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Abstract 

 
In various taxa, it has been shown that species regularly use grooming, i.e., an affiliative contact 

behaviour, to strengthen important social bonds. However, when group sizes become larger, this 

places a constraint on how much time is available for an individual to devote to grooming key 

social partners. Robin Dunbar’s social bonding hypothesis states that language evolved as a 

mechanism by which individuals can strengthen bonds over a distance when group sizes became 

too large to service important social relationships via affiliative contact. Here, I use association 

data, vocal exchanges, and affiliative contact behaviour data to test this hypothesis in wild male 

Indo-Pacific bottlenose dolphins, which form multi-level alliances that compete over access to 

females. Within the core alliance level, I found that allied male dolphins with higher bond strengths 

engage in higher rates of affiliative contact behaviour, while allied male dolphins with weaker 

social bond strengths engaged in higher rates of vocal exchanges. In addition, I found that males 

that were less well-connected within their alliance (low strength centrality) were more likely to 

respond in vocal exchanges. The findings presented here provide evidence that vocal exchanges 

can be used as a low-cost mechanism by which to service weaker, yet still vital social relationships. 

These results provide the first evidence outside of the primate lineage for the social bonding 

hypothesis and that vocalisations can function as a replacement for grooming when dyads are not 

in physical proximity. The results of the study herein raise important questions on the origins and 

evolution of language.  
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Chapter 1: Introduction 
 

Vocalisations and the Social Bonding Hypothesis  

 

Individuals often use vocalisations to navigate complex social relationships and communication is 

an intrinsic feature of many social groups 1. Acoustic signalling interactions can serve multiple 

functions, such as mating displays, facilitating group movement, advertising identity, and 

strengthening social bonds 1,2.  

Males will often use vocalisations in the context of mating, conveying fitness information, 

providing courtship displays, and defending females 3. For example, red deer stags attract females 

through the use of roars that advertise his overall size, and thus fitness, to females 4,5. In contrast, 

a lion’s roar does not advertise fitness, but rather serves as a mechanism to advertise territory 

boundaries and thus protect the pride and his access to paternities 6.  

Vocalisations also serve to maintain group cohesion and facilitate coordination. The long-distance 

range of many vocalisations allows group members to remain in contact, especially in visually 

occluded environments, such as the ocean 3. Indeed, killer whales use contact calls to maintain 

group cohesion and remain in contact during fusion events 7. In a study on red-fronted lemurs it 

was found that ‘grunt’ calls serve as a mechanism to coordinate group movement by indicating an 

individual’s readiness to move to a different location 8. Vocalisations were further shown to impact 

quorum decisions in meerkats, with group speed being positively correlated with an increase in 

the number of group members emitting ‘movement’ calls 9.  

Patterns of social interactions are often affected by an individual’s ability to distinguish between 

conspecifics 3. Thus, encoding identity information within acoustic signals is highly beneficial, 

both in advertising fitness (discussed previously) and individual identity. It has been shown that 

acoustic signals can encode individual identity information in a number of species, such as squirrel 

monkeys 10, baboons 11, rhesus monkeys 12, bottlenose dolphins 13, and wolves 14. The ability of 

animals to recognize individual conspecifics through vocalisations provides the foundation for 

vocal exchanges to serve a bonding function between two individuals, allowing them to maintain 

contact at a distance.  

It has been nearly three decades since Dunbar first proposed the social bonding hypothesis, which 

suggests that language evolved among humans as a form of ‘vocal grooming’ to replace physical 

grooming, as increasingly large group sizes placed impossible demands on the time available for 
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affiliative contact behaviours 2. Dunbar recognised that if not all relationships within a group are 

reinforced via affiliative behaviours, larger group sizes could not be maintained and the group 

would fragment and eventually reach a lower group size equilibrium 2,15. As groups become larger, 

and competition over resources increases, there is a trade-off between the need for individuals to 

secure relationships with social allies and the time required for affiliative contact behaviours, such 

as physical grooming, as a means of maintaining these relationships 2. Further, as group size 

increases, so too does an individual’s “primary network” of important social partners, as large 

groups add greater possibilities of harassment, necessitating a larger coalition of close allies 16.  

Thus, while large group sizes place increased cognitive demands on recognising a large number 

of group members, it is time constraints placed on servicing all important social relationships that 

may place limits on group sizes. For example, female African elephants have been shown to 

recognize the vocalisations of up to 100 distinct individuals, despite family groups only consisting 

of roughly 10 individuals, emphasizing that it is not cognitive ability that has limited group size 

17. Thus, despite a species’ cognitive ability to recognize all group members in large coalitions, it 

is time constraints placed on servicing all important social relationships that may place limits on 

group sizes.  

In 1993, Dunbar demonstrated that in hominoid species, such as humans and chimpanzees, the 

amount of time that would be needed to service relationships via social grooming based on average 

group sizes would be impossible to achieve 15. Using an equation based on grooming and group 

size data from catarrhine species that live in stable social groups, Dunbar predicted that to service 

the average human group of 200, 56.6% of an individual’s time would have to be devoted to social 

grooming, creating an insurmountable time crisis for an individual that also has to earn a living 15. 

Dunbar therefore suggested that an alternative mechanism must exist to service these social bonds 

in order to maintain the observed larger group sizes in hominoid species and posited that the 

function of physical grooming can be transferred to vocalisations, such as contact calls, which 

enable relationship maintenance through ‘grooming-at-a-distance’, thus alleviating the associated 

time and energy costs of physical grooming 2,15.  

In non-human primates, numerous studies addressing this hypothesis have shown that vocal 

exchanges can serve a social bonding function, similar to physical grooming, with vocal exchanges 

occurring more frequently between those individuals that share stronger social bonds and higher 

grooming rates 18–22. Male chimpanzees were significantly more likely to join in a pant-hoot chorus 
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if their short-term affiliative partners were also observed to be participating 18,21. Female Japanese 

macaques have a higher rate of contact call exchanges with those whom they groom more 

frequently 20 and similarly, bonobos have been shown to preferentially respond to the contact calls 

of favoured social partners with whom they share affiliative bonds 22. Furthermore, lemurs 

displayed increased selectivity with whom they vocally interacted, wherein contact calls were 

reserved for those conspecifics they had groomed the most frequently 19. Thus, multiple studies of 

the social bonding hypothesis in primates have shown that the function of grooming with preferred 

social partners can be transferred to vocal exchanges, allowing them to ‘groom-at-a-distance’ 19. 

However, few studies have addressed this hypothesis using wild populations and none have yet 

addressed this hypothesis outside of the primate lineage.  

 

Social Networks 

 

Sociality is an intrinsic feature of all animal life and an animal’s social environment has the 

capacity to influence social behaviour and reproductive fitness 23. Understanding the dynamic and 

non-random interactions within social groups is vital in describing key biological processes and 

therefore, to fully characterize individual and group behaviour, social structure analyses must be 

incorporated into behavioural models 24. Despite E. O. Wilson first identifying social network 

analysis (SNA) as a potential tool for accomplishing this goal in 1975, it wasn’t until the early 

2000’s that scientists began to recognize social network analysis as an accepted quantitative tool 

in studies of behavioural ecology 25. Much of this early work confirmed that animal populations 

are indeed not homogenous, often characterized by non-random interactions influenced by outside 

factors, such as time or resources, and SNA is now a popular and widely applied quantitative tool 

in studies of animal behavioural ecology.    

SNA allows scientists to quantify interactions between individuals within a social group and both 

graphically and statistically depict those interactions as a collection of nodes connected by edges, 

wherein nodes represent individuals and edges represent a pairwise interaction or an interaction 

assumed by proximity (Fig. 1).  
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Figure 1. Example of an undirected and weighted network with four individuals: A, B, C, D. 

Individuals are colour-coded by sex (M = green; F = blue). Edge thickness denotes frequency of 

interactions.  

 

The nodes and edges within a graph can have varying properties. Nodes can be assigned attributes, 

such as age or sex, as in Fig. 1. The edges can be weighted, to display the frequency of interactions, 

and/or directional, to display asymmetrical interactions (e.g. “A” shares food with “B”, but not 

vice versa). These same interactions can also be displayed in the form of an adjacency matrix, in 

which interactions (i.e., edges) are scored on a table wherein the actor is displayed in the rows and 

the receiver is displayed in the subsequent columns (Table 1).  

 

Table 1. Example of an undirected and weighted adjacency matrix. The symmetry of this matrix 

denotes undirected interactions. If this were a directed matrix then actors are displayed in the rows and 

receivers in the columns. See Figure 1 for the graphical depiction of this matrix.  
 

 

 

 

 

 

 

The combination of interactions, combined with the attributes of the nodes and edges, make up a 

group’s social network. Once a network is constructed, one can begin to characterise the observed 

structure. A ‘connected’ network contains edges between all nodes present in the graph and a 

‘path’ is a series of nodes connected through edges in which no component (i.e., edge or node) is 

used more than once 24. Many characterisations of networks include node-level metrics, which 

quantify a node’s position within the network and/or its relationship to the broader social group. 

The node-level metrics used within this study include degree and strength. ‘Degree’ refers to the 

number of edges a node is connected to (i.e., it is a measure of how many direct connections and 

 A B C D 

A 0 3 1 1 

B 3 0 2 0 

C 1 2 0 0 

D 1 0 0 0 
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individual has), with ‘weighted degree’, or ‘strength’, referring to the sum of the weights of the 

edges a node is connected to (i.e., how well-connected an individual is). For example, individual 

A in Fig. 1 has a strength value of 5, while individual D has a strength value of 1. Therefore, it can 

be concluded that individual A is more connected within the social network than individual D.  

Group dynamics can be analysed on three differing levels: individual metrics; dyadic relationships; 

and emergent properties 24,26. Examining the interplay between these three levels allows for a 

holistic understanding of sociality and for the testing of new and exciting lines of inquiry in socio-

biology.  

