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individual behavior. The results indicate that individuals in the southern Gulf of Maine,
for which sufficient data were available, were consistent in their bubble-net feeding
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feeding events. There was evidence for a division of labor and role specialization among

whales utilizing certain bubble-net feeding tactics in the southern Gulf of Maine. The
three populations performed different variations of bubble-net feeding that are likely
based on the speed and schooling patterns of the prey. The results are consistent with the
hypothesis that bubble-net feeding is an example of by-product mutualism in these
populations, though was not enough data to suggest that group bubble-net feeding in
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CHAPTER 1: GENERAL INTRODUCTION
Group foraging
Coordinated behaviors are observed in many different species across a variety of social
contexts, including breeding, foraging, defense against predators, and defense of resources, either
food or mates. Coordination is a way for members of a group to increase their individual fitness
by working together (Alexander 1974). Foraging behaviors are some of the most apparent
displays of coordination seen in nature. Coordination in a feeding context, or group foraging,
offers advantages on an individual to evolutionary scale. Group foraging involves the pooling of
individual efforts to find and exploit resources (Beauchamp 2014). According to Clark and
Mangel (1986), the evolutionary advantages of group foraging include increased detection of and
protection from predators, increased detection of patchy or scarce food, improved capture ability,
greater ability to defend resources, and increased efficiency in exploiting a limited resource.
However, there are also costs associated with group foraging, including increased competition
for mates and food and likelihood of disease transmission (Alexander 1974). Group foraging
behaviors also increase conspicuousness which may increase detection from both predators and
prey, making the group less effective and more at risk of predation (Alexander 1974). For group
foraging to be advantageous, there needs to be a combination of a dependence on food sources
that are impossible to exploit on the individual level, including patchily distributed prey, and a
prevalence of food sharing to maximize energy gain from a resource that outweighs the potential
costs of group living (Alexander 1974).
Group size plays a significant role in group foraging efforts. Group size is believed to
affect the roles adopted by the members of the group (Pulliam and Caraco 1984). Variability in
group sizes may represent different solutions to the same problem of procuring food in their
respective environments, as group sizes tend to increase with food quality as well as the
patchiness of its distribution (Pulliam and Caraco 1984). However, due to the underlying impacts
of inter-group competition, the observed group size many not represent the optimal situation for
individual fitness (Clark and Mangel 1986). The additional benefits of group foraging, such as
increased search ability, reach a maximum more quickly in larger groups. In large groups,
individuals end up overlapping in search areas, making the additional members a detriment to the
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fitness of the group (Pulliam and Caraco 1984). Not only do additional animals perform
redundant tasks, they also make it easier to “cheat,” or use the efforts of a group to achieve
energetic gain without putting in effort to find or herd the prey (Packer and Ruttan 1988,
Beauchamp 2014). Packer and Ruttan (1988) used theoretical game models to show that the
frequency of cheating increases with larger group size during coordinated foraging tactics in
groups of hunting lionesses (Panthera leo). So while there is an added benefit to coordinating
foraging efforts within a group, there are detriments to forming large groups.
There are examples across trophic levels in both the terrestrial and marine environments
of species that have evolved coordinated foraging behaviors to increase their success. Killer
whales (Orcinus orca) use a variety of coordinated strategies to hunt different species of marine
mammals, including whales, dolphins, and seals (Guinet et al. 2000, Pitman and Ensor 2003,
Pitman and Durban 2012). Rockhopper penguins (Eudyptes c. moseleyi) have been observed
synchronizing their foraging dives (Tremblay and Cherel 1999). Jumbo squid (Dosidicus gigas)
are believed to synchronously swim parallel to one another to feed on prey in shallow water at
night (Benoit-Bird and Gilly 2012). The velvety free-tailed bat (Molossus molossus) coordinate
foraging efforts by eavesdropping on other conspecifics echolocation calls to find patchy food
sources (Gager et al. 2016). Spotted hyenas (Crocuta crocuta) synchronize their behaviors in
group hunting strategies, even in experimental laboratory settings (Drea and Carter 2009). In
these group foraging events, individuals coordinate their own behaviors with others in order to
increase their net foraging benefit. Though these diverse species are similar in that they regularly
utilize group foraging, the strategies they use differ based on individual effort and energy gain in
the group as a whole.
Group foraging vs. cooperation
It is often assumed that group foraging implies cooperation, but cooperation refers to a
particular subset of coordinated foraging strategies (Packer and Ruttan 1988). There are several
coordinated foraging behaviors observed in nature that are differentiated by the roles of the
individuals (Beauchamp 2014). The most basic level of coordination is group foraging. An
example of this is schooling behaviors in fish or flocking behaviors in birds, where the
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individuals form large groups to collectively search for resources. Group herding is a more
complex interaction that involves corralling prey which increases its density and reduces the cost
of capture (Beauchamp 2014). This has been observed in several delphinid species, including
dusky dolphins (Lagenorhynchus obscurus), which coordinate their behaviors to herd prey into
bait balls (Vaughn et al. 2007).
In cooperation, individuals coordinate actions with one another to achieve a greater net
benefit than they would by working alone (Connor 2000, Maynard Smith 1983). In cooperative
foraging, individuals working together must take on some role and also restrain themselves from
interrupting collaborative foraging by feeding on their own (Wilson 1975, Beauchamp 2014).
These cooperative foraging efforts often appear to be driven by kinship, as they are frequently
observed in groups of related individuals, like Harris hawks (Parabuteo unicinctus) (Bednarz
1988). Cooperation is a type of by-product mutualism, in which individuals in a group exchange
by-product benefits without any evidence of altruism (West-Eberhard 1975, Connor 2000).
Altruism occurs when an individual performs a behavior that benefits the recipient at the cost of
the actor (West-Eberhard 1975, Connor and Norris 1982). A type of temporary altruism is
reciprocation, in which one individual performs an altruistic act and then expects the other
participant to reciprocate that act in a future foraging event, and because of this selfish motive is
not truly a form of cooperation (West-Eberhard 1975, Connor 2000, Hamilton and Axelrod
1981). Mutualism generally refers to a group in which all individuals in a group have an equal
benefit to working together (Maynard Smith 1982, Boesch 2002) and was originally defined in
groups of non-related individuals as “ordinary selfish behavior incidentally benefiting others”
(West-Eberhard 1975). The most basic forms of by-product mutualism occur when individuals
perform behavior regardless of the behaviors of the other individuals in a group (Connor 2000).
Cooperation often involves highly coordinated actions among individuals.
