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“She entered the story knowing she would emerge from it feeling 

she had been immersed in the lives of others, in plots that stretched 

back twenty years, her body full of sentences and moments, as if 

awaking from sleep with a heaviness caused by unremembered 

dreams.” 

 

-Michael Ondaatje, The English Patient 
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ABSTRACT 

 

Cultural inheritance is a “second inheritance system” which can affect ecology and 

evolution in unexpected ways. However, although its implications in humans are 

recognized and extensively studied, cultural inheritance has yet to be incorporated into 

mainstream biology. As such, the overreaching objective of my thesis is to highlight the 

role of culture in shaping the social structure, behaviour, and evolution of a non-primate 

species, the sperm whale (Physeter macrocephalus). I do so by expanding our knowledge 

on the implications of vocal clan membership (cultural groups which can be distinguished 

based on their repertoires of coda vocalizations) to the whales. 

 

I first introduce the ramifications of cultural inheritance through the intraspecific group 

competition hypothesis, a new evolutionary framework which complement previous 

hypotheses for explaining large brain in species such as the sperm whale.  

 

By greatly expanding the spatial scale of sperm whale research efforts in the Eastern 

Caribbean (from a single island, Dominica, where sperm whales have been documented 

since 2005, to encompass most of the Lesser Antilles), I show that sperm whales can 

partition habitat on a relatively fine scale with different vocal clans  having distinct 

distributions along the Lesser Antilles chain and movements an order of magnitude 

smaller than those of the Eastern Tropical Pacific populations. I demonstrate that such 

segregation is most likely the result of site/island fidelity, further highlighting the role of 

cultural knowledge in shaping sometimes unexpected patterns of distribution. I update 

previous population estimates to account for such island residency. I conclude my thesis 

by suggesting the use of identity codas, coda types used consistently by one vocal clan, 

and rarely, if ever, by others, as symbolic markers of vocal clan identity. Suggesting that, 

more than a level of social structure, vocal clans are a vessel of cultural differences, 

giving cultural identity to the whales.  

 

My findings highlight the overreaching role of cultural inheritance to Eastern Caribbean 

sperm whales, as well as the importance of incorporating this second inheritance system 

into biology and conservation, for sperm whales, and other cultural species.  
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CHAPTER 1 – 

Introduction 

“ Apprivoise-moi ! Que faut-il faire ? dit le petit prince. Il 

faut être très patient, répondit le renard. Tu t’assoiras 

d’abord un peu loin de moi, comme ça, dans l’herbe. Je te 

regarderai du coin de l’œil et tu ne diras rien. Le langage est 

source de malentendus.” 

– Antoine de Saint-Exupéry, Le Petit Prince 

 

Culture, which can be defined as “behaviour or information shared within a 

community that is acquired from conspecifics through some form of social learning” 

(Whitehead & Rendell 2015), is increasingly recognized to have important repercussions 

on behaviour and evolution. This is extensively documented and accepted in on our own 

species (Homo sapiens sapiens) (Creanza & Feldman 2016; Creanza et al. 2017) but can 

remain somewhat controversial for other animals (Laland & Hoppit 2003; Laland & Janik 

2006; Pagnotta 2014).  

Homo sapiens sapiens’ cultural diversity is astounding –humans speak over 7,000 

languages (www.etnologue.com), practice over 4,000 religions (Doniger 2006), produce a 

diverse array of music (Mehr et al. 2019), and have created tools and technologies to 

survive in every biome on Earth (Boyd & Richerson 2009). It is such diversity and 

reliance on social learning that allowed humans to become a successful, and ecologically 

dominant, species (Boyd et al. 2011). However, increasing evidence suggest that culture 

is not exclusively human, but rather widespread in the animal kingdom. For instance, 

there is evidence of culture and social learning in great apes (Whiten et al. 1999; Van 

Schaik et al. 2003; Robbins et al. 2016), monkeys (Perry 2011), cetaceans (Whitehead & 

Rendell 2015), birds (Aplin 2018), ungulates (Jesmer et al. 2018), rodents (Zohar & 

Terkel 1996), fish (Warner 1988), and insects (Alem et al. 2016). For some taxa, such as 

primates and cetaceans, researchers have extensive evidence of culture (reviewed in 

Whiten & van de Waal 2017; Whitehead & Rendell 2015) and its over-reaching influence 

on social structures (e.g., bottlenose dolphin – Ansmann et al. 2012, baboons – Sapolsky 

& Share 2004), distributions (e.g., sperm whale - Eguiguren et al. 2019 ), foraging (e.g., 

chimpanzee – Luncz et al. 2018; killer whales – Riesch et al. 2012), and communication 

(e.g., sperm whale – Rendell & Whitehead 2003b, bottlenose dolphin – Romeu et al. 

http://www.etnologue.com/
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2018). Cultural inheritance can further play an important role in non-human species’ 

ecological success with chimpanzees and bottlenose dolphins socially learning intricate 

foraging strategies (e.g., nut cracking – Estienne et al. 2019, termite fishing – Boesch et 

al. 2020, sponging – Mann et al. 2012, shelling – Wild et al. 2020), orangutans learning 

their complex diet from their mothers (Schuppli et al. 2016), and killer whales developing 

different lifestyles and foraging strategies to adapt and thrive in all of the world’s ocean 

(Riesch et al. 2012). As such, culture is pervasive in humans, and non-humans. 

 

1.1 CULTURE AS AN EVOLUTIONARY FORCE 

Cultural inheritance and genetic inheritance are similar in that they are heritable, 

variable and affect fitness (Mesoudi 2016) - both genes and cultures can be transmitted, 

drift, mutate and are selected by natural selection (Boyd & Richerson 1985; Mesoudi 

2017). However, cultural inheritance also has its own properties which differ from that of 

genetic inheritance. Cultures are transmitted both within and across generations (Boyd 

and Richerson 1985) and can be actively shaped by individuals (Whiten 2017). Cultural 

transmission can occur faster than gene transmission (Creanza & Feldman 2016; 

Whitehead & Ford 2018), create atypical selection pressures (Feldman & Laland 1996), 

and introduces additional evolutionary mechanisms such as guided variation and biased 

transmission (Boyd and Richerson 1985). As such, culture can alter selection pressures in 

unexpected ways, spread change at a faster rate within a population, and increase (or 

decrease) plasticity (Whiten 2017; Creanza et al. 2017; Keith & Bull 2017). In extreme 

cases, it can also segregate populations into culturally, rather than morphologically or 

genetically, distinct groups through homophily (Centola et al. 2007), biased transmission 

(Boyd and Richerson 1985), conformity (Richerson and Boyd 2005, Henrich and Boyd 

1998), cultural symbolic markers (Barth 1969), and/or ecological specialization (Beltman 

et al. 2004, Whitehead and Ford 2018). These cultural group memberships can then have 

overreaching impacts on behaviour and psychology (e.g., Cantarrero et al. 2013, Shulz et 

al. 2019).  

As such, culture is a second inheritance system (Whiten 2005) which 

complements and interacts with genetic inheritance and the environment to shape 

evolution and behaviour. Cultural inheritance can play an important role in determining 
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non-human species’ behaviour and evolution and, therefore, should be incorporated into 

the framework of mainstream biology along with genetic and environmental variation. 

This might be especially important in long-lived social species for which we have prior 

evidence of social learning and culture, such as the sperm whale. 

 

1.2 STUDY SYSTEM: THE SPERM WHALE 

Sperm whales (Physeter macrocephalus) have been described as “ocean nomads” 

and “creatures of extreme”. They inhabit all of the world’s ocean where they thrive by 

feeding on mostly mesopelagic prey (Whitehead 2003). Such success is not only caused 

by their extremely large nose (which allows them to emit powerful echolocation clicks 

and forage at depths, Watwood et al. 2006) and brain (the largest in absolute size of any 

animal, Ridgway & Hanson 2014), but also their reliance on socially learned information, 

which they acquire via their complex multi-tier social structure (i.e., cultural inheritance).  

While male sperm whales disperse to go live progressively more solitary lives at 

high latitudes at the onset of sexual maturity (Whitehead 2003; Kobayashi et al. 2020), 

females, calves and juveniles live in stable matrilineal groups at lower latitudes year-

round. Most social interactions between sperm whales occur at the social unit level: one 

to two sperm whale families which are in constant acoustic contact with each other as 

they travel, forage and socialize (Gero et al. 2014). Social unit membership is stable over 

decades with very few reported cases of social unit splits and merges (Gero et al. 2015). 

Individuals within social units have preferred association with each other (Gero et al. 

2015) and communally raise calves (Gero et al. 2009; Gero et al. 2013). However, 

interactions between individuals are not restricted to social unit members as social units 

will sometimes associate with other social units, forming groups, over hours to days to 

forage and socialize (Christal et al. 1998). Certain social units will preferentially associate 

with others (Gero et al. 2015), altogether creating a complex network of social 

interactions. 

At the highest tier, sperm whale associations at the individual, social unit and 

group level are governed by their membership to cultural groups called vocal clans. – 

with whales’ association restricted to members of their own vocal clan (Rendell & 

Whitehead 2003b; Gero et al. 2016b). Vocal clans can include hundreds to thousands of 
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individuals which share an acoustic repertoire of codas (Rendell & Whitehead 2003b). 

Codas are 3-12 patterned clicks which sperm whales use in social settings (Watkins & 

Schevill 1977; Whitehead & Weilgart 1991). These patterns of clicks can be categorized 

into types based on their general length and tempo so that nine regularly spaced clicks 

would be termed 9 Regular (9R) and two regularly spaced slower clicks followed by three 

faster clicks would be termed 1+1+3 (Weilgart & Whitehead 1997). While some coda 

types are shared, others are specific to certain vocal clans and can be used to distinguish 

them – termed identity codas (Hersh et al. 2021). Social unit membership and individual 

identity clues have also been suggested to be conveyed within specific coda types (Gero 

et al. 2016a), although this does not interfere with our ability to clearly discern vocal clan 

membership. Vocal clans have been documented worldwide (Eastern Tropical Pacific -

Rendell and Whitehead 2003, Eastern Caribbean - Gero et al. 2016b, Japan - Amano et al. 

2014, Brazil - Amorim et al. 2020, and Mauritius - Huijser et al. 2019), with whales 

exclusively associating with members of their own vocal clan even if other vocal clans 

occur in sympatry. As individuals from different vocal clans are not genetically distinct 

(Rendell et al. 2012; Konrad et al. 2018b) and can overlap with each other (e.g., Gero et 

al. 2016b), vocal clans are a predominantly culturally mediated form of social structure. 

In the Eastern Tropical Pacific, this cultural membership has been shown to have over-

reaching implications for sperm whales’ social structure, habitat use, and fitness with 

sperm whales from different vocal clans showing different diving synchrony (Cantor and 

Whitehead 2015), movement patterns (Whitehead and Rendell 2004; Whitehead et al. 

2008a), temporal stability of associations (Cantor and Whitehead 2015), reproductive and 

feeding success (Whitehead and Rendell 2004, Marcoux et al. 2007a), as well as 

distributions around the Galapagos islands (Eguiguren et al. 2019). 

While the size of social units and groups, as well as their prevalence, can vary 

geographically (Whitehead et al. 2012), all female sperm whale societies are organized 

along these three broad categories: social unit < group < vocal clan. 

 

1.3 RESEARCH CONTEXT: THE EASTERN CARIBBEAN 

The Eastern Caribbean sperm whale population is one of the best-studied 

populations of sperm whales on Earth. Since 2005, The Dominica Sperm Whale Project 
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(DSWP) has been conducting dedicated and opportunistic surveys of sperm whales 

leeward of the island of Dominica in the Lesser Antilles, gathering photo identification, 

acoustic, behavioural, and GPS data on the species. Over these years, the DSWP 

documented the lives of over 19 social units of sperm whales, largely contributing to our 

understanding of sperm whales as a species (e.g., Gero et al. 2009; Gero et al. 2013; Gero 

et al. 2014) and how Eastern Caribbean sperm whales, specifically, differ from other 

populations (such as the Eastern Tropical Pacific; Whitehead et al. 2012). 

Until recently, it was believed that sperm whales in the Eastern Caribbean were 

part of a single vocal clan (EC1) with codas varying geographically (Antunes 2009; 

Whitehead et al. 2012). However, the discovery of a second, rare, vocal clan in 2016 

(EC2) comprised of two social units (Units P and K) (Gero et al. 2016b) warranted a 

change in perspective. Why hadn’t the DSWP documented EC2 before? How different 

were EC1 whales from EC2 whales? How did the different vocal clans interact at a larger 

scale?  

In order to answer those questions, and more, we conducted dedicated sperm 

whale surveys in the Lesser Antilles during the years 2019 (four two-week surveys: 

February to April) and 2020 (four two-week surveys: January to March). We expanded 

our survey area seven-fold to cover most of the Lesser Antilles (from St. Kitts & Nevis to 

Grenada) and surveyed for sperm whale presence along three pre-defined transect lines: 

Leeward inshore (5–7 nautical miles from coast), Leeward offshore (15 nautical miles 

from coast) and Windward offshore (5–7 nautical miles from coast). While very few data 

were available regarding sperm whale distribution in the Lesser Antilles beyond 

Dominica, transect lines were designed to overlap with sperm whale preferred habitat 

(i.e., steep topographic slopes - Pirotta et al. 2011) as well as cover previously un-

surveyed zones (i.e., windward and offshore transects). We sailed day and night aboard a 

40ft sailboat (Balaena) at speed of 3-5 knots. Sperm whale presence was monitored every 

30 minutes by a trained listener using PAMGUARD software, sampling at 96kHz from a 

Fireface UC or UMC202HD USB audio interface recording continuously from a two-

element hydrophone towed behind the vessel on a 100m long cable. When the 

characteristic echolocation clicks of sperm whales were heard, we deviated from survey 

transects and tracked sperm whales acoustically using the towed hydrophone with 
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bearings estimated by the Click Detector module in PAMGUARD and/or a mechanical 

directional hydrophone. If the sea conditions allowed, we stayed with the same group of 

sperm whales for up to one day, or until we had multiple repeat photographs of 

individuals’ flukes (for individual identification purposes, Arnbom 1987a) and at least 80 

codas (for vocal clan identification purposes, Rendell & Whitehead 2003a). We spent 

more time with unknown groups of sperm whales (flukes which we were not able to 

match by eye with DSWP individual catalogue available on board) and left encounters 

with well-known DSWP social units after only a few hours. During daylight hours, we 

took photographs of sperm whale flukes using DSLR cameras with 300mm lenses and 

recorded sperm whale behaviour (i.e., activity, group size, association patterns). GPS 

fixes of the vessel tracks were obtained every five minutes through a GPS marine chart 

plotter (Standard Horizon in 2019 and Raymarine in 2020), and vocalizations were 

recorded continuously on the towed hydrophone (day and night). Males were encountered 

opportunistically as they interacted with females and overlapped with our survey routes.  

Most of the results presented in this thesis are fully (Chapter 4 and 5) or partially 

(Chapter 3 and 6) derived from data collected during these 2019 and 2020 Eastern 

Caribbean surveys.  

 

1.4 THESIS OBJECTIVES 

The overreaching objective of this PhD thesis is to highlight the contribution of 

cultural inheritance on the evolution, behaviour and social structure of a non-human 

species: the sperm whale. This is achieved by: 

- Introducing a new evolutionary pathway which emphasizes the role of culture, and 

cultural group selection, in achieving large brains and advanced cognition in 

certain odontocete and primate species (Chapter 2).  

- Quantifying sperm whale cultural segregation in the absence of genetic and 

environmental barriers (Chapter 3-4) as well as the mechanisms maintaining it 

(Chapter 6). 

- Describing how culture can lead to unexpected variation in behaviour across 

(Chapter 3) and within (Chapter 4) populations.  
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- Highlighting the importance of incorporating culture in conservation and 

management measures (Chapter 4, Chapter 5, Chapter 7). 

 

I start with a broad approach in Chapter 2: “Intraspecific, intergroup competition 

as a driver of advanced cognition in primates and toothed whales”. In this chapter, I 

introduce a new evolutionary hypothesis which complements the social brain (Dunbar 

1998), ecological intelligence (Milton 1981), and cultural brain (van Schaik & Burkart 

2011) hypotheses in explaining why certain primate and odontocete species converged in 

their large brains and advanced cognition. I suggest that it is a shift from interspecific to 

intraspecific, intergroup, competition that selected for exceptionally large brains and 

advanced cognition in species from the distant primate and odontocete lineages. I propose 

that competition between groups of the same species created an intraspecific evolutionary 

arms race towards social complexity and, therefore, led to large brains and advanced 

cognition (with a potential for cultural group selection) and illustrate this pathway in five 

species: chimpanzees (Pan troglodytes), bottlenose dolphins (Tursiops truncatus), killer 

whales (Orcinus orca), sperm whales (Physeter macrocephalus) and humans (Homo 

sapiens sapiens). This second chapter sets the scene for the remainder of my thesis by 

introducing the potential importance of cultural inheritance to sperm whale biology and 

evolution. 

In my third chapter “Ocean nomads or island specialists? Culturally driven habitat 

partitioning contrasts in scale between geographically isolated sperm whale populations”, 

I present the main findings from the 2019 and 2020 Eastern Caribbean surveys. I describe 

the vocal clan membership, distribution, and movement of 31 social units/groups of 

sperm whales (23 of which are social units/groups that had never been documented 

before) and document a potential third vocal clan in the Eastern Caribbean (EC3). By 

expanding the research area to cover most of the Lesser Antilles rather than only the 

island of Dominica, I find fine-scale differences in the distribution of sperm whale vocal 

clans in the Eastern Caribbean with island-specific residency of individuals and social 

units. This contrasts with data from the Eastern Tropical Pacific and suggests an order of 

magnitude difference in the movement and social structure of the two populations. I 

conclude by stating that rather than being ocean nomads, sperm whales can show high 



8 

 

cultural ecological specialization and habitat partitioning on flexible spatial scales.  This 

was published in the Royal Society Open Science (reference: Vachon et al. 2022). 

My fourth chapter “Distinctive, fine-scale, distribution of Eastern Caribbean 

sperm whales’ cultural groups relates to island fidelity rather than environmental 

variables” follows directly from my third chapter and investigates the mechanisms 

responsible for the stark differences in distribution between the two main Eastern 

Caribbean vocal clans (EC1 and EC2). I use habitat models and habitat suitability 

analyses to show that the differences in distribution between vocal clans in the Lesser 

Antilles most likely result from site/island fidelity rather than habitat specialization as 

environmental variables preferred by each vocal clan are not significantly different 

between “EC1 islands” and “EC2 islands” and that modelling habitat use separately for 

cultural groups results in much higher predictive accuracy. 

My fifth chapter “Abundance estimate of Eastern Caribbean sperm whales using 

large scale regional surveys.”, integrates knowledge from my two previous chapter to 

update the Eastern Caribbean sperm whale population estimate. As individual sperm 

whales do not range across the Lesser Antilles, but rather have much more restricted 

distribution along specific islands, previous Eastern Caribbean population estimates from 

Dominica cannot be extrapolated to the Eastern Caribbean. Using closed 2-sample 

Petersen and Schnabel models, I estimate a population of 414 adult sperm whales (51 

social units/groups) in the Lesser Antilles, which more than doubles previous estimates. I 

highlight the importance of accounting for population structure in conservation and 

management. 

My sixth chapter “Multidimensional distribution of sperm whale social 

vocalizations suggests identity codas are symbolic markers of cultural group 

membership” focuses on the boundaries between vocal clans and their meaning for sperm 

whale ecology and behaviour. More specifically, I investigate the use of identity codas as 

potential symbolic markers of vocal clan membership by sperm whales. I quantitively 

compare the structure of identity and non-identity codas across vocal clans from three 

isolated geographical areas (Eastern Caribbean, Eastern Tropical Pacific, Mediterranean) 

using two metrics: coda type overlap and volume in multidimensional space. I find that 

identity codas occupy significantly smaller volumes in multivariate space and overlap 
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significantly less with other coda types, which supports the use of identity codas as 

symbolic markers and highlight the importance of these coda types as interpretable 

signals.  

I conclude my thesis with a discussion chapter in which I present my findings 

within the broader framework of cultural inheritance. I highlight how results from my 

different chapters highlight the contribution of cultural inheritance to the ecology and 

evolution of a non-human, non-primate, species and stress the importance of 

incorporating the cultural inheritance framework into mainstream biology as well as 

conservation and management. 
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CHAPTER 2 – 
Intraspecific, Intergroup Competition as a Driver of Advanced 

Cognition in Primates and Toothed Whales. 

 

2.1 ABSTRACT 

I propose that a shift from interspecific to intraspecific, intergroup, competition selected 

for exceptionally large brains and advanced cognition in species from two distant 

lineages: primates and toothed whales. Although primates and toothed whales evolved in 

extremely different environments, bottlenose dolphins (Tursiops sp.), killer whales 

(Orcinus orca), sperm whales (Physeter macrocephalus), chimpanzees (Pan troglodytes), 

and humans (Homo sapiens) converge in their complex, competitive, societies. I suggest 

that competition between groups of the same species created an intraspecific evolutionary 

arms race towards social complexity and, therefore, led to large brains and advanced 

cognition (with a potential for cultural group selection). The intraspecific group 

competition hypothesis supplements the social brain, cultural brain, and ecological 

intelligence hypotheses by providing a framework to explain why, although large social 

groups, environmental variability, social learning, and culture are widespread in the 

animal kingdom, only a few species display exceptionally large brains. 

 

2.2 INTRODUCTION 

The evolution of cognition has long fascinated humans. Questions such as “why 

are we so smart?” and “how did we became so successful” are common both in the 

scientific literature and general media and are investigated in a wide array of fields 

(anthropology (e.g.,Handley & Mathew 2020), psychology (e.g.,Henrich & Muthukrishna 

2021), archeology (e.g., Shea 2003), neuroanatomy (e.g.,Liu & Konopka 2020), animal 

behavior (e.g.,Uomini et al. 2020)). As such, many hypotheses have been suggested to 

explain the presence of large brains and cognition in humans, and other animals, with an 

emphasis on social challenges (social brain hypothesis- Dunbar 1992; Barton 1996; 

Dunbar 1998; Dunbar & Shultz 2007; Dunbar 2009, Machiavellian intelligence 

hypothesis- Byrne & Whiten 1989; Byrne & Corp 2004, Vygotskian intelligence 

hypothesis - Moll & Tomasello 2007), ecological challenges (ecological intelligence 

hypothesis - Parker & Gibson 1977, Milton 1981, Milton 1988, diet - Clutton-Brock & 

Harvey 1980; MacLean et al. 2014; deCasien et al. 2017, cognitive buffer hypothesis –Sol 

2009, Gonzalez-Lagos et al. 2010), life history traits (extended parenting hypothesis- 

Uomini et al. 2020), and culture (cultural intelligence/brain hypothesis - Reader & Laland 
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2002; Whiten & vanSchaik 2007; Herrmann et al. 2007; van Schaik & Burkart 2011; 

vanSchaik et al. 2012, cultural group selection – Soltis et al. 1995; Henrich 2004; Boyd & 

Richerson 2010; Richerson et al. 2016). The social brain hypothesis suggests that group 

living selects for large brains, the ecological intelligence hypothesis suggests that 

adapting to changing environments leads to large brains, and the cultural brain hypothesis 

suggests that larger brains evolved to better obtain and process information via social 

learning. Although all these hypotheses are supported by a large body of scientific 

literature, most were developed and tested with a focus on humans and their closest 

relatives, the great apes and primates (e.g., Clutton-Brock & Harvey 1980; Milton 1981; 

Dunbar 1998; Whiten & vanSchaik 2007). While this approach is not wrong (in fact, it 

makes evolutionary sense!), it only offers a single perspective into a complex problem 

and does not take full advantage of the diversity of life on Earth. 

Cetaceans, whales and dolphins, diverged from the anthropoid line around 90 

million years ago (Kumar & Hedges 1998; Bromham et al. 1999) and yet, although they 

evolved in a completely different world from our own, they show abundant evidence of 

social learning and culture (reviewed in Rendell & Whitehead 2001; Whitehead & 

Rendell 2015). Like primates, cetaceans, especially toothed whales (Odontocetes), have 

large brains in both absolute and relative size (Marino 1998; Marino et al. 2004), complex 

social networks (e.g., Connor & Krutzen 2015; Gero et al. 2016), slow life history traits 

(e.g., Mann et al. 2000; Connor et al. 2000), culture (e.g., Rendell & Whitehead 2003b; 

Mann et al. 2012; Riesch et al. 2012), and the ability to solve complex cognitive tasks 

(e.g., Reiss & Marino 2001; Herman 2012). As such, primates and cetaceans differentiate 

themselves from other mammals, with cetaceans offering a secondary, independent, 

evolutionary pathway to large brains and advanced cognition (I define “large brains” as 

brains that are unexpectedly large in absolute and/or relative size compared to other 

mammals and “advanced cognition” as the ability to solve complex cognitive tasks such a 

self-recognition, 3D body representation, and the use of complex acoustic signals, 

abilities which are not widespread in the animal kingdom). 

There is considerable variability in brain size within the primate and cetacean taxa 

(Marino 2004; Connor & Mann 2006; Isler et al. 2008; Reader et al. 2011). Both include 

species for which we have evidence of exceptional brain size and cognition (i.e. humans, 
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chimpanzees, delphinids and sperm whales) as well as some that do not (e.g., lemurs, 

porpoises). This suggests that the evolutionary pathway towards large brains and 

advanced cognition might be especially extreme, or altogether different, in these “outlier” 

large brain species, highlighting their importance in solving this evolutionary puzzle. 

In this chapter, I use a comparative approach to uncover a converging evolutionary 

pathway to large brains and advance cognition in primates and Odontocetes. By 

comparing data on “outlier” species in both groups, I was able to identify common trends 

and potential mechanisms to explain the evolution of such extreme intelligence, twice. 

This new hypothesis, the intraspecific group competition hypothesis, complements 

previous theories and furthers our knowledge on the evolution of large brains, not only in 

humans, but also in species which evolved independently from primates. 

 

2.3 THE HYPOTHESIS 

2.3.1 Methods 

I reviewed the literature using search engine Web of Science and keywords 

“social brain”, “Machiavellian intelligence”, “social intelligence”, “cultural intelligence”, 

“intraspecific competition”, “cultural evolution”, “(cooperation)AND(evolution)”, 

“(competition)AND(evolution)”, “(human)AND(culture)AND(evolution)”, 

“(cetacean)AND(culture)”, “(primate)AND(culture)”, “(cognition)AND(evolution)”, 

“(culture)AND(evolution)”, “(cetacean)AND(competition)” and 

“(primate)AND(competition)”. As this covered a wide array of topics, the initial Web of 

Science search returned 136,014 articles, 587 of which had relevant titles. Of these 587 

articles, 304 were judged relevant based on their abstract and read. Relevant referenced 

articles within these 304 articles were supplemented to the literature review as I went 

along, adding 311 more articles. In total, 615 articles were read and included in this 

literature review, most of which are not referenced in this paper, but helped form the key 

ideas discussed in it (Figure 2.1). 
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Figure 2.1. Literature review process. 

 

2.3.2 Framework 

The intraspecific group competition hypothesis suggests that it is a shift from 

interspecific competition to intraspecific, intergroup, competition that led to larger brains 

and advanced cognition in certain species. It posits that if fitness for individuals within a 

species depends more on intraspecific intergroup interactions rather than external factors 

(e.g., predation, disease, resources), natural selection would favor traits that increase 

cooperation within groups and competition across groups as more cooperative groups will 

have an evolutionary advantage over less cohesive groups (e.g., Turchin 2006; Choi & 

Bowles 2007; Bowles 2009; Puurtinen & Mappes 2009; Garcia & van den Bergh 2011). 

This would then result in an evolutionary arms race between groups of the same species 

for increased social cohesion and complexity, and therefore, larger brains. Below I 
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expand on the framework of the intraspecific group competition hypothesis (illustrated in 

Figure 2.2). 

Group living likely primarily evolved in response to predation. As primates 

moved from a nocturnal to a diurnal lifestyle and as cetaceans re-colonized the ocean (a 

three-dimensional environment without refuge) predation pressures most likely increased, 

and safety was found in numbers (Janson & Goldsmith 1995; Connor 2007; Shultz et al. 

2011). Unlike sharks, big cats, and amphibians which invested in physiological means 

(i.e., large body size, claws, teeth, toxicity) to avoid predation or become predators 

themselves, primates and cetaceans principally avoided predation by grouping together, 

which brought benefits of increased vigilance, dilution, and communal defense. While 

these first primate and cetacean social groups were most likely simple, group living 

brought challenges (e.g., resource competition, free-rider problem) and opportunities 

(social learning). Not all group living species would take advantage of these opportunities 

(e.g., schooling fish) but for primates and cetaceans, these challenges and opportunities 

would work jointly to promote larger brains via pathways already explored by the social 

brain, ecological intelligence, and cultural brain hypotheses. Social learning allowed for 

the extraction of better, or more reliable, resources (Kaplan et al. 2000; Navarrete et al. 

2016) which were used to fuel the expensive larger brains required to keep track of 

increasingly complex social group relationships and interactions (Dunbar 1998; Kudo & 

Dunbar 2001; Dunbar & Shultz 2007; Byrne & Bates 2007; Bickart et al. 2011). Slower 

life histories would then be promoted as longer lifespans allow for more opportunities to 

learn from others and benefit from learned skills (Boyd & Richerson 1985; Kaplan et al. 

2000; vanSchaik & Burkart 2011) and makes this large energetic investment in a larger 

brain more worthwhile (Jerison 1973; Dunbar & Shultz 2007; Gonzalez-Lagos et al. 

