et al. 2019).

The catalogues of the Canary Islands were compiled by two
sources (described in Table S1). A whale-watching company
compiled one for La Palma with 335 well-marked animals
from data collected between 2019 and early 2022. Additionally,
Tonina Association compiled a catalogue encompassing several
islands of the CCI and WCI, totalling 838 well-marked animals
(see Data Availability Statement), captured between 2014 and
2021 from research vessels and whale-watching companies (see
Acknowledgements).

Photographic data were collected using digital cameras equipped
with telephoto lenses from vessels operating until about 7 nau-
tical miles (~13km) off the coast, mainly on the lee side of the
islands, which coincides with high aggregation areas for the
species (Servidio et al. 2019; Fernandez et al. 2021; Esteban,
Verborgh, and Freitas 2022). Research surveys over the years
were non-systematic, had a more or less consistent spatial ex-
tent and focused on the collection of a diverse array of data from
multiple species, including pilot whales, during days of good
weather and sea conditions. Effort information from whale-
watching companies in Madeira is available from previous pub-
lications (Alves, Ferreira, et al. 2018; Sambolino et al. 2022) and
coincides largely with the area in which research surveys took
place. But this information is lacking from the Canary Islands.
Little information from the remainder of the available habitat
could result in bias when interpreting the results and should be
considered. Simultaneously with photo-identification, biopsy
samples collected during dedicated research trips in Madeira
(for other purposes) allowed for molecular sexing of some indi-
viduals (detailed in Alves et al. 2020).

The compilation of each digital catalogue followed standard
photo-identification procedures (Wiirsig and Wiirsig 1977), and
the dorsal fin matching of each individual was based primarily
on the number of unique notches on the dorsal fin and second-
arily on fin shape or scars (Urian et al. 2015), as detailed in Alves
et al. (2019). Comparison between catalogues was carried out
visually (e.g., Wilson, Hammond, and Thompson 1999; Robbins
et al. 2011) by the same person (MW), and only matches with

100% certainty by at least two researchers experienced in photo-
identification were used in the present study. Analyses and visu-
alizations were created in R Statistical Software v4.1.3 (Gu 2014;
R Core Team 2022).

3 | Results
3.1 | Satellite Telemetry

Four individuals were tagged off Madeira between September
2018 and November 2021, with a mean duration of 145days
(range: 105-175, Table 1) and a combined total of 578days, re-
sulting in 3109 filtered locations. Tag locations are available in
Figure S1. These four individuals moved to the Canary Islands,
but their paths varied (Figure S2). Three individuals followed a
direct path to the Canary Islands, and one made almost two full
circular roundtrips before stopping at the Canary Islands.

The 50% and 95% home ranges were 127,654km? (with 95%
isopleths: 108,687-148,119km?) and 829,225 km? (with 95% iso-
pleths: 708,579-959,866 km?), respectively (Figure 1). While the
50% home range consisted of only one polygon, encompassing
Madeira, the WCI and the area directly linking them, the 95%
home range consisted of two polygons, with one surrounding
the aforementioned regions, including the CCI and part of the
eastern islands, and the other smaller region being located west-
southwest of the Canary Islands. All individual home ranges
(Figure S2) included Madeira in the 50% UD (utilization distri-
bution); however, a certain amount of variation was present in
the Canary Islands. The 50% UD of Tagl_Gma did not extend
into the Canary Islands, compared with the UD from Tag20_
Gma, which included many of the islands. The semivariograms
(Figure S3) confirm the presence of range resident behaviours,
combined with variation in the periods of directed movement.
It is important to note that seasonal patterns may not have been
fully captured due to the duration of the tags.

Considering behaviour, the lowest move persistence indexes
were observed in the south, southeast and west of Madeira,
and all around La Palma, with slightly higher values around
El Hierro, in the Canary Islands (Figure 1). Relatively low
move persistence was further observed west and southwest of
La Gomera, and one individual passed by the southern region

TABLE1 | Summary information for the four short-finned pilot whales tagged in Madeira that moved to the Canary Islands.