The most complex form of cooperative feeding involves a division of labor, in which
individuals perform different roles (Anderson and Franks 2001). When individuals cooperate
with a division of labor, they make up a “team” (Anderson and Franks 2001). In a team,
individuals perform different roles or tasks that need to be performed synchronously for a
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foraging effort to be successful (Anderson and Franks 2001, Connor 2001). Within these teams,
there is also the potential for role specialization, where an individual performs the same task for
each feeding iteration. This has been observed in lionesses that occupy the same role within a
hunting group, and position themselves in the same place relative to the other participants for
each hunt (Stander 1992). These group hunts are consistently more successful than solitary
hunts, and the hunting success of the group is greatest when each lioness occupies her
specialized role (Stander 1992). This has also observed in bottlenose dolphins (Tursiops
truncatus), which have role specialization in foraging groups (Gazda et al. 2005). One individual
takes on the role of prey driver, while the rest of the group approaches the driver, thus herding
the prey from either side until they are forced to the surface. The driver has a consistent role
within each iteration of this feeding behavior (Gazda et al. 2005).
Cooperative foraging is not adopted by all members of a species. Some populations, or
even specific teams within the population, are more cooperative than others (Stander 1992). It
may be due to the familiarity of the individuals and the stability of the team. In more stable
groups of dolphins, there is a greater success rate in cooperative feeding events (Gazda et al.
2005). When associations are less stable, with group sizes fluctuating from 2-6 individuals, the
individuals have a similar success rate to those of solitary foragers, indicating that there is a
greater benefit to stable associations in cooperative teams. It is also possible that habitat
influences cooperative foraging behaviors. It is suggested that the lionesses in Stander (1992)’s
study may have adapted cooperative hunting strategies due to the semi-arid conditions of their
habitat. African wild dogs (Lycaon pictus) have been observed utilizing different cooperative
strategies in plains and wooded habitats (Hubel et al. 2016). Prey also influences the
development of cooperative behaviors. For cooperation to evolve within the social group, food
must first be scarce enough to promote group feeding (Connor 2000). The quality of prey
influences whether cooperation is necessary. Larger, faster, patchier prey often require more
individuals to successfully find and capture. This is observed in lions and African wild dogs that
utilize cooperative groups to take down fast, fleet-footed prey (Stander 1992, Hubel et al. 2016).
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Though cooperation has been observed in many different species, what appears to be
cooperation may in actuality be a producer-scrounger relationship. This is a form of
kleptoparasitism, in which the producer expends time and effort discovering prey, and loses
some or all of its prey to food usurpation from scroungers, who exploit the producer’s efforts
(Beauchamp 2014, Brockmann and Barnard 1979, Connor 2000). This relationship is believed to
be most common when prey is patchily distributed that are impossible for a producer to
consumer entirely before a scrounger arrives (Giraldeau and Livoreil 1998, Giraldeau and
Beauchamp 1999, King et al. 2009). Whether or not the producer gains more than the scrounger
depends on the number of scroungers present. Scrounging quickly loses its benefit when the
number of individuals scrounging exceeds those finding and producing food (Barnard and Sibly
1981, Maynard Smith 1982, Barta and Giraldeau 1998). Producer-scrounger relationships could
be as stable as cooperative groups if a producer cannot avoid the scrounger and the scrounger has
more success feeding with that producer than switching producers, or if social hierarchies drive
the roles of the producer and scrounger (Beauchamp 2014, Connor 2000, Barta and Giraldeau
1998).
Alexander (1974) theorized that group foraging is a byproduct of sociality. In many
examples of group foraging, like the killer whales, penguins, and bats mentioned above, these
species live in societies and use social structure in other contexts. The cooperative lionesses and
other species, like dusky dolphins, live in fission-fusion societies in which foraging groups form
and dissolve based on the habitat and prey targeted (Stander 1992, Pulliam and Caraco 1984,
Pearson 2009). However, examples of species in which individuals are solitary except for their
foraging are not common. Especially in species that do not regularly interact socially —i.e.
living in a herd or group with social structure—cooperation is unlikely in a foraging context.
Group Foraging in Humpback Whales
Humpback whales belong to a class of baleen whales (Mysticeti) called Balaenopteridae,
commonly known as rorqual whales. Rorquals are characterized for their pleated throats, which
allow the mouth cavity to expand and facilitate engulfing large quantities of prey (Goldbogen et
al. 2010, Berta 2012). Humpbacks are distinguished by their long pectoral flippers, which are
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one-third of their body length and have raised tubercles that have been found to improve
maneuverability, which has played a large role in behavioral adaptations (Fish and Battle 1995,
Fish 2002, Wiley et al. 2011). There are 13 proposed populations of humpbacks, defined by the
location of their breeding grounds (NOAA 2015). While these populations are genetically
distinct, multiple breeding populations are likely to utilize the same foraging grounds,
distinguishing them both genetically and behaviorally based on where they breed and forage.
Humpbacks forage utilizing a variety of different behaviors throughout the water column.
Across populations, humpbacks have been observed foraging on zooplankton and schooling fish,
including krill, sand lance, capelin, mackerel, anchovies, and herring (Whitehead 1981, Baker et
al. 1985, Geraci et al. 1989, Hain et al. 1982, Kieckhefer 1992, Clapham 2000). Each of the
feeding behaviors humpbacks use involves a lunge through a patch of aggregated prey. There is a
large energetic cost associated with lunge feeding in rorquals (Goldbogen et al. 2007, 2008,
2010). In a lunge feeding event, the ventral pleats allow the whale to expand its mouth and
engulf more than its body weight in prey-laden water. This creates enough drag that the whale
slows rapidly. The whale then filters out excess water through its baleen (Goldbogen et al. 2007,
2008, 2010).
It has been suggested that humpbacks are visual predators in some contexts that can
locate a prey patch by countershading at the surface (Friedlaender et al. 2009). When the whale
approaches the prey patch, it relies on knowing where the prey was initially. Humpbacks may
“miss” the patch and engulf an insufficient amount of prey (Friedlaender, personal
communication). Therefore strategies that concentrate the prey in a particular location to ensure
more efficient lunging would be needed to prevent the possibility of lunging through an
insufficient prey patch or missing the prey altogether. This may include the use of group feeding,
which is observed in several populations of humpback whales.