2010). Unlike cetaceans and primates, pinnipeds (although they are group-living and have 

slow life histories) have not followed this pathway, possibly because of a trade-off in the 

investment of larger body size for sexual selection and expensive brain tissue (expensive 

sexual tissue hypothesis (Pitnick et al. 2006; Fitzpatrick et al. 2012)), as well as reduced 

mother-pup relationships (Whitehead & Rendell 2015). As longer life histories, reliance 

on social learning and brain size co-evolved (Street et al. 2017), environmental variability 

(unstable climatic periods such the Pleistocene or via range expansions) exacerbates the 
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benefits of social learning, reinforcing this pathway, as socially learned knowledge is 

more adaptive in variable environments (Boyd & Richerson 1985; Whitehead 2007; 

Grove 2017). Note, however, that ecological variation on its own is not enough to trigger 

this pathway toward exceptional brain size (e.g., bears face many ecological challenges 

but lack social complexity). 

If life history parameters are slowed enough, group living shifts from being 

mostly kin-based to affiliation-based. Females produce less offspring and, therefore, 

individuals from similar age classes aren’t close genetic relatives anymore. While this 

shift comes with many uncertainties, it is offset by the benefits of the group’s reliance on 

social learning and non-kin (or more distant kin) group living is maintained (dosSantos & 

West 2018). We would expect a species with such reliance on social learning to become 

increasingly diverse as different individuals innovate and adapt differently to ecological 

and social challenges (vanSchaik & Pradhan 2003; Lefebvre et al. 2004, Sol et al. 2005). 

Such innovations can then spread socially within and across groups, resulting, not only in 

higher overall behavioral diversity at the species level, but also overall ecological success 

(via a larger toolkit to deal with ecological and social hardships). Species such as the 

sperm whale and the elephant, which are ecologically successful primarily due to their 

specialized noses but are also social, might have entered the framework via such 

ecological success, which then feedbacks into increased social complexity and increased 

reliance on social learning (Whitehead 2003). 

I have now set the scene for what I believe to be the key factor promoting 

exceptionally large brains and advanced cognition. As this social learning-reliant species 

becomes more successful relative to competing species (due to its cultural toolkit), 

intraspecific competition increases. Individuals from the same species might now 

compete for mates, territory and/or food in ways that impact survivorship more than 

traditional ecological pressures such as predators, diseases, food availability, and/or 

abiotic environmental fluctuations. If this is the case, individual fitness shifts from being 

largely determined by interspecific interactions and environmental variation, to depending 

on intraspecific interactions. Such high levels of intraspecific competition would lead to 

higher diversity at the species level (as members of the same species co-exist via the use 

of different niches, perhaps culturally) (Slatkin 1980; Schluter 2000; Bolnick 2004; 
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Svanback & Bolnick 2007; Svanback et al. 2008; Hendry et al. 2009; Yoder et al. 2010; 

Jones & Post 2016), but also, and most importantly, select for increased cooperation 

within, and increased competition across, groups. This is expected if intraspecific 

competition is high and more cooperative, insular, groups have a fitness advantage over 

less cooperative groups. This phenomenon is well-documented in humans (Turchin 2006; 

Choi & Bowles 2007; Lehmann & Feldman2008; Bowles 2009; Puurtinen & Mappes 

2009; Garcia & van den Bergh 2011) but also applies to other species (Langergraber et al. 

2017; Samuni et al. 2020; Samuni et al. 2021). I hypothesize that this occurred in 

primates and cetaceans, but not in other mammalian species such as ungulates, which rely 

on social learning (e.g., Jesmer et al. 2018) but still have to cope with intense predation 

pressure, therefore preventing the shift from interspecific- to intraspecific-determined 

fitness. Such a shift is key as it creates a feedback loop in our evolutionary framework 

(Figure 2.2) via an intraspecific evolutionary arms-race for increased social complexity, 

which then selects for larger brains, longer life histories, and an increased reliance on 

social learning (Dunbar & Shultz 2007; Reader et al. 2011; Navarrete et al. 2016; Street et 

al. 2017). Under this framework, groups are increasingly successful, increasingly 

competitive, increasingly complex (socially), and, therefore, have increasingly large 

brains and cognitive capabilities as these traits feedback onto each other. As groups 

become more homogeneous within and heterogeneous across group boundaries (which 

would be expected with such high reliance on social leaning and such increased diversity 

due to competition), cultural group selection (Soltis et al. 1995; Henrich 2004; van der 

Bergh & Gowdy 2009; Boyd & Richerson 2010; Zefferman & Mathew 2015; Richerson 

et al. 2016) can ensue. Under this scenario, the unit of selection shifts from individuals to 

groups under the assumption that the fitness of individuals and/or cultures depends on the 

fitness of the group itself. For cultural group selection to be a meaningful evolutionary 

force, competition between cultural groups must be intense, variation in behavior greater 

across than within groups, and extinction rates high (Wilson 1975; Alexander 1989; Soltis 

et al. 1995; Henrich 2004; Richerson et al. 2016). Cultural group selection then 

accelerates the race to large brains and advanced cognition by further promoting social 

complexity (Figure 2.2).
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Figure 2.2. Intraspecific group competition hypothesis framework.
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2.3.3 Predictions 

The framework of the intraspecific group competition hypothesis makes 

predictions about species with large brains and advanced cognition. First, it suggests that 

such species would have a high reliance on social learning, with an emphasis on 

conformity and homophily, as these two social learning processes lead to higher group 

cohesion (Henrich 2004). Second, species with large brains and advanced cognition 

should be successful and diverse as success leads to increased intraspecific competition 

and diversity results from it. Third, the fitness of members of species with large brains 

and advanced cognition should depend on intraspecific, rather than interspecific, 

interactions as this triggers higher cooperation and competition and feedbacks into 

increased social complexity. Finally, if this framework is correct, we expect cultural 

group selection to operate as a result of group competition. While cultural group selection 

has mainly been considered in the context of human evolution (Soltis et al. 1995; Mathew 

& Boyd 2011; Zefferman & Mathew 2015; Henrich 2016; Handley & Mathew 2020), I 

make an argument here that it is likely to operate (although perhaps to a lesser extent, 

with less overlapping cultural groups and less individuals in cultural groups) in animal 

societies if they are structured around groups with more cultural differences across than 

within group boundaries, have ways to differentiate “ us” from “them” (e.g. territorial 

boundaries or symbolic markers), show signs of cooperation within and competition 

across groups, and exhibit a resulting high extinction rate of groups/cultures. 

While such an evolutionary pathway is not the norm for most animal species, I 

suggest that it has operated independently for certain outlier, large brain species of two 

distinct, distant, lineages: Odontocetes and primates. More specifically, bottlenose 

dolphins (Tursiops sp.), killer whales (Orcinus orca), sperm whales (Physeter 

macrocephalus), chimpanzees (Pan troglodytes) and humans (Homo sapiens). Below I 

expand on how these species fit the predictions of the intraspecific group competition 

hypothesis (Table 2.1). 
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2.4 ODONTOCETES 

2.4.1 Bottlenose dolphins 

2.4.1.1 Smart, diverse, and successful 

Bottlenose dolphins’ relative brain size is truly extraordinary, and second only to 

modern humans, with an EQ (Encephalization quotient) score (Jerison 1973) of around 

4.5 (compared to 7 in humans, 2.5-7 in extinct hominids and 2.5-3 in chimpanzees) 

(Marino 1998). Beyond the sheer size of their brains, bottlenose dolphins also show signs 

of advanced cognition through their ability for self-recognition (Reiss & Marino 2001), 

long-term memory (Bruck 2013), socially transmitted tool use (Wild et al. 2019; Wild et 

al. 2020), body awareness (Herman 2012), complex communication (Janik 2013), and 

social intelligence (Connor 2007). Culture and social learning seem to permeate the lives 

of bottlenose dolphins (reviewed in Rendell & Whitehead 2001) and, as a species, the 

bottlenose dolphin shows extreme diversity, with different populations found in coastal 

and offshore areas of temperate and tropical waters around the world and different 

ecotypes, sometimes overlapping in range, displaying considerable morphological, 

behavioral, and genetic differences (Mead & Potter 1995; Natoli et al. 2004; Fruet et al. 

2017). It is suggested that such diversity is the result of multiple resource specialization 

events in which bottlenose dolphins learned to adapt to new environmental conditions 

(Hoelzel 1998; Natoli et al. 2004; Tezanos-Pinto et al. 2009). In some extreme cases, this 

can lead to the emergence of new species (e.g., Tursiops aduncus) (LeDuc et al. 1999; 

Wang et al. 1999). 

 

2.4.1.2 Intraspecific fitness 

While bottlenose dolphins do have natural predators (sharks- Heithaus & Dill 

2002; Sprogis et al. 2018), their fitness (survival, reproduction) seems to mostly depend 

on their ability to navigate their complex social world (Stanton & Mann 2012; 

Wiszniewski et al. 2012; Diaz-Aguirre et al. 2020). As such, it has been hypothesized that 

it is the fission fusion structure of bottlenose dolphin societies, in which relationships are 

constantly shifting and individuals need to keep track of third-party relationships, that 

lead to their larger brains (Smolker et al. 1992; Connor & Mann 2006; Connor 2007; 

Aureli et al. 2008). This is especially apparent in Shark Bay, Western Australia, where 
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male Indo-Pacific bottlenose dolphins form overlapping nested alliances (on three 

different levels) to consort, herd, steal, and protect females (reviewed in Connor & 

Krutzen 2015). The intense intraspecific competition resulting from male alliance 

dynamics in Shark Bay fits the predictions of the intraspecific group competition 

hypothesis as males which are part of alliances, especially larger alliances, have a higher 

reproductive success (Krutzen et al. 2004; Wiszniewski et al. 2012) and females might 

prefer males who show higher synchrony in their behaviors (Connor et al. 2000; Connor 

et al. 2006). Therefore, cooperation offers a competitive advantage. 

 

2.4.1.3 Cultural group selection? 

While alliances can be highly fluid, they could be subject to group selection if 

members from different alliances employ different strategies, with varying success, to 

gain access to females. Males within second order alliances can recognize each other 

based on acoustic signals (King et al. 2021) with high cooperation within alliances and 

high competition across them (as evidenced by high intraspecific synchrony (Connor et 

al. 2006) and tooth-rake marks in adult male bottlenose dolphins of Shark Bay (Scott et 

al. 2005)). In this case, group selection would favor alliances with “better” more 

successful strategies in obtaining females over alliances with “bad” less successful 

strategies. Members from “bad” strategy alliances would then breakup to find better 

alliance partners (and therefore the cultural group “dies”) or be unsuccessful in obtaining 

females, selecting for “better” alliance strategies at the group level. While there is 

evidence of variability in alliance strategies (Connor & Krutzen 2015), this has not been 

correlated with reproductive success, and therefore, we do not have clear evidence of 

group selection in Shark Bay male alliances as of now.  

Cultural group selection could also occur between groups of bottlenose dolphins 

that differ in their foraging tactics. Sympatric differences in foraging tactics have been 

documented for bottlenose dolphins all around the world, with dolphins preferentially 

associating with individuals that share their foraging preference (Shark Bay spongers – 

Mann et al. 2012, Laguna Brazil artisanal fisherman cooperators – Daura-Jorge et al. 

2012, Moreton Bay trawlers - Chilvers & Corkeron 2001). In this case, different foraging 

cultures compete for survival in the same environment. As discussed above, such 
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diversity in foraging specializations is most likely a result of the bottlenose dolphins’ high 

adaptability and propensity for social learning, as well as intraspecific competition (as 

predicted by the intraspecific group competition hypothesis). Different cultures can co-

exist and thrive if resources are plentiful, competition is low, and/or strategies are 

complementary and yield similar fitness benefits (e.g. Strickland et al. 2021). 

Alternatively, dolphins with a “good” foraging strategy will have higher survival and 

reproductive success than dolphins with “bad” foraging strategies, leading the “good” 

cultural variants to spread and “bad” cultural variants to disappear from the population. 

Over evolutionary time, foraging strategies might fluctuate in their efficiency as resources 

are depleted and the environment fluctuates. This occurred in Moreton Bay when trawler 

dolphins were forced to revert to traditional foraging following the instigation of trawling 

regulations. Dolphins themselves did not necessarily die, instead, social networks merged 

(Ansmann et al. 2012) and the cultural variant of “foraging with trawlers” disappeared. 

 

Altogether, this suggest that the intraspecific group competition hypothesis 

framework could be applied to bottlenose dolphins, a highly successful species that 

displays intraspecific competition in the form of male alliances and foraging culture 

diversity. 

 

2.4.2 Matrilineal whales 

2.4.2.1 Smart, diverse, and successful 

While killer whales and sperm whales do not have large brains in relative size 

(due to their extreme body size (Marino 1998)), their brains are extraordinary in absolute 

size, with the sperm whale and killer whale having the largest brains of any animal on 

Earth (Ridgway & Hanson 2014). These species are also known for their complex, nested, 

social structure based around matrilineal family units. Social units of sperm whales and 

pods of killer whales are composed of one or few families (and/or extended family 

members) which always travel, socialize, and forage together (Gero et al. 2014; Ford 

1991). Interactions between social units/pods are further governed by their membership to 

large-scale cultural groups called vocal clans in sperm whales and ecotypes in killer 

whales. Whales from different vocal clans/ecotypes have different acoustic signals and 
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behaviors and do not associate with each other even if they occur in sympatry (Ford 1991; 

Barrett-Lennard et al. 1996; Rendell & Whitehead 2003b; Deecke et al. 2005, Riesch et 

al. 2012; Gero et al. 2016b). Such social structure promotes a reliance on social learning, 

with multiple examples of traditions and behaviors maintained and spread socially within 

clans, ecotypes or other social entities in both species (reviewed in Rendell & Whitehead 

2001). 

Sperm whales and killer whales are the most widely distributed vertebrate on 

Earth (after modern humans). They have learned to survive in all oceans, from the tropics 

to the poles, and show extreme diversity across geographical and cultural boundaries. For 

instance, sperm whales from different vocal clans have different movement patterns 

(Whitehead & Rendell 2004; Whitehead et al. 2008a; Vachon et al. 2022), social structure 

(Cantor & Whitehead 2015), preferred distributions (Eguiguren et al. 2019; Vachon et al. 

2022), and diving synchrony (Cantor & Whitehead 2015) and killer whales from different 

ecotypes differ in their diet, social structure, morphology, and certain genes (reviewed in 

Riesch et al. 2012; deBruyn et al. 2013). In fact, killer whale ecotypes are so diverse that 

some have advocated for their recognition as separate species (Morin et al. 2010). 

 

2.4.2.2 Intraspecific fitness 

Due to their large size, sperm whales have very few predators. Harassment by 

blackfish (e.g., Palacios & Mate 1996) and attacks by killer whales have been reported, 

with no mortalities from blackfish encounters and mixed outcomes from killer whale 

attacks (e.g., Arnbom et al 1987b, Pitman et al. 2001). On the other hand, killer whales 

are the ocean’s apex non-human predator. It is therefore likely that the fitness of both 

species is linked to intraspecific interactions rather than interspecific interactions. 

 

2.4.2.3 Cultural group selection? 

In many ways, sperm whale vocal clans and killer whale ecotype (via matrilines) 

are the perfect substrate for cultural group selection as they are insular, highly 

differentiated groups. Whales within cultural groups communally raise calves (Gero et al. 

2009; Nattrass et al. 2019) and show high conformity in their behaviors and vocalizations 

(Ford 1991; Ford et al. 1998; Deecke et al. 2005; Rendell & Whitehead 2005; Konrad et 
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al. 2018b), while whales across cultural groups show signs of xenophobia (Riesch et al. 

2012) and avoidance (S.Gero pers. comm; Shields et al. 2018). It has been suggested that 

sperm whales use vocal clan-specific highly stereotypical codas called “identity codas” as 

symbolic markers to identify members of their own cultural group (Hersh et al. 2021) and 

killer whales might do the same using behavioral and acoustic cues (Deecke 2000; Riesch 

et al. 2012). 

I suggest that competition between cultural groups of sperm whales and killer 

whales does not result in lethal violence or open conflict, but rather in intense scramble 

competition for resources. Different cultural groups come up with different strategies to 

exploit the environment (culturally driven ecological specialization), and, over time, 

cultural groups with “better” ideas survive while others go extinct (Whitehead & Ford 

2018). In some cases, cultural groups with different, complementary, strategies will 

occupy different niches and co-exist (Whitehead & Ford 2018), leading to sympatric 

ecotypes/vocal clans, but this equilibrium can be altered by changing climatic conditions 

(Whitehead & Rendell 2004) and resource availability (Velez-Espino et al. 2014). This 

could relate to cultural hitchhiking (Whitehead 2005; Whitehead et al. 2017), and is 

supported by nuclear DNA and mitochondrial DNA genetic data (Foote et al. 2011; 

Morin et al. 2015; Foote et al. 2016; Morin et al. 2018), as well as a culturally driven 

ecological speciation model by Whitehead and Ford (2018), which suggest rapid 

diversification, multiple dispersal/founder events and high extirpation rate of cultural 

groups, all of which are consistent with my hypothesis. 

 

Matrilineal whales therefore fit the framework of the intraspecific group 

competition hypothesis with the ecological success of sperm whales and killer whales 

leading to cultural group competition for resources, promoting culturally driven 

ecological specialization and, thereafter, cultural group selection.  

 



24 

 

2.5 PRIMATES 

2.5.1 Chimpanzees 

2.5.1.1 Smart, diverse, and successful 

Our closest relatives, the chimpanzees, not only have larger brains than would be 

expected for their body size (Marino 1998), but also display mirror self-recognition 

(Gallup 1970), theory of mind (Call and Tomasello 2008), advanced social intelligence 

(reviewed in Hirata 2009), and a high reliance on social learning (reviewed in Whiten 

2011). Chimpanzees are diverse in their cultures, which span a wide range of behaviors 

(e.g., tool use, food processing, social) (Whiten et al. 1999; van Leeuwen et al. 2012; 

Luncz & Boesch 2015) and allowed them to be successful through their range for 

thousands of years, as evidenced by nut cracking remains that have been dated back 4,300 

years (Mercader et al. 2007). 

Chimpanzees live in a fission-fusion society where groups of 1 to 20 individuals, 

from within larger communities of around 150 individuals, travel, sleep, and forage 

together (vanLawick-Goodall 1968; Watts et al. 2002). Male chimpanzees stay in their 

natal group while females emigrate to other communities at adolescence (Pusey 1979). 

Conformism has been extensively documented within chimpanzee communities (Hopper 

et al. 2007, Whiten et al. 2005, Whiten et al. 2007; Hopper et al. 2011), with female 

migrants adopting the traditions from their new communities even if it incurs a fitness 

cost (Watson et al. 2015; Luncz et al. 2018). 

 

2.5.1.2 Intraspecific fitness 

Chimpanzee fitness is affected by human activities, diseases, predation (leopards, 

lions), and conspecific interactions (reviewed in Anderson 2018). Although chimpanzees 

show cooperative and pro-social behaviors within groups from the same communities 

(Hamburg & McCown 1979; Boesch 2002; vanLeeuwen et al. 2021), interactions across 

communities are typically hostile (Wrangham 1999; Boesch & Boesch-Achermann 2000; 

Wrangham & Glowacki 2012; Furuichi 2020) and sometimes lethal (Wilson & 

Wrangham 2003; Watts et al. 2006; Wilson et al. 2014). Between 2004 and 2010, most of 

Gombe chimpanzees’ mortalities were attributed to intraspecific interactions (Terio et al. 

2011) and chimpanzee “wars” have resulted in the loss of entire communities (Goodall 
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1986; Wilson & Wrangham 2003). Inter-community conflicts (raids) can incur large 

fitness costs for losers: mortality, injury, stress, lower reproductive rate (Wilson & 

Wrangham 2003; Watts et al. 2006; Wilson et al. 2014; Lemoine et al. 2020) but yield 

benefits for victors: territory expansion, better access to females, increased resource 

acquisition (Wrangham 1999; Wilson & Wrangham 2003; Mitani et al. 2010). Successful 

communities will also have larger territories, which are correlated with shorter inter-birth 

intervals (Pusey 2001). Altogether, this suggests that intraspecific interactions have the 

potential to affect survival and reproduction at least as significantly as interspecific 

interactions. 

 

2.5.1.3 Cultural group selection? 

In chimpanzees, cultural group selection could operate at the community level: 

neighboring chimpanzee communities conform to different cultural variants (Luncz et al. 

2012; Koops et al. 2015; Luncz & Boesch 2015; Pascual-Garrido 2019), members of 

chimpanzee out-groups are easily identified by their territorial range, and high individual 

fitness benefits and costs are associated with inter-community conflict outcomes. 

However, for cultural group selection to operate, evolution must also shift from being 

driven by individual-fitness to group-fitness (Read 2006), something that is only possible 

with high levels of within group cooperation. The hostile nature of intergroup interactions 

might promote cooperation within chimpanzee communities (as suggested by the 

intraspecific group competition hypothesis) with larger, more cohesive, raid parties being 

more successful and sustaining less severe injuries (Wilson et al. 2014; Pandit et al. 

2016), and individual chimpanzees more likely to participate in raids if more individuals, 

or close associates and kin, are participating themselves (Samuni et al. 2021). However, 

intra-community competition in the form of contest and scramble competition over food 

(Wrangham 2000; Wittig & Boesch 2003), female spatial competition (Miller et al. 

2014), male status competition (Gilby et al. 2013; Foerster et al. 2016), and sexual 

competition (Fawcett & Muhumuza 2000; Lowe et al. 2020) has also been documented 

for chimpanzees and could prevent cultural group selection if individual fitness benefits 

and costs of intra-community competition are higher than those resulting from inter-

community interactions. Although intergroup competition has been documented to 
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actively reduce intra-community aggression by males (Samuni et al. 2020), and although 

infanticides and intra-community lethal attacks are relatively rare (Nishida et al. 1995; 

Lowe et al. 2020), such intra-community competition would reduce the impact, or 

viability, of cultural group selection.  

 

Altogether, chimpanzee behavior seems to support the framework and claims of 

the intraspecific group competition hypothesis, with inter-community competition 

promoting social complexity, although high levels of intra-community competition might 

limit the efficiency of cultural group selection. 

 

2.5.2 Humans 

2.5.2.1 Smart, diverse, and successful 

Humans offer the most extreme case of the intraspecific group competition 

hypothesis. Humans have been described as hyper-cooperative (Burkart et al. 2014), 

hyper-cultural (Barkow 2001), and ultra-social (Tomasello 2014; Henrich & 

Muthukrishna 2021) and their propensity for social learning and culture (Henrich & 

McElreath 2003) has allowed them to colonize and thrive in all terrestrial biomes on 

Earth for 60,000 years (Henn et al. 2012). 

 

2.5.2.2 Intraspecific fitness 

Humans’ fitness is almost solely dependent on intraspecific interactions 

(Alexander 1989, Alexander 1990), which are governed by complex social norms and 

often mediated by cultural group membership. To navigate such a complex social 

environment, humans make spontaneous in-group versus out-group classifications 

(Brewer 1979, Tajfel & Turner 1979) and show loyalty toward in-group members 

(Abrams et al. 1998; Van Vugt & Hart 2004, Zdaniuk & Levine 2001) and prejudice 

towards out-group members (Brewer & Brown 1998, Fiske 2002), even if groups are 

large and composed of mostly unknown individuals.  

Warfare, an intense form of inter-group competition, has been a staple of human 

evolution (Keeley 1996; Bowles 2009; Leblanc & Register 2003) and is believed to have 

promoted cooperation (Turchin 2006; Choi & Bowles 2007; Puurtinen & Mappes 2009), 
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shaped social behavior (Bowles 2006; Bowles 2009) and laid the foundation for modern 

nations and institutions (Richerson & Boyd 1999; Bowles 2012; Turchin et al. 2013). The 

extinction rate is high in the hominid lineage, with no remaining ancestral species or side 

branches in Homo (White 2003). 

 

2.5.2.3 Cultural group selection 

Therefore, humans display high levels of cultural diversity across groups, high 

intra-group cooperation, and high inter-group competition. As such, cultural group 

selection has been suggested as an important factor in human evolution (Soltis et al. 1995; 

Henrich 2004; Zefferman & Mathew 2015; Richerson et al. 2016), not only because of 

warfare but also other culturally transmitted behaviors such as differences in subsistence 

methods (Boyd & Richerson 2009). Therefore, the intraspecific group competition 

hypothesis framework is supported. 
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Table 2.1. Summary table of the intraspecific group competition hypothesis’ predictions. 

 Bottlenose dolphins Matrilineal whales Chimpanzees Humans 

Social learning ▪Social learning 

▪Socially transmitted tool 

use 

▪Overarching cultures 

▪Conformism 

▪Extensive evidence of 

conformism and social 

learning 

▪ “Hyper cultural” 

▪ “Ultra-social” 

Successful and 

diverse 

▪Distributed in temperate 

and tropical waters 

worldwide 

▪Ecologically diverse 

▪Worldwide distribution 

 ▪Diverse cultures 

▪Diverse cultures 

▪Tradition maintained for 

over 4,300 years 

▪Worldwide distribution 

▪Ecological dominance 

Survival depends on 

intraspecific 

interactions 

▪Some predators 

▪Complex social 

interactions that relate to 

reproductive success 

▪No or few predators 

▪Resource competition 

▪Predation 

▪Hostile and sometimes 

lethal inter-community 

interactions 

▪No predators 

▪Complex social norms 

Cultural groups ▪Male alliances 

▪Foraging cultural groups 

▪Vocal clans 

▪Ecotypes 

▪Communities ▪Diverse (e.g., 

Institutions, ethnic 

groups, countries etc.) 

Symbolic markers ▪Acoustic signals ▪Identity codas 

▪Different acoustic repertoires 

▪Behavioral cues 

▪Ability to recognize 

individuals from other 

communities based on 

their territorial range 

▪Spontaneous 

classification of new 

individuals as “in-group” 

or “out-group” 

Cooperation within, 

competition across 

groups 

▪Synchrony 

▪Competition between male 

alliances  

▪Social associations reflect 

foraging specialization 

▪Social associations are 

exclusively within cultural groups 

▪Communal care of calves 

▪Avoidance across cultural groups 

(xenophobia) 

▪Resource competition 

▪Cooperative hunting and 

grooming within 

community 

▪Hostile inter-community 

interactions (raids) 

▪ “Hyper-cooperative”  

▪Warfare 

High extinction rate ▪Disappearance of foraging 

cultures 

▪Unsuccessful males 

▪Low mtDNA diversity (cultural 

hitchhiking) 

▪Genetic evidence of 

bottlenecks/founder events 

▪Inter-community wars ▪Extinction of Homo 

evolutionary side 

branches 

*See general text for references 

2
8
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2.6 CONCLUSION 

The intraspecific group competition hypothesis is intended as a complement to the 

social brain, ecological intelligence, and cultural brain hypotheses. It offers a theoretical 

framework that goes beyond social complexity, environmental variation, and the use of 

social learning to explain extraordinary brain size in species from two distant lineages 

(primates and Odontocetes). As such, it offers an explanation as to why, while many 

species have culture, rely on social learning, and have been subject to environmental 

variability, only a few developed exceptionally large brains. More specifically, I suggest 

that it is inter-group resource competition between male alliances and foraging cultures in 

bottlenose dolphins, vocal clans, and ecotypes (via matrilines) in matrilineal whales and 

communities in chimpanzees that created an intraspecific evolutionary arms race for 

exceptionally large brain and cognition in those species.  

Although this study is limited in its scope (only considering a small set of species) 

and nature (qualitative comparison rather than quantitative statistical tests), I hope that it 

promotes further discussion and research in the field of cognitive evolution by applying 

evolutionary concepts such as cultural group selection to non-human species and 

considering the evolution of intelligence in multiple lineages. I think this framework 

could provide interesting insight regarding the behavior and evolution of other species 

(e.g., other delphinids, blackfish, other great apes, capuchins, baboons, elephants, bats). 

I conclude with a cautionary remark. For the intraspecific group competition 

hypothesis to create a feedback loop toward extreme brain size and advanced cognition, 

intraspecific threats to fitness must exceed interspecific threats. This is suggested to be 

the case, evolutionarily, for bottlenose dolphins, killer whales, sperm whales and 

chimpanzees, but might have changed over the short evolutionary time since humans 

became ecologically dominant. Anthropogenic stressors such as overfishing, 

entanglement, whaling and vessel traffic are now major threats to bottlenose dolphin 

survival (Bejder et al. 2006; Bearzi et al. 2009; Tulloch et al. 2020) and caused steep 

decline in certain sperm whale and killer whale populations (Whitehead et al. 1997; Beck 

et al. 2014; Gero & Whitehead 2016, Clarke Murray et al. 2021). Chimpanzees are 

globally endangered, with certain sub-species (Western chimpanzees) classified as 

critically endangered and showing 80% population decline (Kuhl et al. 2017) due to 
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human poaching, hunting, and habitat degradation (Hockings et al. 2015; Anderson 

2018). Not only are these threats jeopardizing the fitness and survival of individuals from 

these species, but also their cultures, with anthropogenic stressors already linked to 

decreases in chimpanzee cultural diversity (Kuhl et al. 2019). In this case, the long life 

histories, cultural rigidity, and extreme intelligence that led to the success of bottlenose 

dolphins, killer whales, sperm whales, and chimpanzees might make them particularly 

vulnerable to threats from another large brained species (humans) and prevent them from 

achieving further brain expansion through the framework of the intraspecific group 

competition hypothesis. 
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CHAPTER 3 –  

Ocean Nomads or Island Specialists? Culturally Driven Habitat 

Partitioning Contrasts in Scale Between Geographically Isolated Sperm 

Whale Populations 1 

 

3.1 ABSTRACT 

The sperm whale (Physeter macrocephalus) is a deep-diving cetacean with a global 

distribution and a multileveled, culturally segregated, social structure. While sperm 

whales have previously been described as “ocean nomads”, this might not be universal. 

