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patches of prey (Simila and Ugarte 1993; Piatt and Metheven 1992; Friedlaender et al. 

2006; Witteveen et al. 2009). They are generalists and consume a variety of species 

mostly consisting of euphausiids and small schooling fish; specific behaviors such as 

bubble nets and clouds are utilized to consume certain types of prey (e.g., Jurasz and 

Jurasz 1979; Weinrich et al. 1992). These behaviors are likely acquired through cultural 

transmission (Weinrich et al. 2006; Allen et al. 2013). Specific preferences for certain 

prey are seen to vary geographically. Within the Gulf of Maine, while euphausiids have 

been documented as a source of prey (Paquet et al. 1997) diet is thought to be largely 

consisting of small schooling fish (Hain et al. 1995; Weinrich et al. 1997, Kenney et al. 

1997). In the northern Gulf of Maine, Atlantic herring (Clupea harengus) is believed to 

be the preferred fish (Paquet et al. 1997; Weinrich et al. 1997). Sand lance (Ammodytes 

spp.) is documented as the main source of prey for humpback whales in the southern Gulf 

(Payne et al. 1990; Weinrich et al. 1992; Hain et al. 1995). Spatial distribution over 

foraging areas likely reflects preferences of these species but much remains unknown on 

small-scale movement patterns.  

1.3.2.3 Social Structure. Unlike odontocetes, baleen whales are quite solitary; however 

sociality still remains an important factor of life history. The social structure of 

humpback whales is two-fold in nature with different motivations for interaction during 

the breeding and feeding seasons. During the breeding season, affiliations are based on 

the motivation to reproduce. Humpback whales are polygynous and polyandrous; no 

long-term bonds are demonstrated in mating. In breeding sites, competitive groups are 

formed composed of several males and one single female (Tyack and Whitehead 1983; 

Clapham 1992). The closest male associating with the female is known as the principal 
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escort and defends his position against the other competing males. These competitive 

groups can last for several hours with individuals remaining in association for the 

duration of that time. Competition can be quite violent and has even thought to result in 

death (Pack et al. 1998). During the breeding season, female interactions are minimal and 

females are even thought to avoid each other (Clapham 2000; Baker et al. 1987). 

Obviously, strong affiliations exist between mother and calf pairs. For 10-12 months after 

birth, a calf will remain in the association of its mother migrating as a pair to the higher 

latitude feeding grounds. After weaning, a mother and calf are broken and preferential 

associations are not seen again. 

 Social affiliations are not as obvious and well delineated during the summer feeding 

months. As group foraging is not as beneficial when consuming vast amounts of prey, 

humpback whales do not often form large pods. On occasion, cooperative group feeding 

does occur likely to condense patches of prey (Whitehead 1983; Weinrich and Kuhlberg 

1991; Clapham 1993). Humpback whale societies on feeding grounds are generally 

described as “fission-fusion,” composed of small and unstable groups. Individuals may 

remain together for short periods of time from several hours to multiple days. However, 

long term bonds have rarely been observed. Ramp (2010) recently demonstrated long 

term affiliations between non-lactating females in the Gulf of St Lawrence through social 

networking techniques. Similar evaluations have not been investigated in populations in 

the Gulf of Maine. 

1.3.3 Population Status and Conservation 

Stocks of North Atlantic humpback whales were severely reduced by the whaling 

industry (Reeve et al. 2002; Tonnessen and Johnsen 1982). With a comparably coastal 
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distribution, humpbacks were one of the first species to be hunted to commercial 

extinction (Clapham 1999; Clapham et al. 1997).  Although there are no concrete time 

series data, it is believed that at least 2000 humpback whales were taken by non-

mechanical early whaling and 5000 taken by modern whaling by 1910 (Smith and Reeves 

2003). Since the end of commercial whaling, populations in the North Atlantic have been 

thought to be consistently increasing though estimates vary and are uncertain due to lack 

of historical baselines (Best 1993; Paterson et al. 1994; Clapham et al. 1999). Stevick et 

al. (2003a) estimated the North Atlantic population to include approximately 11570 

individual whales. In 1997, Barlow and Clapham estimated a 6.5% annual rate of 

increase. The humpback whale is still federally listed in the United States as an 

Endangered Species. It is also considered “vulnerable” to extinction by the World 

Conservation Union.  