Among whale species, Odontocetes are known to form stable social groups while
mysticetes are relatively solitary (Connor 2000). In a study comparing feeding behavior of
Bryde’s and fin whales, Tershy (1992) theorized that baleen whales should not form stable
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groups due to feeding competition, especially with small and patchy prey aggregations. Yet
despite the asocial nature of many other species of mysticetes, humpback whales frequently
forage in groups (Jurasz and Jurasz 1979, D’Vincent 1985, Hain et al. 1982). Humpback group
foraging is believed to increase prey capture rates while minimizing prey disturbance (Weinrich
and Kuhlberg 1991). In feeding grounds there is variation in the stability of social bonds between
individuals. Some individuals form associations on feeding grounds and re-associate year after
year, while others form fluid associations that last for as little as the duration of a feeding event
(Weinrich and Kuhlberg 1991, Weinrich 1991). In the southern Gulf of Maine, these studies
found that 25% of the surveyed animals formed stable bonds with other individuals. In Southeast
Alaska, humpbacks have been observed lunge feeding in synchrony, forming stable associations
from year to year and maintaining the same spatial positioning during the lunge feeding events
(D’Vincent et al. 1985, Perry et al. 1990, Jurasz and Jurasz 1979).
One of the more recognizable group foraging behaviors in humpback whales is bubblenet feeding. Bubble-net feeding occurs when one or more whales dive beneath an aggregation of
prey and blow a stream of bubbles through their blowhole in a circular pattern around the prey
(Jurasz and Jurasz 1979). The bubbles act as a cylindrical wall, which keeps the prey confined as
the whales herd the aggregation to the surface (Jurasz and Jurasz 1979, Hain et al. 1982, Sharpe
and Dill 1997). Studies of bubble-nets in laboratory settings have shown that the prey remains
compacted because the bubbles cause enough of a disturbance to concentrate the targeted
schooling prey within the “net” (Sharpe and Dill 1997). Trapped between a group of whales and
the surface, the prey is engulfed in a synchronous lunge feeding event at the surface. This
behavior has only been observed in a few populations of humpback whales in isolated areas of
the world, including Southeast Alaska, the Gulf of Maine, the Western Antarctic Peninsula, and
the southern coast of Chile (Jurasz and Jurasz 1979, Kieckhefer 1992, Acavedo et al. 2011,
Wiley et al. 2011, Gibbons, Capella, and Valladares 2003). While individual bubble-nets have
been analyzed in previous studies (Wiley et al. 2011), very little is known about the dynamics of
bubble-net feeding as a group foraging behavior, including the roles of individuals participating,
the effort involved, and the differences in this behavior across populations.
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Bubble-net feeding in Populations
The most commonly recognized example of bubble-net feeding occurs in Southeast
Alaska, where humpbacks form large groups and utilize bubble-nets and vocalizations to herd
schools of Pacific herring (Clupea harengus) to the surface (Jurasz and Jurasz 1979). These
whales feed in groups of up to 20 individuals on adult herring 15 to 24 cm in length (Sharpe
2001). Pacific herring are fast swimmers, reaching 90-143 cm/s in captivity (Brawn 1960). They
spend daylight hours at depth, which varies based on the bathymetry and the temperature and
salinity gradients of the area, then migrate to the surface at night (Blaxter and Holliday 1963).
Humpbacks perform bubble-net feeding behavior in specific areas in Southeast Alaska, and
vocalize while performing bubble-net feeding behaviors (Jurasz and Jurasz 1979, Sharpe 2001).
It may be a subset of the population that participates in bubble-net feeding, or a behavior that
many whales share but that is only utilized in specific contexts, either based on prey availability
or distribution of schools in the water column.
Bubble-net feeding is also observed in the southern Gulf of Maine (Hain et al. 1982,
Wiley et al. 2011), where individuals or groups up to eight feed on sand lance (Ammodytes
americanus and dubius). Sand lance are about 20 cm in length that can swim up to 120 cm/s
(Meyer et al. 1979). Sand lance form large, vertically-compressed and tightly compacted schools,
with individuals ¼ to 1 ½ body lengths away from their nearest neighbor, while feeding on
copepods in midwater and surface waters during the day (Winslade 1974, Westin et al. 1979,
Meyer et al. 1979). They retreat to depth at night where they burrow in the substrate (Westin et
al. 1979). Humpbacks follow the sand lance diel migration, bubble-net feeding when sand lance
are in the surface waters, and bottom feeding when the fish are burrowed in the substrate
(Friedlaender et al. 2009). In this area there are variations of bubble-net feeding that occur,
including “bubble clouds,” single or multiple bursts of tiny bubbles that form a large cloud
instead of a precise net, and “lob-tailing,” in which the whale slaps its flukes at the surface in
between two dives (Wiley et al. 2011, Weinrich et al. 1992). The first dive is a corralling dive, in
which a whale dives below a school of prey and blows a ring of bubbles beneath it. It then comes
to the surface and lob-tails before diving back below the prey and circling around it again, this
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time lunging at the surface. The lob-tail is thought to further condense or stun the prey, making it
less able to escape (Weinrich et al. 1992). Humpbacks in this area are believed to target
vertically oriented schools for bubble-net feeding (Hazen et al. 2009). A previous study on the
underwater components of bubble-net feeding behavior using tag data by Wiley et al. (2011) has
shown that bubble-net feeding behaviors vary by individual, but two main behaviors are
prevalent—upward spiral dives, which correspond to complete bubble-nets observable from the
surface, and double-loop behavior, which correspond to lob-tail feeding.
Recently, humpbacks in the Southern Ocean on the western coast of the Antarctic
Peninsula have been observed feeding via bubble-nets on Antarctic krill (Euphausia superba), in
groups of one to three individuals (Friedlaender, personal communication). Antarctic krill range
from 2 to 6 cm and are abundant in the Southern Ocean. While most euphausiids swarm, krill
exhibit schooling behaviors, forming dense schools of up to 20,000-30,000 individuals per
square meter with uniform orientation (Hamner and Hamner 1983). They school day and night,
searching for food over long distances, and moving at a speed of 11.65-12.99 cm/s (Hamner and
Hamner 1983).
Potential for Cooperation in humpback whale bubble net feeding?
Though there have been many visual observations of bubble-net feeding recorded, little is
known about the social coordination involved in this foraging strategy. Because of the group
effort and occasional sightings of stable associations among humpbacks, it has been speculated
that bubble-net feeding is a cooperative behavior. Based on observations of humpbacks,
researchers have suggested that bubble-net feeding is either a type of by-product mutualism or
reciprocity (Baker 1985, Jurasz and Jurasz 1979, Weinrich and Kuhlberg 1991, Wiley et al.
2011). If bubble-net feeding is an example of cooperation through by-product mutualism, each
individual would perform a herding behavior each time a bubble-net was produced by that group.