 

Exploring Individual Metrics 

 

SNA allows for the characterization of an individual’s position within a social group using node-

level metrics, examples of which are described above. The quantification of node-level metrics is 

invaluable as not all individuals interact homogenously in the group, creating the opportunity for 

differing social dynamics. An individual’s position within the network is correlated with fitness 

consequences, such as access to resources and information, opportunities to mate, or carry 

mortality risk. For example, in a study on male fungus beetles, it has been shown that strength, a 

measure of how well connected an individual is within the network, correlated positively with 

copulation rates 27. In contrast, copulation success was negatively correlated with clustering 

coefficient, a measure of cliquishness, further emphasizing that individual position within the 

network has been associated with both positive or negative fitness outcomes 27. This point has also 

been highlighted in studies on male wire-tailed and long-tailed manakins, in which males with 

greater social network connectivity were more likely to become territory holders and therefore 

achieve higher rates of reproductive success 28,29. Further, it was shown in female baboons that 

stronger social   bonds were correlated positively with increased longevity 30, as well as higher rates 

of offspring survival 31,32. It has also been shown that female baboons with higher eigenvector 

centrality, i.e., how well connected they and their close social partners were, had increased rates 

of offspring survival 33. In rock hyraxes, the copulation success of a female was positively 

correlated with her network centrality, as well as with her mean competitor’s centrality 34. An 

additional study on centrality in rock hyraxes revealed that variability in centrality was negatively 

correlated with adult longevity, (i.e., the more often an individual’s centrality changed over time, 

the lower their expected life span) suggesting that increased social tension negatively impacts 
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fitness 35. It has also been found that individuals are capable of manipulating their social 

environment to achieve greater reproductive success. House finches with more dull plumage, and 

thus less attractive to females, displayed higher rates of betweenness, defined as a measure of how 

often a node lies on the shortest path between two nodes, than those males that had more brightly 

coloured plumage 36. It was ultimately shown that these relatively more ‘unattractive’ males were 

manipulating their social background to increase their chances of reproductive success by 

frequently moving to groups with less male competition 36.  

Ultimately, while the studies outlined above have provided examples of correlations between 

network position and fitness benefits, the causation of this relationship remains to be explored. 

This line of questioning could benefit from further research into the causation of these findings, 

with a particular emphasis on individual behavioural patterns, to more fully understand the 

interplay between social connectivity and reproductive benefits.  

 

Characterising Dyadic Relationships  

 

SNA is also an invaluable tool to quantify relationships and/or interactions at the dyadic level, i.e., 

between two individuals. A variety of data can be used to characterise these dyadic relationships, 

such as affiliative interactions (e.g., grooming), agonistic interactions (e.g., aggression displays), 

or spatial and/or temporal associations 26. Many studies on dyadic interactions utilise spatial or 

proximity data due to the relative ease with which it can be collected, especially in light of recent 

developments in tracking technology. One of the more common spatial data collection methods 

used is ‘gambit-of-the-group’ (GoG), in which all individuals within a specified distance of each 

other are assumed to be interacting 37. GoG therefore uses spatial proximity as a proxy for 

interaction, rendering it a simple yet efficient method for collecting large amounts of broadly 

applicable data 26,37. However, the underlying assumption in GoG is that all group members are 

“interacting” with one another equally, which is not necessarily the case in large and/or dynamic 

social groups 37. To circumvent this issue, edge weights (i.e., interaction frequencies) can be taken 

into account using association indices to build a more dynamic network that reflects more accurate 

social preferences, producing a weighted network by using dyadic associations, which, again, are 

inferred from spatial proximity 38. Association indices estimate the proportion of time a dyad will 

spend associating, (with 0 for pairs never associating and 1 for pairs always observed associating) 

26,37. The use of association indices to characterise spatial dyadic relationships allows for more 
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nuanced analyses as weights are taken into account, rather than more simple presence/absence, or 

‘binary’ data.  

Choosing the appropriate association index to characterise dyadic relationships for a study is 

dependent upon the underlying assumptions of the respective index. For example, the Simple Ratio 

Index (SRI) 39,40 calculates the proportion of time two individuals spend together, but the equation 

assumes that all individuals are identified correctly, and that observations of interactions are not 

missed during the data collection period 39. In contrast, the Half-Weight Index (HWI) 40 also 

calculates the proportion of time two individual spent together but assumes that observations will 

be missed, and less weight is given to singular observations due to decreased confidence 39. Once 

the appropriate association index has been chosen, bond strengths between dyads can then be 

calculated and social preferences can be revealed 41. Indeed, the calculation of association indices 

often reveals heterogeneity in dyadic relationships within social groups, i.e., not all dyads associate 

with the same frequency 24. Across taxa, varying bond strengths within social groups have been 

demonstrated in mammals 32, birds 42, and fish 43. This non-homogeny of social preferences 

demonstrates that interactions within the group are indeed non-random and that strong bonds 

between certain dyads can develop.  

However, as specified previously, the above indices are assumptions of interactions based on spatial 

proximity. Interactions between dyads can be measured through more careful observation and a true 

characterisation of social relationships should include additional data on other direct interactions 

between dyads, such as grooming or aggressive displays. For example, affiliative contact rates 

have been shown to reflect bond strength between individuals 44, while the outcome of inter-

individual competition, i.e., who wins and who loses, was used to establish dominance hierarchies 

in hyenas 45. Weiss et al. (2021) demonstrated that association data alone was not sufficient to 

characterise the complex social dynamics in a killer whale pod 44. Using association, synchronous 

surfacing, and physical contact data collected via unmanned aerial vehicles, it was shown that 

while age and sex of individuals did not influence association networks, patterns of social 

homophily by these factors were revealed in the interaction networks 44. This result emphasizes 

that association data as a proxy for bond strength (e.g. GoG) does not necessarily reveal the more 

complex interactions that define dynamic social groups and that behavioural interactions must be 

taken into account when characterising social networks 44. Indeed, the frequency of physical 
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affiliative contact, for example, is a reliable measure of social bond strength across various taxa 

and emphasises the advantage of collecting pairwise interaction data when able 46–50.  

 

Study System: Indo-Pacific Bottlenose Dolphins of Shark Bay, Western Australia 

 

Currently, the Society for Marine Mammalogy recognizes 2 distinct species, and 3 subspecies, 

within the bottlenose (Tursiops) genus. It was in the early 2000’s, that a study confirmed the Indo-

Pacific bottlenose dolphin (T. aduncus) as being a distinct and separate species from the common 

bottlenose dolphin (T. truncatus) 51. The Indo-Pacific bottlenose dolphin lives in the tropical and 

temperate coastal waters of the Indian Ocean and the Western Pacific 52. These dolphins grow to 

approximately 2.7 m in length and can live for up to 50 years 52. These dolphins forage primarily 

on smaller schooling and solitary fish and cephalopods 52. The Indo-Pacific bottlenose dolphin 

population of Shark Bay, Western Australia also displays highly specialized and unique foraging 

techniques, such as sponging, shelling, kerplunking, and beaching themselves to capture prey 52,53. 

Sponging and shelling are of particular note as these techniques represent documented tool use in 

wild cetaceans. Sponging occurs when an animal places a sponge upon their rostrum to protect 

themselves when probing the seafloor for benthic prey 54,55. Dolphins in this population also utilise 

shells to forage for food, chasing fish into empty bailer or trumpet shells and then lifting them out 

of the water to capture the prey inside 56. The tool use demonstrated by this population is unique 

to this location and are culturally transmitted, sponging from mother to offspring 57,58 and shelling 

from peer to peer 56.  

In Shark Bay, calves will typically reach independence between 3 – 5 years and will reach sexual 

maturity between 10 – 15 years 52,59. Both sexes are philopatric and typically display low levels of 

dispersal, with males displaying a higher degree than females 59,60. In Shark Bay, the dolphins 

display a fission-fusion grouping pattern in an open social network 52,53, wherein female 

association patterns are driven by home range overlap as well as parental relatedness  61 while 

males form long-term multi-level alliances consisting of unrelated individuals 53. 

Social Structure: Male Alliances  

 

The male Indo-Pacific bottlenose dolphins of Shark Bay are unique among cetaceans, as they form 

the most complex nested alliance system outside of the human lineage. This nested alliance 

structure is made up of first-, second-, and third-order alliances, with the second-order alliance, 
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typically consisting of 4-14 males, comprising the core social unit 53. Within the second-order 

alliance, first-order alliances (pairs and trios) will work together to cooperatively herd single 

oestrous females and obtain paternities 53. Consortships of oestrous females can last from 1 h to 

several weeks and are often characterized by aggressive behaviours directed at the female, such as 

‘pop’ vocalisations,  53,62. Some second-order alliances also group together to form third-order 

alliances, which increases the number of allies to defend against attacks from other alliances 63,64. 

It has been shown that males who form these third-order alliances have a higher consortship rate 

and also consort oestrous females for significantly longer, further emphasizing the benefits of 

alliance cooperation for reproductive fitness 65. This cooperative mating strategy stands in contrast 

to many other species in which males often aggressively compete for the indivisible resource of 

paternities 66. 

Motor synchrony is also a prominent characteristic within these alliances and involves males 

synchronously surfacing side-by-side, most often occurring between first-order alliance partners 

53,67. Within second-order alliances with strong first-order alliance partner preferences, males from 

different first-order alliances have also been observed surfacing synchronously, specifically in the 

context of a consortship 67,68. Although this behaviour can occur during regular surfacing, it is most 

striking during consortship events 52,68. Recent studies have suggested that motor synchrony serves 

a tension reduction function, as no one male leads the group during synchronous movement 68. 

Instead, males have been observed sharing leadership 68. Males will also produce synchronous 

displays in the presence of females, often when engaging in consortships 53,67. An additional 

mechanism for tension reduction, and the maintenance of these important alliance bonds, is 

affiliative contact behaviours, such as petting or rubbing, which is similar to grooming in primates, 

and occurs frequently between allied males 52,53,67,69. 

