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Resumo 

A complexidade batimétrica e as características oceanográficas que rodeiam o 

arquipélago dos Açores, fazem deste local um hotspot para a megafauna marinha. O 

cachalote (Physeter machrocephalus), classificado como “Vulnerável” pela IUCN, é uma 

espécie residente nos Açores, observados durante todo o ano no arquipélago, 

maioritariamente em grupos familiares compostos por fêmeas e indivíduos jovens, e 

ocasionalmente machos adultos, que usam esta área para reprodução. O extremo 

dimorfismo sexual e a segregação social, entre machos e fêmeas, desta espécie levou a 

uma diferenciação nas respetivas necessidades ecológicas de ambos os géneros. No 

século passado esta espécie era amplamente caçada na região fazendo da baleação uma 

das principais atividades económicas do arquipélago, sendo que em 1986 proclamou-se 

o fim à baleação comercial em escala mundial. Hoje em dia os cachalotes continuam a ter 

um grande peso para a região uma vez que a observação de cetáceos é a principal atividade 

do setor de turismo. Este estudo, tem como objetivo principal dar ênfase às diferenças de 

preferências de habitats por unidades familiares, machos solitários e o único macho 

(conhecido até hoje) e avistado regularmente na área de estudo, muito provavelmente 

residente, Mr. Liable. Os dados de presença de cachalotes foram obtidos através de uma 

empresa de observação de cetáceos que opera maioritariamente na costa sul de São 

Miguel, durante todo o ano, no período de 2009 a 2019. Os pontos das pseudo-ausências 

(necessários devido à natureza binomial dos dados) foram considerados a presença das 

outras espécies avistadas, assim, os dados das presenças e pseudo-ausências foram 

recolhidos sobre o mesmo esforço. Modelos generalizados aditivos (GAMs), com 

distribuição binomial, foram usados para explorar as relações entre as diferentes classes 

de cachalotes (grupos familiares, machos e Mr. Liable), em comportamentos distintos 

(foraging – à procura de alimento; ou noutro comportamento, sem ter consideração o 

primeiro, como por exemplo socialização ou a descansar), e as variáveis ambientais, tais 

como fatores oceanográficos (temperatura superficial da água; profundidade da camada 

homogénea da água; anomalia do nível da água; desvio padrão da temperatura superficial 

da água; gradiente da temperatura da superfície da água) e batimétricos (profundidade). 

Três modelos distintos foram desenvolvidos para cada classe de cachalotes (grupos 

familiares, machos e Mr. Liable): (i) modelo geral, onde todos os avistamentos da classe 

são considerados, (ii) modelo em foraging, onde apenas avistamentos da classe neste 

comportamento são considerados, (iii) modelo de outros comportamentos, onde apenas 
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os avistamentos que não em foraging são considerados. Durante os onze anos usados para 

a análise, a temperatura média mensal da superfície da água (SST) na área de estudo tem 

vindo a aumentar assim como o valor médio mensal da anomalia do nível da água (SLA), 

sendo que desde 2013 não se regista valores negativos de SLA. Os grupos familiares 

correspondem a 79% das nossas observações, os machos a 11% e o Mr. Liable aos 

restantes 10%. Foraging foi o comportamento observado mais frequentemente para as 

três classes, sendo que os machos foram avistados neste comportamento 55% das vezes, 

os grupos familiares 66% e o Mr. Liable 94%. Devido ao facto de o Mr. Liable apenas ter 

sido visto raramente em outros comportamentos (9 avistamentos em 11 anos), apenas se 

desenvolveu um modelo para Mr. Liable em foraging, uma vez que o universo amostral 

seria muito reduzido. A taxa de observação de grupos familiares seguiu a sazonalidade 

do esforço (número de saídas) onde o valor mais alto foi observado em julho e o mais 

baixo em fevereiro. A relação entre o esforço e a taxa de observação de machos e Mr. 

Liable não mostrou ser tão evidente, com os picos a ocorrer em agosto e em novembro, 

respetivamente. Todas as classes de cachalotes mostraram ter distintas preferências de 

habitats entre elas, sendo que as fêmeas também demonstraram ter em consideração 

diferentes variáveis oceanográficas quando em foraging ou noutro comportamento. A 

profundidade foi a única variável retida por todos os modelos, mostrando uma correlação 

positiva entre esta variável e presença de cachalotes, sendo que os machos e os grupos 

familiares mostraram uma maior preferência por águas mais profundas e o Mr. Liable 

pela zona entre os 500 e os 700 m. Os grupos familiares em foraging mostraram uma 

maior preferência por águas quentes, valores altos da profundidade da camada 

homogénea da água (MixLayer), valores altos para o desvio padrão de SST e valores 

negativos de SLA. Quando em outros comportamentos (que não foraging) os grupos não 

consideraram relevante a MixLayer nem a SLA. O Mr. Liable, em foraging, mostra maior 

afinidade por águas mais frias (entre os 20ºC aos 22ºC), valores da MixLayer mais 

restritos (aproximadamente aos 80 m), valores baixos de gradiente de SST e valores nos 

dois extremos de SLA (negativos e positivos mostrando pouca afinidade por valores 

intermédios). Os machos apenas apresentaram preferência pela profundidade, tanto em 

foraging como noutros comportamentos, sendo que as restantes variáveis ambientais não 

mostraram qualquer tipo de relevância para esta classe. Os valores negativos de SLA 

estão associados a eddies ciclónicos enquanto valores positivos estão associados a eddies 

anticiclónicos, isto representa áreas de upwelling e downwelling que parece influenciar a 

presença de diferentes classes de cachalotes. A variável MixLayer está diretamente 
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relacionada com maior ou menor produção primária. Todas estas diferenças entre Mr. 

Liable e grupos familiares poderão estar associadas à exploração de diferentes tamanhos 

de presas, que se traduz por diferentes necessidades ecológicas, o que também é ilustrado 

pela diferenciação no uso de diferentes profundidades. O facto de o Mr. Liable estar 

presente durante todo o ano na mesma área do que grupos familiares poderá ter criado 

uma diferenciação nas preferências de variáveis oceanográficas que resultará numa 

diminuição de competição entre as duas classes. As diferenças entre machos e Mr. Liable 

poderá ser devido ao facto de estas duas classes usarem a área de estudo para propósitos 

diferentes, o primeiro maioritariamente para acasalamento e o segundo também para 

foraging (uma vez que é avistado durante todo o ano na área). Neste estudo mostramos 

que existem divergências na preferência de habitats de cachalotes não só considerando o 

género/estrutura social e comportamento, mas também a individualidade. Estes resultados 

poderão ajudar a delinear planos de conservação, tendo em consideração necessidades de 

habitats de cachalotes locais, em vez de abordar de uma maneira generalista, e fornecer 

informação necessária para entender os potenciais efeitos do impacto antropogénico nos 

oceanos. 

 

Palavras-chave: Preferência de habitats, variáveis ambientais, cachalotes, Açores, GAM 
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Abstract 

Sperm whales (Physeter machrocephalus), classified as “Vulnerable” by the IUCN, are 

sighted year-round in the Azores, often in known family groups composed of females and 

immatures, and occasionally adult males for mating purposes. This study highlights 

differences in the habitat preference of family units (79% of our sightings), solitary males 

(11%) and the only known male sighted regularly and throughout the year in the study 

area, Mr. Liable (10%). Sperm whale occurrence data was obtained from whale watching 

platforms operating in the south of São Miguel Island from 2009 to 2019. Generalized 

Additive Models with binomial distribution were used to assess the relationship between 

the occurrence of the different behaviours and classes of sperm whales and topographic 

and oceanographic variables at the surface and in the water column. Depth was the only 

variable retained by all models, always showing higher suitability in waters deeper than 

500 m. Groups preferred negative values of altimetry (SLA) and high standard deviation 

of the sea surface temperature (SST) while males only retained depth as a relevant 

variable. However, Mr. Liable presented a higher affinity for more extreme SLA values, 

lower SST gradients and avoided intermediate values of SLA. This contrast of habitat 

preference might be related to the exploitation of different prey sizes of males and females 

and because males and Mr. Liable might use the study area for different purposes. Mixed 

layer thickness was only significant for foraging behaviour. We highlight divergences on 

habitat preference of sperm whales, both regarding different behaviours and social 

structure, but also individual preferences. These results may help to delineate appropriate 

management plans, by accounting habitat needs of local sperm whales rather than a 

general approach and providing information to understand potential effects of 

anthropogenic and natural changes in the ocean.     

Key-words: Habitat preference, environmental variables, sperm whales, Azores, GAM 
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Chapter 1: Introduction 

1.1  Whaling  

The history between sperm whales (Physeter macrocephalus, Linnaeus 1758) and the 

Azorean people goes back to the 18th century when the American whalers began to 

explore the Azorean waters, also known as the “western islands”, and recruiting the 

islanders for their crews (Clarke, 1954; Reeves & Smith, 2003). During the Yankee 

whaling era (between 17th century to 1924; Reeves & Smith, 2003) sperm whales were 

the most important target around Azores and shortly after the first exploration in 1765, it 

was already seen as a profitable area (Clarke, 1954).  

