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Abstract 

Cetaceans play a crucial role in marine ecosystems by maintaining their structure and 

function, providing essential ecosystem services, and acting as sentinel species. Despite 

the inherent challenges, research efforts to document the distribution and movements 

of pelagic cetacean populations have increased. Oceanic islands present strategic 

advantages for studying pelagic cetaceans and integrating datasets from multiple 

sources is a valuable approach to obtaining the long-term datasets necessary for 

ecological studies on these long-lived mammals. Ultimately, such integration provides 

insights into cetacean populations' connectivity and migration patterns across various 

territories and international borders. The present study aims to elucidate the 

distribution, movements, and ecological interactions of eight cetacean species, for 

which limited information exists in the Macaronesia region (Eastern North Atlantic), 

thereby providing crucial insights for their conservation. This study focuses on 

understanding the movement patterns and site fidelity of Bryde's whale, sperm whale, 

and Blainville's beaked whale in the archipelagos of the Madeira, Azores, and Canaries 

through photographic-identification methods. Additionally, in Madeira, it examines the 

social structure of the Blainville's beaked whale through photographic identification and 

analyzes the dietary habits and ecological roles of six odontocete species through stable 

isotopes. Research findings indicate that Bryde's whales exhibit high site fidelity to the 

Madeira Archipelago during their seasonal presence, with first-time documented inter-

archipelago movements between Madeira and the Canaries. This reflects the species' 

wide habitat range in the Macaronesia region, including international waters. For sperm 

whales, the study supports the existence of a pelagic population in Macaronesia, with a 

subset regularly using the Azores and Madeira Archipelagos. Preliminary data from the 

Canaries suggest a need for further research to evaluate a population significantly 

impacted by ship strikes. Blainville's beaked whales demonstrate female defense 

polygyny in the Madeira Archipelago, with strong associations between females and 

immatures, who exhibit the highest site fidelity rates. These findings underscore the 

significance of the Macaronesia region in providing essential habitats for these species. 

The study also highlights variations in dietary preferences and foraging strategies among 

different species, enhancing our understanding of marine biodiversity and ecosystem 
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dynamics. It emphasizes the need for international collaboration when addressing the 

conservation challenges of these highly dynamic species. By combining long-term 

datasets with innovative methodologies, this research significantly contributes to the 

understanding and protection of cetaceans, underscoring the critical role of oceanic 

islands in marine conservation efforts. 

 

KEYWORDS: Bryde's whale, sperm whale, Blainville's beaked whale, site fidelity, 

residency times, network analysis, stable isotopes. 
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Resumo 

Os cetáceos desempenham um papel crucial nos ecossistemas marinhos, mantendo a 

sua estrutura e função, fornecendo serviços ecossistémicos essenciais e actuando como 

espécies sentinelas. Apesar dos desafios inerentes ao estudo de populações pelágicas 

de cetáceos, os esforços na investigação da sua distribuição e movimentos têm 

aumentado. As ilhas oceânicas apresentam vantagens estratégicas para o estudo destes 

cetáceos e a integração de dados de várias plataformas é uma abordagem valiosa na 

obtenção dos dados a longo prazo necessários para os estudos ecológicos destes 

mamíferos longevos. Mais, essa integração fornece conhecimento sobre a 

conectividade e padrões de migração das populações de cetáceos em várias regiões e 

cruzando fronteiras internacionais. Este estudo investiga a distribuição, movimentos e 

interações ecológicas de oito espécies de cetáceos, cuja informação existente na 

Macaronésia (Atlântico Nordeste) é limitada, providenciando conhecimentos cruciais 

para a sua conservação. Este estudo investiga os padrões de movimento e de fidelidade 

ao local da baleia de Bryde, do cachalote e da baleia-de-bico-de-Blainville nos 

arquipélagos da Madeira, Açores e Canárias através de métodos de foto-identificação. 

Além disso, na Madeira, examina a estrutura social da baleia-de-bico-de-Blainville 

através de foto-identificação e analisa os hábitos alimentares e papéis ecológicos de seis 

espécies de odontocetes através de isótopos estáveis. Os resultados indicam que as 

baleias de Bryde exibem uma grande fidelidade na Madeira durante a sua presença 

sazonal, com movimentos inter-arquipélagos documentados pela primeira vez com as 

Canárias, reflectindo o amplo habitat desta espécie, que inclui águas internacionais. Este 

estudo suporta igualmente a existência de uma população pelágica de cachalotes na 

Macaronésia, com uma parte a usar regularmente os Arquipélagos dos Açores e da 

Madeira. Os dados preliminares das Canárias indicam a necessidade de mais estudos 

para avaliar uma população significativamente impactada por colisões com navios. As 

baleias-de-bico-de-Blainville apresentam poliginia de defesa feminina na Madeira, com 

associações fortes entre fêmeas e imaturos, que exibem as maiores taxas de fidelidade. 

Os resultados obtidos realçam a importância da Macaronésia para estas espécies 

relativamente a habitats essenciais, destacando também variações nas estratégias de 

alimentação entre as diferentes espécies, aumentando a nossa compreensão sobre a 
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dinâmica dos ecossistemas marinhos. Este estudo realça também a necessidade de 

colaboração internacional para ultrapassar os desafios da conservação de espécies 

dinâmicas como estas. Ao combinar estudos de longo prazo com metodologias 

inovadoras, esta investigação contribui significativamente para a compreensão e 

proteção dos cetáceos, realçando o papel crítico das ilhas oceânicas nos esforços de 

conservação marinha. 

 

PALAVRAS-CHAVE: baleia de Bryde, cachalote, baleia-de-bico-de-Blainville, fidelidade ao 

local, residência, análise social, isótopos estáveis. 
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Thesis Objectives and Outline 

The present thesis aims to advance the understanding of cetacean ecology within the 

Macaronesian archipelagos, with a particular focus on the Madeira Archipelago. This 

research addresses critical gaps in existing knowledge, by i) investigating the movement 

patterns of three lesser-studied species in the area; ii) exploring the social structure of 

a cryptic species; and iii) exploring the dietary behaviors of six key cetacean species. This 

study leverages extensive long-term datasets and employs innovative analytical 

techniques to provide a comprehensive picture of how these marine mammals use their 

habitats and interact within their ecosystems. Additionally, this research emphasizes the 

importance of international collaboration for species with wide home ranges, setting a 

precedent for future studies aimed at preserving marine megafauna. 

The present thesis is organized into one introductory chapter, four data chapters and a 

final discussion chapter. 

In Chapter I, the main themes related to the biogeography and population ecology of 

cetaceans are presented, along with insights into the trophic ecology of this taxonomic 

group. The study area of Macaronesia is described, with a focus on the Madeira 

Archipelago. Among the eight cetacean species included in this study, there is a brief 

presentation of the three main species focused, within the context of their presence in 

the Madeira Archipelago. 

Chapters II to V consist of distinct research studies. 

Chapter II aims to investigate the site fidelity and residency patterns of Bryde's whales 

(Balaenoptera edeni) in the oceanic archipelago of Madeira and the migratory 

connectivity to the neighboring archipelago of the Canaries. This study aims to fill the 

knowledge gaps regarding the occurrence, geographical connectivity, and movement 

patterns of this species within this region, which is critical for their conservation and 

management. For that, a comprehensive 14-year photographic dataset was used to 

elaborate a photo-identification catalogue, with data collected from platforms of 

opportunity and scientific surveys, with which site fidelity and residency times in the 
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Madeira Archipelago were assessed. The comparison of this photo-identification 

catalogue with an open-access catalogue from the Canaries allowed to shed light into 

the connectivity between these archipelagos. This innovative study aims to provide 

critical baseline data on the movement ecology of an enigmatic baleen whale species in 

a pelagic habitat while emphasizing the importance of transborder collaborations. 

Chapter III also focuses on investigating site fidelity and residency patterns, but of an 

iconic toothed whale species, the sperm whale (Physeter macrocephalus), and on a 

wider area comprising the three archipelagos of Macaronesia – Azores, Madeira, and 

the Canaries. For that, long-term photographic datasets of each archipelago were used 

to analyze site fidelity, using a composite index and residency times to inform on the 

movements in and out of these areas. Since the dataset from the Canaries presented a 

limited temporal coverage, analysis in this archipelago is preliminary. This study is the 

first to aggregate quantitative data from the three archipelagos to provide a broader 

image of the habitat use of this frequent species in the Macaronesian basin, where it 

was heavily targeted during the whaling period and now faces other anthropogenic 

threats. 

Chapter IV is dedicated to a cryptic species in the Madeira Archipelago, the Blainville's 

beaked whale (Mesoplodon densirostris), to investigate this species' site fidelity and 

social structure. For that, a nine-year photographic dataset from Madeira Archipelago 

was used, with data from both platforms of opportunity and scientific surveys, to 

analyze site fidelity, residency times, and social networks to test the hypothesis of 

female defense polygyny. This study contributes to a deeper understanding of the social 

structure of an oceanic and less-known species and can be used as a model for future 

research in other elusive and deep-diving species. 

Chapter V aims to investigate the trophic ecology of six odontocete species in the 

Madeira Archipelago: short-beaked common dolphin (Delphinus delphis), Atlantic 

spotted dolphin (Stenella frontalis), common bottlenose dolphin (Tursiops truncatus), 

false killer whale (Pseudorca crassidens), short-finned pilot whale (Globicephala 

macrorhynchus), and sperm whale (Physeter macrocephalus). The study explores their 

trophic positions, isotopic niche sizes, foraging habitats, and sex-based differences by 
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analyzing the stable isotope ratios of carbon δ¹³C and nitrogen δ¹⁵N. This study provides 

new and relevant data regarding dietary preferences and foraging behaviors of several 

species of cetaceans that forage in different pelagic layers, contributing to a better 

understanding of biodiversity and ecological dynamics in oceanic ecosystems. 

Finally, Chapter VI consists of a general discussion, where the main conclusions of each 

chapter are summarized and debated. It also includes a section on future steps, offering 

recommendations on the direction of future studies in these thematic areas. 
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CHAPTER I – General Introduction  

Biogeography and Population Ecology of Cetaceans 

Cetaceans (whales, dolphins, and porpoises) are a highly diversified marine megafauna 

group, exhibiting a large range of sizes, occupying virtually all habitats in the world's 

oceans, lakes, and rivers, and displaying a wide array of life history strategies. Belonging 

to the order Cetacea, this group encompasses more than 90 recognized species, with 

new species being recognized and others going extinct in the last few years. Cetaceans 

are divided into two suborders, Mysticeti and Odontoceti. The mysticetes (large baleen 

whales), including the largest extant marine megafauna, are typically migratory, 

alternating high-latitude feeding grounds during summer with low-latitude breeding 

grounds during winter. They feed mainly on schooling crustaceans or fish (Bannister, 

2018). The odontocetes (toothed whales) are more diverse in body size and foraging 

ecology. They may range from less than 1m long for some newborn dolphins to 18m for 

an adult male sperm whale and are diverse foragers, which, depending on species and 

individual preferences, may consume prey as small as krill and as large as blue whales 

(Hooker, 2018). Odontocetes occur throughout the world's oceans and, unlike 

mysticetes, even in large rivers (Estes et al., 2016). 

Understanding the biogeography of cetaceans offers valuable insights into their spatial 

distribution, habitat preferences, and the factors influencing their movements, while 

also uncovering significant ecological processes and interactions with their environment 

(Gideran et al., 2023). Animal movement impacts nearly all ecological levels, influencing 

individuals, shaping populations' distribution and structure, affecting inter- and 

intraspecific interactions, and facilitating the flow of nutrients across ecosystems 

(Nathan et al., 2008). It manifests in various forms, including small-scale foraging 

movements, larger one-way dispersive movements, seasonally predictable round-trip 

migrations, and erratic nomadic movements (Mueller and Fagan, 2008; Shaw, 2020). 

Although most individuals move at some point in their lives, movement patterns can 

vary significantly within the same species, differing over time within an individual (intra-
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individual), among individuals within the same population (inter-individual), or among 

different populations (inter-population) (Shaw 2020). 

In recent years, there has been considerable effort to better document what is known 

about the distribution and movements of cetaceans (Bräger and Bräger, 2019), 

specifically for oceanic populations, since most of the existing knowledge comes from 

nearshore species and/or populations (e.g., Rosel, Hansen and Hohn, 2009; Bilgmann, 

Parra and Möller, 2018; Lodi, Tardin and Maricato, 2020). Recent research has revealed 

a high degree of connectivity between essential areas for many oceanic species, 

highlighting the existence of preferential migration corridors (Figure I.1; Johnson et al., 

2022).  

 

Figure I.1 Global view of blue corridors of migration for several species of whales obtained through 
satellite telemetry. These species of whales move among different but ecologically interconnected areas, 
in and out of international and national waters, conducting migrations essential to their survival. Image: 
Johnson et al. (2022). 

Studying the biogeographical patterns of cetaceans presents multiple logistical and 

financial constraints, particularly for species that inhabit the vast and open oceans. Their 

high mobility in areas of difficult access and the long periods they spend underwater 

make the assessment of their presence and identification challenging, leading to 

knowledge gaps regarding both their contemporary and historical distributions (Alves, 

Queiroz and Jodice, 2023a). This impacts our understanding of their fundamental 
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ecology, distribution, and abundance (LeDuc, 2018; Laran et al., 2024). Despite some 

marine areas being well-surveyed, most of the ocean lacks essential baseline data 

needed for a comprehensive understanding of species diversity and distribution 

patterns, such as population trends, ecological functions, and species interactions within 

marine communities (Kaschner et al., 2012; Estes et al., 2016; Correia et al., 2020). This 

is reflected in the conservation status of many oceanic cetacean species, according to 

the International Union of Conservation of Nature (IUCN) Red List, where most species 

are listed as "Data Deficient" (Figure I.2; Braulik et al., 2023). 

 
Figure I.2 Percentage of cetacean species in each International Union for the Conservation of Nature 
(IUCN) Red List category according to their primary habitat. Number in bars represent species numbers. 
Image: Braulik et al. (2023). 

Understanding the spatiotemporal patterns of cetaceans is an important tool when 

addressing ecological and conservation issues (Parra, Corkeron and Marsh, 2006). 

Cetaceans, like many vertebrate taxa, can optimize resource utilization either by 

remaining within a general area or by returning to previously occupied regions, a 

behavior known as site fidelity (Greenwood, 1980). This behavior is believed to offer 

evolutionary advantages through familiarity, enhancing effective habitat use (Bose et 

al., 2017). Site fidelity is also linked to geographic structuring, suggesting that fidelity at 

fine scales may influence demography and population dynamics (Morrison and Bolger, 

2012; van Beest et al., 2013; Bose et al., 2017).  
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The effects of these movement patterns on population dynamics are interconnected 

with the social structure of animal populations, which is a vital aspect influencing 

population growth, dispersal, and gene flow (Sutherland, 1998; Whitehead, 2009). 

Cognitively advanced mammals exhibit complex social structures that vary significantly 

within and between species (Costa and Fitzgerald, 1996) and are shaped by interactions 

and relationships, requiring detailed analysis of their content, quality, and temporal 

patterns (Hinde, 1976). Social organization, which includes the size and composition of 

social units, is influenced by factors such as sex, age, and kin relations, often requiring 

genetic analysis for precise descriptions (Kappeler, 2019). The variability in social 

structures across species and populations has profound implications for reproductive 

skew and genetic population structure (Koenig et al., 2013).  

Research on cetacean species inhabiting mainly oceanic waters is facilitated in oceanic 

islands due to their unique geographical position and lack of or reduced shelf compared 

to continental coasts. This proximity to the pelagic realm facilitates the logistics of data 

collection, reducing the need for extensive maritime expeditions and allowing for more 

frequent and regular observations. Consequently, researchers can gather 

comprehensive data on various aspects of cetacean ecology (Baird et al., 2008a). 

Furthermore, oceanic islands significantly contribute to pelagic habitats by increasing 

biodiversity in their surrounding waters. This phenomenon, known as the "island-mass 

effect" (Doty and Oguri, 1956), arises from the disruption of oceanic currents due to the 

islands' topography, generating various oceanographic features, such as wakes and 

eddies (Caldeira et al., 2002), which play a crucial role in enhancing local and regional 

marine productivity (Barton et al., 2000; Fernandez et al., 2021). 

Additionally, the type of platform used for data collection significantly impacts the 

volume of data gathered. Though ideal for obtaining detailed information, independent 

research vessels are expensive (Davidson et al., 2014). Consequently, the use of 

opportunistic platforms, such as large shipping vessels, ferries, cruise ships, and 

commercial tour vessels, has gained recognition as a viable alternative for scientific data 

collection over extensive regions (e.g., Evans and Hammond, 2004; Moura, Sillero and 

Rodrigues, 2012; Hupman et al., 2014; Correia et al., 2020). However, using 
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opportunistic platforms introduces several limitations in data collection and 

interpretation due to inherent biases. These biases may originate from biological 

factors, platform constraints, observer variability, and platform-specific issues, such as 

prior knowledge of species locations or the absence of GPS tracking. Despite these 

challenges, studies have demonstrated that data collected from these platforms 

generally correspond with those obtained from independent research platforms 

conducted by experienced researchers using standardized methods (Hupman et al., 

2014). 

 

Trophic Ecology 

As apex predators, cetaceans are pivotal in sustaining the structure and functional 

integrity of marine ecosystems through bottom-up and top-down processes (Roman et 

al., 2014; Estes et al., 2016; Martin et al., 2021). In bottom-up processes, cetaceans 

enhance nutrient cycling and primary productivity via several mechanisms, such as 

excretion and whale falls (Teixeira et al., 2022). Additionally, cetaceans significantly 

influence the trophic dynamics of marine ecosystems through direct predation and the 

induction of risk effects, characterizing the top-down processes that help regulate 

marine populations and ecological balance (Kiszka et al., 2015). 

Information on the foraging ecology of cetaceans is crucial to better understand the 

diverse functional roles within ecosystems (Kiszka, Woodstock and Heithaus, 2022). The 

dietary ecology of cetaceans can be determined through various methods, with stomach 

content analysis being one of the most historically used. This traditional approach relies 

on the examination of the stomach contents of dead animals to identify consumed prey 

species. However, this method is often biased toward the individual’s last meal, which 

may not represent the overall diet, especially in by-caught or stranded specimens 

(Sekiguchi, Klages and Best, 1992; Gibbs, Harcourt and Kemper, 2011). Additionally, 

stomach content analysis tends to underrepresent soft-bodied or small prey that lacks 

distinguishable hard parts, such as otoliths or squid beaks, leading to over- or 
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underestimation of the importance of specific prey species (Harvey and Antonelis, 1994; 

Bisi et al., 2013; Plint et al., 2023).  

Stable isotope analysis uses naturally occurring stable isotopes to infer dietary 

information over longer time scales and from various tissue types, which can be 

collected from both live and dead animals (Ben-David and Flaherty, 2012; Teixeira et al., 

2022). Several tissues may be used for this analysis, each exhibiting a specific turnover 

rate, which is the rate at which stable isotopes are incorporated into an organism's 

tissue (Figure I.3). Some of these tissues can be obtained from free-ranging individuals 

with small invasive techniques that do not require the individual's death for sampling, 

increasing the number of samples that can be obtained. Biopsy sampling is a commonly 

used technique in cetaceans to obtain skin and blubber tissue, to which most species 

exhibit only low to moderate levels of response and wounds that heal quickly with no 

signs of infection (Noren and Mocklin, 2012). 

 

Figure I.3 Turnover rates differ between tissues. In cetaceans, these rates can range from a few days, such 
as in the liver (Tieszen et al., 1983), to months, as seen in skin and blubber (Abend & Smith, 1995; Giménez 
et al., 2016), to years in bone collagen (Dalerum and Angerbjörn, 2005), and even to a lifetime with no 
turnover, as in tooth dentin (Koch, 2007). Image: Teixeira et al. (2022). 

Stable isotope analysis is based on the assumption that the isotopic composition of a 

consumer's tissues reflects the isotopic composition of its assimilated food sources, with 

minor differences due to diet-to-tissue discrimination factors (Gannes, O’Brien and del 

Rio, 1997; del Rio et al., 2009). The stable isotope ratios of carbon (δ13C: 13C/12C) and 

nitrogen (δ15N: 15N/14N) are the most used to analyze diet composition and trophic 
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pathways (Park et al., 2018). In dietary analysis, there is a slight enrichment of the 

heavier isotope between producer/prey and consumer due to the preferential 

metabolism of lighter isotopic forms of carbon and nitrogen (DeNiro and Epstein, 1981; 

Post, 2002; McCutchan et al., 2003). The δ13C ratio enrichment between trophic levels 

is generally small (0-1‰), which makes it insufficient for precise trophic level 

determination but useful for assessing diet, feeding habits, and habitat use (Cherel and 

Hobson, 2007; Torniainen et al., 2017). The δ15N ratio, in contrast, increases by 3.4-3.8‰ 

with each trophic level, allowing for more accurate determination of trophic positions 

(Fry and Sherr, 1984; Hobson and Welch, 1992). This dual isotopic approach is typically 

visualized using biplots, representing the isotopic niche, and offers valuable ecological 

insights about the individual, population, or community represented (Jackson et al., 

2011). 

Although cetacean species occupy a variety of environments, their distributions often 

overlap despite different habitat requirements and foraging behaviors. To reduce 

interspecific competition, predators in the same habitat typically engage in resource 

partitioning by exploiting prey differently or segregating spatially or temporally (Peters 

et al., 2022). These strategies are reflected in their isotopic niches; however, it is 

important to note that while differences in isotopic signatures are informative, overlap 

in isotopic values does not necessarily indicate identical feeding habits or diets. Different 

prey species with similar isotopic values can produce comparable δ13C and δ15N isotope 

values in their consumers' tissues (Kiszka et al., 2010; Parra et al., 2022). Additionally, 

predator isotopic composition varies depending on the range of isotopic values and the 

relative proportions of ingested prey (Phillips, 2001; Newsome et al., 2007). 

Intrapopulation variability should also be considered, as generalist populations may 

consist of specialist individuals, leading to a wider range of isotopic values (Bolnick et 

al., 2002). This variability could also indicate the presence of different ecotypes of the 

same species with distinct feeding behaviors (de Bruyn, Tosh and Terauds, 2013). 

Careful consideration should be given to the fact that, for highly mobile predators, bulk-

tissue stable isotope ratios struggle to distinguish between diet differences, foraging 

regions, and types of organic sources at the food web's base. Unlike traditional methods, 
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such as examining stomach contents, isotope analyses often cannot identify specific 

prey species unless they have distinct isotope values (Santos et al., 1999). However, 

stable isotope analyses offer significant advantages in studying cetacean foraging 

ecology, especially for examining large subsets of populations in their natural 

environment and providing information on feeding patterns over extended timescales 

(i.e., months vs. hours/days) (Guerra et al., 2020). This technique is particularly 

beneficial for offshore species, which rarely strand and often have empty stomachs 

when they do, or in regions where access to carcasses is challenging (Palacios, Salazar 

and Day, 2004; Barros and Clarke, 2009). Stable isotope analyses complement stomach 

content studies by providing a time-integrated view of assimilated prey, offering a more 

comprehensive understanding of cetacean diets (McCluskey et al., 2021). 

 

Study Area 

The Macaronesia region, located in the Eastern North Atlantic (figure I.4), is a complex 

system regarding its oceanographic and topographic features, including several 

archipelagos that emerged from deep waters and various seamounts. This region is 

influenced by the North Atlantic subtropical gyre, which encompasses the Canary 

Current, North Equatorial Current, and Azores Current. The North Atlantic subtropical 

gyre is bounded to the north by the Azores Front, which separates the anticyclonic 

eastern subtropical gyre from the cyclonic subpolar gyre, and to the south by the Cape 

Verde Frontal Zone, which separates the nutrient-rich South Atlantic Central Waters 

from the cooler North Atlantic Central Waters (Zenk, Klein and Schroder, 1991; Mason, 

2009; Correia et al., 2020). The north-easterly trade winds drive the strong upwelling 

system off Northwest Africa with marked seasonality, extending their influence 

northward to the western Iberian Peninsula in summer and southward to Cape Verde in 

winter (Dave et al., 2015). This intricate oceanographic context, combined with diverse 

topography, creates a dynamic environment in Macaronesia where oceanic fronts, 

eddies, meanders, and filaments significantly influence the distribution of primary 

production and biomass across trophic levels, including top predators (Caldeira and 

Sangrà, 2012; Sala et al., 2013). 



CHAPTER I 

 
12 

Although the definition of Macaronesia traditionally includes four archipelagos – Azores, 

Madeira, the Canaries, and Cape Verde –, several studies found no support for this 

classification on the marine realm and suggested the exclusion of the Cape Verde 

archipelago due to its high tropical affinity and endemisms (Spalding et al., 2007; Tuya 

and Haroun, 2009; Freitas et al., 2019;). Spalding et al. (2007) used the "Marine 

Ecoregions" concept and classified the Azores, Madeira, Selvagens, and Canary Islands 

as a single ecoregion within the Lusitanian province. 

 

Figure I.4 Location of the study area, Macaronesia, in the Eastern North Atlantic, formed by the 
archipelagos of the Azores, Madeira, and the Canaries. Bathymetry ranging from approximately 1 000 to 
4 000 m, from white to blue, respectively. 

The geological age of Macaronesia's extant islands and islets ranges from less than 35 

000 years for Alegranza in the Canary Islands to 25.7 million years for Selvagem Grande. 

However, seamounts around Madeira and the Canary Islands are as old as 67 million 

years (e.g., Gettysburg), which indicates that Macaronesia is at least twice or three times 

older than its oldest emerged land (Fernández-Palacios et al., 2015; Ávila et al., 2016). 

Furthermore, these islands show contrasting levels of geographical isolation from the 

mainland, varying from 96 km off North Africa (Fuerteventura, Canary Islands) to more 

than 1 500 km (Flores, Azores) off the Iberian Peninsula (Fernandez-Palacios, 2015). 
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Around 30 cetacean species inhabit and travel in these oceanic waters (Pérez-Vallazza 

et al., 2008; Carrillo et al., 2010; Freitas et al., 2012; Silva et al., 2014; Tobeña et al., 

2016; Ferreira et al., 2017), making the region a hotspot of cetacean abundance and 

diversity and a crucial biological corridor for these species due to their significant 

dispersal capabilities.  

Several studies have identified connectivity between populations in the Azores, 

Madeira, and the Canaries, some of which challenge the definition of site fidelity, such 

as the sighting in the Azores of a pod of short-finned pilot whales (Globicephala 

macrorhynchus) classified as residents in Madeira archipelago (Alves et al., 2018b). 

Matches of individuals of this species between Madeira and the Canaries have also been 

demonstrated (Figure I.5; Alves et al., 2019). Currently, the hypothesis of a preferential 

migratory corridor between Madeira Island and the most western islands of the Canaries 

is being investigated through satellite telemetry (Weyn et al., 2024). This species 

presents no genetic population differentiation within Macaronesia, suggesting the 

existence of a meta-population in this area (Alves et al., 2013; Miralles et al., 2016).  

 

Figure I.5 Location of the areas analyzed in Alves et al. (2019) through photographic and sighting data. n 
(underlined and nonunderlined) indicates the number of catalogued individuals used for two separate 
analyses, while the arrows (widths and values) indicate transition probabilities between the areas. Image: 
Alves et al. (2019).  
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Connectivity patterns of common bottlenose dolphins (Tursiops truncatus) in this area 

were also identified. Although this species is highly abundant in shallower coastal 

waters, it extends over a wide range of depths and is frequently reported in the high 

seas (Silva et al., 2008; Dinis et al., 2016; Correia et al., 2020). Previous studies of pelagic 

bottlenose dolphin populations in the Northeastern Atlantic area suggested that these 

populations have a high gene flow and are genetically less differentiated, with the 

absence of fine-scale genetic structure (Quérouil et al., 2007; Fernández et al., 2011; 

Louis et al., 2014). Dinis et al. (2021) demonstrated movements of individuals between 

the archipelagos through photo-identification (Figure I.6), and island-associated groups 

/ oceanic ecotypes may be part of a large population in the Eastern North Atlantic 

(Quérouil et al., 2007; Louis et al., 2014). 

 

Figure I.6 Maps showing the movement of bottlenose dolphins between archipelagos. The dots are 
figurative and do not reflect the exact location of the individuals. Illustration by E. Berninsone © ARDITI. 
(A) Movements of four individuals between the island of La Palma, in the Canaries, and Madeira. (B) 
Movements of three individuals between the Azores (Pico and São Miguel Islands) and Madeira 
Archipelago. Image: Dinis et al. (2021). 

Marine connectivity in smaller species of dolphins was also studied; however, due to the 

difficulty of photographically identifying species such as short-beaked common dolphins 

(Delphinus delphis) and Atlantic spotted dolphins (Stenella frontalis), only genetic 

studies were conducted. Quérouil et al. (2010) found no genetic difference between 

spotted and common dolphins of the Azores and Madeira, and therefore suggest they 

belong to the same populations. 
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Madeira Archipelago 

This study has a particular focus on the Madeira Archipelago, which comprises three 

main islands and a series of islets, all of volcanic origin. This archipelago lies in a warm 

temperate latitude, approximately 1 000 km off the European continent and 500 km off 

the West African coast, and is characterized by a narrow shelf, steep submarine canyons, 

and deep waters (Geldmacher et al., 2000). The oceanographic patterns are influenced 

by the Portuguese, the Azores, and the Canary Currents, as well as by African filaments 

and regional dynamics (Caldeira et al., 2002; Caldeira & Sangrà, 2012; Sala et al., 2013). 