These multi-tiered alliances are complex and cognitively demanding to navigate 52, especially in a 

visually occluded environment. Vocalisations are therefore an intrinsic feature of dolphin sociality 

that allow for foraging, group maintenance, and individual recognition.  

Vocalisations  

 

Bottlenose dolphins produce a variety of vocalisations, including echolocation clicks, pops, and 

whistles, which are used in differing behavioural contexts. Dolphins use biosonar by emitting 

ultrasonic, high intensity broadband vocalisations, termed echolocation clicks, and listening for 

the returning echoes 70. Using echolocation clicks, with a peak frequency of ~120 kHz 71,  allows 
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the individual to orient and forage with a high degree of accuracy in an often visually occluded 

environment 72. Specific to the Indo-Pacific bottlenose dolphins of Shark Bay, males produce ‘pop’ 

vocalisations that are defined as narrowband, low-frequency pulsed clicks produced in trains with 

a repetition rate of 6 -12 pops per second 62. These vocalisations are used by allied males during 

consortships as an aggressive signal to induce oestrous females to remain close 62. Bottlenose 

dolphins also produce a variety of whistle vocalizations, often used in social settings, including an 

individually distinctive whistle, termed a ‘signature whistle’ 13. Signature whistles are defined as 

a “learned, individually distinctive whistle type in a dolphin’s repertoire” that are used to maintain 

contact with close affiliates and to advertise individual identity 73. Dolphins have been shown to 

increase the rate at which they produce signature whistles if separated from a close affiliate in 

numerous studies 74–76. Further, they show a strong behavioural response to playbacks of the 

signature whistles of conspecifics 77. Indeed, dolphins are able to recognize the calls of close social 

partners, even devoid of voice cues 78. This evidence thus confirms the importance of signature 

whistles in social interactions with conspecifics. These distinctive whistles make up between 40-

70% of a dolphin’s whistle repertoire 73 and typically range in frequency from 1-30 kHz 79, with 

some ultrasonic whistles occurring > 30 kHz  80. Whistles are typically between 0.1 - 4 s in overall 

duration 81, and can sometimes consist of repeated elements termed ‘loops’, with an inter-loop 

interval of less than 250 ms 82.  

Signature whistles are developed early within a calf’s life, with most signature whistles becoming 

stable by three months 83. A calf’s environment is thought to influence the development of this 

learned distinctive whistle, as work in Sarasota Bay has shown that a calf’s whistle is more likely 

to be similar to that of its conspecifics 84, rather than similar to its mother 85. It is thought that a 

calf will create an amalgamation of learned whistles from their surroundings and subsequently 

modify the whistle to develop a unique vocalization 84. Further evidence of calves using sounds 

learned from their environment to develop their signature whistles, can be found in a study on 

dolphins raised in captivity, where calves developed much more simple signature whistles than 

their wild counterparts, with their whistles hypothesized to be modelled after the simple whistle 

blasts used by trainers 86. Once developed, a bottlenose dolphin’s signature whistle remains stable 

for years 85,87.  

Studies across multiple species have suggested that vocal convergence of a social group upon a 

shared signal maintains and promotes bond strength 88. Early studies on vocal accommodation in 
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bottlenose dolphins did indeed find that allied males would converge upon a shared vocalisation 

89,90. However, these studies were limited in scope and more recently, it was found that despite 

forming strong bonds with alliance members, a male dolphin’s signature whistle will indeed 

remain unique and is not modified to adopt more similar patterns to alliance members in the Shark 

Bay population 87. Retaining distinct individual identity markers is of particular importance in 

fission-fusion societies as relationships must be tracked at the individual level.  

Study Site 

 

This project focuses on a particular population of T. aduncus that resides in Shark Bay, Western 

Australia. The Indo-Pacific bottlenose dolphins of Shark Bay, Western Australia are the subject of 

one of the longest running studies on the species, established in 1982, this long-term research 

project spans 40 years. Data for this study were collected in the eastern gulf of Shark Bay, 

consisting of an area 600 km2 91.  

 

Figure 2. Map of study area in Shark Bay, Western Australia. The study site in the western gulf, Useless 

Loop, (outlined in red) was established in 1999. The study site in the eastern gulf, Monkey Mia, (outlined 

in blue) was established in 1982. The data for this study was collected on the eastern gulf, Monkey Mia, 

between 2013-2021.  

 

Research Aims and Questions 

 

The aim of this research is to examine the social bonding hypothesis in a population of wild 

dolphins, using long-term association data, signature whistle exchanges, and affiliative contact 

data. This inquiry represents the first test of this hypothesis outside of the primate lineage.  



23 

 

➢ Do allied males that share stronger bonds engage in more or less signature whistle 

exchanges than those males with weaker bonds? 

➢ Do allied males that share stronger bonds engage in higher rates of affiliative contact 

behaviours than those males with weaker bonds? 

➢ Does a male’s position within the social network influence whether or not he will initiate 

or respond to a signature whistle exchange? 

Hypothesis  

 

Dunbar’s social bonding hypothesis posits that vocal exchanges are a mechanism by which 

individuals can service social bonds at a distance and alleviate time and energy constraints 

associated with physical grooming 2,15. Given the importance of a male’s alliance to his 

reproductive fitness, the maintenance of these important social bonds is paramount and therefore 

servicing all bonds within the alliance is necessary. However, given time and energy constraints, 

it is unlikely that an individual can service all bonds through affiliative contact behaviours. It 

follows, then, that males will devote time and energy to stronger relationships, while servicing 

their other weaker alliance relationships through an alternative and more efficient mechanism. 

Therefore, I hypothesize the following: 

 

Bottlenose dolphins employ the ‘groom-at-a-distance’ strategy by using signature whistle 

exchanges to service alliance relationships and therefore dyads with weaker social bonds will 

share higher rates of signature whistle exchanges. 
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Chapter 2: Male dolphins ‘bond-at-a-distance’ by using vocal exchanges to 

maintain key social relationships 
 

NOTE: A modified version of this chapter has been published in Current Biology. Please 

see below regarding co-author contributions: 

Citation: Chereskin, E., Connor, R. C., Friedman, W. R., Jensen, F. H., Allen, S. J., Krützen, M., 

Sørensen, P., and King, S. L. 2022. Allied male dolphins use vocal exchanges to “bond at a 

distance”. Current Biology. 32:7, 1657-1663 
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designed the methodology, SLK RCC WRF SJA and MK acquired funding, and SLK RCC WRF 

SJA MK and PS collected data. EC processed the raw data, conducted the analysis, and wrote the 

thesis chapter with supervision from SLK.  

For those sections that have been submitted for publication: EC RCC WRF FHJ and SLK designed 

the methodology, EC SLK WRF and PS extracted and coded the data, EC conducted the analysis 

with support from SLK WRF and FHJ, EC and SLK wrote the manuscript, all authors edited the 

manuscript, provided critical review and gave final approval for submission. Where appropriate, 

co-author contributions have been denoted in-text.  

Note: Due to the COVID-19 pandemic, I could not travel to the study site in Shark Bay, Western 

Australia in 2021 to assist with data collection. The raw data used in this thesis was collected by 

the Shark Bay Dolphin Research team, specifically: Stephanie King, Pernille Sørensen, Michael 

Krützen, Simon Allen, Richard Connor, Whitney Friedman, and dedicated field assistants.   

 



Introduction 

 

It has been nearly three decades since Dunbar first proposed the social bonding hypothesis, which 

suggests that language evolved among humans as a form of ‘vocal grooming’ to replace physical 

grooming, as increasingly large group sizes placed impossible demands on the time available for 

affiliative contact behaviours 2. In many species, across various taxa, the frequency of physical 

grooming is a reliable measure of social bond strength and the extent to which two individuals can 

rely on each other for support 46–49. For example, in meerkats, grooming rates are indicative of pair 

bond strength, with the most common grooming interaction occurring at higher rates between 

individuals with more dominant status 
47. Outside of the mammalian taxa, rates of allopreening in 

parrots and corvids were positively correlated with time spent in close physical proximity, 

calculated using nearest neighbour to a preening partner data46. While corvids and parrots share 

similar rates of grooming with non-human primates, it has been shown that non-human primates 

devote more time overall to grooming 46. Indeed, grooming in non-human primates has been shown 

to be an important mechanism for strengthening social bonds 48. For example, in vervet monkeys 

grooming rate is a reliable predictor of whether a grooming partner will respond to requests for 

aid, even among unrelated individuals, fostering reciprocity and the maintenance of close social 

relationships 48. Further, in vampire bats, grooming is a low-cost mechanism for strengthening 

social relationships between individuals, which may lead to future food sharing 49. Maintaining 

numerous strong social bonds and increased centrality within the social network has been 

demonstrated to be correlated with higher reproductive success, increased adult longevity, and 

higher rates of offspring survival 27,30–33. The benefits of maintaining close relationships with group 

members is therefore paramount to an individual’s fitness, however, as the number of close 

affiliates increases, so too does the costs associated with maintaining a large number of 

relationships.  

As groups become larger, and competition over resources increases, there is a trade-off between 

the need for individuals to secure relationships with social allies and the time required for 

affiliative contact behaviours, such as physical grooming, as a means of maintaining these 

relationships 2. As group size increases, so too does an individual’s “primary network” of 

important social partners, as large groups increase competition for resources and thus the 

possibility of harassment by a conspecific, necessitating a larger coalition of close allies 16.  Thus, 

while large group sizes place increased cognitive demands on recognising a large number of group 
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members, it is time constraints placed on servicing all important social relationships that may place 

limits on group sizes. For example, female African elephants have been shown to recognize the 

vocalisations of up to 100 distinct individuals, despite family groups only consisting of roughly 10 

individuals, emphasizing that it is not cognitive ability that has limited group size 17. Dunbar 

recognised that if all relationships within a group are not serviced, larger group sizes could not be 

maintained, and the group would fragment and eventually reach a lower group size equilibrium 2. 