Group size is believed to affect the behaviors performed by the members of the group (Pulliam
and Caraco 1984), so the behavior of an individual may change based on the group size, even
within a cooperative group. Because at least one individual creates the bubble-net, there is also
the possibility for division of labor within bubble-net feeding efforts. If there is a division of
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labor, there would be several different dive behaviors observed within the group. It has been
speculated that blowing the bubble-net may be a specific role within the group, and this has been
supported in the population in Southeast Alaska by Sharpe (2001), who used echosounders to
track the movement of whales in a bubble-net feeding group. However there has not been any
evidence of this in other populations using bubble-nets. If bubble-net feeding is an example of
reciprocation, only one or a few of the participants gain at a time, so repeated interaction
between individuals would be necessary for the bubble-net to benefit all individuals in the group
(Maynard Smith 1982, Boesch 2002). If this is the case, each individual would vary its role and
the complexity of feeding behavior over the course of a feeding bout.
Cooperation occurs when an individual has a greater net benefit by working in a group
than it would by working alone (Beauchamp 2014). This can be an energetic gain in the form of
higher quality prey, expending less energy to capture the prey, or a combination of the two. On a
foraging ground humpbacks typically target the same species of prey, whether feeding in a group
or solitarily. For group feeding to be effective in humpback whales, working in a group would
either reduce the amount of work performed per individual, or increase the quantity of prey
captured by targeting larger schools of prey in a group.
The overall goal of this project was to determine how bubble-net feeding behavior is
influenced by group size: does individual effort change as a function of group size, is there
stability of individual roles with changes in group size, and is there evidence of cooperation in
humpback whales. A secondary goal is to compare the strategies utilized by humpbacks in three
different populations, Southeast Alaska, the southern Gulf of Maine, and the Antarctic Peninsula,
in order to determine how bubble-net feeding behaviors differ and how the behaviors and
observed group sizes might be influenced by the prey species targeted. This study should help
determine how group bubble-net feeding works, both on an individual and a population scale.
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CHAPTER 2: THE EFFECT OF GROUP SIZE ON INDIVIDUAL ROLES AND THE
POTENTIAL FOR COOPERATION IN GROUP BUBBLE-NET FEEDING HUMPBACK
WHALES (MEGAPTERA NOVAEANGLIAE)
Abstract
Group foraging is observed in many species and is used to increase the ability of group
members to find and exploit patchy prey. Group foraging can be exhibited in a number of
different contexts based on the relationships between the participants, including by-product
mutualism. One variant of by-product mutualism is cooperation, in which individuals achieve a
greater energetic gain by feeding together than they would alone. In cooperation, individuals
adopt some role in the group, and in the most complex interactions there may be multiple roles,
resulting in a division of labor. Humpback whales (Megaptera novaeangliae) are one of the few
baleen whale species that have been observed feeding in groups, utilizing behaviors that are
hypothesized to be cooperative. One of these behaviors is group bubble-net feeding, which has
been observed in the Northeastern Pacific, Northwestern Atlantic, and Southern Oceans. This
study utilized multi-sensor archival tag data from 26 whales from the southern Gulf of Maine, 4
from Southeast Alaska, and 1 from the Western Antarctic Peninsula, foraging in groups of 1 to
15 individuals, to analyze individual bubble-net feeding behaviors and compare behaviors across
populations. Linear mixed effects models were used to determine if there was a difference in
dive behaviors across group size. The results indicate that individuals in the southern Gulf of
Maine were consistent in their bubble-net feeding behaviors across group sizes, which suggests
that individuals utilize set roles in group feeding events. There was evidence for a division of
labor and role specialization among whales utilizing certain bubble-net feeding tactics in the
southern Gulf of Maine. The three populations performed different variations of bubble-net
feeding that are likely based on the speed and schooling patterns of the prey. The prevalence of
herding dives in feeding groups suggest that each individual takes on some role to herd the prey
to the surface, and provide evidence against a producer-scrounger relationship in the southern
Gulf of Maine. The results instead suggest that bubble-net feeding is an example of by-product
mutualism in the southern Gulf of Maine, though there was not enough data to make the same
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conclusions about the other two populations. The results of this study provide new insights into
the effects of group size on individual behavior.
Introduction
Group foraging
Coordinated behaviors are observed in many different species that act as a way for
members of a group to increase their individual fitness (Alexander 1974). These can be observed
in many contexts, but are especially apparent in a foraging setting. Group foraging offers
advantages on an individual to evolutionary scale. According to Clark and Mangel (1986), the
evolutionary advantages of group foraging include increased detection of and protection from
predators, increased detection of patchy or scarce food, improved capture ability, increased
ability to defend resources, and greater efficiency in exploiting a depletable resource. For group
foraging to be advantageous, there needs to be a combination of a dependence on food sources
that are impossible to exploit on the individual level, and a prevalence of food sharing to
maximize energy gain from a resource (Alexander 1974).
There are examples across trophic levels in both the terrestrial and marine environments
of species that have evolved coordinated foraging behaviors to increase their success. Killer
whales utilize a variety of coordinated strategies to hunt marine mammals, including whales,
dolphins, and seals (Guinet et al. 2000, Pitman and Ensor 2003, Pitman and Durban 2012.)
Jumbo squid have been observed coordinating their movement patterns to feed on prey at night
in shallow water (Benoit-Bird and Gilly 2012). Velvety free-tailed bats coordinate foraging by
eavesdropping on other conspecifics echolocation calls to find patchy food sources (Gager et al.
2016). Spotted hyenas synchronize their behaviors, even in experimental laboratory settings
(Drea and Carter 2009). In these group foraging events, individuals coordinate their own
behaviors with others in order to increase their net foraging benefit. Though these species all
utilize group foraging as a regular strategy, there are significant differences the nature of group
feeding, differentiated by the behaviors of the individual and their interactions with other
members of the group.