These oceanographic conditions lead to productive cyclonic eddies and fronts (Caldeira 

et al., 2002), resulting in high salinity, high temperature, and low‐nutrient regime waters 

(Johnson and Stevens, 2000). The obstruction caused by a high mountain ridge (c. 1 800 

m altitude) to the prevailing northeast trade winds (Tomczak and Godfrey, 1994) leads 

to calmer sea state conditions in the southern and southeastern waters of Madeira 

Island, where most of the data collection took place, in an area of approximately 800 

km2, up to 20 km off the coast (Alves et al., 2018a). 

A high number of cetacean species use these waters, some of them regularly, with five 

species being present between approximately 25% and 50% of the year: the Atlantic 

spotted dolphin, the bottlenose dolphin, the short-beaked common dolphin, Bryde's 

whale, and the short-finned pilot whale (Alves et al., 2018a). Madeira Archipelago is also 

a calving ground for many species, with the observation of births and/or neonates in 

Atlantic spotted dolphins (Alves et al., 2015), short-finned pilot whales (Reggente et al., 

2016), Bryde's whale (Rita Ferreira, personal communication), sperm whales (Correia‐

Fagundes & Romano, 2013) and minke whales (Rita Ferreira, personal communication). 

Other vital activities, such as feeding, resting, and socializing, were also recorded for 

several other species, supporting the importance of these waters for the life cycle of 

cetaceans (Alves et al., 2018a).  

This study has a particular focus on three species of cetaceans: the Bryde's whale, sperm 

whale and Blainville's beaked whale. 
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Bryde’s Whale 

Bryde's whale (Balaenoptera edeni) is one of the least known species of large mysticetes, 

and consensus on the number of species or subspecies, as well as the correct 

nomenclature for each, is yet to be established (Rice and SMM, 1998; Kato and Perrin, 

2018). The recent identification of two new species that used to be classified as B. edeni, 

Omura's whale Balaenoptera omurai (Wada, Oishi and Yamada, 2003) and Rice's whale 

Balaenoptera ricei (Rosel et al., 2021), only adds to the evidence of the doubts that 

remain regarding the systematics of Bryde's whale. Although globally, this species has 

an IUCN status of "Least Concern" (Cooke and Brownell, 2018), in the Madeira 

Archipelago, it presents a regional "Vulnerable" status (Gauffier and Freitas, 2023).  

Its occurrence has been reported from all tropical and temperate waters in the North 

and South Pacific, Indian Ocean, and South and North Atlantic between 40°N and 40°S. 

Bryde's whales do not undertake the long-range seasonal migrations typically associated 

with most other baleen whales. Still, they may travel widely throughout ocean basins as 

they move through tropical and warm-temperate waters (Kato and Perrin, 2018; Freitas 

and Penry, 2021). This may be related to Bryde's whales having undefined or disparate 

reproductive cycles and feeding intensively and opportunistically throughout the year. 

These characteristics, unusual for baleen whales, lessen the need for these animals to 

migrate to particular feeding or breeding areas (Best, 1977; Kato and Perrin, 2018). 

Although oceanographic, physical, and biological variables influence Bryde's whales' 

movements, it is not possible to identify patterns across populations (Corkeron et al., 

2011; Weir, MacLeod and Pierce, 2012; Tardin et al., 2017). Nevertheless, studies show 

that prey dynamics seem to be one of this species' main drivers of movement (Thershy, 

1992; Zerbini et al., 1997; Wiseman et al., 2011). Bryde's whales are considered 

opportunistic feeders, mainly of pelagic schooling fishes such as pilchard, anchovy, 

sardine, mackerel, herring, and others (Kato and Perrin, 2008).  

In the Madeira Archipelago, Bryde's whales were first identified in 2003 (Freitas et al., 

2012). However, they may have been present before and gone unnoticed due to their 

similarity to sei whales (Balaenoptera borealis), from which they can only be 

distinguished with a good view of the head – Bryde's whales present three longitudinal 
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ridges on the rostrum, while sei whales present only one. The species is present in the 

area mainly during Summer and Autumn, from June to November, and is usually seen 

alone or in pairs, often of mother and calf, although long-term associations between 

adults have been recorded (Alves et al., 2010; Alves et al., 2018a; Fernandez et al., 2021). 

Madeira Archipelago seems to be an essential area for the species, where they have 

been recorded displaying vital activities such as feeding, resting, and calving, with 15% 

of the sightings including calves (Alves et al., 2018a). Despite presenting a high 

occurrence rate, this species presents a very high interannual variation, which has also 

been reported for the Canaries (Ritter and Newmann, 2006; Alves et al., 2018a). This 

species was first recorded in the Azores in 2004 (Steiner et al., 2008). Bryde's whales 

seem to move sequentially between the archipelagos of Macaronesia, being seen more 

frequently at the beginning of the year in the Canaries, in the middle of the year in 

Madeira and Azores, and at the end of the year in Madeira and the Canaries again 

(Freitas, 2024). 

 

Sperm Whale 

The sperm whale (Physeter macrocephalus), the largest of the odontocetes, exhibits a 

global distribution, inhabiting all the world's oceans and ranging over thousands of 

kilometers (Whitehead, 2018; Cantor et al., 2019). Sperm whales are classified as 

"Endangered" by the IUCN (Taylor et al., 2019), with their populations still slowly 

recovering from whaling, which caused an estimated 57% decline. Currently, the 

population is estimated at 850 000 individuals (Whitehead and Shin, 2022).  

Sperm whales are deep divers, and although they can be considered generalist foragers, 

consuming a wide variety of fish and cephalopods, their preferred prey are gelatinous 

cephalopods from the Histioteuthidae family, with males showing a greater variation in 

foraging strategies (Clarke, 1980; Cantor et al., 2019). 

There are distinct sexual differences in the distribution of sperm whales. Mature 

females, their calves, and immature whales of both sexes live in matrilineal social groups 

in warm temperate to tropical waters, maintaining long-term associations and regional 
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ranging patterns. As males mature, they leave these groups to form bachelor groups in 

temperate and polar waters. Upon reaching sexual and social maturity, males typically 

live solitary or in small groups, periodically returning to warmer waters to mate 

(Whitehead, 2018). Studies have documented individual whale movements within warm 

habitats (e.g., Gero et al., 2007; Whitehead et al., 2008) and the extensive movement 

patterns of males, primarily in the Atlantic (e.g., Mullin et al., 2022; Steiner et al., 2012). 

Atlantic populations form smaller groups, consisting of 5-18 individuals, with a higher 

calves prevalence than the Pacific (Gero et al., 2007). Females show fidelity to coastal 

basins on both sides of the Atlantic, while males migrate across these regions for 

breeding (Engelhaupt et al., 2009). 

In Macaronesia, this species is common in the waters surrounding the archipelagos 

(Carrillo et al., 2010; Freitas et al., 2012; Silva et al., 2014) and moves regularly between 

them (Steiner et al., 2015). Sperm whales in the North Atlantic are considered a single 

stock (Pinela et al., 2009), and there is no apparent connection between female groups 

within the west and east North Atlantic Ocean (Alexander et al., 2016), as well as with 

the Mediterranean Sea (Violi et al., 2023). In the Canaries, there is a high mortality of 

this species associated with ship strikes, with at least two sperm whales killed per year 

(Carrillo and Ritter, 2010), which could be causing a decrease in the Macaronesian 

population since it likely exceeds the reproduction rate of this population (Fais et al., 

2016). 

In the Madeira Archipelago, sperm whales were first recorded in the logbooks of 

American whaleships between 1761 and 1920 (Townsend, 1935). Shore-based whaling 

began in 1941 and continued until the 1980s (Freitas et al., 2012). Presently, they are a 

frequently sighted species in the archipelago, with group sizes varying between 1 and 

30 individuals and calves present in 25% of the groups (Alves et al., 2018a). Although 

they are present throughout the year, Fernandez et al. (2021) demonstrated a 

preference for water temperatures around 23˚C, which occur from June to November, 

with a preference for waters deeper than 1 000 m in the proximity of submarine canyons 

areas. Their habitat extends towards the open ocean and reaches middle latitudes 

(Correia et al., 2015). 
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Blainville’s Beaked Whale 

Blainville's beaked whales Mesoplodon densirostris belong to the family Ziphiidae, the 

second largest in cetaceans, which represent around one-quarter of all existing species 

of cetaceans. Nonetheless, it is among the least studied due to its cryptic biology, deep 

dives, and remote offshore habitat (Li and Rosso, 2021; Feyer, Stanistreet and Moors-

Murphy, 2024). This species is thought to be the most widely distributed Mesoplodon 

species, with a continuous distribution throughout the tropical, sub-tropical, and warm-

temperate waters of the world's oceans, with occasional occurrences in cold-temperate 

areas (MacLeod and Zuur, 2005; MacLeod et al., 2006), except in the Mediterranean Sea 

(Mead, 1989). In the Eastern North Atlantic, they range from Iceland to the Canaries 

(Mead, 1989; Ritter and Brederlau, 1999). 

Blainville's beaked whales are deep divers, with foraging dives recorded to depths 

between 1 500 and 2 000 meters and up to 90 minutes long (Baird et al., 2008b). They 

prey on mesopelagic and deep-water benthic cephalopods and fish (Clarke, 1996), in 

areas of complex topography (Whitehead et al., 1997). 

Historically, most biological information collected on beaked whales is through stranded 

individuals (Pitman, 2018). Over the last two decades, prompted by mass strandings and 

a recognition of the adverse effects of military sonar, expanding research efforts and 

long-term studies have increased our knowledge of beaked whale populations around 

the world (Hooker et al., 2019). Despite that, ecological data have only been collected 

in a few areas worldwide, such as the Bahamas, Hawai'i, and the Canary Islands 

(Shallenberger, 1981; Mead, 1989; Claridge and Balcomb, 1995; Carrillo and Lopez-

Jurado, 1998; Macleod, 2000; Aguilar de Soto et al., 2011).  

Blainville's beaked whales live in apparently small populations with site fidelity 

(McSweeney et al., 2007; Baird et al., 2009), forming small groups that often dive 

synchronously and reappear synchronously at the surface even after long foraging dives 

(Aguilar de Soto, 2006; Claridge, 2006). Despite the scarce information regarding the 

social organization of Blainville's beaked whale, this species appears to exhibit female 

defense polygyny, with a social group of females accompanied by one male who may 
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deny access to the group by other males, and intermale combat is thought to produce 

the extensive scarring on adult males (Mead, 1989; MacLeod, 1998; Claridge, 2006; 

McSweeney et al., 2007; Alves et al., 2023b). 

The Blainville's beaked whale was first described in the Madeira Archipelago in 1917 

(Harmer, 1924), and nowadays it is the most frequently sighted species of beaked whale 

in the area, using these waters for vital activities and being sighted with calves on more 

than 40% of the sightings (Alves et al., 2018a). Dinis et al. (2017) conducted the only 

dedicated research of this species in this area and suggested long-term site fidelity for 

some individuals, mainly adult females, with some degree of association among them. 

Fernandez et al. (2021) identified good habitat suitability for Blainville's beaked whales 

in the Madeira Archipelago, supporting the high site fidelity patterns.  
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CHAPTER II - Bryde’s Whales in the North-East Atlantic: 

New Insights on Site Fidelity and Connectivity between 

Oceanic Archipelagos 

 

Abstract 

1. The conservation of marine megafauna presents numerous difficulties owing to their 

high mobility over difficult-to-access oceanic areas that impairs the collection of basic, 

but essential, biological information. 

2. The Bryde's whale (Balaenoptera edeni) is one of the most elusive species of baleen 

whales, and although it is known to be a seasonal visitor to several archipelagos in 

Macaronesia (the Azores, Madeira, and Canaries), there are no studies regarding its 

occurrence or geographical connectivity in this area of the Atlantic. 

3. A 14-year photographic database was used to determine short-term (intraseasonal) 

and long-term (inter-annual) Bryde's whale site fidelity and to estimate individual 

residency times in Madeira, whereas photographic catalogues from Madeira and the 

Canaries were compared in order to assess large-scale movements (i.e. on the scale of 

hundreds of kilometres). 

4. In Madeira, 59 individuals were identified, 27 (45.8%) of which were recaptured. Of 

these, 10 individuals (37.0%) presented short-term site fidelity and 17 individuals 

(63.0%) presented long-term site fidelity, with a maximum recapture interval of 12 

years. Lagged identification rates showed that five individuals (SE = 2) remained in the 

area for 32 days (SE = 108 days) before leaving and not returning during the same year. 

Seven individuals were seen both in Madeira and the Canaries (catalogue comprising 51 

individuals), three of which were identified multiple times in both archipelagos, with a 

minimum of 43 days between consecutive sightings. 
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5. This information combined with the fact that this species is commonly sighted 

accompanied by calves and feeding in both archipelagos highlights the ecological 

importance of this area for Bryde's whales. This should be taken into consideration by 

policymakers when implementing conservation measures, where coordination of effort 

among countries is needed. This study also reinforces the value of using data from 

platforms of opportunity and of making photographic data open access. 

 

KEYWORDS: Balaenoptera edeni, Macaronesia, marine megafauna, migratory species, 

oceanic movements, open access data 

 

Introduction 

The study of megafauna has long been relevant for their economic and ecological 

importance, and the appeal that they present to human societies (Lindsey et al., 2017). 

Cetaceans are a highly charismatic marine megafauna group whose research and 

conservation presents numerous challenges (e.g. high mobility and amount of time 

spent below the surface, low detectability and difficulties associated with their 

identification, large distribution and seasonal migrations of some species, high economic 

costs of undertaking assessment studies and difficulty in accessing their oceanic 

habitats; Mann, 1999; Redfern et al., 2006; Kaschner et al., 2012; Horton et al., 2017; 

Thums et al., 2018; Afonso et al., 2020). The study of their movement patterns is not 

only essential for understanding population ecology and biogeographical patterns, but 

also to assess the conservation status of populations across their entire home range, 

and evaluate the extent to which they are subjected to increasing anthropogenic 

impacts (Whitehead, 2001; Sequeira et al., 2018). However, the incorporation of 

movement data into conservation strategies remains underused (Hays et al., 2016). 

Many cetacean species perform long-distance migrations driven by foraging, calf or 

breeding requirements, or predator avoidance (Corkeron & Connor, 1999), with 

considerable energetic expenditure. Among cetaceans, baleen whales are the most 
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extensive travellers, with some species moving over 10,000 km between feeding and 

breeding grounds (Stevick et al., 2011). In the North Atlantic, although some knowledge 

exists on the movements of some species of baleen whales (e.g. blue Balaenoptera 

musculus, fin B. physalus, and sei whales B. borealis; Prieto et al., 2014; Pérez-Jorge et 

al., 2020), the movements and distribution of other species, such as Bryde's whales 

(Balaenoptera edeni), remain poorly understood. There are several exceptions to the 

traditional Mysticete seasonal migration model from high-latitude feeding grounds to 

low-latitude breeding grounds, suggesting a wide range of movement strategies 

between species or populations (Śiroviċ et al., 2013; Geijer, Notarbartolo di Sciara & 

Panigada, 2016). The Bryde's whale is an elusive large baleen whale species, discovered 

just over a century ago, for which basic scientific knowledge, such as taxonomy and life 

cycle, remains under debate (Kato & Perrin, 2018). Although it is currently classified as 

a single species, different subspecies and forms are presently identified and may, in the 

future, lead to their classification into different species (Best, 1977; Best, 2001; Kershaw 

et al., 2013; Rosel & Wilcox, 2014; Pastene et al., 2015; Constantine et al., 2018; 

Committee on Taxonomy, 2020; Rosel et al., 2021). Bryde's whales remain in tropical 

and warm temperate waters year-round, between 40˚N and 40˚S in the Atlantic, Pacific, 

and Indian oceans, and very little is known about their breeding or feeding grounds. 

Evidence suggests that unlike other baleen whales, Bryde's whales do not make 

extensive seasonal migrations to high-latitude feeding grounds but instead move across 

ocean basins throughout their range (Lockyer & Brown, 1981; Weir, 2010; Kato & Perrin, 

2018). In the East Atlantic, the species has been identified from the Azores to the African 

coast as far as South Africa, and in the western Atlantic from the Gulf of Mexico to 

Argentina (Reiner, dos Santos & Wenzel, 1996; Notarbartolo di Sciara et al., 1998; 

Hazevoet & Wenzel, 2000; Best, 2001; Steiner et al., 2008; Bastida & Rodriguez, 2009; 

De Boer, 2010; Weir, 2010; Rosel & Wilcox, 2014; Tardin et al., 2017; Kato & Perrin, 

2018). Studies of Bryde's whales in the North-East Atlantic have mainly relied on sighting 

data in the Macaronesia biogeographic region (Ritter & Neumann, 2006; Steiner et al., 

2008; Freitas et al., 2012), except for a foraging behavioural study that gave a brief 

insight into the dive behaviour and seasonal site fidelity of two individuals across 4 years 

in the Madeira Archipelago (Alves et al., 2010). 
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In Macaronesia, no information exists regarding individual movements or residency 

patterns of Bryde's whales in any of the archipelagos. In the Madeira Archipelago, 

Bryde's whales were first identified in 2003 and have been seen regularly between late 

spring and autumn (June to November) ever since, and are one of the five most observed 

species by the whale-watching industry (Alves et al., 2010; Freitas et al., 2012; Alves et 

al., 2018b). They are regularly seen feeding on small pelagic schooling fishes (e.g. 

sardines and mackerel; Rita Ferreira, Ana Dinis, Filipe Alves, pers. obs.) or travelling 

alone, although they can also be seen with calves (including neonates; Rita Ferreira, Ana 

Dinis, Filipe Alves, pers. obs.), in pairs of adults, or sporadically in inter-specific 

associations (Alves et al., 2018b). In the Canaries, Bryde's whales are frequently seen 

from spring to autumn (Ritter & Neumann, 2006; Pérez-Valazza et al., 2008; Carrillo, 

Pérez-Vallazza & Álvarez-Vázquez, 2010), whereas in the Azores, they were first 

identified in 2004 and are rare visitors during the summer months (Steiner et al., 2008; 

Silva et al., 2014). 

Site fidelity, defined as the tendency of an animal to return to a previously occupied 

place (Baird et al., 2008), has been demonstrated for Bryde's whales through the use of 

photographic identification (hereafter referred to as photo-id) in some areas of the 

world, such as the coastal areas of Ecuador, Peru, and Panama (Castro et al., 2017), in 

Brazil (Figueiredo et al., 2014; Lodi et al., 2015; Athayde et al., 2020), in the Gulf of 

Mexico (Rosel & Wilcox, 2014; Rosel et al., 2021), in the Gulf of California (Tershy, 1992), 

and in New Zealand (Tezanos-Pinto et al., 2017). Nevertheless, studies evaluating 

residency times through the application of lagged identification rates have never been 

conducted for Bryde's whales, nor have the movements of individuals been detected 

between distant regions. Photo-id is a technique that uses the natural markings of 

individuals and is widely used in marine mammal research to study movement patterns 

(e.g. Würsig & Jefferson, 1990; Baird et al., 2008; Silva et al., 2008; Baird et al., 2009; 

Alves et al., 2013; Dinis et al., 2016; Alves et al., 2019). This non-invasive technique 

involves the collection of data from dedicated surveys or platforms of opportunity, such 

as whale-watching vessels, which are increasingly being used in research for their low 

cost and high volume of data that can be collected regularly (e.g. Evans & Hammond, 

2004; Hauser et al., 2006; Moura, Sillero & Rodrigues, 2012; Hupman et al., 2014). 
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Connectivity between the Azores, Madeira, and the Canaries has been recorded for 

three species of cetaceans through photo-id comparison (for sperm whales, Physeter 

macrocephalus; Steiner et al., 2015; for short-finned pilot whales, Globicephala 

macrorhynchus; Alves et al., 2019; and for bottlenose dolphins, Tursiops truncatus; Dinis 

et al., 2021). Additionally, the lack of genetic differentiation between populations in 

Macaronesia has been shown for: short-finned pilot whales (Alves et al., 2013; Miralles 

et al., 2016); bottlenose dolphins (Quérouil et al., 2007); Atlantic spotted dolphins, 

Stenella frontalis; and short-beaked common dolphins, Delphinus delphis (Quérouil et 

al., 2010). The connectivity shown by these species, together with the highly mobile 

nature of all cetacean species (Hoyt, 2005), suggests that Bryde's whales may also move 

between archipelagos in Macaronesia; however, information on the movement ecology 

of this species in the North-East Atlantic is lacking. 

In this study, long-term photo-id catalogues collected from platforms of opportunity and 

dedicated scientific surveys were used to investigate the site fidelity and movements of 

Bryde's whales across Macaronesia. This evaluation was based on the hypotheses that: 

(i) Bryde's whales demonstrate different degrees of site fidelity within the Madeiran 

Archipelago; and (ii) that individuals may move between the neighbouring archipelagos 

of Madeira and the Canaries. Filling these critical knowledge gaps regarding the 

movement patterns of Bryde's whales will provide novel insights into future coordinated 

efforts between the relevant countries (i.e. Portugal and Spain) to establish transborder 

conservation measures. 

 

Material and Methods 

Study Site 

The present study was conducted within the biogeographic region of Macaronesia, 

which includes the Azores, Madeira, Canaries and a small area of the north-western 

African coast (Kim et al., 2008). The work to address the assessment of site fidelity was 

carried out in the warm-temperate oceanic archipelago of Madeira (33˚N, 17˚W) that 

consists of several islands, of which only two are inhabited. Being one of the most 
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isolated oceanic habitats of the North Atlantic, it is surrounded by steep submarine 

canyons and deep waters (approximately 1,500 m in depth) very close to the coast, 

because of the lack of a continental shelf (Geldmacher et al., 2000). Photo-id data were 

collected from the southern waters of Madeira Island (Figure II.1). 

 

Figure II.1 Location of the study area in the North-East Atlantic, in the Madeira Archipelago and the 
Canaries, within the Macaronesia region. Map showing bathymetry and contour lines at every 1,000 m. 
Each vertical line represents one individual of Bryde's whale that was identified in both archipelagos, and 
the number of arrow tips represents the total number of months the individual was identified in each 
archipelago during the study period. Illustration by E. Berninsone ©ARDITI. 

To assess the connectivity between archipelagos, data from the Canaries, the closest 

archipelago to Madeira (approx. 500 km; Figure II.1), were analysed. These archipelagos 

are considered the most similar among Macaronesia, from a marine biogeographical 

point of view (Freitas et al., 2019), and share similarities in terms of volcanic origin and 

oceanographic features (Anguita & Hernan, 2000; Spalding et al., 2007). 

Photographic identification procedure 

Photo-id images were collected between 2005 and 2018 on board platforms of 

opportunity (i.e. whale-watching vessels) operating in Madeira Island. Whale-watching 
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activity primarily occurs off the south coast of the island owing to favourable 

meteorological conditions, with a mean of 321 days of trips per year (Alves et al., 2018b). 

The whale-watching boats search for the highest number of sightings for their clients 

and are not species orientated, achieving good spatial coverage in terms of offshore and 

inshore areas. The boat operators provide an optimal search effort, in which the boats 

leave from the same harbour at nearly the same time and spatially orient themselves to 

be approximately one nautical mile apart from one another, in order to scan a larger 

area for cetaceans. Some boats search for animals with onboard binoculars, whereas 

others rely on land-based lookouts to direct them; the search effort continues during 

most of the trip and only stops when they are approaching land. Many of the boats share 

the locations of the sightings via radio or mobile phone. Taking this into consideration, 

together with the fact that the Bryde's whale is one of the most sighted species and is 

the most abundant baleen whale in these waters (Alves et al., 2018b), it is considered 

that most of the individuals present in the area were approached and photographed 

whenever possible. Photographs were taken by crew members with Reflex cameras 

(with different specifications used among photographers). The number of whale-

watching boats, trips, and photographers, as well as trip duration and departure/arrival 

point, remained constant throughout the sampling period. Thus, potential variation in 

sighting opportunities was considered negligible. 

Photo-id data collected from dedicated scientific surveys in the same area in 2017 and 

2018 were also included. A photo-id catalogue was compiled, and a dataset of capture 

histories was created following Würsig & Jefferson (1990). ‘Capture’ was defined as the 

first identification of an individual, and a ‘recapture’ as the subsequent photographic re-

identification of the same individual from a separate sampling event. Identifications on 

the same day were pooled together to avoid repeated sightings of the same individual 

from different boats or locations. Each individual whale was identified using biological 

features, such as permanent marks, either natural or acquired, located on the trailing 

edge of the dorsal fin, that could be identified from both sides (Katona et al., 1979). 

Secondary features, such as pigmentation patterns, cookie-cutter shark scars or others 

(such as tumour-like deformities, observed in a few individuals), were only used to 

confirm matches. The best photograph of the individual in each sampling event was 
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selected and rated 1 through 4 in terms of photographic quality (poor, fair, good and 

excellent, respectively) and distinctiveness of the individual (non-distinctive, slightly 

distinctive, distinctive and very distinctive, respectively) (as described by Baird et al., 

2009; Alves et al., 2013). To maximize the reliability of the catalogue, the analysis was 

limited to photographic quality and distinctiveness ratings of 2 to 4. The catalogue was 

compiled by a single observer (RF) and verified by secondary experienced researchers 

(AD and FA), to avoid false-positives and false-negatives. 

Site fidelity 

Site fidelity was evaluated considering the intra- and inter-annual presence of 

individuals. Short-term site fidelity was assigned when an individual was ‘recaptured’ 

within a single year (or season, given that Bryde's whales occur in Madeira mainly from 

late spring to autumn; Freitas et al., 2012; Alves et al., 2018b), whereas long-term site 

fidelity was assigned when an individual was ‘recaptured’ over multiple years (as 

described by Alves et al., 2013; Dinis et al., 2017). The resighting rate (RR) was calculated 

as the number of animals with ‘recaptures’ divided by all of the animals identified during 

the study period. A discovery curve was created based on the cumulative number of 

identifications in relation to the number of identified individuals throughout the study 

period. 

Residency in the area 

The residency of individuals in Madeira was investigated by calculating lagged 

identification rates (LIRs). These rates estimate the probability that an individual 

identified in the study area at any time will be identified again in the study area after 

some time lag later (Whitehead, 2001). In order to comply with the assumptions of the 

analysis and considering the migration behaviour of Bryde's whales in the area, the 

maximum lag (τ) considered was the number of days of the peak season (i.e. from late 

spring to autumn). Previous studies used a similar criterion to estimate LIRs in other 

seasonal visitor species, such as migratory humpback whales, Megaptera novaeangliae, 

in Réunion Island (Dulau-Drouot et al., 2012), or took into consideration data collected 

during limited seasons within a year, e.g. northern bottlenose whales, Hyperoodon 

ampullatus, in Nova Scotia (Gowans et al., 2000). Thus, this analysis was conducted for 
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the 2014 sampling period (i.e. the year with the highest number of ‘recaptures’). The 

calculated LIR was compared with the expected LIRs from exponential mathematical 

models of residency established by Whitehead (2001), and fitted using maximum-

likelihood methods. The sampling period was defined as a day. The Akaike information 

criterion (AIC) was used to determine the model of best fit, instead of the quasi-Akaike 

information criterion (QAIC), as no overdispersion was observed (Whitehead, 2007). The 

model with the lowest AIC was selected, and although there was a difference of two 

values in the AIC from the next best model, we followed the principle of parsimony and 

selected the simplest model and the one with lower standard errors (Burnham & 

Anderson, 2002). Precision (SE) was estimated using a bootstrap method. The analysis 

was performed with SOCPROG 2.9 (Whitehead, 2009). 

Inter-archipelago movements 

Long-distance movements of individual Bryde's whales were assessed through 

comparison of the photo-id catalogue from Madeira (described above) with an open-

access online catalogue from the Canaries provided by Asociación Tonina 

(https://asociaciontonina.com/portfolio/catalogo-rorcuales-gen-balaenoptera). The 

open access catalogue provides data from 2005 to February 2020, collected around the 

islands of Tenerife, La Palma, El Hierro, and Fuerteventura, using both opportunistic 

platforms and dedicated research surveys, and comprises 51 individual Bryde's whales. 

This catalogue is periodically updated with new information and currently includes 17 

Bryde's whale ‘recaptures’, 15 of which were sighted in different years. For the present 

comparison, in order to increase the likelihood of matches, the catalogue from Madeira 

included an additional individual identified only in 2019. Comparisons were made 

visually (e.g. Robbins et al., 2011; Alves et al., 2019) by the primary researcher (RF), and 

all matches were subsequently validated by other secondary experienced researchers 

(AD and FA). 
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Results 

Site fidelity 

Approximately 20,000 photographs were taken, which resulted in 190 captures and 59 

individuals catalogued (Table II.1). 

Table II.1 Total number of captures and individuals (in bold) and percentages of their respective categories 
for photographic quality and the distinctiveness of the individuals. 

Captures (total number) 190 

Photo quality fair 8,9% 

 good 63,2% 

 excellent 27,9% 

Individuals (total number) 59 

Distinctiveness slighly distinctive 20,3% 

 distinctive 45,8% 

  very distinctive 33,9% 

 

The number of photographic encounters and individual identifications varied 

considerably between years, with 2014 and 2017 presenting much higher values (302 

and 231 photographic encounters and 62 and 30 identifications, respectively) (Table 

II.2). The fewest photographic encounters per year were recorded in 2006, 2008, and 

2010, corresponding to two, three, and five individual identifications, respectively. 

However, the fewest identifications occurred in 2016, where although there were some 

encounters, with poor-quality photos (caused by unfavourable weather conditions or by 

animals avoiding the boats), most of the encounters comprised good photographs but 

of non-distinctive animals (i.e. without identifiable marks). Therefore, there were no 

recaptured animals nor new individuals added to the catalogue during the 2016 

sampling period. 
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Table II.2 Summary of encounters and identifications by year for the Madeira dataset. Encounters refer 
to the total number (no.) of photographic encounters, independent of photographic quality and 
individuals’ distinctiveness. Number of identifications refers to the number of individuals which were 
added to the catalogue (captures plus recaptures). Number of new identifications refers only to new 
individuals added to the catalogue.   