In 1993, Dunbar demonstrated that in hominoid species, such as humans and chimpanzees, the 

amount of time that would be needed to service relationships via social grooming based on average 

group sizes would be impossible to achieve 15. Using an equation based on grooming and group 

size data from catarrhine species that live in stable social groups, Dunbar predicted that to service 

the average human group of 200, 56.6% of an individual’s time would have to be devoted to social 

grooming, creating an insurmountable time crisis for an individual that also has to forage and rest 

15. Dunbar therefore suggested that an alternative mechanism must exist to service these social 

bonds in order to maintain the observed larger group sizes in hominoid species and posited that 

the function of physical grooming can be transferred to vocalisations, such as contact calls, which 

enable relationship maintenance through ‘grooming-at-a-distance’, thus alleviating the associated 

time and energy costs of physical grooming 2,15.  

In non-human primates, numerous studies addressing this hypothesis have shown that vocal 

exchanges serve a social bonding function, similar to physical grooming, with vocal exchanges 

occurring more frequently between those individuals that share stronger social bonds and higher 

grooming rates 18–22. Male chimpanzees were shown to be significantly more likely to join in a 

pant-hoot chorus if their short-term affiliative partners were also observed to be participating 18,21. 

Female Japanese macaques have been shown to have a higher rate of contact call exchanges with 

those whom they groom more frequently 20 and similarly, bonobos have been shown to 

preferentially respond to the contact calls of favoured social partners with whom they share 

affiliative bonds 22. Further, lemurs displayed a higher order of vocal selectivity, wherein contact 

calls were reserved for those conspecifics they had groomed the most frequently 19. Thus, multiple 

studies of the social bonding hypothesis in primates have shown that the function of grooming 

with preferred social partners can be transferred to vocal exchanges, allowing them to ‘groom-at-

a-distance’. However, few studies have addressed this hypothesis using wild populations and none 

have yet addressed this hypothesis outside of the primate lineage.  
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In Shark Bay, Western Australia, unrelated adult male Indo-Pacific bottlenose dolphins (Tursiops 

aduncus) form multi-level alliances made up of three levels or ‘orders’. At the first level, pairs or 

trios (termed first-order alliances) work together to herd individual oestrous females and obtain 

paternities 64,92. At the second level (termed second-order alliances), allies work together to 

compete against other alliances for paternities, as well as to defend against attacks, with first-order 

group members chosen from within an individual’s second-order alliance 53,92. Second-order 

alliances can remain stable for decades and are comprise the “core social unit” of male organization 

53,60,77. Finally, two or more second-order alliances may form a third-order alliance, offering 

increased support in the capture and defense of females 53,64,77,92. The calibre of each male’s 

alliance relationships can influence his lifetime reproductive success 93, so the maintenance of 

these important social bonds is paramount 53,77,93. Males mediate these alliance relationships with 

affiliative contact behaviours, such as petting and rubbing 67,87,94, movement synchrony 67,68, and 

the use of individually distinctive identity signals, termed ‘signature whistles’, which are used to 

broadcast identity and maintain social group cohesion 77,87,95. Petting and rubbing occurs when one 

individual uses their pectoral fin to gently “pet” another individual or rubs their body against the 

other individual’s pectoral fins or body. These behaviours are akin to grooming in primates and 

are thought to aid in stress reduction and maintaining social bonds 53. Movement synchrony 

involves males surfacing side-by-side, most often occurring between first-order alliance partners 

53,67. Within second-order alliances with strong first-order alliance partner preferences, males from 

different first-order alliances have also been observed surfacing synchronously, specifically in the 

context of a consortship, suggesting a stress reduction function 67,68. Males will also produce 

synchronous displays in the presence of females, often when engaging in consortships 53,67. 

Signature whistles are also used to maintain social bonds and contact with close affiliates. Previous 

studies have shown that dolphins are significantly more likely to produce signature whistles in the 

absence of preferred social partners 74,75 and show a strong response to the playbacks of whistles 

from close associates 77, confirming the importance of signature whistles in servicing social 

relationships, through maintaining and/or regaining contact.  

Here, I investigated patterns of signature whistle exchanges and rates of affiliative contact 

behaviour among allied male dolphins in Shark Bay to test the social bonding hypothesis in wild 

cetaceans. First, I used the SIGID (signature identification) method 96 combined with acoustic 

localization 97 to identify individual signature whistles. I then constructed vocal networks using 
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signature whistle exchanges and long-term association data to calculate social bond strengths 

between focal males. These measures were then used to determine if (1) males with stronger bonds 

shared more or less vocal exchanges than males with weaker bonds, both within second-order 

alliances and between second-order alliances; (2) males with stronger bonds engaged in higher 

rates of affiliative contact behaviour than males with weaker social bonds (within second-order 

alliances); and (3) how well-connected a male was within and between his alliance influenced 

whether he initiated or responded to a vocal exchange.  

Methods  

 

Field Site and Study Subjects 

 

Data for this study were collected between 2013 and 2021 in the eastern gulf of Shark Bay, Western 

Australia, where the Shark Bay Dolphin Research long-term study on Indo-Pacific bottlenose 

dolphins (Tursiops aduncus) has been running on a near-annual, seasonal basis during austral 

winter/spring since 1982 53. Focal animals included 20 adult males from four different second-

order alliances; the KS alliance (eight males), the PD alliance (five males), the RR alliance (three 

males formerly 7), and the AC alliance (only four males from this 10-member alliance were used, 

as signature whistles of the remaining six members are yet to be identified). The KS, PD and RR 

alliance were part of a third-order alliance during this study period 64,77.  

Behavioural and Acoustic Data Collection 

 

For each alliance, I used association data collected over the same time period as the acoustic data 

(2013-2019 for the KS, PD and RR alliances; 2016 – 2021 for the AC alliance). Association data 

were collected during boat-based surveys, where a ‘survey’ was defined as a minimum five-min 

observation in which predominant behaviour and group composition were recorded. Group 

composition was determined within the first 5 min of a survey using the 10 m chain rule, where 

each dolphin in the group was within 10 m of any other dolphin 98. Individuals were first identified 

in the field by trained observers and later confirmed using photographs of dorsal fins through 

identification of unique notches, scarring, and shape.  

Acoustic data were collected as per King et al.77,87,99. Specifically, acoustic data collected in 2013 

and 2014 during focal follows were recorded using a single-component, towed hydrophone built 

by the Scripps Whale Acoustics Lab at the University of California, San Diego. This hydrophone 

was equipped with a low frequency transducer (flat frequency response: 0.4-15 kHz ± 3 dB) and a 
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high frequency transducer (flat frequency response: 15-120 kHz ± 8 dB) with a notch at 25 kHz, 

which were summed before digitizing. Recordings were made onto a Fostex FR-2 memory 

recorder at a sampling rate of 192 kHz. Acoustic data collected between 2016 and 2021 were 

recorded during surveys and focal follows 100 using a towed hydrophone array consisting of four 

HTI-96 MIN series hydrophones (flat frequency response: 0.002–30 kHz ± 1 dB) towed at 1 m 

depth. Hydrophones were arranged in a rectangular formation to allow for acoustic source 

localization. Recordings were made onto a TASCAM DR-680 MKII multi-track recorder at a 

sampling rate of 96 kHz. A spoken track was used to document the location of the animals using 

a compass bearing, wherein the boat’s bow was 0°, and distance (m), as well as group composition 

and behaviour of the dolphins when surfacing 77,87,99. Localisation accuracy of the hydrophone 

array was determined using custom-written MATLAB routines to calculate two-dimensional 

averaged MINNA (minimum number of receiver array) localisations 97,101,102. The array was 

calibrated using two separate frequency-modulated dolphin whistles, both of 1.5 s in duration, with 

a frequency range of 4–20 kHz. Acoustic localisation accuracy for whistle directions (N = 75) was 

calculated as 76% within ± 15° of the true location and 99% within ± 30°, as per King et al (2018). 

No acoustic data were collected in 2015. 

Social Bond Strength  

 

Survey data were used to determine the strength of social relationships between second-order 

alliance members and between members of different second-order alliances. Only association data 

recorded within the first 5 min of a survey were included to ensure association measures were 

comparable across surveys. Resights, wherein the same group was encountered within 2 h, were 

not included. All foraging surveys were removed as animals tend to loosely aggregate in large 

groups at the same foraging patch but are not necessarily associating. Dyadic association indices 

were calculated using the Simple Ratio Index (SRI) (Equation 1.1) 39,40 in the R package asnipe 

103, which yields an estimate of the proportion of time two animals spend together (0 for dyads 

never observed together; 1 for dyads always observed together).  

𝑆𝑅𝐼 =  
𝑥

𝑦𝑎 +  𝑦𝑏 +  𝑦𝑎𝑏 + 𝑥 
 

          Equation 1.1 

Here, x represents the number of events in which A and B were observed together, ya and yb 

represent the total number of events in which A and B were observed, and yab represents the number 
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of events in which both A and B were observed but not associating. When males disappeared, only 

those years up until they were last seen were used to calculate their association indices with other 

males. During the data collection period 2013-2021, three males from two second-order alliances 

disappeared (two males from the KS alliance and one male from the PD alliance).  

The association indices were then used to confirm second- and third-order alliance membership, 

as per King et al. (2021). Average-linkage hierarchical clustering in the program SOCPROG 104 

was used to delineate second-order alliance membership, with a cophenetic correlation coefficient 

(CCC) of 0.981. A CCC measures how well the resulting dendrogram (or clustering) matches the 

observed dyadic relationships and a CCC > 0.8 indicates that the hierarchical model provides a 

good representation of the social network as per King et al. (2021). The results of the average-

linkage hierarchical clustering analysis corresponded to field observations in which the same males 

from the clustering analysis have been observed herding and defending oestrous females together, 

and the results are in line with previous studies 53,60,64,77,87. The third-order alliance associations 

between the KS, PD and RR alliances over this time period were confirmed in a previous study 

using SOCPROG to test for significant preferred associations 77.  