 Although protected from commercial harvest, humpback whales remain threatened 

by multiple anthropogenic factors. As human use of the oceans continues to increase, the 

indirect effects of activities such as fishing and boating on whales have become more 

pronounced. Robbins and Mattila (2001) calculated based on scarring patterns that over 

half of the humpback whales in the Gulf of Maine have experienced entanglements in 

fishing gear. Lines usually become wrapped around the caudal peduncle and slowly but 

increasingly impact the fitness of that individual over time, reducing ability for 

movement and digging into the flesh. Ship strikes also pose a significant threat to 

humpbacks due to their coastal distribution. At least 3 North Atlantic humpback whales 

are killed each year by anthropogenic activity (Waring et al. 2003). While concrete 

understanding of the impact on the population level does not exist, some believe human 
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activities may be affecting recovery in certain areas (Volgenau et al. 1995). Whales are 

also affected by increase in underwater noise and potentially by the increase in whale-

watching activity.  

 Methods Used to Study Cetaceans 1.4

With the increase in indirect anthropogenic threat, knowledge on distributions and 

behaviors of cetaceans has become increasingly important. However, as mentioned 

above, thorough understanding of the ecology of offshore animals who spend 

considerable time under water is difficult to achieve. Methods used to retrieve 

information have steadily evolved in response to increases in technology and 

computational capacity. 

 The earliest endeavors to understand whale biology and movement used data from 

whaling operations. Researchers allowed on whaling vessels could collect information on 

size, anatomy, and geographic locations of taken whales. Many distinctly numbered 

Discovery tags were also shot and implanted into whales, which could then be recovered 

when the whale was killed (Mate et a. 2007). These tags provided early understanding of 

movement and range as the scientist would know where the whale was geographically 

located at time of tagging and then at time of death. Following the moratorium on 

commercial whaling, methods of study shifted to less invasive approaches. To understand 

general ranges or seasonal occurrences, both systematic and opportunistic surveys can be 

utilized. Most surveys now use a distance sampling approach where at each sighting 

observers record location of the vessel, approximate distance of animals from the vessel, 

and radial angle of animals from the vessel (Buckland et al. 2001). With this data, one 

can estimate abundances by assuming that with increasing distance from the boat an 
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animal is decreasingly likely to be seen by an observer and calculating an estimate for 

individual animals not seen. Habitat models can also be built from survey data by 

analyzing where animals are seen and where they are not seen.  

 Broad surveys do not provide more fine-scale data and many generations of tags 

have been develop to get tracklines of individual whales over a landscape. With tagging, 

the challenge is to develop a tag that contains technology to retrieve the data you want, 

but is small enough to minimize impact on the whale and strong enough to remain 

attached for a desired duration of time. Early tags were conventional radio (VHF and 

HF), first implanted subdermally into a whale with a modified shotgun (Watkins and 

Schevill 1975). Handheld poles were also used to attach VHF tags to the body of whales 

(Mate and Harvey 1984). However, to get data from VHF tags the researcher must stay 

with a receiver within range of the antenna on the tagged whale. This would involve 

either following the whale in a vessel or only receiving position updates when the whale 

traveled by the receiver on shore. Thus, more recent studies have shifted to using 

ARGOS tags, where positions are collected and transmitted from satellites. Early satellite 

tags were quite large in size and difficult to attach to a large whale that could not be 

constrained. Eventually, technology advances produced smaller tag sizes allowing for 

projectile deployment and eventually tags that could be implanted beneath the skin of the 

whale. These tags can stay on the whale for hundreds of days; a recent study had a tag 

stay on a blue whale for 620 days (Mate et al. 2011). However, data is only locational. 