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Group foraging versus Cooperation
It is often assumed that a group coordinating its efforts is cooperating, but this is not
always the case (Packer and Ruttan 1988). There are distinct differences that distinguish group
foraging, group herding, and cooperation (Beauchamp 2014). Group foraging, for instance, is the
pooling of individual efforts to find and exploit resources (Beauchamp 2014). Group herding is a
more complex interaction that involves corralling prey into smaller areas, which increases the
density and reduces the cost of capture (Beauchamp 2014). Both of these feeding strategies are
types of by-product mutualism, in which individuals exchange by-product benefits of increased
fitness without any evidence of altruism (West-Eberhard 1975, Connor 2000). Cooperative
feeding is also a form of by-product mutualism, in which individuals working together must take
on some role and restrain their instincts to feed on their own and interrupt collective prey herding
(Wilson 1975, Beauchamp 2014). Situations which appear cooperative may be a producerscrounger relationship, in which an individual is able to parasitize the food patch that producers
found and herded, thus taking some of the producer’s resource without expending effort locating
or herding the prey (Alexander 1974, Barta and Giraldeau 1998, Beauchamp 2014). In the most
sophisticated cases of cooperative hunting, individuals adopt different roles and strategies to
allow them to capture prey more effectively, forming a “team” (Anderson and Franks 2001,
Connor 2001, Bailey et al. 2012, Beauchamp 2014). In a team, individuals perform different
roles or tasks that need to be performed synchronously for a foraging effort to be successful
(Anderson and Franks 2001, Connor 2001). This division of labor with role specialization has
been observed in marine and terrestrial predators like killer whales, hawks, lions, and bottlenose
dolphins (Pitman and Durban 2012, Bednarz 1998, Stander 1992, Gazda et al. 2005, Beauchamp
2014).
Alexander (1974) asserted that group foraging is a byproduct of sociality. Though there
are examples of context-dependent group foraging behaviors, such as location-specific
coordinated foraging in African wild dogs (Lycaon pictus), which form groups in certain areas or
based on what prey is available (Hubel et al. 2016), these species still demonstrate social
structure in other contexts. There are also examples of fission-fusion societies in which habitat-
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specific groups form and dissolve based on foraging, predation risk, and mating. Dusky dolphins,
for example, form fluid foraging groups of over 300 individuals but also form groups to defend
against predators (Pulliam and Caraco 1984, Pearson 2009). However, examples of species in
which individuals are solitary except for their foraging are not common. Especially in species
that do not regularly pursue social interactions—i.e. living in a herd—cooperation is unlikely in a
foraging context when sociality is uncommon.
Group Feeding in Humpback Whales
Humpback whales belong to a class of baleen whales (mysticeti) called balaenopteridae,
commonly known as rorqual whales. Rorquals are characterized for their pleated throats, which
allow the mouth cavity to expand and facilitate engulfing large quantities of prey (Goldbogen et
al 2010, Berta 2012). Humpbacks are distinguishable by their long pectoral flippers, which are
one-third of their body length and have raised tubercles that have been found to improve
maneuverability, which has played a large role in behavioral adaptations (Fish and Battle 1995,
Fish 2002, Wiley et al. 2011). There are 13 proposed populations of humpbacks, defined by the
location of their breeding grounds, though breeding populations often overlap in foraging
grounds (NOAA 2015). Populations that converge on foraging grounds are behaviorally distinct.
Across populations, humpbacks have been observed foraging on different species with a variety
of different behaviors, including group feeding.
Unlike other baleen whales, humpback whales frequently forage in groups, which is
believed to increase prey capture rates while minimizing prey disturbance (Weinrich and
Kuhlberg 1991). One of the more recognizable group foraging behaviors in humpback whales is
bubble-net feeding. Bubble-net feeding occurs when one or more whales dive beneath an
aggregation of prey, then blow a stream of bubbles through their blowhole in a circular pattern
around the prey (Jurasz and Jurasz 1979). The bubbles act as a cylindrical wall, which keeps the
prey confined as the whales herd the aggregation to the surface (Jurasz and Jurasz 1979, Sharpe
and Dill 1997). It has been hypothesized that the prey remain compacted because they are
schooling fish and bubbles cause enough of a disturbance to concentrate them within the “net”
(Sharpe and Dill 1997). Trapped between a group of whales and the surface, the prey is engulfed
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in a synchronous surface lunge feeding event. While individual bubble-nets have been analyzed
in previous studies (Wiley et al. 2011) very little is known about what drives bubble-net feeding
as a group foraging behavior, including individual roles, the effect of group size, and the nature
of the interactions between the participants.
Potential for cooperation in humpback whale bubble net feeding?
Though there have been many visual observations of bubble-net feeding recorded, little is
known about the social coordination involved in this foraging strategy. It has been hypothesized
that group bubble-net feeding is cooperative (Baker 1985, Jurasz and Jurasz 1979, Weinrich and
Kuhlberg 1991, Wiley et al. 2011), either a type of by-product mutualism or reciprocity. If
bubble-net feeding is mutualistic, each individual would perform the same behavior or role each
time a bubble-net was produced by that group (Maynard Smith 1982, Boesch 2002). It has been
speculated that blowing the bubble-net may be a specific role within the group, and this has been
supported in the population in Southeast Alaska by Sharpe (2001), who used echosounders to
track the movement of whales in a bubble-net feeding group. There has not been evidence of this
in other populations that use bubble-nets. If bubble-net feeding is an act of reciprocation, only
one or a few of the participants gain at a time, so repeated interaction between individuals is
necessary, and it is not considered a type of cooperation (Maynard Smith 1982, Boesch 2002,
West-Eberhard 1975, Hamilton and Axelrod 1981, Connor 2000). If this were the case, each
individual would change its role frequently from more to less complicated dives. Group size is
believed to affect the roles adopted by the members of the group (Pulliam and Caraco 1984), so
the behavior of an individual may also change based on the group size. Over the duration of the
feeding bout of multiple dives, an individual would change its behavior based on the behaviors
exhibited by the rest of the group (Maynard Smith 1982).
There are several differences between humpbacks and species known to forage
cooperatively. One difference is that most humpbacks do not form stable associations on the
foraging grounds (Weinrich and Kulhberg 1991). While many species that feed cooperatively
form herds or packs, humpbacks can be solitary and form highly fluid associations (Weinrich
and Kulhberg 1991). Another difference is that predators generally utilize groups to find and
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capture large, fast, hard-to-catch single prey items, or to capture a particular member of a herd,
flock or school (Beauchamp 2014). Animals that feed on lower trophic levels forage in groups to
help locate patchily distributed prey and defend against predators. Humpbacks are a large, filterfeeding consumer, and face little predation risk on foraging grounds. Other large filter feeders,
such as whale sharks, basking sharks and rays, aggregate in areas with high prey density (Sims
and Quayle 1998, Armstrong et al 2016, Nelson and Eckhart 2007). Whale sharks have been
observed in potentially socially facilitated “feeding frenzies” (Taylor 1994, Martin 2007), and
basking sharks have been observed coordinating swimming behavior while foraging (Compango
2001). While little is known about whether these foraging behaviors are actually socially
facilitated, there is little evidence of the sophistication of coordinated behaviors that humpbacks
exhibit in bubble-net feeding. Despite the differences between humpbacks as large filter feeders
and other species that cooperatively forage, humpbacks perform this seemingly cooperative
foraging as a major component of their feeding behavior (Jurasz and Jurasz 1979, Wiley et al.