I used the R package sna 105 to calculate the node level metric ‘strength’ for each individual, which 

is defined as the sum of the weighted edges connected to each node and tells us how well-

connected an individual is in its social network. Due to the variation in second-order alliance group 

size, I normalized node strength by dividing each value by the maximum value observed in that 

network (either within each second-order alliance or between second-order alliances), thus, scaling 

node strength between 0 and 1. 

Signature Whistle Identification 

  

Signature whistles for the KS, PD and RR alliance members had already been identified for a 

previous study 87. I used the same method of signature whistle identification for members of the 

AC alliance in this study. First, spectrograms (fast Fourier transform (FFT): 1024, Blackman-

Harris window) were examined visually using Adobe Audition v. 13.0.13 (Adobe Systems) for 

repeated whistle types, defined as a whistle with a particular frequency modulation pattern 

occurring more than once. Frequency contours of repeated whistle types with a Signal to Noise 

Ratio (SNR) of ≥ 3 dB were extracted using a supervised localised peak frequency contour tracker 

with a time resolution of 5 ms (custom-written MATLAB script provided by Frants Havmand 

Jensen). The visual categorisation of whistle types was confirmed using ARTwarp, which is an 
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“automated adaptive resonance theory neural network that incorporates dynamic time warping” to 

categorize the frequency contours using the similarity of the frequency modulation patterns 106. 

The degree of similarity (vigilance parameter) was set to 91, as per previous studies 87,107. Using 

the SIGID method, whistle categories were confirmed as signature whistles if any given ARTwarp 

category contained (1) at least four whistles, and (2) occurred at least once in a sequential bout 

analysis where 75% or more of the whistles occurred within 1 - 10 s of each other 96. The MATLAB 

based program TOADY 97 was then used to localize the signature whistles. To assign identity, 

signature whistles had to be either localized to an individual dolphin separated by > ± 30° from 

other individuals or determined through the method of exclusion, wherein the signature whistles 

of all other individuals present in that group had already been determined, as per King et al. (2018).  

Vocal Networks  

 

I built three different vocal networks using the frequency of signature whistle exchanges between 

dyads, where two different signature whistle types occurring within 1; 3; and 5 s of each other was 

considered a vocal exchange. As vocal networks had not previously been built for bottlenose 

dolphins, I elected to investigate three different thresholds. While the overall difference between 

3 s and 5 s threshold varied slightly (eight exchanges), the difference between 1 s and 3 s varied 

more (19 exchanges). Ultimately, I chose to only use the 1 s threshold, the most conservative 

choice, in all further analyses, in line with previous studies having determined that the majority of 

vocal responses in bottlenose dolphin whistle exchanges were produced within 1 s 77,108–112. For all 

further analyses, only networks built using the 1 s threshold were used (see Fig. 3 for example).   
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Figure 3. Spectrogram of a signature whistle exchange between KOK (left) and SIT (right) (sampling 

rate: 96 kHz; fast Fourier transform [FFT] length: 1024; Hanning window function). A signature 

whistle exchange is defined as two distinct signature whistles occurring within 1 s of each other.  

 

Signature whistles are often produced in repetitive sequences, with the same caller repeating their 

whistle multiple times. Animals will also exchange signature whistles in this repetitive pattern, 

with whistles exchanged a number of times in the same counter-calling event. Therefore, signature 

whistle exchanges between a given dyad had to be at least 30 s apart to be considered independent 

exchange events for that dyad. If multiple exchanges occurred between the same dyad within the 

same 30 s window, the exchange was only counted once. A conservative approach of 30 s was 

used as Janik et al. (2013) found the bout criterion interval for signature whistle sequences was 15 

s. Further, in the event that two animals (B and C) both responded within 1 s to an initial call (A), 

individual A was considered the initiator in both events, with B and C scored as responders.   

I calculated an additional dyadic vocal measure using the SRI equation (Equation 1.1). The vocal 

SRI was calculated to account for the proportion of time an individual may spend calling. Here, x 

represents the number of signature whistle exchanges shared between A and B, ya and yb represents 

the total number of signature whistle emissions by A and B respectively, and yab represents the 

number of events in which both A and B emitted signature whistles but did not vocally interact. 
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Here, yab = 0 as during the acoustic recordings alliance members were within acoustic contact and 

therefore ya and yb sufficiently characterize the events in which A and B emitted their signature 

whistles. Therefore, the vocal SRI yields the probability of two individuals exchanging signature 

whistles (0 for pairs never observed vocally interacting, 1 for pairs always observed vocally 

interacting). In the event that two or more individuals responded to the same initial call, it was 

marked as a singular exchange event, i.e. if two animals (B and C) both responded within 1 s to an 

initial call (A) then then all three animals (A, B and C) were scored as calling together. .  

A Pearson’s product-moment correlation test determined that the dyadic vocal SRI measure and 

the frequency of vocal exchanges were significantly correlated (r = 0.857, p = < 0.0001). 

Therefore, the proportion of time a dyad spends calling together is highly correlated with the rate 

at which that dyad engages in vocal exchanges. Due to this high correlation, only vocal exchange 

data was analysed further as it included directional information (i.e., who called and who 

responded). Additionally, the vocal exchange data did not inflate the relationship between two 

responders to the same initial call. There were instances in the dataset of two separate individuals 

(e.g. male B and male C) each responding within 1s to the same initial call (e.g. male A), which 

does not reflect a relationship between individuals B and C as we defined interactions with more 

than 1 responder as responding to the first initial  call, rather than simply responding to the previous 

call. The directionality of the vocal exchange data accounts for this non-relationship between B 

and C, whereas the vocal SRI measure places all three individuals in the same exchange group, 

thus falsely inflating the relationship between B and C. See Discussion section for further 

information regarding this metric.  

To further analyse signaller-receiver relationships, the vocal exchange data was converted into a 

directed and weighted adjacency matrix in which the actor (or signaller) was the individual who 

emitted their signature whistle first and the receiver was the individual who responded with their 

signature whistle according to the vocal exchange criteria. The node level metric ‘strength’ was 

calculated for each individual, which is defined as the sum of the weighted edges connected to 

each node. This was broken down to outstrength and instrength, where outstrength is the number 

of vocal exchanges initiated by a male and instrength is the number of vocal exchanges responded 

to by a male. As referred to earlier, in the event that two or more animals both responded within 1 

s to the same initial signature whistle, the actor was considered the individual that emitted the first 
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signature whistle, with the receivers being the two individuals that responded and were coded as 

two separate exchange events to preserve the appropriate actor/receiver relationships.  

Affiliative Contact Behaviour 

 

Between 2013 and 2014 boat-based focal follows were conducted on males within the KS and PD 

second order alliances by Whitney Friedman. Petting is characterised as gentle contact involving 

movement between the pectoral fin, dorsal fin, or flukes of one individual with any part of the 

body of another individual, and rubbing is gentle to more vigorous body to body contact. On 

average, an allied male dyad was observed together in the same group during follows for 30 hours 

(range: 6 – 66) across the two-year period. Data on group composition and behavioural state were 

recorded every 5 minutes during these focal follows and occurrences of petting or rubbing were 

scored ad libitum. However, if multiple occurrences of petting or rubbing were recorded during 

each 5-min sampling period, it was only counted as one independent event to avoid resampling. 

Statistical Analysis  

 

All statistical analyses were conducted in R 4.0.3 (R Core Team, 2020). I conducted data stream 

permutations to examine whether the observed vocal exchange data differed significantly from 

what was expected by chance 103. Permutation tests were run on the undirected vocal exchange 

networks for the KS, PD, and AC second-order alliances using the R package asnipe 103. I 

maintained the same number of interactions an individual had participated in but randomized with 

whom they interacted.  

To investigate the relationship between our dyadic measures of social bond strength and frequency 

of vocal exchanges across all four alliances, I first used a multi-membership generalized linear 

model with a node dependence term that has been shown to be more appropriate than common 

permutation methods 113. This model utilizes a Bayesian statistical framework that expands upon 

generalized linear mixed models by using a Markov chain Monte Carlo routine. This model is 

superior to previously used Mantel or MRQAP tests as well-specified parametric models, such as 

the MCMCglmm, not only control for non-independence of the data, but provide a more accurate 

effect size estimate than non-parametric models 113. Models were fit with a zero-inflated Poisson 

distribution using the MCMCglmm package in R, which uses a Markov chain Monte Carlo routine 

114. I included the number of vocal exchanges between dyads as the response variable, the dyadic 

social bond strength (SRI) as the predictor variable, and the non-independence of the data was 
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accounted for by including the individual ID of both dyad members as random effects (see 

Appendix for further details).  

I then performed a more detailed analysis, investigating the relationship between social bond 

strength and frequency of vocal exchanges separately both within and between second-order 

alliances. For the within second order-alliance analyses, I only used males from the KS, PD, and 

AC alliances, as the RR was one stable trio (i.e., a first-order alliance). The RR alliance was 

formerly seven members strong but had lost members over the years. Thus, while the RR alliance 

had always been a second-order alliance, with only three members during this study it did not 

constitute a second-order alliance for the purposes of this analysis. For the between second-order 

alliance analyses, I only included males from the KS, PD and RR alliances. This was for two 

reasons; first, the AC alliance have never been seen in a survey with the other alliances, thus there 

is no association or acoustic data to characterise their between-alliance relationships. Second, the 

KS, PD and RR alliance were part of a third-order alliance 77, so while the RR alliance only 

constitutes a single trio and could not be part of the within second-order alliance analysis, I could 

still use their association and acoustic data to characterise their between-alliance relationships.  