In the 19th century, land-based whaling started to develop in the archipelago, emerging 

from the experience of the Azorean people that had been on board the American ships 

(Clarke, 1954; Vieira, 1996). This activity became present in all the islands of the 

archipelago, apart from Corvo (Clarke, 1956). Traditional methods were always used by 

the local population (Figure 1.1): a 12-meter open boat, occupied by seven men, would 

chase the sperm whale (sometimes bigger than the boat itself) using only hand-held 

harpoons and lances (Clarke, 1954). After the hunt, the whale was towed to shore where 

almost all the whale carcase was used and transformed into the most diverse products: the 

bones and meat were transformed into flours; the occasional ambergris, found in the 

intestine of sperm whales, could be used in the cosmetic industry; the teeth were used for 

decorative objects (“scrimshaw”); the skin was transformed into leather; the tendons and 

connective tissue fibers were used as cables (Clarke, 1954); the blubber oil was 

transformed into lamp fuel (Rice, 2009). But the whales were hunted for one product in 

particularly, the spermaceti oil that was used for machinery lubricant, essential for the 

industrial revolution, and First and Second World Wars (Neves-Graça, 2004; Vieira, 

2009). Whaling become the core economic activity for some islands (Clarke, 1954; 

Neves-Graça, 2004; Vieira, 2009) and peaked in the 1950’s regarding the number of 

catches (Brito, 2008) and biomass removal (Prieto et al., 2013). In the middle of the 20th 

century, around 200 boats were hunting sperm whales in the archipelago, all of this 

promoted the transformation of the small land-based whaling activity into commercial 

whaling (Santos et al., 1995).  
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The fame and success of the activity started to fade away during the 1960’s (Martin & 

Melo, 1983) due to the decrease of whale stocks, the increase of economic costs and the 

discovery/development of the abundant petroleum oil that eventually led to the inevitable 

extinction of the whaling industry (Coleman, 1995). The whalers laid down their 

harpoons permanently with the proclamation of the global “moratorium” on all 

commercial whaling in 1986 by the IWC (International Whaling Commission), and with 

the implementation of the national Decreto-Lei 316/89, 22 of September. In the Azores, 

whaling decreased the amount of sperm whales in the region (Vieira & Brito, 2009) and 

between the year of 1991-1994 (nine years after the global moratorium) around 1600-

2200 individuals were estimated for the regional population (Matthews et al., 2001). 

However, the high genetic diversity and absence of inbreeding observed in recent years 

using microsatellite markers, suggests that the population is recovering (Pinela et al., 

2009).  

 

1.2 Whale watching 

The shift of cultural perception regarding cetaceans (Lawrence & Phillips, 2004), from 

“edible commodities” to “symbols of nature” (van Ginkel, 2007) catapulted the whale 

watching industry as one of the fastest growing (from 9 million USD in 1998 to 2.1 billion 

USD in 2008) touristic activities worldwide (Hoyt, 2001; O’Connor et al., 2009). In the 

1980’s (the same decade of the global moratorium) whale watching industry is viewed as 

the new sustainable “use” for whales by the IWC and, if managed properly, it is capable 

to generate educational, scientific, ecological, and socio-economic benefits regionally 

Figure 1.1. Azorean whaler getting ready to harpoon the sperm whale.  Retrieved 

from: https://bit.ly/39NNmOq 
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(Hoyt, 2001; Cisneros-Montemayor et al., 2010). The transition period between whaling 

to whale watching in the Azores embraced both the whaling heritage and the scientific 

perspective by combining practical knowledge of the whalers and the ecological 

perspectives of scientists (Neves-Graça, 2006). Former employers of the whaling industry 

adapted to the new reality by becoming “vigias”, land-based lookouts that scanned the 

ocean with binoculars searching for cetaceans, for the new whale watching companies 

(Neves-Graça, 2006, Sequeira et al., 2009).  

Since 2015 that tourism has been growing sharply in the Archipelago of the Azores 

transforming it into a promising sector for the region (Vieira et al., 2019). Wildlife and 

natural beauty are tourists’ main reasons when choosing the Azores, with whale watching 

being the most relevant activity (Queiroz et al., 2014). Around 27 species of cetaceans 

have been recorded in Azorean waters (Borges et al., 2016) with sperm whale being one 

of the most sighted species all year round (Silva et al., 2013; González García, 2018). 

This hotspot of megafauna transformed the Azores into a famous destiny for whale 

watchers worldwide, especially for those following the big whales (O’Connor et al., 

2009). A very low percentage (from 1% to 5%) of whale watching trips with zero 

sightings of cetaceans is the result of the high biodiversity combined with the use of the 

lookout technique (Sequeira et al., 2009).  

Within the objective of maintaining a sustainable growth the Autonomous Region of the 

Azores established a strict regulation of conduct for whale and dolphin watching (DLR 

10/2003/A) and a restrict number of licensed vessels (Portaria Nº 5/2004 of 29 of 

January). The development of the whale watching industry allowed sperm whales to 

continue to be an iconic symbol for the region. 

 

 

1.3   Sperm whale biology and ecology 

1.3.1 Sperm whale taxonomy and anatomy 

It is believed that sperm whales, phylogenetically, are close to the root odontocetes 

(suborder Odontoceti) retaining some primitive characteristics (Mchedlidze, 2009). The 

Physeteridae family presents a very diverse fossil record that goes back at least to the 

Miocene (~21 Ma) but nowadays, Physeter macrocephalus is the only surviving species 
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(Berta et al., 2015). This species, together with the two closest related species, pygmy 

sperm whale (Kogia breviceps, Blainville, 1838) and dwarf sperm whale (Kogia simus, 

Owen, 1866), both belonging to Kogiidae, comprise de extant members of the 

superfamily Physeteroidea (Fordyce & Muizon, 2001).  

This species is considered the largest of the toothed whales (Gosho et al., 1984) and the 

cetacean with the highest level of sexual dimorphism regarding length and weight (Best, 

1979; Whitehead, 2018). Mature males can reach up to, approximately, 18 m while 

females up to 12 m, weighing 57 t and 24 t, respectively (Elwen et al., 2016).  

 A very evident trait of sperm whales is the huge square nasal complex (Figure 1.2) that 

can exceed one third and one quarter of the total weight and length, respectively (Clarke, 

1978a; Gosho et al., 1984). Most of the nasal complex is occupied by two structures (i) 

the spermaceti organ, enclosed in a muscular case (Clarke, 1978a), consists in a spongy 

tissue impregnated with spermaceti oil, a waxy composition oil (Wellendorf, 1963; 

Morris, 1973; Clarke, 1978a; Rice, 2009), that is limited by air sacs in both edges 

(Whitehead, 2018); (ii) the “junk”, which is homologous to the melon of other 

odontocetes (Heyning & Mead, 1990), placed right below the first one and above the 

rostrum of the skull,  is divided in segments of fibrous connective tissues (“lenses”-like) 

and this structure is also saturated with spermaceti oil (Clarke, 1978a). Surrounding the 

spermaceti organ there is an asymmetric arrangement or air passages which is externally 

detected by the position of the blowhole, in the left end of the sperm whale head (Figure 

1.2; Raven & Gregory, 1933). 

 

The hypertrophy of the nasal complex suggests a vital function and for many years its 

purpose was debated. It is now widely accepted that this structure is responsible for the 

production of clicks with the purpose of communication and echolocation (Norris & 

Figure 1.2: Sperm whale breathing at the surface. Photo by: Inês Coelho (Left). Anatomy of sperm whale 

head. Retrieved from: Whitehead, 2018 (Right). 
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Harvey 1972; Cranford et al., 1996; Møhl, 2001; Madsen et. al., 2002). These clicks can 

reach the intensity of 235 dB, the loudest sound ever recorded in the animal kingdom 

(Møhl et al., 2003). Other hypothesis suggests buoyancy control (Clark, 1970), a 

specialization for male-male aggression interaction (Carrier et al., 2002; Panagiotopoulou 

et al., 2016), a response to sexual selection (Cranford, 1999) and prey debilitation using 

powerful sounds (Norris & Møhl, 1983). Sperm whales are unique and peculiar looking 

cetaceans but these odd characteristics are the perfect tools to thrive in their surroundings, 

the deep ocean (Cantor et al., 2019). 

 

1.3.2 Social structure and behaviour 

Sperm whales are K-selected species meaning that the efficient exploitation of resources 

and mortality avoidance becomes fundamental, therefore, social relationships might be 

the answer for cooperative foraging, vigilance, and defence against predators, especially 

for calves (Whitehead, 2003). Female sperm whales are extremely social animals that 

spend all their lives in the company of their social “units”, the basic element of sperm 

whale society, that consists in mature females, immature offspring, and calves (Best, 

1979; Whitehead et al., 1991; Whitehead, 2003; Gero et al., 2014). This units can come 

together to form “groups” during variable periods of time (Best, 1979; Whitehead et al., 

1991). At a certain point, immature males abandon their original units to start their 

solitary lives (Best, 1979) although, on some occasions, males can form aggregations 

called bachelor groups (Best, 1979; Lettevall et al., 2002). In the Azores, the social units 

are comprised by up to 12 sperm whales (Antunes, 2009; van der Linde & Eriksson, 

2020), mainly composed by individuals of the same family, and the dispersal age of males 

is around 16.6 years (Pinela et al., 2009). The social system of sperm whales differs from 

any other odontocete and due to a “colossal convergence” it is only comparable to the 

largest terrestrial animal, the elephant (Weilgart et al., 1996). 