We conducted surveys of sperm whales along the Lesser Antilles to document the 

acoustic repertoires, movements, and distributions of Eastern Caribbean sperm whale 

cultural groups (called vocal clans). In addition to documenting a potential third vocal 

clan in the Eastern Caribbean, we found strong evidence of fine-scale habitat partitioning 

between vocal clans with scales of horizontal movements an order of magnitude smaller 

than from comparable studies on Eastern Tropical Pacific sperm whales. These results 

suggest that sperm whales can display cultural ecological specialization and habitat 

partitioning on flexible spatial scales according to local conditions and broadens our 

perception of the ecological flexibility of the species. This study highlights the 

importance of incorporating multiple temporal and spatial scales to understand the impact 

of culture on ecological adaptability, as well as the dangers of extrapolating results across 

geographical areas and cultural groups.   

 

3.2 INTRODUCTION 

Levin (1992) highlighted that scale is a fundamental problem in ecology and that, 

to truly understand a system, we need to incorporate information from multiple scales. 

This is particularly relevant to the study of animal population structure as populations can 

be structured on multiple scales according to their genetics (Howard et al. 2002), life 

history (Baker et al. 2018), environment/distribution (Edelaar et al. 2012) and/or culture 

(Richerson & Boyd 2005; Centola et al. 2007; Whitehead & Ford 2018). It is important to 

understand population structure, and the scale at which it occurs, from an ecological and 

conservation standpoint as individuals within a subdivided population might have 

different behaviours, habitat use, and/or resource use, and, therefore, different exposure to 

human threats and conservation needs. Furthermore, the scale-dependent structural 

diversity of a species may reflect diversity in inherited information (cultural, genetic) that 

 
1 Published by the Royal Society (Vachon et al. 2022) under the terms of the Creative Commons Attribution 
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can be an important element of overall biodiversity. However, the large spatial and 

temporal scales over which many cetacean species live their lives create significant 

challenges to understanding their populations and ecology (Kaschner et al. 2012). This is 

especially the case in species like the sperm whale (Physeter macrocephalus), which can 

travel thousands of kilometres (Whitehead et al. 2008a; Mizroch et al. 2013) and has a 

complex, multi-level social structure (Whitehead 2003).  

Sperm whales are a deep-diving marine predator with a worldwide distribution 

(Whitehead 2003; Jaquet 1996). Female sperm whales generally inhabit tropical pelagic 

waters while males disperse to high latitudes at the onset of maturity (Whitehead 2003). 

Females have a multi-level social structure centred around social units of one or two 

matrilines (Konrad et al. 2018a; Sarano et al. 2021). These social units usually contain 6-

12 individuals and are stable over time (Whitehead et al. 2012; Gero et al. 2014; Cantor & 

whitehead 2015). Multiple social units will sometimes join each other for periods of hours 

to days, forming groups, which forage or socialise together (Christal et al. 1998; Gero et 

al. 2015). Interactions between social units are strongly influenced by their membership 

of cultural groups, called vocal clans, which we distinguish based on their distinctive 

repertoires of coda vocalizations (Rendell & Whitehead 2003a; Gero et al. 2016b).  

  Codas are stereotyped patterns of clicks (Watkins & Schevill 1977) used by sperm 

whales in social contexts (Whitehead & Weilgart 1991). Codas vary in their length 

(usually between 3 and 12 clicks), rhythmic pattern, and tempo, and can be classified into 

types based on their inter-click intervals (ICIs) (Weilgart & Whitehead 1997). The coda 

type repertoire of a social unit is made up of all the coda types that the unit produces, 

while the coda usage repertoire refers to the relative contributions of those types to the 

overall vocal output (following methods of Hersh et al. 2021). These repertoires are stable 

over time (Rendell & Whitehead 2003b; Rendell & Whitehead 2005; Gero et al. 2016a) 

and can be used to identify vocal clans, thought to represent a higher order social 

structure, by differentiating between social units that share coda usage repertoires and 

those that do not (Rendell & Whitehead 2003a). Vocal clans have been documented 

worldwide: in the Eastern Tropical Pacific (Rendell & Whitehead 2003b), off the island 

of Dominica in the Caribbean (Gero et al. 2016b), off Japan (Amano et al. 2014), off 

Brazil (Amorim et al. 2020), and off Mauritius (Huijser et al. 2020). Whales from 
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different vocal clans have distinct coda type and usage repertoires and generally do not 

associate with each other, even when they occur in sympatry. Variation in these dialects is 

not consistent with genetic variation (Rendell et al. 2012; Konrad et al. 2018b), indicating 

that coda repertoires are socially learned. Vocal clans are therefore suggested to be a 

culturally mediated form of population structure (Rendell et al. 2012; Cantor et al. 2015).  

In the Eastern Caribbean, research has been conducted since 2005 in the waters 

leeward of the island of Dominica by the Dominica Sperm Whale Project (DSWP). 

During this time, the DSWP documented the social structure and behaviour of 19 known 

social units (Gero et al. 2014; Gero et al. 2013) and identified two vocal clans: EC1 and 

EC2 (Gero et al. 2016b). However, one vocal clan (EC1) made up 97% of the 

documented 937 photo-identified sperm whale encounters between 2005 and 2019, with 

the second vocal clan (EC2) encountered so rarely it was only recently recognized as a 

distinct clan (i.e. 2016), although records show it has been present in the region for at 

least as long as EC1 (Gero et al. 2016b). 

Around the Galápagos Islands, the presence of a rare vocal clan was a precursor to 

a large-scale population shift (the replacement of sympatric vocal clans Regular and Plus-

One by sympatric vocal clans Short and Four-Plus) (Cantor et al. 2016), but there are no 

suggestions of such changes in the Eastern Caribbean as the same EC1 social units are 

still regularly encountered by the DSWP (Gero et al. 2007). The presence of a second, 

rare vocal clan off Dominica thus raised general questions about regional Eastern 

Caribbean sperm whale clan structure—how prevalent is the EC2 clan?—and globally—

over which scales dothe processes generating vocal clans operate?  

Here, we address these questions by expanding the spatial scale of the Eastern 

Caribbean research effort in two ways: first, by extending research beyond Dominica to 

encompass most of the Lesser Antilles; and second, by comparing the spatial scales of 

movement and population structure of sperm whales in the Eastern Caribbean to those in 

the Eastern Tropical Pacific. 
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3.3 METHODS 

3.3.1 Field methods 

The waters around the Lesser Antilles were surveyed from a 12-m auxiliary 

sailboat between the island of St. Kitts & Nevis and Grenada following three predefined 

transect lines: Leeward inshore (5–7 nautical miles from coast), Leeward offshore (15 

nautical miles from coast) and Windward inshore (5–7 nautical miles from coast) (Figure 

S3.1). A total of eight approximately two-week long surveys were conducted from St. 

Lucia between the months of February and April in 2019 and January and March in 2020.  

During the surveys, which were carried out whenever possible under sail, we used 

a two-element hydrophone array (two high frequency Magrec HPO3 elements with high 

pass filter set at 2kHz) towed behind the vessel on a 100-m cable to record sound 

continuously via a Fireface UC or UMC202HD USB audio interface connected to a PC 

computer running the PAMGuard software (Gillespie et al. 2009), sampling at 96kHz 

(this allows for the detection of most whale and dolphin species and clear sperm whale 

recordings). We listened to the hydrophone through PAMGuard every 30 minutes to 

determine whether there were sperm whales or other cetaceans in the area. When 

echolocation clicks of sperm whales were heard, groups of sperm whales were followed 

acoustically (using the towed hydrophone with bearings estimated by the Click Detector 

module in PAMGuard and/or a mechanical directional hydrophone) and visually (during 

daylight hours) for periods of hours up to one day. Most, but not all, acoustic detections 

of sperm whales led to visual detection. Photographs of flukes were taken using DSLR 

cameras with 300mm lenses for individual identification purposes (Arnbom 1987a), GPS 

fixes were obtained every five minutes through a GPS marine chart plotter (Standard 

Horizon in 2019 and Raymarine in 2020), and vocalizations were recorded continuously 

using the towed hydrophone. The boat travelled continuously (day and night) at an 

average speed of 4 knots. Whales were approached slowly from behind, no closer than 

150m (unless whales voluntarily approached the vessel), to limit disturbance. We spent 

more time with groups of females compared to single mature males, and with individuals 

for which we did not have prior photo-identification data (based on comparison with an 

offline DSWP photo-identification catalogue available on board: 240 individuals from 34 

social units/groups identified between 2005 and 2018). If the sea conditions allowed, we 
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stayed with unknown groups until we heard at least 80 codas, to ensure that we would be 

able to extract and analyse at least 25 codas (Rendell & Whitehead 2003b) and had 

multiple repeat photographs of individuals’ flukes.  

Codas extracted from acoustic recordings from the 2019 and 2020 surveys were 

pooled with those from the DSWP (2005-2018) and the Watkins Marine Mammal Sound 

Database (Sayigh et al. 2017), which were recorded between 1981 and 1995 off 

Dominica, Canouan, Bequia, and St. Lucia. Together, they comprise a sample of Eastern 

Caribbean sperm whale codas covering a significant temporal (1981-2020) and spatial 

(St. Kitts & Nevis to Grenada, approximately 600km) scale. 

 

3.3.2 Delineating groups and social units 

A quality rating (Q) from 1 to 5 was given to each sperm whale fluke photograph 

(Arnbom 1987a; Dufault & Whitehead 1998) and only photographs with Q≥3 were 

included in this analysis. All flukes (even those that were initially assigned in the field) 

were matched against known Caribbean individuals using the software Flukebook (Blount 

et al. submitted) (https://www.flukebook.org/). Newly identified individuals were 

considered part of the same group (i.e., a short-term joining of at least two social units, 

lasting a few hours to a few days) if they were identified on the same day and had 

coordinated general behaviour and movement (Gero et al. 2014). As such, newly 

encountered sperm whales are assumed to be part of a group until we can confirm that the 

membership of all individuals is stable, at which point they are considered part of the 

same social unit. The criteria used to distinguish social units from groups has varied over 

time (Gero et al. 2014; Christal & Whitehead 1998) but we use the most restrictive 

definition here: members of a group which have been documented associating (i.e., 

observed within two hours of each other) in at least two different years are then defined as 

a social unit (Gero et al. 2014).This definition is the same as that used by the DSWP 

(Gero et al. 2014) and is more stringent than that used in the Eastern Tropical Pacific, 

which considers groups social units if they are re-identified over a timescale of at least 30 

days (Christal & Whitehead 1998). In this paper we describe both social units and groups 

as not all newly encountered groups of sperm whales met the further requirements of 

stable membership in the definition of a social unit. 
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3.3.3 Vocal clan membership 

Recordings were analyzed by trained auditors and codas were manually marked 

using CodaSorter (K. Beedholm, Aarhus University), a custom written LabView 

(National Instruments, TX, USA) program implemented in MATLAB. Only repertoires 

of 25 or more codas and only codas with 3–11 clicks were included in the analysis, 

following previous methods (Rendell & Whitehead 2003b). Three- to eleven-click codas 

constituted the bulk (98.9%) of marked codas and only considering them accounts for the 

potential of inconsistent marking of very short (<3 clicks) or very long (≥12 clicks) codas. 

All codas recorded on the same day were pooled together to form a repertoire that was 

assigned to the group of sperm whales identified on that day. Codas from days with 

multiple encountered social units were considered single repertoires and assigned to the 

combination of social units (Rendell & Whitehead 2003b).  

To delineate vocal clans across social units and groups, we compared coda 

repertoires using the identity call method, IDcall (Hersh et al. 2021) to identify 

characteristic coda types, termed “identity codas” (i.e.,coda types that are used 

consistently by one set of repertoires and rarely by others). Codas were first separated 

according to their number of clicks and then classified into types according to their 

absolute ICIs using parsimonious mixtures of multivariate contaminated normal 

distributions (R package “ContaminatedMixt”) (Punzo et al. 2018). Vocal clans were then 

delineated based on differences in the presence and usage of identity coda types in 

repertoires (Hersh et al. 2021). We tested various combinations of the parameters of the 

IDcall method to show that our identification of vocal clans was robust to parameter 

variation (Table S3.1). 

 

3.3.4 Movement analyses 

We used the track of our research vessel as we followed groups of female sperm 

whales during the 2019 and 2020 surveys to measure fine scale Eastern Caribbean sperm 

whale movements. Tracks were broken into one-hour, three-hour and six-hour segments 

to compare movement across vocal clans. Displacement was measured as the shortest 

distance between two GPS fixes (5 minutes resolution). To account for any bias caused 

by the research vessel moving purposefully away from a group of whales while still in 
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acoustic contact, only the portion of the vessel track which occurred between the time of 

the first and last sightings of sperm whale clusters (animals at the surface within 30m of 

each other and displaying coordinated behaviour) (Whitehead 2003) on any day were 

included in this analysis. For longer timescales (days, months, years), we used the 

likelihood method from Whitehead (2001) to describe patterns of movement. Photo-

identification data collected during the 2019 and 2020 surveys were used to estimate root-

mean-squared (RMS) displacement (an estimate of the shortest distance covered by an 

individual across a specific time lag based on its locations) across multiple time lags. The 

likelihood method corrects for an uneven distribution of effort and is appropriate for this 

analysis given the spatial variability in our survey effort. Only time lags greater than one 

day were included in this analysis since sperm whales were actively tracked for up to one 

day and, therefore, photoidentifications within a day are autocorrelated (Whitehead 

2001). Error bars for RMS displacements were obtained using individual jackknifing, 

whereby individual sperm whales were removed from the analysis in turn and RMS 

displacement was recalculated (Efron & Gong 1983). We only included adult female and 

immature sperm whales in this analysis because calves were not reliably identified in the 

field and mature males have very low re-sighting rates in the Caribbean (Gero et al. 2014; 

Gero et al. 2015; Gero et al. 2016b) and display very different movement patterns 

(Dufault et al. 1999). This analysis was carried out using the continuous movement 

module of the SOCPROG software (Whitehead 2009). 

 

3.3.5 Comparison with Eastern Tropical Pacific sperm whales 

Finally, we compared our findings with data from previous studies describing the 

social structure (i.e., mean social unit size, mean typical group size) (Cantor & Whitehead 

2015; Coakes & Whitehead 2004), movements (i.e., hourly to yearly displacement, range) 

(Whitehead 2001; Whitehead & Rendell 2004; Whitehead et al. 2008a), and distribution 

(i.e., vocal clans’ range and potential overlap) (Rendell & Whitehead 2003b; Eguiguren et 

al. 2019) of Eastern Tropical Pacific sperm whales. These data were collected in the 

Eastern Tropical Pacific between 1985 and 2014 using very similar protocols (i.e., 

dedicated, vessel-based acoustic and visual sperm whale surveys), and analysed using 
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similar methods (e.g., group and social unit definition, vocal clan assignation, RMS 

displacement), making our comparisons valid. 

 

3.4 RESULTS 

Over the 2019 and 2020 surveys, we obtained sperm whale photo-identifications 

on 56 days (24 in 2019; 32 in 2020), during which we obtained 778 hours of sperm whale 

recordings (339 in 2019; 439 in 2020) and 13,394 photographs (5,197 in 2019; 8,197 in 

2020). From 4,267 photographs with a quality score of Q ≥3, we photo-identified 214 

adult sperm whales, 145 of which were not in existing Eastern Caribbean catalogues 

(DSWP and other Flukebook contributors). These newly identified whales were from 23 

groups (averaging 6 photo-identified adult individuals each), of which four qualified as 

social units using our definition. Our photo-identification results suggest that we 

encountered individuals that rarely, if ever, use the waters off Dominica, since expanding 

our research effort considerably increased the total number of identified individuals (from 

536 whales identified over 15 years by the DSWP to 681, Figure S3.2). 

 

3.4.1 Acoustic data 

From the 2019 and 2020 survey recordings we marked 5,558 codas from 31 

groups (23 newly discovered, and 8 which had previously been documented by the 

DSWP). These data were pooled with 13 years of acoustic data recorded primarily off 

Dominica from the DSWP (11,375 codas from 19 well-known social units), and data 

from the Watkins database (2,106 codas from 21 days between 1981 and 1995) giving a 

combined dataset of 19,039 codas. Of these, 163 codas were excluded from the analysis 

because they contained more than 11 clicks and 813 codas were excluded because they 

were from usage repertoires with fewer than 25 codas. The final dataset thus had 18,063 

codas comprising 151 different usage repertoires that we used to identify vocal clans 

(Table S3.2).  

The 42 groups (22 of which qualify as social units) of sperm whales included in 

this analysis (31 groups from the 2019 and 2020 surveys and 11 groups from DSWP data 

that were not encountered during the surveys) were divided into three different acoustic 

clades according to their use of ten identified identity coda types (Figure 3.1, Figure 
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S3.3). Our analysis recovered the previously documented EC1 and EC2 vocal clans, with 

EC1 repertoires dominated by the 1+1+3 coda type (54% of the recorded EC1 codas) and 

EC2 repertoires containing predominantly 5R and 2+1+1+1 codas (combining to 61% of 

the recorded EC2 codas). However, while EC2 was previously rarely encountered off 

Dominica (2.5% of all DSWP encounters between 2005 and 2019, Table S3.3) and 

therefore assumed to be uncommon in the Eastern Caribbean (Gero et al. 2016b), our 

results suggest that, on a regional scale, they are as numerous as EC1 groups—10 groups 

of EC1 whales and 11 groups of EC2 whales were identified during the 2019 and 2020 

surveys and, cumulatively (including  DSWP  data), 18 distinct groups of EC1 whales and 

14 distinct groups of EC2 whales have been identified in the Eastern Caribbean (most of 

which qualify as social units).  

Furthermore, we found evidence for a potential third vocal clan (EC3) represented 

by a single social unit (Unit 12; comprised of 10 adults and 2 calves) with a coda usage 

repertoire dominated by long, regular identity codas, with 9R, 10R, and 11R types 

making up 57% of the recorded EC3 repertoire. 
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Figure 3.1. Average linkage hierarchical clustering dendrogram (top) depicting acoustic similarity among the three Eastern Caribbean 

sperm whale vocal clans: EC1 (blue), EC2 (red), and EC3 (yellow). Each branch corresponds to the coda repertoire of a certain 

group/social unit of sperm whales on a certain day (corresponding groups/social units labeled underneath). Each row of the heat map 

(bottom) shows probabilistic usage by repertoire of each identity coda type. Heat map shading corresponds to the percentage of the 

repertoire made up of each identity coda type with white 0%, light gray 0–5%, gray 5–10% and dark gray 10% or higher. Identity coda 

types are depicted to the right of the heat map by dots representing each click in the coda and are coloured according to clan with 

duration in seconds underneath. See Figure S3.3 for a version of this diagram showing all coda types.  

4
0
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3.4.2 Distribution and movements 

Over our 2019 and 2020 surveys, we had a total of 50 encounters with sperm 

whales that lasted from 4.5 hours to 28 hours (mean 14 hours). 24 of these encounters 

were with EC1, 22 with EC2, 5 with EC3 and 1 with both EC2 and EC3. We had more 

encounters than groups (50 encounters with 31 groups) as some groups were encountered 

on multiple days. In total, we had acoustic track data that spanned 771 hours, making up 

the 9,249 GPS fixes that were used to map the kernel density of Eastern Caribbean vocal 

clans throughout the Lesser Antilles. 

In the study area, very consistent winds (the ‘trade winds’), divide the marine 

habitat around the Lesser Antilles into windward (east) and leeward (west) zones. All our 

sperm whale encounters were to leeward of the islands, with higher encounter rates 

around the central islands of Martinique, Dominica and St. Lucia. There was a clear 

divide in the distribution of the vocal clans, with little overlap between EC1 whales 

(encountered around St. Kitts & Nevis, Antigua, Guadeloupe, Dominica, and St. Vincent 

& the Grenadines) and EC2 whales (encountered around Martinique and St. Lucia). The 

EC3 unit’s distribution overlapped with EC2, being mostly sighted off Martinique but 

also encountered off St. Lucia (Figure 3.2).  
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Figure 3.2. Left: Kernel density distribution of Eastern Caribbean vocal clans with track of the research vessel (light gray). We 

calculated the density of acoustic encounters with groups/social units from each clan at a 0.001° resolution (approximately 100m) 

using the kernel density spatial tool in ArcGIS. Right: Movement of photo-identified sperm whales between 2019 and 2020. Each dot 

corresponds to an individual identification. Full lines represent movement across years while dotted lines represent movement within 

years. 
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Eastern Caribbean sperm whales’ mean and maximum displacement over 1 hour, 

3 hours and 6 hours was similar across vocal clans, with about 3-4km displacement per 

hour (Figure S3.4). Estimates of movement over longer timescales from photo-

identification data suggest that RMS displacement increased over time lags of up to one 

year, with daily displacements in the range of 10 to 20km (Figure 3.4). EC1 whales had 

slightly higher displacement then EC2 whales using the likelihood methods from 

Whitehead (Whitehead 2001) (Figure S3.5) and tended to be re-sighted more consistently 

around the same island, although a few made larger movements along the Lesser Antilles 

(Figure 3.2). For instance, 74% (17/23) of the EC1 individuals re-sighted across survey 

years were re-sighted off the same island, while this number decreases to 41.7% (5/12) 

for EC2. These data suggest that, overall, sperm whales in the Eastern Caribbean have a 

high degree of residency over our two-year survey timescale, with most displacements 

ranging across only one or two islands between years. This is consistent with the high re-

sighting rate of EC1 social units in Dominica by the DSWP (Gero et al. 2007), the 

increase in the number of known individuals resulting from expanding our research area 

to include additional islands, and the fact that only one of the 26 known DSWP EC1 

social units (Unit J) was encountered outside Dominica and Guadeloupe waters during 

our surveys. 

 

3.4.3 Comparison with Eastern Tropical Pacific 

Across all time scales, Eastern Caribbean sperm whales had lower displacement 

than Eastern Tropical Pacific sperm whales. This became more apparent as the time lag 

increased, from 1 hour (mean 36.1% lower), to 3 hours (mean 42.7% lower) to 6 hours 

(mean 45.9% lower) (Figure 3.3) and as we included daily and yearly displacement 

through photo-identification. Over timescales of up to a year, the residency of Eastern 

Caribbean sperm whales contrasts starkly with the movement of Eastern Tropical Pacific 

sperm whales. The difference in RMS displacement between the two geographical 

regions increases dramatically over time scales of a few hours to years to reach a factor of 

10 difference over timescales of one year (100 km versus 1,000km mean displacement; 

Figure 3.4). 
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A similar trend can be observed at the vocal clan level, with the EC1 and EC2 

vocal clans having lower mean and maximum 1-hour, 3-hour and 6-hour displacements 

(Figure S3.4) and lower RMS displacement across all time lags (Figure S3.5) compared 

to Eastern Tropical Pacific vocal clans. 

 

 

Figure 3.3. Violin plots displaying the one-hour, three-hour, and six-hour displacement of 

sperm whales from the Eastern Caribbean (EC) and Eastern Tropical Pacific (ETP). 

Sample size is displayed above each violin plot. 

 

Figure 3.4. Root-mean squared displacement of Eastern Caribbean sperm whales (orange) 

and Eastern Tropical Pacific sperm whales (dark gray) over increasing time-lags. Error 

bars display jackknife standard error. Root-mean squared displacement was calculated 

using the likelihood method (Whitehead 2001) for time lags beyond one day for Eastern 

Caribbean (EC) data and two days for Eastern Tropical Pacific (ETP) data. 
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3.5 DISCUSSION 

3.5.1 EC3: A new vocal clan? 

We are cautious in our description of EC3 as a new vocal clan, given that it is 

comprised of a single social unit (Unit 12). This social unit was encountered on six 

different days over two years, one day of which was with Unit Y, an EC2 social unit. This 

is particularly unusual as encounters with two vocal clans (EC1 and EC2) on the same 

day have only been reported 4 times over 15 years by the DSWP (0.004% of photo-

identification encounters). However, while Unit 12 (EC3) and Unit Y (EC2) individuals 

were photographed within 16 minutes of each other on February 17th 2020, only one 

whale from Unit 12 (IDN 6432) was observed in cluster (measure of association: when 

whales are within 30m of each other and moving in a coordinated fashion, Gero et al. 

2014) with individuals from Unit Y (IDN 6223 and IDN 6221). Throughout that day, 

even if both groups were in the same area, individuals chose to disproportionally 

associate (in clusters) with individuals from their own vocal clan: out of the 18 clusters 

observed, only one contained individuals from both vocal clans. Therefore, it is possible 

that EC2 and EC3 ranges overlap, but that whales choose to disproportionally associate 

with individuals from their own vocal clan. Alternatively, EC3 could be actively 

branching off from EC2 or be an EC2 social unit with a highly stereotypical social unit 

coda repertoire (Gero et al. 2016a). As more evidence accumulates, so will our certainty 

of the existence of EC3 as a distinct sperm whale vocal clan. However, the fact that the 

coda repertoire and membership of the EC3 social unit were stable across years, and the 

former distinctive from both the EC1 and EC2 repertoires (with long, fast, regular identity 

codas and almost no overlap with identity codas of EC1 and EC2; Figure 3.1), suggests 

that a third vocal clan could be using the study area. 

 

3.5.2 Ocean nomads? 

Sperm whales have been described as “ocean nomads”, with male and female 

movements on the order of a thousand kilometres recorded in the Eastern Tropical Pacific 

(Jaquet et al. 2003; Whitehead et al. 2008a), North Pacific (Mizroch & Rice 2013) and 

Mediterranean (Rendell & Frantzis 2016). Our results show, however, that sperm whales 

in the Eastern Caribbean organize their societies on a much smaller geographic scale. 
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Eastern Caribbean vocal clans have distinctive distributions around the Lesser Antilles 

over spatial scales of up to a few hundreds of kilometres and temporal scales of at least 

two years (Figure 3.2). Social units tend to stay around the same one or two islands with 

high re-sighting rates within-islands and rare between-islands movements of up to 270km 

(Figure 3.2). Dominica, which we assumed was a good representation of the Eastern 

Caribbean sperm whale population, therefore only represents a biased subset. This is 

surprising as the spatial scales of individual movements, social unit movements, and the 

spatial distribution of clans are on the order of thousands of kilometres in the Eastern 

Tropical Pacific (Rendell & Whitehead 2003b; Whitehead & Rendell 2004; Whitehead et 

al. 2008a), and the Lesser Antilles span around 600 kilometres.  

We also confirmed previous work that showed that Eastern Caribbean social units 

and group sizes are relatively small compared to the Eastern Tropical Pacific, with a 

mean social unit size of 6.8 individuals for EC1 (Gero et al. 2014), 8.1 individuals for 

EC2 (this study), and group sizes in the range of 7–9 individuals, compared with mean 

social unit sizes of 10–14 individuals and mean group sizes of about 30 individuals for 

the Eastern Tropical Pacific (Whitehead et al. 2012; Gero et al. 2014) (Table 3.1). This 

adds to accumulating evidence of the variable social structure of sperm whales on a 

global scale, with differences not only between the Pacific and Atlantic (Whitehead et al. 

2012), but also the Mediterranean (Rendell & Frantzis 2016) and Mauritius (Indian 

Ocean) (Sarano et al 2021). 

The vocal clan distribution and movement results from our 2019 and 2020 surveys 

are remarkable, with no overlap between EC1 and EC2 vocal clan distributions and very 

few long-range movements between years (Figure 3.2). These results are concurred by 15 

years of DSWP data, which documented high residency of predominantly EC1 social 

units of Dominica (Gero et al. 2007) and never identified the 145 individual sperm whales 

that occupy neighbouring islands. However, over longer timescales, the lack of physical 

barriers in the ocean means such sharp delineations are unlikely to be impermeable. For 

instance, EC2 groups have been encountered, although rarely, outside of the waters of St. 

Lucia and Martinique by the DSWP in the past (Table S3.3, 2.6% of total DSWP 

encounters). Similarly, female movements on the order of hundreds of kilometres, while 

extremely rare, have been documented (e.g., Dominica to St. Lucia – Gero et al. 2007, 
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Dominica to St. Vincent – this study; Bahamas to Azores, Gulf of Mexico to Bahama –

Mullin et al. 2022). This highlights a caveat in this study: results presented here identify 

regional scale spatial patterns over a relatively small timescale.  

Nonetheless our results suggest that there is an approximate order of magnitude 

difference in the scales of movements and range spans of Eastern Caribbean and Eastern 

Tropical Pacific sperm whales, with much larger groups of whales covering much greater 

areas in the Eastern Tropical Pacific compared to the Eastern Caribbean (Table 3.1).  

 

Table 3.1. Summary of principal differences in scale between sperm whale vocal clans of 

the Eastern Caribbean (EC1, EC2) and Eastern Tropical Pacific (Regular, Plus-One). 

Presented as mean ±SD when appropriate. 