Summary of encounters and identifications 

Year No. encounters No. identifications No. new identifications 

2005 10 4 4 

2006 5 2 1 

2007 6 1 1 

2008 5 3 2 

2009 16 6 3 

2010 5 5 2 

2011 11 7 3 

2012 22 4 3 

2013 13 2 1 

2014 302 62 16 

2015 99 15 2 

2016 24 0 0 

2017 231 30 12 

2018 54 14 7 

 

Thirty-two individuals (54.2%) were captured only once and 27 individuals (45.8%) were 

recaptured. Most of these individuals were recaptured up to four times (n = 44, 74.6%), 

seven individuals were recaptured between five and nine times (11.9%), four individuals 

were recaptured between 10 and 14 times (6.8%), and one individual was recaptured 

more frequently, with 21 recaptures (1.7%) (Figure II.2). 

 

Figure II.2 Capture frequency histogram for individual Bryde's whales (n = 59) for the Madeira dataset 
between 2005 and 2018. More than half of the individuals (n = 32) were captured only once. Captures 
were aggregated in categories to facilitate visualization. 
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The overall resighting rate was 0.46. The absence of a temporal plateau in the discovery 

curve demonstrated that the number of individuals identified had not yet stabilized, 

indicating that the whole population has yet to be sampled (Figure II.3). 

 

Figure II.3 Discovery curve for individual Bryde's whales (n = 59) for the Madeira dataset between 2005 
and 2018. The curve has not yet reached a plateau, indicating that new individuals are still being recruited 
to the population. 

Of the 27 individuals that were recaptured, 10 (37.0%) demonstrated short-term site 

fidelity and 17 (63.0%) demonstrated long-term site fidelity. For the individuals who 

demonstrated long-term site fidelity, the median inter-annual interval between the first 

and the last capture was 5.1 years (SD = 3.7 years, range 1–12 years). Although the 

largest proportion of individuals were observed in two different years (41.2%), four 

individuals were observed in three and four different years (23.5% each), and two 

individuals were observed in five different years (11.8%). 

Residency in the area 

The residency model that best fitted the LIR for the peak season of 2014 was the 

emigration/mortality model (goodness of fit χ2 = 18.687, df = 24, P = 0.7685), which 

indicated that five individuals (SE = 2) out of the 26 used in this analysis spent an average 
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of 32 days (SE = 108) in the area, before leaving and not returning in the same season 

(Figure II.4; Table II.3). 

 

Figure II.4 Lagged identification rates (LIRs) for Bryde's whales during the peak season in 2014. The figure 
shows the probability that an individual identified in the study area at any time will be identified again in 
the study area some time lag later. The line represents the best-fitting model according to Table III.3, and 
the vertical bars indicate SEs calculated using the bootstrap method. 

 

Table II.3 Models fitted to lagged identification rates (LIRs) for Bryde's whales in Madeira in the peak 
season of 2014, using SOCPROG. 

Model No. of parameters AIC Summed log likelihood 

Emigration/Mortality 2 1724,592 -860,296 

Emigration + Reimmigration 3 1726,592 -860,296 

Emigration + Reimmigration + Mortality 4 1727,597 -859,7986 

Closed 1 1888,076 -943,0381 
* The differences in AIC of the two best fitted models is of two values, which according to Burnham and Anderson (2002) is indicative 
that both models may offer support. The first model was chosen based on the principle of parsimony recommended by these 
authors, being the simplest model and the one with the lowest standard errors. From a biological perspective, the chosen model is 
more adequate taking into consideration the migration behavior of this species and the capture histories observed. 

Inter-archipelago movements 

Seven Bryde's whales were identified in both archipelagos (Figure II.1; Table II.4). Of 

these, four individuals were identified only once in Madeira and once or twice in the 

Canaries. Three individuals were identified multiple times in both archipelagos: one 

whale, ‘Bbr011/Izar’, travelled to and from the Canaries in different years, and two 

individuals ‘Bbr015/Scorpio’ and ‘Bbr032/Draco’ were seen in both archipelagos in the 
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same year, with a minimum of 43 days between consecutive inter-archipelago sightings. 

Six (out of the seven) individuals were captured more often in Madeira than in the 

Canaries (Figure II.1). 

Table II.4 Identification (ID) matches of individuals in the Madeira Archipelago and the Canaries, with 
reference to the sighting history for each individual in the respective archipelago. 

Madeira ID 
Sighting history 

MAD 
Canaries ID 

Sighting 
history CAN 

Movements between 
archipelagos 

OOM_Bbr011 

Jan2008 

IZAR (BE_TS_A_013) 

  

Sep2009 Jul2014 
Mad - Mad - Mad - Can 

- Mad - Can 

May2011 Jan2020 different years 

Sep2017   

OOM_Bbr015 

Aug2007 

SCORPIO (BE_GIG_D_012) 

  
Jan2008 May2014  

Aug2011 Jul2015 
Mad - Mad - Mad - Can 

- Mad - Mad - Can - 
Mad  - Can 

Nov2014 Mar2017 some in the same year 

Jan, Aug, 
Sep2015   

OOM_Bbr032 

Sep2005 

DRACO (BE_TS_A_015) 

May2005  

Jul2006 Jul2007 
Can - Mad - Mad - Can - 
Can - Mad - Can - Mad 

Jul, Aug, Sep2014 Apr2014 some in the same year 

Oct2017 Mar2015  

OOM_Bbr038 Nov2014 NORMA (BE_FV_D_030) Sept2016 Mad - Can 

OOM_Bbr040 Nov2014 CORONA (BINI_TS_I_054) Sept2016 Mad - Can 

OOM_Bbr051 Oct2017 SPICA (Bin_TS_I_001) Jan2019 Mad - Can 

New ind_2019 Jun2019 HYDRA (BE_TS_A_018) 
May2017 

Can - Can - Mad Apr, 
May2018 

 

 

Discussion 

This study provides novel information on Bryde's whale site fidelity and movements in 

the North-East Atlantic. It shows that the Madeira Archipelago represents an important 

seasonal migration area for Bryde's whales, with some individuals demonstrating long-

term site fidelity that may span across decades. The residency times estimated here are 

indicative of the moderate usage (of about a month) of the area by the species during 

the peak season. Moreover, this study shows that some individuals move between 
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Madeira and the Canaries archipelagos and that movements may occur within the same 

year, demonstrating that this species explores and moves regularly within the 

Macaronesian basin. To the best of our knowledge, this is the first study evaluating site 

fidelity and connectivity between archipelagos of a baleen whale species in 

Macaronesia, which is important for the establishment of conservation measures at 

both national and transborder levels. 

Although site fidelity has been described commonly in migratory cetacean species at 

either feeding or breeding grounds (e.g. Lockyer & Brown, 1981; Valenzuela et al., 2009; 

Barendse et al., 2013), Bryde's whales do not undertake such long-range migrations and 

seem to feed regularly rather than relying on stored reserves (characteristic of income 

breeders; Constantine et al., 2018). These high energetic requirements may be an 

important driver of seasonal fluctuations in Bryde's whales (Tardin et al., 2017), 

although other studies have also described physiographic and oceanographic influences 

(Corkeron et al., 2011; Weir, MacLeod & Pierce, 2012). The results of this study indicate 

a large degree of variability in site fidelity for Bryde's whales in the Madeira Archipelago. 

The majority of the individuals were captured only once, whereas others (resighting rate 

of 0.46) presented both intra-seasonal or inter-annual site fidelity, even across a decade 

(two individuals with 10 and 12 years between first and last sightings). Despite the 

opportunistic nature of the data, there was negligible variability in the sighting effort 

(i.e. number of boats, trips, or photographers, and in the type of trips and photographic 

equipment) across the study period, indicating that this large degree of variability in site 

fidelity can be mainly attributed to the variable migration patterns of Bryde's whales. 

This is in accordance with Tezanos-Pinto et al. (2017), who also found variable results on 

site fidelity of Bryde's whales in New Zealand, but with the use of dedicated surveys. The 

innovative analysis of residency times with lagged identification rates revealed the 

moderate usage of the area by a few individuals (five, SE = 2) for 32 days (SE = 108 days), 

after migrating and not returning in the same year. Although the best-fitting model 

considers that emigration or mortality could be responsible for the absence of the 

animals, emigration is the most likely ecological explanation (e.g. Lodi et al., 2015; 

Tezanos-Pinto et al., 2017; Alves et al., 2018a). Cetaceans are long-lived animals and 

taking the study period into account, annual natural mortality is not a reasonable 
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explanation for this absence. Also, by being a migratory species, they are expected to 

leave the area, and with individuals being resighted in the following years, this reinforces 

the ecological explanation of emigration for this analysis. Notwithstanding, 

anthropogenic causes of mortality pose a threat for many species of large whales (e.g. 

Constantine et al., 2015; Fais et al., 2016; Dolman & Brakes, 2018; Fossi et al., 2018), and 

cannot be disregarded. 

The connectivity found in this study between neighbouring oceanic archipelagos in 

Macaronesia for Bryde's whales was expected, taking into consideration the 

biogeographical similarities between the Madeira Archipelago and the Canaries (Freitas 

et al., 2019), and the migration behaviour of Bryde's whales within oceanic basins (Kato 

& Perrin, 2018). These movements are also in accordance with what is observed for 

other species in the same area (e.g. Steiner et al., 2015; Alves et al., 2019; Dinis et al., 

2021). Studies on Bryde's whales have demonstrated movements of individuals 

between closer areas (e.g. with the maximum of 294 km between Ecuator and Peru; 

Castro et al., 2017) and with an interval of a few years (e.g. with a maximum of 8 years 

in Brazil; Lodi et al., 2015), but this is the first study to demonstrate movements across 

such a large period of time and distance in an open ocean environment. As observed in 

the Madeira Archipelago, Bryde's whales are also seen feeding in the Canaries and 

accompanied by young individuals, although there are no birthing records or newborn 

sightings (Jacobo Marrero, pers. comm.). For oceanic marine mammals such as these, 

the home ranges tend to be large owing to the lower productivity of such waters (Silva 

et al., 2008). However, other factors besides energetic requirements, such as 

reproductive strategies or intraspecific competition (Stevick et al., 2006; Alves et al., 

2018a), may play a role in determining their distribution. The described movements of 

Bryde's whales between archipelagos may be associated with several factors that still 

require further investigation. 

Bryde's whales in the North-East Atlantic appear to have their northernmost limit in the 

Azores, and range south as far as Cape Verde and Senegal (Reiner, dos Santos & Wenzel, 

1996; Hazevoet & Wenzel, 2000; Steiner et al., 2008). Weir (2010) documented Bryde's 

whales in the Gulf of Guinea, but with no indication of the season, whereas Best (2001) 
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identified the migration of a South African stock to the waters of Gabon from May until 

July, after which the whales returned south. No information exists on the occurrence of 

Bryde's whales between the Gulf of Guinea and Cape Verde and Senegal. However, the 

temporal occurrence of Bryde's whales in Macaronesia (between June and November) 

and in the Gulf of Guinea (between May and July) suggests that these individuals might 

not belong to the same population, and therefore reveal the possible presence of two 

populations in the East Atlantic. Future studies should include satellite telemetry, which 

provides important information regarding movement and migrations, and genetic 

studies to investigate population structuring along the East Atlantic. 

Although the use of platforms of opportunity for data collection, as in the case of this 

study, provides cost-effective and regular access to large datasets (e.g. Moura, Sillero & 

Rodrigues, 2012; Hupman et al., 2014; Vinding et al., 2015; Alves et al., 2018b; Alves et 

al., 2019), it presents specific limitations and biases: spatial and temporal restrictions of 

the surveyed area; a lack of data on effort or vessel tracks; species misidentification by 

inexperienced observers; unequal sampling effort; and inadequate vessel manoeuvring 

around an individual/group that affects the quality of the photographs (Moura, Sillero 

& Rodrigues, 2012; Hupman et al., 2014; New et al., 2015; Vinding et al., 2015; Alves et 

al., 2018b). Even though some of these limitations are unavoidable, others may be easily 

resolved with the proper training of crew members for data collection (both sighting and 

photographic data) and the implementation of specific sampling protocols (Hupman et 

al., 2014), as well as specific analysis to minimize bias (Moura, Sillero & Rodrigues, 2012). 

The lack of scientific design in sampling trip routes in this study was balanced by the 

optimized effort in searching for the whales in the study area (i.e. with the use of 

lookouts and excellent communication between most of the boats) that resulted in a 

high number of photographs. The overall quality of the photographs used (63.2% of 

good quality photographs) indicates that, despite the photographs being taken by 

experienced crew members with good photographic equipment, there is a need for 

training in order to increase this value. To avoid misidentification errors between Bryde's 

and sei whales (which are also present in Madeiran waters), photographs were only used 

if it was possible to confirm the species. Species identification was conducted either on 

board or a posteriori through photographic analysis (i.e. if the three ridges on the 
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rostrum were visible or if the dive profile was identifiable; Kato & Perrin, 2018). With 

the spatial restriction of the surveyed area, it is assumed that these outputs are limited 

to the south coast of Madeira Island. Nevertheless, the size of the covered area (nearly 

half of the main island of the archipelago), together with the large temporal scale of the 

study (decadal), allowed for an otherwise difficult and expensive collection of data. 

Finally, the difference of the two values in the AIC between the best and the second-

best model (Table 3), near the limit of offering substantial support (Burnham & 

Anderson, 2002), is most likely caused by the opportunistic nature of the data and 

requires caution when interpreting these results (Alves et al., 2018a). Therefore, this 

study provides baseline information that should be supplemented in future research 

with dedicated scientific surveys covering a wider area. 

The update of the conservation status of the Bryde's whale by the International Union 

for Conservation of Nature (IUCN) in 2018 from Data Deficient to Least Concern (Cooke 

& Brownell, 2018) is indicative of the improved knowledge of this species. However, 

when making management decisions a precautionary approach should be taken, as 

recommended by Constantine et al. (2018). Caution is warranted because of the 

uncertainty in the number of species classified as Bryde's whales, which is still under 

consideration (as recently demonstrated by the establishment of a new species, Rice's 

whale, Balaenoptera ricei, which was previously classified as a Bryde's whale; Rosel et 

al., 2021), and also because information on the connectivity between populations is still 

lacking. This study sheds new light on the migratory patterns of this species in the North-

East Atlantic and on the range to which conservation measures should be established. 

In spite of the lack of information regarding anthropogenic causes of death of this 

species in Macaronesia, Sousa et al. (2019) considers Bryde's whales to be one of the 

most vulnerable species to climate change in the Madeira Archipelago, and they may 

also be threatened by marine traffic (Cunha et al., 2017). Ship strikes are one of the main 

threats that large whales face worldwide, but especially in the Canaries because of the 

prevalence of fast ferries (Fais et al., 2016). Ingestion of plastic debris or entanglement 

have been reported in more than 60% of all cetacean species (Fossi et al., 2018) and has 

been recently documented for Bryde's whales in the Madeira Archipelago, where a 

whale-watching operator filmed a severely emaciated whale with a net closing its mouth 
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that prevented the animal from feeding (August 2020, see Acknowledgements). This 

individual (Bbr028) was identified as a female (as it had been observed with calves in 

the past) and was one of the longest known (recaptured) individuals in the study, but 

was not seen again following this event. In addition to these direct sources of mortality, 

the exposure of cetaceans to the whale-watching activity that occurs in both 

archipelagos cannot be disregarded, and the associated chronic stress, displacement, or 

change in behaviour may translate into declines in health and vital rates (Wright, Aguilar 

Soto & Baldwin, 2007; Parsons, 2012). 

The knowledge of movement patterns of migratory oceanic species is crucial to better 

understand the conservation implications at both geographical and geopolitical levels. 

By moving within the Macaronesian basin, Bryde's whales are subjected to several 

sources of anthropogenic disturbance, and policymakers must consider this information 

when establishing conservation measures. In the Canaries, the recent classification of 

Tenerife as a Whale Heritage Site, the first in European waters, has brought international 

attention to cetaceans in the area, as well as in the Madeira Archipelago, with the 

establishment of a Site of Community Importance to a depth of 2,500 m for cetaceans 

within the exclusive economic zone (EEZ). Both these mechanisms are important steps 

in the further protection of cetacean species in both areas. The introduction of speed 

limits for fast ferries or changing their routes in the Canaries, and the prohibition of such 

ferries in the Madeira Archipelago (where they do not yet exist) are recommended 

measures to mitigate one of the main causes of high whale mortality. The placement of 

observers on board these ferries should be encouraged, as is already happening on cargo 

ships operating in this area (Correia et al., 2020). Observers are an effective way to 

monitor ship strikes and to aid in the identification of areas where they are more likely 

to occur. Regarding entanglement, the enforcement of regulations targeting the 

reduction of ghost nets in the oceanic waters of Macaronesia should be debated both 

by local authorities and by specialist groups (i.e. IUCN Cetacean Specialist Group), as this 

area has been shown to be a vital component in the movement ecology of several 

cetacean species. Finally, the continued monitoring of whale-watching activity is of key 

importance, for the identification of species and populations that are more sensitive to 

this source of disturbance. Other platforms of opportunity, such as fishing vessels, 
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should also be taken into consideration for data collection as they regularly travel to 

more offshore areas (Zhang et al., 2021). 

This is the first study analysing the movement patterns of Bryde's whales in the North-

East Atlantic, confirming intra- and inter-annual site fidelity to a specific island as well as 

inter-archipelago movements. Marine oceanic species such as Bryde's whales are 

increasingly exposed to anthropogenic threats and their conservation is a complex 

process that requires coordinated actions between several stakeholders (e.g. 

policymakers, researchers, and whale-watching operators) from all of the countries 

within their distribution range (Dunn et al., 2019). The fact that the inter-archipelago 

movements described in this study involve the outermost regions of two European 

countries requires particular attention for concerted policies towards the conservation 

of the species. 
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CHAPTER III – Unraveling Site Fidelity and Residency 

Patterns of Sperm Whales in the Insular Oceanic Waters 

of Macaronesia 

 

Abstract 

Knowledge of the distribution and residency of pelagic marine megafauna, particularly 

deep-diving species, is scarce due to their high mobility over difficult-to-access oceanic 

areas and long periods underwater. However, the threatened status of many of these 

species, such as the sperm whale Physeter macrocephalus, increases the need to obtain 

quantitative data to support conservation measures. In the warm temperate waters of 

Macaronesia (Eastern North Atlantic), sperm whales occur year-round in a set of island 

systems (the Azores, Madeira, and the Canaries), mainly in social groups of females and 

juveniles with the occasional visits of mature males. Although it is known that they 

perform inter-archipelago movements, information on site fidelity and residency times 

is still scarce. Here, based on photographic identification data, site fidelity and residency 

times of sperm whales were estimated for subareas of the Azores and the Madeira 

archipelagos, with a preliminary assessment for a subarea of the Canaries. The Azores 

and Madeira subareas presented similar proportions of individuals with recaptures 

(≈25%), mainly inter-annual, while in the subarea of the Canaries, only <10% of the 

individuals were recaptured. Standardized Site Fidelity Indexes showed very low values 

(<0.01) for both the Azores and Madeira subareas. Lagged identification rates based on 

models including emigration and reimmigration estimated that an average of 44.8 

individuals (SE=4.9) spent 12.9 days (SE=1.5) in the Azores before leaving for 99.1 days 

(SE=12.5), while 8.4 individuals (SE=16.1) spent 0.8 day (SE=6.6) in Madeira before 

leaving for 8.6 days (SE=6.9), with a very low mortality rate. This study i) indicates a 

degree of residency of about ¼ of the identified individuals for the Azores and Madeira 

subareas and ii) supports that these oceanic archipelagos constitute an important 
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habitat for a Vulnerable species in the Atlantic. Moreover, it also highlights the 

importance of combining data from opportunistic and dedicated surveys and joint 

national and international efforts toward the conservation of marine megafauna. 

 

KEYWORDS: marine megafauna, philopatry, transnational conservation, Atlantic, 

photographic identification, capture-recapture, habitat use 

 

Introduction 

Research and conservation of top oceanic predators present unique challenges due to 

their high mobility over difficult-to-access areas, with costly and logistically complex 

data collection. Most pelagic marine megafauna is not easily seen and has large ranges 

extending to offshore areas (Tittensor et al., 2010; Kaschner et al., 2011). In the case of 

deep-diving species, there are increased difficulties associated with their long 

submersion periods (Aoki et al., 2012; Li & Rosso, 2021; Badenas et al., 2022). Moreover, 

many of these species are of significant conservation concern and represent an 

ecologically and functionally important part of marine biodiversity (Katona & 

Whitehead, 1988; Schipper et al., 2008; Pimiento et al., 2020; Alves et al., 2022; Braun 

et al., 2022). Thus, information on the distribution and movements of these species is 

valuable for planning practical conservation efforts. 

The sperm whale Physeter macrocephalus, the largest deep-diver and toothed animal, 

is distributed worldwide. It ranges from the ice edge in both hemispheres to tropical 

waters (Whitehead, 2018). Its distribution is highly connected to social structure and 

sex, with social groups of females and immatures inhabiting low and mid-latitudes. On 

the other hand, males leave their maternal groups and aggregate in bachelors’ groups 

for a few years before living mainly solitary in high latitudes, returning to tropical and 

subtropical waters to mate (Cantor et al., 2019). 
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Sperm whales are globally classified as Vulnerable by the International Union for 

Conservation of Nature, with an unknown worldwide population trend (Taylor et al., 

2019), with recent studies indicating a global population of 844 761 individuals 

(Whitehead & Shin, 2022). This species was extensively hunted worldwide since the 18th 

century, growing from a shore-based enterprise to industrial whaling that only ceased 

in the 1980s. This caused a decrease of 68% in the global population, with males being 

more heavily targeted (Whitehead, 2002; Whitehead, 2018). Due to the low 

reproduction rates of these long-lived mammals, the populations of sperm whales are 

still recovering. However, presently, they still face several threats, such as entanglement 

in fishing gear, ingestion of plastics, chemical pollution, or ship strikes (Schipper et al., 

2008; Savery et al., 2013; Notarbartolo-Di-Sciara, 2014; Fais et al., 2016; Whitehead, 

2018; Arregui et al., 2019). 

The Macaronesian archipelagos of the Azores, Madeira, and Canaries (Eastern North 

Atlantic) are some of the most isolated oceanic habitats of the North Atlantic, 

surrounded by steep submarine canyons and deep waters due to their volcanic origin 

and lack of continental shelf (Carracedo & Troll, 2021), which offer easy access to study 

deep-divers and oceanic species. Here, social groups of females and immature sperm 

whales are present year-round, with the occasional presence of visiting males (André, 

1997; Silva et al., 2014; Fernandez et al., 2021). This biogeographic region is known to 

be used by sperm whales for reproduction, besides feeding and calving (Clarke, 1956; 

André, 1997; Steiner et al., 2012; Correia-Fagundes & Romano, 2013; Silva et al., 2014; 

Alves et al., 2018; Mullin et al., 2022). The sperm whale was the target species of a 

whaling activity that killed around 26 000 individuals in the Azores and Madeira, while 

in the Canaries it was a residual activity. This resulted in a reduction of 55% of the 

population in this region (Cabral et al., 2005; Brito, 2008; Perez, 2011). Currently, these 

three archipelagos are important destinations for whale-watching, with as many as 30 

cetacean species identified so far, where the sperm whale is one of the target species in 

the Azores and, to a lesser extent, in Madeira (Freitas et al., 2012; Silva et al., 2014; 

Ferreira et al., 2017; Alves et al., 2018; Cartagena‐Matos et al., 2021; Herrera et al., 

2021; McIvor et al., 2022). In Macaronesia, and specifically in the Canaries, collision with 

ships is nowadays a relevant threat to the population of sperm whales, presenting one 
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of the world’s highest rates of ship strikes, with an annual average of two stranded 

whales from ship-strikes (Fais et al., 2016). Due to the oceanic habits of sperm whales, 

many more events may go unreported in offshore waters, creating a high level of 

conservation concern. Therefore, the sperm whale is still vulnerable to human-induced 

disturbances in these remote archipelagos. 

To understand population movement patterns and life history, it is essential to evaluate 

site fidelity and residency (Baird et al., 2008; Tschopp et al., 2018). Site fidelity, defined 

as the tendency of an animal to return to a previously occupied place, is a well-

documented behavior in many taxonomic groups (e.g., birds, Hoover, 2003; Iverson & 

Esler, 2006; seals, Lunn & Boyd, 1991; Pomeroy et al., 2001; insects, Switzer, 1997). It is 

known to provide evolutionary benefits and may increase survival (Greenwood, 1980; 

Switzer, 1993; Bose et al., 2017). Sperm whales, like other mammalian species (e.g., 

deers, Bose et al., 2017; elephants, Archie et al., 2006), demonstrate female philopatry 

and male dispersal due to the higher dependency of females on local resources 

(Greenwood, 1980). Male sperm whales show limited site fidelity to their feeding 

grounds, with few possible resident individuals (Jaquet et al., 2000; Lettevall et al., 2002; 

Rødland & Bjørge, 2015; Somerford et al., 2021). On the other hand, females exhibit site 

fidelity across years in several locations (e.g., Caribbean, Gero et al., 2014; 

Mediterranean Sea, Drouot-Dulau & Gannier, 2007), which may lead to genetic 

differentiation of specific populations (Engelhaupt et al., 2009). 

Studies exploring site fidelity and residency of sperm whales in the oceanic environment 

of the Eastern North Atlantic are limited to the archipelago of the Azores, where both 

photographic-identification and genetic studies indicate some degree of site fidelity in 

females, although there are no permanent resident individuals (Matthews et al., 2001; 

Silva et al., 2006; Pinela et al., 2009; van der Linde & Eriksson, 2020). The more than 40 

individual photographic-identification matches within the Macaronesian archipelagos of 

the Azores, Madeira, and Canaries (Steiner et al., 2015; Steiner, 2022) indicate that these 

animals carry out inter-archipelago movements and support the existence of a single 

population in this region of the Atlantic. Nevertheless, quantitative information on site 
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fidelity and residency times is limited (to one archipelago) or unavailable for 

Macaronesia. 

Here, photographic data of sperm whales from three subareas of Macaronesian 

archipelagos were used to investigate and quantify this species’ habitat use, with a main 

focus on Azores and Madeira. More specifically, composite indexes and likelihood 

techniques were applied to i) calculate the site fidelity of sperm whales in subareas of 

the Azores and Madeira, and ii) estimate residency times to inform on the movements 

in and out of these areas. Filling these knowledge gaps regarding population habitat use 

will provide novel insights into future coordinated efforts between the countries 

involved (i.e., Portugal and Spain) to establish transborder conservation measures. 

 

Material and Methods 

Study area 

This study was conducted in subareas of three oceanic archipelagos of Macaronesia: 

around Pico and Faial islands in the Azores (approximately 3 500 km2), south and 

southeast of Madeira island (approximately 800 km2), and along the eastern coast of 

Lanzarote and Fuerteventura in the Canaries (approximately 6 500 km2) (Figure III.1). 

The biogeographical unit of Macaronesia, by definition, also includes Cabo Verde 

islands; however, recent studies support the exclusion of the latter due to considerable 

differences, specifically regarding marine biodiversity, and aggregates the three 

remaining archipelagos in one province within the Lusitanian ecoregion (Spalding et al., 

2007; Freitas et al., 2019). These warm-temperate archipelagos are located in the 

Eastern North Atlantic Ocean, between latitudes 28 and 39°N, and share natural, 

geological, oceanographic, and biogeographical features (Freitas et al., 2019). The 

Azores archipelago is located approximately 1 800 km west of Lisbon (Portugal), around 

the Mid-Atlantic Ridge, and is surrounded by very narrow shelves and steep slopes, with 

the frequent presence of seamounts, and a mean depth of about 3 000 m (Morato et 

al., 2008). The Madeira archipelago is located approximately 1 000 km off the European 

continent and 500 km off the African coast, being also surrounded by steep submarine 
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canyons and deep waters (approximately 1 500 m in depth) very close to the coast, due 

to the lack of a continental shelf (Geldmacher et al., 2000). The Canaries archipelago is 

located 100 km off the African coastline and is formed by seven main islands, that extend 

over 500 km. The average depth increases towards the west, from depths of 1 200 m in 

Lanzarote and Fuerteventura (the most eastern islands) to 4 000 m in La Palma and 

Hierro (the most western islands) (Valdés & Déniz-González, 2015). 

 

Figure III.1 Location of the study area in the Eastern North Atlantic, Macaronesia, formed by the 
archipelagos of the Azores, Madeira, and the Canaries. Bathymetry ranging from approximately 1 000 to 
4000 m, from white to blue, respectively. n indicates the number of identified individuals in each 
archipelago. Percentages refer to the proportion of individuals captured once and of individuals 
recaptured inter-annually. Number of individuals and time spent in and out of the area refer to the 
estimates of the best model of lagged identification rates (Table III.2). Illustration by E. Berninsone © 
ARDITI. 

Data collection and photographic analysis 

Photographic-identification (hereafter, photo-id) data from sperm whales were 

collected in the three subareas. In the Azores, data was collected from April to October, 

from 2014 to 2019, during dedicated research and opportunistic surveys (whale-

watching trips). In Madeira, data was collected year-round from 2007 to 2019 during 

dedicated research and opportunistic surveys (whale-watching trips). In the Canaries, 
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data was collected year-round in 2009, 2011 and 2012 during dedicated research 

surveys. 