The behaviour of sperm whales can be divided into two categories: foraging (1.3.3) and 

socializing/resting (Whitehead & Weilgart, 1991). Due to the importance of the social 

society for females and immatures, 25% of the day is spent on socializing while the rest 

of the time is dedicated to forage (Whitehead & Weilgart, 1991). During this active time 

on the surface many behaviours can be observed (Figure 1.3) like lobtailing, breaching, 

spy-hopping, side-fluke, rolling and touching each other (Whitehead, 2018; Whitehead & 
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Weilgart, 1991). In addition to visual behaviour, vocal exchange between individuals can 

also be heard during the socialization periods at or near the surface (Watkins & Schvill, 

1977; Whitehead & Weilgart, 1991). This “sequences of clicks which are repeated several 

times”, are called codas (Watkins & Schvill, 1977) and many different types of codas 

have been registered worldwide (e.g, Pavan et al., 2000; Rendell & Whitehead, 2003; 

Antunes, 2009). The use of the different types of codas by different units vary regionally 

(Weilgart & Whitehead, 1997) and the set of units with similar coda repertories (dialects) 

can be organized into acoustic “clans” (Rendell & Whitehead, 2003).  

 

 

 

 

 

 

 

 

 

 

 

Although little is known about the resting behaviour of cetaceans in the wild Miller et al. 

(2008) observed that sperm whales worldwide rest in a vertical posture just below the 

surface while drifting. 

 

1.3.3 Foraging 

Sperm whales play an important role as the largest and one of the most significant 

predators in the global mesopelagic ecosystems (Smith & Whitehead, 2000; Whitehead 

et al., 2003). Several thousand stomachs contents of sperm whales have been analysed 

around the world, mostly during the whaling era, and it was clear that cephalopods, 

a b 

c d 

Figure 1.3:  Sperm whale behaviour at the surface of the water. Fluke (a), beginning of spy-

hopping (b), Breaching (c), lobtailing (d). Photos: by Rafael Martins. 
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particularly squids, were the principal item (Kawakami, 1980). Nevertheless, in some 

regions, fishes (teleosts and elasmobranchii) also play an important role in sperm whales’ 

diet (Kawakami, 1980) and in Iceland are the principal prey (Martin & Clark, 1986). 

Clarke et al. (1993) analysed the stomach content of 17 sperm whales in the Azores and 

the cephalopod families Octopoteuthidae, Histioteuthidae and Architeuthidae (the giant 

squid) seemed to be sperm whales’ main food resource (regarding mass), with different 

sized whales choosing different size preys. They also found out that 77% of sperm whale 

food (mass) was derived from species possessing bioluminescent features and neutral 

buoyance. However, there might be an over or under representation of some taxa due to 

associated bias to this sampling method (Whitehead, 2003).  

Even though sperm whales are the biggest predators in the world there is no visual record 

of a sperm whale hunting, making the question of how sperm whales locate and capture 

their prey a very debatable topic along the years. There is a general consensus that 

echolocation plays a vital role to forage in the deep ocean (e.g., Norris & Harvey 1972; 

Madsen et al., 2002; Miller et al., 2004; Drouot et al., 2004). The foraging dive starts with 

a fluke-up, when the whale raises the tail above the surface of the water and begins the 

descent almost vertical (Whitehead & Weilgart, 1991; Drouot et al., 2004). The 

descendent phase of the sperm whale dive is dedicated to search for prey, by producing 

regular clicks that work as a long-range biosonar (Watwood et al., 2006). The foraging 

phase is defined by the starting of buzzes, high frequency clicks, that mark the encounter 

and active hunt of the prey and will update the position of the prey in the last seconds 

before capture. This is the longest phase, and the feeding occurs throughout this time 

(Madsen et al., 2002; Drouot et al., 2004; Miller et al., 2004; Watwood et al., 2006; Fais 

et al., 2016). Finally, the whale starts the ascend back to the surface where will stay for 

some minutes for an aerobic recovery (Watwood et al., 2006). Normally the whole dive 

cycle lasts 45 min (Drouot et al., 2004; Watwood et al., 2006; Teloni et al., 2008) and can 

go up to 1860 m of depth (Teloni et al., 2008). Groups of females when foraging can be 

spread out over 1 km while males, generally, forage independently (Whitehead, 2018). 

Clarke (1977) estimated that sperm whales alone consume more than 110 million tonnes 

of oceanic squid annually which exceeds the total capture fisheries of 90 million tonnes 

worldwide (FAO, 2018). The foraging efficiency of the sperm whale is higher than any 

other air-breather mesopelagic predator, this is due to a combination of long-range 
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echolocation of prey patches, efficient locomotion, and a large aerobic capacity 

(Watwood et al., 2006).   

 

1.3.4 Distribution and habitat preferences 

Sperm whales are one of the most globally distributed species on Earth, it can be found 

in both hemispheres from the edge of the ice packs to the warm tropical waters 

(Whitehead, 2003; Whitehead, 2018). Due to different ecological requirements of both 

sexes (Pace et al., 2018), there is a sex related segregation in terms of social organization 

(1.3.2) and geographical distribution (Jaquet et al., 2000). While the social units of 

females and immature individuals are found in latitudes lower than 40º, the solitary males 

can be found up to the edge of polar ice packs in both hemispheres (Figure 1.4; Gosho et 

al., 1984; Rice, 1989). The overlap of both sexes happens when males migrate from the 

polar waters to the lower latitudes breeding areas (Gosho et al., 1984), like at the Azores 

(Clarke, 1956; Silva et al., 2014), but little is known about these migrations. During the 

commercial whaling era, traditional harpoons were recovered which led to the association 

of sperm whale’s movements between Azores, Iceland and Spain (Martin, 1982; Aguilar, 

1985). In more recent years, using photo identification methods, three adult males were 

matched between the Azores (Pico Island) and Norway (Tromsø; Steiner et al., 2012), 

different sperm whale groups between the different group islands of the Azores within 

and between years (Magalhães et al., 2005) and between the Azores and the Gulf of 

Mexico (Mullin et al., in press).  

 

Figure 1.4: Sperm whale global distribution. Retrieved from Whitehead 

2018. 
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Understanding the movements and habitat preferences of a species is essential to 

understand more about their ecology, to identify critical areas (e.g., breeding areas), to 

know the degree of overlap with human activities and finally to implement possible 

conservation measures (Redfern et al. 2006; Cañadas et al., 2005). The habitat preferences 

of various species of cetaceans have already been studied worldwide and they are often 

related with topographic factors like depth and slope (Cañadas et al., 2002; Cañadas et 

al., 2005; Azzellino et al., 2008), but also with group size, behaviour, seasonality 

(Azzellino et al., 2008), presence or absence of calves (Ersts & Rosenbaum, 2003) and 

chlorophyll concentration (Correia et al., 2015, González García, 2018). For sperm 

whales some of these factors can also be applied. Topographic characteristics, as depth, 

slope and direction of slope, often seem to be an important factor for sperm whales (e.g., 

Seabra et al., 2005; Priotta et al., 2011; Tepsich et al., 2014; Skov et al., 2008). Specific 

types of habitats like submarine canyons (Moors-Murphy, 2014; Johnson et al., 2016; 

Guerra et al., 2017), seamounts (Wong et al., 2014) and ridges (Skov et al., 2008) appear 

to be crucial for sperm whales. In an oceanographic perspective, the presence of SST-

fronts (Gannier & Praca, 2007) and high eddy kinetic energy (Wong et al., 2014) appear 

to favour the sperm whale presence in some cases. All these features combined might be 

related with upwellings and higher productivity, ultimately creating more feeding 

opportunities for sperm whales (Moors-Murphy, 2014). Although Azores is considered 

an important area for sperm whales, very few habitat preference/selection studies are 

focused on this archipelago. It is known that the offshore and deeper waters (1000 – 1500 

m; Silva et al., 2003) are usually preferred by this species and that there is a positive 

relationship with sea surface temperature and sperm whales’ sightings (Seabra et al., 

2005). Tobeña et al. (2016) presents the most extensive study regarding this subject in the 

Azores. The authors shows that the most relevant variable is the time-lagged (two months) 

variance of the chlorophyll-a concentration, that is related with high primary production 

areas and that there seems to be a preference for areas with high density of seamounts, 

that can be related with prey aggregation.  

 

When studying the habitat preference of sperm whales, it is important to take into 

consideration their social aggregation since the different ecological requirements of 

groups and solitary animals are related with different behaviours such as foraging or 

socializing (Pace et al., 2018). Whitehead & Rendell (2004) observed that different vocal 

clans, in the South Pacific, had different preferences for depth and movements which 



10 
 

resulted into different feeding successes. In the Balearic Islands, Pirotta et al. (2011) 

demonstrated that the probability to encounter solitary individuals in warm waters would 

be higher when compared to social groups.  