Larger tags like the DTAG can also track depth and body orientation of the animal (pitch, 

role, and heading) as well as sound (Johnson and Tyack 2003). These tags are deployed 

with a long pole that can slap it onto the targeted animal and are attached via suction cup. 
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Custom software called TrackPlot can then provide 3-D visualizations of the whale’s 

movements under the water (Ware et al. 2006).  

 Whales can also be monitored and studied with use of molecular techniques. 

Samples can be collected most easily from stranded or dead whales ashore. However, 

skin and blubber can be collected from free-ranging whales with biopsy sampling 

techniques (e.g., Palsboll et al. 1997). This is usually collected with the use of a crossbow 

with an arrow fitted with a barbed hollow tip and flotation device. From a small boat, the 

arrow is shot at the body of a whale, pings off, and floats at the surface of the water for 

retrieval. This sample can then be analyzed to assess diet (via stable isotopes or fatty acid 

signature analysis), heredity and sex of individuals, genetic variation of populations, etc. 

Molecular techniques have led to understanding of population stocks, whale distributions, 

social behavior, and strange movements (Rosenbaum et al. 2004).  

 A more simple way to identify and track movements of individual whales is to 

photograph natural markings.  Many species of cetacean have distinct characteristics that 

are permanent enough to be used to identify an individual repeatedly over time. In the 

early 1970’s, it was discovered that humpback whales possess individually unique black 

and white markings on the ventral side of their fluke (Katona and Whitehead 1981). 

Humpbacks typically raise their flukes out of the water when making a sounding dive, 

which allows researchers to photograph the markings. Individuals are often re-sighted in 

different locations and over various timeframes providing a natural understanding of 

movement. Several organizations have collected many images to create long-term 

catalogs of individuals within a given area. Allied Whale of College of the Atlantic in Bar 

Harbor, ME curates the North Atlantic Humpback Whale Catalog, which currently 
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contains 8000 individuals from all regions of the North Atlantic (from Gulf of Maine to 

Europe).  

 Thesis Objectives 1.5

Although widely studied, much is still unknown about movement patterns and social 

structure of the humpback whale. This thesis was designed to advance the limited 

baseline of knowledge on this population through exploration of individual behavior and 

to present quantitative techniques that could be used on many already existing cetacean 

datasets.  

 While large processes like the migration of humpback whales are well documented, 

less has been quantified on smaller scale movements. An individual is likely to return to 

the same feeding ground each year. However, once that individual has arrived to that 

general region, it has the choice of where to move around that area, how often to 

associate with other whales, and what individual whales to associate with. Throughout a 

season individuals seem to move quite a bit over the landscape, likely in search of prey. 

Pairs and groups are also seen to form and split. There may be a pattern and predictability 

in these behaviors that have not yet been elucidated. From personal observations, over a 

given season whales seem to move back and forth between distinct hotspots that are 

similar each year. These hotspots in whale density are most likely associated with peaks 

in productivity at those times. But what makes a whale decide to leave a given hotspot in 

search for another? These movements may be dependent on both transient and stable 

oceanographic features but may also be dependent on the movement of conspecifics. I 

think there is likely a more structured social network between individuals of whales 

within a region than is currently understood. From previous and un-quantified 
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observations, it appears to me that the common males of the study area tend to associate 

with each other each year. As no competition over feeding has been observed in 

humpback whales, they are either cooperating to feed under the water (little surface 

feeding is observed in this region) or have preferred companionships. 

 Many similar questions exist for whales in other regions but have not been 

addressed due to limitations of data. My research is focused on using photo-identification 

of natural markings as the main source of data, and I hope that the methods used in my 

thesis will be utilized by other organizations to address their questions in a logistically 

feasible way. These methods are useful in comparison to other techniques of data 

collection for several reasons. First, while boat surveys provide general ideas of whale 

distribution and can be used to create habitat models, these models represent a snapshot 

of time for whales in given locations. Whales seen in certain locations are correlated to 

the oceanographic features represented in those areas. By identifying individuals over 

time, you can actually look at active movements of individuals towards specific locations. 