2011).
Project Objectives
Of the humpback whale populations that have been observed group bubble-net feeding,
two have been the subjects of long-term ecological studies: in Southeast Alaska and the southern
Gulf of Maine. Bubble-net feeding has recently also been observed in the Western Antarctic
Peninsula, but there has not been the same long-term research in this area. In each of these
populations, bubble-net feeding is utilized in different contexts. In Southeast Alaska, large
groups of up to 20 individuals form to collectively feed on adult Pacific herring (Clupea
harengus) 15-24 cm in length, and often vocalize while driving the prey to the surface (Jurasz
and Jurasz 1979, Sharpe 2001). In the Gulf of Maine, humpbacks feed on sand lance (Ammodytes
spp.) about 20 cm in length in groups of up to six individuals. Hain et al. (1982) described
several different bubble-net feeding strategies in the southern Gulf of Maine, and Wiley et al.
(2011) described the underwater components of two types of bubble-nets on Stellwagen Bank
National Marine Sanctuary, double-loops and upward spirals. Humpbacks in Antarctica feed on
Antarctic krill (Euphausia superba) generally alone or occasionally in groups of two to three

23
individuals, and little else is known about their behavior (Friedlaender, personal
communication). Despite the differences observed in the behavior, bubble-netting appears to be
advantageous for groups, since it is performed as a group behavior in three spatially isolated
populations. By studying these populations and comparing the bubble-net feeding behaviors, we
can elucidate the effect group size has on individual behavior and differentiate bubble-netting
behaviors across populations.
This study compares individual bubble-net feeding techniques across foraging grounds in
Southeast Alaska, the southern Gulf of Maine, and the Antarctic Peninsula to assess whether
bubble-net feeding is a cooperative strategy. The objectives of this study are to a) determine the
stability of individual dive behavior in group bubble-net feeding with changes in group size, and
b) compare bubble-net feeding behaviors across foraging locations. To measure the components
of individual dive behavior during bubble-net dives, I used multi-sensor tag data acquired from
each population to test the following null hypotheses regarding individual roles and bubble-net
feeding behavior: (1) Across group sizes, a whale will be consistent with its bubble-net feeding
behavior; (2) individuals will adopt stable roles within a group of bubble-net feeding whales, (3)
at a given group size, there will be no differences in bubble-net feeding strategies across
populations.
Methods
Study Sites
Data come from three study sites: Stellwagen Bank in the Northwest Atlantic, Southeast
Alaska in the Northeast Pacific, and the western side of the Antarctic Peninsula in the Southern
Ocean. In the Stellwagen Bank National Marine Sanctuary, tagging has taken place from late
June to early July from 2006 to 2016. These data are collected as part of a collaborative longterm humpback whale monitoring project, and are occasionally collected outside of the bounds
of the Sanctuary in the Great South Channel. The whales in this population are well studied and
the sex, age, and matrilineal relationships for many of the individuals are known. The
Northeastern Pacific data were acquired in and around Tenakee Inlet, Alaska in April 2013 as
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part of a collaborative research effort building on a long-term population monitoring program.
Data were collected along the western coast of the Antarctic Peninsula in January 2016 as part of
the Palmer Long Term Ecological Research Program (LTER). Because this population has only
been studied recently as populations have increased, the behaviors of humpbacks in this
population are largely unknown.
Tagging
Multi-sensor motion-sensing archival tags designed to measure the three-dimensional
movement patterns of cetaceans underwater (Johnson and Tyack 2003, Ware et al. 2006) were
used throughout this study. The tags are pressure tolerant and waterproof, and attach to the whale
with silicon suction cups, making them a minimally-invasive way to study fine-scale movement
patterns for periods of up to 24 hours. The tags include three-axis accelerometers and
magnetometers sampled between 50 to 400 Hz (Ware et al. 2006, Friedlaender et al. 2009, Ware
et al. 2014). These sensors record the pitch, roll, heading, and depth of the animal. The tags also
include a VHF transmitter, which emits a signal when the tag is at the surface, allowing
researchers to track the whale and recover the tag once it detaches and floats to the surface.
Retrieval is necessary for data recovery. These types of tags have been used effectively to study
behavior of many cetaceans, including fin whales, right whales, humpbacks, killer whales, and
beaked whales (Goldbogen et al. 2006, Parks et al. 2011, Tyson et al. 2012, Ware et al. 2014,
Miller et al. 2010, Tyack et al 2006). Two types of acoustic tags were used in this study, DTAGs,
developed by Johnson and Tyack (2003), and Acousondes, developed by Greeneridge Sciences.
In addition to the components listed above, these tags also include paired hydrophones to record
acoustic data from the whales, sampling at 64kHz for DTAGs and up to 464kHz for Acousondes.
Video recorder tags, developed by Customized Animal Tracking Solutions (CATS), were
deployed in 2015 and 2016, and in addition to the components listed above include an internal
gyroscope and two video cameras angled at 45 degrees to either side of the front of the tag to
record video data on the whale’s behavior and the surrounding environment.
In general, whales were tagged based on their approachability during bubble-net feeding
bouts. In Southeast Alaska, individuals tagged in the 2013 season were selected based on their
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approachability, and not all animals targeted were bubble-net feeding. Generally only one tag
was deployed at a time, though there were instances in which multiple animals in a feeding
group were tagged over the course of the same feeding bout.
Each whale was tagged from a rigid-hulled inflatable boat (RHIB) 5-8 meters in length at
idle speed traveling parallel to the target whale or oblique at an angle to keep the boat from
crossing over the flukes. Tags were deployed in a minimally invasive manner using a hand-held
7-meter carbon-fiber pole (Ware et al. 2006, Ware et al. 2014, Wiley et al. 2011). The tags were
generally attached to the back of the animal near the dorsal ridge, an area frequently exposed
when surfacing (Figure 2.1). The tagging resulted in a variety of responses from the whale,
ranging from no response to short-term disturbance like those described by Weinrich (1991),
which typically lasted less than 4 minutes (Wiley et al. 2011). After tagging, the whales were
identified using the distinctive markings on their flukes (Katona and Whitehead 1981). In the
southern Gulf of Maine, observers from the Center for Coastal Studies maintain a catalog of
individuals within the feeding population, while in Southeast Alaska, researchers from the Sitka
Sound Science Center and the University of Alaska Southeast maintain a local catalog.