 Eastern Caribbean 
Eastern Tropical 

Pacific 

Number of vocal clans 2-3 5 a 

Number of individuals in vocal 

clans 
Hundreds 

On the order of 10,000 
a 

Mean social unit size 

EC1: 6.8 ± 2.8 (3-12) 
b 

EC2: 8.1 ± 2.5 (6-13) 

Regular: 13.6 ± 7.0 c 

Plus-One: 10.7 ± 4.2 c 

Mean typical group size 7-9 b 30.4 d 

3 hrs displacement 
EC1: 8.0 ± 0.9km 

EC2: 7.0 ± 0.8km 

Regular: 10.2 ± 2.4km 

e 

Plus-One: 10.7 ± 

0.2km e 

6 hrs displacement 
EC1: 13.7 ± 2.6km 

EC2: 12.3 ± 2.4km 

Regular: 16.8 ±4.6km 
e 

Plus-One: 19.4 ± 

0.6km e 

Daily root-mean-squared 

displacement 
10 - 20km 50km e f 

Maximum displacement of female 300 - 400km 5,000km e 

Range 
Few hundreds of 

kilometres 
1,000-2,000km e f 

aRendell & Whitehead 2003b; bGero et al. 2014; cCantor & Whitehead 2015; dCoakes & Whitehead 2004; 
eWhitehead et al. 2008a; f Whitehead 2001 

 

Eastern Caribbean sperm whales display a level of fidelity in their habitat choice 

and a degree of fine-scale habitat partitioning between cultural groups previously 
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undocumented for females of this species, changing our perspective on how stereotypical 

sperm whale ecology and movement is worldwide. Such differences in scale between the 

Eastern Tropical Pacific and the Eastern Caribbean could be driven by cultural 

differences in movement patterns between vocal clans (e.g., Whitehead & Rendell 2004) 

and/or some type of response to differences in the distribution and ecology of sperm 

whales’ main prey (squids) between the two areas. Sperm whale in the Eastern Tropical 

Pacific have been documented to prey on Humboldt squids (Dosidicus gigas) (Ruiz-

Cooley et al. 2004; Díaz-Gamboa et al. 2018) – a highly mobile, migratory, species (Liu 

et al. 2016) which might be more broadly distributed than squid species in the Eastern 

Caribbean.  While studies of sperm whale diet are lacking in the Eastern Caribbean, both 

neritic and pelagic squid species have been identified in the area (e.g., Ommastrephes 

bartramii and Thysanoteuthis rhombus (Judkins et al. 2010; Kiszka et al. 2021)) and a 

reliance on potentially patchier (Judkins et al. 2010) neritic species could explain 

variation in the scale of sperm whale movement across the two geographical areas.  

However, the observations that Eastern Caribbean vocal clans were substantially 

restricted, during our two-year survey period, to specific islands (or pairs of neighbouring 

islands) in the Lesser Antilles, and that these preferences are maintained in sympatry 

without evidence of nuclear genetic differentiation (Konrad et al. 2018b) suggests that 

differences in habitat use between EC1 and EC2 are mostly culturally driven. The exact 

mechanism responsible for such a divide remains unknown, and is an important focus for 

future research, but we consider several potential explanations for this spatio-temporal 

pattern of behavioural variation below. 

 

Territoriality: Vocal clans occupy different territories which they defend from each 

other.  

While territoriality is a widespread phenomenon in terrestrial mammals and can 

result in observable differences in distributions (Bates 1970; Owen-Smith 1977), this 

explanation seems unlikely for sperm whales, as the three-dimensional structure and 

seasonal, patchy resources of marine environments make them almost impossible to 

defend (Miller 2018). Furthermore, there has been no record of aggression between 

female sperm whales, which would be expected if vocal clans defended their territories 
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from each other. Evidence of overlap between EC1 and EC2 ranges, such as sightings of 

EC2 units in Dominica and Guadeloupe by the DSWP (Table S3.3), also refutes this 

hypothesis. 

 

Prey type specialization: Vocal clans have learned to use, and specialised on, prey 

which are distributed differently around the islands.  

Prey type specialization has been reported in several marine mammal species 

including killer whales (Orcinus orca) (Riesch et al. 2012), sea otters (Enhydra lutris) 

(Estes et al. 2003), and bottlenose dolphins (Tursiops spp.) (Sargeant & Mann 2009). In 

the case of sperm whales, social learning abilities might have resulted in improved 

plasticity (Baldwin 1896; Whitehead 2010), or the spread of innovation (Wilson 1985) 

when encountering new prey types. Over time, this could lead to vocal clans exploiting 

different niches (Whitehead & Ford 2018) with conformism reinforcing the divide in 

prey-type use (Richerson & Boyd 2005). This hypothesis makes ecological sense since 

other sperm whale traits, such as coda production, are thought to be maintained culturally 

over generational timescales (Rendell et al. 2011). Ecological specialization would 

theoretically decrease competition between vocal clans, and sperm whales have been 

shown to adapt to other ecological opportunities, such as the spread of fishery interactions 

(Schakner et al. 2014). However, prey-type specialization would only result in the 

distribution differences documented in this study if the prey on which the vocal clans are 

specialized are distributed differently across the different islands (for example, if 

Martinique and St. Lucia have different prey types than Dominica, Guadeloupe and St. 

Vincent), which is possible, but unlikely, given the ocean’s general homogeneity over 

short spatial and temporal scales (Steele 1985) and lack of evidence for island-specific 

species diversity in the Lesser Antilles (Miloslavich et al. 2010). 

 

Geographic or habitat specialization: Vocal clans have accumulated knowledge on 

specific habitat types or areas and have learned to use them efficiently.  

Similar to resource specialization, geographic or habitat specialization could occur 

if, instead of improving their use of a specific prey, different clans preferentially selected 

particular areas (i.e., geographic specialization), or the features characteristic of particular 
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areas, such as bathymetry or current flow (i.e., habitat specialization). For geographic or 

habitat specialization to be ecologically beneficial, it would require the presence of 

predictable resources that are tied to the geography of an area or to particular habitats. 

This might be the case in the Lesser Antilles, which are characterised by predictable 

winds (Fassig 1933), a fairly consistent inflow from the Atlantic to the Caribbean Sea 

through the channels between islands (Johns et al. 2002), and a bathymetry that can vary 

dramatically from one island to the next. The more predictable resources and more 

heterogeneous bathymetry of the Eastern Caribbean compared to the Eastern Tropical 

Pacific may have led to the higher residency of sperm whales in particular areas. Such 

fine-scale habitat choice is, perhaps, more akin to the predictable use of certain higher 

latitude canyons by male sperm whales (Rødland et al. 2015; Jaquet et al. 2000; 

Kobayashi & Amano 2020). We suggest that geographic and/or habitat specialization, 

transmitted through social learning within units and clans (i.e., culture), is the most 

parsimonious explanation for the fine-scale ecology of Eastern Caribbean sperm whales. 

Geographic and/or habitat specialization is most likely learned socially within social units 

within vocal clans, with certain social units showing high residency to certain islands and 

vocal clans having distinctive distributions in the Lesser Antilles as a whole. This is 

similar to African elephants (Loxodonta 50fricana), which also display socially learned 

patterns of site and resource use (Fishlock et al. 2016). Geographic or habitat 

specialization could account for differences in the scale of movements between Eastern 

Caribbean sperm whales and Eastern Tropical Pacific sperm whales, but also the general 

isolation of East and West Mediterranean sperm whales (Rendell & Frantzis 2016) and 

their fine-scale, bathymetry-related distribution (Pirotta et al. 2011). This demonstrates 

more ecological diversity in the sperm whale species as a whole than was previously 

assumed.  

Our suggestion of cultural geographic or habitat specialization implies that 

Eastern Caribbean sperm whales utilize much smaller areas of habitat than sperm whales 

in the Pacific. This has three important implications for conservation. First, since current 

population estimates of the Eastern Caribbean sperm whale population are based 

primarily on sightings off Dominica, they might not accurately reflect the regional 

situation. The threats identified for the Dominica sperm whales, and resulting in EC1 
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population decline (Gero & Whitehead 2016), most likely apply to sperm whales with 

residency around different islands but need to be more thoroughly examined and 

assessed. Second, it raises the potential importance of protecting sperm whale vocal clans 

independently off the different islands in order to maintain cultural diversity and 

population resilience (Brakes et al. 2019).  Finally, it highlights the dangers of 

extrapolating data across geographical areas and cultural groups. 

While this study is limited in its temporal and spatial scale, it does show that 

sperm whales, often characterized as having a relatively uniform ecology (Watwood et al. 

2006) compared to other cetacean species (Whitehead & Rendell 2005), may yet show 

considerable variability in how they use their environment, being adaptively successful 

both as ocean nomads and as local specialists. As more temporal and spatial scales of data 

are incorporated into the study of sperm whales, we may find more diverse ecological 

strategies and more ways in which culture shapes their lives. 
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CHAPTER 4 – 

Distinctive, Fine-scale Distribution of Eastern Caribbean Sperm Whale 

Cultural Groups Relates to Island Fidelity Rather than Environmental 

Variables 

 

4.1 ABSTRACT 

Environmental variables are often the primary drivers of species’ distributions as they 

define their niche. However, individuals, or groups of individuals, may sometimes adopt a 

limited range within this larger suitable habitat as a result of social and cultural processes. 

This is the case for Eastern Caribbean sperm whales.  While environmental variables are 

reasonably successful in describing the general distribution of sperm whales in the region, 

individuals from different cultural groups have distinct distributions around the Lesser 

Antilles islands. Using data collected over two years of dedicated surveys in the Eastern 

Caribbean, we conducted habitat modelling and habitat suitability analyses to investigate 

the mechanisms responsible for such fine-scale distribution patterns. Vocal clan-specific 

models were dramatically more successful at predicting distribution than general species 

models, showing how a failure to incorporate social factors can impede accurate 

predictions. Habitat variation between islands did not explain vocal clan distributions, 

suggesting that cultural group segregation in the Eastern Caribbean sperm whale is driven 

by traditions of site/island fidelity (most likely maintained through conformism and 

homophily) rather than habitat type specialization. Our results provide evidence for the 

key role of cultural knowledge in shaping habitat use of sperm whales within suitable 

environmental conditions and highlight the importance of cultural factors in shaping 

sperm whale ecology. We recommend that social and cultural information be 

incorporated into conservation and management as culture can segregate populations on 

fine spatial scales in the absence of environmental variability. 

 

4.2 INTRODUCTION 

It is not uncommon for species to only occupy a limited range within available 

suitable habitat. While environmental variables are often the primary driver of species 

distribution (as a failure to meet certain conditions will reduce fitness), social factors 

might also limit individuals’ range within a wider suitable habitat. This is true for 

territorial species (e.g., wolves, Canis lupus -O’Neil et al. 2020, chimpanzees, Pan 

troglodytes verus - Herbinger et al. 2001), species that show site fidelity (e.g., fur seals, 

Arctocephalus gazella -Hoffman et al. 2006, reef fishes, Thalassoma bifasciatum – 

Warner 1988), as well as prey type specialists (e.g. killer whales, Orcinus orca -Filatova 

et al. 2019) and habitat specialists (e.g. bottlenose dolphins, Tursiops truncatus – Kopps 

et al. 2014, elephants, Loxodonta africana -Fishlock et al. 2016). In cases of prey or 
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habitat specialization, individuals learn to use, and can specialize on, prey or habitat 

features that are distributed differently from the prey or habitat features used by other 

members of the same species, therefore resulting in an heterogenous distribution. 

Territoriality, site fidelity, prey type specialization and habitat specialization are often 

group-level processes that can relate to kinship and/or social learning/culture. For 

instance, individuals might learn prey or habitat preferences via social learning within 

cultural groups as is the case in killer whale ecotypes (reviewed in Riesch et al. 2012; 

deBruyn et al. 2013) or via vertical transmission from parents as is the case with 

bottlenose dolphin “spongers” (Krützen et al. 2005).  

However, although their effect on distribution can be quite dramatic, social factors 

such as the ones described above are rarely included in analyses relating to animal 

conservation. For instance, habitat models, which are a widespread tool in conservation as 

they allow for the identification of critical habitats for species’ recovery and survival 

(Cañadas et al. 2005; Redfern et al. 2006; Pérez-Jorge et al. 2015) and can offer 

invaluable information regarding a population’s health (Matthiopoulos et al. 2019), 

consider environmental variables in detail but rarely include cultural and social 

information (exceptions see Filatova et al. 2019; Eguiguren et al. 2019).  

As more and more evidence suggest that culture is widespread in the animal 

kingdom (e.g., Whiten 2017; Whitehead et al. 2019), there is increasing interest in the 

role of cultural transmission in determining species distribution (Whitehead 2010; Brakes 

et al. 2021). This might be particularly important for species for which many group-level 

behaviours are culturally transmitted, such as the sperm whale (Physeter macrocephalus). 

Sperm whales are deep-diving cetaceans that live in all of the world’s oceans 

(Whitehead 2003). They have a hierarchical social structure in which females and calves 

live at lower latitudes year-round in stable matrilineally-based social units of about 10 

members (Christal et al. 1998). Interactions between individuals and social units are then 

restricted to members of the same vocal clan, a higher order social structure defined by 

vocal dialect that can occur in sympatry (Rendell & Whitehead 2003b; Gero et al. 2016b). 

Vocal clans can include hundreds to tens of thousands of whales (Rendell and Whitehead 

2003), are identified by distinctive usage of stereotyped patterns of clicks called codas 

(Rendell and Whitehead 2003; Gero et al. 2016b) and have been documented worldwide 



54 

 

(e.g., Eastern Tropical Pacific -Rendell and Whitehead 2003, Eastern Caribbean - Gero et 

al. 2016b; Vachon et al. 2022, Japan -Amano et al. 2014, Brazil - Amorim et al. 2020 and 

Mauritius - Huijser et al. 2019). Beyond acoustic differences, sperm whales from 

different vocal clans also display different social behaviour (Cantor and Whitehead 2015), 

movement patterns (Whitehead and Rendell 2004; Whitehead et al. 2008a, Vachon et 

al.2022) and distributions (Eguiguren et al. 2019, Vachon et al. 2022). Because of their 

sympatry, and because genetic variation is insufficient to explain behavioural variation 

(Rendell et al 2012), it is believed that vocal clans are cultural entities, with distinctive 

behaviours being socially learned largely within social units (Cantor et al.2015). The 

existence of these culturally driven vocal clans has important implications for the 

behaviour, ecology and distribution of sperm whales, in a similar way to the ecotypes of 

killer whales (Riesch et al. 2012). Therefore, considering conservation metrics such as 

habitat use without accounting for culture might lead to misinterpretation as culture can 

alter behavior, distribution and subdivide populations in unexpected ways (Richerson & 

Boyd 2005; Whiten 2017; Creanza et al. 2017). 

The population of sperm whales in the Eastern Caribbean has been extensively 

studied but, until recently, at a relatively small spatial scale (i.e. largely around a single 

island). Since 2005, The Dominica Sperm Whale Project (DSWP) has studied over 19 

sperm whale social units around Dominica (Gero et al. 2014), gaining important insight 

on sperm whale social structure and behaviour (Gero et al. 2013; Gero et al. 2014; Gero et 

al. 2016b). In 2019 and 2020, we extended this research area and conducted surveys to 

include a wider range along the Lesser Antillean chain (from St. Kitts & Nevis to 

Grenada). From this, we gained insight into the way vocal clans influenced the spatial 

organization of the Eastern Caribbean sperm whale population (Vachon et al. 2022). 

Eastern Caribbean vocal clans (EC1 and EC2) appear to have very distinctive small-scale 

distributions around the Lesser Antilles, with EC1 found predominantly around 

Dominica, Guadeloupe and St. Vincent & the Grenadines and EC2 found around the two 

central islands, St. Lucia and Martinique. This is not unheard of as sperm whale vocal 

clans in the Eastern Tropical Pacific have also been shown to have somewhat different 

distributions over a somewhat similar scale, 100’s of km (Eguiguren et al. 2019). 

However, the causes of such segregation have not been investigated until now.  
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I propose two competing hypotheses could explain vocal clan island segregation 

in the Eastern Caribbean. The first is habitat specialization, where islands vary in the 

amount of each vocal clan’s preferred habitat type. In this case, foraging strategies 

specialized to specific habitat types could be driving the distribution of Eastern Caribbean 

sperm whale vocal clans. As sperm whales spend about 75% of their time foraging 

(Whitehead & Weilgart 1991), differences in foraging strategies relating to environmental 

variation could lead to large differences in overall distribution. The second hypothesis is 

vocal clan-specific traditions of island preferences that are arbitrary with respect to the 

habitat each island offers. This is akin to a classic study of mating site choice in blue head 

wrasse (Thalassoma bifasciatum) by Warner (1988) which first showed that preferred 

coral heads were in physical terms no different from unused ones, a pattern robust to 

translocation with persistent preferences socially maintained by traditions. In the case of 

Caribbean sperm whales, the different Lesser Antilles islands might be analogous to the 

different wrasse mating sites, with individuals from different vocal clans preferentially 

staying in the vicinity of certain islands for reasons of tradition (site/island fidelity) rather 

than specific physical features. While translocation experiments are not possible for 

sperm whales, we can ask whether clan specific habitat preferences map onto variation in 

the amount of preferred habitat across islands to understand whether these preferences are 

likely to be traditional or not. 

Therefore, in this chapter, we attempted to differentiate between habitat 

specialization and site/island fidelity by modelling sperm whale habitat use in the Eastern 

Caribbean, assessing the relative importance of island geography and habitat distribution 

in predicting sperm whale presence by identifying important environmental variables for 

EC1 and EC2 independently, and testing whether the distribution of these variables varies 

significantly across the EC1 and EC2 “islands”. If Eastern Caribbean sperm whales are 

habitat specialists, we expect specific environmental variables to be closely linked with 

EC1 and EC2 distributions and there to be stark variation in at least some of these 

variables between EC1 and EC2 “islands”. On the other hand, if Eastern Caribbean sperm 

whale distribution is the result of island/site fidelity, we expect island vicinity to be a 

better predictor of EC1/EC2 sperm whale presence and environmental variables to not be 

significant factors in our models. Such an approach not only aims for a deeper 
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understanding of a group-living and cultural species’ distribution and behaviour, but also 

yields a novel approach to integrate into conservation policy. 

 

4.3 METHODS 

4.3.1 Field Methods 

Data were collected between the months of February and April 2019 and January 

and March 2020 in the Eastern Caribbean. We surveyed sperm whale presence between 

the islands of St. Kitts & Nevis and Grenada along three transect lines (Leeward Inshore: 

5-7 nautical miles from coast, Leeward Offshore: 15 nautical miles from coast and 

Windward: 5-7 nautical miles from coast) (Figure 4.1) from a 12m auxiliary sailboat 

using a two-element hydrophone array (two high frequency Magrec HPO3 elements with 

low cut filter set at 2kHz) towed behind the vessel on a 100-m cable. Once encountered 

acoustically, female sperm whales were followed, using the towed hydrophone with the 

direction sensing software Click Detector on PAMGUARD, for hours to days. Codas to 

identify vocal clans were recorded via a Fireface UC or UMC202HD USB audio interface 

connected to a PC computer running software PAMGuard (Gillespie et al. 2009), 

sampling at 96kHz and recording continuously during surveys. The GPS location of our 

research vessel was recorded on a GPS marine chart plotter (Standard Horizon in 2019 

and Raymarine in 2020) every five minutes. Given that we could identify social units in 

real time using photo identification (see Gero et al 2014), we intentionally spent more 

time with groups of whales for which we had little or no prior data  and, if conditions 

allowed, stayed with unknown groups until we had repeats of multiple individual’s flukes 

and had obtained at least 80 codas (this allowed for high confidence in identifying the 

vocal clan that the group belonged to) (Vachon et al. 2022).  

 



57 

 

 

Figure 4.1. Map displaying the geomorphic features used to model sperm whale 

distribution in the Eastern Caribbean. Vessel tracks displayed in dark gray. 

 

4.3.2 Assigning GPS coordinates to vocal clans 

All individuals identified on the same day were considered part of the same group 

if they had coordinated behaviour and movement (Gero et al. 2014). Their codas were 

used to identify the group’s vocal clan membership following methods by Hersh et al. 

(2021) (see Vachon et al. 2022). The GPS position of our research vessel was assigned to 

a vocal clan for the length of the encounter: from the time we first heard the characteristic 

echolocation clicks of sperm whales until we could not hear them or chose to leave the 

whales due to weather or logistical constraints (Whitehead 2003). We did not include 

encounters with Unit 12 (potential EC3 vocal clan) (Vachon et al. 2022) in this analysis 

as we have relatively little data regarding their distribution compared with EC1 and EC2. 

We considered GPS location for which we had EC3 presence as presence of sperm 

whales but did not include them as either EC1 or EC2 presence. 
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4.3.3 Habitat model variables 

We included 7 topographical variables (water depth- Depth, slope -Slope, distance 

to nearest submarine canyon - Canyon, distance to the escarpment - Escarp, distance to 

the abyss - Abyss, distance to shelf -Shelf, and distance to the center of the nearest channel 

between islands - Channel), 6 oceanographic variables (eastward current speed - Ecurr, 

northward current speed - Ncurr, zonal velocity variance -Zvelv, meridional velocity 

variance -Mvelv, inflow through the nearest channel -Inflow, and chlorophyll-a 

concentration -Chla) and 4 general variables (latitude -Lat, longitude -Long, nearest 

island -Island, and whether the position is leeward or windward of the lesser Antilles 

island chain -Windward) - for a total of  17 potential variables (Table 4.1), in our habitat 

models. These predictor variables were chosen as they were useful in describing sperm 

whale habitat in the Mediterranean and South Pacific and/or are thought to relate to the 

aggregation of sperm whale’s prey, mesopelagic squid (Pirotta et al. 2011; Eguiguren et 

al. 2019; Claro et al. 2020).  

Bathymetric data were obtained from the 2020 General Bathymetric Chart of the 

Oceans (https://www.gebco.net/data_and_products/gridded_bathymetry_data/) and 

extracted using ArcGIS. Slope was calculated from the GEBCO bathymetric layer using 

ArcGIS Slope tool. We used distance to geomorphic features canyon, escarpment, abyss 

and shelf as predictor variables as in the habitat models of Claro et al. (2020). 

Geomorphic features’ definitions and locations were obtained from Harris et al. (2014) 

via Blue Habitat (www.bluehabitats.org) (Figure 4.1). Oceanographic variables -eastward 

current speed, northward current speed, zonal velocity variance and meridional velocity 

variance- were obtained from the NOAA drifter-derived climatology of global near-

surface currents database (Laurindo et al. 2017). Chlorophyll-a concentration was 

extracted from the NOAA visible infrared imaging radiometer suite (VIIRS) satellite data 

and averaged over the last 3 months prior to each datapoint to account for the lag between 

primary production and sperm whale prey availability (Jaquet 1996).  Measures of inflow 

through the nearest channel were obtained from Johns et al. (2002). The four general 

predictors latitude, longitude, nearest island and windward/leeward were included to 

account for unexplained, or unaccounted, variation in our data. Nearest island is a 
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categorical variable that corresponds to the nearest island (St. Kitts & Nevis, Antigua, 

Montserrat, Guadeloupe, Dominica, Martinique, St. Lucia, St. Vincent & the Grenadines 

or Grenada) to a GPS point (in geodesic distance) and was extracted using the Near tool 

in ArcGIS. Windward/leeward is a binary variable that describes whether a GPS point is 

leeward, west, (N) or windward, east (Y) of the Lesser Antilles island chain. 

The variables depth and slope were recorded at 0.004° spatial resolution, variables 

eastward current speed, northward current speed, zonal velocity variance and meridional 

velocity variance were recorded at 0.25° resolution and Chlorophyll-a concentration were 

recorded at 0.036° resolution. As these resolutions are lower than that of our GPS 

coordinates, we used ArcGIS tools Near and Spatial join to extract the closest value for 

each variable to each GPS coordinate. We believe that the resolution at which those 

variables are available will not negatively affect our modelling approach as they have 

little small-scale variability (e.g., primary productivity). 

 

Table 4.1. Description of predictor variables used in habitat models. Spatial resolution is 

in degrees of latitude. 

Name Referred in 

model as 

Description Spatial 

resolution 

Source 

Latitude Lat Latitude NA Chart 

plotter 

Longitude Long Longitude NA Chart 

plotter 

Depth Depth Bathymetry of the ocean 0.004° GEBCO 

2020 

Slope Slope Steepness of the ocean floor 

calculated from depth in 

ArcGIS 

0.004° NA 

Distance to 

nearest canyon 

Canyon Distance to the nearest 

geomorphic feature canyon 

NA Harris et 

al. 2014 

Distance to 

escarpment 

Escarp Distance to the nearest 

geomorphic feature 

escarpment 

NA Harris et 

al. 2014 

Distance to 

abyss 

Abyss Distance to the nearest 

geomorphic feature abyss 

NA Harris et 

al. 2014 

Distance to 

shelf 

Shelf Distance to the continental 

shelf 

NA Harris et 

al. 2014 

Eastward 

current speed 

Ecurr Eastward speed of near 

surface currents 

0.25° Laurindo 

et al. 2017 
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Northward 

current speed 

Ncurr Northward speed of near 

surface currents 

0.25° Laurindo 

et al. 2017 

Zonal velocity 

variance 

Zvelv Measure of near surface 

eddy energy along Latitudes 

0.25° Laurindo 

et al. 2017 

Meridional 

velocity 

variance 

Mvelv Measure of near surface 

eddy energy along Longitude 

0.25° Laurindo 

et al. 2017 

Inflow from 

nearest channel 

Inflow Atlantic inflow (Sv) through 

the nearest channel 

NA Johns et al. 

2002 

Distance to 

center of nearest 

channel 

Channel Distance to the center of the 

nearest channel.  

NA NA 

Chlorophyll-a 

concentration 

Chla Chlorophyll-a concentration 

averaged over the previous 

three months 

0.036° NOAA 

VIIRS 

Windward  Windward Binary predictor that reflects 

whether the location is 

leeward, west, (N) or 

windward, east (Y) of the 

Lesser Antilles island chain 

NA NA 

Island Island Nearest island (categorical 

predictor) 

NA NA 

 

4.3.4 Habitat modelling 

We used GPS fixes from the research vessel’s chart plotter taken at 5 minutes 

intervals as our habitat model units of analysis. Each data point corresponds to specific 

coordinates at a certain time, along with whether sperm whales were acoustically 

encountered at that point and time, as well as the clan to which encountered whales 

belonged to. We fitted four different habitat model types (Presence/Absence, EC1, EC2, 

Vocal clan) to our data using two independent sets of variables (Environment, Island) 

(Figure 4.2, defined below). Here we describe each model type and the rationale for 

testing them across the two variable sets. 

 

• Presence/ Absence: This model described the general distribution of sperm 

whales in the Lesser Antilles, regardless of vocal clan membership. The response 

variable was 0 for acoustic absence of sperm whale and 1 for acoustic presence of 

sperm whales. This allowed us to identify key variables for sperm whale habitat in 

the Lesser Antilles and assess whether modeling sperm whale distribution 
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independently for each vocal clan resulted in a significant improvement in 

predictive accuracy.  

 

• EC1/EC2: These models described the distribution of sperm whales that were 

assigned to the EC1 and EC2 vocal clans respectively. For the EC1 model, the 

response was 0 for the acoustic absence of sperm whales or the presence of EC2 

and/or EC3 whales, and 1 for the acoustic presence of EC1 whales. Conversely, 

for the EC2 model, the response was 1 for the acoustic presence of EC2 whales 

and 0 otherwise. These models allowed us to compare the performance of vocal-

clan specific habitat models to that of general habitat models (i.e. 

Presence/Absence) as well as identify important environmental variables for 

predicting the presence of EC1 and EC2 whales respectively. These 

environmental variables were then used in our habitat suitability analysis (see 

below). 

 

•Vocal clan: This model was fitted to identify the variables that best distinguish 

between the presence of EC1 and EC2. The response was 0 for EC1 acoustic 

presence and 1 for EC2 acoustic presence. Here, a high predictive accuracy would 

suggest that individuals from different vocal clans prefer contrasting variables 

and, therefore, suggest an important contribution of social factors (i.e., vocal clan 

membership) to sperm whale distribution. The dataset used for the Vocal clan 

model was smaller than that for the Presence/Absence, EC1 and EC2 models since 

we only used sperm whale presence datapoints. 

 

We tested these four habitat model types independently on two sets of variables: 

either a full set of environmental variables (Environment set), or nearest island variables 

(Island set), and compared their predictive performance. The Island set includes variables 

Island and Windward while the Environment set includes all remaining 15 environmental 

predictors (see “Habitat model variables” section above) and Windward.  We expect 

models using the Environment variable set to perform much better than the ones using the 

Island variable set if sperm whales are habitat specialist and the opposite if patterns of 
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distribution are driven by site/island fidelity. To avoid confusion, model names on their 

own (Presence/Absence, EC1, EC2, Vocal clan) will refer to the models performed using 

the Environment variable set and models followed by “Island” will refer to the models 

performed using the Island variable set (e.g., Presence/Absence Island).  

 

 

Figure 4.2. Summary of habitat modelling approach. 

 

4.3.4.1 Modelling approach 

Habitat models were fitted using Generalized Estimating Equations (GEEs; Liang 

& Zeger 1986), in which variables were used as predictors of sperm whale presence 

(Presence/Absence, EC1 and EC2 models) or vocal clan membership (Vocal clan model), 

following Pirotta et al. (2011) and using package geepack in R (Højsgaard et al. 2005). 

This approach has been used in other cetacean distribution studies (e.g. Eguiguren et al. 

2019; Tepsich et al. 2014; Pirotta et al. 2014) and is appropriate when data are recorded 

continuously along survey transects. We chose GEEs over other methods since they 

explicitly account for autocorrelation (Liang & Zeger 1986). Data points were clumped 

into blocks that corresponded to sperm whale encounters and search periods. Under this 

framework, residuals are allowed to be correlated within blocks, but we assume 

independence between blocks. We used encounters as our blocking variable as it was 

successfully used in similar studies (Pirotta et al. 2011; Eguiguren et al. 2019) and we 

found this to be an appropriate grouping variable as the autocorrelation among data points 

eventually converged at 0 within each encounter (Figure S4.1). We modelled the 

relationship between variables and sperm whale presence as linear terms only, as 
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including non-linear relationships as in previous studies (Pirotta et al. 2011; Eguiguren et 

al. 2019) only slightly increased overall fit and predictive accuracy, at the cost of 

interpretability. 

We structured our modelling approach into five steps (Figure 4.3, described 

below), which were repeated independently for the Presence/Absence, EC1, EC2 and 

Vocal clan models.  