If a whale is sighted in one area and then re-sighted in another area, it can be understood 

that the individual chose to move within that time period towards certain features. In a 

way, this method is similar to data provided by satellite tagging. However, there are 

many factors that make tagging not a feasible option for many organizations to study 

whales. For instance, tags are expensive. The cost of a single tag can be $3700 (Mate 

2011). Because of that expense only a certain number of tags can be used dependent on 

the budget of a project providing a small sample size. As there can be a degree of 

individuality in movement (Ford et al. 2012), a small number of tagged individuals may 

not be representative of the population. Lastly, the behavioral and/or physiological 
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responses of whales to tags are still unknown (Mate 2011). 

 In contrast, photo-identification data sets that already exist span many years and 

represent behavior patterns of many individuals. This minimizes cost while greatly 

increasing potential sample sizes. The methods used to collect photo-identification data 

are also much less invasive than any form of tagging. With my thesis, I demonstrate use 

of photo-identification data over three chapters looking first at the sociality and 

movement of whales within my study area and then expanding to compare these 

structures to whales from a different feeding aggregation. Clear and brief objectives of 

each chapter are outlined below. 

 Part I examines the sociality of humpback whales on feeding grounds in the 

northern Gulf of Maine through analysis of association patterns of known individual 

whales. In doing this, I elucidate relationships and create a social network of whales to 

provide one of the first such association analyses on this species and the first within this 

feeding aggregation. This study will provide important insight into the conflicting reports 

of humpback whale social structure during summer months. 

 Part II aims to analyze fine scale distribution patterns of humpback whales in the 

northern Gulf of Maine to further the understanding of seasonal fluctuations and hotspots 

in density. My methods present a novel use of photo-identification of individuals to 

demonstrate movement decisions leading to a predictive habitat model. Outcomes of this 

model will be compared to a more traditional model based on systematic transect surveys 

that were run offshore of Mount Desert Island during the fields seasons of 2010-2013. 

 Part III examines differences in social structure and habitat selection between 

northern and southern GOM humpback whale feeding sub-regions. This study will 
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document the variability that may exist within the same species over different geographic 

areas to highlight the need for site-specific knowledge when developing management 

plans. 

 Data Collection and Effort 1.6

Data used in this thesis were collected by both myself and other researchers at Allied 

Whale of College of the Atlantic. Photo-identification data collection has been ongoing at 

Allied Whale since the 1970s but a more standardized regime began in 1995. I personally 

joined the effort as a research assistant in 2008. During that season, I collected data on a 

full-time basis, working as both a deckhand on the whale watch and a researcher. As 

researcher, I recorded data on every whale sighted, took photographs of each animal, and 

sorted/edited all images in the office.  In 2010, I became the coordinator of Allied Whale 

systemized research transects, implementing data collection methodology, scheduling 

boat trips, and participating in all resulting field efforts. In 2011, I also began organizing 

the research program with the Bar Harbor Whale Watch Company. Every year, I serve as 

the interface between the Whale Watch and Allied Whale; I select research assistants, 

train them in photo-identification techniques, oversee field season data collection, edit 

and standardize all data entry, and maintain all equipment. In addition, I coordinate 

shore-based logistics, help plan and enact student projects at, assist in boat trips to, and 

maintain equipment for our offshore research station at Mount Desert Rock.
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CHAPTER 2  

SOCIAL NETWORKING IN HUMPBACK WHALES ON FEEDINGS GROUNDS 

2.1 Background 

Knowledge on the social structure of animals is critical to understanding both population 

biology and behavioral ecology. Many important aspects of life are influenced by society; 

social ties with other conspecifics may affect fitness, cultural transmission of 

information, genetic makeup, spatial distribution, and methods of exploiting resources 