I conducted these within and between alliance analyses on two levels: at the level of the dyad and 

at the level of the individual. The dyadic level analysis investigated whether social bond strength 

predicted the number of vocal exchanges either within second-order alliances or between second-

order alliances (i.e., in a third-order alliance). I built a generalized linear mixed-effect model with 

a Poisson family for within second-order alliances using the lme4 package in R 115. For between 

second-order alliances, I built a generalized linear mixed-effect model with a Poisson family and 

zero-inflation using the glmmTMB package in R 116. For each model, the response variable was the 

number of vocal exchanges, the fixed effect was social bond strength, and I included individual 

ID of both dyad members as random effects and the logarithm of the amount of acoustic recording 

time per dyad as an offset. I also built a generalized linear mixed-effect model with a Poisson 

family to investigate the relationship between social bond strength and rate of affiliative contact 

behaviour. For this model, the response variable was number of independent petting or rubbing 

events, the fixed effect was social bond strength, and I included individual ID of both dyad 

members as random effects and the logarithm of the amount of observation time per dyad as an 

offset.  
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The individual level analysis explored the relationship between node strength in the association 

network (i.e., how well-connected a male is in his network), and the number of vocal exchanges 

initiated (vocal outstrength) and received (vocal instrength). I built generalized linear mixed-

models with a Poisson family where the response variable was either vocal outstrength or vocal 

instrength, the fixed effect was association node strength, alliance ID was included as a random 

effect, and I included the logarithm of the amount of acoustic recording time per individual as an 

offset. I ran these analyses for both within and between second-order alliances. For all models, 

with the exception of the multi-membership model, I employed a traditional hypothesis testing 

approach where I used anova (car package in R) to test whether the full model (containing the 

fixed effect of interest) explained significantly more variance than the null model (intercept only 

model). 

 

Results 

 

Vocal Networks Are Non-Random 

 

I analysed a total of 139 h 12 min 32 s of acoustic data collected between 2013 and 2021. I 

identified 92 signature whistle exchanges, defined as two distinct signature whistles occurring 

within 1 s of each other, for 20 males within four second-order alliances (KS, PD, RR and AC 

alliances; see Table 2; Fig. 4).  
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Table 2. Summary of the vocal exchange data for the 20 males used in this study. Each male is identified by 

a three-letter ID code and a two-letter code signifying second-order alliance membership. For each male, the total 

number of signature whistles and the number of recording days and years is presented. Vocal rate was calculated 

as total number of signature whistles for that individual divided by recording time in hours. Both within-alliance 

and between-alliance vocal exchanges are reported as the total number of signature whistle exchanges that each 

individual participated in, and the number of different individuals with which they shared exchanges.  

 

 
aQUA not seen after 2016 bIMP not seen after 2017 cFRE not seen after 2018 

 

 

 

 

Second-Order 

Alliance Code 

Male ID 

Code 

Signature Whistles 

(days/years) 

Vocal Rate 

 

Within Alliance 

Vocal Exchanges  

(# Individuals) 

Between Alliance 

Vocal Exchanges  

(# Individuals) 

KS 

PON 89 (13/4) 1.51 15 (4) 1 (1) 

PAS 113 (11/4) 1.85 5 (4) 3 (3) 

QUAa 39 (8/2) 1.34 6 (4) 1 (1) 

CEB 125 (20/6) 2.36 11 (4) 4 (4) 

MOG 41 (8/4) 1.86 1 (1) 0 (0) 

DEE 87 (12/6) 2.90 12 (4) 7 (5) 

IMPb 36 (13/4) 1.09 2 (2) 2 (2) 

DNG 99 (11/6) 5.21 10 (5) 3 (2) 

PD 

BIG 29 (8/5) 0.74 2 (2) 1 (1) 

FREc 54 (11/4) 1.2 9 (3) 1 (1) 

RID 92 (11/5) 1.88 11 (3) 7 (6) 

NAT 80 (11/5) 2.35 12 (4) 5 (4) 

WAB 65 (9/5) 1.91 5 (3) 4 (3) 

RR 

COO 129 (12/4) 3.91 4 (2) 4 (4) 

SMO 50 (8/4) 1.43 3 (2) 1 (1) 

URC 63 (13/5) 1.54 5 (2) 1 (1) 

AC 

SIT 110 (6/4) 5.79 10 (2) 0 (0) 

GUP 60 (6/3) 4.00 7 (2) 0 (0) 

KOK 93 (8/4) 6.20 6 (3) 0 (0) 

PIM 54 (6/4) 2.50 1 (1) 0 (0) 
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Figure 4. Spectrograms of 20 signature whistles used in this study (sampling rate: 96 kHz; fast 

Fourier transform [FFT] length: 1024; Hanning window function). Signature whistles for AC alliance 

identified by EC for this study and outlined in purple. Signature whistles for KS; PD and RR alliance 

previously identified in King et al. 2018. 
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The RR alliance (formerly 7 members strong) now only consists of three males (a first-order 

alliance) and was therefore excluded from second-order alliance analyses focusing on how 

variation in bond strength within second-order alliances influenced the occurrence of vocal 

exchanges. The AC alliance was excluded from the between second-order alliance analyses as they 

have never been observed interacting with the other focal alliances. Further, restricting between 

second-order alliance analyses to the KS, PD, and RR alliances controls for third-order alliance 

membership as these three second-order alliances constitute a third-order alliance. Within second-

order alliances, the average total recording time per dyad was 21 h (range: 8 – 59), and for between 

second-order alliances, the average total recording time per dyad was 13 h (range: 2 – 32). Only 

3% of vocal exchanges were recorded in conjunction with a fusion event i.e., where two groups of 

males met and joined (one within second-order alliances and two between second-order alliances). 

I found no relationship between signature whistle rate (i.e., how vocal a male is) and the number 

of vocal exchanges in which each male participated (r = -0.007, p = 0.977). Permutation tests 

revealed that the observed within-alliance vocal networks for the three second-order alliances were 

significantly different from the randomized networks (KS: p < 0.0001; PD: p = 0.001; AC: p < 

0.0001) i.e., the observed vocal partner preferences among males did not occur by chance.   

Dyadic Social Bond Strength and Frequency of Vocal Exchanges 

 

Using a multi-membership linear model with a node dependence term, I found that vocal 

exchanges were significantly more likely to occur between second-order allies than with other 

males outside their second-order alliance (MCMCglmm: (x) ̅= 3.27, lower 95% CI = 2.16, upper 

95% CI = 4.62, N = 20 males, N = 4 alliances (KS, PD, RR, AC), p < 0.001; Fig. 3). However, given that 

three of the four second-order alliances formed a third-order alliance (second-order alliance codes: 

KS; PD; RR), the model was run again without the AC alliance to account for third-order alliance 

membership. Third-order alliance membership did not affect vocal exchange rates and males were 

still significantly more likely to engage in vocal exchanges within their own second-order alliance 

(MCMCglmm: (x) ̅ = 0.41, lower 95% CI=0.27, upper 95% CI=0.44, N = 16 males, N = 3 alliances (KS, 

PD, RR), p < 0.001).  

Within second-order alliances, individual dyads showed a significant negative relationship 

between social bond strength and vocal exchange rate (glmer: β ± SE = -2.53 ± 0.77, z = -3.27, N 

= 17 males, N = 3 alliances (KS, PD, AC), p = 0.001): males engaged in significantly higher rates of vocal 

exchanges with more weakly associated alliance members, i.e., with males with whom they spent 
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less time (Fig.5, Fig. 6A). I found no relationship between social bond strength and vocal exchange 

rate between individuals from different second-order alliances (glmmTMB: β ± SE = -9.15 ± 7.68, 

z = -1.19, N = 16 males, N = 3 alliances (KS, PD, RR), p = 0.233; Fig. 5).  

 
Figure 5. Social bond strength and vocal exchange networks for within second-order alliances (top 

panel) and between second-order alliances (bottom panel). Social bond networks constructed using 

association indices (Simple Ratio Index), which is a measure of social bond strength. Vocal exchange 

networks constructed using frequency of vocal exchanges (see Table 2 for raw data). Males are colour 

coded by alliance membership. 
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Dyadic Bond Strength and Affiliative Contact 

 

I then examined whether social bond strength predicted the rate at which individuals engaged in 

affiliative contact behaviour (i.e., petting and rubbing) for a sub-set of males for which these data 

were available (i.e., KS and PD alliance for 2013 – 2014). Within second-order alliances, there 

was a significant positive relationship between social bond strength and the rate at which males 

engaged in affiliative contact behaviour (glmer: β ± SE = 4.57 ± 1.24, z = 3.67, p = 0.0002, N = 

13 males, N = 2 alliances (KS, PD); Fig. 4B). 

 

 

Figure 6. (A) Dyadic vocal exchange rate within second-order alliances as a function of dyadic social 

bond strength and (B) dyadic rate of affiliative contact behaviour as a function of dyadic social bond 

strength. Social bond strength was calculated using association indices (Simple Ratio Index). Vocal 

exchange rate was calculated as the number of vocal exchanges per recording hour (shown for KS, PD and 

AC alliance). Rates of affiliative contact behaviour were calculated as the number of independent petting 

events per hour (shown for KS and PD alliance) Panels show raw data (colour-coded for second-order 

alliance membership) with model estimates (dashed line) and 95% confidence intervals (shaded area). 
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Figure 7. Directed vocal exchange networks for within second-order alliances (top panel) and 

between second-order alliances (bottom panel). Vocal exchange networks constructed using frequency 

of vocal exchanges (see Table 1 for raw data). Outstrength was calculated as the number of vocal exchanges 

initiated by a male and instrength was calculated as the number of vocal exchanges responded to by a male. 

Males are colour coded by alliance membership. 
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Centrality in the Social Network and Vocal Behaviour 

 

Finally, I examined how an individual’s position in the social network influenced vocal behaviour. 