 

1.4 Azores   

Rising from the ocean base of the North Atlantic of 4000 m (Sala et al., 2016), the 

archipelago of the Azores, composed by nine volcanic islands, are distributed along 600 

km (Pacheco et al., 2013) within 36°55’-39°43’ N and 24°46’-31°16’ W. The Azores is 

the most remote archipelago of the North Atlantic, distancing approximately 1400 km 

from Lisbon and 4000 km from the east coast of North America. Although the small land 

cover, Azores represents a big portion of the Portugal’s Exclusive Economic Zone (EEZ) 

with around 1 million km2, one of the biggest in the European Union. The islands are 

divided into three groups: (i) western group composed by Flores and Corvo islands; (ii) 

central group composed by Faial, Pico, São Jorge, Graciosa and Terceira islands; (iii) 

eastern group composed by São Miguel and Santa Maria islands (Figure 1.5). From a 

tectonic point of view, Azores is situated in the triple junction of the North American, 

Eurasian and African plate, with the Mid Atlantic Ridge dividing the first two (Pacheco 

et al., 2013). In an oceanographic perspective the Azores are within the northern 

boundaries of the North Atlantic Subtropical Gyre. It is influenced by the Gulf Stream, 

which crosses from the northwest of the archipelago, and it is divided into two branches: 

the North Atlantic Current in the north of the archipelago that continues to continental 

Europe; and the Azores Current that crosses the southeast of the islands (Käse & Siedler, 

1982). While the western and central groups of islands are mostly influenced by the North 

Atlantic Current and associated eddies, the eastern group of islands are more influenced 

by the Azores Current and associated eddies (Caldeira & Reis, 2017). The Azores current 

is characterized by a high Eddy Kinetic Energy that is related with the complexity of the 

mesoscale eddy system, generated eastward of the archipelago and with a western 

propagation (Caldeira & Reis, 2017). The archipelago is, therefore, considered a 

confluence zone of eddies, meanders and filaments originating mostly from the Gulf 

Stream and the Azores Current. These confluence zones are often presented as major 

carbon sinks (Caldeira & Reis, 2017). The Azores is also influenced by warm sub-tropical 

waters (22ºC – 24ºC) during the summer/autumn and colder temperate waters (15ºC – 

18ºC) during winter/spring (Caldeira & Reis, 2017). The colder periods coincide with the 



11 
 

peaks of the chlorophyll concentration due to the fact that the nutrient rich waters are 

associated with lower temperatures. This seasonality is directly linked with the 

phytoplankton spring bloom of the North Atlantic (Caldeira & Reis, 2017). 

The oceanographic dynamic complexity of the region combined with the numerous 

seamounts in the area (37% of the Azorean EEZ is covered by seamounts; Morato et al., 

2008), and high particle retaining/capturing capacity of the island, (Sala et al., 2016), 

creates a variety of essential megafauna habitats making the Azores one of the places in 

the world with the highest cetacean biodiversity (Afonso et al., 2020). 

 

In fact, 28 species of cetaceans have been recorded in Azorean waters (Silva et al., 2014) 

corresponding around to 1/3 of all cetacean species in the world. Sperm whales, common 

dolphis (Delphinus delphis), bottlenose dolphins (Tursiops truncatus), Risso’s dolphins 

(Grampus griseus) and Atlantic spotted dolphins (Stenella frontalis) are the most sighted 

species year-round in the whole archipelago (Silva et al., 2003; Silva et al., 2014; Tobeña 

et al., 2016, González García, 2019). For some baleen whales, like the blue whales 

(Balaenoptera musculus), fin whales (Balaenoptera physalus) and sei whale 

(Balaenoptera borealais) this region serves as a seasonal foraging and/or passing area 

during their migrations (Silva et al., 2013; Prieto et al., 2013; González Garcia et al., 

2018). Even the enigmatic beaked whales (Ziphiidae), one of the least known group of 

Figure 1.5: Nine islands of the archipelago of the Azores and respective groups. 
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mammals in the world, are often sighted in the archipelago (Silva et al., 2014; Tobeña et 

al., 2016, González García et al., 2018) providing an opportunity to know more about this 

family (e.g., Pereira et al., 2011; Visser, 2012).  

The Regional Government is responsible for the classification, management and 

administration of the protected areas of the Autonomous Region of Azores (Decreto 

Legislativo Regional nº 15/2007/A, 25 of June). With this, the Regional Network of 

Protected Areas of the Autonomous Region of the Azores was created, and it is divided 

into two different types: Island Natural Park (PNI), responsible for the MPA’s of each 

island (9 PNI’s) and the Azores Marine Park (PMA) responsible for MPA’s outside the 

EEZ and beyond national jurisdiction.  

 

1.5 Objectives 

 

The goal of this study is to assess the environmental preferences of sperm whales recorded 

off São Miguel Island, taking into consideration different group and behaviour conditions 

of these animals, using Generalized Additive Models (GAMs).  

(i) Environmental variables – depth; slope; monthly sea surface temperature; sea 

temperature at different depths (500 m, 1000 m, at the sea bottom); standard 

deviation of the sea surface temperature (as a measure of ocean variability); 

gradient of the sea surface temperature (as a proxy for oceanographic fronts); 

thickness of the mixed layer; sea surface height; sea level anomaly.  

(ii) Different group conditions – Behaviour (foraging vs. other behaviours); 

group composition (solitary males vs. family groups).  
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2.1 Abstract  

For many decades whaling was a popular and profitable activity in the Azores with the 

main target being the sperm whale (Physeter macrocephalus). Nowadays this species 

continues to be very attractive for the region, since it is a charismatic species possible to 

observe all year round by the whale watching companies, the main touristic activity in 

archipelago. Sperm whales use the Azores both as feeding and reproductive grounds, but 

little is known about their habitat preferences in the region. The objective of this study is 

to investigate the relationship between different classes of sperm whales (family groups, 

males and Mr. Liable, a possible resident male sperm whale in the study area) and 

environmental variables taking into consideration the observable behaviour (foraging or 

other behaviour). Generalized Additive Models (GAMs), with binomial distribution, were 

used for the habitat preference analysis and remotely sensed environmental variables 

were extracted. The occurrence sperm whale data was collected from 2009 to 2019 during 

whale watching tours mostly in the south coast of São Miguel Island. All classes presented 

differences in the habitat preference, with depth being the only relevant variable common 

to all classes and behaviours, showing a preference for waters deeper than 500 m. Family 

groups (79% of our observations), when in foraging, seemed to prefer deep and warm 

waters, negative values of sea level anomaly and deeper mixed layers. During other 

behaviours the family groups discarded sea level anomaly and mixed layer depth as 
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relevant variables. Mr. Liable (10% of our observations) showed a bigger affinity for 

colder and less deep waters, specific values of mixed layer depths and extreme positive 

and negative values of the sea level anomaly. Males (11% of our observations) only 

considered deep waters to be a relevant factor. These differences might be related with 

the exploitation of different prey sized items that is known to exist between male and 

female sperm whales. Mr. Liable uses the same area of family groups throughout the year, 

this might have created a divergence in habitat preferences in order to decrease 

intraspecific competition. The differences between males and Mr. Liable can be explained 

by the fact that these two classes use the region for different purposes, the first one manly 

for reproducing and the second also for foraging. Understanding the relationship between 

environmental variables and local populations of sperm whales is crucial for the 

management and conservation of this species, especially in an unpredictable changing 

ocean. 

Key-words: Sperm whales, Azores, Habitat preference, GAM’s 
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2.2 Introduction  

The complex relationship between the oceanographic conditions and bathymetric features 

that describe the Azores, creates a unique hotspot for cetaceans (Afonso et al., 2020), with 

28 species being registered in the area up until now (Silva et al., 2014). Since the whaling 

era that Azores archipelago is known to be an important area for sperm whales (Physeter 

macrocephalus, Linnaeus 1758) as a breeding and foraging grounds (Clarke, 1956; Silva 

et al., 2014), with groups of females, immatures and mature males being sighted 

throughout the year (van der Linde & Eriksson, 2019). 

Sperm whale is the largest odontocete (Gosho et al., 1984) and the cetacean with the 

highest sexual dimorphism, with males reaching 18 m and females up to 12 m (Best, 

1979). The differences between males and females are also noticeable regarding their 

social life. Female sperm whales are social animals that spend their lives with their social 

units, composed by adult females, immatures and calves (Whitehead, 2003; Gero et al., 

2014) and most of the times, all these individuals belong to the same family (Pinela et al., 

2009). At a certain point, the juvenile males abandon their social unit to become solitary 

males as they grow older (Best, 1979). Social units are distributed in lower latitude areas 

(below 40º) and males are found up to the edges of ice packs in both hemispheres (Gosho 

et al., 1984; Rice, 1989). The overlap of distribution of the two sexes happens in breeding 

areas, when the males migrate from the poles to lower latitudes (Gosho et al., 1984). 

In a changing ocean it is vital to understand the relationship between the wild populations 

and the environment surrounding them, in order to apply successful conservation 

measures, like for example marine protected areas. Habitat preference modelling 

represents a strong conservation tool in the way that determines the distribution of 

cetaceans based on the on the influences of the environmental variables on the species 

(Cañadas et al., 2005; Redfern et al., 2006). Previous studies already demonstrated that 

sperm whales take some environmental variables into considerations when choosing their 

habitats. Most studies, shows that bathymetric features, like depth always seems to be a 

vital variable in their distribution patterns (Davis et al., 1998; Azzellino et al., 2008; 

Pirotta et al., 2011; Fais et al., 2016; Pace et al., 2018).  Chlorophyll concentration with 

an associated temporal lag (Jaquet et al., 1996; Wong & Whitehead, 2014), sea surface 

temperatures (Jaquet, 1996; Pirotta et al., 2011; Praca & Gannier, 2008; Rendell et al., 

2004), presence of thermal fronts (Griffin, 1999; Gannier & Praca, 2007), eddy kinetic 
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energy (Wong & Whitehead, 2014; Diogou et al., 2019) and nearby mesoscale eddies 

(Davis et al., 2002; Pirotta et al., 2020) are just some of the variables that seem to have 

positive influence in the presence of sperm whales. Although the tight relationships of 

sperm whales with the environmental conditions around them, social organization 

structure of this species will differentiate their habitat preference. Differences of habitat 

use between males and groups of females have been reported in the Mediterranean 

(Pirotta et al., 2011; Pace et al., 2018) and between different social units have been shown 

in the Caribbean (Milligan, 2013). In the south pacific Whitehead & Rendell (2004) 

demonstrated that social clans have distinct habitat preferences that results in different 

feeding successes and ultimately different fitness. In the end, all this differences between 

different classes of sperm whale organizations can be related with distinct ecological 

requirements (Pirotta et al., 2011) but also cultural factors (Whitehead & Rendell 2004). 