(Wilson, 1975; Krutzen et al. 2003; McComb et al. 2003; Connor et al. 1998). There are 

varying definitions of social structure, which loosely center around how individuals in 

spatiotemporal proximity interact with each other (Whitehead 2010). Hinde (1975) built a 

now widely used framework to describe this structure as simple interactions and more 

complex relationships building to a hierarchal society. Methods of analyzing societies 

vary based on the type of organism and the ease or difficulty with which data can be 

collected. In vertebrate populations, experimentation is often impossible making simple 

hypothesis testing quite difficult; thus, many have turn to a more descriptive approach of 

analyzing associations and affiliations. Although the importance of social networks has 

been suggested for a long time (Wilson 1975), they have only recently gained 

prominence in the field of behavioral ecology (Krause 2007). Social networks consist of 

nodes representing individual animals with edges representing the relationship between a 

dyad, or pair of individuals (Croft et al. 2007). Essentially, a network can capture the 

complexity of a social structure by illuminating who is connected to who and further, 

how strong those connections are.  
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Understanding of the social structure of cetaceans is quite limited, as detailed long-term 

data is difficult to acquire. Within the past decade, much attention has been placed on 

elucidating these social organizations as it is thought to be an important part of their 

ecology, specifically in transmission of information (Whitehead; Connor; Baird). 

However, most studies have been focused on odontocetes, which often form large stable 

groups and spend time at the surface (Mann 2000). What has been particularly helpful in 

these studies has been the ability to identify individuals within a cetacean population 

(Whitehead 1995). Identification of individuals through photographic surveys is a 

noninvasive and logistically feasible technique to study these wide-ranging animals 

(Wursig & Jefferson 1977). Networks have been used to demonstrate patterns of social 

interactions in odontocetes, including bottlenose dolphins (Lusseau et al. 2005), sperm 

whales (Christal and Whitehead 2001), and killer whales (Baird and Whitehead 2000). 

This information has been useful in understanding spatial population structuring and 

cultural transmission, leading to proposed differences in management (Baird and 

Whitehead 2000; Foote et al. 2010, Whitehead and Rendell 2004; Wilson et al. 2004). 

Even less is known about the social structure of mysticetes, or baleen whales. 

These animals are often more difficult to study because their offshore distributions, more 

solitary nature, and vast annual migrations between feeding and breeding locations. 

However, most of these species are still classified as endangered and face continually 

increasing anthropogenic threats, making the understanding of their biology more critical 

(Clapham 1999). Most social studies on baleen whales have been done when on their 

breeding grounds (Matilla et al. 1987; Clapham et al. 1992; Rosenbaum et al. 1997; Erts 
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and Rosenbaum 2003); however, the behavioral and environmental constraints of feeding 

grounds are likely to cause very different social organization during the summer months.  

The North Atlantic humpback whale (Megaptera noveangliae) makes extensive 

migrations each year to arrive at summer foraging sites. Until recently, it has been 

assumed that humpback whale societies on feeding grounds are “fission-fusion”, mostly 

made of short unstable associations and that these short associations may be driven by 

kinship (Clapham 2000, Weinrich et al. 2006). However, re-associations of specific pairs 

have been observed over multiple years (Weinrich 1991) Further, Ramp et al. (2010) 

demonstrated that humpback societies on feeding grounds may be more complex than 

expected with some non-related, non-lactating females forming stable associations lasting 

up to six years. The mechanisms driving these associations are still unclear. In a very 

recent paper, Allen et al. (2013) quantified a network based cultural transmission of a 

new feeding behavior in possible response to shifts in prey species, stressing the 

importance of social interactions between individuals. 