Tag ID Sex Residency pattern Deploy date Tag duration (days)
Tagl_Gma F Visitor (12 captures between 2009 and 28 September 2018 105
2020 during summer-autumn)
Tag7_Gma F Visitor (nine captures between 2010 9 November 2020 150
and 2020 during summer-autumn)
Tagl4_Gma — Visitor (five captures between 2017 25 August 2021 175
and 2019 during spring-summer)
Tag20_Gma — — 19 November 2021 148

Note: Sex inferred through molecular sexing (F, female). Residency pattern based on photo-identification and the animal capture histories in Madeira. Tag20_Gma is
an animal with no previous captures. Although this would normally result in the designation of the residency pattern ‘transient’, the animal was tagged in 2021. As the
catalogue was only updated until 2020, it is possible there are earlier sightings of this animal in 2021. Therefore, no residency pattern was assigned to this animal.
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of Tenerife, displaying moderate values. Directed movements
(higher move persistence) were revealed in the remaining
regions, including in offshore waters between Madeira and
the Canary archipelago and southwest of the Canary Islands
(Figure 1). When looking in more detail into the move per-
sistence over time per individual, we can see that Tagl Gma
spent approximately 1.5months (out of a total of 3.5months)
with relatively high move persistence values (Figure S4), corre-
sponding to the movements to offshore areas and to the Canary
Islands (Figure S3). Tag7_Gma displayed a short period with
relatively high move persistence values (approximately half a
month out of a total of 5months), which corresponds with a
more direct path taken to the Canary Islands. Intermediate
values after reaching the WCI correspond with back-and-
forth offshore movements. Although an increase in move per-
sistence was observed to reach the Canary Islands in the case
of Tagl4_Gma, the highest relative move persistence was ob-
served afterwards, for a short period (around 1month out of
6 months), while travelling offshore the WCI, after which the
tag stopped transmitting. Finally, Tag20_Gma spent approxi-
mately 2 months (out of a total of 5months) with relatively high
move persistence, divided over two different periods. These pe-
riods correspond with directed movement towards the Canary
Islands and offshore movement after reaching the WCI.

3.2 | Photo-Identification

In total, 1276 individuals from Madeira, 717 individuals from
the CCI and 456 from the WCI were used for the comparison
(Table S1), resulting in a combined dataset of 2449 individu-
als. A total of 123 individual matches were obtained between
the three regions, of which 12 were molecularly sexed (six
males and six females)—indicating interregional movements
of animals of both sexes. The highest number was observed
between Madeira and the WCI (n=71), while the lowest was
observed between Madeira and the CCI (n=4). Within the
Canary Islands, there were 48 individual matches between the
Western and Central regions (Figure 2). Considering the total
number of catalogued animals per region, 5.6% of the animals
catalogued in Madeira were photographed in the WCI and
0.3% in the CCI, and 15.6% from the WCI were photographed
in Madeira and 10.5% in the CCI. Finally, 6.7% of the animals
from the CCI were photographed in the WCI and only 0.6% in
Madeira. The matches between any two regions were distinct,
meaning no individuals were shared between the catalogues
of the three regions. Additionally, none of the four tagged
individuals were part of the observed photo-identification
matches. All residency types were represented among the
matches.

A6

24

FIGURE2 | Number of individual photo-identification matches between the three studied regions: Madeira Island, the Western Canary Islands—
‘WCI (La Palma and El Hierro) and the Central Canary Islands—CCI (Tenerife and La Gomera). Madeira and the WCI show a higher population
linkage among them than with the CCIL. The number of individuals in the catalogue used for the comparison in each region is mentioned between

brackets.
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4 | Discussion

This study demonstrates that combining satellite telemetry and
photo-identification data can yield valuable insights into the
movement ecology of a top predator—such as the pilot whale—
and support marine conservation management. This is espe-
cially relevant in the context of the Macaronesia region due to
the novel findings presented here.

Satellite telemetry has been emphasized in the context of ma-
rine megafauna conservation, notwithstanding its specific
challenges (Ogburn et al. 2017; Hays et al. 2019). In this study,
telemetry-based home range analysis revealed new important
regions and high population connectivity of pilot whales be-
tween Madeira and the WCI, which was corroborated by the
move persistence and photo-identification analyses. Low move
persistence, observed in Madeira and the WCI (especially in
La Palma), may indicate area-restricted behaviours, such as
foraging, resting or breeding (Kareiva and Odell 1987; Bailey
et al. 2009; Jonsen et al. 2019), thus providing insights into the
potential ecological significance of specific habitats. These vital
activities and behaviours can indicate pivotal habitats integral to
the whales' survival, which provides crucial information in the
broader context of conservation planning. Notably, individual-
level differences in movement paths were observed among the
tagged whales when travelling between Madeira and the WCI.
These differences could be due to a wide range (and combina-
tion) of factors (e.g., differential space use by animals of differ-
ent social groups and residency patterns, driven intrinsically
or by environmental, geographic or oceanographic conditions).
Additional research would be required to understand this vari-
ability to inform conservation strategies effectively. Although
the biotelemetry data were based on a low number of individ-
uals—which is a limitation in most biotelemetry studies due to
financial and ethical constraints—the mean tag duration of the
four tagged animals was much higher than some other similar
biologging studies in pilot whales: 145days in our study versus,
for example, around 1month in Hawai'i (Kratofil et al. 2023),
61days in the West Atlantic (Thorne et al. 2017) or 74days in
the Mariana Archipelago (Hill et al. 2019). Moreover, the total
(of 578) satellite transmission days provided an overall robust
data set to carry out movement analysis. Given the small sample
size (n=4), there is a possibility that some individuals contrib-
uted disproportionately to the observed patterns in the pooled
AKDE home range, a known bias in kernel density estimations.
Individuals Tag7_Gma and Tag20_Gma likely had an influence,
as their tracks and home ranges extend more towards the WCI.