Regarding the Azores, very few studies exist that relate the distribution of sperm whales 

with the environmental conditions available to them. To this date it is known that there 

seems to be a preference for deep waters (Silva et al., 2003; Seabra et al., 2005; 

Magalhães; Silva et al., 2014; et al., 2016) and that there is a positive relationship between 

sperm whales and sea surface temperature (Seabra et al., 2005). According with Tobeña 

et al. (2016) the most important environmental variable for sperm whales is the time-

lagged (two months) chlorophyll-a local variation, associating this species with 

oceanographic characteristics that enhance local primary production. 

The goal of this study is to assess the environmental preferences of groups of females and 

solitary males using opportunistic data from a whale watching company. Behaviour 

conditions of the individuals will also be taken into consideration, by comparing foraging 

conditions and other behaviours (all behaviour that are not considered foraging) 

conditions. The environmental variables considered for this study are: depth, slope, 

monthly sea surface temperature, standard deviation of the sea surface temperature, 

gradient of the sea surface temperature, sea temperature at different depths (500 m, 1000 

m and at the sea bottom), depth of the mixed layer, sea surface heigh and sea level 

anomaly.  
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2.3 Materials and Methods 

2.3.1   Study Area 

This study is focused on São Miguel, the largest island of the Azores archipelago located 

at 37.3-38.1ºN and 25-26.2ºW. A range of depths and steep slopes surround the island, 

from shallower water along the small continental shelf (the same characteristic for the 

rest of the islands) to waters with more than 1000 m close to shore. In the southwestern 

tip of the island, Mar da Prata, a large seamount of volcanic origins that extends for 60 

km south, reaches a minimum depth of 169m (Santos et al., 2020). The Azores 

archipelago, in the Mid-Atlantic, is located within the North Atlantic Subtropical Gyre 

and designates as a confluence region between the west and east North Atlantic (Caldeira 

& Reis, 2017). The North Atlantic Current (a branch from the Gulf Stream) crosses the 

north of the archipelago and influences it with colder waters intrusions, while the Azores 

Current passes south of the archipelago and brings warm subtropical waters for the region 

(Silva et al., 2013).  

 

2.3.2  Field data collection  

For this study, all the cetacean occurrence data was collected aboard whale watching 

vessels by the biologist staff of Futurismo Azores Whale Watching from January 2009 to 

June 2019. Tours are conducted throughout the year if there is a minimum number of 

tourists and if the sea and/or meteorological conditions allow it. Most of the tours are 

conducted in the south coast of the island (operating from Ponta Delgada), but since 2015 

in the summer months, occasionally in the north coast as well (operating from Rabo de 

Peixe). The tours last approximately 3 hours, our sampling period, and it is conducted 

twice a day (09h-12h and 13h-16h). Three different kinds of vessels were used for these 

tours: (i) two catamarans around 18 m each (ii) rigid-hulled inflatable boats between 8 m 

to 11 m, and (iii) one fiberglass boat with 12 m. Before and during each tour, cetaceans 

were spotted by experience land-based “vigias” (lookouts) located in strategic points 

along the coast of São Miguel Island (Figure 2.1) using Steiner 20 x 80 mm binoculars, 

that allows a visible range of 40 km in perfect visibility conditions. The lookouts’ location 

could vary according to the visibility conditions throughout the day, with the location in 

Caloura (lookout point known as “Quarenta”) being the preferred one (Figure 2.1). When 

the lookouts spotted any evidence of cetaceans’ presence, the location was transmitted to 
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the vessels (using VHF radio) and the animals were approached following the regional 

legislation (DLR 10/2003/A). During the observation the collected data included: 

beginning and end time of the encounter and respective GPS coordinates; sea state; 

visibility; species observed; the size and composition of the group; behaviour of the 

animals; presence/absence of other boats. When possible, photos (for photo-ID purpose) 

were taken as well as some additional data like known individuals, gender of the animals 

and diving times (especially for sperm whales). Duplicates of the same individual and/or 

group observations may bias the results, leading to an overestimation of the number of 

real observations. To avoid this situation, when observing sperm whales over shorter 

periods of time and space, only one sighting was retained. Most of the times only one 

sighting per sampling period (morning or afternoon trip) was used. All data was compiled 

in an Excel database.  

 

 

 

 

The classification of the age classes, gender, behaviour and group size of sperm whales 

in the field are not always straightforward, especially when dealing with opportunistic 

data collected by numerous observers. Therefore, in this study we use the following 

definitions: 

Figure 2.1: São Miguel Island showing the main lookouts (yellow circles), the 

location of Ponta Delgada (red circle; PDL), the location of Rabo de Peixe (blue 

circle; RP) and the bathymetric representation around the island. 

PDL 

RP 
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Solitary Males: Sperm whales larger than 13m with a prominent head (van der Linde & 

Eriksson, 2020) with no other sperm whale visible by the crew and/or lookout in the same 

area (hereafter as males).    

Groups: When we are observing females and immatures sperm whales smaller than 13m 

(van der Linde & Eriksson, 2020), apparently moving together in a coordinated fashion 

and sometimes spread out in hundreds or thousands of meters (Whitehead, 2003). 

Foraging:  The foraging behaviour is considered when the sperm whale flukes-up, the 

tail is raised above the water surface to start a deep dive. 

Other Behaviours: All observational behaviours that are not foraging (socializing, 

travelling, resting, etc.).  

 

2.3.3 Temporal and Spatial distribution  

The encounter rate of each class of sperm whales was calculated as the number of 

observations of each class divided by the number of tours per month. Afterwards, an 

arithmetic mean was calculated, to obtain a mean encounter rate per month during the 11 

years. Because the main goal of the whale watching company is tourism, the route of the 

tours (spatial effort) was not recorded, to interfere as less as possible with the activity, 

therefore the effort was considered as the number of tours per month. For the spatial 

distribution analysis, we used the heatmap tools of the open-source geographic 

information system QGIS 3.16.1 “Hannover” to obtain the heatmaps of the sightings of 

the distinct classes of sperm whales.  

 

2.3.4 Environmental Data 

Two types of variables were used in this study to predict the presence of sperm whales (i) 

static variables: depth and slope (ii) dynamic variables: sea surface temperature (SST), 

standard deviation of the sea surface temperature (as a measurement for ocean variability; 

SD_SST), gradient of the sea surface temperature (as a proxy for SST fronts; Grad_SST), 

sea surface height (SSH), sea level anomaly (SLA), thickness of the mixed layer 

(MixLayer), sea temperature at different depths (ST500, ST1000), potential temperature 

at the sea floor (STBottom; Table 2.1).   
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The depth data was obtained from the General Bathymetric Chart of the Oceans (GEBCO; 

www.gebco.net, 2020) and the values were extracted using QGIS tools from a raster file. 

The same raster file was used to calculate the slopes for each observation using the Raster 

Terrain Analysis tools from QGIS. 

For the SST (monthly and daily) we used the Level-3 product SST (daytime) Moderate 

Resolution Imaging Spectroradiometer (MODIS) data from NASA’s Aqua satellite 

(https://oceancolor.gsfc.nasa.gov, 2020). Daily SST data was used to estimate the 

SD_SST by calculating the standard deviation of each cell for all the days of each month. 

A discrete numerical gradient (function gradient from the package “pracma” in R) was 

calculated for the central cell in between two neighbouring cells (one in the latitude 

direction and another in the longitude direction), corresponding to 4 km, and afterwards 

the following formula was used to estimate the Grad_SST: 

 

Grad_SST = SQRT(gx2 + gy2) 

 

Variables Units Description Spatial 

Scale 

Temporal 

Scale 

Depth m Depth of the sea bottom 1 km - 

Slope Degrees (º) Depth slope of the sea bottom   1 km - 

SST ºC Sea surface temperature 4 km Monthly 

SD_SST ºC Standard deviation of the monthly SST 4 km Daily and 

Monthly 

Grad_SST ºC/km Rate of change in the SST 4 km Monthly 

SSH cm Sea surface height above geoid 8 km Monthly 

SLA cm Sea surface heigh above sea level 

mean (1993-2012) 

8 km  Monthly 

MixLayer m Thickness of the surface mixed layer 8 km Monthly 

ST500;  

ST1000; 

STBottom 

 

ºC 

Potential sea temperature at different 

depths (500 m, 1000 m and at the 

bottom)  

 

8 km 

 

Monthly 

Table 2.1: Description of the environmental variables used for the habitat preference models 

with respective units, spatial and temporal scales. 
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Where gx and gy corresponds to the longitude and latitude matrixes originated from the 

last step, respectively. While SD_SST is a measure of temperature variability over time, 

Grad_SST is a measure of temperature variability over space (SST fronts). 