In each subarea, photographs were collected and classified into a catalogue following 

standard photo-id procedures (Arnbom, 1987; Würsig & Jefferson, 1990). Sperm whale 

individuals were identified using photographs of the ventral or dorsal side of the fluke 

based on natural or acquired markings on the trailing edge. Scars and pigmentation 

patterns on the fluke and peduncle were used to confirm matches. Each photograph 

was graded for quality (from 1=poor to 4=excellent) and distinctiveness (from 1=non-

distinctive to 4=very distinctive) (Alves et al., 2013). To maximize the reliability of each 

of the three catalogues (one per subarea), the analysis was limited to photographic 

quality and distinctiveness ratings from 2 to 4. Each catalogue was compiled visually by 

a single researcher and verified whenever needed by experienced secondary 

researchers. 

For the three subareas, catalogues were analyzed to determine the number of 

individuals captured only once and of individuals that presented recaptures. Recaptured 

individuals were then classified taking into consideration if the recaptures were intra-

annual (i.e. all the recaptures of the individual occurred within the same year) or inter-

annual (i.e. at least one of the recaptures occurred in a different year). Percentages of 

the individuals captured once and with intra and inter-annual recaptures were then 

calculated, and the capture frequency histograms were plotted. Discovery curves were 

created by plotting the cumulative number of identifications against the number of 

identified individuals throughout the study period. When the population is fully 

identified, the curve reaches a plateau; but if the curve is continuously growing and no 

stabilization occurs, it means that there are still new individuals being added to the 

catalogue. This analysis was performed with Socprog 2.9 (Whitehead, 2009). 

Site fidelity and residency analysis 

Evaluation of site fidelity and residency were only conducted for the Azores and Madeira 

datasets, since the dataset from the Canaries presented very few recaptures, which did 
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not allow further analysis. A truncated dataset was used for Madeira to homogenize the 

effort, restricting to the years with the highest effort, i.e. from 2014 to 2019. 

Site fidelity of sperm whales was assessed using the Standardized Site Fidelity Index 

(SSFI), a composite site fidelity index developed by Tschopp et al. (2018). Definition and 

quantification of site fidelity varies greatly among research studies and is largely 

dependent on species behaviour, life cycle and research objectives, among others 

(Tschopp et al., 2018). Also, is usually done at an individual level. Therefore, the 

development of a standardized index that provided information of site fidelity at a 

populational level and allowed for comparison between studies was needed. SSFI was 

the index that had the best performance in all of the evaluated scenarios (both 

theoretical and with real data) and was calculated based on the indicators of 

permanence and periodicity. 

Permanence (IT) is the proportion of time in the study area given by the time between 

the capture and last recapture (Fi), over the sampling period (F): 

𝐼𝑇𝑖 =
𝐹𝑖
𝐹

 

Periodicity (It) is the recurrence of an individual, determined by the inverse of the 

average time between successive recaptures: 

𝐼𝑇𝑖 =
𝐹𝑖
𝐹

 

where cij indicates a capture (one) or an absence to capture (zero) of an individual i on 

the sampling occasion j, and T is the number of sampling occasions. 

SSFI is therefore defined as: 

𝐼𝑇𝑖 =
𝐹𝑖
𝐹

 

SSFI quantifies site fidelity at a populational level using capture-recapture data and 

varies between zero (population without site fidelity) and one (resident population). 
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This index works when effort is not constant and when the detection of the subject 

presents difficulties. This is the case with cetaceans in general and sperm whales in 

particular, due to their long diving periods associated with feeding (Cantor et al., 2019). 

Likelihood techniques were used to estimate parameters of residency models 

(Whitehead, 2001). These techniques use datasets where animals are identified 

individually, but the identifications are distributed neither randomly nor systematically 

in space or time, and where the identifications themselves are used as a measure of 

effort. To estimate residency times, we applied the models developed by Whitehead 

(2001), that evaluate the estimated population size in the study area, the amount of 

time an individual spends within an area and the movements into and out of that area. 

Lagged identification rates (LIR) were calculated, which estimate the probability that an 

individual identified in the study area at any given time will be identified again in the 

study area some time lag after (Whitehead, 2001). Due to overdispersion (when the 

variance inflation factor >3, which may represent fundamental problems with the data; 

Lebreton et al., 1992), data from the Azores was limited to the months with the most 

homogeneous number of identifications (June to September). Since overdispersion for 

the Madeira dataset <3, the entire year was used in the analysis. The sampling period 

was defined as day for both archipelagos. Estimated LIRs were compared to expected 

LIRs from exponential mathematical models of residency established by Whitehead 

(2001) and fitted using maximum-likelihood methods. The model with the lowest quasi-

Akaike information criterion (QAIC) was selected as providing the best fit to the data 

(Whitehead, 2009). Precision (SE) was estimated using a bootstrap method. The analysis 

was performed with Socprog 2.9 (Whitehead, 2009). 
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Results 

Photographic analysis 

Information on the photographic analysis for the three archipelagos is presented in 

Table III.1.  

Table III.1 Total number and percentages of catalogued individuals for the three archipelagos. Individuals 
were classified into animals presenting one capture and more than one recapture, whether the recaptures 
were within the same year (intra-annual) or in different years (inter-annual). 

    Total number of Individuals Individuals with recaptures 

Area   catalogued individuals captured once Total Intra-annual Inter-annual 

Azores        
  Number 1276 948 328 102 226 

  %  74.3 25.7 31.1 68.9 

Madeira        
  Number 278 216 62 8 54 

  %  77.7 22.3 12.9 87.1 

Canaries        
  Number 153 142 11 0 11 

  %  92.8 7.2 0 100 

 

The number of individuals identified in the Azores is higher than in Madeira and the 

Canaries. However, Azores and Madeira showed similarities in the percentages of 

individuals captured only once (74.3 and 77.7%, respectively) and, consequently, of 

individuals with recaptures (25.7 and 22.3%, respectively). These two archipelagos also 

presented a higher prevalence of individuals recaptured in more than one year (68.9% 

for the Azores and 87.1% for Madeira). In the Canaries, only 11 individuals presented 

recaptures (maximum two recaptures), all captured on the same two dates in 2009 and 

2011. In Madeira, there was a maximum of 14 inter-annual recaptures, while in the 

Azores, the maximum was 27 (Figure III.2A). The discovery curves indicated that, for all 

archipelagos, the number of individuals identified has not stabilized, and therefore the 

whole population is yet to be sampled (Figure III.2B). Nevertheless, the curves for the 

Azores and Madeira were very similar in shape, despite the differences in the number 

of identified individuals, and presented an initial tendency for stabilization. The Canaries 

curve was still in linear growth with no signs of stabilization. 
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Figure III.2 (A) Capture frequency histograms for individual sperm whales for the three subareas of the 
Azores, Madeira and the Canaries. Most of the individuals of the three subareas were captured only once. 
Captures were aggregated in categories to facilitate visualization. (B) Discovery curves for individual 
sperm whales in the three subareas, based on the cumulative number of identifications concerning the 
number of identified individuals throughout the study period. 

Site fidelity and residency analysis 

For the subarea of the Azores, the SSFI showed a median of 0.0067 (SD=0.0093, range 

0.0056-0.0078; IT median=0.3207, SD=0.2818; It median = 0.0045, SD=0.1946). For the 

subarea of Madeira, SSFI presented a median of 0.0094 (SD=0.0069, range 0.0076-

0.0112; IT median=0.3713, SD=0.2388; It median=0.0056; SD=0.1928) (Figure III.3). 
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Figure III.3 Violin chart for the Standardized Site Fidelity Index (SSFI) for the archipelagos of Azores and 
Madeira. SSFI varies between 0 and 1, with zero being a population without site fidelity and one for a 
resident population 

Four residency models were fitted to the lagged identification rate: “closed” (no changes 

in the individuals present in the area), “emigration/mortality” (individuals leave the area 

and never return), “emigration + reimmigration” (individuals leave the area and may 

return), and “emigration + reimmigration + mortality” (individuals leave the area and 

may or not return due to emigration or mortality) (Table III.2). The model that best fitted 

the LIR for the Azores subarea was Emigration + reimmigration and for Madeira subarea 

was Emigration + reimmigration + mortality (Table III.2, Figure III.4). For the Azores 

subarea, from June to September, there was an average of 44.8 individuals (SE = 4.9) at 

any given time and individuals resided in the area for 12.9 days (SE = 1.5), before leaving 

for 99.1 days (SE = 12.5); goodness of fit x2 = 1643.563, df = 455, P = 0. For the Madeira 

subarea, there was an average of 8.4 individuals (SE = 16.1) at any given time and 

individuals resided in the area for 0.8 days (SE = 6.6) before leaving for 8.6 days (SE = 

6.9), with a very low mortality rate of 0.0008 (SE = 0.0002); goodness of fit x2 = 91.534, 

df = 58, P = 0.0033. 
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Table III.2 Models fitted to lagged identification rates (LIRs) for sperm whales in the archipelagos of the 
Azores and Madeira from 2014 to 2019. 

 

 

Figure III.4 Lagged identification rates (LIRs) for sperm whales in the archipelagos the Azores (Silva et al., 
2013; Prieto et al., 2014; González-Garcia et al., 2022) and Madeira from 2014 to 2019. For the Azores, 
analysis was restricted to the peak season, from June to September, while for Madeira was year-round. 
The figures show the probability that an individual identified in the study area at any time will be identified 
again in the study area some time lag after. The line represents the best-fitting model according to Table 
III.2, and the vertical bars indicate standard errors calculated using the bootstrap method. 

 

Discussion 

This study provides the first assessment of site fidelity and residency of sperm whales in 

a remote oceanic environment in the Eastern North Atlantic. It brings forth valuable 

insights for a threatened species population whose offshore habitat and deep-diving 

behavior impair data collection. Through the collaborative effort from national and 

international teams, it was possible to identify areas in Macaronesia as important 

Area    

Model No. of parameters QAIC Summed log likelihood 

Azores    
Emigration + reimmigration 3 20244.6 -37804.1 

Emigration + reimmigration + mortality 4 20281.9 -37869.9 

Emigration/mortality 2 20646.0 -38557.4 

Closed 1 20763.7 -38781.1 

Madeira    
Emigration + reimmigration + mortality 4 5080.9 -4004.5 

Emigration/mortality 2 5085.8 -4011.6 

Emigration + reimmigration 3 5127.3 -4042.7 

Closed 1 5141.8 -4057.3 
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habitats for a portion of the population of sperm whales inhabiting the North Atlantic. 

Moreover, it is shown that individuals used this region intra- and inter-annually. 

Although this study brings forth important scientific knowledge, it is nonetheless a 

preliminary approach due to, among other factors, its geographic limitation that impairs 

the extrapolation of these conclusions to the whole Macaronesia. This first 

characterization allows to identify existing data gaps in Macaronesia and highlights the 

increasing need to obtain reliable quantitative data from more extended areas to obtain 

a solid assessment of sperm whales in this area of the Eastern North Atlantic. For the 

Canaries, the dataset did not allow for more than preliminary results, and therefore the 

main core of this study was conducted in subareas of the Azores and Madeira 

archipelagos. This study also highlighted the importance of using both opportunistic and 

dedicated effort when working with species displaying pelagic habits, such as the sperm 

whale. This contributed to a more profound knowledge that will allow implementing 

appropriate conservation measures. 

The findings of this study are inferred from a combination of different analyses that 

support three broad main results. First, there is heterogeneity in capture probability, 

given that approximately ¼ of the identified individuals of the Azores and the Madeira 

subareas (25.7% and 22.3%, respectively) were captured more than once, with most of 

these (68.9% for the Azores and 87.1% for Madeira) presenting inter-annual recaptures. 

This result strongly indicates the importance of these subareas for a portion (¼) of the 

population that uses it on a regular basis, supporting previous studies (Silva et al., 2006; 

Boys et al., 2019; van der Linde & Eriksson, 2020). The Canaries dataset presents 

individuals captured mainly once (92.8%), which, together with the linear growth 

demonstrated by the discovery curve, indicates that the entire population is still far from 

being captured. This is most likely due to two reasons: i) low sampling effort, with the 

dataset covering only three years with homogenous effort and with a relative low 

number of identified individuals, and ii) geographic limitation (already a limitation for 

this study in general), with previous studies reporting a higher presence of sperm whales 

in other areas of the Canaries archipelago unsampled in this study (André, 1997; Fais et 

al., 2016; Correia et al., 2020; Herrera et al., 2021). Broader and more systematic 

research on sperm whales is needed for the Canaries, especially considering that this 
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area could work as a sink habitat due to the high mortality associated with ship strikes 

(Fais et al., 2016). Taking into consideration the existing connection between 

Macaronesian archipelagos already demonstrated by photo-id and genetics (Pinela et 

al., 2009; Steiner et al., 2015; Steiner, 2022), this could be causing a decrease in the 

Macaronesian population (as demonstrated with the stranding in the Canaries in 2019 

of an individual already sighted in the Azores, with signs of ship strike; Vidal Martín and 

Lisa Steiner own data). This impact could include the whole North Atlantic population if 

we consider the movement of males between Macaronesia, Norway, and the Bahamas 

(Steiner et al., 2012; Mullin et al., 2022). 

Second, the site fidelity index values for the Azores and Madeira subareas are similarly 

low (0.0067 ± 0.0093 and 0.0094 ± 0.0069, respectively; SSFI varies between 0 and 1). 

This follows the results of the photo-id analysis and supports that only a minor part of 

the population presents site fidelity to these subareas, while the majority uses them as 

passage. Studies focusing on site fidelity of sperm whales in this area of the Atlantic are 

limited to the Azores archipelago and indicate a lack of geographical and genetic 

structure, providing indirect evidence of site fidelity over short periods as well as 

between years from part of a larger oceanic population (Matthews et al., 2001; Pinela 

et al., 2009). Sperm whales are known as ocean nomads, with both solitary males and 

social groups of females and juveniles traveling thousands of kilometers regularly 

(Cantor et al., 2019), although recent studies have identified populations with solid site 

fidelity (e.g., Gero et al., 2014; Vachon et al., 2022). The complex social structure and 

the large spatial and temporal scales in which sperm whales occur are challenging for 

understanding their populations and ecology (Kaschner et al., 2012). Differences arise 

not only between populations but also between oceans, with the North Atlantic 

populations of sperm whales being more geographically and genetically structured than 

the Pacific, demonstrating shorter range movements and smaller group sizes, together 

with a higher number of calves (Whitehead et al., 2012). Therefore, extrapolating results 

across geographical areas without corroborating them with regional observations could 

provide incorrect conclusions (Kaschner et al., 2011; Vachon et al., 2022). 
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Third, the LIR estimates for the Azores and Madeira subareas support the previous 

results, with individuals spending more extended periods out of the sampled areas than 

within. For each area, the best model presented differences in QAIC that vastly 

surpassed the minimum value of two required for the model choice, reinforcing the 

selection of the best-fitting model as the most appropriate one (Burnham & Anderson, 

2002). This is also in agreement with the model selected from an ecological viewpoint, 

given the high levels of emigration and reimmigration expected from highly mobile 

species inhabiting vast oceanic areas, as also shown by other cetaceans in the region 

(Silva et al., 2013; Prieto et al., 2014; Dinis et al., 2016; Alves et al., 2019; Ferreira et al., 

2021; Badenas et al., 2022; González-Garcia et al., 2022). Moreover, previous studies on 

the target species for the Azores Archipelago support these results (Silva et al., 2006; 

Boys et al., 2019; van der Linde & Eriksson, 2020), while for Madeira, this is the first 

study to conduct such analysis. 

This study presents inevitable limitations associated with data collection, by joining 

information from multiple platforms across several areas, that covered only a small part 

of each archipelago. This invalidates the comparison between archipelagos, providing 

instead a characterization for each of the surveyed subareas: Pico and Faial islands in 

the Azores, south and southeast of Madeira island, and the eastern coast of Lanzarote 

and Fuerteventura in the Canaries. Also, while in Madeira and the Canaries the surveys 

took place year-round, in the Azores the weather conditions in the Winter invalidated 

such temporal scale, and data does not cover the entire year. However, the extended 

data collection period, together with the use of only good quality pictures and distinctive 

individuals, helped minimizing biases. In the Canaries, the smaller dataset hindered part 

of the analysis, and therefore more effort is needed for conclusions to be made 

regarding this area. This is already taking place with an ongoing project dedicated to the 

sperm whales in the Canaries. Opportunistic data is increasingly being used in cetacean 

research (e.g., Moura et al., 2012; Hupman et al., 2015; Alves et al., 2018; Fernandez et 

al., 2021). Although it presents limitations, those can be surpassed with adequate data 

analysis. The chosen index for this study, SSFI (Tschopp et al., 2018), is appropriate for 

situations where detection is not perfect, and the effort is heterogeneous, as in our 

study, thus providing robust quantifications of site fidelity at a populational level. This 
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index accounts for the behavioral aspects of the target species and the characteristics 

of the sampling effort, which significantly improved the reliability of these results. 

Moreover, the use of likelihood techniques for residency parameters takes into 

consideration heterogeneous effort (Whitehead, 2001; Vachon et al., 2022). 

Knowledge of biogeographical movement patterns is still limited for most pelagic 

species. Nevertheless, it is pivotal since many animals may encompass large 

geographical ranges within and beyond national waters (Dunn et al., 2019). The sperm 

whale is a cosmopolitan species with a complex differentiated behavior between sexes 

and populations. Yet, although having been the target of several studies worldwide (e.g., 

Drouot-Dulau & Gannier, 2007; Engelhaupt et al., 2009; Whitehead et al., 2012; Boys et 

al., 2019; Cantor et al., 2019), information on movements at the individual level is scarce 

for many populations. Its global threatened statuses require dedicated effort to 

establish conservation measures; however, its oceanic habitat hinders data collection 

and the coordination between stakeholders and governments. Conservation measures 

should include not only the core-used areas where social groups spend most of their 

time, exhibiting higher degrees of philopatry, but also the corridors used by males during 

their migrations between feeding and breeding grounds (Gero et al., 2014; Sahri et al., 

2022). Remote islands such as the ones in Macaronesia provide an excellent location for 

studying this marine predator and/or the effects of anthropogenic threats, but 

surveillance of the open ocean is paramount since only a small part of the population 

approaches the islands regularly. For example, recent assessments of the cetaceans’ 

vulnerability to climate change in the biogeographic region of Macaronesia showed that 

the sperm whale presented a moderate to high vulnerability score (Sousa et al., 2019; 

Sousa et al., 2021). All combined, identifying the critical habitats for sperm whales, both 

offshore and closer to islands, as well as quantifying parameters of fidelity and residency 

at the individual level, is a crucial issue in the conservation of populations that may show 

considerable variability in their habitat use (Vachon et al., 2022). 
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CHAPTER IV - Behavioural Ecology Traits of Elusive Deep-

Diver Whales Unravel a Complex Social Structure 

Influenced by Female Philopatry and Defence Polygyny 

 

Abstract 

Knowledge of the role of individual associations has provided an insightful 

understanding of the structures of animal societies, especially in highly social mammals 

such as primates. Yet, this is unbalanced towards marine mammals, particularly to 

beaked whales, due to their elusive nature. In addition, information on the fundamental 

drivers of the social structure of these deep-diving animals is still scarce. Here, the 

hypothesis of female defence polygyny was tested in Blainville’s beaked whales 

(Mesoplodon densirostris) and discussed within the context of marine and terrestrial 

organisms displaying similar patterns, by (i) estimating residency times to obtain 

information on the movements into and out of the area, (ii) analysing social networks to 

assess individual association metrics, (iii) measuring the strength of the associations to 

assess the existence of preferred or avoided relationships among individuals, and (iv) 

modelling different social structures to address temporal patterns in social relationships. 

Using a 9-year photographic dataset derived from the pelagic habitat, individual 

associations were inferred based on likelihood techniques. This approach allowed to 

infer on the species’ social structure in relation to age class, sex, residency status, and 

spatio-temporal patterns, which can be a good practice to be applied for other taxa. 

Heterogeneity in capture probability and residency times was observed between age-

sex classes, with adult females exhibiting long-term site fidelity. This suggests different 

habitat roles and spatial structuring within this social organisation. Strong and long 

dyadic associations occurred between adult females and immatures, contrarily to 

between males, and the best-fitting models of the temporal patterns suggested long-

lasting and temporary associations. The present findings unravel a complex social 

structure stratified by age-sex class and influenced by female philopatry and defence 
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polygyny, like an unimale group mating system, which varies from other beaked whales 

but is similar to some birds, pinnipeds, or non-human primates. 

KEYWORDS: age/sex-specific, beaked whales, individual temporal associations, island 

systems, megafauna, movement and residency patterns, pelagic habitat, social network 

 

Introduction 

Movement patterns and habitat composition are known to influence complex animal 

social structures (He et al., 2019). Animal movements are generally driven by resource 

availability, mating accessibility, predator avoidance and habitat complexity (e.g., Bailey 

and Thompson, 2006; Duijns et al., 2019), which in turn modulate social behaviour, 

group composition and population dynamics at a broader scale (Morales et al., 2010). 

The resulting social structure plays a pivotal role in the population’s ecology since it 

influences the spread of diseases and genetic flow (Sutherland, 1998). Therefore, social 

structure is considered a determining factor in conservation management plans (Wilson, 

1975). 

To study a population’s social structure, data on interactions between known individuals 

through time are needed (Hinde, 1976; Whitehead, 2008), which can sometimes be 

challenging to witness. Once associations are established, various tools exist to describe 

and model social structure (reviewed in Farine and Whitehead, 2015), which has 

provided a profound understanding of animal associations and their socio-ecological 

processes in highly social terrestrial mammals (e.g., Schreier and Swedell, 2009; Foerster 

et al., 2015; Berger et al., 2021). However, little attention had been given to the societies 

of species whose meaningful relationships are difficult to assess, such as cetaceans 

(whales and dolphins) (Lusseau et al., 2006; Rendell et al., 2019). Cetaceans associate 

with conspecifics (and occasionally interspecifically) when survival, access to resources 

and reproductive success are increased by group formation (Gowans et al., 2007). 

Nonetheless, the longevity and strength of those associations, and hence social 

structures, are modulated by the individuals’ residency patterns and habitat selection, 

which differ among and within species. As a result, cetacean’s social structures range 
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from highly fluid, so-called fission-fusion societies, where individuals associate in groups 

that change in composition and size daily (e.g., bottlenose dolphin Tursiops truncatus, 

Connor et al., 2000), to permanent associated matrilineal groups (e.g., killer whales 

Orcinus orca, Baird and Whitehead, 2000). 

Nevertheless, most information on cetacean social systems is from common and 

accessible species (i.e., abundant, inhabiting coastal waters, or easily approachable), 

thus exists a gap in the knowledge of the societal patterns of lesser studied Families such 

as beaked whales (Li and Rosso, 2021; Weiss et al., 2021). This is mainly because beaked 

whales inhabit pelagic and difficult-to-access environments and because of their short 

surfacing periods and cryptic behaviour (Tyack et al., 2006). Although research on 

beaked whales has increased in the last two decades (reviewed in Hooker et al., 2019) 

due to their high vulnerability to anthropogenic noise and specifically to navy sonar 

(Tyack et al., 2011), studies on these animals’ social structures cover only four species 

(out of at least 24 extant species, Carroll et al., 2021) and are still on their early stages 

(Baird, 2019; Weiss et al., 2021). In Blainville’s beaked whales (Mesoplodon densirostris), 

resident populations of this medium-sized (4–5 m long) deep-diver have only been 

described in a few remote archipelagos (Hooker et al., 2019) and only one peer-

reviewed study, wherever known, has provided insights on its social structure 

(McSweeney et al., 2007). That study suggested ephemeral relationships and female 

defence polygyny (characterised when males control females directly by defending 

them against conspecifics males; Shuster and Wade, 2003), yet it was based on 

descriptive analyses. 

Here, photographic data of Blainville’s beaked whales from an oceanic pelagic habitat 

was used to analyse individual associations and consequently to serve as a model system 

to infer the social structure in relation to age class, sex, residency status, and spatio-

temporal patterns. To better understand the species’ socio-behavioural traits and test 

the hypothesis of female defence polygyny, likelihood techniques were used to (i) 

estimate residency times, thus providing information on the movements into and out of 

the area, (ii) analyse the social network to assess individual association metrics, (iii) 

measure the strength of the associations to assess the existence of preferred or avoided 
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relationships among individuals, and (iv) model different social structures to address 

temporal patterns in social relationships. Such an integrative approach is expected to 

contribute to a more comprehensive view of the species’ social structure and enlighten 

the mysterious life habits of elusive and lesser-known animals. Finally, it is expected to 

advance the theoretical understanding of a specific social strategy related to philopatry, 

mating, and parental care in free-ranging animals, given that cetaceans provide a 

powerful outgroup for inferring the evolution of the social structure of other highly 

related mammals (Pearson, 2011). 

 

Material and Methods 

Study Area and Data Collection 

Photographic data of Blainville’s beaked whales were collected in the southern waters 

of Madeira Island (Portugal, 32°N 017°W), in a core area covering about 1,000 km2 up 

to 15 km off the coast (see Fernandez et al., 2021). The study area is surrounded by 

warm-temperate Atlantic waters and is characterised by a narrow continental shelf and 

steep submarine canyons (Geldmacher et al., 2000; Martins et al., 2007). These 

characteristics offer a privileged access to the pelagic environment where the target 

species commonly occurs throughout the year (Alves et al., 2018; Fernandez et al., 2021) 

and where some individuals are likely island-associated (Dinis et al., 2017). The data 

were collected year-round through whale-watching platforms (see Acknowledgments; 

procedures detailed in Alves et al., 2018) and in research trips, between 2011 and 2019 

(Table IV.1 and Supplementary Table 1). On each occasion with Blainville’s beaked 

whales, animals were approached and photographed using digital reflex cameras with 

zoom lenses, independently of age class, sex, and distinctiveness. 
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Table IV.1 Summary of the photographic data used in the analysis, i.e., truncated to distinctive animals 
and good quality pictures. 

Year No. of photographic occasions No. of captures No. of newly identified individuals 

2011 13 30 13 

2012 6 9 4 

2013 7 13 3 

2014 9 14 4 

2015 20 47 18 

2016 17 41 12 

2017 29 52 8 

2018 23 52 9 

2019 30 67 8 

Total 154 325 79 

 

Photographic Analysis and Site Fidelity 

A previous photographic-identification (hereafter “photo-id”) catalogue and dataset of 

all animals’ capture histories from 2011 to 2016 (Dinis et al., 2017) was updated with 

the newly collected data following standardised procedures (Würsig and Jefferson, 

1990). Individuals were identified using unique scarring patterns on the body as well as 

nicks on dorsal fins (McSweeney et al., 2007; Dinis et al., 2017). The distinctiveness of 

each whale was rated from 1 (poorly distinctive) to 4 (very distinctive) following 

McSweeney et al. (2007), and the photographs were assigned a quality grade ranging 

from 1 to 4 (low- to high-quality) based on Alves et al. (2013). Only good quality pictures 

(grade 3 or 4) and individuals with distinctiveness 2–4 (slightly to very distinctive) were 

used in the analyses to enhance the reliability of the data. A capture was defined as an 

individual identification from a photographic occasion (Würsig and Jefferson, 1990). 

Three catalogues were compiled: one for females, one for males, and one for immature 

whales of unknown sex. Sex and age class (immature, subadult male, adult male, or adult 

female) was determined based on body size and colour, body scarring, association with 

calves, and the presence or absence of erupted teeth in the lower jaws (Claridge, 2006; 

McSweeney et al., 2007; Dinis et al., 2017). Photographic comparisons were performed 

visually (Robbins et al., 2011; Alves et al., 2019), and at least two co-authors confirmed 

individual matches, sex, and age class. 
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Additionally, a residency pattern was attributed to each individual. Three residency 

patterns were established based on the capture histories. Individuals that exhibited 

multi-year and year-round site fidelity (captured in at least 4 years and three seasons, 

i.e., January–March, April–June, July–September, October-December) were termed 

residents; individuals captured only once or a few times within a week and never 

captured again were termed transients; and individuals that fell between these two 

categories were considered emigrants/immigrants or regular visitors and were 

consequently termed visitors (adapted from Alves et al., 2013). Two exceptions were 

made for whales Md99 and Md119 that were only seen during 3 (consecutive) years but 

during the four seasons and always with resident whales, and therefore were termed 

residents. 

A discovery curve was plotted using the capture histories, and the recapture rates (RRs) 

per age class were calculated to assess site fidelity. The discovery curve was created by 

plotting the cumulative number of identified individuals against the cumulative number 

of captures. The RRs were calculated by dividing the number of individuals with ≥2 

captures by the total number of individuals. Recaptures within the same day were 

excluded. 

Movement Analysis 

The amount of time animals spent within the study area was examined using Lagged 

Identification Rates (LIR). The LIR is the probability that an individual observed in the 

area at a given time will still be present τ time-lags later (Whitehead, 2001). Given the 

difference between the capture histories of the age classes and the fact that immatures 

were almost always seen with an adult female, two different LIR were performed: one 

for all males and one for females and immatures. All individuals captured between 2015 

and 2019 (years with the higher number of captures, Table 1), independently of the 

number of captures, were included in the analysis. Four models were fitted to each 

dataset using maximum likelihood, binomial loss, and bootstrapped standard error (SE), 

following Whitehead (2009). The model with the lowest Quasi Akaike Information 

Criteria (QAIC) was selected as the best-fitting model (Whitehead, 2008, 2009). The 

sampling period was defined as day, and associations were defined as individuals 
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grouped within an occasion. LIR was conducted using SOCPROG version 2.9 (Whitehead, 

2009). 

Social Analyses 

Network Analyses 

A social network diagram was created using NetDraw 2.158 (Borgatti, 2002) to illustrate 

the species social structure (Kappeler, 2019). All occasions between 2011 and 2019 were 

considered, excluding only those resulting in single captures as they did not provide any 

linking information (and such cases likely represented incomplete sampling effort in 

photographing the entire group instead of solitary animals, given these were never 

recorded during the research trips). Residency pattern and age-sex class were included 

as individual attributes. Nodes correspond to individuals, while lines between nodes 

represent the strength of association among dyads, with thicker lines indicating stronger 

associations. 