 

1) Preparing variables 

We looked at the variables’ distributions and logged ones which were highly 

skewed. All variables were then standardized by subtracting the mean and dividing by 

standard deviation to facilitate model convergence. 

 

2) Removing collinearity 

First, we calculated correlation coefficients between all pairs of predictor 

variables. Variables which had correlation coefficients above 0.4 were considered to be 

correlated and not included in the same model. From this we built all possible 

combinations of uncorrelated predictors into potential models which were then tested for 

multicollinearity by measuring the Generalized Variance Inflation Factor (GVIF) (car 

package in R). Models which had a predictor with a GVIF value above 3 were discarded 

and all other potential models with GVIF values below 3 were used as the first step in 

backward stepwise selection.  

 

3) Model selection 

We used QIC (Pan 2001), an extension of the Akaike Information Criterion (AIC) 

that applies to GEE models, to compare models using manual backward stepwise 

selection (package MuMIn in R, Barton 2013). We started from all the potential 

combinations of uncorrelated predictors (step 2) and compared their QIC (ΔQIC) as we 

removed a single variable in turn. The model with the lowest QIC is then used as the 

starting model for the next step, repeating this procedure until the removal of any variable 

in the model leads to an increase in QIC. The higher the absolute value of ΔQIC between 

models, the larger the gap in their predictive performance. As such, we chose models with 
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fewer variables if their ΔQIC was 10 or less from the original model to encourage 

variable removal. The variables within the final model are then ordered according to how 

much their removal increases QIC (from highest to lowest).  

 

4) Model validation 

The best models from step 3 were then further evaluated using leave-one-out cross 

validation where encounters were iteratively removed from the data. We compared the 

percentage of datapoints that were correctly assigned (predictive accuracy, Hastie et al. 

2009) between the step 3 models to that of the same model minus one variable. If the 

predictive accuracy of models with fewer variables was higher than that of the original 

model, we removed that variable and started this process again until predictive accuracy 

was highest for the model from which we did not remove variables. This was done as 

stepwise selection using QIC can sometimes retain spurious variables (Pirotta et al. 2011).  

Model performance was then assessed in terms of how well models fit the data 

(Goodness-of-fit) by measuring the proportion of data points correctly assigned as 

presences or absences (or EC1/EC2 in the vocal clan models) using confusion matrices 

(Fielding & Bell 1997). To transform model predictions from a range of probabilities to a 

binary (presence or absence), we used the point of maximum distance between the 

Receiving Operating Characteristic (ROC) curve and the 45-degree diagonal as the cut-

off probability, using the R package ROCR (Sing et al. 2005). Additionally, we measured 

model Goodness of Fit by calculating the Area Under the ROC curve (AUC), which also 

reflects overall model performance (Fielding & Bell 1997).  

We finally compared the performance between models with Environment 

variables and Island variables for each model type (Presence/Absence, EC1, EC2, Vocal 

clan) to determine whether differences in distribution are driven primarily by habitat 

specialization or site/island fidelity.  

 

5) Prediction maps 

To display the results of our habitat models, we built prediction maps from the 

best post-cross validation Presence/Absence, EC1, EC2 and Vocal clan models. Maps 

were built by importing our model predictions from R into ArcGIS Pro. 
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STEP 1: Prepare variables

• Transform if applicable (ex: log)

• Center all variables

STEP 2: Remove correlation

• Calculate correlation coefficient between all variables

• Calculate GVIF to remove potential models with 

multicolinearity

Potential models

STEP 3: Model selection

• Manual backward stepwise using QIC

STEP 4: Model validation

• Stepwise cross-validation

• AUC

• Predictive accuracy

Best model

STEP 5: Prediction maps

• Using ArcGIS

Figure 4.3. Summary diagram of habitat modelling steps. These were repeated independently for 

the Presence/Absence, EC1, EC2 and Vocal clan model using the Environment variable set. 
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4.3.5 Habitat suitability analysis 

To further establish whether vocal clans have distinct distributions as a result of 

habitat specialization or site/island traditions, we conducted a habitat suitability analysis 

for each Lesser Antilles island. This was done by creating a 0.1 degree grid of GPS points 

that extended 30 nautical miles offshore (representative of our effort, Figure 4.1) leeward 

of each island and assigning these points, and their corresponding environmental variable 

values, to the closest island. From this we obtained a range of values for each 

environmental variable for each island which we could then compare between “EC1” and 

“EC2” islands. Only environmental variables that were part of the final EC1 and/or EC2 

models were included in these analyses as they were the one that were suggested to 

impact vocal clan distribution. We compared the environmental conditions between 

islands using t-tests to test whether each environmental variable significantly differed 

between islands predominantly used by EC1 and islands predominantly used by EC2.  

We expected environmental variables to be correlated to preferred islands if the 

environmental variables themselves are driving vocal clan distribution (e.g., EC1 whales 

prefer canyons and Dominica, Guadeloupe and St. Vincent have more canyons than St. 

Lucia and Martinique) and uncorrelated if vocal clans are distributed around different 

island due to site fidelity traditions (e.g., all islands have similar amounts of canyons but 

EC1 whale are only seen in Dominica, Guadeloupe and St. Vincent).  

 

4.4 RESULTS 

Over our two field seasons (February to April 2019 and January to March 2020) 

we spent 107 days at sea (Figure 4.1). Sperm whales were located throughout the leeward 

transects, with higher concentrations found around Martinique, St. Lucia and Dominica, 

but were not heard to windward (eastward) of the islands. We had a total of 50 sperm 

whale encounters, 24 encounters with EC1 groups, 22 encounters with EC2 groups, 5 

encounters with an EC3 group and 1 encounter with both EC2 and EC3 (Vachon et al. 

2022), from which we recorded 778 hours of sperm whale vocalizations. Altogether, we 

obtained 26,776 coordinate datapoints (9,249 presence datapoints – 4,154 EC1, 4,165 

EC2, and 17,527 absence datapoints). 
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4.4.1 Habitat modeling  

Refer to Figure 4.4 for a full breakdown of the Presence/Absence, EC1, EC2 and 

Vocal clan habitat models at every selection step. Best pre-cross-validation and post-cross 

validation habitat models, as well as corresponding results using the Island variable set, 

can be found in Table 4.2 and Table S4.1 with associated QIC, AUC, goodness of fit and 

predictive accuracy. Below, we expand on general results from each model type.
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Figure 4.4. Summary of habitat modelling results for each habitat model at each step (Environment variable set).  
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4.4.1.1 Presence/Absence model 

This model had 50.62% predictive accuracy and 69.8% goodness of fit in 

determining sperm whale presence, regardless of vocal clan, using environmental 

variables. Sperm whales were more often encountered in areas with low chlorophyll-a 

concentration, close to the continental shelf, relatively close to between-island channels 

and further away from canyons (Figure S4.2). The negative correlation between sperm 

whale presence and chlorophyll-a concentration could be caused by the relatively low 

chlorophyll-a concentrations across the Lesser Antilles chain, spatial lag between 

windward productivity and leeward biomass or the temporal lag between primary 

productivity and cephalopod biomass (Jaquet 1996; Pirotta et al. 2011), although we tried 

to account for this by considering chlorophyll-a concentration over the last 3 months as in 

Eguiguren et al. (2019). The final Presence/Absence Island model (Pres ~ Windward + 

Island) performed better than the Presence/Absence model (Pres ~ Chla + Shelf + 

Channel + Canyon) with ΔQIC of 2,281.4. The Presence/Absence Island model had 

59.61%% predictive accuracy and 65.8% goodness of fit in determining sperm whale 

presence and suggests that more sperm whales occupy the waters off the central islands of 

Dominica and Martinique (Figure S4.3), for reasons not fully explained by the 

environmental variables that we considered. 

 

4.4.1.2 EC1 and EC2 models 

Modelling sperm whale distribution independently for EC1 and EC2 increased 

model predictive accuracy, goodness of fit and lowered QIC for both the models using 

Environment and Island variables (Table 4.2).   

EC1 whales prefer areas of low eastward current speed, low zonal velocity 

variance, within the escarpment designation, away from the abyss, leeward of the Lesser 

Antilles chain (Figure S4.4). In contrast, EC2 whales prefer areas with high meridional 

velocity variance, low chlorophyll-a concentration, deeper in the ocean, low zonal 

velocity variance, closer to channels leeward of the Lesser Antilles chain (Figure S4.5). 

Unsurprisingly, variable Windward was important for both the EC1 and the EC2 model 

since sperm whales were not heard windward of the island chain. This result should be 

viewed cautiously since the leeward side of the island chain was much more extensively 
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surveyed than the windward side (Figure 4.1). Zonal velocity variance (Zvelv) was also 

important for both models with EC1 sperm whales encountered in areas of high zonal 

velocity variance and EC2 sperm whales encountered in areas with low zonal velocity 

variance (Figure S4.4; S4.5).  

The best EC1 model (Pres ~ Ecurr + Windward + Escarp + Abyss + Zvelv) and 

the best EC2 model (Pres ~ Mvelv + Windward + Chla + Channel + Depth + Zvelv) 

performed worse than the EC1 Island (Pres ~ Windward + Island) and EC2 Island (Pres ~ 

Windward + Island) models with respective ΔQIC of 3115.5 and 501.4. According to our 

prediction maps, we expect EC1 sperm whales to aggregate near Dominica, Guadeloupe, 

St. Vincent & the Grenadines and St.Kitts & Nevis and EC2 sperm whales to aggregate 

near St.Lucia and Martinique (Figure S4.6; S4.7). Such predictions not only reflect, as 

expected, the field observations that were used to construct this model (Vachon et al. 

2022), but also results from the long-term research off Dominica by the DSWP, with EC2 

groups seldom encountered off Dominica (only 2.5% of photo identification encounters; 

Gero et al. 2016b; Vachon et al. 2022). 

 

4.4.1.3 Vocal clan model 

This model had great accuracy in distinguishing between EC1 and EC2 vocal clan 

distribution using both the Environment and Island variable sets (92% and 96.5% 

goodness of fit, and 49.7% and 76.8% predictive accuracy respectively). EC1 whales 

were more often encountered in areas of low eastward current speed and high zonal 

velocity variance while EC2 whales were more often encountered in areas of high 

eastward current speed and low zonal velocity variance (Figure S4.8). 

The Vocal clan Island model (Pres ~ Windward + Island) performed better than 

the Vocal clan model (Pres ~ Ecurr + Zvelv) with ΔQIC of 5033.8, and EC1 whales 

predominantly near the islands of Dominica, Guadeloupe and St. Vincent & the 

Grenadines and EC2 predominantly near St. Lucia and Martinique (Figure S4.9). 
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Table 4.2. Best variable combinations for each model type with associated QIC, ΔQIC, 

AUC, goodness of fit and predictive accuracy (post stepwise cross validation). 

Model 

type 

Variable 

set 

 QIC ΔQIC AUC Goodness 

of fit 

Predictive 

accuracy  

(±SE) 

Presence/ 

Absence 

Env Chla + Shelf 

+ Channel + 

Canyon 

32966.3 2281.4 0.71 69.8% 50.62% 

±0.02 

 Island Windward + 

Island 

30684.9 - 0.69 65.8% 59.61% 

±0.04 

EC1 Env  Ecurr + 

Windward + 

Escarp + 

Abyss + 

Zvelv 

19006.3 3115.5 0.79 77.1% 56.65% 

±0.03 

 Island Windward + 

Island 

15890.8 - 0.86 72.9% 72.05% 

±0.04 

EC2 Env Mvelv + 

Windward + 

Chla + 

Channel + 

Depth + 

Zvelv 

16522.2 501.4 0.86 75.35% 57.73% 

±0.02 

 Island Windward + 

Island 

16020.8 - 0.83 73.2% 62.27% 

±0.04 

Vocal 

clan 

Env Ecurr + 

Zvelv 

6152.1 5033.8 0.92 92.0% 49.7%  

± 0.05 

 Island Island 1118.3 - 0.99 96.5% 76.8%  

± 0.14 

 

4.4.2 Habitat suitability 

The lower QIC and higher predictive accuracy of the EC1 Island, EC2 Island and 

Vocal clan Island models (Table 4.2) suggest that vocal clan distribution might be better 

explained by site/island fidelity than the use of specific habitat variables. Our habitat 

suitability results also corroborated this conclusion as the environmental variables that 

were considered significant predictors of EC1 and EC2 presence in the EC1 and EC2 

models (Escarp, Abyss, Mvelv, Ecurr, Zvelv, Depth, Chla) did not significantly differ 

between EC1 and EC2 islands, apart from Abyss and Depth (t= -4.01, p-value = 0.007 and 

t= 3.68, p-value=0.010 respectively; Figure 4.5). Altogether this suggests that sperm 
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whales from different vocal clans do not use different islands because they have a unique, 

or significantly different, selection of physical habitat properties.  

Similar results were obtained if we only used surveyed grid points rather than the 

extrapolated 30 nautical mile offshore 0.1 degree grid to carry out this analysis (Figure 

S4.10).  

 

Figure 4.5. Habitat suitability of EC1 (aquamarine) and EC2 (red) islands according to 

significant environmental variable range within a 0.1 degree grid extending 30 nautical 

miles leeward of each island. No significant differences in variable values between EC1 

and EC2 islands apart from Abyss and Depth. 
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4.5 DISCUSSION 

In this study, we attempted to test the competing hypotheses of habitat 

specialization and traditional site/island fidelity in explaining the stark differentiation in 

EC1 and EC2 vocal clan distributions in the Eastern Caribbean. Our results suggest that 

site/island fidelity, rather than environmental variation, is the main driver of sperm whale 

distribution in the Lesser Antilles, with different processes operating at the species and 

vocal clan levels. 

 At the species level, sperm whales use areas that are close to the continental shelf 

and channels (Presence/Absence model). Such correlations between sperm whale 

distribution and topography have been documented for sperm whales elsewhere 

(Mediterranean- Pirotta et al. 2011; Claro et al. 2020; Sargasso - Wong & Whitehead 

2014, New Zealand- Sagnol et al. 2014; Alaska- Rice et al. 2021) and most probably 

reflect food availability as vertical water movement associated with sloped areas likely 

promotes primary and secondary productivity (Tynan et al. 2005). However, such coarse 

models fail to capture the variability created by differences in unit movement, clan 

membership, and foraging success at finer spatial scales (as reported by Jaquet & 

Whitehead 1996 in the South Pacific) and seemed to be impacted, even at this scale, by 

the whales’ bias towards certain islands with the Presence/Absence Island model 

performing better than the Presence/Absence model (Table 4.2).  

The dramatic increase in the performance of vocal clan-specific models over a 

general species presence model is one of the most striking results of our study. The 

preference of the EC2 vocal clan for St. Lucia and Martinique and the EC1 vocal clan for 

Dominica, Guadeloupe, and St. Vincent & the Grenadines does not relate to 

environmental variables, as they do not significantly or substantially differ across islands 

(Figure 4.5), but rather seem to be caused by site/island fidelity with the EC1 Island, EC2 

Island and Vocal clan Island models performing much better than their counterparts 

(Table 4.2). In this case, culture, via conformism and homophily to island preference 

traditions, would act as a barrier to population mixture (e.g., Henrich & Boyd 1998; 

Richerson & Boyd 2005; Centola et al. 2007; Riesch et al. 2012). Individual sperm 

whales stay in the vicinity of specific islands because those are the islands where they 

were raised, where they learned to forage, where their close associates and family 
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members can be encountered and where they can avoid interactions with members of 

other vocal clans. Conformism and homophily have already been reported in Eastern 

Caribbean sperm whales with highly stereotypical vocal repertoires (conformity, Konrad 

et al. 2018b) and individuals exclusively associating with members of their own vocal 

clan (homophily, Gero et al. 2016b). It is also not surprising that individual sperm whales 

could learn island preferences from other members of their social units as other 

behaviours are culturally maintained within vocal clans (e.g., social vocalizations 

(Rendell & Whitehead 2003b; Gero et al. 2016b; Vachon et al. 2022), dive synchrony –

(Cantor and Whitehead 2015), movement patterns (Whitehead and Rendell 2004; 

Whitehead et al. 2008a, Vachon et al. 2022), social structures (Cantor and Whitehead 

2015)) and since cultural transmission has been suggested as the most likely mechanism 

for the emergence of vocal clans themselves (Cantor et al. 2015).  

 

4.5.1 Limitations  

This study is limited in its temporal scope. While EC1 and EC2 distribution 

patterns were stable over the two years of this study, and while they appear to have been 

stable since 2005 (Gero et al. 2014; Gero et al. 2016b; Vachon et al. 2022), shifts could 

still occur over longer timescales, as it did in the Galapagos (Cantor et al. 2016). 

However, while the location of Eastern Caribbean vocal clans might change in the future, 

the mechanisms responsible for their spatial segregation are likely to remain the same. 

This study might also be limited by the environmental variables that were included in 

habitat models. However, this is unlikely as we cover a wide array of environmental 

variable types (geomorphic features, oceanographic processes, biological processes), and 

include variables that were previously considered important sperm whale habitat (e.g., 

Pirotta et al. 2011; Eguiguren et al. 2019; Claro et al. 2020) and environmental variables 

are rarely totally uncorrelated. 

 

4.5.2 Implications for conservation 

The performance of our habitat models was greatly improved by the inclusion of 

culture (i.e., modelling vocal clans separately). We suggest that the low predictive 

accuracy of our Presence/Absence model is caused by confounding variables across vocal 
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clans, something that could also explain why other sperm whale habitat models 

sometimes fail to reach high predictive accuracy when compared to other cetacean 

species (e.g. Tepsich et al. 2014; Claro et al. 2020).  

Our results highlight how cultural factors can lead to important, management-

relevant, variations in the way population segments use any given habitat. Even at 

relatively small geographic scales for a large, highly mobile, pelagic animal. 

 In this case, traditions of site/island fidelity (most likely fueled by conformism and 

homophily) appear to be a more important determinant of sperm whale distribution within 

suitable habitat than are environmental variables. Adding this cultural lens, not only 

allowed for a better understanding of population structure, but also habitat use – two 

crucial variables in conservation and management.  

Like many other populations, Eastern Caribbean sperm whales are now facing 

unprecedented anthropogenic threats related to global warming, increased ocean noise 

and other human activities (e.g. Weilgart 2007; Whitehead et al. 2008b; Baulch & Perry 

2014). Sperm whales studied off Dominica (predominantly made up of EC1 units) were 

declining at a 4.5%/yr rate between 2010 and 2015 (Gero & Whitehead 2016) and the 

same might be true for sperm whales inhabiting the other Lesser Antilles islands. Under 

these circumstances, it is critical to build proper habitat models which capture both 

important cultural and environmental variables. These habitat models can not only be 

used to help protect the population as a whole, but also identify areas of high importance 

for each cultural group. This aligns with recent conservation shift away from solely 

genetic diversity to the incorporation of cultural diversity as an important component of 

populations’ health (Whitehead 2010; Brakes et al. 2021) and supports the recognition of 

sperm whale vocal clans as independent evolutionarily significant units (ESU) for 

conservation and management.  

 

4.5.3 Implications for sperm whale ecology/psychology 

This study aimed at incorporating both environmental and cultural variability into 

the commonly used ecological and conservation approach of habitat modelling. By 

independently modelling vocal clan distribution, we were able to gain a more detailed 

insight into sperm whale population structure, the mechanisms responsible for their 
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distribution, and greatly increase habitat model accuracy. Our results suggests that sperm 

whale habitat use in the Eastern Caribbean is predominantly shaped by cultural 

information rather than environmental cues. This not only highlights the importance of 

older females, mothers, aunts and grandmothers as repositories of knowledge within 

social units and vocal clans (as is the case in elephants - McComb et al. 2001; McComb et 

al. 2011), but also implies that sperm whales are able to recognize and communicate fine-

scale cultural boundaries in the absence of physical barriers or environmental gradients. 

Over long timescales, these boundaries are unlikely to be impermeable (as few EC2 

encounters have been documented in Dominica; Gero et al. 2016b) and might change 

(e.g., Eastern Tropical Pacific vocal clan turnover – Cantor et al. 2016), but nonetheless 

remain culturally driven. As such, our findings have implications beyond the Eastern 

Caribbean, and beyond sperm whales, to our understanding of cultural species. It is 

crucial to assess the distribution, and behaviour, of complex creature in all their 

complexity (genetic, environmental, cultural and their intersections) in order to properly 

conserve and understand them. 
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CHAPTER 5 – 

Abundance Estimate of Eastern Caribbean Sperm Whales Using Large 

Scale Regional Surveys 
 

5.1 ABSTRACT 

Dynamic and responsive wildlife management requires ongoing understanding of 

population size and trends. Therefore, it is important to maintain accurate population 

estimates as our understanding of individual movement and residency patterns evolve. 

Following the discovery that Eastern Caribbean sperm whale movement is much more 

limited than reported for other sperm whale populations (with cultural groups and 

individuals showing fine-scale island residency), we update previous population estimates 

to account for this culturally driven population structure. We used closed Peterson and 

Schnabel methods on mark-recapture photo identification data collected during dedicated 

sperm whale surveys in 2019 and 2020 in the Lesser Antilles (St. Kitts & Nevis to 

Grenada). Our population estimate (414 ±46 adults, 51 ±6 groups) more than doubles 

previous estimates from smaller scale studies and suggests that more sperm whales use 

the area than previously assumed. We highlight the importance of accounting for 

population structure (even in the absence of physical and genetic boundaries) for 

conservation and management and recommend that population estimates be calculated 

independently for different cultural groups. While longer term monitoring is required to 

assess population trends, we expect that threats identified and leading to population 

decline in Dominica and Guadeloupe most likely apply to neighboring islands. 

 

5.2 INTRODUCTION 

Many conservation management strategies rely on the knowledge of a species’ 

habitat use and abundance. Consequently, population size is a central metric for species 

management (Yoccoz et al. 2001; Martin et al. 2007; Keith et al. 2015) and is an 

important determinant of conservation status (e.g., IUCN: Mace et al. 2008) in part due to 

its genetic implications (Hoffmann et al. 2017; Fenster et al. 2018). However, accurate 

population estimates can be hampered by an incomplete knowledge of species’ 

movements, population structure, habitat use, and distribution (Boyce et al. 2016; Keiter 

et al. 2017; Ketz et al. 2018). Such challenges are particularly relevant to cetacean 

conservation as cetaceans are highly mobile (e.g., Whitehead et al. 2008a; Kennedy et al. 

2014), often hard to monitor (Kaschner et al. 2012) and might have unexpected behaviour 

and distribution due to their reliance on social learning and culture (reviewed in 

Whitehead & Rendell 2015).  

Although the sperm whale (Physeter macrocephalus) is one of the better studied 

cetacean species, population status assessment at the global and regional scales can be 
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difficult to obtain due to the species’ low genetic variation across ocean basins 

(Alexander et al. 2013; Morin et al. 2018), long range movements (Whitehead et al. 

2008a; Mizroch & Rice 2013; Rendell & Frantzis 2016), and an incomplete 

understanding of their population structure—especially at the regional scale (Taylor et al. 

2019). Sperm whale social structure is hierarchical. At the basal level, females and 

juvenile sperm whale live in stable matrilineal social units of 6 to 12 individuals 

(Whitehead et al. 2012). Social units will form temporary associations (on the scale of 

hours to days), called groups, with other social units to forage and socialize (Christal et al. 

1998). Interactions between individuals, and between social units, are then structured at 

the highest level by their membership to different cultural groups called “vocal clans”. 

Whales from different vocal clans have distinct acoustic repertoires and do not associate 

with each other, even if they occur in sympatry (e.g., Eastern Tropical Pacific: Rendell & 

Whitehead 2003b; Eastern Caribbean: Gero et al. 2016b, Vachon et al. 2022; Japan : 

Amano et al. 2014; Brazil : Amorim et al. 2020; Mauritius : Huijser et al. 2019). Vocal 

clans can contain hundreds to thousands of individuals (Rendell & Whitehead 2003b) and 

can also vary in their social structure (Cantor and Whitehead 2015), feeding success 

(Whitehead & Rendell 2004; Marcoux et al. 2007a), distribution (Eguiguren et al. 2019; 

Vachon et al. 2022) and movement patterns (Whitehead and Rendell 2004; Whitehead et 

al. 2008a, Vachon et al. 2022). This is important from a conservation perspective as such 

culturally driven population structure has the potential to skew population estimates if 

whales from different vocal clans occupy different areas, have different movement 

patterns or different preferred habitats. The recent discovery of fine-scale habitat use and 

habitat partitioning by Eastern Caribbean sperm whales vocal clans (Vachon et al. 2022) 

is such an example.  

Since 2005, the Dominica Sperm Whale Project (DSWP) has carried out research 

off the island of Dominica, gathering photo identification, behavioural and acoustic data 

from 21 well-documented sperm whale social units, with 19 belonging to one vocal clan, 

called EC1, and 2 belonging to a second vocal clan, called EC2 (Gero et al. 2014, Gero et 

al. 2016b). From this, population estimates for the greater Eastern Caribbean were 

calculated under the assumption that identifications mainly from Dominica were an 

unbiased sample of the entire population (Gero et al. 2007, Whitehead & Gero 2015; 
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Gero & Whitehead 2016). This was assumed as sperm whales typically range over 

thousands of kilometers (Mizroch & Rice 2013; Whitehead 2001, Whitehead et al. 

2008a), and the Lesser Antilles chain spans only 600 kms across. 

However, recent work now challenges this assumption. Eastern Caribbean sperm 

whales show high island residency with yearly movement of less than 200 kilometres 

(Vachon et al. 2022). Eastern Caribbean sperm whales from different vocal clans also 

have distinct distributions around the Lesser Antilles chain (with EC1 sperm whales 

predominantly encountered off Dominica, St. Vincent & the Grenadines and Guadeloupe 

and EC2 sperm whales predominantly encountered off Martinique and St. Lucia) (Vachon 

et al. 2022). Therefore, the Eastern Caribbean sperm whale population is structured at a 

relatively small spatial scale in the absence of environmental barriers. This means that 

data from Dominica should not be extrapolated to the entire Eastern Caribbean population 

as it is a biased sample - disproportionately occupied by a single vocal clan (EC1) and 

with high residency of specific social units. 

The objective of this paper is, therefore, to provide a more accurate population 

estimate for sperm whales living in the Eastern Caribbean by incorporating data from 

regional scale surveys across the Lesser Antilles. We also calculated estimates 

independently for each vocal clan, as they show different behaviours and distribution and 

therefore might be affected and react differently to threats.  

 

5.3 METHODS 

5.3.1 Data collection 

We conducted eight two-week dedicated sperm whale surveys between the 

months of February and April 2019 (four surveys) and January and March 2020 (four 

surveys) in waters of the Lesser Antilles. During the surveys we sailed continuously 

between the islands of St. Kitts & Nevis and Grenada aboard a 12m auxiliary sailboat 

along three predefined transect lines (Leeward Inshore: 5-7 nautical miles from coast, 

Leeward Offshore: 15 nautical miles from coast and Windward Inshore: 5-7 nautical 

miles from shore) (Figure 5.1). Transects were designed to both overlap with known 

primary sperm whale habitat (Leeward inshore) and survey data-deficient areas (Leeward 

offshore and Windward). Underwater sounds were recorded continuously via a two-
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element hydrophone array (two high frequency Magrec HPO3 elements with low cut 

filter set at 2kHz) towed behind the vessel on a 100-m cable and connected to a Fireface 

UC or Tascam UMC202HD USB audio interface, itself connected to a PC computer 

running PAMGUARD software (Gillespie et al. 2009), sampling at 96kHz. The 

hydrophone was monitored every 30 minutes for the detection of the characteristic sperm 

whale echolocation clicks. When heard, whales were followed for hours to one day using 

angle-of-arrival information calculated in PAMGUARD’s Click Detector module. Adult 

male sperm whales were encountered opportunistically with groups of females but were 

not purposefully followed (adult males can easily be differentiated as they are much 

larger in size, usually alone, and make acoustically distinct “clangs” (Whitehead 2003; 

Oliveira et al. 2013)). In addition to acoustic recordings, photo identification and 

behavioural data were collected during daylight hours.  

 

5.3.2 Defining groups and vocal clans 

Fluke photographs of sperm whales were given a quality rating (Q) of 1 to 5 based 

on the fluke’s focus, resolution, angle and proportion within the frame (Arnbom 1987a, 

Dufault & Whitehead 1993). Only photographs with Q≥3 were used to match individuals 

using the online platform Flukebook (Blount et al. 2022 accessed at 

https://www.flukebook.org/). Whales that had never been documented before were given 

a new identification number and added to the catalogue. While ‘group’ has been defined 

above and in the literature as a temporary association of multiple long-term units, for our 

purposes here we defined “groups” as all individuals identified on a given day, with 

coordinated behaviour and movement, following methods by the DSWP (Gero et al. 

2014). Due to the limited temporal scope of our data (2 years), we could not always know 

which animals were part of longer-term social units (i.e., individuals seen within two 

hours of each other, in at least 2 different years, Gero et al. 2014). However, in the 

Eastern Caribbean the great majority of groups contain just one social unit (Whitehead et 

al. 2012; Gero et al. 2014). In this paper, we present data on both social units and groups 

(as just defined), as some groups of sperm whales were only encountered within the same 

year and, therefore, did not meet the social unit criteria. Group/social unit’s vocal clan 

membership was determined based on the acoustic repertoire recorded on the days they 
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were encountered, using methods described by Hersh et al. (2021) (see Vachon et al. 

2022). Therefore, each identified whale was assigned an individual number, a 

group/social unit identifier, and a vocal clan (when sufficient acoustic data were 

collected—see Vachon et al. 2022).  