2.1.1 Objectives 

In this section I examine the sociality of humpback whales on feeding grounds in the 

northern Gulf of Maine through analysis of association patterns of known individual 

whales. In doing this, I elucidate relationships and create a social network of whales 

providing one of the first such association analyses on this species and the first within 

this feeding aggregation. This study provides important insight into the conflicting 

reports of humpback whale social structure during summer months. 
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2.2 Methods 

My dataset consists of sightings that have been recorded from both systematic research 

and opportunistic whale watch vessels from Allied Whale and the Bar Harbor Whale 

Watch Company. The data spans approximately 25 years and most sightings are located 

within and around the Schoodic Ridges of the Gulf of Maine, located offshore Mount 

Desert Island, ME. Data collected from whale watch vessels were recorded by trained 

observers and contain locational information, photo identification of each individual, 

behavioral observations, and noted associations between individuals. An association is 

defined as animals that are spatially within two body lengths of each other and 

diving/surfacing in synchrony (Weinrich and Kuhlberg 1991; Clapham 1993). Each 

individual whale has been identified by markings on the ventral of the fluke and matched 

to the North Atlantic Humpback Whale Catalog (NAHWC) housed at Allied Whale. In 

addition, the sex and approximate age is known for some of the whales within the catalog 

based on either skin biopsy results or having been seen with a calf.  

 For animals that are difficult to observe (like offshore, deep-diving whales), it is 

commonplace to record associations rather than interactions (Whitehead 2008). 

Association matrices were constructed composed of all individuals sighted during the 

entire study; for each noted association, individuals were either assigned a one (that 

individual was present in group) or a zero (that individual was not present in group). 

Association matrices were also constructed for each year to compare seasons. 

 Association indices were then calculated to estimate the proportion of time that 

each dyad spent together. A variety of association matrices exist with different degrees of 

assumptions. The simplest is a ratio: number of sightings where a dyad was associated 
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divided by the number of sightings where at least one of the pair was identified (Ginsberg 

and Young 1992). However, because not every individual can be identified in every 

sighting due to behavioral or logistical difficulties, we used the Half-Weight Index as 

shown below (Cairns and Schwager 1987; Bejder et al. 1998).   

 

(2.1) 

 

where x is the number of times both individual a and individual b are seen together, ya and 

yb represent when either individual a/b were seen alone, and yab where each individual 

was seen at the same time separately. Use of this index also allows for comparison to 

other cetacean studies as many refer to this index (e.g., Bejder et al. 1998, Ramp et al. 

2010). 

 Next, I tested the randomness of the associations by applying permutations to the 

matrices to create null models. Essentially, these permutations look for preferred or 

avoided companionships between individuals. Bejder et al. (1998) demonstrated use of a 

routine developed by Manly (1995) to create alternative datasets. This method takes the 

existing matrices and performs a series of flips, where the 1s and 0s from a randomly 

selected row and column are switched, preserving the original dimensions of the matrix. I 

used this method with the extensions of Whitehead (1999) to remove demographic effects 

and Krause (2009), which preserves a valid Markov chain. Enough flips were repeated to 

create a randomized dataset and 1000 permuted matrices were subsequently constructed.  

Association indices of the actual data were then compared to the indices of the permuted 

data and z-scores were calculated to demonstrate significance. Degree centrality and 

HWI = x
(x + yab + 0.5(ya + yb ))
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eigenvector centrality were then calculated to identify the range of sociality among the 

individuals (i.e. explore if certain individuals are more “popular” than others) (e.g., 

Lusseau et al. 2008).  

 Social networks were built to assess community structure. Visual representations 

were built displaying vertices (individual whales) and edges (connections between 

whales). Local communities were detected through a clustering algorithm using the 

method of optimal modularity. In this technique, divisions are placed between 

communities where fewer than expected edges are found (Newman 2006). Communities 

were delineated for each season and turnover between seasons was also examined. 