Two network metrics (strength and clustering coefficient) were obtained using 

SOCPROG’s network statistics (Whitehead, 2009). The strength is the sum of the weights 

of all links of a given node, and can be used as a measure of individual social centrality 

(Barrat et al., 2004). The clustering coefficient measures whether the associates of an 

individual are themselves associated (Barrat et al., 2004; Lusseau, 2007). Significant 

differences in the network measures among attributes of age/sex and residency 

patterns were tested with a double permutation test (Farine and Carter, 2022) using the 

aspine R package (Farine, 2013). 

Preferred Associations 

To reduce the chance of including spurious associations, only whales with ≥3 captures 

from occasions with medium- (where at least half of the group was photographed) and 

high-coverage (where essentially all individuals were photographed) between 2011 and 

2019 were included in this analysis. Because of the opportunistic nature of data, the 

photographic coverage of individuals during sightings was unknown. To overcome this 

issue, 50 high-quality photographs, including at least three whales in the frame, were 
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selected to calculate the percentage of marked individuals in a group and infer 

photographic coverage. The rate of distinctive individuals was obtained by dividing the 

number of marked individuals by the total individuals captured in the frame for each 

photograph and calculating an overall mean for all pictures. This resulted in 71% (±19%) 

of the individuals in a group being marked. Based on this and on the Blainville’s beaked 

whales mean group size of 3.7 (SD = 1.7) individuals in the study area (Alves et al., 2018; 

which is similar to other regions, see Ritter and Brederlau, 1999; Claridge, 2006; 

McSweeney et al., 2007), sightings with ≥2 captures were considered to be of medium- 

and high-coverage, and were therefore used in the subsequent analyses. 

The half-weight association index (HWI) (Cairns and Schwager, 1987) was used to 

represent the strength of the association between beaked whale dyads (following 

Whitehead, 2008; Hoppitt and Farine, 2018), where “0” indicated that individuals were 

never captured together and “1” that individuals were always together. The mean and 

the maximum of associations were also calculated. 

Permutation tests were used to assess whether preferred or avoided relationships 

among individuals and among age classes existed (Bejder et al., 1998; Whitehead, 1999). 

The null hypothesis was that individuals were associated with the same probability with 

other individuals. Observed coefficients of variation (CV) of the pairwise association 

indices significantly higher than those from permuted datasets were taken as evidence 

that individuals had preferred companions (Whitehead, 1999; Whitehead et al., 2005). 

The number of permutations generated was increased until the p-values stabilised 

(Bejder et al., 1998; Whitehead, 1999), at 1,000 trial flips per permutation. Based on the 

LIR results, three different sampling periods were used to assess associations between 

individuals and among age classes (adapted from Gero et al., 2015): (1) “hour,” hourly 

sampling period to test for short-term associations, (2) “month,” a monthly sampling 

period to test for medium-term associations, and (3) “year,” yearly sampling period to 

test for long-term associations. This procedure removes any existing autocorrelation 

between groups that have been sighted together for short periods (hours or days) 

(personal communication, H. Whitehead, 2020). The association was defined as 
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individuals grouped within an occasion for all three sampling periods, and associations 

were permuted between sampling periods. 

Temporal Patterns 

Standardised lagged association rates (SLAR) were used to address temporal patterns in 

social relationships (Whitehead, 1995). SLAR assessed the probability that two 

associated individuals at a given time would still be associated at a certain time-lag in 

the future. To aid in the interpretation of SLAR, the null association rate was also 

considered (Whitehead, 2009). The moving average was chosen to adjust best between 

precision and smoothing, and SE was estimated using the temporal jackknife method on 

each sampling period (Whitehead, 2009). Four exponential models that represented 

simulated social structures were fitted to the SLAR: the first model had no decay and 

suggests permanent associations; the second model had a decay down to zero and 

suggests that associations decrease until complete disassociation; the third model had 

a decay that levelled off and suggests long-lasting and temporary associations; and the 

fourth model had two decays and suggests two levels of disassociation, one at shorter 

and one at longer time lags (Whitehead, 2008). The best fitting model was chosen 

through the lowest QAIC (Whitehead, 2008, 2009). Since the patterning of all 

associations is important, data from 2011 to 2019 including all individuals, 

independently of the number of times captured, during medium- and high-coverage 

events were used for two SLARs: one for all individuals and other for adult female 

associations. The sampling period was defined as day, and associations were defined as 

individuals grouped within an occasion. Preferred association and temporal pattern 

analyses were performed using SOCPROG 2.9 (Whitehead, 2009). 

 

Results 

A total of 325 captures based on good quality pictures were obtained from 154 

photographic occasions, allowing the identification of 79 distinctive animals (Table IV.1). 

There was a mean of 2.1 captures (SD = 1.1, range 1–5) per occasion, and of the total 
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catalogued whales, 29 were adult females, 19 were adult males, 12 were subadult 

males, and 19 were immature (Table IV.2). 

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

 Adult females Adult males Subadult males Immature Total 

Residents 7 2 0 2 11 

Visitors 15 6 3 7 31 

Transients 7 11 9 10 37 

Total 29 19 12 19 79 

 

Sixty-six percent of the animals (n = 52) were captured on multiple occasions (mean = 4 

captures, range 2–31). Fifty-seven percent of the animals (n = 45) were captured intra-

annually and the remaining were captured inter-annually [of which 53% (n = 18) were 

adult females, 21% (n = 7) adult males, 9% (n = 3) subadult males, and 18% (n = 6) 

immatures]. Inter-annual recaptures ranged from 2 to 8 years, but only adult females 

were recaptured in >5 years (Supplementary Table IV.1 and Supplementary Figure IV.1). 

Residents comprised 14% of the animals (n = 11), visitors 39% (n = 31), and transients 

47% (n = 37). Adult females were the dominant age-sex class of residents (64%, 7/11) 

and visitors (48%, 15/31), whereas adult and subadult males and immatures were mainly 

transients (Table IV.2). 

The overall RR was 0.66. Adult females presented the highest value (RR = 0.86), followed 

by immature individuals (RR = 0.63) and adult males (RR = 0.58), while subadult males 

had the lowest (RR = 0.42). The discovery curve showed a slight decrease between 200 

and 300 cumulative captures, and thereafter the curve begins to stabilise (Figure IV.1). 
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Figure IV.1 Discovery curve for distinctive whales based on good quality images. 

Movement Analysis 

The best-fitting LIR model for the adult females and immatures, and for the adult and 

subadult males, was the “Emigration + Reimmigration + Mortality” (Table IV.3).  

Table IV.3 Models fitted to Lagged Identification Rates (LIR) for adult females and immatures, and for 
adult and subadult males of Blainville’s beaked whales captured between 2015 and 2019. 

τ is time lag in days. The lowest QAIC (in bold) indicates the best-fitting model. Estimated residency parameters and standard errors 
(SE) for the best-fitting model for adult females and immatures are: population size in the study area at a given time = 10.89 (2.29); 
residence time in the study area = 214.44 (99.68) days; residence time out of the study area = 158.43 (448.63) days; and mortality = 
0.0004 (0.0004). Estimated parameters for the best-fitting model for adult and subadult males are: population size in the study area 
at a given time = 0.94 (2.13); residence time in the study area = 1.38 (21.16) days; residence time out of the study area = 14.36 
(44.48) days; and mortality = 0.001 (0.0006). *very large SE 
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Cumulative number of captures

Age-sex class Model a1 a2 a3 a4 QAIC 

Adult female + 
immature 
(n=48) 

Closed 
22.10 
(2.43) 

- - - 
4899.37 

Emigration/mortality 
14.97 
(2.79) 

1424.11 
(1574.56) 

- - 
4848.00 

Emigration + 
reimmigration 

12.40 
(2.48) 

503.82 
(430.32) 

800.99 (*) - 4843.14 

Emigration + 
reimmigration + 
mortality 

10.89 
(2.29) 

214.44(99.68) 158.43 
(448.63) 

0.0004 
(0.0004) 

4842.27 

       
Adult + 
subadult 
males (n=31) 

Closed 
17.43 
(4.49) 

- - - 
813.78 

Emigration/mortality 
9.80 

(4.25) 
862.12 

(16186.45) 
- - 

794.42 

Emigration + 
reimmigration 

2.91 
(1.99) 

10.61 (184.84) 58.92 (*) 
 

802.39 

Emigration + 
reimmigration + 
mortality 

0.94 
(2.13) 

1.38 (21.16) 14.36 
(44.48) 

0.001 
(0.0006) 

791.08 
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The model indicates that 11 adult females and immatures (SE = 2) spent an average of 

214 days (SE = 99) in the area before leaving to return after 158 days (SE = 448) with a 

mortality rate of < 0.001 (Figure IV.2A). It also estimated that 1 male (SE = 0.94) spends 

an average of 1 day (SE = 21) before leaving to return to the study area 14 days later (SE 

= 44) with a mortality rate of <0.001 (Figure IV.2B). 

 

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

Social Analyses 

Network Analyses 

The social network analyses comprised 70 individuals from 97 photographic occasions 

with a total of 267 captures, of which 28 were adult females, 18 adult males, 9 subadult 

males, and 15 immature individuals. The network diagram shows that most individuals 

(92%; n = 64) are linked by association in the main social core, while the remaining six 

individuals (8%) form satellite dyads (Figure IV.3). The main cluster includes all the 

resident individuals, 29 visitors (93%) and 24 transients (86%). In contrast, the remaining 

three satellite clusters only include transients and visitors (two visitor-transient dyads 

and one transient-transient dyad). 
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Figure IV.3 Network diagram of Blainville’s beaked whales. Nodes represent individuals and are coloured 
and shaped for age-sex class and residency attributes: pink- adult female, blue- adult male, orange- 
subadult male, green- immature; circle- resident, triangle- visitor, and square- transient. The thickness of 
the lines between nodes represents the strength of association among dyads, where thicker lines 
correspond to stronger associations. The embedded network at the top right is the network of the 
resident whales only. Illustration E. Berninsone © ARDITI. 

Network measures varied greatly between residency patterns but were similar between 

age classes and sexes (Figure IV.4 and Supplementary Table IV.2). The double 

permutation test showed no significant differences in the strength and clustering 

coefficient when testing the influence of age-sex classes and residency patterns. 

 

Figure IV.4 Boxplot for strength and clustering coefficient for each residency pattern (R–resident, V–
visitor, T–transient) in adult females (the most representative group). The horizontal line in the box 
represents the median, the bottom and top of the boxes represent the first and third quartiles and 
whiskers show values within 1.5 times of the interquartile range from the boxes. Raw data are plotted as 
single points. A double permutation test showed no significant differences on the influence of residency 
patterns in the social network structure. 
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Preferred Associations 

The mean association indices were low (HWI = 0.04 ± 0.02), but the maximums were 

high (Supplementary Figure IV.2). The highest maximum association indices were found 

between immature whales and adult females (0.51 ± 0.13), followed by adult males with 

adult females (0.34 ± 0.12), and within adult females (0.25 ± 0.13). The lowest mean and 

maximum association indices were found for all combinations of subadult males and 

adult males’ dyads (HWI = 0 for subadult-subadult and male-male dyads, HWI = 0.01 ± 

0.01 for subadult male—adult male dyads). The sum of association indices indicated that 

the associates per individual ranged from 1.3 to 4 whales (mean = 2.48 ± 0.59, 

Supplementary Figure IV.3). 

Permutation tests within and between adult males, subadult males, and immature 

whales, could not be permuted, for which the null hypothesis that individuals associate 

randomly could not be rejected. However, preferred associations within adult females 

and between adult females and the other age-sex classes varied for short-, medium-, 

and long-term sampling periods (Table IV.4). The observed CV was significantly higher 

than the random CV for the dataset, including all the individuals for short-, medium-, 

and long-term periods. Adult females had short- and medium-term preferred 

associations within their category and between all age-sex classes (p < 0.05) except for 

subadult males with whom they associated randomly. The significant monthly 

associations between adult females and adult males revealed that Md119 (adult 

resident male) had strong associations with Md55 and Md99 (adult resident females, 

HWI = 0.45 and 0.48 respectively, p < 0.05). Long-term preferred associations occurred 

within adult females, and between adult females and immatures (p < 0.05), and long-

term random associations occurred between adult females and all males independently 

of age class. 
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Table IV.4 Permutation tests for preferred associations within and between age classes and sexes for 
individuals captured on ≥ 3 occasions for short-, medium-, and long-term between 2011 and 2019. 

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

 Short-term (sampling period hours) 

All individuals (n = 36) 2.31 2.00 0.001 

Adult female - Adult female (n = 19) 2.17 1.99 0.02 

Adult female- Adult male (n=26) 1.74 1.61 0.02 

Adult female - Subadult male (n=21) 2.34 2.29 0.25 

Adult female - Immature (n=26) 2.40 2.04 0.002 

 Medium-term (sampling period months) 

All individuals  2.26 2.09 0.001 

Adult female - Adult female  2.30 2.03 0.003 

Adult female- Adult male  1.75 1.63 0.03 

Adult female - Subadult male  could not be permuted 

Adult female - Immature  2.25 1.97 0.00 

 Long-term (sampling period years) 

All individuals 2.26 2.09 0.001 

Adult female – Adult female 2.30 2.10 0.01 

Adult female – Adult male 1.75 1.68 0.16 

Adult female – Subadult male 2.34 2.24 0.13 

Adult female – Immature 2.26 2.05 0.01 

Temporal Patterns 

The third model was the best-fitting model for all individuals and for adult females (Table 

IV.5). For all individuals, SLAR was highest for short time lags and started decreasing fast 

after 100 days, reaching the null association rate in about 1 year (Figure IV.5A). Adult 

females showed a similar pattern, except that SLAR constantly declined from the short 

time lags and that the null association rate was reached later (Figure IV.5B). 

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

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

Age-sex class Model Number of parameters QAIC 

All individuals PC 1 677.69 

CA 2 596.57 

PC+CA 3 569.24 

Two levels of CA 4 571.12 

    
Adult females PC 1 153.99 

CA 2 129.93 

PC+CA 3 123.87 

Two Levels of CA 4 164.17 
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Figure IV.5 Standardised lagged association rate (SLAR) for (A) all individuals and (B) adult females 
captured between 2011 and 2019. Vertical bars indicate SE calculated using the temporal jackknife 
method. The brown line is the observed data, the yellow line is the best-fitting model according to Table 
IV.5, and the blue line is the standardised null association rate (i.e., if individuals associated randomly). 

 

Discussion 

This study provides an analysis of the social structure of Blainville’s beaked whales in 

insular oceanic ecosystems, which are characterised by specific topographic and 

oceanographic variables that are known to influence predators’ habits, such as 

cetaceans (Abecassis et al., 2015; Fernandez et al., 2021). The analysis of a longitudinal 

dataset on individual associations in relationship to age class, sex, residency status, and 

spatio-temporal patterns showed a social structure modulated by adult females. This 

agrees with analyses of mammalians’ social complexity where a female-based sociality 

prevails (Lukas and Clutton-Brock, 2018), in which cetaceans, and especially toothed 

whales, are no exception (Rendell et al., 2019). The present findings support the 

hypothesis of female defence polygyny suggested by McSweeney et al. (2007) for a 

population in Hawaii’, as well as reported in the Bahamas and Canary Islands (Claridge, 

2006; Suárez, 2018). In addition, the present findings support information on female 

philopatry based on higher residency levels by adult females and provide a discussion 

on this social strategy. 

The findings obtained in this study are inferred from a good agreement of the 

combination of movement and social analyses, from which five broad main results have 

emerged. First, there was heterogeneity in capture probability, given that 60% of the 

animals were captured on multiple occasions and most of the inter-annual recaptures 

(and the longer ones; >5 years) were from adult females. Island-associated animals (i.e., 
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residents and visitors) were also mainly adult females, which presented the highest RR 

(0.86). The asymptotic discovery curve, observed from approximately > 300 cumulative 

captures, reveals that the studied island-associated population seems relatively small 

(likely < 50 animals). This also shows that recruits are less common throughout the years 

and some adult females exhibit high site fidelity, supporting Dinis et al. (2017). 

Second, the best-fitting models from the LIR analysis included emigration and 

reimmigration with (residual rates of) mortality, which suggests temporary migration 

into and out of the area and transiency, with mortality within expected values given the 

duration of the study and the long-living nature of this mammal species. Additionally, it 

shows heterogeneity in residency times between age-sex classes. A higher number of 

adult females and immatures spent more time in the area than adult and subadult 

males, but also left for more extended periods. This reinforces the more constant 

presence of adult females and immatures in Madeira. The differentiated habitat use by 

Blainville’s beaked whales of different age classes, sexes and residency patterns has also 

been described in the Hawaii’, Bahamas and Canaries from photo-id analysis (Claridge, 

2006; McSweeney et al., 2007; Suárez, 2018). Moreover, the heterogeneity in residency 

times between age-sex classes suggests different habitat roles, supporting spatial 

structuring within the species social organisation, with an indication of female 

philopatry. 

Third, the social network analyses shows that the main cluster includes all the resident 

individuals and 93% of the visitors, supporting an island-associated population in the 

study area. This agrees with the previous points and with Dinis et al. (2017). Central 

individuals can be information carriers in dolphin societies (Lusseau and Newman, 

2004), yet there was no significant influence of the age-sex classes and residency 

patterns in the network measures. This could be related to the sampling area that likely 

represents a portion of the home range of these animals, especially of the transients, 

making it difficult to confirm the role that different residency patterns might play in the 

social network analyses of Blainville’s beaked whales. 

Fourth, the tests for preferred associations show strong dyadic associations between 

adult females and immatures, contrarily to between males, as expected for a long-lived 
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mammal species (Lukas and Clutton-Brock, 2018). This is based on the highest maximum 

association indices between adult females and immatures and the lowest mean and 

maximum association indices among all combinations of subadult males and adult 

males’ dyads. The sum of association indices indicated that the typical number of 

associates per individual ranged from 1.3 to 4, indicating small group sizes similar to 

other areas (reviewed in Baird, 2019). Adult females exhibited short- and medium-term 

preferred associations between all age-sex classes, except for subadult males with 

whom they associated randomly. The significant monthly associations between adult 

females and adult males were likely influenced by pairs of dyads composed by a 

particular adult resident male (Md119) with two adult resident females (Md55 and 

Md99; based on their capture histories, Supplementary Table 1). In the long-term, 

preferred associations occurred only within adult females, and between adult females 

and immatures, supporting the hypothesis of female defence polygyny in this species. 

Fifth, the best-fitting models from the analysis of the temporal pattern included a decay 

that levelled off and suggested long-lasting and temporary associations. The fast 

decrease of SLAR after 100 days for all individuals, indicated that many associations 

between individuals did not last longer than 3 months. The null association rate was 

reached in about 1 year, meaning that individuals associated randomly more often than 

expected for about a year. The peaks formed at 400 and ≈1,500 days are, most probably, 

a sampling by-product. For adult females, the null association rate was reached later 

(approximately 3.5 years). Therefore, adult females associated more often than 

expected if they associated randomly for periods of at least 3.5 years, although the SLAR 

stays above the null association rate for more extended periods. Such period could be 

related to time invested in nursing and/or alloparental care, which is a socioecological 

strategy commonly displayed by mammals (Greenwood, 1980; Berger et al., 2021), and 

particularly by deep-diving cetaceans like pilot (Globicephala spp.) or sperm whales 

(Physeter macrocephalus) (Whitehead, 1996; Augusto et al., 2017). While the obtained 

SLAR slope for adult females declines faster, their association rates are higher than those 

from all individuals, indicating that other age-sex classes, such as adult males, subadult 

males, and immatures, have more ephemeral associations between individuals and 

hence decreased the values of the association rates. The jackknife precision estimates 
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indicate that associations between adult females last longer than all age classes 

combined. 

As an overview, there were intra- and inter-annual preferred associations between 

females, but preferred associations with males occurred only intra-annually. In addition, 

adult females and immatures stayed extended periods in the area when compared to 

adult and subadult males. It is suggested that Blainville’s beaked whales exhibit a general 

pattern of one adult male leading a small group of females during a short- to mid-period 

of time (hours to months) and that females are the ones “controlling” the area (i.e., 

higher site fidelity) and displaying longer-term associations; thus having a social 

structure driven by female philopatry and defence polygyny. This agrees with the 

unimale group mating system described in Clutton-Brock (1989) where the cost-

effectiveness of territoriality declines and males are more likely to defend groups of 

females or to search receptive females, as observed in several terrestrial mammals 

(Clutton-Brock, 1989) and similar to sperm whales (Rendell et al., 2019). It can therefore 

be inferred that Blainville’s beaked whales have a social structure stratified by age-sex 

class, and that they can combine a mix of the sociality found in smaller delphinids where 

ephemeral relationships usually take place (Gowans et al., 2007) and in mid- to large-

sized toothed whales where “matrifocal” or matrilineal systems occur (Rendell et al., 

2019). Different or mixed social structures are not uncommon among mammals, such 

as, for example, the stratified community and the multi-male mating system of Risso’s 

dolphins (Grampus griseus) (Hartman et al., 2008, 2015), which differs from the fission-

fusion and matrilineal society models. 

The findings presented here shed light on a single species of the second-most speciose 

family (Ziphiidae) of cetaceans. Studies on the social structure of beaked whales exist 

only for four species (17% of all known beaked whale’s species; Carroll et al., 2021), 

derived from restricted areas (reviewed in Weiss et al., 2021). While for Cuvier’s beaked 

whales (Ziphius cavirostris), sperm competition seems to play a role in the mating 

system (Baird, 2019), in northern bottlenose whales (Hyperoodon ampullatus), there are 

strong associations between males (Gowans et al., 2001), whereas, in Baird’s beaked 

whales (Berardius bairdii), there are stable associations among more scarred (old and/or 
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male) individuals (Fedutin et al., 2015). Thus, beaked whales’ social structures should 

not be generalised, given that association patterns, mating structures and societies vary 

between species (Hooker et al., 2019). 

This study also increases our knowledge of the social strategy related to female 

philopatry and female defence polygyny. Here, both are present, but one does not 

necessarily imply the other. One and/or the other has been described for birds, 

pinnipeds, deers, or non-human primates (Greenwood, 1980; Le Boeuf, 1991; Koening 

et al., 2013; Bose et al., 2017), thus suggesting interspecific flexibility of mating systems 

and social structure, which could arise from several factors such as more cooperative 

male resource defence (Koening et al., 2013). The formation of stable associations can 

be correlated with biological and ecological factors (Morales et al., 2010), with long-

term bonds being recorded within age-sex classes and with female-biased kinship 

organisation being found among larger species (Weiss et al., 2021). Such stable 

relationships provide certain advantages over sporadic bonds, like allomaternal care in 

deep-diving species (Rendell et al., 2019) or increased male mating success and herding 

of females during breeding seasons (Clutton-Brock, 1989; Connor et al., 1992), which 

could partially explain the described social system of the Blainville’s beaked whales. 

Potential biases in the present study, especially those related to heterogeneity in 

capturability and residency, could be related to using data from platforms of 

opportunity. Nevertheless, likelihood techniques were used to estimate parameters of 

movement models (Whitehead, 2001), which allowed dealing with the effort associated 

with collecting the individual identifications that had been neither randomly nor 

systematically distributed in space-time. In addition, the fact that the data were 

collected year-round over a relatively long period, and that it was restricted to good 

quality pictures and distinctive individuals, helped minimising biases. Moreover, the 

HWI was selected to represent the strength of the behavioural relationships between 

dyads since it is potentially less biased and recommended to be used when not all 

individuals have been identified in a sampling period (Whitehead, 2008), as in this case. 

Although other indices such as the Simple Ratio (Ginsberg and Young, 1992) could also 

be a good candidate (following Hoppitt and Farine, 2018), the inferences drawn from 
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that index (not shown) were similar to the HWI and therefore the latter was preferred 

based on Whitehead (2008), even being aware that it does not fully correct biases. 

Another issue is that, when there is a difference in QAIC by less than two, the second 

best-fitting model should not be disregarded since it still offers substantial support 

(Burnham and Anderson, 2002). In this study, there was one case in the LIR and another 

in the SLAR analyses. In the former case, the only difference with the best model was 

that the second-best did not include mortality. Given that it makes sense to consider 

mortality in a real-life scenario, the model with the lowest QAIC was in accordance with 

being the best one. In the latter case, the third model was the best-fitting and the fourth 

model was the second best. Again, the best-fitting suggests being the most logical 

because permanent association (or preferred companions) occurred to some extent 

(i.e., long-term associations among adult females) in the targeted population. Finally, 

analyses on the social structure of animals that spend most of its time submerged, such 

as beaked whales (Tyack et al., 2006), should be inferred with caution. However, we 

believe that the findings obtained from surface data should reflect, in a general way, the 

species social system. 

To further assess the socioecology of deep-diving species within an evolutionary 

approach, future studies should combine photo-id analyses with genomics and/or 

biotelemetry (e.g., Aguilar de Soto et al., 2012; Abecassis et al., 2015; Visser et al., 2021). 

Although challenging, targeting several individuals of the same group would help clarify 

these elusive species’ matrilineal kinship. Comprehensive studies, such as the present 

one, allow incrementing our knowledge on the social behaviour of beaked whales and 

identifying resident populations. This information is necessary to better understand, 

manage and protect such cryptic species from increasing anthropogenic disturbances 

for which they are vulnerable. 

 

Funding 

The Oceanic Observatory of Madeira and the Portuguese Foundation for Science and 

Technology (FCT) throughout the strategic projects M1420-01-0142-FEDER-000001 and 



CHAPTER IV 

 
121 

UIDB/04292/2020, respectively. AB was supported by a MARE grant throughout the 

project UIDB/04292/2020, AD by ARDITI throughout the project M1420-09-5369-FSE-

000002, RF by the FCT grant SFRH/BD/147225/2019, AS by the FCT grant 

SFRH/BD/141609/2018, MF by the MAC2/1.1a/385 in the framework of INTERTAGUA 

(MAC INTERREG 2014-2020), and FA by the FCT project UIDP/04292/2020 granted to 

MARE. 

 

Acknowledgments 

We thank all researchers, volunteers, and whale-watching operators who contributed 

with photographic data, especially to Ventura | nature emotions, H2O-Madeira, VMT 

Madeira, and Lobosonda. We thank Hal Whitehead for valuable inputs in the social 

analysis. We also thank Ashlie McIvor and both reviewers for valuable comments. 

References 

Abecassis, M., Polovina, J., Baird, R. W., Copeland, A., Drazen, J. C., Domokos, R., et al. (2015). 
Characterising a foraging hotspot for short-finned pilot whales and Blainville’s beaked whales 
located off the west side of Hawai‘i Island by using tagging and oceanographic data. PLoS One 
10:e0142628. doi: 10.1371/journal.pone.0142628 

Aguilar de Soto, N., Madsen, P. T., Tyack, P., Arranz, P., Marrero, J., et al. (2012). No shallow talk: 
Cryptic strategy in the vocal communication of Blainville’s beaked whales. Mar. Mamm. Sci. 28, 
E75–E92. doi: 10.1111/j.1748-7692.2011.00495.x 

Alves, F., Alessandrini, A., Servidio, A., Mendonça, A. S., Hartman, K. L., Prieto, R., et al. (2019). 
Complex biogeographical patterns support an ecological connectivity network of a large marine 
predator in the north-east Atlantic. Divers. Distrib. 25, 269–284. doi: 10.1111/ddi.12848 

Alves, F., Ferreira, R., Fernandes, M., Halicka, Z., Dias, L., and Dinis, A. (2018). Analysis of 
occurrence patterns and biological factors of cetaceans based on long-term and fine-scale data 
from platforms of opportunity: Madeira Island as a case study. Mar. Ecol. 39:e12499. doi: 
10.1111/maec.12499 

Alves, F., Quérouil, S., Dinis, A., Nicolau, C., Ribeiro, C., Freitas, L., et al. (2013). Population 
structure of short-finned pilot whales in the oceanic archipelago of Madeira based on photo-
identification and genetic analyses: Implications for conservation. Aquat. Conserv.: Mar. Freshw. 
Ecosyst. 23, 758–776. doi: 10.1002/aqc.2332 



CHAPTER IV 

 
122 

Augusto, J. F., Frasier, T. R., and Whitehead, H. (2017). Characterizing alloparental care in the 
pilot whale (Globicephala melas) population that summers off Cape Breton, Nova Scotia, 
Canada. Mar. Mamm. Sci. 33, 440–456. doi: 10.1111/mms.12377 

Bailey, H., and Thompson, P. (2006). Quantitative analysis of bottlenose dolphin movement 
patterns and their relationship with foraging: Movement patterns and foraging. J. Anim. Ecol. 
75, 456–465. doi: 10.1111/j.1365-2656.2006.01066.x 

Baird, R. W. (2019). “Behavior and ecology of not-so-social odontocetes: Cuvier’s and Blainville’s 
beaked whales,” in Ethology and Behavioral Ecology of Odontocetes, ed. B. Würsig (Cham: 
Springer International Publishing), 305–329. doi: 10.1007/978-3-030-16663-2_14 

Baird, R. W., and Whitehead, H. (2000). Social organisation of mammal-eating killer whales: 
group stability and dispersal patterns. Can. J. Zool. 78, 2096–2105. doi: 10.1139/z00-155 

Barrat, A., Barthelemy, M., Pastor-Satorras, R., and Vespignani, A. (2004). The architecture of 
complex weighted networks. Proc. Natl. Acad. Sci. 101, 3747–3752. doi: 
10.1073/pnas.0400087101 

Bejder, L., Fletcher, D., and Bräger, S. (1998). A method for testing association patterns of social 
animals. Anim. Behav. 56, 719–725. doi: 10.1006/anbe.1998.0802 

Berger, V., Reichert, S., Lahdenperä, M., Jackson, J., Htut, W., and Lummaa, V. (2021). The 
elephant in the family: costs and benefits of elder siblings on younger offspring life-history 
trajectory in a matrilineal mammal. J. Anim. Ecol. 2021:13573. doi: 10.1111/1365-2656.13573 

Borgatti, S. P. (2002). NetDraw: Graph Visualization Software. Harvard: Analytic Technologies. 