Photo-identification played a crucial role in supporting and
expanding the telemetry-based insights. The high number of
matches observed between the catalogues of Madeira and the
WCI indicates substantial and recurrent movement patterns be-
tween these regions. However, it is important to consider that
no information is available on the frequency of matches be-
tween the regions, which does not allow us to provide a precise
conclusion on the strength of the connectivity. Conversely, the
clear lower number of matches obtained between the WCI and
CCI suggests a smaller population linkage, even though these
regions are in closer proximity to each other and there is a well-
known suitable habitat for pilot whales in the CCI (Servidio
et al. 2019; Herrera et al. 2021). In addition, all matches between

regions were unique, that is, matches between Madeira and the
WCI, between Madeira and the CCI, and between the WCI and
CCI were all different, not shared. This suggests that the WCI
could play an important ecological role for Macaronesian pilot
whales, allowing different groups to meet and mix, similar to
what is suggested for the southeast of Madeira during summer-
autumn (Alves et al. 2013). This can help to explain the absence
of genetic differentiation in Macaronesian pilot whales (Alves
et al. 2013; Miralles et al. 2016). However, an increase in the
species’ presence in the waters of El Hierro has been detected
in recent years, which may be related to the tropicalization of
the island's marine ecosystem (unpublished data). There is an
oceanographic gradient in terms of sea surface temperatures
(SST) between the westernmost (El Hierro) relative to the east-
ernmost islands (Fuerteventura and Lanzarote) (approximately
1°C-2°C, occasionally 3°C) (Barton et al. 1998; Davenport
et al. 2002) and is considered an entry point for species with
tropical affinity into the archipelago (Espino et al. 2019). Similar
patterns have been found for the island of La Palma. Although
it is not possible to confirm a direct link between the findings
and global warming, this study provides important baseline
data that can support future research into the potential effects
of climate change on pilot whale distribution in the Macaronesia
region, as suggested by Sousa et al. (2023). Furthermore, it is
important to consider the potential bias caused by unequal and
non-systematic effort when interpreting the photo-identification
results. The spatial and temporal coverage could influence the
true number of matches between regions, instead of indicating
a lack of matches. Although most effort occurred in high aggre-
gation areas in the current study, additional survey effort in less
covered areas could provide a more complete image.

The very few (only four) individuals identified travelling be-
tween Madeira and the CCI showcase the clearly higher pop-
ulation linkage that Madeira has with the WCI. One possible
explanation is that individuals travelling between Madeira and
the Canary Islands tend to avoid the suitable region of the south-
west of Tenerife, possibly to minimize competition with the year-
round core resident pilot whales (Boran and Heimlich 2019;
Servidio et al. 2019). Instead, travelling towards more oligotro-
phic (Barton et al. 1998, Davenport et al. 2002) areas, such as
the WCI, would restrict potential interactions among individu-
als from different groups that share similar ranges, as observed
with the common bottlenose dolphin Tursiops truncatus (e.g.,
Lusseau et al. 2006). These results support the complex spa-
tial structure of pilot whales in Macaronesia (Alves et al. 2019;
Servidio et al. 2019) and emphasize the intricate web of move-
ments among these regions. It is important to consider that the
findings of this study cannot be generalized across residency
types. While most tagged individuals were considered visi-
tors, the photo-identification matches included animals from
all residency types. Therefore, movements between islands are
not limited to visitors, as has previously been observed (Alves,
Alessandrini, et al. 2018). It would be interesting to understand
if animals of different residency types use the same pathways to
travel between areas or if spatial and temporal differences can
be observed. Additional telemetry data of animals with different
residency patterns could prove useful to answer such questions,
including more detailed analyses of the photo-identification
comparison. Moreover, it is important to recognize that the
social structure of pilot whales, which includes strong, stable
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group bonds and distinct communities, may shape observed
movement and space-use patterns. These spatial-social dynam-
ics could have implications for connectivity and conservation
efforts, as social groups may exhibit unique habitat preferences,
core areas or migratory routes (Kratofil et al. 2023). Integrating
this social aspect into conservation planning can enhance ef-
forts to protect habitats crucial for distinct communities and to
accommodate community-specific needs within the population.