 

5.3.3 Population estimate 

We define population as “all co-existing individuals of the same species living in 

the same area at the same time” (Van Dyke 2008). Its size (for adult sperm whales in the 

Eastern Caribbean), was then estimated from photo identification data using closed 2-

sample Petersen models with Chapman modification (Seber 1982) and closed Schnabel 

models using maximum likelihood (Schnabel 1938). Using closed models assumes no 

immigration, emigration, births, or deaths in the population and no mark loss between 

sampling intervals, assumptions that are reasonable for sperm whales across two 

consecutive years of data. Existing work supports these assumptions in demonstrating that 

the effective adult mortality for sperm whales in the Eastern Caribbean is estimated to be 

0.0505/year (Whitehead and Gero 2015), and resighting rates across years is high for this 

community based on long-term reidentification (Gero et al 2014). We did not include the 

existing DSWP multi-year photo-identification dataset from Dominica as this would have 

severely distorted the distribution of effort across the Eastern Caribbean. Since groups 

and vocal clans have been shown to have much smaller ranges than previously assumed 

(Vachon et al. 2022), including a disproportionate amount of data from a single island 

would skew results and would not give an accurate population estimate for the entire 

Lesser Antilles region. Only sightings that occurred during our 2019 and 2020 Eastern 

Caribbean regional surveys were included in the population estimate. Furthermore, we 

did not include dependent calves and mature males in our analyses as calves were not 

reliably identified in the field and mature males have very low residency in the Eastern 

Caribbean (Gero et al. 2014). We restricted our vocal clan specific population analyses to 

EC1 and EC2 as we have much less data on tentative vocal clan EC3, identified by 

Vachon et al. (2022) and comprised of a single social unit of 10 adult members (Unit 

#12). EC3 individuals were therefore included in the total population estimates, but not in 

separate vocal clan analyses. 
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Closed Petersen and Schnabel population estimate models were carried out at 

multiple levels (across and within years, at the individual and group/social unit level, by 

pooling, or separating, vocal clans), and using both years, and surveys within years, as 

sampling periods. We only used the Schnabel method when estimating population size 

across more than two sampling periods, as this is not supported by the Petersen method. 

All statistical analyses were carried out using MATLAB software SOCPROG 2.9 

(Whitehead 2009). Below we expand on the nature of each of these analyses: 

 

A. Number of individuals across years: This was done by including all adult 

individuals and calculating population size between years (2019 and 2020; two 

sampling periods) and between surveys (survey 1-8; eight sampling periods), 

giving an estimate of the total number of adult sperm whales that use the Lesser 

Antilles. 

B. Number of EC1/EC2 individuals across years: This was done by further restricting 

our dataset to include only EC1 or EC2 adult sperm whales, and then calculating 

their population size between years (2019 and 2020; two sampling periods) and 

between surveys (survey 1-8; eight sampling periods). By calculating adult 

population size separately for EC1 and EC2 sperm whales, we were able to assess 

whether one clan was more numerous than the other.  

C. Number of groups/social units across years: For this analysis, we replaced 

individual identifications by group or social unit encounters. We included both 

groups and social units in this analysis as many groups did not qualify as social 

units under our criteria (Gero et al. 2014), but Eastern Caribbean groups are often 

composed of a single social unit (Whitehead et al. 2012; Gero et al. 2014; Konrad 

et al. 2018a). In this case, we estimated the total number of social units in the 

Lesser Antilles between years (2019 and 2020; two sampling periods) and 

between surveys (survey 1-8; eight sampling periods). 

D. Number of individuals within each year (2019 and 2020 separately): To do this, 

we included all adult individuals and calculated population size using surveys as 

sampling periods independently for 2019 (survey 1-4; four sampling periods) and 

2020 (surveys 5-8, four sampling periods). This provided an estimate of the 
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number of adult sperm whales occupying the Lesser Antilles within one year. If 

this number differs significantly from the total population estimate using both 

years of data, it might suggest that social units enter or leave the study area across 

years. 

E. Number of groups within each year (2019 and 2020 separately): Here, we 

replaced individual identifications by group/social unit encounters. However, this 

time, we estimated the number of groups/social units independently for 2019 and 

2020 using surveys as sampling periods (survey 1-4 for 2019 and survey 5-8 for 

2020). This provided an estimate of the number of sperm whale groups/social 

units that occupy the Lesser Antilles within one 4-month field season. Once again, 

disparity here between across year and within year results could suggest that 

sperm whale groups enter or leave the study area across years.  

 

5.4 RESULTS 

During our 2019 (February-April) and 2020 (January-March) surveys, we had a 

total of 53 sperm whale photo identification encounters. From 4,267 photoidentification 

pictures with Q≥3 (1,415 in 2019 and 2,852 in 2020), we identified 214 adult individuals 

and 15 males from 33 different groups, 23 of which were groups that had never been 

documented by the DSWP, of which four qualified as social units. Whales from all vocal 

clans were encountered (24 encounters with EC1 groups, 23 encounters with EC2 groups, 

5 encounters with EC3 groups and 1 encounter with both EC2 and EC3) (Vachon et al. 

2022) (Figure 5.1). 
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Figure 5.1. Photo-identified adult sperm whales from EC1 (aqua), EC2 (red), and EC3 

(yellow). Each marker corresponds to the first sighting of an individual on a specific day. 

Tracks of the research vessel are shown in gray. 

 

Our population estimate suggests a population of 414 (SE 46; 95%c.i. 338-490) 

adult (including non-calf juveniles) sperm whales and 51 (SE 6; 95% c.i. 41-62) sperm 

whale groups/social units in the Eastern Caribbean using Peterson methods and of 419 

(SE 42; 95%c.i. 348 - 562) adult sperm whales and 52 (SE 6; 95% c.i. 43 - 68) sperm 

whale groups/social units using Schnabel methods (Table 5.1). These are consistent as the 

mean sperm whale group/unit size in the Eastern Caribbean is about 7-9 (Gero et al. 

2014). These estimates are more than double previous adult population estimates of 156 

(SE 18; 95% c.i. 126 – 195) and 11 (SE 2; 95% c.i. 5-14) groups in the Eastern Caribbean 

in 1998/1999, based predominantly on Dominica data (Whitehead & Gero 2015). There 

seem to be slightly more EC1 than EC2 sperm whales in the Lesser Antilles, with 

population estimates ranging, depending on the methods, from 205 - 219 for EC1 and 144 

- 191 for EC2 (Table 5.1).  
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More sperm whales appear to have used the Lesser Antilles in the 2019 field 

season than in the 2020 field season, with a population estimate of 553 (SE 258; 95%c.i. 

362-891) and number of groups/social units estimate of 47 (SE 14; 95% c.i. 34-86) in 

2019 compared with a population estimate of 201 (SE 17; 95% c.i. 172-247) and number 

of groups/social units estimate of 29 (SE 2; 95% c.i. 26-35) in 2020 (Table 5.1). 

Furthermore, yearly population and group/social units estimates are lower than across 

year estimates (especially in 2020), suggesting that whales could be emigrating to non-

surveyed areas across years and that the total abundance of sperm whales in the Lesser 

Antilles might be fluctuating from one year to the next. This result should be interpreted 

cautiously as standard errors are particularly high for the 2019 estimates and our dataset is 

limited in its temporal scale.  

 

Table 5.1. Population, and group number estimate for Eastern Caribbean sperm whales 

using different methods across, and within years. 

  Scale Method Population 

estimate 

SE 95% c.i 

Across 

years 

A 

Years,  

individual 

Closed 

Peterson 

413.6 46.1 337.7 - 

489.5 

Closed 

Schnabel 

419.03 42.3 348.4 - 

562.1 

Surveys, 

Individual 

 

Closed 

Schnabel 

336.3 24.5 295.0 - 

405.2 

B 

Years,  

EC1 

(individuals) 

Closed 

Peterson 

214.6 28.7 167.5 - 

261.8 

Closed 

Schnabel 

218.8 31.6 181.3 -   

297.6 

Years,  

EC2 

(individuals) 

Closed 

Peterson 

182.5 35.8 123.5 - 

241.4 

Closed 

Schnabel 

190.7 44.6 144.0 - 

331.5 

Surveys, 

EC1 

(individuals) 

 

Closed 

Schnabel 

205.1 22.8 167.4 - 

262.5 

Surveys, 

EC2 

(individuals) 

 

Closed 

Schnabel 

145.7 17.7 118.7 - 

189.9 
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C 

Years, 

Groups/ social 

units 

Closed 

Peterson 

51.0 6.4 40.5 - 

61.5 

Closed 

Schnabel 

51.9 6.1 42.9 - 

68.2 

Surveys, 

Groups 

 

Closed 

Schnabel 

43.5 3.2 38.6 - 

51.0 

Within 

years 
D 

Surveys 2019, 

individual 

Closed 

Schnabel 

553.2 257.9 361.9 - 

890.6 

Surveys 2020, 

individual 

Closed 

Schnabel 

201.3 16.8 172.0 - 

246.6 

E 

Surveys 2019, 

Groups 

 

Closed 

Schnabel 

46.9 14.5 33.6 - 

86.0 

Surveys 2020, 

Groups 

 

Closed 

Schnabel 

28.7 2.3 25.9 - 

34.7 

 

5.5 DISCUSSION 

Increasing our survey scale to encompass the waters of most of the Lesser Antilles 

(from St. Kitts & Nevis to Grenada) has resulted in a larger population estimate (414 

adults and 51 groups) than previous studies. This is most likely because the present 

surveys covered a more biologically appropriate scale than the previous studies, which 

used data that was heavily skewed by opportunistic sightings from the 1990s and more 

recent data predominantly collected off Dominica (145 adults by Gero et al. 2007 and 156 

adults/12 social units by Whitehead & Gero 2015) and Guadeloupe (35-75 individuals per 

year, Rinaldi et al. 2021). The scale of the present study is more appropriate because of 

the unusually restricted movement patterns and high site fidelity of Eastern Caribbean 

sperm whales compared to other populations (Vachon et al. 2022). As most individual 

sperm whales do not move between the Lesser Antilles islands within and across years, 

island-specific data do not constitute an unbiased sample of the Eastern Caribbean 

population.  

 

5.5.1 Mark-recapture methodology 

In this paper, we used closed 2-sample Petersen and Schnabel methods as our 

dataset is temporally limited (eight surveys, two years) and other population estimate 

methods are designed to take advantage of datasets collected over longer temporal scales 
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(e.g., those in MARK; CARE-2). The closed 2-sample Petersen and Schnabel methods 

differ from each other in that the Schnabel method can be applied over more than two 

mark-recapture events, which can prevent overestimates of population size (Seber 1982). 

However, both are limited by their inability to account for mortality, birth, immigration, 

emigration or heterogeneity in identification rate, with the latter leading to potentially 

large biases. While we can assume that mortality and birth rates are stable across two 

years (adult mortality is estimated at 0.0505/year in the Eastern Caribbean- Whitehead 

and Gero 2015, and calves were not included in the analysis), emigration or immigration 

is possible. In fact, our lower within-year population and group/social units number 

estimates and the fact that only 17.76% of individuals, and 39.4% of groups, sighted in 

2019 were re-sighted in 2020, seem to suggest immigration/emigration out of our 

surveyed area is likely. Heterogeneity in identification is also likely as the probability to 

recapture an individual (or group/social units) is most likely influenced by behaviour, 

group size, habitat use and/or movement patterns (Whitehead & Wimmer 2005; see 

Vachon et al. 2022). Any heterogeneity in capture rates would bias our population 

estimates downwards (Hammond 1986). As more regional scale data becomes available 

over longer timescales, the current population estimate can be updated with more 

complex models that account for mortality, birth, immigration, emigration and/or 

heterogeneity of identifications, following Gero et al. (2007), Whitehead & Gero (2015) 

and Gero & Whitehead (2016), but over larger spatial scales. 

 

5.5.2 Limitations 

The population estimates presented here is a preliminary assessment of sperm 

whale abundance in the Eastern Caribbean region using the best available data. However, 

our study, is temporally (only two years) and spatially (St. Kitts & Nevis to Grenada) 

limited. Sperm whale densities were lower at the geographic ends of the survey route (St. 

Kitts & Nevis in the North, Grenada in the South) than off the central islands (Vachon et 

al. 2022) which may result from shallower water in those areas being typically less 

frequented by sperm whales. In addition, movements to the east into the Atlantic or west 

into the Caribbean Sea away from the islands are currently unknown and potentially more 

likely due to the bathymetry traditionally associated with sperm whale presence. 



88 

 

Estimated population sizes (Table 5.1) within and across years showed discrepancies that 

suggest movement of sperm whales into and out of the study area over timescales of one 

year. We advise caution when interpreting those results as they come from a limited data 

set but recommend that future studies further expand the spatial scale of the research 

effort. While no photo-identified females have been reidentified between the Eastern 

Caribbean and the photoidentification catalogues from the Gulf of Mexico, Azores and/or 

Sargasso Sea (Gero et al. 2007; Gero pers. comm), many areas remain poorly surveyed 

(especially further offshore). 

 

5.5.3 Implications for conservation 

While we have shown that there are more sperm whales in the Eastern Caribbean 

than previously thought, we lack information on trends at this scale. Critical yearly 

decline rates of 4.5% and 6.2% have been reported for Dominica and Guadeloupe 

respectively based on mortality of well-known individuals (Gero & Whitehead 2016; 

Rinaldi et al. 2021) and the threats identified for these whales (i.e. tourism, vessel strikes, 

entanglement, noise, pollution) are most likely also affecting whales off neighbouring 

islands. For instance, tourism is a major economic sector across the Lesser Antilles 

islands (Piraszewska 2006) and the effects of underwater noise and climate change (Jury 

& Bernard 2020) are most likely to be felt throughout the Eastern Caribbean. However, 

more localized threats such as whaling (Finneran 2016), entanglement (Gero & 

Whitehead 2016) and the presence of fast vessels (such as the high speed ferries 

connecting Guadeloupe, Dominica, Martinique and St. Lucia) might vary from one island 

to the next. Long term monitoring of the sperm whales inhabiting islands beyond 

Dominica and Guadeloupe is therefore necessary to project this population estimate into 

the future and obtain population trends of growth. 

Our current results suggests that EC1 sperm whales are slightly more abundant 

than EC2 sperm whales. However, nothing is known about EC2 population trajectories 

(as EC2 whales are rarely encountered in Dominica and Guadeloupe, where most of the 

DSWP effort is concentrated and EC1 are prevalent). As our understanding of vocal clans 

across the Eastern Caribbean grows, and as the importance and impact of culture in 

conservation is increasingly recognized (Whitehead 2010; Brakes et al. 2019; Brakes et 
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al. 2021), we also recommend the inclusion of vocal clan-specific abundance and trends 

(with vocal clans as distinct management units). Individuals from different cultural 

groups might be subject to different levels of stress and respond differently to threats or 

changes. This was reported for Eastern Tropical Pacific sperm whales, with Plus-One and 

Regular vocal clans having different feeding success during ENSO (El Niño/South 

Oscillation) and non-ENSO years (Whitehead & Rendell 2004) as well as differential 

reproductive success (Marcoux et al. 2007b) and might be especially important in the 

Eastern Caribbean where vocal clans are geographically segregated and appear to have 

smaller ranges (Vachon et al. 2022). Island specific threats, and island specific 

conservation management measures have the potential to affect vocal clans differentially. 

In this case, maintaining cultural diversity might be as important as maintaining genetic 

diversity for overall population health. 

As our understanding of the Eastern Caribbean sperm whale population structure 

increases, and as we incorporate data from greater temporal and spatial scales, we will be 

able to better monitor, manage and conserve the Eastern Caribbean sperm whale 

population.  
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CHAPTER 6 – 

Multidimensional Distribution of Sperm Whale Social Vocalizations 

Suggests Identity Codas are Symbolic Markers of Cultural Group 

Membership 
 

6.1 ABSRACT 

Humans use symbolic markers (such as language, clothing, music and religious symbols) 

to delineate members of their own cultural group. Such markers have important 

evolutionary and social implications as they mark boundaries between individuals and 

can affect not only direct social interactions but also social structure and cultural/genetic 

inheritance. However, the possibility of symbolic markers in non-human species has 

received less attention. In this paper, we investigate whether sperm whales (Physeter 

macrocephalus) could use acoustic signals, called identity codas, as symbolic markers of 

cultural group membership. Identity codas differ from other sperm whale social 

vocalizations (i.e., non-identity codas) as they are predominantly made by members of 

one cultural group but seldom by others. Here, we compare the multidimensional 

distribution of identity coda types and non-identity coda types using two metrics (volume 

and pairwise overlap in multidimensional space) and data from three geographically 

isolated sperm whale populations (the Eastern Tropical Pacific, the Mediterranean, and 

the Eastern Caribbean). We find that identity codas are more stereotyped and overlap 

significantly less with other coda types in multidimensional space than non-identity 

codas. This aligns with the emerging view of identity codas as symbolic markers of sperm 

whale vocal clans and suggests the use of symbolic markers in non-human animals. 

 

6.2 INTRODUCTION 

Symbolic markers can be defined as arbitrary signals that delineate and maintain 

cultural/ethnic group boundaries (Barth 1969; Boyd & Richerson 1987; McElreath et al. 

2003; Cohen 2012). They can vary in form (visual, acoustic, behavioural) but, regardless, 

have important implications for cultural evolution and social structure, as a cultural 

group’s persistence depends on the maintenance of its boundaries (Barth 1969). Symbolic 

markers directly impact social interactions as they promote relationships between cultural 

in-group members and limit interactions with cultural out-group members. For instance, 

humans tend to favour in-group members which they identify via symbolic markers 

(Tajfel et al. 1971; Bernhard et al. 2006), are more likely to cooperate and trust in-group 

individuals (Van Vugt & Hart 2004; Zdaniuk & Levine 2001) and tend to have prejudice 

towards out-group members (Brewer & Brown 1998; Fiske 2002). By shaping such 

interactions, symbolic markers have an important influence on cultural and genetic 
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inheritance as social learning, and mating, might be restricted to in-group members, even 

if other individuals occur in sympatry. These phenomena are known as biased 

transmission and assortative mating, respectively. As such, human language (Creanza & 

Feldman 2016), grammar (Matsumae et al. 2019), religion (Relethford & Crawford 1998; 

Zalloua et al. 2008), and music (Brown et al. 2014) can be more strongly correlated to 

genetic relatedness than geography.  The study of symbolic markers can therefore not 

only yield important evolutionary information about cultural groups (e.g., human 

languages can inform about human expansion, Bouckart et al. 2012), cultural group 

formation (with the emergence of symbolic marker promoting ingroup favoritism - 

Efferson et al. 2008), but also current social structure and relationships (Barth 1969).  

While symbolic markers have mostly been investigated in the context of human 

evolution (e.g., Boyd & Richerson 1987; McElreath et al. 2003; Efferson et al. 2008; 

Cohen 2012; Smaldino 2022), their existence might not be restricted to Homo sapiens. 

However, their consideration beyond humans can pose epistemological challenges as we 

are not able to assess them through verbal reports of internal association and meaning in 

other species. In this case, approaches that rely on assessing symbolic markers through 

their use, structure, and causation (e.g., Boyd & Richerson 1987; Efferson et al. 2008; 

Perry 2009), rather than their internal state of meaning, are particularly important. 

Especially as more and more evidence suggests that culture is widespread in the animal 

kingdom (reviewed in Allen et al. 2019; Whiten 2021), and symbolic markers have been 

suggested to play a potentially important role in navigating social interactions for non-

human species which display large-scale cooperation, complex social structures, group-

specific behaviours and big home ranges (Perry 2009). 

One such species is the sperm whale (Physeter macrocephalus), which lives in a 

hierarchically organised matrilineal society. At the basal tier, females, calves, and 

juveniles are members of social units, which are stable assemblages of one to two sperm 

whale matrilines that always travel and forage together (Whitehead et al. 2012; Gero et al. 

2014). Social units will often associate with other social units, forming groups, for 

periods of a few hours to a few days, during which whales from those units will forage 

and socialize together (Christal et al. 1998). At the highest tier, vocal clans represent the 

social segregation between sets of social units -with whales from different vocal clans not 
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associating with each other even if they occur in sympatry-(Eastern Tropical Pacific - 

Rendell & Whitehead 2003b, Eastern Caribbean- Gero et al. 2016b and Vachon et 

al.2022, Brazil -Amorim et al. 2020, Mauritius -Huijser et al. 2020). Since individuals 

from different vocal clans are not genetically distinct (Rendell et al. 2012; Konrad et al. 

2018b), and can display different behaviours (e.g., different movement patterns -

Whitehead and Rendell 2004; Whitehead et al. 2008a, diving synchrony - Cantor & 

Whitehead 2015, distributions -Eguiguren et al. 2019; Vachon et al. 2022, and social 

organization -Cantor and Whitehead 2015), vocal clans are believed to be a culturally 

mediated tier of sperm whale social structure. 

Vocal clans can be distinguished based on their members’ characteristic acoustic 

repertoire of codas (Rendell & Whitehead 2003b): stereotyped patterns of 3–12 clicks 

produced by sperm whales in social contexts (Watkins & Schevill 1977; Whitehead & 

Weilgart 1991). Codas are classified into types based on their interclick intervals (ICIs the 

time between consecutive clicks – the ICI vector of a coda gives quantitative, multivariate 

measurement of rhythm and tempo ), such that codas with, for example, five regularly 

spaced clicks belong to the 5 Regular (5R) coda type, while codas with four regularly 

spaced clicks followed by a longer pause and a final click belong to the 4+1 coda type 

(Weilgart & Whitehead 1997). Originally, vocal clans were discriminated based on the 

hierarchical clustering of highly similar coda repertoires of units within vocal clans 

compared to between vocal clans (Rendell & Whitehead 2003b; Gero et al. 2016b; 

Amorim et al. 2020; Huijser et al. 2020); more recently, new methods have allowed for 

researchers to define unique vocal clan-level identity codas (vocal clan identity codas) to 

delineate clans in larger datasets (Hersh et al. 2021; Hersh et al. in review; Vachon et al. 

2022). Each vocal clan produces a characteristic repertoire of coda types, with some coda 

types that are shared across vocal clans—non-identity (non-ID) coda types—and some 

types that are almost exclusive to a single vocal clan—identity (ID) coda types (Hersh et 

al. 2021). Refer to Table S6.1 for a glossary of terms. 

 As clans may span thousands of kilometers (Whitehead 2001; Whitehead et al 

2008; Hersh et al submitted) and may include thousands of individuals (Rendell and 

Whitehead, 2003); it is likely that sperm whales interact (at least in the minimal sense of 

hearing one another) with unknown individuals reasonably often and, therefore, have a 
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clear need to assess the cultural group membership of new individuals. However, 

although the use of symbolic marker could explain how social units from socially 

segregated but sympatric vocal clans might recognize and classify their conspecifics and 

maintain observed social boundaries (Rendell & Whitehead 2003b; Cantor & Whitehead 

2013; Gero et al. 2016a; Hersh et al. in review), the functional use of ID codas as 

symbolic markers of clan identity/membership by the whales themselves remains 

uncertain.  

The objective of this paper is, therefore, to quantify the structure of ID and non-ID 

coda types in multidimensional space in order to assess their potential use as symbolic 

markers by sperm whales.  If ID codas do function as identity signal in the context of 

ethnic marking, we expect them to be highly stereotypical, redundant, and discrete from 

non-ID coda types (Axelrod et al. 2004; Cohen 2012 ; Wiley 2013; Wiley 2017). This is 

the case for human accents and allows for the easy identification of an individual’s 

cultural group membership, the honest cooperation of in-group members and prevents 

free riders (Cohen 2012). Failure to meet those criteria would lead to mis-associations 

over time and an erosion of cultural group boundaries (Barth 1969). Conversely, if ID 

codas are not symbolic markers but instead signals to known in-group members, perhaps 

like bond-testing social rituals in capuchin monkeys (Perry 2009), we expect them to be 

similar in structure to non-ID coda types. In this case, identities are not actively 

broadcasted to potential out-group members and misinterpretation of the signal has less 

severe social repercussions (i.e. erosion of cultural groups). Therefore, if ID codas act as 

symbolic markers of vocal clan membership, we expect them to be more redundant, 

stereotyped and discrete than non ID coda types in their structure. 

Here, we compare the pairwise overlap (to quantify how discrete coda types are 

from each other), and volume in the multidimensional space (as a measure of stereotypy) 

defined by coda ICI vectors of non-ID and ID coda types from sperm whale vocal clans 

occurring in three geographically isolated areas: the Eastern Tropical Pacific (ETP), the 

Mediterranean (MED) and the Eastern Caribbean (EC). These populations are some of 

the best studied populations of sperm whales in the world, each with an extensive coda 

dataset (Table S6.2). By comparing coda types across isolated geographical regions, we 

are able to assess the evolutionary forces contributing to coda structure in 
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multidimensional space and how these forces might differ in sympatry and across 

geographical scales. More specifically we test the hypotheses that: ID coda types should 

occupy less multidimensional space than non ID coda types (stereotypy) and be more 

discrete from each other (hypothesis A) and other coda types (hypothesis B) than non ID 

coda types (discreteness). We also further investigate the structure of ID coda types 

specifically and look at whether different ID codas from a same vocal clan overlap more 

with each other than they do with ID coda types form different vocal clans (hypothesis C) 

and whether ID coda types from sympatric vocal clans are less similar to each other than 

they are to geographically isolated vocal clans (hypothesis D). This is the case in human 

music, where variation is often greater within, rather than across, populations/societies as 

a result of more frequent interactions (Rzeszutek et al. 2012; Mehr et al. 2019; Daikoku et 

al. 2020).  

We believe this work is significant as it will allow for a greater understanding of 

vocal clan social interactions and evolution (not unlike how the study of language can 

inform our understanding of human evolution; Bouckaert et al. 2012; Creanza et al. 2015; 

Baker et al. 2017).  

 

6.3 METHODS 

6.3.1 Dataset 

We pooled sperm whale coda data from three geographically isolated regions: the 

ETP, MED, and EC (Table S6.2). Data from the ETP were collected between 1978 and 

2014 via acoustic (1978) and dedicated sperm whale surveys (1985-2014) around the 

Galápagos islands (Weilgart & Whitehead 1997; Rendell & Whitehead 2003b; Cantor et 

al. 2016). MED data were collected off the Balearic Islands between 2004 and 2018 by 

the Balearic Sperm Whale Project (Pirotta et al. 2011; Rendell et al. 2014). EC data were 

collected leeward of the island of Dominica by The Dominica Sperm Whale project 

(DSWP) since 2005 (Gero et al. 2014; Gero et al. 2016b) and supplemented by the 

Watkins Marine Mammal Sound Database (1981-1995) (Sayigh et al. 2016), as well as 

dedicated sperm whale surveys that covered most of the Lesser Antilles (from St.Kitts & 

Nevis to Grenada) in 2019 and 2020 (Vachon et al. 2022).  Codas were marked manually 

by trained auditors using the Rainbow Click software (Gillespie 1997) or Coda Sorter 
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(custom LabView software implemented in MATLAB by K. Beedholm, Aarhus 

University). While these data have been collected over different spatio-temporal scales 

and using slightly different methods and equipment, they are comparable since the codas’ 

ICIs (the primary variable of focus in this study) are robust to variation in recording 

system and protocols, and coda types have been distinguished using varying analytical 

and classification methods over the years and are generally temporally stable (Rendell & 

Whitehead 2005; Gero et al. 2016a; Hersh 2021, Chapter 5).  

 

6.3.2 Vocal clan membership 

All codas recorded on a given day were considered a repertoire. Only codas of 3-

11 clicks and only repertoires with at least 25 such codas were included in the analysis, 

following previous methods (Rendell & Whitehead 2003b). Vocal clan membership was 

then determined for each repertoire using IDcall (Hersh et al. 2021, Whitehead & Hersh 

2022). This routine uses parsimonious mixtures of multivariate contaminated normal 

distributions (R package “ContaminatedMixt”) (Punzo et al. 2016) to classify codas of the 

same click length into types and then delineates repertoires into vocal clans based on their 

usage of ID coda types (codas that are extensively used by one set of repertoires and 

seldom by others).  

Vocal clans have already been documented in the ETP (Regular, Plus-One, Short, 

Four-Plus, Slow Increasing, Rapid Increasing, and Palindrome; Rendell & Whitehead 

2003b; Cantor et al. 2016; Hersh et al. in review), MED (Rendell & Frantzis 2016), and 

EC (EC1, EC2, and EC3; Gero et al. 2016b, Vachon et al. 2022). However, these analyses 

were performed independently from each other, meaning that the coda types detected in 

one region were not related or compared to the coda types detected in another region. 

Thus, previous analyses did not allow for the direct comparison of coda types across 

regions. Here, we used the IDcall method on a single dataset including codas from all 

three regions, not only to confirm vocal clan membership, but, more importantly, to 

delineate ID coda types (as well as non-ID coda types) for each vocal clan in each 

geographical region. This is necessary as we aimed to compare ID and non ID coda types 

within and across regions.  
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6.3.3 Coda type metrics in multivariate space 

Each coda’s ICI vector specifies its position in multidimensional space. The 

number of ICIs in a coda determines the dimensions of that space, such that 5-click codas 

can be located in a 4-dimensonal space , 6-click codas in a 5-dimensional space, and so 

forth. The collection of codas belonging to a given type therefore occupies a certain 

volume within the relevant multidimensional space. These volumes of ID and non-ID 

coda types in multivariate space can then be compared across vocal clans and 

geographical regions. Here, we did so using two metrics: coda type volume and coda type 

overlap. 