Bose, S., Forrester, T. D., Brazeal, J. L., Sacks, B. N., Casady, D. S., and Wittmer, H. U. (2017). 
Implications of fidelity and philopatry for the population structure of female black-tailed deer. 
Behav. Ecol. 28, 983–990. doi: 10.1093/beheco/arx047 

Burnham, K. P., and Anderson, D. R. (2002). Model Selection and Multimodel Inference: A 
Practical Information-Theoretic Approach. New York, NY: Springe-Verlag. 

Cairns, S. J., and Schwager, S. J. (1987). A comparison of association indices. Anim. Behav. 35, 
1454–1469. doi: 10.1016/S0003-3472(87)80018-0 

Carroll, E. L., McGowen, M. R., McCarthy, M. L., Marx, F. G., Aguilar, N., Dalebout, M. L., et al. 
(2021). Speciation in the deep: genomics and morphology reveal a new species of beaked whale 
Mesoplodon eueu. Proc. R. Soc. B 288:20211213. doi: 10.1098/rspb.2021.1213 

Claridge, D. E. (2006). Fine-scale distribution and habitat selection of beaked whales. M.Sc. 
thesis. Aberdeen: University of Aberdeen. 

Clutton-Brock, T. H. (1989). Mammalian mating systems. Proc. Royal Soc. Lond. B 236, 339–372. 
doi: 10.1098/rspb.1989.0027) 

Connor, R. C., Smolker, R. A., and Richards, A. F. (1992). Two levels of alliance formation among 
male bottlenose dolphins (Tursiops sp.). Proc. Natl. Acad. Sci. 89, 987–990. doi: 
10.1073/pnas.89.3.987 



CHAPTER IV 

 
123 

Connor, R. C., Wells, R. S., Mann, J., and Read, A. J. (2000). “The bottlenose dolphin: social 
relationships in a fission-fusion society,” in Cetacean Societies, eds J. Mann, R. C. Connor, P. L. 
Tyack, and H. Whitehead (London: University of Chicago Press). 

Dinis, A., Marques, R., Dias, L., Sousa, D., Gomes, C., Abreu, N., et al. (2017). Site Fidelity of 
Blainville’s Beaked Whale (Mesoplodon densirostris) off Madeira Island (Northeast Atlantic). 
Aquat. Mamm. 43, 387–390. doi: 10.1578/AM.43.4.2017.387 

Duijns, S., Anderson, A. M., Aubry, Y., Dey, A., Flemming, S. A., Francis, C. M., et al. (2019). Long-
distance migratory shorebirds travel faster towards their breeding grounds, but fly faster post-
breeding. Sci. Rep. 9:9420. doi: 10.1038/s41598-019-45862-0 

Farine, D. R. (2013). Animal social network inference and permutations for ecologists in R using 
asnipe. Methods Ecol. Evol. 4, 1187–1194. doi: 10.1111/2041-210X.12121 

Farine, D. R., and Carter, G. G. (2022). Permutation tests for hypothesis testing with animal social 
network data: Problems and potential solutions. Methods Ecol. Evol. 13, 144–156. doi: 
10.1111/2041-210X.13741 

Farine, D. R., and Whitehead, H. (2015). Constructing, conducting and interpreting animal social 
network analysis. J. Anim. Ecol. 84, 1144–1163. doi: 10.1111/1365-2656.12418 

Fedutin, I. D., Filatova, O. A., Mamaev, E. G., Burdin, A. M., and Hoyt, E. (2015). Occurrence and 
social structure of Baird’s beaked whales, Berardius bairdii, in the Commander Islands, Russia. 
Mar. Mamm. Sci. 31, 853–865. doi: 10.1111/mms.12204 

Fernandez, M., Alves, F., Ferreira, R., Fischer, J.-C., Thake, P., Nunes, N., et al. (2021). Modeling 
fine-scale cetaceans’ distributions in oceanic islands: Madeira Archipelago as a case study. Front. 
Mar. Sci. 8:688248. doi: 10.3389/fmars.2021.688248 

Foerster, S., McLellan, K., Schroepfer-Walker, K., Murray, C. M., Krupenye, C., Gilby, I. C., et al. 
(2015). Social bonds in the dispersing sex: partner preferences among adult female 
chimpanzees. Anim. Behav. 105, 139–152. doi: 10.1016/j.anbehav.2015.04.012 

Geldmacher, J., van den Bogaard, P., Hoernle, K., and Schmincke, H.-U. (2000). The 40Ar/39Ar 
age dating of the Madeira Archipelago and hotspot track (eastern North Atlantic). Geochem. 
Geophys. Geosystems 1:1008. doi: 10.1029/1999GC000018 

Gero, S., Gordon, J., and Whitehead, H. (2015). Individualised social preferences and long-term 
social fidelity between social units of sperm whales. Anim. Behav. 102, 15–23. doi: 
10.1016/j.anbehav.2015.01.008 

Ginsberg, J. R., and Young, T. P. (1992). Measuring association between individuals or groups in 
behavioural studies. Anim. Behav. 44, 377–379. doi: 10.1016/0003-3472(92)90042-8 

Gowans, S., Whitehead, H., and Hooker, S. K. (2001). Social organisation in northern bottlenose 
whales (Hyperoodon ampullatus): not driven by deep-water foraging. Anim. Behav. 62, 369–377. 
doi: 10.1006/anbe.2001.1756 



CHAPTER IV 

 
124 

Gowans, S., Würsig, B., and Karczmarski, L. (2007). The Social Structure and Strategies of 
Delphinids: Predictions Based on an Ecological Framework. Adv. Mar. Biol. 53, 195–294. doi: 
10.1016/S0065-2881(07)53003-8 

Greenwood, P. J. (1980). Mating systems, philopatry and dispersal in birds and mammals. Anim. 
Behav. 28, 1140–1162. doi: 10.1016/S0003-3472(80)80103-5 

Hartman, K. L., Fernandez, M., Wittich, A., and Azevedo, J. M. N. (2015). Sex differences in 
residency patterns of Risso’s dolphins (Grampus griseus) in the Azores: causes and management 
implications. Mar. Mamm. Sci. 31, 1153–1167. doi: 10.1111/mms.12209 

Hartman, K. L., Visser, F., and Hendriks, A. J. E. (2008). Social structure of Risso’s dolphins 
(Grampus griseus) at the Azores: A stratified community based on highly associated social units. 
Can. J. Zool. 86, 294–306. doi: 10.1139/Z07-138 

He, P., Maldonado-Chaparro, A. A., and Farine, D. R. (2019). The role of habitat configuration in 
shaping social structure: a gap in studies of animal social complexity. Behav. Ecol. Sociobiol. 73:9. 
doi: 10.1007/s00265-018-2602-7 

Hinde, R. A. (1976). Interactions, Relationships and Social Structure. Man 11, 1–17. doi: 
10.2307/2800384 

Hooker, S. K., de Soto, N. A., Baird, R. W., Carroll, E. L., Claridge, D., Feyrer, L., et al. (2019). Future 
directions in research on beaked whales. Front. Mar. Sci. 5:514. doi: 10.3389/fmars.2018.00514 

Hoppitt, W. J. E., and Farine, D. R. (2018). Association indices for quantifying social relationships: 
how to deal with missing observations of individuals or groups. Anim. Behav. 136, 227–238. doi: 
10.1016/j.anbehav.2017.08.029 

Kappeler, P. M. (2019). A framework for studying social complexity. Behav. Ecol. Sociobiol. 73:13. 
doi: 10.1007/s00265-018-2601-8 

Koening, A., Scarry, C. J., Wheeler, B. C., and Borries, C. (2013). Variation in grouping patterns, 
mating systems and social structure: what socio-ecological models attempt to explain. Philos. 
Trans. R. Soc. B 368:20120348. doi: 10.1098/rstb.2012.0348 

Le Boeuf, B. J. (1991). “Pinniped mating systems on land, ice and in the water: Emphasis on the 
Phocidae,” in The Behaviour of Pinnipeds, ed. D. Renouf (Dordrecht: Springer), doi: 10.1007/978-
94-011-3100-1_2 

Li, S., and Rosso, M. (2021). Lack of knowledge threatens beaked whales. Science 371:791. doi: 
10.1126/science.abg8922 

Lukas, D., and Clutton-Brock, T. (2018). Social complexity and kinship in animal societies. Ecol. 
Lett. 21, 1129–1134. doi: 10.1111/ele.13079 

Lusseau, D. (2007). Why are male social relationships complex in the doubtful sound bottlenose 
dolphin population? PLoS One 2:e348. doi: 10.1371/journal.pone.0000348 

Lusseau, D., and Newman, M. E. J. (2004). Identifying the role that animals play in their social 
networks. Proc. R. Soc. Lond. B 271, S477–S481. doi: 10.1098/rsbl.2004.0225 



CHAPTER IV 

 
125 

Lusseau, D., Wilson, B., Hammond, P. S., Grellier, K., Durban, J. W., Parsons, K. M., et al. (2006). 
Quantifying the influence of sociality on population structure in bottlenose dolphins. J. Anim. 
Ecol. 75, 14–24. doi: 10.1111/j.1365-2656.2005.01013.x 

Martins, A. M., Amorim, A. S. B., Figueiredo, M. P., Souza, R. J., Mendonça, A. P., Bashmachnikov, 
I. L., et al. (2007). Sea surface temperature (AVHRR, MODIS) and ocean colour (MODIS) seasonal 
and interannual variability in the Macaronesian islands of Azores, Madeira, and Canaries. 
Florence: SPIE Remote Sensing. doi: 10.1117/12.738373 

McSweeney, D. J., Baird, R. W., and Mahaffy, S. D. (2007). Site Fidelity, Associations, and 
Movements of Cuvier’s (Ziphius cavirostris) and Blainville’s (Mesoplodon densirostris) Beaked 
Whales Off the Island of Hawai’i. Mar. Mamm. Sci. 23, 666–687. doi: 10.1111/j.1748-
7692.2007.00135.x 

Morales, J. M., Moorcroft, P. R., Matthiopoulos, J., Frair, J. L., Kie, J. G., Powell, R. A., et al. (2010). 
Building the bridge between animal movement and population dynamics. Philos. Trans. R. Soc. 
B 365, 2289–2301. doi: 10.1098/rstb.2010.0082 

Pearson, H. C. (2011). Sociability of female bottlenose dolphins (Tursiops spp.) and chimpanzees 
(Pan troglodytes): Understanding evolutionary pathways toward social convergence. Evol. 
Anthropol. 20, 85–95. doi: 10.1002/evan.20296 

Rendell, L., Cantor, M., Gero, S., Whitehead, H., and Mann, J. (2019). Causes and consequences 
of female centrality in cetacean societies. Philos. Trans. R. Soc. B 374:20180066. doi: 
10.1098/rstb.2018.0066 

Ritter, F., and Brederlau, B. (1999). Behavioural observations of dense beaked whales 
(Mesoplodon densirostris) off La Gomera, Canary Islands (1995-1997). Aquat. Mamm. 25, 55–
61. 

Robbins, J., Rosa, L. D., Allen, J. M., Mattila, D. K., Secchi, E. R., Friedlaender, A. S., et al. (2011). 
Return movement of a humpback whale between the Antarctic Peninsula and American Samoa: 
A seasonal migration record. Endanger. Species Res. 13, 117–121. doi: 10.3354/esr00328 

Schreier, A. L., and Swedell, L. (2009). The fourth level of social structure in a multi-level society: 
ecological and social functions of clans in hamadryas baboons. Am. J. Primatol. 71, 948–955. doi: 
10.1002/ajp.20736 

Shuster, S. M., and Wade, M. J. (2003). Mating systems and strategies. Princeton: Princeton 
University Press. 

Suárez, C.R. (2018). Abundance estimate, survival and site fidelity patterns of Blainville’s 
(Mesoplodon densirostris) and Cuvier’s (Ziphius cavirostris) beaked whales off El Hierro (Canary 
Islands). M.Sc. thesis. Scotland: University of Saint Andrews. 

Sutherland, W. J. (1998). The importance of behavioural studies in conservation biology. Anim. 
Behav. 56, 801–809. doi: 10.1006/anbe.1998.0896 

Tyack, P. L., Johnson, M., Aguilar Soto, N., Sturlese, A., and Madsen, P. T. (2006). Extreme diving 
of beaked whales. J. Exp. Biol. 209, 4238–4253. doi: 10.1242/jeb.02505 



CHAPTER IV 

 
126 

Tyack, P. L., Zimmer, W. M. X., Moretti, D., Southall, B. L., Claridge, D. E., Durban, J. W., et al. 
(2011). Beaked whales respond to simulated and actual navy sonar. PLoS One 6:e17009. doi: 
10.1371/journal.pone.0017009 

Visser, F., Merten, V. J., Bayer, T., Oudejans, M. G., de Jonge, D. S. W., Puebla, O., et al. (2021). 
Deep-sea predator niche segregation revealed by combined cetacean biologging and eDNA 
analysis of cephalopod prey. Sci. Adv. 7:eabf5908. doi: 10.1126/sciadv.abf5908 

Weiss, M. N., Ellis, S., and Croft, D. P. (2021). Diversity and consequences of social network 
structure in toothed whales. Front. Mar. Sci. 8:688842. doi: 10.3389/fmars.2021.688842 

Whitehead, H. (1995). Investigating structure and temporal scale in social organisations using 
identified individuals. Behav. Ecol. 6, 199–208. doi: 10.1093/beheco/6.2.199 

Whitehead, H. (1996). Babysitting, dive synchrony, and indications of alloparental care in sperm 
whales. Behav. Ecol. Sociobiol. 38, 237–244. doi: 10.1007/s002650050238 

Whitehead, H. (1999). Testing association patterns of social animals. Anim. Behav. 57, F26–F29. 
doi: 10.1006/anbe.1999.1099 

Whitehead, H. (2001). Analysis of animal movement using opportunistic individual 
identifications: Application to Sperm Whales. Ecology 82, 1417–1432. doi: 10.2307/2679999 

Whitehead, H. (2008). Analysing animal societies: quantitative methods for vertebrate social 
analysis. Chicago: University of Chicago Press. 

Whitehead, H. (2009). SOCPROG programs: analysing animal social structures. Behav. Ecol. 
Sociobiol. 63, 765–778. doi: 10.1007/s00265-008-0697-y 

Whitehead, H., Bejder, L., and Ottensmeyer, A. C. (2005). Testing association patterns: issues 
arising and extensions. Anim. behav. 69:e1. doi: 10.1016/j.anbehav.2004.11.004 

Wilson, E. O. (1975). Sociobiology: the new synthesis. Cambridge, MA: Belknap Press. 

Würsig, B., and Jefferson, T. (1990). Methods of photo-identification for small cetaceans. Rep. 
Int. Whal. Comm. Sp. Issue 12, 43–52. 

  



CHAPTER IV 

 
127 

 

  



 

CHAPTER V - Revealing Trophic Interactions Among 

Sympatric Odontocetes with Oceanic Ecosystem Traits 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is submitted as:  

Ferreira, Rita, Ester Dias, Manfred Kaufmann, Marc Fernandez, and Filipe Alves. 
“Revealing trophic interactions among sympatric odontocetes with oceanic ecosystem 
traits”. Submitted July 2024 to Journal of Zoology. 



CHAPTER V 

 
129 

  



CHAPTER V 

 
130 

CHAPTER V - Revealing Trophic Interactions Among 

Sympatric Odontocetes with Oceanic Ecosystem Traits 

 

Abstract  

Odontocetes, comprising toothed whales, dolphins, and porpoises, are pivotal top 

predators within marine ecosystems. However, our understanding of their habitat 

utilization and trophic niche still needs to be improved. While traditionally employed, 

stomach content analysis presents limitations such as prey digestibility, carcass 

accessibility, and short-term dietary assessments. Conversely, stable isotope analysis 

presents a non-invasive and temporally integrated approach for research on trophic 

ecology, particularly beneficial in remote pelagic environments. In this study, trophic 

ecology of six odontocete species in the Madeira Archipelago was investigated: 

Delphinus delphis (short-beaked common dolphin), Stenella frontalis (Atlantic spotted 

dolphin), Tursiops truncatus (common bottlenose dolphin), Pseudorca crassidens (false 

killer whale), Globicephala macrorhynchus (short-finned pilot whale), and Physeter 

macrocephalus (sperm whale). Carbon (δ¹³C) and nitrogen (δ¹⁵N) stable isotopes in skin 

samples obtained from free-ranging adults were used to evaluate trophic position, 

isotopic niche size, foraging habitat, and sex-based differences. Results delineated two 

distinct groups among the studied species. The first group (D. delphis, S. frontalis, T. 

truncatus) exhibited relatively low δ¹³C and δ¹⁵N values and trophic position. In contrast, 

the second group (P. crassidens, G. macrorhynchus, P. macrocephalus) displayed higher 

isotopic values and trophic positions, and smaller trophic niche sizes than the first group. 

While foraging habitats appeared similar within these two groups, deep-diving species 

likely consumed unsampled prey in this study. Notably, the highest niche overlaps were 

observed between S. frontalis and T. truncatus, as well as P. crassidens and G. 

macrorhynchus. No significant sex-based isotopic differences were detected across 

species for both isotopes. This study examines the trophic ecology of several oceanic 

apex predators within a pelagic environment, where they serve as keystone species 

regulating the trophic web. Enhancing our understanding of odontocete trophic ecology 



CHAPTER V 

 
131 

contributes to measuring the ecological importance of these megafauna species in 

connecting isolated ecosystems within the ocean. 

KEYWORDS: Stable isotopes; pelagic; cetaceans; SIBER; isotopic niche 

 

Introduction 

Marine top predators play a crucial role in the pelagic food webs, exerting top-down and 

bottom-up influences that contribute to the overall ecosystem dynamics (Ainley et al., 

2010; Estes et al., 2011; Gilbert et al., 2023). Odontocetes, a group of cetaceans that 

includes toothed whales, porpoises and dolphins, is a diversified group that occupies the 

highest trophic levels, together with other species of marine megafauna (e.g., large 

teleosts, Frisch et al. 2014; sharks, Rastgoo & Navarro 2016; pinnipeds, Falk-Petersen et 

al. 2004), with potential interspecific competition and with trophic interactions that can 

shape trade-offs between management targets (Kadin et al., 2019; Kiszka et al., 2022). 

Nonetheless, odontocetes' trophic ecology has historically relied on stomach contents 

analysis of either hunted (e.g. Clarke & MacLeod, 1980), by-caught (e.g., Giménez et al., 

2018), or stranded individuals (e.g. Mintzer et al., 2008), since the observation of feeding 

events is, in many cases, not possible (as in deep-diving species) or challenging (as in 

oceanic species) (Naito et al., 2013). Although it provides relatively high taxonomic 

resolution, the analysis of stomach contents is time-consuming, highly invasive, requires 

a large number of samples (with prey with differential digestibility rates), provides only 

a snapshot of the recently consumed prey, and sampling of sick or debilitated individuals 

is common (Dalerum & Angerbjörn, 2005). Furthermore, some sites include 

physiographical features that make it difficult to access the carcasses (such as a 

shoreline with inaccessible beaches), thereby rendering it impossible to conduct 

thorough studies (Palacios et al., 2004). 

Stable isotope analysis provides information about trophic ecology by capturing 

intricate interactions and tracking energy flow through ecological communities (Sanders 

et al., 2015). The growing use of stable isotopes has provided valuable information on 

the trophic ecology, dietary preferences, trophic positions, migration patterns, or 
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responses to environmental changes in odontocetes (e.g., Abend & Smith, 1995; 

Méndes et al., 2007; Knoff et al., 2008; Bode et al., 2022). Nevertheless, several 

biological tissues can be used for stable isotopes analysis, which enables the sampling 

of free-ranging individuals, stranded animals, or specimens in scientific collections 

(Teixeira et al., 2022). Also, different tissues have different turnover rates (i.e., the rate 

at which stable isotopes are incorporated into an organism's tissues), that can vary from 

a few days (e.g., liver; Tieszen et al., 1983) to months (e.g., skin and blubber; Abend & 

Smith, 1995; Giménez et al., 2016), years (e.g., bone collagen; Dalerum & Angerbjörn, 

2005) or a lifetime, meaning there is no turnover (e.g., tooth dentin; Koch, 2007) 

(Teixeira et al., 2022). This variation in isotopic turnover among tissues requires 

adequate samples to be selected, depending on the research questions. 

Carbon and nitrogen stable isotope analysis have been used to investigate trophic 

interactions within odontocetes communities (e.g., Costa et al., 2020; Kiszka et al., 2022; 

Vianna-Gatts et al., 2023). Stable isotopes of carbon (δ13C: 13C/12C) indicate the primary 

carbon source in the individuals' diet (DeNiro & Epstein, 1978) and inform on their 

foraging habitat, since its values vary with both distance to shore and depth (Cherel & 

Hobson, 2007). Stable isotopes of nitrogen (δ15N: 15N/14N), on the other hand, generally 

increase with increasing trophic position within a food web (DeNiro & Epstein, 1981), 

allowing for the assessment of an organism's trophic position (Vander Zanden & 

Rasmussen, 2001). Thus, δ13C - δ15N bi-plots provide a graphical representation of the 

isotopic niche occupied by each species, informing on niche overlap or resource 

partitioning in interspecific studies (Layman et al., 2007). However, trophic studies of 

sympatric odontocetes in oceanic habitats are scarce due to these animals' highly 

dynamic nature and the associated logistical constraints (Alves et al., 2023a; Palacios & 

Cantor, 2023).  

In the Eastern North Atlantic, the few studies using stable isotopes on odontocetes 

focused on differences of δ13C and δ15N in the same species between archipelagos 

(Quérouil et al., 2013), on temporal changes in delphinids' trophic position (Bode et al., 

2022), or on single species trophic ecology (Dias et al., 2023). The archipelago of 

Madeira, located in the oceanic biogeographical region of Macaronesia, is an area of 
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high cetacean diversity, with nearly 30 recorded species, the majority of which are 

odontocetes with distinct habitat uses (Freitas et al., 2012; Alves et al., 2018; Ferreira et 

al., 2017; Fernandez et al., 2021). Common bottlenose dolphins Tursiops truncatus, 

short-finned pilot whales Globicephala macrorhynchus, and sperm whales Physeter 

macrocephalus are common year-round, including island-associated and transient 

animals (Alves et al., 2013; Dinis et al., 2016; Ferreira et al., 2022). Short-beaked 

common dolphins Delphinus delphis and Atlantic spotted dolphins Stenella frontalis are 

seasonal residents and exhibit temporal segregation, with the former species occurring 

mainly in Winter/Spring and the latter in Summer/Autumn (Alves et al., 2018; Fernandez 

et al., 2021). Unlike the previous species, false killer whales, Pseudorca crassidens are 

occasional visitors whose habitat use is little known (Alves et al., 2018). Therefore, this 

archipelago offers a privileged location to deepen our knowledge of the trophic ecology 

of multiple species of odontocetes in an oceanic habitat.  

In this study, carbon and nitrogen stable isotopes obtained from the skin of free-ranging 

individuals were used to investigate the trophic position, isotopic niche sizes, foraging 

habitats, and sex-specific differences of six sympatric species of odontocetes inhabiting 

an oceanic ecosystem and of which some exhibit temporal segregation. 

 

Materials and Methods 

Study area and data collection 

All biological samples were collected in the waters of the Madeira Archipelago in the 

Macaronesia biogeographical region (Eastern North Atlantic). This archipelago presents 

deep waters, steep submarine canyons, and a limited continental shelf (Gelmacher et 

al., 2000). It benefits from intricate geophysical wake flows like fronts and eddies, which 

can increase primary output due to the island mass effect (Caldeira et al., 2002), 

attracting predators and consumers of all trophic levels (Kaufmann et al., 2015; 

Friedlander et al., 2017; Alves et al., 2018). 
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Biopsy samples from six species of odontocetes were collected between 2017 and 2019. 

Those included short-beaked common dolphins (hereafter, common dolphins), Atlantic 

spotted dolphins (hereafter, spotted dolphins), common bottlenose dolphins (hereafter, 

bottlenose dolphins), short-finned pilot whales (hereafter, pilot whales), false killer 

whales, and sperm whales.  

Biopsy sampling of cetaceans is a well-establish technique, used in numerous studies 

and in more than 40 species worldwide (reviewed in Noren & Mocklin, 2012). This 

technique shows very low reactions by the individuals and the group, specifically by 

odontocetes, and the wounds are small and heal quickly, with no adverse health effects. 

(Noren & Mocklin, 2012; Van Cise et al., 2024). Biopsy samples were acquired under the 

required legal permits from the local authorities (Institute of Forests and Nature 

Conservation of Madeira, licenses number 1856/2017, 508/2018, 535/2019), and by 

researchers with ample training and experience in collecting these samples. Collection 

took place only when the group and/or individuals showed no signs of stress to the 

approximation of the boat, and weather conditions were good (Beaufort sea state ≤3) 

to increase the chances of success. The targeted individuals were adults in apparent 

healthy conditions (i.e., with no signs of emaciation or debilitation), not accompanied 

by calves. Biopsies were collected using a 150-lb crossbow, with arrows and darts 

specially designed for cetaceans (Finn Larsen, Ceta-Dart), and of adequate size for each 

species (smaller darts for all the species except sperm whales). The individuals were hit 

just below the dorsal fin when they were close enough, and the distance at which 

sampling was conducted depended on the size of the species. Samples were collected 

when the angle of impact was perpendicular to the body (Brown et al., 1991; Barret-

Lennard et al., 1996; Gauthier and Sears, 1999) and when animals were moving in a 

consistent direction and spent time at the surface (Wenzel et al., 2010). Biopsy samples 

of smaller species were collected at closer distances than of larger species (Weller et al., 

1997; Möller and Beheregaray, 2001; Krützen et al., 2002). After collection, biopsies 

were immediately stored onboard in liquid nitrogen and then preserved at -80℃ until 

further analysis.  
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Laboratory analyses 

The biopsy samples were divided into skin and blubber, and skin was used for stable 

isotope analysis (SIA) and molecular sexing.  

For SIA, the skin was dried in an oven at 60℃ for 24 hours and ground to a fine powder 

with a mortar and pestle. Stable isotope ratios were measured using a Thermo Scientific 

Delta V Advantage IRMS via a Conflo IV interface (Marinnova, University of Porto). 

Stable isotope ratios are reported in δ notation and were calculated as follows: 

δX = (Rsample/Rstandard - 1) x 1000 

where X is the carbon or nitrogen stable isotope, and R is the ratio of heavy: light stable 

isotopes. The δ13C and δ15N are expressed in units per mill (‰) relative to Vienna Pee 

Dee Belemnite and air, respectively. The analytical error, the mean SD of replicate 

reference material, was ±0.1‰ for both δ13C and δ15N. To control for sample processing 

quality, samples with an SD between replicates (i.e., two sub-samples of the same 

sample) ˃ 0.2‰ δ13C or δ15N were not included in subsequent data analyses (Dias et al., 

2023). 

For molecular sexing of cetaceans, genomic DNA was isolated from skin tissue samples 

through GeneJET genomic DNA purification kit (Thermo Fisher Scientific) following the 

manufacturer's instructions. The DNA was quantified by the NanoDrop One 

Spectrophotometer (Thermo Fisher Scientific) and stored at -20℃ until further use. A 

Multiplex PCR reaction simultaneously targeted the SRY and ZFX genes to identify the 

sex of the specimens. The primers described by Rosel (2003) TtSRYR and PMSRYF 

produce a fragment of 339 bp in males, and the pair ZFX0582F ZFX0923R produces a 

fragment of 382 bp both in males and females. PCR reactions were carried out in a total 

volume of 20 L containing 30-75 ng of genomic DNA, 1x MyTaq Reaction buffer 

(Bioline), 0.2 M primers (ZFX0582F, ZFX0923R, PMSRYF), 0.06 M TtSRYR and 1U of 

MyTaq HS DNA polymerase (Bioline). The amplification was performed in an Applied 

Biosystems 2720 PCR thermal cycler (Thermo Fisher Scientific) as follows: initial 

denaturation at 95℃ for 60 seconds, followed by 35 cycles of 95℃ for 15 seconds, 51℃ 
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for 5 seconds, 72℃ for 15 seconds and a final extension of 72℃ for 15 seconds. 

Amplified PCR products were confirmed by electrophoresis on agarose gels (2.5%) 

stained with ethidium bromide and visualized by a UV transilluminator. Gel images were 

recorded in the gel documentation system-BL (Axygen®). To confirm that the amplified 

fragments correspond to SRY and ZFX genes, several amplicons were purified by 

Extractme DNA gel-ou kit (Blirt, Poland) following the manufacturer's instructions and 

then sequenced (Sanger sequencing) in both directions at Macrogen Europe (Madrid, 

Spain). DNA sequences were compared to those deposited at the NCBI database using 

online BLAST software (www.ncbi.nlm.nih.gov/BLAST) (Altschul et al. 1997). 

Stable isotopes analyses 

All δ13C values were corrected for lipid content since lipids are depleted in 13C compared 

to protein and carbohydrates (DeNiro and Epstein, 1977). In this study, cetacean-specific 

mathematical normalization formulas were applied. For all species except common 

dolphins, δ13C corrected values were calculated as follows: 

δ13CLEC = 0.5301486 x δ13C – 7.322335 

where δ13C is the non-lipid extracted value, and δ13CLEC is the mathematically corrected 

value (Peters et al., 2022). For common dolphins, Peters et al. (2020) developed a 

specific correction formula that performed better for that species: 

δ13CLEC = 0.5409 x δ13C – 7.4674 

The correction for the decadal decrease in atmospheric δ13C (i.e., Suess effect), was not 

applied prior to statistical analyses. The decrease is ca. -0.022‰ yr-1 in the subtropical 

Atlantic (Quay et al., 2003) which would result in a maximum difference between the 

measured and corrected values of 0.044‰ in δ13C. This difference is not ecologically 

meaningful. 