 Lastly, the scales in temporal strength of relationships were assessed using lagged 

association rates (LAR) described by Whitehead (1995; 2008). This technique estimates 

the probability of the association between a dyad a specified time lag (!) after a previous 

association. The LAR g(!) will be one if a dyad is always still associated after ! time 

units and zero if dyads split and never reform during that time. The null association rates 

are shown as 

(2.2)  

  

where n is the total number of associations and N shows pairs of sampling periods ! time 

units apart. These values represent the expected lagged associations if whales were to 

randomly associate. Both rates were standardized by dividing by the number of associates 

within that sampling period as not all associates of an individual could have been 

identified. The precision was estimated using jackknife procedures. The standardized 

lagged association rates (SLAR) gI (! )  were plotted over time and compared to rates 

g(! ) = n
N
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estimated from the null models previously created through permutations. This allowed to 

observe how relationships changed over time. This procedure was carried out at various 

time scales. First, analyses were run on the complete whale data to observe relationships 

on the long term. To observe more short-term temporal dynamics, analyses were run 

within one season and between three consecutive seasons. 

2.3 Results 

2.3.1 Groups and Dyads 

Over the entire study period, 152 individual whales were sighted and matched. 52 of 

those individuals were only seen once but most were sighted repeatedly between and 

within seasons, with the maximum number of re-sightings being 417. Group sizes were 

small, with a majority of the individuals being sighted alone (see Table 2.1). Those 

traveling with companions were most frequently seen in pairs and the largest group 

observed was 10 individuals (this group was observed cooperatively bubble net feeding).  

 Figure 2.1 shows the simple connections between individual whales. Most whales 

were at some point seen in association with another whale. Half-weight indices between 

dyads ranged from 0.01-0.6 (see Figure 2.2). A majority of the dyads had a half-weight 

index of values less than 0.2. The mean HWI was 0.039 (SD=0.07). The highest mean 

was seen in female-female associations (0.1, SD=0.1) and the lowest between males 

(0.01, SD=0.02). All calves had an association index of 1 with mothers. Calves were 

removed from subsequent analyses.  
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Table 2.1 Summary of Group Sightings Data 

 

Group Size Number of Groups Percent of total 

1 1299 66.86% 

2 449 23.11% 

3 133 6.85% 

4 33 1.70% 

5 9 0.46% 

6 6 0.31% 

7 9 0.46% 

8 4 0.21% 

10 1 0.05% 

Total Groups 1943  
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Figure 2.1. Simple network of connections between individual humpback whales 
throughout all seasons. Each node is an individual whale and each line represents an 
association between pairs. This network is unweighted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Frequencies of HWI values observed between dyads. HWI values range from 
0-1. 
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2.3.2 Preferred associations 

Null models were created to test for preferred or avoided associations. To achieve 

randomization of the association matrices, we first performed 10,000 “flips” of {0,1} 

pairs; this created a randomized matrix of the same structure and composed of the same 

individuals as the original data. 999 subsequent random matrices were created each 

separated by 10 additional flips of {0,1) pairs, resulting in a set of 1000 random 

association matrices.  

 Evidence was found for preferred companionship between individual humpback 

whales. 94 positive significant associations were found between dyads (z-scores > 1.96). 

11 negative significant associations were also found (z-scores < 1.96). The majority of 

the significant associations were found between individuals of unknown sex; 29 preferred 

companionships were F-F, 17 were M-M, and 47 were M-F.  

2.3.3 Network measures 

Using positive z-scores from the null model as weights of association, the resulting 

network showed nine local communities mostly composed of individuals of both sex 

(Figure 2.3) The largest community was connected at least loosely to every other 

community and strongly to two other of the larger communities. Individuals within the 

network showed differences in sociality within the larger network. Degree centrality 

ranged from 0-35. Figure 2.4 shows a network with nodes weighted by the number of 

connections. Most individuals had a low degree centrality while several had a very high 

value. The four whales with highest degree centrality were older males. Degree centrality 

and eigenvector centrality were correlated; most individuals with many connections were 

connected to other well-connected individuals. There were a few outliers; e.g., a male 