Coda type volume was calculated for each coda type following the dynamic range 

box method from Junker et al. (2016) and implemented using the “dynRB” R package 

(Schreyer  et al. 2021) by drawing an n-dimension hypervolume representing the 

distribution of codas of n+1 click length assigned to the same type in multidimensional 

space. The dynamic range box method has advantages over other hypervolume methods 

as it is a nonparametric approach that accounts for the underlying distribution of the data 

(Junker et al. 2016). Using this method, hypervolumes are not forced to include all data 

points, an approach that can lead to the overestimation of hypervolumes’ volume in the 

presence of outliers and is greatly affected by varying sample sizes (e.g., Hutchinson 

1957). This is especially important in our case as our sample sizes vary widely from one 

coda type to the next (with some codas recorded much more often than others), and 

certain coda types have been shown to vary at the individual and social unit levels, and 

therefore might show more variation (Gero et al. 2016a). Volume values range from 0 to 

1, with increasingly larger volume values as one moves closer to 1 (Junker et al. 2016). 

We chose the mean method of volume (and overlap) aggregation as results from this 

method are not biased by the number of dimensions and can be compared across them 

(Junker et al. 2016, Schreyer et al. 2021). This is important as we aimed to compare coda 

type volume across click lengths. 
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6.3.4 Coda structure analysis 

6.3.4.1 Volume 

We performed general linear models (GLM) to test the null hypothesis that there 

is no association between coda category (ID or non-ID) and coda type volume.  

 

Coda type volume ~ coda category + number of clicks + sample size 

 

We included sample size and number of clicks in the model as they could act as 

confounding factors (i.e., coda types with larger sample size and longer click lengths 

might have larger volumes). GLM assumptions were tested prior to the analysis (Figure 

S6.1). As ID codas are predominantly made by a single vocal clan by definition (Hersh et 

al. 2021), but non-ID codas are often made across vocal clans, we repeated this volume 

analysis by restricting non-ID coda types to a single vocal clan (the one for which we had 

the largest sample size of that particular coda type) to correct for potential between-vocal 

clan variation in delivery of codas of a particular type. 

 

6.3.4.2 Overlap 

Coda type overlap was then quantified as the overlap of the hypervolumes of coda 

type A and coda type B in multidimensional space. Overlap values range from 0 to 1, 

with 0 being no overlap and 1 being complete overlap. This value is asymmetric as it is 

calculated as the proportion of coda type A hypervolume that overlaps with coda type B 

hypervolume. We took the mean of these two values (proportion of A overlapping B, and 

B overlapping A) to compare between coda types. We conducted Mantel tests (Legendre 

& Legendre 2012) on pairwise matrices of coda type overlaps to test a range of 

hypotheses regarding ID versus non-ID coda structure. Mantel tests were performed 

independently for each click length (as coda types of different click lengths have different 

dimensions their overlap cannot be measured) using R package “vegan” (Oksanen et al. 

2020). Since the vegan package conducts Mantel tests on symmetric dissimilarity 

matrices exclusively, we measured dissimilarity as one minus the overlap value for the 

pair. The non-exclusive hypotheses we tested are visually depicted in Figure 6.1 and 

detailed below: 
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• Hypothesis A: Pairs of non-ID coda types are more similar to each other (i.e., 

overlap more with each other) than are pairs of ID coda types from different vocal 

clans. We expect this if an ID coda type from a specific vocal clan needs to be 

reliably distinguished (i.e., more discrete) from ID coda types from a different 

vocal clan, regardless of whether they are sympatric. This would be the case if ID 

codas are symbolic markers of vocal clan membership. 

 

• Hypothesis B: ID coda types are more discrete from each other and from non-ID 

coda types (i.e., overlap less with each other) than are non-ID coda types to non-

ID coda types. This would imply that ID coda types need to be reliably 

distinguished from other ID, and non-ID, coda types, regardless of vocal clan 

and/or level of sympatry and would be the case if ID codas are symbolic markers 

of vocal clan membership. 

 

 

• Hypothesis C: ID coda types from the same vocal clan are less discrete from each 

other (i.e., overlap more with each other) than they are to ID coda types from 

different vocal clans. We expect this if forces acting on ID coda types are stronger 

across than within vocal clans (i.e., it is more important for the whales to 

differentiate ID codas from different vocal clans from their own than it is to 

differentiate their own ID codas from each other). 

 

• Hypothesis D: ID coda types from different vocal clans are more discrete from 

each other (i.e., overlap less with each other) if vocal clans are sympatric, rather 

than geographically isolated. This would be the case if there is active pressure to 

distinguish ID coda types made by whales from different, but sympatric clans (i.e., 

if selection is shaping coda type structure to be more discrete between vocal clans 

that regularly interact with each other). 

 

These hypotheses were tested by assigning binary variables to coda type pair 

categories (see Table 6.1). For each hypothesis, coda type pairs from categories that were 
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not covered by these statements were labelled as missing values and excluded from the 

analysis. This binary category matrix was then compared to the coda type overlap 

matrices to test the null hypothesis that coda type overlap is not related to coda type 

categories.  

 

Figure 6.1. Hypothesis framework in comparing the structure (i.e., multidimensional 

overlap) between different coda types. The different coda type pair categories are 

numbered from one to five. 

 

6.3.4.3 Visualization 

As a visual depiction of our results, we plotted coda type overlap between pairs of 

coda types from each of five possible categories: 1) both non-ID coda types; 2) non-ID 

coda type and ID coda type; 3) ID coda type from the same vocal clan; 4) ID coda type 

from different vocal clans within the same geographical areas (i.e., sympatric clans); and 
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5) ID coda type from different vocal clans from different geographical areas (i.e., 

geographically isolated clans) (Figure 6.1). We also used principal components analysis 

(PCA) to visually depict (in two dimensions) differences in coda type overlap, and 

volume for each click length.  

 

6.4 RESULTS 

6.4.1 Dataset and vocal clan membership 

Our final combined dataset contained 29,614 codas, spanning 42 years and three 

geographical regions. Altogether we had 274 repertoires: 108 from the ETP, 150 from the 

EC, and 16 from the MED (Table S6.2). We identified 119 distinct coda types: 19 ID, 29 

non-ID, and 71 deemed as too rare and removed from subsequent analysis (mostly coda 

types with ≥ 9 clicks; Table S6.3).  

Previously documented vocal clans were re-identified in our analysis (using IDcall 

parameters critfact=9, minrep = 5) with Regular, Plus-One, Short, Four-Plus, Slow 

Increasing, and Palindrome vocal clans in the ETP (Rendell & Whitehead 2003b; Cantor 

et al. 2016; Hersh et al. in review); the EC1, EC2, and EC3 vocal clans in the EC (Gero et 

al. 2016b; Vachon et al.2022); and a single vocal clan in the MED (Rendell & Frantzis 

2016) (Figure 6.2, Figure S6.2). This was expected as the data used for this analysis were 

also used independently in each geographical region to uncover these same vocal clans, 

but their re-emergence in our larger, pooled coda dataset attests to their robustness.  

We had pairs of coda types from all five potential pair categories (Figure 6.1) but 

not all click lengths include coda type pairs of each category (3 clicks: 3/5 categories, 4 

clicks: 4/5 categories, 5 clicks: 5/5 categories, 6 clicks: 4/5 categories, 7 clicks: 3/5 

categories, 8 clicks: 1/5 categories, 9 clicks: 1/5 categories). All 10 click and 11 click 

coda types were classified as too rare by IDcall and removed from the analysis. To 

prevent such small sample sizes from influencing our results, and in order to include coda 

type pairs from all potential categories, we limited our coda type overlap analyses to 5-

click codas. 5-click codas appear to be the most prevalent coda types worldwide (making 

up 50.38% of our dataset) and trends seen in these codas were reproduced in those 

comparisons available across other coda length (see Figure S6.5, Figure S6.8). 
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Figure 0.1 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Average linkage hierarchical clustering dendrogram (top) depicting acoustic similarity among different vocal clans, left to 

right: EC1 (aqua), EC3 (yellow), Regular (blue), EC2 (orange), Plus-One (purple), Slow Increasing (peach), Four-Plus (green), Short 

(pink), Med (light blue), Palindrome (magenta). Each branch corresponds to the coda repertoire of a certain group of sperm whales on 

a certain day. Each row of the heat map (bottom) shows probabilistic usage by repertoire of an identity coda type. Heat map shading 

corresponds to the percentage of the repertoire made up of each identity coda type with white 0%, light gray 0–5%, gray 5–10%, and 

dark gray 10% or higher. The rhythmic and temporal patterns of identity coda types are depicted to the right of the heat map by dots 

representing each click in the coda and are colored according to clan with duration in seconds underneath. See Figure S6.2 for a 

version of this diagram showing all coda types. Analysis using IDcall (Hersh et al. 2021), with parameters critfact = 9, minrep = 5. 

1
0

1
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6.4.2 Volume 

Hypervolume was significantly smaller for ID coda types than non-ID coda types 

(GLM: Coda type volume ~ coda category + number of clicks + sample size, with coda 

category t=-3.279, p-value= 0.002). This was not much influenced by click length or 

sample size, as these terms were not significant in the GLM (t=1.736, p-value=0.090 and 

t=1.88, p-value=0.066 respectively) and sample size effect on volume stabilized around 

100 codas (Figure S6.3). Across all click lengths, mean hypervolume was lower for ID 

coda types than non-ID coda types with ID coda types 45% smaller in volume than non-

ID coda types for 3 click coda types, 50% smaller for 4 click coda types, 58% smaller for 

5 click coda types, 27% smaller for 6 click coda types, 20% smaller for 7 click coda types 

and overall, 40% smaller across all click lengths (Figure 6.3, Figure 6.4). Similar results 

are obtained if we restrict the non-ID coda type dataset to a single vocal clan per non-ID 

coda type (t= -3.124, p-value= 0.003, Figure S6.4, Figure S6.5). 

 

 

Figure 6.3. Coda type hypervolume for non-ID and ID coda types (all click lengths). 

 



103 

 

 

Figure 6.4. Coda type hypervolume for non-ID and ID codas. Results shown 

independently for each click length. 



104 

 

6.4.3 Overlap 

Mantel tests were statistically significant in differentiating hypervolume overlap 

between non-ID coda type pairs and pairs including either both ID (hypothesis A, Mantel 

r= 0.606, p-value= 0.029) or a single ID coda type (hypothesis B, Mantel r=0.364, p-

value=0.021), with less overlap in pairs of coda types that include ID coda types (Table 

6.1). On the other hand, coda type hypervolume overlap was not significantly different 

between ID coda types from the same rather than different vocal clan (hypothesis C, 

Mantel r=-0.120, p-value=0.600) or between sympatric versus geographically isolated 

vocal clans (hypothesis D, Mantel r=0.198, p-value=0.238). Across all click lengths, 

mean overlap is lowest for ID coda types from different vocal clans (Figure 6.5, Figure 

6.6, Figure S6.6).  

 

 

Figure 6.5. Overlap between pairs of coda types’ hypervolumes based on the pair’s 

categorization (all click lengths). A version of this figure standardized by click length is 

available in the Supplementary materials (Figure S6.4). 
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Figure 6.6. Overlap between pairs of coda types’ hypervolumes based on the pair’s 

categorization. Results shown independently for each click length. 
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Table 6.1. Mantel test results for coda type overlap (5-click codas). Mantel r is a measure 

of the correlation between the two matrices (1-overlap matrix and binary categorical 

matrix), with a positive r indicating that overlap is lower for the category with binary 

outcome 1. Significant results (p<0.05) are marked with *. 

Hypothesis  Mantel r Significance 

A 
0: Non-ID coda to non-ID coda 

1: ID codas from different vocal clans 

0.606 0.029 * 

B 
0: Non-ID coda to non-ID coda 

1: Pair includes at least one ID coda 

0.364 0.021 * 

C 
0: ID codas from the same vocal clan 

1: ID codas from different vocal clans 

-0.120 0.600 

D 

0: ID codas from different vocal clans occurring 

in different geographical regions 

1: ID codas from different sympatric vocal 

clans 

0.198 0.238 

 

 

6.4.4 Principal components analysis 

Results from our PCA analysis confirmed results from our Mantel tests and 

GLMs, and visually depict the smaller volume and lower overlap of ID coda types 

compared to non-ID coda types across all click lengths (Figure 6.7).  
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Figure 6.7. Principal component analysis (PCA) of coda types (with probability ellipses) 

for each click length. Numbers refer to the different coda types with ID coda types 

colored by vocal clan and non-ID coda types in gray. 
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6.5 DISCUSSION 

Our results highlight the potential of ID coda types as symbolic markers of vocal 

clan membership. ID coda types have significantly smaller volumes in multidimensional 

space than non-ID coda types (Figure 6.3, Figure 6.4) which indicates that each individual 

instance of an ID coda is closer to that coda type’s centroid, while individual instances of 

non-ID codas can be much further from their coda type centroid. ID coda types also 

overlap significantly less with other coda types (regardless of their categorization as ID or 

non-ID types, hypotheses A and B) than do non-ID coda types (Figure 6.5, Figure 6.6, 

Table 6.1), which means that ID coda types are less likely to be confounded with other 

coda types than are non-ID coda types. Altogether this suggests that ID coda types have 

evolved to be easily identifiable from one another, and other coda types. Our results are 

consistent with sperm whales using ID coda types, which are more stereotyped and 

discrete than non-ID coda types, to recognize other individuals as cultural in-group 

members or out-group members and then to associate with, or avoid them, accordingly. 

Sympatric vocal clans have slightly less overlapping ID coda types than 

geographically isolated vocal clans (i.e. lower median - hypothesis D, Figure 6.5-6). 

However, the lack of statistical significance in this trend suggests that there are no strong, 

active, pressures for increased discreteness between ID coda types made by vocal clans 

that interact with each other on a more regular basis. As it is unlikely that sperm whale 

vocal clans from the ETP, EC and MED still interact with each other today (there have 

been no sightings of sperm whales from the EC, MED and ETP outside of their 

geographical regions despite long-term research effort in each area and as differences in 

mtDNA between oceans suggest very low rates of migration by females, Alexander et al. 

2016), we have to assume that ID coda type discreteness is maintained in isolation. In this 

case, ID coda types might be artifacts of a time during which vocal clans that are now 

geographically isolated occurred in sympatry.  As vocal clans are thought to have first 

originated via the biased social learning of codas (Cantor et al. 2015), and as 

vocalizations that are more important for group cohesion are expected to be more stable 

over time (Riesch et al. 2006; Rekdahl et al. 2013), differences in ID coda types from this 

sympatric period (consistent with the hypothesis of several Pacific to Atlantic 

colonization events by sperm whales; Morin et al. 2018) might have been maintained in 
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geographic isolation. Although the rate of change of ID codas over decadal timespans was 

not significantly different from that of non-ID codas (Hersh 2021, Chapter 5), small 

enough rates of change could have maintained ID coda type discreteness in geographic 

isolation over much larger timespans. Alternatively, ID coda types could have changed in 

ways that maintain inter-vocal clan differences, similar to patterns of change in certain 

sympatric killer whale call types (Deecke et al. 2000), although this might be unlikely to 

occur across isolated regions.  

ID coda types might be more or less arbitrary signals (in their tempo, i.e. 5R 

versus 1+1+4 versus 4+1) - just like many human symbolic markers (Barth 1969; Axelrod 

et al. 2004; Efferson et al. 2008; Ihara 2011) - as long as they are discrete enough from 

other ID coda types to not be confounded. In this case, discreteness is a threshold, and 

once this threshold is met there are no need for additional differences in structure,  even 

in sympatry. Altogether, the maintenance of vocal clan’s ID coda discreteness might be 

akin to how humans are still able to readily recognize and label ethnic groups from 

accent/languages (Rakić et al. 2011; Cohen 2012) even if accents and languages actively 

evolve via cultural drift and social/ecological drivers over time (Lupyan & Dale 2016; 

Harrington et al. 2019). As long as a certain level of discreteness is maintained between 

signals, so are the cultural group boundaries. 

 

6.5.1 Are identity codas symbolic markers? 

While we are a very long way from understanding what ID codas mean to the 

sperm whales themselves, and while we would require detailed playback experiments to 

definitively understand the functional and contextual use of these coda types in social 

recognition (with whales showing drastically different responses to non ID coda types and 

ID coda types from their own, and different, vocal clans), the evidence presented here is 

consistent with the patterns of variation expected if ID coda types were functioning as 

symbolic markers of vocal clan membership (Rendell & Whitehead 2003b; Cantor & 

Whitehead 2013; Gero et al. 2016a; Hersh et al. in review). ID coda types are some of the 

most prevalent coda types (often making up around 50% of sperm whale acoustic 

repertoires) (Hersh et al. 2021; Vachon et al. 2022), almost exclusively made by members 

of a same vocal clan (Hersh et al. 2021; Vachon et al. 2022; Hersh et al. in review), more 
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stable across geographical scales than non-ID codas (Hersh et al. in review), and, as this 

work shows, overlap significantly less with other coda types and are significantly more 

accurately produced. Therefore, ID codas are redundant, unique, stereotyped and discrete, 

as would be expected of a symbolic marker (Axelrod et al. 2004; Cohen 2012; Wiley 

2013; Wiley 2017). ID codas further meet Efferson’s (2008) predictions for symbolic 

markers in that they predict behaviours (with different vocal clans displaying different 

movement patterns -Whitehead and Rendell 2004; Whitehead et al. 2008a, diving 

synchrony - Cantor & Whitehead 2015, distributions -Eguiguren et al. 2019; Vachon et al. 

2022, and social organization -Cantor and Whitehead 2015), can change over time (Hersh 

2021, Chapter 5) and have the potential to facilitate cooperation between social units of a 

same vocal clans (with social units only forming groups with other social units from a 

same vocal clan to forage and socialize - Gero et al. 2016b). If ID codas had unique, vocal 

clan-specific, uses and/or meanings to the whales, rather than being markers of vocal clan 

membership, we wouldn’t expect their structure to be as drastically different from that of 

non ID coda types (as we expect non ID coda types to be means of social communication, 

Whitehead & Weilgart 1991) or pressures to reduce overlap with other vocal clans’ ID 

coda types. The evidence presented here therefore complements the study of Hersh et al. 

(in review) which shows that between-clan repertoire similarity in terms of ID coda usage 

decreases as clan spatial overlap increases (whereas between-clan repertoire similarity in 

terms of non-ID coda usage does not vary with spatial overlap) and advances ID codas 

types from identity cues (e.g., Rendell & Whitehead 2003b; Gero et al. 2016b; Amorim et 

al. 2020; Huijser et al. 2020) to potential identity signals. 

One hypothesis for the origin of vocal clans is biased transmission (Cantor et al. 

2015) in response to intraspecific competition (Vachon 2022, Chapter 2), and this account 

would predict symbolic markers to have evolved alongside vocal clans to maintain 

segregation (Efferson et al. 2008). This would be especially important in early stages of 

vocal clan emergence, but also if vocal clans are vessels of cultural group selection as 

suggested by Vachon (2022, Chapter 2), and consistent with low mitochondrial DNA 

diversity (Whitehead 2005; Whitehead et al. 2017). Based on current knowledge, as well 

as what we know currently know of ID codas usage (Rendell & Whitehead 2003b; Gero 

et al. 2016b; Hersh et al. 2021; Vachon et al. 2022; Hersh et al. in review), and ID codas 
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structure (presented here), we suggest that ID codas might have filled this role in sperm 

whales.  

 

6.5.2 Caveats and ways forward 

This study is limited in its scope, sample size, and by our statistical inability to 

compare codas across click lengths. Including more vocal clans in this analysis, as well as 

more regions with sympatric  vocal clans, would allow for further understanding of the 

interactions between coda type overlap in multidimensional space and geographical 

overlap of vocal clans. Larger sample sizes would also allow for a more powerful 

comparison across a larger set of click lengths. While our coda dataset is large (29,614 

individual codas), condensing it into click-length specific coda types led to small sample 

sizes, especially when comparing exclusively ID coda types (i.e., hypotheses C and D). 

Including more vocal clans would solve this issue as it would likely introduce more coda 

types into the analysis. An ability to compare coda type structure across click lengths 

would also yield further insight into these questions as sperm whales need to distinguish 

coda types regardless of their click lengths. ID codas within a vocal clan also often seem 

to follow “themes” (e.g., additional click at the end, “palindrome” shape, short length, 

regularly spaced clicks) which we cannot incorporate in this analysis due to their often 

different click lengths (Rendell & Whitehead 2003b; Hersh et al. 2021). Advances in 

machine learning and computational methods might be avenues to solve this issue (see 

Andreas et al 2022). 

 We had initially planned to include coda type pair centroid distance (the 

Mahalanobis distance between the centroids of two coda types’ ICI’s in multidimensional 

space (Mahalanobis 1936)) as an additional metric to compare coda type structure. 

Distances were extracted using package “distances” in R – version 4.1.2 (Savje 2019) for 

5-click coda types and did appear to vary across coda type pair categories (Figure S6.7, 

Figure S6.8), but a lack of statistical power prevented us from meaningfully testing the 

significance of such differences. We recommend that future work with larger coda type 

sample sizes include Mahalanobis pairwise distance to further compare the 

multidimensional distributions of ID and non-ID coda types. 
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6.6 CONCLUSION 

Our results are consistent with the hypothesis that ID coda types function as 

symbolic markers of vocal clan identity and have an important role in 

mediating/facilitating social interactions within the sperm whales’ complex social 

structure. Not only are ID codas disproportionately made by members of a same vocal 

clan, but their structure in multidimensional space is also significantly different from that 

of other coda types: with smaller overall variation around coda type centroids (stereotypy) 

and less overlap with other coda types (discreteness). While it will be challenging to 

know exactly what ID codas mean to the whales themselves, our results offer significant 

support that symbolic markers might be used in non-human animals to facilitate complex, 

culturally mediated interactions such as social unit to social unit cooperation. Therefore, 

vocal clans are not only a level of social structure (Rendell & Whitehead 2003b; Gero et 

al. 2016b) and the primary vessel through which cultural differences exists (e.g., 

Whitehead & Rendell 2004; Cantor & Whitehead 2015; Eguiguren et al. 2019; Vachon et 

al. 2022, Chapter 4), but also, based on the structure and use of ID coda types, 

recognizable cultural identity for the whales themselves. As such, vocal clans meet all of 

Barth’s (1969) criteria for ethnic groups. 
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CHAPTER 7 – 

Discussion 

“You can’t see what you don’t understand. But what you 

think you already understand, you’ll fail to notice” 

– Richard Powers, The Overstory 

 

Cultural inheritance is a second inheritance system (Whiten 2005) which 

complements genetic inheritance and interacts with the environment to shape species 

evolution, behaviour, and social structure (Richerson & Boyd 2005; Mesoudi 2017; 

Whiten 2019). However, although culture and social learning have been shown to be 

widespread in the animal kingdom (Whiten 2017; Allen 2019) and are often assumed as 

lead determinants for humans’ behaviour and evolution (e.g., Henrich & McElreath 2003; 

Richerson & Boyd 2005; Henrich 2016), they have yet to be incorporated into 

mainstream biology. Especially as one moves further from Homo sapiens sapiens to the 

great apes, primates and other, more distant taxa (Boesch 2003; Laland & Janik 2006). 

For example, the “method of exclusion” is often used for non-human species, where 

behaviours are either categorized as resulting from geographical variation, genetics, or 

culture (Laland & Hoppit 2003), with little or no consideration for the interconnectedness 

between them (e.g, Whiten et al. 1999; Krützen et al. 2005). This approach is increasingly 

criticized (Schuppli & van Schaik 2019) as it sets different standard for human and non-

human species’ and fails to capture the intricacies and interconnectedness of social 

structure, culture, genes, evolution, behaviour, and the environment.  

My thesis positions itself within the broader framework of cultural inheritance and 

makes a case for its importance and ramifications by demonstrating the over-reaching 

implications of culture on the social structure, behaviour, evolution, and conservation of a 

non-human, non-primate, species: the sperm whale (Physeter macrocephalus). 

 

7.1 CULTURAL INHERITANCE IN THE SPERM WHALE (FINDINGS FROM 

THESIS) 

The sperm whale has long been recognized as a cultural species (Rendell and 

Whitehead 2001). The discovery of vocal clans in the Eastern Tropical Pacific (Rendell & 

Whitehead 2003b), as well as their distinctive movement patterns (Whitehead & Rendell 
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2004, Whitehead et al. 2008a), reproductive and feeding success (Whitehead & Rendell 

2004, Marcoux et al. 2007a), diving synchrony (Cantor & Whitehead 2015), social 

organization (Cantor & Whitehead 2015), and distribution (Eguiguren et al. 2019) 

regardless of genetic variation (Rendell et al. 2012; Konrad et al. 2018b), have 

highlighted the contribution of culture to Eastern tropical Pacific sperm whale ecology. 

However, the relatively new discovery of a second vocal clan in Dominica (EC2; Gero et 

al. 2016b) prevented a direct comparison with the Eastern Caribbean until recently. In 

fact, it was long assumed that vocal clans were a unique feature of the Pacific sperm 

whale population (Whitehead et al. 2012; Gero et al. 2016a). Now that vocal clans have 

been reported worldwide (Eastern Tropical Pacific -Rendell and Whitehead 2003, 

Dominica - Gero et al. 2016b; Chapter 3, Japan - Amano et al. 2014, Brazil - Amorim et 

al. 2020, and Mauritius - Huijser et al. 2019), and are accepted as the norm rather than the 

exception, it is important to further assess the contribution of cultural inheritance on a 

population of sperm whale which shows stark differences with that of the Eastern 

Tropical Pacific (Whitehead et al. 2012), but for which we still have long term data (e.g., 

Gero et al. 2009; Gero et al. 2013; Gero et al. 2014), the Eastern Caribbean population.  

My thesis therefore extends and contrasts findings from the Eastern Tropical 

Pacific to the Eastern Caribbean and shows that while cultural inheritance might have 

different repercussion on these two geographically isolated sperm whale populations, it is 

an important determinant of their ecology and evolution. Below, I expand on my findings 

regarding the over-reaching impact of cultural inheritance on Eastern Caribbean sperm 

whales’ social structure, behaviour, evolution and conservation. 

 

7.1.1 Social structure 

Extending our research area to cover most of the Lesser Antilles (from St. Kitts & 

Nevis to Grenada) rather than only the island of Dominica, allowed for a much clearer 

picture of Eastern Caribbean sperm whale social structure. While it was previously 

assumed that social units encountered in Dominica ranged throughout the Lesser Antilles, 

as sperm whale movement in the Eastern Tropical Pacific and Mediterranean is in the 

order of thousands of kilometers (Whitehead & Rendell 2004; Whitehead et al. 2008a; 

Rendell & Frantzis 2016) and the Lesser Antilles are less than 700km across, I show that 
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EC1 and EC2 individuals tend to stay within the vicinity of the same one or two islands 

with different social units predominantly encountered around different islands (Chapter 

3). This realization came as, during our 2019 and 2020 surveys, I documented the 

presence of 145 new individuals and 23 new groups/social unit which had never been 

documented in over 15 years of research in Dominica.  In fact, of the 26 EC1 DSWP 

social units (Gero et al. 2014; Chapter 3), only one (Unit J) was encountered beyond 

Dominica and Guadeloupe (Chapter 3). Therefore, much more sperm whales use the 

Lesser Antilles than we previously assumed, with an estimated adult population of 414 

sperm whales (51 groups/social units) in the Lesser Antilles, more than double previous 

estimates based on Dominica-centric data (Gero et al. 2007; Whitehead & Gero 2015) 

(Chapter 5). 

At the vocal clan level, I show that the EC2 vocal clan, which is “rare” in 

Dominica (only 3% of DSWP encounters; Gero et al. 2016b; Chapter 3) is almost as 

prevalent as the EC1 vocal clan in the Lesser Antilles (population estimates range of 

205.1 - 218.8 for EC1 and 145.7 - 190.7 for EC2) (Chapter 5). I document, for the very 

first time, a third vocal clan, EC3, which was encountered in St. Lucia and Martinique 

and makes long regular codas (identity codas: 9R, 10R, 11R). This vocal clan was 

encountered six times over two survey years and while their acoustic repertoire is unique 

enough the be significantly different from that of other Eastern Caribbean vocal clans 

(Chapter 3) and that of vocal clans in the Eastern Tropical Pacific and Mediterranean 

(Chapter 6), we are cautious in its classification as a vocal clan as it is comprised of a 

single social unit (Unit 12: 10 adults and 2 calves) and has been seen, in the same area, on 

the same day, as an EC2 social, Unit Y. This is extremely rare between EC1 and EC2 

(0.004% of DSWP photo-identification encounters and none of the survey photo-

identification encounters) and social interactions are often, if not always, restricted to 

members of a same vocal clan (Gero et al. 2016b). In my 6th chapter, I propose that 

identity codas (coda type used consistently by one vocal clan, and rarely, if ever, by 

others; Hersh et al. 2021) are most likely used by sperm whales to maintain this social 

segregation. I proposed that identity codas, as they are more discrete from other codas 

(identity and non-identity) and produced with higher stereotypy, could be used by sperm 
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whales as symbolic markers of vocal clan identity and, therefore, are important cues of 

sperm whale social structure. 

Finally, spending time and getting to know sperm whales beyond Dominica 

during our 2019 and 2020 surveys soon made it apparent that the social structure, and 

movement of sperm whales in the Eastern Caribbean, is drastically different from that of 

sperm whales in the Eastern Tropical Pacific. While it was previously acknowledged that 

the two populations had intrinsic differences (Whitehead et al. 2012), I shed further light 

on their variations and suggest an order of magnitude difference in the social structure 

and movement of Eastern Tropical Pacific and Eastern Caribbean vocal clans (Chapter 3). 

This suggest that sperm whales can be successful both as ocean nomads or island-

specialists and that results from different geographical areas should not be extrapolated. 

In this case, I hypothesize that sperm whales from different geographical areas culturally 

learned to take advantage of different environmental conditions, prey type availability 

and/or that vocal clans show cultural differences in movement patterns (e.g., Whitehead 

& Rendell 2004), which resulted in different social structure and distribution patterns.  