The assumptions of normality and homoscedasticity of both isotopic values were tested 

using Shapiro-Wilk and Levene's test, respectively. Since both isotopic values failed the 

normality assumption, a non-parametric Kruskall-Wallis was conducted with a pairwise 
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Wilcoxon post hoc test with Bonferroni comparison for paired contrasts to test for 

interspecific differences in stable isotope values. A Wilcoxon rank sum test was used to 

test for differences between sexes. Standard deviation (SD) was used as a measure of 

data dispersion when reporting mean values. 

To estimate the trophic niche width for each species, stable isotopes values were used 

to calculate the standard ellipse area (SEA), a bivariate measure of the distribution of 

individuals in the trophic space. To account for the small sample size, the corrected 

standard ellipse area (SEAC; considering 40% of central data points) and the 

corresponding 95% Bayesian ellipse area (SEAB) were estimated for each species 

(Jackson et al., 2011; Jackson et al., 2012). Overlap between isotopic niches was 

calculated for both the core dietary niches, using the SEAC, and the 95% SEAB, calculated 

as a proportion of the SEAB of one species over another, for each pair of species, and 

vice versa (Jackson et al., 2012; Peters et al., 2022). Analyses were conducted using the 

SIBER (Stable Isotope Bayesian Ellipses) package in R (Jackson & Parnell, 2023). 

Trophic position (TP) was calculated following Post (2002): 

TP = 
(δ15𝑁𝑠−δ

15𝑁𝑝)

𝑇𝐸𝐹
+ λ 

where λ represents the trophic level of the baseline organism, δ15NS is the stable isotope 

value of the consumer, δ15Np is the stable isotope value of the baseline organism, and 

TEF refers to the trophic enrichment factor, i.e., the average increase in δ15N between 

consecutive trophic levels. In this study, we used 3.72 ± 0.30 ‰ for δ15Np (Table S.V.1), 

obtained by averaging the values of zooplankton samples collected in the same area 

during 2018 (Dromby, 2018). For TEF (∆), we used the estimate of 3.30 ± 0.26‰ from 

McCutchan et al. (2003), which captures the variability in the quality of the food 

assimilated across trophic levels in the food web (Bode et al., 2022). Previous studies, 

using this estimate, reported similar TP values for cetacean species as those derived 

from diet studies (Bode et al., 2022).  

To test for differences between the odontocetes' TP values, a non-parametric Kruskall-

Wallis was conducted after testing for the assumptions of normality and 
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homoscedasticity using Shapiro-Wilk and Levene's tests, respectively. The Wilcoxon post 

hoc test with Bonferroni correction was used for pairwise comparisons. 

To investigate the foraging habitat of the six species of odontocetes, their stable 

isotopes values were compared with those of their potential prey (demersal and pelagic 

squids, small schooling fish, and tuna; Clarke & Lu, 1995; Clarke, 2006; Hermida & 

Delgado, 2016; Tejerina et al., 2019) after adjusting for one trophic level (∆δ13C = 1.01 ± 

0.37‰, ∆δ15N = 1.57 ± 0.52‰; Giménez et al., 2016). Here, a lower ∆δ15N value was 

considered than for computing TP values because it reflects the assimilation of high-

quality, protein-rich diets by cetaceans. Prey species were grouped according to their 

taxonomic group and habitat, following Dias et al. (2023) (Table S.V.1). Epipelagic and 

benthopelagic small fish were grouped as "small pelagic fish A", except for blue jack 

mackerel Trachurus picturatus, which was separated into "small pelagic fish B" due to 

its 13C- and 15N-enriched composition. The tuna species were grouped as "large pelagic 

fish". Squids were divided into demersal and pelagic, the latter being divided into two 

groups ("pelagic squids A" and "pelagic squids B") due to differences in their mean δ15N 

and δ13C values (Dias et al. 2023 for detailed explanation). 

Results 

A total of 165 biopsy samples were obtained, ranging from seven (sperm whales) to 47 

(common dolphins) (Table V.1).   

Table V.1 Cetacean species and number of individuals (n) sampled, number of females (F) and males (M) 
molecularly sexed, mean (± SD) δ13C and δ15N values (‰) after correction for lipids and mean (± SD) 
trophic position. 

Cetacean species n 
Sex (n) 

δ13C δ15N TP 
F M 

Short-beaked common dolphin 47 19 28 -17.99 ± 0.27 9.79 ± 0.77 3.84 ± 0.23 

Atlantic spotted dolphin 33 14 19 -17.47 ± 0.23 10.37 ± 0.89 4.02 ± 0.27 

Common bottlenose dolphin 38 19 19 -17.05 ± 0.39 10.15 ± 0.70 3.95 ± 0.21 

False killer whale 8 4 4 -16.65 ± 0.21 12.07 ± 0.17 4.53 ± 0.05 

Short-finned pilot whale 32 20 12 -16.52 ± 0.28 12.40 ± 0.68 4.63 ± 0.20 

Sperm whale 7 7 0 -16.90 ± 0.14 12.55 ± 0.42 4.68 ± 0.13 
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Common dolphins presented the most 13C- and 15N- depleted values (δ13C = -17.99 ± 

0.27‰, δ15N = 9.79 ± 0.77‰), presenting statistically significant differences in δ13C 

values with all other species, and in δ15N values with all species except bottlenose 

dolphins (Table S2 and S3). Pilot whales were the most 13C-enriched (-16.52 ± 0.28‰), 

showing significant differences with all species except sperm whales (Tables V.1 and 

S.V.2). Sperm whales were the most 15N-enriched (12.55 ± 0.42‰), presenting 

significant differences with common, spotted, and bottlenose dolphins (Tables V.1 and 

S.V.3).  

Table V.2 Isotopic niche metrics for cetacean species. SEAC = standard ellipse area corrected for small 
sample size, SEAB = Bayesian standard ellipse area (mode ± credibility intervals). 

Cetacean species SEAC SEAB 

Short-beaked common dolphin 0.66 0.64 (0.48 – 0.85) 

Atlantic spotted dolphin 0.67 0.65 (0.44 – 0.91) 

Common bottlenose dolphin 0.87 0.84 (0.61 – 1.15) 

False killer whale 0.12 0.10 (0.05 – 0.22) 

Short-finned pilot whale 0.53 0.50 (0.36 – 0.73) 

Sperm whale 0.15 0.12 (0.06 – 0.30) 

 

There were no statistically significant differences in the δ13C and δ15N values between 

sexes for the analyzed species (Table S.V.4). No comparison was made for sperm whales 

since only females were sampled. 

Bottlenose dolphins presented the largest trophic niche among the species sampled, 

followed by spotted and common dolphins (Figure V.1 and V.2). False killer whales and 

sperm whales, on the other hand, presented the smallest trophic niches (Table V.2). 
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Figure V.1 Standard ellipse areas corrected for small sample size (SEAC) for the six species of cetaceans. 
Ellipse areas hold 40% of the data. Illustration E. Berninsone © ARDITI. 

 

Figure V.2 Density plot showing the 95, 75 and 50% credible intervals of standard ellipses areas using 
Bayesian techniques (SEAB) for the six species of cetaceans. Black dot represents mode. Illustration E. 
Berninsone © ARDITI. 

Bayesian niche overlaps were calculated between each pair of species (Table V.3). The 

trophic niche of false killer whales showed the highest overlap with that of pilot whales. 

Spotted dolphins also presented a high overlap, but with bottlenose dolphins. Sperm 

whales' trophic niche overlapped only with that of pilot whales, but pilot whales' niche 

overlapped with all species except common dolphins. There was overlap between all 

trophic niches of common, spotted, and bottlenose dolphins. 
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Table V.3 Bayesian niche overlap (95%) for each species (left column) with each other species (top row). 

 
Short-beaked 

common 
dolphin 

Atlantic 
spotted 
dolphin 

Common 
bottlenose 

dolphin 

False 
killer 

whale 

Short-
finned 

pilot whale 

Sperm 
whale 

Short-beaked common 
dolphin 

NA 0.40117 0.37224 0 0 
0 

Atlantic spotted 
dolphin 

0.40471 NA 0.69089 0 0.00063 
0 

Common bottlenose 
dolphin 

0.29345 0.53990 NA 0 0.14898 
0 

False killer whale 0 0 0 NA 0.69507 0 

Short-finned pilot 
whale 

0 0.0008 0.24333 0.14851 NA 
0.00064 

Sperm whale 0 0 0 0 0.00263 NA 

When considering core trophic niches, overlap occurred only between spotted and 

bottlenose dolphins (area overlap of 14%) and between false killer and pilot whales 

(area overlap of 11%).  

The mean values of TP for the six species of cetaceans ranged from 3.84 ± 0.23 for 

common dolphins and 4.68 ± 0.13 for sperm whales (Figure V.3). False killer, pilot, and 

sperm whales presented statistically significant higher TP values than common, spotted, 

and bottlenose dolphins (Table V.1). Spotted and common dolphins also demonstrated 

significant differences between their TP values. Results on paired comparisons are 

available in the supplementary material (Table S.V.5).  

 

Figure V.3 Boxplots of trophic positions of the six species of cetaceans following Post (2002). Zooplankton 
was used as the baseline of the trophic web (trophic position 2). Illustration E. Berninsone © ARDITI. 
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After adjusting for trophic fractionation, the δ13C and δ 15N values of common dolphins 

suggest the assimilation of prey from pelagic and demersal habitats (Figure V.4). Spotted 

and bottlenose dolphins present a similar foraging habitat, and their δ 13C and δ 15N 

suggest reliance on pelagic fish and squids. False killer, pilot, and sperm whales 

presented similar isotopic values to that of "large pelagic fish", suggesting the 

assimilation of these prey or of prey with similar foraging habitats. The 13C- and  15N-

enriched values presented by some individuals of pilot whales and the 15N-enriched 

values presented by some sperm whales and spotted dolphins (i.e. outside the mixing 

polygon formed by the potential prey groups) suggest the assimilation of prey at higher 

trophic levels or with origin in other habitats such as coastal or deep habitats, or both. 

Also, the high dispersion in the δ13C and δ 15N values in bottlenose dolphins suggest 

intraspecific variability in their foraging habitats.  

 

Figure V.4 Biplots with mean δ13C and δ15N values (‰) of each cetacean species, adjusted for one trophic 
level fractionation (δ13C = 1.01 ± 0.37‰, δ15N = 1.57 ± 0.52‰, Giménez et al. 2016), and their potential 
prey, divided by group as explained in 'Material and Methods' section. Ellipses were designed based on 
mean and standard deviation values.  Illustration E. Berninsone © ARDITI. 
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Discussion 

Information on trophic ecology is crucial when characterizing biological communities 

and understanding ecosystem functioning and dynamics. This study contributes to 

expanding the knowledge of odontocetes' role in pelagic environments, providing a first 

glimpse into the trophic ecology of multiple species in the remote archipelago of 

Madeira, where these top predators have important roles as keystone species and 

regulators of the food web (Romero et al., 2024). The characterization of the isotopic 

niches and overlaps offers new perspectives on the local dynamics for a higher number 

of species than previously targeted in Madeira (Quérouil et al., 2013; Bode et al., 2022; 

Dias et al., 2023). Moreover, the evaluation of sex-related differences in δ13C and δ15N 

in several species from which the existing knowledge is limited (e.g., false killer whales, 

Haro et al., 2018; bottlenose dolphins, Dias et al., 2023; common and spotted dolphins, 

Quérouil et al., 2013) is of relevant importance to better understand these species' 

foraging ecology. This is mainly due to the fact that the evaluation of sex in cetaceans 

before sampling is limited to species with sexual dimorphism (e.g., killer whales), and 

therefore, in the remaining species, there is uncertainty until molecular sexing is 

conducted. Furthermore, identifying foraging habitats is significant given the variety of 

feeding habits that these six species display in a pelagic environment. 

Based on the stable isotope values, it was clear a distinction between two groups. One 

group presents overall 13C- and 15N- depleted values and occupy a relatively low trophic 

position (3.8-4.0), and is formed by common, spotted and bottlenose dolphins. The 

other group presents higher isotope values and trophic position (4.5-4.7), when 

compared to the first group, and is formed by false killer whales, pilot whales, and sperm 

whales. Common dolphins presented the lowest values of δ13C and δ15N and were the 

species with the lowest trophic position (3.84 ± 0.23), followed closely by bottlenose 

(3.95 ± 0.21) and spotted dolphins (4.02 ± 0.27). These three species are described as 

generalist predators that feed on prey of low trophic levels (González et al., 1994; 

Férnandez et al., 2009; Mendez-Fernandez et al., 2012). These species' occurrence in 

the trophic level four is in accordance with a previous study in Macaronesia, where Bode 
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et al. (2022) presented results on trophic positions of common dolphins of 4.09 (± 0.31), 

spotted dolphins of 3.92 (± 0.12) and bottlenose dolphins of 4.28 (± 0.26). In the latter 

species, a study conducted on the Atlantic coast of the Iberian Peninsula identified a 

higher trophic level of five (Mendéz-Fernandez et al., 2012). This difference is probably 

related to variability in prey availability between oceanic and coastal habitats. The 

highest trophic position was found for sperm whales (4.68±0.13), and it was similar to 

that of pilot whales (4.63±0.20) and false killer whales (4.53±0.05). These results are in 

line with studies conducted across their distribution range (Kiszka et al., 2010; Bode et 

al., 2022; Días-Gamboa et al., 2022; Costa et al., 2020; Pinela et al., 2010).  

The widest trophic niches were found for common, spotted, and bottlenose dolphins. 

This is justified by the fact they are generalist predators with high plasticity and 

dynamism in their feeding habits (Quérouil et al., 2013; Plint et al., 2023). In the Madeira 

Archipelago, spotted and common dolphins occur mainly in different seasons – the 

former species is associated with temperate/warm waters with low productivity values 

during Summer and Autumn (June until November), while the latter is linked to 

productivity and occurs in Winter and Spring (December to June) (Fernandez et al., 

2021). Previous studies, based on stomach contents, found that common dolphins might 

vary their diet depending on their habitat. In coastal areas, they feed mainly on small 

epipelagic, shoaling fish and some cephalopods (Silva et al., 1999; Santos et al., 2004). 

In contrast, in oceanic areas, they mainly feed on species of the deep scattering layer, 

especially meso- and bathypelagic species, such as myctophids (Brophy et al., 2006; 

Pusineri et al., 2007). Moreover, Giménez et al. (2018) found that common dolphins in 

the Mediterranean Sea side of the Strait of Gibraltar feed both on epipelagic and 

mesopelagic species, suggesting a prey consumption shift between day and night. The 

higher values of δ15N found in common dolphins for some individuals indicate that 

feeding might occur in 15N-enriched prey. However, most individuals seem to forage in 

the habitat of demersal and pelagic squids (Loligo vulgaris and Ommastrephes caroli, 

respectively) and small pelagic fishes. Therefore, findings of this study align with prior 

research, indicating that common dolphins in Madeira also likely prey on both epipelagic 

and mesopelagic species. Also, the higher δ15N values might be related to seasonal 

differences in the prey preferences. Some common dolphin populations have different 
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foraging behaviors related to seasonal changes in seawater temperature, which can 

indicate prey-switching behavior during the warmer months (Simonis et al., 2017). This 

factor was not taken into account in the present study and should be explored in future 

studies to provide further insights into the trophic ecology of this species. 

Regarding spotted dolphins, their foraging habitats incorporate more enriched prey in 

both isotopes but with a higher dispersion in their stable isotope ranges when compared 

to common dolphins. This may include other small pelagic fish (Trachurus picturatus) 

and pelagic squids (Sthenoteuthis pteropus). In this area of the Atlantic, spotted dolphins 

prefer deep offshore waters around 1,000 m bathymetry (Fernandez et al., 2018, 2021). 

Previous studies across their distribution indicate that this species has teuthophagous 

and ichthyophagous feeding habits (e.g., Herzing, 1996; Melo et al., 2010; Lopes et al., 

2012), with some variation in terms of species across their geographic location, and may 

also incorporate benthic invertebrates (Perrin et al., 1994) and crustaceans (Férnandez 

et al., 2009). 

Bottlenose dolphins presented the largest isotopic niches in this study. This might 

indicate opportunistic foraging at various trophic levels and in various spatially distinct 

habitats, preying on a broad spectrum of fish and squid species (Santos et al., 2001, 

2007; Plint et al., 2023). Recent studies have shown intra-seasonal variability of stable 

isotopes in bottlenose dolphins in the Madeira Archipelago, with dolphins feeding 

during summer and autumn on demersal and pelagic squids, as well as small pelagic 

fishes, and during winter and spring preying on large pelagic fishes (Dias et al., 2023). In 

Madeira, bottlenose dolphins of different residency patterns (island-associated and 

transients; Dinis et al., 2016) co-occur year-round, and differences in foraging habitats 

have not been explored. Therefore, the large isotopic niche could be associated with 

one or a combination of these factors. The separation of analyses of different 

populations of bottlenose dolphins has been taken into consideration in other areas 

(e.g., Fernández et al., 2011; Plint et al., 2023) and could be an essential future step to 

better understand the trophic ecology of bottlenose dolphins in Madeira (and 

Macaronesia), given the co-occurrence of animals with different residency patterns. 
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The relatively small isotopic niche of pilot whales reflects their tendency towards more 

specialized feeding behavior while also displaying considerable adaptability to local 

environmental conditions throughout their geographical range (Thorne et al., 2017; 

Shearer et al., 2022). This species is mainly teuthophagous but may occasionally prey on 

fish and octopuses (de Soto & Alves, 2023). Information on its feeding habitats is limited 

(e.g., Seagars and Henderson, 1985; Mintzer et al., 2008), and only four stomach 

contents were analyzed in this region of the Atlantic, with remains of mesopelagic squids 

(in the Canaries; Hernández-García & Martín, 1994; Fernández et al., 2009; Luna et al., 

2024). The foraging habitats identified for pilot whales in this study are the ones of tuna 

fish (classified as "large pelagic fish"). Researchers and fishermen have identified 

associations between these species (pers. com.), but predation has not been reported 

in the literature. However, predation on similar-sized species has been identified (e.g., 

García-Rivas et al., 2013), and therefore, predation on tuna fish by pilot whales cannot 

be rejected. Pilot whales also show an association with the habitats of mesopelagic 

squids (Sthenoteuthis pteropus, identified as "Pelagic squids B"), which is in accordance 

with previous findings. However, pilot whales are a deep-diving species, and prey 

originated from habitats at greater depths than those considered in this study could 

partially explain the 13C- and 15N- enriched values presented by the individuals of this 

species in the present study. These habitats should be considered in future studies to 

investigate in greater detail their trophic ecology. 

The smallest trophic niches were those of false killer and sperm whales. This may be 

related to the small sample size since the sampled number of individuals was below the 

minimum of 10 samples suggested by Jackson et al. (2011) for the analysis of isotopic 

niches conducted with SIBER. However, due to the lack of information on these species 

in this area, the analyses were performed as a preliminary approach, and results should 

be interpreted with caution.  

False killer whales foraging habitats were associated with large pelagic fish, such as tuna 

fish, in accordance with literature (e.g., Kratofil et al., 2020) and in situ observations at 

Madeira (unpublished data). Cephalopods are also reported as prey (Odell & McClune, 

1999), and the isotopic values of some individuals in the present study are close to those 
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of “pelagic squids B” (Sthenoteuthis pteropus), after correcting for trophic enrichment. 

Due to their feeding habits, interaction with fisheries is a concern, specifically with tuna 

fishing boats, as commonly reported in Hawai'i (Baird, 2018) and where interactions and 

aggressive attitudes from fishermen have been observed in Madeira (pers. comm). The 

foraging habitats of sperm whales could not be clearly identified in this study due to 

preying mainly on deep water cephalopods and demersal and mesopelagic fish 

(Whitehead, 2018), which were not possible to obtain for this study. 

In this study, bottlenose dolphins were the species whose isotopic niche most frequently 

overlapped with the isotopic niches of other species. Regarding its core niche area, 

bottlenose dolphins overlapped with spotted dolphins, while in SEAB, it overlapped with 

common and spotted dolphins, as well as pilot whales. Bottlenose dolphins are 

generalist predators (González et al., 1994) and, therefore, demonstrate the largest 

trophic niche and the largest range of δ13C values, suggesting a wide variety of foraging 

habitats. The overlap with the isotopic niche of pilot whales was expected due to the 

frequent association between these two species (in around 10% of the sightings in the 

study area; Dinis et al., 2016). In fact, in Madeira, the bottlenose dolphin is the cetacean 

species most frequently recorded in interspecific associations, including with spotted 

and common dolphins (Alves et al., 2018). Overlap between the isotopic niches of false 

killer and pilot whales was also observed. However, it is expected to originate no 

interspecific competition due to the differences in habitat use by these two species. 

False killer whales are occasional visitors to this area, while pilot whales have an island-

associated population (Alves et al., 2013). However, an extended assessment of foraging 

ecology between overlapping species, using complementary diet assessment methods, 

is required to understand the ecological consequences of such trophic niche overlap. 

Differences in the stable isotopes between sexes have been demonstrated for some 

odontocetes (killer whales, Reisinger et al., 2016; false killer whales, Haro et al., 2018; 

sperm whales, Pirotta et al., 2020) but not for others (e.g., short-finned pilot whales, 

roughed-toothed dolphins, melon-headed whales, and spinner dolphins, Kiszka et al., 

2010; common and spotted dolphins, Quérouil et al., 2013). In this study, no differences 

were found in the isotopic composition between sexes. For sperm whales, only females 
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were sampled, and comparing stable isotopes between sexes was impossible. In 

subtropical areas such as the Madeira Archipelago, sperm whale groups are mainly 

formed by females, calves, and immature individuals (Whitehead, 2018; Ferreira et al., 

2022), and since biopsying was restricted to adult individuals, the sampling bias towards 

females was an expected limitation. 

Stable isotope analysis is a powerful tool for studying ecological processes, trophic 

interactions, and ecosystem dynamics. However, this study presents some limitations 

that may impair the conclusions obtained. One of the limitations is related to the 

sampling of free-ranging individuals. Besides sampling individuals of the same sex (as 

happened with sperm whales), sampling individuals from the same groups may have 

also occurred. Although biopsying was limited to 10% of the group size to minimize 

sampling of the same individuals, the same group might have been sampled in different 

days. Another limitation is related to the presence of individuals of difference residency 

patterns. In Madeira, individuals of different residency patterns have been identified in 

short-finned pilot whales (Alves et al., 2013), bottlenose dolphins (Dinis et al., 2016), 

Bryde's whales (Ferreira et al., 2021), sperm whales (Ferreira et al., 2022) and Blainville's 

beaked whales (Badenas et al., 2021), therefore future studies on trophic ecology on 

these species should incorporate this variable in the analysis.  

Interpreting stable isotopes data can be complex due to the multiple factors influencing 

isotopic values. Although the size of the isotopic niches can be associated with the 

diversity of prey and/or foraging habitats, it should be noted that isotopic variability of 

the prey items consumed significantly impacts the size of an isotopic niche for a 

population. As a result, consumers ingesting a variety of prey species with similar 

isotopic values will produce small isotopic niches (Troina et al., 2020). This problem may 

extend to the ecological meaning of overlaps between isotopic niches of different 

species that may not always be related to feeding on the same prey but of prey of similar 

isotopic composition (Troina et al., 2020). Therefore, interpretation of these results 

should take this information into account. 

In summary, this study provides novel insights into the isotopic niche of six odontocete 

species and their overlaps for this area of the Atlantic, enhancing the understanding of 
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trophic interactions among species within oceanic ecosystems. The absence of 

significant differences in isotopic compositions between sexes for five pelagic species is 

relevant due to the limited information available on these top predators, especially 

regarding studies incorporating balanced sampling of both sexes. Furthermore, the 

identification of foraging habitats is of considerable interest, given the challenges 

associated with accessing stomach contents. Cetacean strandings are rare in small 

oceanic islands like Madeira Archipelago, and when stomach contents are available, 

they may not fully capture the feeding ecology of individual specimens.  

Future steps in research of trophic ecology of odontocetes in this area should 

encompass the integration of additional biochemical tracers, such as fatty acids, as well 

as other stable isotopes (e.g., sulfur, δ34S; Troina et al., 2020), to offer more nuanced 

insights into resource pathways and habitat use. The long-term assessment of stable 

isotopes would enable the identification of temporal and spatial trends in resource 

utilization and allow for the examination of relationships with environmental variability 

(Bode et al., 2022; Palacios & Cantor, 2023). To enhance prey identification, the 

application of metabarcoding techniques to analyze prey in stomach contents and fecal 

samples represents a valuable and non-invasive approach. For direct observation of 

feeding events, the utilization of biologgers equipped with cameras presents an 

intriguing avenue (Dias et al., 2023). Incorporating individual-level information, such as 

residency patterns, is particularly crucial for species with co-occurring populations, such 

as pilot whales, bottlenose dolphins, and sperm whales. Information on trophic ecology 

is essential for understanding interactions with fisheries, especially for species that prey 

on commercially important species, and for identifying potential contaminant exposure. 

Therefore, expanding knowledge on the trophic ecology of odontocetes will facilitate 

measuring the ecological significance of these megafauna species in connecting the 

ocean's isolated ecosystems. 
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General Discussion 

Oceanic islands, such as those where the present study was developed, are recognized 

as biodiversity hotspots, hosting a high density of top predators, including cetaceans 

(Afonso et al., 2020; McIvor et al., 2022; Alves et al., 2023a). Cetaceans play a crucial 

role in maintaining the structure and function of marine habitats, providing essential 

ecosystem services, and serving as sentinel species, informing the ecological status of 

less visible marine ecosystems (Kiszcka, Woodstock and Heithaus, 2022; Pearson et al., 

2023). Despite their importance, cetaceans face intense and cumulative pressures 

globally (Nelms et al., 2021), and their low fecundity and long generation times limit 

their capacity for population recovery (Authier et al., 2021). 

One of the main challenges in studying pelagic cetacean populations is their highly 

dynamic nature, characterized by extensive home ranges, long migrations across remote 

areas, and deep-diving behaviors (Kaschner et al., 2012; Horton et al., 2017; Thums et 

al., 2018; Afonso et al., 2020). These factors challenge research efforts, as ecological 

studies at individual and population levels require long-term datasets (e.g., Laran et al., 

2024). However, oceanic islands serve as valuable platforms for accessing pelagic 

species, mitigating some of the logistical constraints typically associated with offshore 

research campaigns. Moreover, integrating data from platforms of opportunity and 

scientific surveys is a valuable method to increase the datasets (e.g., MacLeod et al., 

2006), and has been used worldwide in numerous studies on cetacean ecology (e.g., 

Moura, Sillero and Rodrigues, 2012; Hupman et al., 2014; Vinding et al., 2015), and as 

supported by this study.  

Nevertheless, a significant portion of these animals' lives occurs on the high seas, 

beyond national jurisdictions, requiring transboundary collaboration between countries 

involved in the distribution of these animals to establish effective conservation 

measures (Harrison A-L et al., 2018; Correia et al., 2020). This is one of the primary 
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principles of the Convention on the Conservation of Migratory Species of Wild Animals, 

signed by 133 parties in 2022 (as indicated on its homepage), including by the countries 

focused on the present study. This convention declares that States are the protectors of 

migratory species within or passing through their jurisdictions and that international 

cooperation is essential for the conservation of migratory species. Presently, Portugal 

has taken a leading step in biodiversity conservation by extending the Selvagens Island 

Nature Reserve, creating Europe's largest marine reserve (Alves, Monteiro and Oliveira, 

2022). This measure contributes to the 30x30 Biodiversity Goal, established at the 2023 

United Nations Climate Change Conference, that vows to protect 30% of the ocean by 

2030. 

The estimation of distribution patterns and abundance remains critical not only for 

many species worldwide, but also for specific populations (Authier et al., 2021). 

Accurately measuring biodiversity over time at a single location can be challenging, and 

biodiversity trends can vary significantly between locations (Buckland et al., 2005). 

Consequently, monitoring population dynamics in the long term is essential to detect 

significant changes, especially in long-lived species such as those focused on this study 

(Boyd and Punt, 2021).  

As such, this thesis contributes with innovative information on several species of 

cetaceans in Macaronesia, not only by establishing essential baselines for species' 

distribution and movements but also by providing valuable insights into social structure 

and oceanic ecosystem traits. By addressing the challenges of cetacean conservation 

and using oceanic islands as strategic monitoring sites, this research provides a 

foundation for an improved understanding and management of these critical marine 

species. 

One of the most enigmatic baleen whale species worldwide is the Bryde's whale 

(Balaenoptera edeni). Although first recorded in the Madeira Archipelago in 2003, it is 

now one of the most observed species in the area (Alves et al., 2018). However, before 

this study, only one investigation into its foraging ecology was conducted (Alves et al., 

2010). In Chapter II, I developed the first photographic catalogue of this species in the 

Madeira Archipelago, identifying a high percentage of individuals that used these waters 



CHAPTER VI 

 
164 

on an inter-annual basis. Additionally, many of these individuals were observed with 

calves, including neonates, and engaged in feeding, underscoring the area's significance 

for essential behaviors. The long-term dataset used in this study incorporated data 

collected from both platforms of opportunity and scientific surveys, highlighting the 

value of integrating multiple data sources to increase datasets on pelagic species. Using 

likelihood techniques, I provided the first assessment of residency times for the species, 

demonstrating that individuals spent a considerable amount of time in this area during 

their seasonal stay (from June to November). Given that inter-archipelago connectivity 

in Macaronesia is expected and documented for several cetacean species (e.g., Alves et 

al., 2019; Dinis et al., 2021), including a baleen whales species (sei whale, Balaenoptera 

borealis; Prieto et al., 2014), I compared the Madeira catalogue with an open-access 

catalogue from the Canaries, where this species is regularly observed due to its tropical 

and subtropical habitat preferences. This comparison identified, for the first time, the 

movement of individuals between these archipelagos, which are separated by more 

than 500 km. Consequently, this species regularly explores and moves within 

Macaronesia, encompassing a wide habitat range that includes international waters. 