Within second-order alliances, there was a significant negative relationship between normalized 

node strength and vocal instrength (glmer: β ± SE = -1.84 ± 0.61, z = -3.03, N = 17 males, N = 3 

alliances (KS, PD, AC), p = 0.002; Fig. 7): males that were less well-connected in their second-order 

alliance were more likely to respond to other males’ signature whistles. There was no relationship 

between normalized node strength and vocal outstrength (glmer: β ± SE = -0.63 ± 0.72, z = -0.88, 

N = 17 males, N = 3 alliances (KS, PD, AC), p = 0.381; Fig. 7): how well-connected a male is within the 

second-order alliance does not influence whether or not he initiates a whistle exchange. Between 

second-order alliances, there was no relationship between normalized node strength and vocal 

instrength (glmer: β ± SE = -1.98 ± 1.29, z = -1.53, N = 16 males, N = 3 alliances (KS, PD, RR), p = 0.125; 

Fig. 7) or vocal outstrength (glmer: β ± SE = -1.97 ± 1.16, z = -1.70, N = 16 males, N = 3 alliances (KS, 

PD, RR), p = 0.089; Fig. 7): centrality within the social network did not influence whether or not 

males initiated or responded to a whistle exchange between second-order alliances. I also found 

no correlation between individual signature whistle rate and instrength (r = 0.23, p = 0.366) and 

outstrength (r = 0.11, p = 0.683), which suggests that inter-individual variation in vocalisation rate 

does not influence whether individuals are more likely to initiate or respond to a vocal exchange. 

 

Discussion 

 

Interpretation of Results 

 

Male bottlenose dolphins in Shark Bay were significantly more likely to engage in signature 

whistle exchanges with their second-order allies than with other known males. Interestingly, males 

engaged in significantly more signature whistle exchanges with those second-order allies with 

whom they shared weaker social bonds i.e., males with whom they spent less time. In contrast, 

affiliative contact behaviours, such as petting and rubbing, occurred at significantly higher rates 

among more strongly bonded second-order allies i.e., males that spent more time together. I found 

no relationship between social bond strength of third-order allies and the rate of signature whistle 

exchanges.  

There was no relationship between signature whistle rate and the number of vocal exchanges, 

highlighting that these exchanges are not simply a by-product of increased vocal output but can 
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serve a specific bonding function. Furthermore, although bottlenose dolphin groups have been 

found to exchange signature whistles prior to fusing 107, only 3% of the signature whistle exchanges 

were recorded in conjunction with a fusion event. Thus, our results cannot be explained by weaker 

second-order allies re-uniting after spending time apart. Rather, they reflect an underlying pattern 

for males to participate in affiliative contact behaviour with their closest allies, and in vocal 

exchanges with their weaker allies. Thus, our work adds to the growing body of evidence that 

cetacean social relationships are not being fully characterized by proximity-based association data 

alone 44. Indeed, it has been previously shown that males form a social concept of team 

membership at the second-order alliance level independently of association 77. Specifically, they 

do not show a strong behavioural response to the playback of signature whistles from third-order 

allies, even if they share a bond comparable in strength to those shared with weaker second-order 

allies, but they respond strongly to all second-order allies, independently of bond strength 77. The 

weaker response shown to third-order allies in King et al. 77 is consistent with the results 

demonstrated here, i.e., there is no strong relationship between social bond strength of third-order 

allies and rate of whistle exchanges. Further, the number of whistle exchanges between third-order 

allies was far less (N = 21) in comparison to the number of whistle exchanges between second-

order allies (N = 65). These data further support previous studies demonstrating that the second-

order alliance is indeed the core social unit for these males 53. 

I also found that males that were less central within their second-order alliance network were 

significantly more likely to respond to signature whistles than more central males. A similar trend 

was shown in grooming rates in meerkats, in which subordinate females were more likely to 

respond to a grooming initiation by a dominant female 47. While this trend was found in a 

hierarchical social structure (which is not observed in the Shark Bay dolphins), it does raise 

interesting questions in regard to network position and individuals’ differing motivations to 

maintain social bonds. However, I found no evidence that well-connected individuals were more 

likely to initiate the vocal exchange, which one would expect if less central males were responding 

to males that were more socially integrated. These results stand in contrast to a previous study on 

pant-hoot chorusing in chimpanzees, in which it was found that males with a larger number of 

relationships (i.e. higher centrality) were more likely to participate in synchronized pant-hoot 

chorusing 21. Future work should aim to more fully explore the relationship between network 
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centrality and the direction of the vocal exchange as few studies have empirically addressed this 

issue.   

While I did not use the vocal SRI in the main analyses, I believe this index warrants further 

exploration to ensure the assumptions of the SRI equation are met. As signature whistles are highly 

unique, I believe the assumption that exchange events are rarely missed is met in this instance. 

Further, when taking into account the fact that allied males are typically within acoustic contact, 

this renders yab as 0, as ya and yb sufficiently characterize the events in which A and B emitted 

signature whistles. However, no relationship was found between the number of signature whistles 

emitted and rate at which individuals engaged in vocal exchanges. Therefore, more work needs to 

be done in order to assess whether calculating vocal SRI as a function of calling rate over or under 

inflates vocal exchange patterns. Rather, I instead chose to use the unmodified metric of vocal 

exchange frequency for the purposes of this study. The index of vocal SRI warrants further 

investigation as calculating a vocal association index would be beneficial for future network 

analyses, allowing exploration of vocal bond strength. 

Social Bonding Hypothesis 

 

Here, in line with previous studies 53,60,63,77,87,92,117–119, association indices were used as a proxy for 

social bond strength as bottlenose dolphins reside in an open society with high rates of fission-

fusion, and thus association indices reflect true social preferences as individuals have a much 

greater choice of associates than those living in closed or semi-closed social groups 112,120. Second-

order alliances, the core social unit for these males, can range in size from 4 -14 individuals, which 

can remain stable for decades 53,77. Social bond strengths within second-order alliances, however, 

can be highly differentiated, meaning some allies spend more time in close proximity than others, 

resulting in highly differentiated second-order alliance relationships 77. Affiliative contact 

behaviours, such as petting or rubbing, serve a traditional social bonding function by maintaining 

and strengthening social relationships in dolphins 67,87,94, yet they require time, energy and physical 

proximity. Individuals thus cannot use affiliative contact to maintain all their valuable second-

order alliance relationships but must rely on an alternative, more efficient mechanism to service 

weaker relationships. Dunbar’s social bonding hypothesis suggests that human language evolved 

as a mechanism to facilitate the maintenance of important bonds when group sizes became too 

large or complex for individuals to devote time to physical bonding activities, such as 

grooming/preening with all their associates 2,15,121. Whistles, which can travel hundreds of meters 
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122, not only eliminate the need for physical proximity but are also energetically cheap to produce 

123 and do not require a costly time investment. Although males may spend less time in proximity 

and engage in less affiliative contact behaviour with some second-order allies, I show here that 

they instead can use signature whistle exchanges as a low-cost mechanism to maintain those 

weaker yet important alliance relationships. 

Exploration of Alternative Hypotheses: Raise-the-Stakes Strategy and Unfamiliarity  

 

Another explanation for the results presented here is that males that share weaker social bonds are 

“testing the waters” of the bond to examine whether the bond could benefit from further physical 

investment (i.e., affiliative contact behaviour) as per the raise-the-stake (RTS) strategy suggested 

by Robert et al. 124. It is in a male’s interest to maintain his second-order alliance bonds, but not 

all those bonds can be maintained with affiliative contact behaviour due to time and energy 

constraints. Therefore, highly differentiated bond strengths within second-order alliances may be 

observed as males direct more time and energy into specific social relationships 77. However, some 

males may be motivated to investigate weaker social bonds by using vocal exchanges to examine 

if there would be a benefit in investing more time and energy into that particular social bond 124. 

This hypothesis could function as the social bonding hypothesis in reverse, i.e., rather than 

replacing an energy intensive bonding mechanism with vocal exchanges, these males are using 

vocal exchanges to first establish a social bond.  A study conducted among wild chimpanzees did 

indeed find evidence for the RTS strategy, but only during times of social instability 125. Following 

an alpha male’s death, chimpanzees within the group increased grooming investment as well as 

displayed higher rates of reciprocity in grooming 125. Further evidence for this hypothesis was 

found in vampire bats in which individuals would “test the waters” through grooming a 

conspecific, which could lead to future food sharing, indicative of crystallisation of a stronger bond 

after an initial test period via grooming 49. However, given that these second-order alliances (i.e., 

the core social unit) are already established, with some bonds having been stable for decades 53,77, 

these males are familiar with their alliance relationships and are therefore unlikely to need to 

establish a relationship by “testing the waters” via vocal exchanges. It is a possibility that males 

employ the RTS strategy in times of social instability as found in Kaburu et al., perhaps during 

alliance formation or following the death of a central alliance member 125. However, the focal 

alliances of the study remained stable throughout the study period, with only three deaths recorded. 

Rather, given the established and stable nature of the second order alliance relationships, the data 
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suggest that males are indeed using vocal exchanges to serve as a replacement of affiliative contact 

behaviour to maintain those weaker bonds towards which they cannot devote additional resources.  

These data presented here also suggest that unfamiliarity with the whistles of weaker allies is not 

a factor that is influencing the observed trends. As stated above, the second-order alliances are 

stable bonds, with some even persisting for decades 53,77, and thus it is unlikely that an individual 

would be unfamiliar with the whistles of their second-order alliance members. This explanation 

can be further excluded as whistle exchanges do not increase with third-order alliance members 

nor have we recorded any whistle exchanges outside of a third-order alliance. If unfamiliarity with 

a signature whistle was indeed a factor that influenced the frequency of whistle exchanges, we 

would expect to observe a negative correlation between signature whistle exchange frequency and 

bond strength outside of the second-order alliance, which is not present in these data. Thus, it can 

be concluded that unfamiliarity with foreign whistles is not an influencing factor in the frequency 

of whistle exchanges.  