This study confirms that the Macaronesia biogeographical re-
gion is a favourable habitat for the target species. Although the
existence of favourable habitats has been shown for specific
islands (Pérez-Vallazza et al. 2008; Alves et al. 2019; Servidio
et al. 2019; Fernandez et al. 2021; Herrera et al. 2021; Esteban,
Verborgh, and Freitas 2022), this study shows it for the first
time in offshore waters. Moreover, it suggests a preference for
a connectivity-based corridor for animals of both sexes between
two distinct regions (Madeira and the WCI). However, it is im-
portant to consider the variability in routes taken by the tagged
individuals and acknowledge that path data are unavailable for
the matched individuals, making it plausible that a broader re-
gion encompasses important habitats. The limited sample of 12
sexed individuals further constrains our ability to draw broad
conclusions on interregional connectivity for animals of both
sexes. The disparity in the level of connectivity between regions,
highlighted by both satellite telemetry and photo-identification,
raises intriguing ecological questions as to why certain groups
prefer specific habitats. Therefore, future research should aim
to link this to oceanographic and biological data (e.g., Abecassis
et al. 2015; Thorne et al. 2017; Tyson Moore et al. 2020) to help
foster such reasons.

This study highlights the importance of transboundary conser-
vation efforts transcending individual geopolitical boundaries,
as is the case of most large marine predators. The absence of
previous recognition of evident connectivity between Madeira
and the WCI underscores the need for sustained and interna-
tional collaborative efforts, integration of multiple approaches
and adaptivity in conservation management (McGowan
et al. 2017). These findings could be used to inform and opti-
mize the management of pilot whales and other marine spe-
cies in Macaronesia. However, delineation of marine protected
areas, such as the proposed ‘Macaronesian Biodiversity and
Ecological Migration Corridor for Cetaceans’ (Carrillo 2007),
for large marine species, is challenging, particularly when deal-
ing with cetaceans moving across the open ocean. The intricacy
is heightened by variations observed at individual and popula-
tion level scales in species’ migratory routes (Agardy, di Sciara,
and Christie 2011; Pendoley et al. 2014; Shuert et al. 2023), as
observed in the current study. Connectivity patterns between
Macaronesian archipelagos have been identified for several
cetacean species (Prieto et al. 2014; Steiner et al. 2015; Alves
et al. 2019; Dinis et al. 2021; Ferreira et al. 2021), requiring coor-
dinated conservation efforts. The findings of the current study
reinforce the importance of these existing efforts to safeguard
against current (as outlined in Mclvor et al. 2022 and Aguilar
de Soto and Alves 2023) and future threats (Sousa et al. 2019),
such as increased ocean temperatures, acidification and oxygen
loss. To this end, specific measures have been or are being im-
plemented. In the Madeira Archipelago, a Site of Community
Importance for cetaceans was proposed in 2016, surrounding

Madeira, Porto Santo and Desertas, while around the Selvagens
Archipelago, located between Madeira and the Canary Islands,
the largest marine reserve with full protection in Europe and
the North Atlantic was created in 2021 (Alves et al. 2022). In the
Canary Islands, several Sites of Community Importance (SCIs)
and Special Areas of Conservation (SACs) have been designated;
however, an extension of the latter into the open sea was pro-
posed as this could prove beneficial for several endangered ma-
rine mammal species (Herrera et al. 2021). The recent delineation
of an Important Marine Mammal Area (IMMA) covering both
Madeira and the Canary Islands IUCN-MMPATF 2024) could
further aid in current and future conservation of Macaronesian
marine mammals, including in guiding the establishment of the
‘Macaronesian Biodiversity and Ecological Migration Corridor
for Cetaceans’, which would require governmental policies
and regulations from both Spain and Portugal (Carrillo 2007;
Herrera et al. 2021). Such an initiative will particularly bene-
fit from incorporating data on connectivity and movement pat-
terns, as shown in this study, to protect and manage cetacean
populations across the region's international waters. Further
research on these topics for less-studied cetacean populations
within the region is also recommended to provide a more com-
prehensive conservation framework.

Overall, we showed that the integration of satellite telemetry
and photo-identification, with additional inputs from molecular
sexing, can provide robust connectivity-based tools to enrich
our understanding of the movement patterns and behaviours of
a large marine predator. This can be applied to other oceanic
species, especially in remote areas (e.g., Kennedy et al. 2023),
providing valuable insights into dynamic and spatial ecology,
as well as broadening our knowledge of blue corridors. Such
information can significantly contribute to planning future re-
search endeavours and conservation strategies crossing regional
boundaries, promoting the protection of a globally threatened
marine biodiversity.
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