Recently, a study using satellite telemetry in the Madeira Archipelago supported these 

findings, documenting the wide-ranging movements of the species within the 

archipelagos of Macaronesia (Freitas, 2024). This information is particularly crucial 

considering that this species is regarded as one of the most vulnerable to climate change 

in the Madeira Archipelago (Sousa et al., 2019) and is exposed to numerous threats that 

may go unnoticed or unreported in the high seas. One such case was documented in the 

Madeira Archipelago in 2020, where a very thin and emaciated individual was observed 

for several days entangled in fishing lines that prevented it from opening its mouth. This 

individual was identified as a female, as it had been observed with calves on several 

occasions and had been a frequent visitor to the area for over 10 years. The animal 

disappeared after a few days and was never resighted, and there was little to no 

expectation of survival. This study highlights the importance of the Macaronesian 

archipelagos of Madeira and the Canaries for this species and the importance of 

transborder cooperation between all the countries involved in its distribution. 
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Chapter III focused on a historically important species, the sperm whale (Physeter 

macrocephalus), aggregating quantitative data on residency and movements from the 

three archipelagos of Macaronesia. Sperm whales are globally classified as Vulnerable 

by the IUCN (Taylor, 2019) and are the subject of numerous studies worldwide. In the 

Azores Archipelago, the sperm whale is the species that presents a higher number of 

scientific studies (Cartagena-Matos et al., 2021), covering a wide range of thematics, 

from whaling records (e.g., Clarke, Martins and Pascoe, 1993), to genetics (e.g., Pinela 

et al., 2009; Violi et al., 2023), acoustic (e.g., Pérez-Jorge et al., 2023), abundance (e.g., 

Boys et al., 2019), behavior (e.g., Magalhães et al., 2002), among others. In the Madeira 

Archipelago, previous research was limited to whaling records (Freitas et al., 2012), a 

documented birth (Correia-Fagundes & Romano, 2011), long-term occurrence patterns 

(Alves et al., 2018), spatio-temporal distribution with the use of modeling techniques 

(Fernandez et al., 2021) and genomics (e.g., Violi et al., 2023). In the Canaries, sperm 

whales have been the subject of a few studies that encompass mainly distribution and 

abundance (e.g., Fais, 2015; Herrera et al., 2021), ship-strike mortality (e.g., Carrillo and 

Ritter, 2010; Fais et al., 2016), data from strandings (e.g., Fernandez et al., 2009, 2020) 

and genomics (e.g., Violi et al., 2023). In the present study, photographic catalogues 

covering several years of sperm whale identifications in subareas of the Azores, 

Madeira, and the Canaries were compiled using photographs from platforms of 

opportunity and scientific surveys. Movements of individuals between these 

archipelagos had been previously identified (Steiner et al., 2015), indicating a high 

degree of connectivity and suggesting the presence of a single pelagic population in 

Macaronesia, as supported from a genomic study (Violi et al., 2023). Although the 

Canaries dataset was small and spatially limited, it provided a preliminary evaluation of 

habitat use, which is crucial due to the identified ship strike mortality in this region (Fais 

et al., 2016). The Azores presented a much higher number of captured individuals than 

Madeira, but the percentage of recaptured individuals was similar in both archipelagos 

(≈25%), indicating a comparable habitat use by this pelagic population. This suggests 

that, while most of the population remains in pelagic habitats, these oceanic 

archipelagos are essential for a subset of the population that returns regularly over 

several years. In this chapter, I used a composite index to quantify site fidelity, with low 

results reflecting this species' expected pelagic habitat use. Despite similar site fidelity 
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between the archipelagos, residency times differed, with the Azores showing a higher 

number of individuals residing for longer periods. This could be attributed to a higher 

abundance of individuals in the Azores and/or the possibility of the Madeira 

Archipelago's most suitable habitats being further from shore and not covered by whale-

watching boats or scientific surveys (Fernandez et al., 2021). Overall, the importance of 

the oceanic Macaronesian islands for this species is clear. 

The family Ziphiidae includes some of the least studied species worldwide, primarily due 

to their cryptic nature, and the importance of studying these species has been 

highlighted in top-ranked publications (namely “Science”, Li and Rosso, 2021). In fact, 

this is the second most speciose family of cetaceans with 24 extant species – of which 

only four have available information on their ecology, and several of which were never 

recorded alive (Alves et al., 2023a, b). Therefore, Chapter IV is dedicated to shedding 

light on the site fidelity and social ecology of the most abundant species of this family in 

the Madeira Archipelago, the Blainville's beaked whale Mesoplodon densirostris. This 

species was first described in Madeira in 1917 (Harmer, 1924) and is now the most 

frequently sighted species of beaked whale (Alves et al., 2018), suggested to occur 

preferably between the summer and early autumn months (Fernandez et al., 2021). 

Similarly to the species covered in previous chapters, there is limited information about 

the residency and social ecology of Blainville's beaked whale in Madeira, except for a 

preliminary study by Dinis et al. (2017) which provided insight into the existence of 

island-associated individuals. This study used a larger photographic dataset and 

revealed a high degree of site fidelity within this population, with a significant portion 

of individuals exhibiting inter-annual presence. As expected in a mammalian social 

structure, females comprised the majority of the resident population, indicating female 

philopatry. The residency analysis reflected this high female site fidelity, with a greater 

number of adult females and immatures spending more time in the area than adult and 

subadult males, but also leaving for longer periods. This pattern was also reflected in the 

social network analyses, where the main cluster included all the resident individuals and 

almost all the visitors. Strong dyadic associations were observed between adult females 

and immatures, but not between males. These analyses strongly support female defense 

polygyny as the social structure for this population, consistent with findings in other 
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areas/oceanic islands worldwide (Bahamas, Claridge, 2006; Hawai'i, McSweeney et al., 

2007; Canaries, Suárez, 2018), and underscore the importance of Madeira Archipelago 

for this population. This study constitutes, to the best of our knowledge, the most 

complex study on the social ecology of this species worldwide. 

Finally, Chapter V was dedicated to a comprehensive study of the foraging ecology of six 

species of odontocetes in Madeira Archipelago: the short-beaked common dolphin 

(Delphinus delphis), Atlantic spotted dolphin (Stenella frontalis), common bottlenose 

dolphin (Tursiops truncatus), false killer whale (Pseudorca crassidens), short-finned pilot 

whale (Globicephala macrorhynchus), and sperm whale (Physeter macrocephalus). 

These species exhibit different seasonality, residency patterns and forage in various 

pelagic layers (Alves et al., 2018), providing an overview of the oceanic ecosystem. By 

analyzing stable isotopes of carbon (δ13C) and nitrogen (δ15N), the species were 

classified into two groups. The first group, composed of the short-beaked common 

dolphin, Atlantic spotted dolphin, and common bottlenose dolphin, showed lower 

values of both isotopes, as well as a lower trophic position, reflecting their generalist 

diet and predation on lower trophic levels (González et al., 1994; Férnandez et al., 2009; 

Mendez-Fernandez et al., 2021). The second group, consisting of false killer whale, 

short-finned pilot whale, and sperm whale, exhibited higher values of both isotopes and 

a higher trophic position, indicating that they feed on prey at higher trophic levels and, 

in the case of the latter two species, also in deeper habitats. These findings align with 

research conducted throughout their distribution range (Bode et al., 2022; Días-

Gamboa, Gendron and Guerrero de la Rosa, 2022; Lebon et al., 2024). This difference in 

foraging ecology was also evident in the size of their isotopic niches. The three species 

with more generalist predatory behavior exhibited wider trophic niches when compared 

to the more specialized species. While generalist predatory behaviors are typically 

associated with wider trophic niches, other factors may also influence these results, such 

as inter-individual differences in feeding habits, the presence of different ecotypes 

and/or residency patterns, and variations related to prey seasonality (e.g., Fernández et 

al., 2011; Dias et al., 2023). The common bottlenose dolphin presented the widest 

trophic niche, overlapping with several other species, such as short-beaked common 

dolphin, Atlantic spotted dolphin, and short-finned pilot whale. Overlapping isotopic 
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niches can indicate interspecific competition; however, it may also simply reflect the 

broad trophic niche of common bottlenose dolphins (Plint et al., 2023). No isotopic 

differences were found between sexes for the five evaluated species. This finding aligns 

with some studies (e.g., Kiszka et al., 2010; Quérouil et al., 2013) but contrasts with 

others (e.g., Haro et al., 2018; Pirotta et al., 2020), highlighting the need for further 

evaluation. The investigation of the foraging habitats of these species based on their 

isotopic composition provided an exploratory approach to understanding diet in an area 

where strandings are rare or difficult to access. Although the results for the short-

beaked common dolphin, Atlantic spotted dolphin, common bottlenose dolphin, and 

false killer whale aligned with previous studies (e.g., Lopes et al., 2012; Giménez et al., 

2018; Kratofil et al., 2020; Dias et al., 2023), there was a noticeable lack of prey sampling 

for short-finned pilot whale and sperm whale due to the challenges in obtaining such 

samples. 

Overall, the present thesis underscores the importance of Macaronesia, particularly the 

Madeira Archipelago, for cetacean conservation, a critical component of many marine 

conservation strategies. Moreover, conservation efforts targeting marine megafauna 

often benefit lower trophic level species, thereby enhancing the protection of the entire 

ecosystem (Hooker and Gerber, 2004). Despite national and international legislation 

protecting cetaceans, there is limited data to assess the conservation status of many 

species on a regional basis, leading to their classification as either “Data Deficient” or 

“Least Concern” in Macaronesia (Cartagena-Matos et al., 2021). Assessing regional 

conversation status is of the utmost importance, as biodiversity trends can vary 

significantly between locations, and conservation measures may not be appropriate for 

local populations. Additionally, the growing whale-watching industry in the 

Macaronesian archipelagos, specifically in the Madeira Archipelago (Krasovskaya, 2018), 

exerts pressure on the populations of cetaceans and should be monitored, especially 

having in consideration the resident populations that are targeted more frequently 

(Sambolino et al., 2022). 
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Future steps 

As with all scientific research, the analyses conducted in this study were constrained by 

challenges and limitations, prompting further questions. Consequently, I have outlined 

suggestions that future studies could follow to address the limitations of the current 

research and to expand our knowledge on these taxa and on the marine ecosystem in 

general: 

● Expand sampling efforts. Increasing the geographical and temporal scope of data 

collection is essential for a deeper understanding of cetacean populations and their 

ecosystems. Including both coastal and offshore regions would significantly enhance the 

robustness of the datasets, and while results from small areas can be extrapolated, 

broader sampling provides a more accurate picture of the existing ecological dynamics. 

The current limited sampling of this study may not reliably represent other regions, 

emphasizing the need for a wider geographic scope. Plus, long-term studies are vital to 

accurately reflect the realities of long-living cetaceans. While this study used long-term 

data, continued efforts to build decadal datasets are imperative to track ecological 

changes and shifting human pressures (Cantor et al., 2019; Plint et al., 2023).  

● Animal tracking technologies. Since the distributions of migratory species in the ocean 

span local, national, and international jurisdictions, there is a growing need for 

connectivity knowledge, particularly insights from animal tracking studies (Dunn et al., 

2019). Satellite telemetry is a cutting-edge methodology that allows for data collection 

over extended periods and distances, providing near real-time information (Hays et al., 

2016). These transmitters collect data on the position and depth of individuals and 

habitat characteristics, offering insights into depths beyond the reach of conventional 

satellite remote sensing (Priede, 2003). When transmitters are deployed on multiple 

individuals, valuable insights into social structure can also be obtained (Aguilar de Soto 

et al., 2006). One of the initial aims of the present study was to investigate the habitat 

use and movements of sperm whales using satellite transmitters. However, the 

application of low-invasive SPOT LIMPET tags on this species did not yield significant 

results due to their short temporal durability, with a maximum placement duration of 

only nine days. While transdermal satellite transmitters can overcome this temporal 
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limitation, their large size and invasiveness can restrict their use, due to ethical concerns 

(Goley et al., 2023). The development of smaller transdermal transmitters would be 

desirable and expected with technological advances. This evolution is expected to 

provide a valuable opportunity for improving knowledge on sperm whales in the 

Macaronesia region. 

● Unmanned aerial systems. Drones provide a unique aerial perspective that enables to 

observe submerged individuals and detect markings that are not visible from the 

surface, facilitating the identification of individuals (Torres et al., 2018). This capability 

is particularly valuable for studying species that spend a significant portion of their lives 

underwater, where they are difficult to observe directly. Moreover, drones allow for the 

detailed observation of interactions, social hierarchies, and group dynamics from a 

vantage point that minimizes animal disturbance (Hartman et al., 2020). Additionally, 

drones can measure the individuals' size, evaluate nutritive condition and collect 

biological samples, gathering important biological data with low disturbance of the 

animals (Cantor et al., 2019; Hooker et al., 2019).   

● Passive and active acoustics. Passive acoustics is particularly effective in determining 

stock status, assessing the presence of species and their movement patterns, and 

evaluating potential levels of anthropogenic acoustic threats (Constantine et al., 2018; 

Hooker et al., 2019). Furthermore, it can also provide detailed information on prey 

capture and foraging behavior, as well as indicate social associations, providing insight 

into the social structure and communication of these animals (Madsen et al., 2005; 

Hooker et al., 2019). On the other hand, active acoustic techniques, particularly 

echosounders, have increasingly been used to detail the distribution and behavior of 

both predators and prey. This technique provides information in depths that cannot be 

observed from the surface, offering a more complete picture of the underwater 

ecosystem (e.g., Benoid-Bird et al., 2019). 

● Biochemical markers. To gain a more comprehensive understanding of the trophic 

ecology of marine species, integrating fatty acid profiles with stable isotope analysis of 

several elements, such as hydrogen, sulfur, and oxygen (e.g., Clementz and Koch, 2001; 

Pinzone et al., 2019; Shipley and Matich, 2020), proves to be more effective and yields 
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more detailed insights (Young et al., 2018). Ideally, these analyses should be 

complemented by stomach content analysis of by-caught or stranded individuals (Plint 

et al., 2023). Particular attention should be given to the temporal collection of samples 

to distinguish differences in trophic ecology between seasons while also considering the 

residency patterns of the sampled individuals (Dias et al., 2023). To accurately identify 

prey, stable isotope mixing models should be employed to estimate the contribution of 

different prey sources. This requires sampling a diverse range of potential prey species, 

with special attention given to deep-diving species, for which sampling prey may be 

more challenging (Parra et al., 2022). 

● Genetic markers. Genetic and genomic methods enable the identification and tracking 

of individuals and their kin, offering insights into relatedness and social structure of 

species for which this information is difficult to obtain through direct observation 

(Hooker et al., 2019). Additionally, DNA samples can be collected from both live and 

dead animals using various methods, facilitating these analyses. In recent years, 

environmental DNA analysis has increasingly been employed in distribution studies, 

providing a cost-effective tool for gathering information on species presence and 

distribution (Valsecchi et al., 2021). 

In conclusion, a comprehensive and multi-faceted research approach is essential for a 

detailed understanding of marine ecosystems. Integrating advanced methodologies and 

technologies with standard methods will enhance the accuracy and efficiency of future 

studies, providing critical insights for the conservation of these top predators amidst 

present anthropogenic threats and global environmental changes. 
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APPENDIX A – Supplementary Material to Chapter IV 

Table S.IV.1 Capture histories of all Blainville’s beaked whale individuals with distinctiveness ≥2 per month 
between 2011 and 2019.  
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Table S.IV.2 Mean (±SD) network measures of strength and clustering coefficient for the attributes of 
residency pattern and age-sex class. Individuals used in the network analysis were those with 
distinctiveness ≥2 and with linking information to at least one other individual. 

  Attributes Strength Clustering Coefficient Betweenness Centrality 

Residency 
pattern 

residents 2.21 (0.69) 0.06 (0.03) 101.76 (55.50) 

visitors 1.70 (0.60) 0.14 (0.14) 27.41 (7.50) 

transients 1.00 (0.71) 0.24 (0.00) 0.00 (4.35) 

Age class 

adult females 1.64 (0.81) 0.11 (0.17) 21.00 (25.33) 

adult males 1.36 (0.73) 0.13 (0.18) 0.00 (18.39) 

subadult males 1.39 (0.84) 0.19 (0.11) 0.00 (15.52) 

immatures 1.70 (0.75) 0.24 (0.21) 0.00 (19.76) 

 

 

Figure S.IV.1 Frequency of individuals with distinctiveness ≥2 seen inter-annually between 2011-2019. 
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Figure S.IV.2 Distribution of mean (blue) and maximum (orange) HWI association indices for distinctive 
individuals captured on three or more occasions off Madeira Island. 

 

 

Figure S.IV.3 Sum of HWI association indices (average number of associates) for distinctive individuals 
captured on three or more occasions off Madeira Island. 
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APPENDIX B – Supplementary Material to Chapter V 

Table S.V.1 Mean (± SD) δ13C and δ15N values of the prey species (Dias et al., 2023) and zooplankton 
(Dromby, 2018) used in this study. Prey species were divided by groups, general type and habitat of preys 
were based on fishbase.org and thecephalopodepage.org (Dias et al., 2023). n = number of samples. 

Taxa/species 
General 

type 
Main habitat Group n δ13C δ15N 

Prey       

Scomber colias 
small-

sized fish 
epipelagic 

Small pelagic 
fish A 

18 
-19.27 ± 

0.35 
7.94 ± 
0.55 

Sardina pilchardus 
small-

sized fish 
benthopelagic 

Small pelagic 
fish A 

11 
-19.23 ± 

0.35 
7.67 ± 
0.43 

Sardinella sp. 
small-

sized fish 
benthopelagic 

Small pelagic 
fish A 

3 
-19.49 ± 

0.83 
7.03 ± 
0.13 

Boops boops 
small-

sized fish 
benthopelagic 

Small pelagic 
fish A 

2 
-19.08 ± 

0.20 
8.29 ± 
0.58 

Macroramphosus gracilis 
small-

sized fish 
benthopelagic 

Small pelagic 
fish A 

4 
-19.08 ± 

0.36 
6.52 ± 
0.42 

Trachurus picturatus 
small-

sized fish 
epipelagic 

Small pelagic 
fish B 

15 
-17.91 ± 

1.30 
9.02 ± 
0.33 

Katsuwonus pelamis 
medium-
sized fish 

epipelagic 
Large pelagic 

fish 
6 

-18.64 ± 
0.42 

9.74 ± 
0.29 

Thunnus obesus 
large-

sized fish 
epipelagic 

Large pelagic 
fish 

8 
-17.66 ± 

1.82 
11.11 ± 

0.38 

Thunnus alalonga 
large-

sized fish 
epipelagic 

Large pelagic 
fish 

8 
-18.47 ± 

0.37 
11.08 ± 

0.37 

Loligo vulgaris squid demersal 
Demersal 

squids 
5 

-18.92 ± 
0.29 

8.27 ± 
0.47 

Ommastrephes caroli squid mesopelagic 
Pelagic 

squids A 
5 

-18.69 ± 
0.27 

6.85 ± 
0.50 

Sthenoteuthis pteropus squid mesopelagic 
Pelagic 

squids B 
6 

-18.14 ± 
0.23 

9.89 ± 
0.57 

Baseline       

Zooplankton NA NA NA 4 
-18.8 ± 

1.87 
3.72 ± 
0.30 

 

 

 

 

 

 

Table S.V.2 Pairwise Wilcoxon post hoc tests with Bonferroni correction for δ13C values for the six cetacean 
species, at 0.05 significance level. Significant differences (p-value < 0.05) are marked with bold. 
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Short-beaked 

common 
dolphin 

Atlantic 
spotted 
dolphin 

Common 
bottlenose 

dolphin 

False 
killer 

whale 

Short-
finned 

pilot whale 

Short-beaked common 
dolphin 

NA NA NA NA NA 

Atlantic spotted dolphin 1.46953e-09 NA NA NA NA 

Common bottlenose 
dolphin 

1.53317e-12 8.19640e-06 NA NA NA 

False killer whale 0.00011 0.00026 0.03082 NA NA 

Short-finned pilot whale 9.93338e-13 1.52794e-10 3.30044e-06 1 NA 

Sperm whale 0.00036 0.00100 1 0.43357 0.01217 

 

Table S.V.3 Pairwise Wilcoxon post hoc tests with Bonferroni correction for δ15N values for the six 
cetacean species, at 0.05 significance level. Significant differences (p-value < 0.05) are marked with bold. 

 
Short-beaked 

common 
dolphin 

Atlantic 
spotted 
dolphin 

Common 
bottlenose 

dolphin 

False 
killer 

whale 

Short-
finned pilot 

whale 

Short-beaked common 
dolphin 

NA NA NA NA NA 

Atlantic spotted dolphin 0.01025 NA NA NA NA 

Common bottlenose 
dolphin 

0.10671 1 NA NA NA 

False killer whale 1.65083e-06 0.00073 0.00022 NA NA 

Short-finned pilot whale 1.00465e-11 4.32109e-09 1.20394e-10 0.66339 NA 

Sperm whale 3.21851e-06 0.00181 0.0005 0.20979 1 
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Table S.V.4 Mean (± SD) δ13C and δ15N values of females and males of all the species investigated in the 
study, except for sperm whales, since all the sampled individuals were females. 

Cetacean species δ13C δ15N 

Short-beaked common dolphin   

                                Females -19.50 ± 0.38 10.05 ± 0.95 

                                Males -19.42 ± 0.57 9.62 ± 0.57 

Atlantic spotted dolphin   

                                Females -19.05 ± 0.35 10.19 ± 0.85 

                                Males -19.21 ± 0.50 10.51 ± 0.92 

Common bottlenose dolphin   

                                Females -17.11 ± 0.46 10.15 ± 0.77 

                                Males -16.99 ± 0.30 10.16 ± 0.64 

False killer whale   

                                Females -17.50 ± 0.31 12.19 ± 0.13 

                                Males -17.70 ± 0.49 11.95 ± 0.11 

Short-finned pilot whale   

                                Females -15.82 ± 0.35 12.21 ± 0.69 

                                Males -15.70 ± 0.24 12.70 ± 0.56 

 
 
Table S.V.5 Pairwise Wilcoxon post hoc tests with Bonferroni correction for trophic position values for 
the six cetacean species, at 0.05 significance level. Significant differences (p-value < 0.05) are marked 
with bold. 

 
Short-beaked 

common 
dolphin 

Atlantic 
spotted 
dolphin 

Common 
bottlenose 

dolphin 

False 
killer 

whale 

Short-
finned pilot 

whale 

Short-beaked common 
dolphin 

NA NA NA NA NA 

Atlantic spotted 
dolphin 

0.01025 NA NA NA NA 

Common bottlenose 
dolphin 

0.10671 1 NA NA NA 

False killer whale 1.65083e-06 0.00073 0.00022 NA NA 

Short-finned pilot 
whale 

1.00465e-11 4.32109e-09 1.20394e-10 0.66339 NA 

Sperm whale 3.21851e-06 0.00181 0.0005 0.20979 1 
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Table S.V.6 δ13C and δ15N stable isotope values used in the present study, without corrections, for all 
sampled individuals of the six species. 

Cetacean species δ13C δ15N 

Short-beaked common dolphin   

Dd1 -18,539 8,891 

Dd2 -19,131 8,586 

Dd3 -17,910 10,977 

Dd4 -19,723 9,900 

Dd5 -18,849 9,179 

Dd6 -20,114 9,625 

Dd7 -19,950 9,480 

Dd8 -19,257 11,573 

Dd9 -18,965 9,389 

Dd10 -19,336 11,403 

Dd11 -19,491 10,624 

Dd12 -19,718 9,407 

Dd13 -19,219 10,492 

Dd14 -18,708 9,124 

Dd15 -18,708 9,644 

Dd16 -19,613 9,505 

Dd17 -18,838 8,824 

Dd18 -18,941 12,722 

Dd19 -19,464 9,296 

Dd20 -19,984 9,966 

Dd21 -19,524 9,207 

Dd22 -19,152 9,967 

Dd23 -18,954 9,827 

Dd24 -19,854 9,000 

Dd25 -19,612 9,403 

Dd26 -19,855 9,472 

Dd27 -18,843 9,523 

Dd28 -19,391 9,936 

Dd30 -20,185 9,482 

Dd31 -20,143 9,925 

Dd32 -19,839 9,126 

Dd33 -19,248 8,970 

Dd34 -19,700 9,987 

Dd35 -19,851 9,279 

Dd36 -19,469 9,738 

Dd37 -20,178 9,774 

Dd38 -19,857 9,450 

Dd39 -20,404 9,636 

Dd40 -19,644 10,045 

Dd41 -19,757 9,886 

Dd42 -19,499 9,284 

Dd43 -19,699 10,696 

Dd44 -19,901 9,864 

Dd45 -19,239 9,610 

Dd46 -19,407 9,603 
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Dd47 -19,315 10,869 

Dd48 -19,232 10,076 

Atlantic spotted dolphin   

Sf2 -19,333 10,152 

Sf3 -18,487 9,632 

Sf4 -18,835 9,898 

Sf5 -18,672 9,097 

Sf6 -19,096 11,610 

Sf8 -18,843 9,763 

Sf9 -19,194 9,803 

Sf10 -19,888 9,831 

Sf11 -19,679 10,486 

Sf12 -18,616 13,291 

Sf13 -19,000 11,376 

Sf14 -19,415 11,206 

Sf15 -19,783 10,049 

Sf16 -19,407 10,141 

Sf17 -19,674 9,482 

Sf18 -19,346 9,783 

Sf19 -19,086 10,955 

Sf20 -18,616 11,401 

Sf21 -19,453 10,092 

Sf22 -19,568 10,955 

Sf23 -18,041 11,071 

Sf25 -19,148 10,393 

Sf26 -18,930 9,609 

Sf27 -18,681 9,963 

Sf29 -20,046 11,658 

Sf30 -19,128 10,233 

Sf31 -19,186 9,914 

Sf32 -18,809 11,002 

Sf33 -19,399 9,330 

Sf34 -18,668 9,970 

Sf35 -19,375 9,797 

Sf36 -19,081 9,196 

Sf37 -19,194 11,163 

Common bottlenose dolphin   

Tt3 -18,856 10,456 

Tt4 -18,712 9,294 

Tt5 -17,926 9,515 

Tt6 -18,912 9,531 

Tt7 -18,561 9,259 

Tt8 -18,146 9,901 

Tt9 -17,832 11,463 

Tt10 -18,203 9,178 

Tt11 -17,794 9,416 

Tt12 -18,575 9,412 

Tt13 -18,539 10,429 

Tt14 -18,384 9,457 
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Tt15 -18,559 9,787 

Tt16 -18,193 10,312 

Tt18 -18,352 11,454 

Tt19 -18,487 11,187 

Tt20 -18,884 9,272 

Tt21 -18,686 9,616 

Tt22 -17,740 11,230 

Tt23 -18,572 10,024 

Tt24 -18,784 10,279 

Tt25 -18,503 10,265 

Tt26 -18,583 10,251 

Tt27 -19,011 10,093 

Tt28 -19,101 9,968 

Tt29 -19,524 9,740 

Tt30 -18,452 10,611 

Tt31 -18,825 9,159 

Tt32 -19,310 10,914 

Tt33 -18,668 9,984 

Tt34 -18,593 10,265 

Tt35 -18,695 10,791 

Tt36 -18,243 10,578 

Tt37 -18,300 9,890 

Tt41 -18,910 11,990 

Tt42 -18,600 10,260 

Tt43 -18,310 10,170 

Tt44 -18,540 10,440 

False killer whale   

Pcr1 -17,729 11,798 

Pcr2 -17,628 12,243 

Pcr3 -17,659 12,001 

Pcr4 -17,100 12,932 

Pcr5 -17,675 12,239 

Pcr6 -17,696 11,938 

Pcr7 -17,035 12,283 

Pcr8 -18,291 12,045 

Short-finned pilot whale   

Gma2 -17,084 13,375 

Gma3 -16,681 14,042 

Gma4 -17,476 11,929 

Gma5 -15,795 13,043 

Gma6 -17,400 12,586 

Gma7 -17,443 12,928 

Gma8 -17,776 12,356 

Gma9 -17,027 12,466 

Gma10 -17,876 12,899 

Gma12 -17,329 12,558 

Gma13 -17,063 12,449 

Gma14 -17,213 13,261 

Gma15 -17,222 12,682 
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Gma17 -16,628 12,581 

Gma18 -17,907 12,439 

Gma19 -17,427 12,803 

Gma20 -17,433 11,981 

Gma21 -18,778 11,930 

Gma23 -17,260 12,805 

Gma25 -17,620 12,793 

Gma26 -17,250 12,511 

Gma27 -17,220 12,290 

Gma30 -17,000 12,040 

Gma31 -17,220 12,040 

Gma33 -17,160 11,950 

Gma34 -17,040 11,880 

Gma35 -17,630 12,050 

Gma36 -17,500 12,080 

Gma38 -18,120 11,210 

Gma39 -17,000 12,020 

Gma43 -18,310 10,170 

Gma44 -17,390 12,530 

Sperm whales   

Pm2 -17,992 13,235 

Pm3 -18,249 12,232 

Pm5 -17,659 12,962 

Pm6 -18,395 12,272 

Pm7 -18,288 12,165 

Pm8 -17,907 12,665 

Pm9 -18,012 12,297 

 

 

 