The SSH, MixLayer, ST500, ST1000 and STBottom derived from the same product 

(GLOBAL_REANALYSIS_001_030) using the Sentinel satellites from E.U Copernicus 

Marine Services Information (CMEMS; http://marine.copernicus.eu, 2020).  

The values of all dynamic variables were extracted for each observation (presences and 

pseudo-absences) by using the “ncdf4” and “raster” libraries from the open-source 

software R. 

 

2.3.5 Habitat preference analyses 

 

Generalized additive models (GAMs) with a binomial distribution and a logit function 

were used to investigate the relationship between environmental variables and the 

presence of the different classes of sperm whales (males and groups) when in foraging or 

other behaviour. This method is being extensively adopted for cetacean habitat-modelling 

studies (e.g. Forney, 2000; Best et al., 2012; Keller et al., 2012; Tepsich et al., 2014; 

Correia et al., 2020; Lambert et al., 2016; González García, 2019). GAMs are non-

parametric extension of the more usually used GLM (Generalized Linear models; Hastie 

& Tibshirani, 1990) that add non-linear forms to the model, giving the chance for more 

flexible patterns to stand out, what normally corresponds to the reality of the data (Forney, 

2000). Because there is no data from the real absences of sperm whales, the distribution 

of other species (that were also collected during the study time) will be used as pseudo-

absences (Esteban et al., 2013, González Garcia, 2019), this will reduce the sampling bias 

since the presence/pseudo-absence was registered under the same effort. Using the open-

source software RStudio (R Development Core Team, 2012) with the “mgcv” library 

(Wood, 2011), GAMs were applied to the different datasets: general model of the family 

groups; family groups foraging; family groups in other behaviour; general model of 

males; males foraging; males in other behaviours. 

Pearson collinearity was tested for the environmental variables to investigate possible 

correlation between them, if there was a dependence between two variables (≥ 0,8), the 

variable with the larger dataset would be used (the dataset with less missing values). To 

choose the best fitted model, we used a general backwards selection method based on the 

Akaike Information Criterion (AIC) scores. This consists of sequentially dropping a 
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single term with the least significant p-value (normally corresponds to the highest p-

value) from the saturated first model where all the variables are considered. Every time 

this led to a lower score of the AIC, the model was retained. The final model retained all 

variables significant at p-value <0,01, with a minimum AIC score and the deviance 

explained value was retained. The model validation was performed by applying a 

temporal k-fold cross validation, using the sightings from all years but one to train the 

model, and the remaining one for validation (in this case 11 years of studying), obtaining 

then an AUC value for each of the years validated, and calculating the mean and standard 

deviation for each final model. The Area Under the receiving-operator Curve (AUC) 

measures the performance of our models by telling us how well our models can 

distinguish between a presence and a pseudo-absence (Wiley et al. 2003). The AUC 

values vary between 0-1, with 0,5 indicating the model did not perform better than 

random (Wiley et al. 2003). After calculating the AUC for each year of each dataset, an 

arithmetic mean, and respective standard deviation, was calculated to obtain the final 

AUC value for each model. 

 

 

2.4. Results  

 

A total of 4093 tours were performed in the study area between January 2009 and June 

2019. During this time, 1402 observations of sperm whales were registered, from which 

1269 (presence points) were used for the statistical analysis, the excluded ones were due 

to errors in the field (ex. missing coordinates or missing behaviours associated with the 

observation). There were 9539 observations of other species, during the study time, that 

correspond to the pseudo-absences. The seasonality of the effort, here considered as the 

number of tours, is quite evident throughout the months of the year reaching the maximum 

point in July and the minimum point in December. In general, the effort has been slightly 

increasing over time and the total number of encounters with sperm whales shows a close 

relationship with the effort (Figure 2.2).  
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Approximately 79% of the analysed sightings were groups of females and immatures with 

calves being present in almost half of the sightings (Figure 2.3a). Solitary males represent 

the remaining 21% (Figure 2.3a), with one specific individual, called Mr. Liable, 

comprising 10% of the males’ sightings (Figure 2.3a). Because of the big representation 

of this individual in this class, Mr. Liable was considered as a different class from all the 

other males (from now on Mr. Liable referred as such and the other males referred as 

males) to investigate possible disparities between these two classes. Foraging seems to be 

the most sighted behaviour for all different classes of sperm whales in the study area, 

when compared to other behaviours. Males revealed to be the class with the lowest 

percentage of foraging sightings (55%; Figure 2.3c), followed by the groups of females 

(66%; Figure 2.3b) and finally Mr. Liable (94%; Figure 2.3d).  
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Figure 2.2:  Total effort and total observations of the study period with the linear predictor of the effort 

(dashed line). 
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       2.4.1 Dynamic oceanographic variables  

Variances of the sea surface temperature throughout the years and space were visible in 

the study area. The seasonality of the SST (Figure 2.4a) is well defined with the highest 

mean temperatures being recorded in the months of August and September and the lowest 

ones being verified in February and March. In March of 2011 and September of 2018, the 

SST reached respectively the lowest (14.9 ºC) and highest (24.3 ºC) recorded values, 

during the study period and for the study area (Appendix A). Considering the evolution 

of the yearly and monthly means of the SST throughout time, an increasing trend of the 

mean SST for the study area is observed in a period of just 11 years (Figure 2.4b). In most 

of the months, a latitudinal SST gradient was observed with warmer waters in the south 

region of S. Miguel and colder waters in the northern coast of the island, like for example 

in March of 2013 (Figure 2.5). Occasionally, a distinct west-east SST asymmetry was 

also detected, where warmer waters are found in the southwest of the island and cold 

10%

11%

37%

42%

Mr.Liable

Males

Groups with calves

Groups without calves

66%

34%
55%

45%

94%

6%
Foraging

Others

Figure 2.3: (a) Percentage of sightings representing each class. Behaviour observed during the 

study period for (b) Groups, (c) Males and (d) Mr. Liable. 

a 

b c d 
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waters are found in the northeast of the island, like for example in November of 2015 

(Figure 2.5).   
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Figure 2.4: Sea surface temperature (SST) variability throughout the seasons (a) and 

annual mean sea surface temperature with the linear predictor (dashed line; b). 
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The mixed layer thickness also demonstrated a marked seasonality in the study area 

(Figure 2.6). It reaches deeper waters always in the winter months (December, January 

and February) ranging between 70.7 m (December 2013) and 94.8 m (February 2014). In 

the summer months (June, July and August) the thinnest MixLayer are registered, ranging 

from 10.7 m (July 2010) and 11.1 m (July 2012), showing almost no variance in the 11 

years of study (Figure 2.6). 

  

 

 

 

 

 

 

 

 

 

March 2013 November 2015 

Figure 2.5: Spatial variability of the sea surface temperature (SST in ºC) showing the latitudinal 

gradient of warm waters in the south to cold waters in the north (March 2013) and the gradient of 

warm waters in the southwest to cold waters in the northeast (November 2015). 
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Figure 2.6: Temporal variability of the mixed layer depth (m) throughout the 

months for each year. 
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During the study period, sea level anomaly was the oceanographic variable that revealed 

the highest increase of mean values (Figure 2.7). The lowest value recorded was -6.2 m 

in March of 2011 and the highest value was 18.2 m in October of 2018. Important to 

notice is the fact that negative values of SLA are not recorded in the study area since 

March of 2013 (Figure 2.7). Like the other variables, SLA follows a seasonal pattern 

reaching the lowest mean values in spring (March and April) and the highest values in 

autumn (September and October) (Appendix B). 

 

 

 

 

 

      2.4.2 Spatial and temporal distribution of sperm whales 

All classes of sperm whales were sighted throughout the years from January to December, 

except for Mr. Liable, who was never spotted in March (Figure 2.8). The family groups 

were the most frequently sighted class of sperm whales every month and every year, 

reaching the maximum encounter rate in July, where the effort was also the highest 

(Figure 2.8). In the months of spring and summer (from March to August) males had 

higher encounter rates than Mr. Liable, however in the winter and autumn (from 

September from February) the opposite happened (Figure 2.8). Although it is quite 

evident that the encounter rate of groups tends to follow the effort, the same is not so clear 

for Mr. Liable, with the highest encounter rates from September to December, where the 

tendency of the effort is to decrease.  
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the year with the respective linear predictor (dashed line). 
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Sperm whales where found distributed along the area where the whale watching tours 

were conducted, in the south, west and sometime in the north coast of São Miguel, with 

a higher incidence in the south (area with the highest effort). Occurrences in waters 

shallower than 200 m were extremely rare and the most frequent depth for sperm whale 

encounters range from 500 to 1000 m (Figure 2.9). Differences between classes are 

evident. While Mr. Liable was seen 62% of the times in waters between 500 m to 700 m, 

whereas males and groups did not reveal such a strong affinity towards any depth interval. 