Focal follows
For all deployments in Southeast Alaska and the southern Gulf of Maine, researchers
conducted focal follows of the tagged whale by recording time and location of each surfacing
with a hand-held GPS and range-finding binoculars from a distance of 50 to 100 m away. They
also recorded notable behaviors and short-term associations with other whales at every surfacing
event (Weinrich 1991, Weinrich et al. 1992). The short-term association patterns were used to
determine which whales were feeding together for analysis of group size. Follows continued
until dusk or until the tag fell off of the animal, at which point the tag was retrieved. Focal follow
methods have proven to be an effective means of tracking animal behavior from the surface, and
have been utilized in many behavioral studies of cetaceans, including dusky dolphins and sperm
whales (Godwin et al. 2016, Vaughn et al. 2007, Gero et al. 2007). In Antarctica, due to
logistical constraints, no direct visual observations of the tagged individual’s behavior were
recorded. Instead, the embedded video cameras in the tag were used to determine group size and
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behavior. Though the data are not as detailed in describing the behaviors as the data obtained by
the follow boats in the other two locations, the video data are sufficient for the purposes of this
study.
Standardized behavioral states used by researchers of each population were recorded for
the tagged whale at every surfacing. In the southern Gulf of Maine, these included several
foraging behaviors that incorporated bubbles, including bubble-nets, blast half-moons, which
appear at the surface in a crescent shape, bubble clouds, which are large diameter surface
bubbles, and hybrids of the three behaviors. For the purposes of this study, any behaviors that
incorporated bubbles in a group setting were included for analysis. Though the behaviors
differed from population to population, bubble-nets were always recorded in the focal follow
data.
In the southern Gulf of Maine and Southeast Alaska, the whales are photo-identified
using standard techniques based on distinct markings, scars, and notches, typically on the fluke
of the whale (Mizroch et al. 1990). Photo-identification is used track long-term changes in
individuals and the population as a whole. For the purposes of this study, this photoidentification allows for monitoring of known associations between specific whales and for
identifying whales that were tagged on previous occasions (Weinrich and Kulhberg 1991,
Weinrich 1991, Ware et al. 2014). In a habitat like the southern Gulf of Maine, which has longterm data on the whales that spend the foraging seasons there, short-term associations patterns
were analyzed (Weinrich and Kulhberg 1991, Weinrich 1991).
Behavioral Analysis
The tag data were calibrated, down-sampled to 5 or 10 Hz, smoothed using a Hamming
filter and imported to TrackPlot, a software package that was designed specifically for studying
the underwater kinematic patterns of humpback whales in Stellwagen Bank (Ware et al. 2006).
TrackPlot processes the components of the tag data into a pseudo-track of the animal’s
movement to provide a visual interface for identifying and analyzing kinematic patterns (Ware et
al. 2006, Ware 2012). The magnetometer and gravity vectors provide heading information for the
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whale, and the track is fit by determining the tag’s placement on the whale through observation,
giving an accurate projection of the whale’s orientation and movement (Ware et al. 2006). Since
its original implementation for the long-term humpback project in Stellwagen Bank, TrackPlot
has been used in many different research projects to analyze the underwater movements of many
marine species, including blue whales, short-finned pilot whales, and whale sharks, in widely
variable habitats (Friedlaender et al. 2016, Crain 2012, Levenson et al. 2016).
I used TrackPlot to investigate the kinematic patterns of whales tagged while bubble-net
foraging. I analyzed the focal follow data to find visually confirmed bubble-net feeding events,
and recorded the time and group size for each observation, and corroborated these with the track.
Because the tagged whale typically reacts to tagging with a behavioral change for at most four
minutes, I excluded any dives in the first four minutes of the track from analysis, similar to
Wiley et al. (2011). Only bubble-net feeding events confirmed visually were used for analysis
from DTAG and Acousonde deployments.
I extracted the sensor data from each dive in the track, from the initial descent to the point
of surfacing following the feeding behavior. For behaviors that included multiple surfacing
events as part of the feeding strategy, I defined the dive as the point of initial descent to the point
of terminal surfacing. If an individual performed multiple bubble-nets in a single dive, I defined
the beginning as the point of descent or the shallowest point in the dive prior to the bubble-net
feeding event. The end point was the terminal surfacing or shallowest point in the dive following
the bubble-net feeding event. The duration was determined based on the surfacings before and
after the feeding dive, and the maximum depth achieved throughout the duration was recorded.
Using the “Sections” function of TrackPlot, I extracted the tag sensor data (pitch, roll,
and turning in degrees, and depth in meters) for each time step (0.8 to 1 second) (Ware et al.
2006, Crain 2012), which describe the kinematic movements of the animal underwater. The three
dimensional movements of the whales are represented by the illustration in Figure 2.2. I
calculated the total change in each of these dive components for each bubble-net dive,
representing the absolute change in each dive variable the whale underwent in its feeding dives.
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Because there was variability in how long the tag remained fixed to the animal and how
many times the animal participated in bubble-nets, I included all animals that utilized any
bubble-net feeding during the deployment. If a whale participated in a bubble-net dive but did
not exhibit characteristic bubble-net turning behaviors, I included the dive in the analysis. If
there was a calf present in the feeding group, I excluded the data, as a calf may influence the
mother’s dive behavior and the group size.
I categorized dive behaviors based on the tracks of the animals similar to Wiley et al.
(2011) who described the kinematics of bubble-net feeding dives among individuals in two main
categories: double-loops and upward spirals. When bubble-nets did not appear to conform to one
of the categories, I categorized the dive based on the pattern of the track. While Wiley et al.
(2011) analyzed acoustic data from the tags to determine which individuals were blowing
bubble-nets, this additional analysis was outside of the scope of this project.
I calculated the angular accelerations in the whale’s movement, giving an indication of
the fluking pattern of the animal. TrackPlot represents these accelerations by superimposing sawtooth patterns in the track (Ware et al. 2006). The saw-tooth patterns represent the angular
values, while the amplitude represents the amount of angular acceleration at a given time (Ware
et al. 2006). Each spike in the pattern represents a fluke stroke, or an increase in acceleration
(Ware et al. 2006). While previous studies have used the amplitude of fluking as a metric (Crain
2012), it was unfeasible to quantify the amplitude of fluke strokes for the entirety of a bubble-net
feeding dive. However, fluke stroke frequency has been found to be correlated with heart rate in
voluntarily diving Weddell seals (Leptonychotes weddellii) and bottlenose dolphins (Davis and
Williams 2012), and thus can be used as a metric of effort or energetic cost. For shorter periods
of dives, this calculation is performed as a function in TrackPlot, but because bubble-net dives
always exceeded the set 20-second window, it was necessary to make this calculation manually. I
counted the number of fluke strokes each animal made in the duration of a bubble-net dive,
ignoring any fluke strokes without a prominent spike in the saw-tooth pattern. I then divided the
number of fluke strokes by the duration of the dive to use the frequency of fluke strokes in flukes
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per second as a measure of effort. Because fluke frequency was assessed visually through the
TrackPlot program, it should be used as a relative estimate of energetic expenditure.