Altogether, cultural inheritance shaped Eastern Caribbean sperm whales’ social 

structure by segregating their population into somewhat sympatric, but socially isolated, 

cultural groups (EC1, EC2, EC3) which can vary in their social structure, numbers, and 

movement when compared to each other and other geographically isolated populations.  

 

7.1.2 Behaviour  

The social structure of sperm whale societies lends itself well to processes of 

social learning with mothers, aunts, and grandmothers as repositories of knowledge for 

stable social units and vocal clans (Rendell et al. 2019). Akin to other matrilineal species 

such as elephants (Loxodonta africana) (McComb et al. 2001; McComb et al. 2011) and 

killer whales (Orcinus orca) (Nattrass et al. 2019). However, as social interactions are 

predominantly restricted to vocal clan members (Cantor & Whitehead 2013; Cantor et al. 

2015; Gero et al. 2016b), social learning opportunities and social knowledge is also 

restrained by these cultural boundaries. As such, vocal clan-specific behaviours can 

emerge and be maintained at the vocal clan level by processes of homophily and 
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conformism (Henrich & Boyd 1998; Centola et al. 2007; Riesch et al. 2012; Cantor et al. 

2015)  

I show that this is the case in the Eastern Caribbean, where vocal clan EC1 and 

EC2 have drastically different, fine-scale, distributions around the Lesser Antilles islands 

with EC1 whales predominantly in the waters leeward of Dominica, Guadeloupe and St. 

Vincent & the Grenadines and EC2 whales predominantly in the waters leeward of 

Martinique and St. Lucia (Chapter 3). I show that these differences in distribution are 

most likely the result of site/island fidelity rather than habitat specialization (where sperm 

whale would learn to use different environmental parameters) as environmental variables 

do not vary significantly between EC1 and EC2 islands and habitat models that use site-

specific characteristics have much higher predictive accuracy than ones using 

environmental parameters (Chapter 4). I relate these findings to Warner’s (1988) study on 

blue head wrasse coral heads and highlight how, in this case, cultural group membership 

can drastically alter behaviour in the absence of genetic or environmental variation. 

Altogether, I show that cultural inheritance shaped Eastern Caribbean sperm 

whales’ behaviour by restricting the range of individuals, within cultural groups, to 

specific islands in the absence of significant environmental variation. 

 

7.1.3 Evolution 

I start my thesis by introducing the intraspecific group competition hypothesis, a 

new framework that highlights the importance of intraspecific competition and cultural 

group selection as drivers of advanced cognition and large brain size in certain primates 

and cetacean species (Chapter 2). While this chapter takes a broader approach to the 

question of sperm whales’ (and four other cultural species’) evolution, it directly relates 

and apply to my findings on the social structure and behaviour of Eastern Caribbean 

sperm whales. 

I believe that findings from my thesis support Eastern Caribbean vocal clans as 

potential units of cultural group selection. EC1 and EC2 are socially and geographically 

(on a fine scale) segregated (Gero et al. 2016b; Chapter 3) in the absence of physical 

barriers, they can be easily identified with identity codas as potential symbolic markers 

(Chapter 6), and are most likely facing varying threats as a result of their different 
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distributions and behaviours (Chapter 5). As such, culture is not only responsible for 

Eastern Caribbean sperm whale success, but also actively shaping their evolution. While 

very little is known about the radiation of vocal clans (i.e., Cantor et al. 2015) as these 

processes most likely act over long timescales, I believe that further insight on the 

cultural barriers between cultural groups (i.e., identity codas; Chapter 6) as well as further 

observation of vocal clan interactions (e.g., EC2 and EC3; Chapter 3) will allow for a 

greater understanding of the culturally mediated evolution of the sperm whale as a 

species. 

Altogether, cultural inheritance shaped sperm whales’ evolution as a foundation 

for intraspecific competition and cultural group selection between vocal clans, and a 

means (i.e social learning) for sperm whales to adapt and be successful under different 

environmental conditions, 

 

7.1.4 Conservation 

The importance of acknowledging culture in conservation and management is 

increasingly recognized (Whitehead 2010; Brakes et al. 2019; Brakes et al. 2021), with a 

recent push to incorporate culturally significant units (Whitehead et al. 2004; Ryan 2006), 

rather than only genetically or geographically distinct populations and sub-populations, 

into mainstream animal conservation. Results from my thesis further highlight the 

necessity of such a shift. I demonstrate that considering vocal clans as independent, 

culturally significant, units not only improve habitat models’ predictive accuracy (with 

more informative EC1 and EC2 models than presence/absence models; Chapter 4), but is 

also informative in population estimate analyses (Chapter 5).  

Eastern Caribbean sperm whales organize their societies at much smaller scale 

than Eastern Tropical Pacific sperm whales (Chapter 3) and have distributions which 

cannot be attributed to environmental variable gradients, but instead, are driven by 

cultural processes operating at the vocal clan level (Chapter 4). Consequently, not only 

can’t results be extrapolated across geographical regions (e.g., Eastern Tropical Pacific 

and Eastern Caribbean), but also across vocal clans (e.g., EC1 and EC2). In fact, the 

combination of Eastern Caribbean sperm whales’ small ranges (Chapter 3) and site/island 

fidelity (chapter 4) might make them particularly vulnerable to anthropogenic threats, as 
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they might not be willing, or lack the knowledge, to find refuge outside of their culturally 

learned distribution. This is the case in bighorn sheep (Ovis canadensis) and moose (Alces 

alces) for which migratory routes are culturally learned and translocation result in a loss 

of such knowledge (Jesmer et al. 2018). Vocal clan behaviours might also be more rigid 

to change if it is rooted in conformism. For instance, Southern Resident killer whales, 

which have a similar social structure to that of sperm whales, are currently listed as 

Endangered (COSEWIC 2008) due to their reliance on chinook salmon (Oncorhynchus 

tshawytscha) (Vélez-Espino et al. 2015), regardless of the availability of other prey types 

in the area. Conversely, local conservation actions (e.g., better waste management, whale 

watching regulations, shipping lane restrictions) have the potential to have important 

positive repercussions on local social units and sperm whales’ predisposition for social 

learning might allow them extra plasticity in the face of change (Laland et al. 2015).  

While some threats are likely to impact sperm whales regardless of their vocal 

clan (e.g, climate change, fisheries collapse, underwater noise), other, more localized 

threats (such as entanglement, shipping routes, tourism, whaling, pollution) plausibly vary 

from one island to the next. As such, EC1 and EC2 whales most likely experience 

different anthropogenic stressors as they are distributed around different islands. Vocal 

clans might also respond differently to threats, as was documented in the Eastern Tropical 

Pacific where the Plus-One and Regular vocal clans experienced different and variable 

feeding success in response to El Niño/Southern Oscillation (ENSO) (Whitehead & 

Rendell 2004). 

Finally, it is also important to note that culture and conservation are 

interconnected beyond the influence of culture on a species behaviour, as a specie’s 

conservation status, or the level of anthropogenic stressors it faces, might also impact its 

culture. This is something I discuss in my second chapter as it was documented in 

chimpanzees (Pan troglodytes), with communities that face higher human impacts 

displaying less behavioural diversity (Kühl et al. 2019). 

Altogether, cultural inheritance affects Eastern Caribbean sperm whales’ 

conservation and management as their population is subdivided into culturally distinct, 

socially segregated, vocal clans which might be subject to different threats and respond 
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differently to change. As such, the work from my thesis highlights the importance of 

recognizing sperm whale vocal clans as evolutionarily significant units. 

 

7.2 BEYOND THE SPERM WHALE 

My thesis therefore extends findings from the Eastern Tropical Pacific (e.g., 

Rendell & Whitehead 2003b; Whitehead & Rendell 2004; Whitehead et al. 2008a; 

Eguiguren et al. 2019) and knowledge from Dominica (e.g., Gero et al. 2007; Gero et al. 

2014; Gero et al. 2016b) to further show the ramifications of cultural inheritance on 

sperm whale ecology. I introduce a new evolutionary framework (the intraspecific group 

competition hypothesis) which highlights the contribution of culture, and cultural group 

selection, in achieving large brains and cognition (Chapter 2), I describe and quantify 

sperm whale segregation in the absence of environmental or genetic barriers (chapter 

3,4,6), I show how culture can create atypical behaviours across (Chapter 3) and within 

(Chapter4) populations and bring attention to the importance of incorporating culture in 

mainstream biology as well as conservation and management (Chapter 5). Altogether, I 

show how cultural inheritance greatly contributes to the social structure, behaviour and 

evolution of a non-human species: the sperm whale. 

However, while most of my chapters focus on the sperm whale (and even more 

specifically, Eastern Caribbean sperm whales), I believe that the general conclusions from 

my thesis can be extrapolated to other species for which we have evidence of social 

learning and culture. While cultural inheritance might influence the social structure, 

behaviour, evolution, and conservation and management of other species in vastly 

different ways, I make the case that it should be incorporated into mainstream biology as 

it has the potential to significantly alter selection with, or without, genetic and/or 

environmental variation. Other cetacean species (i.e. killer whales – Orcinus orca, 

bottlenose dolphins-Tursiops truncatus, humpback whales - Megaptera novaeangliae, 

belugas - Delphinapterus leucas; reviewed in Whitehead & Rendell 2015) as well as 

primates (i.e. chimpanzees – Pan troglodytes; Whiten et al. 1999, orangutans – Pongo 

pygmaeus; van Schaik et al. 2003, capuchin monkeys –Cebus sp.; Perry 2011, baboons – 

Papio Anubis; Sapolsky & Share 2004) are obvious candidates for such an approach; but 

so are birds (songbirds, corvids; reviewed in Aplin 2019), ungulates (Jesmer et al. 2018), 
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elephants (Fishlock et al. 2016) etc. As we shift away from an anthropocentric view of the 

world and open our eyes (and our minds) to the ways in which other species use social 

learning and culture to succeed, and the ways in which social learning and culture in turn 

impacts their ecology and evolution, our appreciation of cultural inheritance as an 

evolutionary force will increase, and so will our ability to understand and protect the 

natural world. 

 

I hope that my work inspires others to look beyond — beyond what is expected, 

assumed, or known about non-human species and inspires you to understand the secrets, 

beauty, complexity, and intelligence of others whether on land, in the sky, or at sea. I 

hope that my work inspires change from a human-centric perception of nature to a more 

inclusive world — as it has changed me.  
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APPENDIX A: Chapter 3 Supplement 

 

A3.1 - Table S3.1. Identity coda proportion results (overall and clan specific) using different parameters. The baseline parameters were 

used for analysis. crtifact corresponds to the factor by which the mean usage of a coda type must be higher in a given clade than in all 

other clades to be considered an identity coda and minrep the minimum number of repertoires required to form a clan. Similarity is the 

percentage of repertoires that share the same vocal clan assignation as in the baseline tree.  

 

 crtifact minrep Number 

of 

identity 

coda 

types 

Number of 

vocal clans 

produced 

Overall 

identity 

coda 

proportion  

EC1 identity 

coda 

proportion 

EC2 identity 

coda 

proportion 

EC3 identity 

coda 

proportion 

Similarity  

Baseline 8 5 10 3 55.8% 54.2% 60.7% 57.4%  

 5 5 11 5 32.6%    67.2% 

 10 5 10 3 61.3% 62.4% 60.7% 41% 100% 

 15 5 9 2 48.9% 47.4% 53%  97.8% 

 20 5 7 2 47.5% 47.4% 47.9%  97.8% 

 8 2 17 4 24.6% 14.9% 49% 57.4% 100% 

 8 3 6 3 24.1% 14.9% 49% 57.4% 100% 

 8 4 9 3 48% 43.7% 60.7% 57.4% 100% 

 8 8 10 2 61.2% 62.4% 57.9%  97.8% 

 8 10 11 2 62.1% 62.4% 61.3%  97.8% 

1
6

2
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A3.2 - Table S3.2. Total number of codas from each group/social unit from each year that 

were included in this analysis. Codas that were recorded on days with multiple social 

units/groups were assigned to both social units/groups in this table (apart from units F and 

U which are recorded separately since the units merged). The code in parentheses refers 

to whether the codas were recorded during the Eastern Caribbean surveys (ECS), by the 

Dominica Sperm Whale Project (DSWP), or from the Watkins Marine Mammal Sound 

Dataset (WAT). 

 

Social Unit/ Group ID Year Number of codas 

Unit A 2008 (DSWP) 40 

2009 (DSWP) 30 

2010 (DSWP) 202 

2014 (DSWP) 162 

2015 (DSWP) 1212 

2016 (DSWP) 45 

2018 (DSWP) 225 

2019 (ECS + DSWP) 389 

Group D 2008 (DSWP) 155 

2010 (DSWP) 263 

Unit F 2005 (DSWP) 324 

2008 (DSWP) 28 

2010 (DSWP) 648 

Unit FU 2009 (DSWP) 32 

2010 (DSWP) 146 

2015 (DSWP) 853 

2019 (DSWP) 212 

Unit H 2018 (DSWP) 329 

Unit J 2007 (DSWP) 40 

2008 (DSWP) 221 

2009 (DSWP) 112 

2010 (DSWP) 221 

2014 (DSWP) 51 

2015 (DSWP) 217 

2016 (DSWP) 246 

2019 (ECS + DSWP) 114 

2020 (ECS) 466 

Unit K 2012 (DSWP) 426 

2019 (ECS) 88 

2020 (ECS) 143 

Unit L 2019 (DSWP) 67 

2020 (ECS) 300 

Unit N 2009 (DSWP) 52 

2010 (DSWP) 201 

2015 (DSWP) 245 

2019 (ECS) 185 
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2020 (ECS) 73 

Unit P 2008 (DSWP) 272 

2011 (DSWP) 116 

Unit R 2008 (DSWP) 307 

2018 (DSWP) 136 

Group S 2014 (DSWP) 189 

2015 (DSWP) 276 

2018 (DSWP) 39 

Unit T 2010 (DSWP) 710 

Unit U 2009 (DSWP) 29 

2010 (DSWP) 91 

2015 (DSWP) 411 

Unit V 2010 (DSWP) 756 

Unit X 2018 (DSWP) 161 

2019 (ECS) 212 

Unit Y 2020 (ECS) 345 

Unit Z 2019 (ECS) 70 

2020 (ECS) 40 

Group DD 2018 (DSWP) 175 

Group EE 2016 (DSWP) 239 

Group 1 2019 (ECS) 205 

Group 2 2019 (ECS) 163 

Group 3 2019 (ECS) 44 

Unit 4 2019 (ECS) 334 

2020 (ECS) 35 

Unit 5 2019 (ECS) 172 

Group 6 2019 (ECS) 180 

Unit 7 

 

2019 (ECS) 116 

2020 (ECS) 348 

Group 8 2019 (ECS) 194 

Group 10 2019 (ECS) 125 

2020 (ECS) 217 

Group 11 2019 (ECS) 125 

Unit 12 2019 (ECS) 52 

2020 (ECS) 577 

Group 13 2020 (ECS) 217 

Group 14 2020 (ECS) 198 

Group 15 2020 (ECS) 231 

Group 16 2020 (ECS) 410 

Group 18 2020 (ECS) 512 

Group 19 2020 (ECS) 300 

Group 20 2020 (ECS) 314 

Group 21 2020 (ECS) 198 

Group 22 2020 (ECS) 84 

Group 23 2020 (ECS) 59 
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Unknown 1981 (WAT) 390 

1983 (WAT) 36 

1984 (WAT) 230 

1987 (WAT) 44 

1990 (WAT) 703 

1992 (WAT) 102 

1993 (WAT) 359 

1994 (WAT) 74 

1995 (WAT) 102 

2009 (DSWP) 25 

2012 (DSWP) 123 

2015 (DSWP) 42 

2018 (DSWP) 191 

2019 (DSWP) 118 

 

A3.3 - Table S3.3. All EC2 encounters from the DSWP database (from a total of 937 

photo identifications encounters between 1990 and 2019). 

 

Location Unit Dates 

Dominica P Feb 1 1995 

Mar 25 1995 

Feb 6 2007 

March 3 2008 

March 5-6 2008 

April 24-25 2008 

March 5-6 2009 

March 5 2011 

May 23 2012 

May 26 2012 

 H February 26 2008 

March 1-2 2008 

May 11 2018 

 K March 11 2008 

June 2-3 2012 

May 1 2014 

 X April 20 2017 

March 30 2018 

April 14 2018 

 Y April 5 2017 

April 14 2017 

May 2 2018 

Guadeloupe P Mar 7 2000 

Mar 22 2005 

 



166 

 

A3.4 - Figure S3.1. Planned survey routes for the 2019 and 2020 Eastern Caribbean field 

seasons. 

 

A3.5 - Figure S3.2. Discovery curve of Eastern Caribbean sperm whale individual 

identifications showing dramatic increase with Eastern Caribbean surveys in 2019 and 

2020. 



170 

 

A3.6 - Figure S3.3. Average linkage hierarchical clustering dendrogram (top) depicting acoustic similarity among the three Eastern 

Caribbean sperm whale vocal clans: EC1 (blue), EC2 (red), and EC3 (yellow). Each branch corresponds to the coda repertoire of a 

certain group of sperm whales on a certain day (social unit letters and/or group ID numbers are displayed underneath each branch). 

Each row of the heat map (bottom) shows usage (calculated based on probabilistic assignment of codas to types) by repertoire of a 

coda type. Heat map shading corresponds to the percentage of the repertoire made up of each coda type with white 0%, light gray 0–

5%, gray 5–10% and dark gray 10% or higher. Coda types are depicted to the right of the heat map by dots representing each click in 

the coda, and their length (in seconds) is displayed underneath.  A version of this diagram showing only the identity codas is given in 

Figure 3.1 (main text).  

1
6
7
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A3.7 - Figure S3.4. Violin plots displaying the one-hour, three-hour and six-hour 

displacement of sperm whale vocal clans (Eastern Caribbean: EC1, EC2; Eastern Tropical 

Pacific: Four-Plus, Plus-One, Reg, Short). Sample size is displayed above each violin 

plot. 
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A3.8 - Figure S3.5. Root-mean-squared displacement for Eastern Caribbean vocal clans 

and Eastern Tropical Pacific vocal clans over increasing time-lags. Error bars display 

jackknife standard error. Root-mean-squared displacement was calculated using the 

likelihood method from Whitehead (2001) for time lags beyond 1 day for Eastern 

Caribbean (EC1 and EC2) data and 2 days for Eastern Tropical Pacific (Plus-One, Reg) 

data. 
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APPENDIX B: Chapter 4 Supplement 

 

B4.1 - Table S4.1. Best variable combinations for each model type with associated QIC, 

AUC, goodness of fit and predictive accuracy (pre-cross validation). 

 

Model 

type 

Variable 

type 

 QIC AUC Goodness 

of fit 

Predictive 

accuracy 

(±SE)  

Presence/

absence 

Env Windward* + 

Chla + Shelf + 

Zvelv* + Inflow* 

+ Channel + 

Canyon 

28541.9 0.765 68.98% 32.73% 

±0.03 

 Island Windward + 

Island 

30684.9 0.690 65.82% 59.61% 

±0.04 

EC1 Env Ecurr + 

Windward + 

Escarp + Abyss + 

Zvelv 

19006.3 0.786 77.14% 56.65% 

±0.03 

 Island Windward + 

Island 

15890.8 0.860 72.88% 72.05% 

±0.04 

EC2 Env Mvelv + 

Windward + 

Inflow* + Chla + 

Channel + Depth 

+ Zvelv 

15710.9 0.879 74.55% 37.63% 

± 0.03 

 Island Windward + 

Island 

16020.8 0.833 73.19% 62.27% 

±0.04 

Vocal 

clan 

Env Ecurr + Channel* 

+ Zvelv 

5220.05 0.950 93.41% 46.26% 

±0.03 

 Island Island 1118.3 0.99 96.5% 76.8%  

± 0.14 

* Variables removed by stepwise cross-validation 
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A1 A2 

B1 B2 

C1 

D1 

C2 

D2 

B4.2 – Figure S4.1. Auto correlation function (ACF) plots of residuals for the final 

models of the Presence/Absence (A), EC1 (B), EC2 (C) and Vocal clan (D) habitat 

models using the Environment (1) variable set and Island (2) variable set. Plots rapidly 

converge to zero, which suggests that encounter is an appropriate blocking variable. 
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B4.3 - Figure S4.2. Effect plots of variables from the best Presence/Absence model (Pres 

~ Chla + Shelf + Channel + Canyon). 
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B4.4 – Figure S4.3. Prediction map of Eastern Caribbean sperm whale presence in the 

Lesser Antilles (Presence/Absence model). A) Environment variable set (Pres ~ Chla + 

Shelf + Channel + Canyon) B) Island variable set (Pres ~ Windward + Island). 
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B4.5 - Figure S4.4. Effect plots of variables from the best EC1 model (Pres ~ Ecurr + 

Windward + Escarp + Abyss + Zvelv). 

 

 

B4.6 - Figure S4.5. Effect plots of variables in the best EC2 model (Pres ~ Mvelv + 

Windward + Chla + Channel + Depth + Zvelv). 
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B4.7 - Figure S4.6. Prediction maps of EC1 sperm whale presence in the Lesser Antilles 

using the A) Environment variable set (Pres ~ Ecurr + Windward + Escarp + Abyss + 

Zvelv) B) Island variable set (Pres ~ Windward + Island). 
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B4.8 - Figure S4.7. Prediction maps of EC2 sperm whale presence in the Lesser Antilles 

using the A) Environment variable set Pres ~ Mvelv + Windward + Chla + Channel + 

Depth + Zvelv) B) Island variable set (Pres ~ Windward + Island). 
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B4.9 - Figure S4.8. Effect plots of variables from the best Vocal clan model (Pres ~ Ecurr 

+ Zvelv). 

 

B4.10 -Figure S4.9. Prediction map of EC1 versus EC2 distribution in the Lesser Antilles 

(Vocal clan model).  A) Environment variable set (Pres ~ Ecurr + Zvelv) B) Island 

variable set (Pres ~ Island). 
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B4.11 - Figure S4.10. Habitat suitability of EC1 (aquamarine) and EC2 (red) islands 

according to significant environmental variable range within sperm whale presence data 

points. No significant differences in variable values between EC1 and EC2 islands. 
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APPENDIX C: Chapter 6 Supplement 

 

C6.1 – Table S6.1. Glossary of terms. 

 Definition Reference 

Symbolic marker Symbols that delineate and maintain 

cultural/ethnic group boundaries (e.g., language, 

clothing, music, religious symbol) 

 

Barth 1969 

Social unit 

(sperm whale) 

Stable, core unit of sperm whale societies. 1-2 

families of female, juvenile and calf sperm 

whales that always travel, forage and socialize 

together. 

 

Christal et al. 

1998 

Group 

(sperm whale) 

1-2 social units that associate over a few hours to 

days to forage and socialize. 

 

Christal et al. 

1998 

Vocal clan 

(sperm whale) 

Cultural tier of sperm whale societies. Sperm 

whales from different vocal clans have different 

acoustic repertoires and do not associate with 

each other, even if they occur in sympatry. 

 

Rendell & 

Whitehead 

2003b 

Coda 3-12 patterned clicks that are used by sperm 

whales to socialize. 

 

Watkins & 

Schevill 1977 

Coda type Categorization of codas based on their overall 

pattern of clicks. 

 

Weilgart & 

Whitehead 

1997 

Interclick 

intervals (ICIs) 

 

 

Quantitative measure of a coda’s tempo that 

corresponds to the time between consecutive 

clicks. 

Weilgart & 

Whitehead 

1997 

Identity coda 

types (ID coda) 

Coda type used consistently by one vocal clan, 

and rarely, if ever, by others. 

 

Hersh et al. 

2021 

Non-identity coda 

types (non-ID 

coda) 

 

Coda types that do not qualify as identity coda 

types (sometimes shared across vocal clans). 

 

Hersh et al. 

2021 

Repertoire All codas recorded on a same day and, therefore, 

assumed to be a sample of a social unit/group 

dialect 

 

Rendell & 

Whitehead 

2003b 
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C6.2 - Table S6.2. Provenance of sperm whale codas included in this analysis. 

Geographical 

area 

Organisation Specific 

location 

Years Platform Number 

of 

codas 

Number of 

repertoires 

Eastern 

Tropical 

Pacific 

Watkins 

Marine 

Mammal 

Sound 

Database 

Galapagos 1978 Marine 

mammal 

acoustic 

surveys 

53 1 

Dalhousie 

University 

Galapagos 1985, 

1987, 

1989, 

1991, 

1995, 

1999, 

2013-

2014 

Dedicated 

sperm 

whale 

surveys 

10,262 107 

Mediterranean Balearic 

Sperm Whale 

Project 

Balearic 

Islands 

2004-

2008, 

2013, 

2014, 

2017, 

2018 

Dedicated 

research 

cruises 

1,702 16 

Eastern 

Caribbean 

Watkins 

Marine 

Mammal 

Sound 

Database 

Dominica, 

Canouan, 

Bequia,  

St. Lucia 

1981-

1995 

Marine 

mammal 

acoustic 

surveys 

1,683 15 

 The 

Dominica 

Sperm Whale 

Project 

(DSWP) 

Dominica 2005-

2018 

Dedicated 

sperm 

whale 

surveys, 

opportunist

ic data 

collection 

on whale 

watching 

vessels 

10,480 91 

 Dalhousie 

University 

St.Kitts & 

Nevis, 

Antigua, 

Montserrat, 

Guadeloupe, 

Dominica, 

Martinique, 

St.Lucia, 

St.Vincent & 

Grenadines 

2019-

2020 

Dedicated 

sperm 

whale 

surveys 

5,434 44 
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C6.3 - Table S6.3. Coda types table with associated coda type category (ID or non-ID), 

vocal clan, geographical region (Eastern Tropical Pacific - ETP, Eastern Caribbean -EC, 

and Mediterranean -MED), sample size, repertoire size and volume. Excludes rare codas. 

Click 

length 

Coda 

type 

Identity 

coda?  

Vocal clan Geographical 

region 

Sample 

size 

Volume 

3 

 

31  -  150 0.121 

32  -  214 0.356 

33 Yes Short ETP 321 0.142 

34  -  100 0.132 

35  -  76 0.120 

39 Yes Slow Increasing ETP 149 0.057 

4 

42 Yes Mediterranean MED 527 0.321 

43  -  346 0.218 

44  -  654 0.450 

45 Yes Slow Increasing ETP 177 0.088 

46  -  514 0.337 

48  -  256 0.260 

49 Yes Palindrome ETP 136 0.157 

410  -  209 0.533 

414  -  794 0.732 

415  -  263 0.135 

5 

51 Yes EC1 EC 2929 0.321 

52 Yes Regular ETP 577 0.156 

53  -  1214 0.766 

54 Yes EC1 EC 1475 0.304 

55  -  962 0.486 

56 Yes EC2 EC 1797 0.252 

57 Yes EC1 EC 1746 0.091 

58 Yes EC1 EC 1594 0.182 

59  -  462 0.798 

510  -  770 0.133 

511  -  623 0.534 

512  -  400 0.333 

513 Yes Plus-One ETP 372 0.188 

6 

 

62 Yes Slow Increasing ETP 90 0.197 

63  -  201 0.229 

66  -  444 0.509 

67  -  202 0.258 

68 Yes Plus-One ETP 202 0.180 

69 Yes Four-Plus ETP 62 0.258 

611 Yes Plus-One ETP 201 0.450 

614  -  553 0.483 

7 

 

71  -  508 0.187 

72 Yes Palindrome ETP 165 0.118 

75  -  138 0.155 

710 Yes Palindrome ETP 140 0.188 
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711  -  321 0.232 

8 

 

81  -  390 0.383 

82  -  184 0.635 

84  -  142 0.175 

810  -  220 0.378 

9 

 

99  -  170 0.523 

912 Yes EC3 EC 305 0.494 

 

 

C6.4 – Figure S6.1. General linear model (GLM) assumptions for the coda type volume 

model. 

 

 

 

 

 

 



186 

 

C6.5 - Figure S6.2. Average linkage hierarchical clustering dendrogram (top) depicting acoustic similarity among different vocal 

clans, left to right: EC1 (aqua), EC3 (yellow), Regular (blue), EC2 (orange), Plus-One (purple), Slow Increasing (peach), Four-Plus 

(green), Short (pink), Med (light blue), Palindrome (magenta). Each branch corresponds to the coda repertoire of a certain group of 

sperm whales on a certain day. Each row of the heat map (bottom) shows probabilistic usage by repertoire of an identity coda type. 

Heat map shading corresponds to the percentage of the repertoire made up of each identity coda type with white 0%, light gray 0–5%, 

gray 5–10%, and dark gray 10% or higher. Coda types are depicted to the right of the heat map by dots representing each click in the 

coda with duration in seconds underneath.  We used parameters critfact =9, minrep = 5.  

1
8

3
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C6.6 - Figure S6.3. Depiction of the effect of sample size on coda type hypervolume 

volume value.   

 

 

C6.7 – Figure S6.4. Coda type hypervolume volume for non-identity and identity coda 

types (all click lengths). Non-identity coda type’s dataset is restricted to a single vocal 

clan per coda type.  
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C6.8 - Figure S6.5. Coda type hypervolume volume for non-identity and identity codas, 

restricting non-identity coda type’s dataset to a single vocal clan per coda type. Results 

shown independently for each click length. 
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C6.9 - Figure S6.6. Standardized overlap between pairs of coda types’ hypervolumes 

based on the pair’s categorization (all click lengths). 

 

 

C6.10 – Figure S6.7. Distribution of Mahalanobis distances between pairs of coda type 

centroids based on the pair’s categorization (all click lengths).  
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C6.11 - Figure S6.8. Mahalanobis distance between pairs of coda type centroids based on 

the pair’s categorization. Results shown independently for each click length. 

 

 