Groups and males were sighted frequently between the 700 m to 900 m (32% and 25%, 

respectively; Figure 2.9). Groups show two different areas with highest incidence in the 

south coast of S. Miguel, one being in front of Ponta Delgada and the other being in front 

of Vila Franca do Campo, most commonly in the 500 m-1000 m bathymetric corridor 

(Figure 2.10a). The males’ incident area overlaps the groups however males appear to 

have a wider dispersion (Figure 2.10b). Mr. Liable shows a higher preference for a more 

delimited area, around the southwest part of the island near a very known fishing ground 

called Mar da Prata (Figure 2.10c).      
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Figure 2.10: Heatmaps showing areas with higher concentration of sightings of (a) groups, 

(b) males and (c) Mr. Liable in the study area. Green to red colours gradient correspond to 

high to low occurrence, respectively. PDL – Ponta Delgada; VFC – Vila Franca do Campo 
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b  
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        2.4.3  Habitat models 

Collinearity was observed between Depth and STBottom; and between SLA and SSH. To 

avoid misinterpretation of the models, due to the correlation among some variables, one 

of the variables will be exclude from the analysis. STBottom was discarded due to the 

high percentage of missing values (17%) compared with Depth. Because SLA represents 

relative values of sea surface height (sea surface height anomaly over a period of 20 years) 

and SSH represents absolute values (sea surface height above geoid), SLA was the 

retained variable in order to see the response of whale presence to these anomalies. ST500 

and ST1000 were not used in the models because of the high percentage of missing values 

(44,4% and 77,3% respectively), which would result in the reduction of the sampling data.  

Three different models were estimated for each class of sperm whales (family groups, 

males and Mr. Liable) i) the general model that englobes all sightings of that particular 

class (not taking into consideration any specific behaviour), ii) the foraging behaviour 

model where only observations of foraging behaviour of that class were considered, and 

iii) the other behaviours model that englobes the remaining sightings of that class (when 

foraging is not observed).  Since Mr. Liable, was only observed 9 times not foraging, the 

model for other behaviours was not performed due to the low number of presences. 

 

 

 

 

 Depth SST SD_SST GradSST MixLayer SLA D. Explained AUC (SD) 

Groups G x x x  x x 23.2% 0.83 (0.05) 

Groups F x x x  x x 19.4% 0.83 (0.05) 

Groups OB x x x    24.5% 0.86 (0.05) 

Males G x      18.6% 0.82 (0.06) 

Males F x      15.4% 0.82 (0.05) 

Males OB x      18.7% 0.82 (0.1) 

Mr. Liable G x x  x x x 19.3% 0.84 (0.07) 

Mr. Liable F x x  x x x 21.9% 0.86 (0.06) 

Table 2.2: Summary of the models and preferred environmental variables of the different classes of sperm 

whales performing different behaviours (G – General model; F – Foraging Behaviour; OB – Other 

behaviour). Deviance explained (D. Explained) and AUC (Area Under the Curve (standard deviation)) are 

represented to illustrate the performance of the models.  
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              2.4.3.1    Family Groups  

The general model for the groups performed very similar to the foraging model because 

of the highest representation of the foraging behaviour in the overall sighting of groups 

(see Appendix C). The foraging model for family groups retained Depth, MSST, 

SD_SST, and SLA all as smooth variables and MixLayer as a linear variable. The model 

for other behaviours only retained Depth, MSST and SD_SST. The family groups show 

a similar response for deeper and warmer waters, for both foraging and other behaviours 

(Figure 2.11). Family groups always show a preference for waters deeper than 500 m and 

warmer than 19ºC, approximately (Figure 2.11). However, when foraging, there seems to 

be a preference for waters around 700 m and/or deeper than 1500 m (Figure 2.11). For 

other behaviours, family groups show a higher affinity for extreme values of SD_SST, 

avoiding intermediate values, (although the interpretation of the model should be cautious 

due to the big confidence intervals) but when foraging only high values of this variable 

are relevant (Figure 2.11). Additionally, for the foraging behaviour, MixLayer performs 

as linear covariate with higher values of MixLayer being preferred by the family groups 

as well as negative values of SLA (Figure 2.11). The foraging and other behaviours 

models explained 19.4% and 24.5% respectively. The AUC was 0.83 (SD = 0.05) and 

0.86 (SD = 0.05), respectively showing a good model performance, despite the low values 

of deviance explained (Table 2.2).  

 

          2.4.3.2    Males 

The three models for this class (general model, foraging behaviour model and other 

behaviours model) only retained depth as a relevant variable and they all behaved similar, 

showing a preference for waters always deeper than 500 m (Figure 2.11), like the family 

groups. Males and family groups show a similar response to depth with an increasing 

preference for deeper waters and, males when in other behaviour, appear to slightly 

decrease the preference for waters deeper than 2000 m (Figure 2.11). The deviance 

explained is higher for the other behaviours model (18.7%) when compared with the 

foraging model (15.4%) and both present the same AUC value (0.82; Table 2.2).  
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       2.4.3.3    Mr. Liable: 

Mr. Liable, Pm31 in the photo-ID catalogue of Futurismo Azores Adventures is the only 

known male spotted year-round in São Miguel Island and has been resighted since 2004 

by the same company. This individual is the most photographed and the most sighted 

sperm whale in the study area (Gardoki et al., 2018; van der Linde & Eriksson, 2020).  

Because 91% of Mr. Liable sightings were foraging behaviour, the general model for Mr. 

Liable (foraging and/or other behaviours) had similar outputs to the Mr. Liable foraging 

model (see Appendix C). Mr. Liable represents 47.6% of all sightings of solitary males 

and was spotted 21 times interacting with groups of females. In this case, these sightings 

were classified as a group sighting and not considered for the models of Mr. Liable. 

Depth, MSST, Grad_SST, MixLayer and SLA were retained as important variables for 

the foraging model of Mr. Liable. As the family groups and the males, Mr. Liable also 

shows a preference for waters above 500 m depth (Figure 2.11). While family groups 

show a preference for higher values of depth, MSST and MixLayer, Mr. Liable foraging 

model shows a decrease of occurrence after a peak of 500 and 1800 m for depth, a peak 

around 21°C for MSST and a peak of 80 m for the MixLayer (Figure 2.11). Although 

Grad_SST revealed to be a relevant environmental variable for Mr. Liable, only very low 

values of this variable seems to be preferred (Figure 2.11). Regarding SLA, there seem 

to be a preference for negative and higher values of SLA and lower occurrence in 

intermediate values (Figure 2.11). Mr. Liable foraging was the only class that considered 

Grad_SST as a significant variable, despite the preference for lower values. The explained 

variance is around 21.9% with an AUC of 0.86 (SD = 0.06) indicating a good model 

performance (Table 2.2).  
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Figure 2.11: Smoothers representing the relationship between the presence of the groups, males and Mr. Liable 

(columns) and the environmental variables ((blue boxes): Depth; SST – Sea surface temperature; SD_SST – 

Standard deviation of the sea surface temperature; Grad_SST – Gradient of the sea surface temperature; MixLayer 

– Thickness of the mixed layer; SLA – Sea level anomaly) taking into consideration different behaviours, Foraging 

(F) and Other Behaviours (OB) (lines). The blue shades represent 95% confidence intervals.  
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2.5 Discussion 

 

To the best of our knowledge this was the first research studying the correlation between 

oceanographic variables and the presence of sperm whales focused on São Miguel Island, 

one of the busiest coastal areas of the Azores. The complex relationship among 

bathymetric features and oceanographic parameters seems to influence the distributions 

and habitat use of sperm whales around São Miguel Island.  The divergences between 

different classes of sperm whales have already been shown by other studies (Pirotta et al., 

2011; Pirotta et al., 2020). Sperm whales’ behaviour also demonstrated to be a factor that 

influences the preference for the different environmental variables for females. 

 

2.5.1 Opportunistic Data 

The main challenge of this study was regarding the opportunist nature of our data 

collected by a whale watching company. The lack of real quantification of the effort (land-

based surveys plus the time spent on the sea) and the fact that the effort in areas closer to 

shore and in summer months (better weather conditions) is higher can generate bias. To 

minimize this problem, we used the presence of other species as the pseudo-absence’s 

points for our models, that were collected under the same effort, this methodology was 

used by other authors (e.g Esteban et al., 2013; González Garcia et al., 2019). Despite this 

obstacle, this research shows the value of whale watching companies that provide 

opportunistic distribution cetacean data in a unexpensive way and year-round.  

 

2.5.2 Environmental preferences of sperm whales: 

        2.5.2.1   Depth 

Depth was the only variable that influenced the presence of sperm whales, regardless of 

classes or behaviours, with all sperm whales preferring waters deeper than 500 m. The 

relationship between sperm whale occurrence and deep waters has been consistently 

shown throughout the world using various methodologies (ex: Hooker et al., 1999; Seabra 

et al., 2005; Pirotta et al., 2011; Firori et al., 2014; Johnson et al., 2016; Sahri et al., 2020). 

The spatial distribution of all sperm whales in the 500-1000 m corridor was visible on 
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this study in accordance with what has been described for the Mediterranean by Pirotta et 

al. (2011) and also in the Azores, during foraging dives by Oliveira et al. (2016). These 

results can be explained by the vertical distribution of different sized prey species (Roper 

& Young, 1975) that are preferred by different sized sperm whales (Clarke et al., 1993). 

Mr. Liable distribution shows a higher concentration of sightings close to Mar da Prata 

bank, an area with high fishing activity due to high marine life concentration (Santos et 

al., 2021) and where pronounced thermo-, halo- and picnocline are known to exist (Lafon 

et al., 2004). The presence of this topographic structures was already demonstrated to be 

preferred habitats for sperm whales (Wong et al., 2014; Tobeña et al., 2016).   