Conclusion 

 

Previous studies of non-human primates examining the relationship between grooming and vocal 

exchange rates have found a positive correlation between these two factors, which stands in 

contrast to the negative relationship presented here. The positive correlation found in previous 

studies may be explained by the ease with which these non-human primate species are able to 

maintain proximity and groom a relatively limited set of preferred social partners. In contrast, the 

Shark Bay male dolphins form multi-level alliances within an open social network, which includes 

extensive fission-fusion of both allied and non-allied individuals. Further, strongly differentiated 

alliance relationships are present, which sometimes include shifting first-order ally preferences, 

placing limits on the time available for servicing weaker yet still vital second-order alliance 

relationships. Individuals that maintain their alliance bonds with affiliative contact behaviours 126 

may, for weaker bonds, replace this mechanism with signature whistle exchanges, allowing those 

individuals to ‘bond-at-a-distance’, as the social bonding hypothesis originally posited. I therefore 

propose replacing the term ‘groom-at-a-distance’ with the taxa-neutral ‘bond-at-a-distance’ to 

accommodate a variety of behaviours across lineages. Such evidence for the social bonding 

hypothesis outside of the primate lineage raises new questions into the origins and evolution of 

complex communication across taxa.  

 



Supplementary Materials 

 
Supplementary Table 1. Summary of the within-second-order alliance dyadic analysis data for 44 

dyads. Each male is identified by a three-letter code and each dyad is identified by a two letter code 

denoting second-order alliance membership. Association SRI for each dyad is calculated using Equation 

1.1. For each dyad, the raw number of vocal exchanges in which they participated is presented as well as 

the total recording time in hours. 

Second-Order 

Alliance Code 

Male 1 ID 

Code 

Male 2 ID 

Code 

Association 

SRI 

Vocal Exchanges Recording Time 

(h) 

AC 

GUP PIM 0.333333 0 14 

GUP SIT 0.296296 6 13 

GUP KOK 0.086957 1 10 

KOK SIT 0.111111 4 15 

KOK PIM 0.041667 1 15 

PIM SIT 0.458333 0 19 

KS 

CEB PAS 0.490323 1 46 

CEB MOG 0.451389 0 21 

CEB IMP 0.45098 1 32 

CEB PON 0.436364 3 44 

CEB DEE 0.389262 0 28 

CEB QUA 0.384615 0 18 

CEB DNG 0.176056 6 19 

DEE MOG 0.478992 0 17 

DEE IMP 0.406593 0 28 

DEE QUA 0.37 1 14 

DEE PON 0.299363 8 23 

DEE PAS 0.294118 2 25 

DEE DNG 0.264151 1 16 

DNG MOG 0.271028 1 16 

DNG IMP 0.236842 0 16 

DNG QUA 0.16129 0 12 

DNG PAS 0.136691 1 18 

DNG PON 0.131034 1 16 

IMP MOG 0.43956 0 18 

IMP QUA 0.28125 1 15 

IMP PON 0.252174 0 23 

IMP PAS 0.212389 0 25 

MOG QUA 0.397959 0 8 

MOG PON 0.295597 0 17 

MOG PAS 0.242236 0 17 

PAS PON 0.727273 0 59 

PAS QUA 0.686747 1 29 

PON QUA 0.848101 3 27 

PD 

BIG RID 0.77 1 35 

BIG FRE 0.698795 0 33 

BIG NAT 0.138686 1 18 

BIG WAB 0.134328 0 18 
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Supplementary Table 2. Summary of the between-second order alliance dyadic analysis data for 79 

dyads. Each male is identified by a three-letter code. Association SRI for each dyad is calculated using 

Equation 1.1. For each dyad, the raw number of vocal exchanges in which they participated is presented as 

well as the total recording time in hours. 

Male 1 ID Code Male 2 ID Code Association SRI 
Vocal 

Exchanges 

Recording Time 

(h) 

BIG CEB 0.094241 0 22 

BIG COO 0.093023 0 14 

BIG DEE 0.04142 1 2 

BIG DNG 0.038168 0 4 

BIG IMP 0.051724 0 6 

BIG MOG 0.053254 0 4 

BIG PAS 0.117318 0 25 

BIG PON 0.125683 0 25 

BIG QUA 0.084034 0 7 

BIG SMO 0.060109 0 13 

BIG URC 0.097143 0 18 

CEB COO 0.134715 1 20 

CEB FRE 0.074534 0 24 

CEB NAT 0.0625 1 23 

CEB RID 0.094737 1 25 

CEB SMO 0.136364 0 27 

CEB URC 0.161458 1 32 

CEB WAB 0.057803 0 21 

COO DEE 0.113772 1 7 

COO DNG 0.028169 0 6 

COO FRE 0.083916 0 13 

COO IMP 0.08 0 7 

COO MOG 0.125749 0 4 

COO NAT 0.050633 0 16 

COO PAS 0.160221 0 20 

COO PON 0.136842 1 18 

COO QUA 0.177966 0 9 

COO RID 0.093567 1 13 

COO WAB 0.045161 0 16 

DEE FRE 0.028369 0 7 

DEE NAT 0.026667 1 8 

DEE RID 0.035503 2 7 

DEE SMO 0.109827 0 14 

DEE URC 0.117647 0 14 

DEE WAB 0.027397 2 8 

DNG FRE 0.028037 0 11 

DNG NAT 0.027027 2 7 

DNG RID 0.038462 0 11 

FRE RID 0.818182 1 38 

FRE NAT 0.132743 4 20 

FRE WAB 0.127273 3 20 

NAT WAB 0.884058 2 34 

NAT RID 0.148148 5 19 

RID WAB 0.135338 5 19 
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DNG SMO 0.034014 0 11 

DNG URC 0.034483 0 11 

DNG WAB 0.028037 1 7 

FRE IMP 0.054054 0 10 

FRE MOG 0.041958 0 11 

FRE PAS 0.087248 1 25 

FRE PON 0.085526 0 25 

FRE QUA 0.071429 0 7 

FRE SMO 0.052632 0 18 

FRE URC 0.081633 0 22 

IMP NAT 0.019417 0 10 

IMP RID 0.061404 1 10 

IMP SMO 0.09375 0 14 

IMP URC 0.104 0 14 

IMP WAB 0.02 0 10 

MOG NAT 0.019608 0 7 

MOG RID 0.053571 0 11 

MOG SMO 0.121387 0 9 

MOG URC 0.136095 0 9 

MOG WAB 0.020134 0 7 

NAT PAS 0.092025 1 26 

NAT PON 0.088757 0 26 

NAT QUA 0.087379 0 7 

NAT SMO 0.036145 0 21 

NAT URC 0.049383 0 21 

PAS RID 0.117978 1 28 

PAS SMO 0.148936 0 27 

PAS URC 0.175824 0 32 

PAS WAB 0.0875 0 26 

PON RID 0.126374 0 30 

PON SMO 0.121212 0 25 

PON URC 0.145833 0 30 

PON WAB 0.077844 0 25 

QUA RID 0.087719 0 10 

QUA SMO 0.168067 0 11 

QUA URC 0.169492 0 11 

QUA WAB 0.078431 1 7 

RID SMO 0.06044 0 18 

RID URC 0.097701 0 23 

SMO WAB 0.030675 0 21 

URC WAB 0.044025 0 21 
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Supplementary Table 3. Summary of the node-level metrics for the within-second-order analysis for 

17 males. Each male is identified by a three-letter code and a two letter code denoting second-order alliance 

membership. The within-second-order alliance strength is presented for each male and have been 

normalized within each second-order alliance. The raw instrength and outstrength for within-second order 

alliance vocal exchanges is presented for each male. The total recording time for each male is presented in 

hours.   

Second-Order 

Alliance Code 

Male ID Code Association 

Strength 

Instrength Outstrength Recording 

Time (h) 

AC 

GUP 0.827714 6 1 15 

KOK 0.276912 3 3 15 

PIM 0.962567 0 1 24 

SIT 1 3 7 19 

KS 

CEB 0.887866 3 8 53 

DEE 0.799523 6 6 30 

DNG 0.439971 7 3 19 

IMP 0.728376 1 1 33 

MOG 0.823256 0 1 22 

PAS 0.891313 3 2 61 

PON 0.955253 7 8 59 

QUA 1 4 2 29 

PD 

BIG 0.930619 1 1 39 

FRE 0.949417 2 6 45 

NAT 0.69651 7 5 34 

RID 1 7 5 49 

WAB 0.684415 5 5 34 

 
Supplementary Table 4. Summary of the node-level metrics for the between-second-order analysis 

for 16 males. Each male is identified by a three-letter code. The between-second-order alliance strength is 

presented for each male and all strengths have been normalized across all alliances. The raw instrength and 

outstrength for between-second-order alliance vocal exchanges is presented for each male. The total 

recording time for each male is presented in hours. 

Second-Order 

Alliance Code 
Male ID Code 

Association 

Strength 
Instrength Outstrength 

Recording 

Time (h) 

KS 

CEB 0.577043 2 2 53 

DEE 0.353853 1 6 30 

DNG 0.181235 1 2 19 

IMP 0.342365 1 0 33 

MOG 0.404149 0 0 22 

PAS 0.697702 0 3 61 

PON 0.641876 1 0 59 

QUA 0.653499 0 1 29 

PD 

BIG 0.605152 1 0 39 

FRE 0.487261 1 0 45 

NAT 0.395514 4 1 34 

RID 0.613165 3 3 49 

WAB 0.365451 3 1 34 

RR 

COO 0.935689 3 1 33 

SMO 0.829535 0 0 35 

URC 1 0 1 41 
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Appendix 

 

MCMCglmm Example  

 

fit_mcmc <- MCMCglmm(VE_edge_weight ~ Assoc_edge_weight,rcov = 

~us(trait):units,nitt=20000,random=~mm(node_id_1 + node_id_2), family="zipoisson",data=df) 

 

                                 post.mean   l-95% CI    u-95% CI    eff.samp     pMCMC     

(Intercept)                   -3.014      -3.473          -2.056           11.77       <6e-04 *** 

Assoc_edge_weight     3.275       2.160            4.620            29.31      <6e-04 *** 

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 