 

       2.5.2.2    Sea surface temperature (SST, SD_SST, Grad_SST) 

While in high latitude places the occurrence of sperm whales is related with high values 

of SST (Diogou et al., 2019) in lower latitudinal areas, including the Mediterranean, 

colder waters are preferred by the species (Jaquet, 1996; Pirotta et al., 2011; Praca and 

Gannier, 2008; Rendell et al., 2004). In the study area Mr. Liable shows a preference for 

waters around 20ºC while family groups seem to prefer warmer waters (foraging and 

other behaviour), the preference of females for warmer waters when compared with males 

was also shown in the Mediterranean by Pirotta et al. (2020). The only study that 

investigated the relationships between sperm whales and environmental variables in the 

Azores showed that sperm whales in general tend to prefer warmer waters (Seabra et al., 

2005). Nevertheless, our results might be biased because of the higher effort incidence 

during the summer months, a problem that comes inevitably with opportunist whale 

watching data. Both Grad_SST and SD_SST variables were used in the models to explore 

the relationship of sperm whales to relative values of SST (anomalies of SST values over 

time and space) rather than absolute. While the first can be used as a proxy of thermal 

fronts, the second is a measure of temporal SST variability in the ocean. It was already 

demonstrated that sperm whales can take advantage of oceanographic thermal fronts, that 

can provide positive conditions for sperm whale prey (Gannier & Praca, 2007; Diogou et 

al., 2019). In our study, this correlation was not observable for any class of sperm whales. 

Although the models considered Grad_SST as an important variable for, Mr. Liable, he 

revealed a preference for lower thermal gradients. Families preferred areas where SST 

variability (SD_SST) is more pronounced over a period of time (one month in this case), 

results also shown by previous studies (Pirotta et al., 2020). The relationship of the sperm 
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whales with SST features should be further studied to better understand the preferences 

and habitat use of the species. The importance of these studies becomes essential due to 

the obvious increase of SST in the study area over time.  

 

       2.5.2.3    Mixed Layer Depth (MixLayer) 

The turbulence in the ocean surface caused by the direct contact with the atmosphere 

causes a homogenous mixed layer regarding temperature, salinity, and density (Polovina 

et al., 1995; de Boyer Montégut et al., 2004). In areas with lower nutrient concentrations 

(like the Azores), deeper mixed layers will supply the scarce deeper nutrients to 

phytoplankton in the surface and therefore, increase the primary production; the opposite 

happens in low light regions, where deeper mixed layers will decrease the primary 

production by sending the phytoplankton to deeper waters (Polovina et al., 1995). 

Because of this correlation, the mixed layer depth is also used as a proxy for primary 

production. In our study, the linear relationship of MixLayer values and the occurrence 

of family groups sperm whales foraging seems to follow the idea of preference for high 

primary production areas related with the mixed layer depth (Diogou et al., 2019b; 

Cauchy et al., 2020). Mr. Liable shows a more restrict preference when compared with 

the females, with a preference for two specific MixLayer peaks (one peak around 30 m 

and the other around 80 m). Once again, the differences in these two classes might be 

related with different prey requirements and therefore to reduce conspecific competition.  

 

        2.5.2.4     Sea level anomaly (SLA) 

Sea level anomaly measurements can be used as a proxy for mesoscale oceanographic 

processes like eddies. Cold core, cyclonic eddies are related with negative values of SLA; 

warm core, anti-cyclonic eddies are characterized by positive values of SLA (Zimmerman 

& Biggs, 1999). Positives values of SLA are associated with downwelling movements 

which can influence the diversity and density of mesopelagic communities and eventually 

transform these areas into feeding habitats for higher trophic level (Godø et al., 2012; 

Della Penna & Gaube, 2020). The preference for negative values of SLA have been 

shown for sperm whales in general (ex: Davis et al., 2002) but also for females in 

particular (Pirotta et al., 2020) that can be the result of preferences for nutrient rich, high 
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productivity, and upwelling zones (Caldeira et al., 2002, Davis et al., 2002). Waters with 

these specifications can aggregate more preys and eventually more feeding opportunities 

for females (Moors-Murphy, 2014) that prefer exploitation of prey patches (Whitehead, 

2003). Mr. Liable shows a preference for low values of SLA (like family groups) but also 

for higher values. These results suggests that female sperm whales might be losing 

preferred habitat conditions given the increasing trend of mean SLA values throughout 

the last eleven years, as demonstrated in this study.  

 

2.5.3  Comparisons of the sperm whale classes 

Mature male sperm whales, present a lower feeding success compared with females, 

immatures, and smaller males, when in the same area together (Whitehead, 2003). This 

can happen because the females might auto-compete the males in lower latitudes (females 

are more adapted to lower latitude habitats) and/or the males might give priority to other 

factors, besides foraging, when with females (Whitehead, 2003). In our study both 

hypothesis fit in. Mr. Liable affinity for the area creates an unique case of a mature male 

sperm whale being resighted very often in this latitudinal range (van der Linde & 

Eriksson, 2020). The fact that Mr. Liable is sighted year-round in the same location as 

family groups, might have created a necessary divergence regarding oceanographic and 

bathymetric preferences. This can be translated in exploitation of different food resources 

and ultimately reduction of competition. Mr. Liable can explore more diverse habitats 

that might increase his feeding opportunities and therefore his feeding success. The fact 

that female sperm whales tend to feed mostly on cephalopods while males have a more 

diverse diet including large demersal fishes (Whitehead, 2009), might explain the 

divergence in habitat preference between these two classes.    

The other mature males, sighted in the Azores are most likely to be aiming for mating, 

since the Azores is a known breeding ground since the whaling era (Clarke, 1956; Silva 

et al., 2014). The idea of males giving priority to other factors rather foraging when with 

females, is reinforced by the absence of significant variables, related with prey presence 

in their models, as well as a lower percentage of foraging sightings in comparison with 

family groups. When comparing the time dedicated to foraging by family groups and Mr. 

Liable, it is evident that for both classes that use the same area year-round, Mr. Liable 

spends much more of his time foraging. This happens because females and their young 
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must balance their time between socializing, to maintain strong social bonds between 

their unit individuals, and foraging (Whitehead & Weilgart, 1991). Not foraging family 

groups did not had any preferences for Grad_SST, MixLayer or SLA, what turned out to 

be the opposite when foraging. This could happen because the groups might not give 

importance to oceanographic variables that can be related with prey presence/abundance 

when performing other behaviours. 

The deviance explained by the final models (Table 2.2) demonstrated relatively low 

explanation for all classes in any specific behaviour, especially for males. When 

comparing other behaviour models (Groups OB and Males OB in Table 2.2) with foraging 

models (Groups F and Males F in Table 2.2) we can see that the deviance explained is 

always higher when the sperm whales are not foraging. Because not foraging sperm 

whales, do not take into consideration as many environmental variables related with prey 

occurrence and distribution, modelling habitat preference of this species in these 

conditions might be more straightforward. To improve the deviance explained of the 

models, other bathymetric and oceanographic variables must be explored, but also other 

variables regarding behaviour and social structure characteristics of the sperm whales 

(e.g. presence of calves and size of the groups). The fact that the AUC values are all above 

0.75 (Table 2.2) indicates that, models present a high performance and have the potential 

to be useful (Elith, Burgman, & Regan, 2002).      

 

 

2.6 Conclusions 

 

This study gives us the first insight in the different environmental preferences of sperm 

whales in such a relevant area. Differences in habitat preferences were observed during 

this study between family groups and males and a possible resident male (Mr. Liable) in 

the area. The differences in the environmental preferences were demonstrated among 

gender, behaviour and individuality, because physical characteristics of each sperm whale 

may influence their capacity to move, forage and even rest (Oliveira, 2014), highlighting 

the complex societies and ecological requirements of sperm whales:  

• Family groups prefer waters characterized to be warm, deep, with high values of 

mixed layer thickness and negative values of sea level anomaly. 
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• Mr. Liable demonstrated a preference for wates characterized to be colder, less 

deep, lower mixed layer thickness values and extreme values for sea level 

anomaly (high and low). 

• Males only showed a preference for deeper waters without any of the other 

variables being relevant. 

• Family groups demonstrated that less environmental variables are relevant when 

not foraging (excluding mixed layers thickness and sea level anomaly).   

Whale watching companies demonstrated to be a valuable platform (when following the 

correct guidelines for whale and dolphin observation) for long run, and year-round studies 

that are essential to understand cetacean distribution and habitat use. Habitat preference 

studies are a fundamental tool for the adequate management of conservation measures for 

the species and for correct implementation of human activities legislation. Climate change 

is known to impact all marine life, cetaceans are no exception, in just eleven years of 

study the variances in SST and SLA are clear, while some species might benefit from it, 

others will be put under dangerous pressure (van Weelden et al., 2021). Forty years ago, 

sperm whales faced extinction due to whaling, nowadays the unpredictability of climate 

change threats them again. Conservation actions are needed to ensure the perpetuation of 

healthy megafauna in our oceans.      
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Appendix A 

 

 

Variation of the sea surface temperature (SST) throughout the study period and the linear 

tendency (dashed line) with the respective linear predictors. 
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Seasonality of the sea level anomaly (SLA) showing the monthly mean throughout the study 

period. 
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Appendix C 
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Smoothers representing the relationship between the presence of the family groups, males and 

Mr. Liable and the environmental variables (Depth; SST – Sea Surface Temperature; SD_SST – 

Standard deviation of the sea surface temperature; Grad_SST – Gradient of the sea surface 

temperature; MixLayer – thickness of the mixed layer; SLA – sea level anomaly). The blue shades 

represent 95% confidence intervals. 
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