In the CATS tag analysis, the placement of the tag allowed for a continuous view of the
blowhole of the tagged animal. All video was audited for instances where the focal whale blew a
bubble stream and lunge fed. I also noted the presence of other whales in the video. If one or
more other whales were seen during the same dive that the bubble-net occurred or in the same
immediate area at the surface as the focal whale immediately following the bubble-net, I
included that whale in the group size. Each group size is therefore an estimate, as the dives that
did not show evidence of another whale present were indicated as a group of 1, even if it was
immediately following a feeding dive with a different group size. Although a robust focal follow
was not conducted for this tag deployment, it was recorded that the whale was feeding alone
when it was tagged and then was seen later that day feeding with another whale. I recorded the
duration of bubble blowing, the positioning of the associates relative to the tagged whale, and if
visible, whether or not its associate was blowing bubbles as well. I also extracted the same dive
metrics as those retrieved from the other tags—pitch, roll, turning, and depth.
Modeling and Data Analysis
For each dive that occurred during a bubble-net event, as observed in the focal follows, I
calculated (1) total change in azimuthal turning radius in degrees, (2) total change in depth in
meters, (3) total change in pitch, (4) total change in roll, (5) maximum depth, (6) duration in
seconds, and (7) fluke frequency in fluke strokes per second. Whale name, identification number,
location, and group size were used as explanatory variables to compare the dynamics of feeding
dives. There were instances where there were not enough data to compare behaviors within or
between individuals or populations statistically, due to small sample sizes of tagged whales or
few instances of recorded bubble-net feeding dives during the tag duration. In those cases, both
the categories of dive behavior and the available dive metrics listed above were used to compare
individuals between populations qualitatively.
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The seven response variables were not necessarily independent, and there was the
potential for correlations in the variables. I therefore used a principal component analysis (PCA)
across all three populations to control for these correlations and to determine if there was a
subset of variables that, in concert, accounted for the majority of the variability in the data. PCAs
were conducted using ‘prcomp’ in the stats package of the open source software R (v. 3.3.0). The
data were scaled and centered before running the PCA. The PCA extracted the important
information from the dive data and transformed it into a set of orthogonal variables called
principal components (Adbi and Williams 2010). Each principal component consists of the
eigenvalues of each variable and the squared loadings of each variable’s eigenvalue determines
which variables contributed the most to the resulting principal component (Adbi and Williams
2010). This PCA method has been used to analyze the dives of other species including blue
whales, by Goldbogen et al. (2013) and Friedlaender et al. (2016). Using a PCA increases the
statistical validation of each of the tests run, rather than running seven analyses for each
independent variable, in which there would be a high probability of false positive results. The
resulting principal component or components were used for all statistical analyses, referred to
simply as “dive metrics.” Each of the principal components described a statistically independent
characteristic of the animal’s movement.
The stability of individual dive behavior and the influence of group size
Because of the long-term dataset from the southern Gulf of Maine, only this dataset was
used to test the null hypothesis that there was individual stability in dive behaviors. To determine
whether the behaviors of individual whales were consistent within a particular group size, I
separated the data by observed group size, including all individuals that were observed in that
group size for at least three feeding dives, a criteria used for all further analysis. With each of
these subsets, a linear regression was run on group size and principal components independently
with whale name as a fixed factor to determine if there were differences between each
individual’s feeding behavior in that group size. This model tested the hypothesis that there was
no difference in dive metrics across individuals in that group size. ANOVA tests were then run
on the model for interpretation.
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To determine whether group size influences an individual’s feeding behavior, I tested the
relationship between group size and principal components for the southern Gulf of Maine
dataset. I subset the data to include only individuals observed feeding in at least two group sizes
using the same criteria as above. I then ran a linear mixed effects model that compared the dive
metrics across group size to determine if there was a relationship with group size for dive
metrics. Group size was treated as a continuous variable, as it reflects how the group sizes related
to each other numerically, and used as a fixed effect, and both whale name and the interaction of
whale name and group size were used as random effects, due to potential variability between
individuals. To select the best fit model, the linear mixed effects models used were compared to
quadratic models and models without any interaction effects using AIC scores. They were also
compared to models in which group size was treated as a categorical variable.
To test whether dive type had an effect on the relationship between dive metrics and
groups size, I ran the above model on all individuals including the dive type as a random effect.
This was done in case individuals observed performing certain dive types have more of a
significant relationship with group size than other dive types. I then subset the data according to
dive type and ran a linear mixed effects model across each subset to determine if there was a
correlation with group size in each respective dive category. If a dive type had a significant
relationship with group size, I also ran linear mixed effects models on each variable
independently to find the source of the variation in the dive behaviors.
To test the hypothesis that there was no difference in dive behavior across group size
within an individual, I compared the dive components across the observed group sizes for each
whale independently. Because a minority of the tagged animals may exhibit a different
relationship between dive metrics and group size, this test was done to avoid masking any
individual variation that may have occurred from modeling the population as a whole. I subset
each individual’s data, using the same criteria as above, and ran linear models on each individual
observed in more than one group size to test the effect of group size on each dive component
independently. ANOVA tests were run on each individual model for interpretation.
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To investigate the use of dive types, I used simple summary statistics to determine the
differences in dive types and the frequency of use in and across individuals in the southern Gulf
of Maine population. To determine if individuals were consistent in their dive style, I also
calculated the frequency of each individual’s observed dive types. This showed whether
individuals changed their style of bubble-net feeding dive over the tagging duration. To
determine quantitative differences in dive types, I also calculated the mean and standard
deviation of each dive variable for each dive type.
The stability of roles in a feeding group
On occasion there were multiple whales within a feeding group that were tagged at the
same time. In order to test the hypothesis that there is no difference between the dive metrics of
individuals feeding together, I used focal follow data to determine when the whales were feeding
together, then matched the times of those events with the tracks of each whale. To qualitatively
describe the differences in these group’s dive behaviors, I located each groups’ synchronous dive
in TrackPlot and compared the individuals’ dive types over the course of the association. An
example of the tracks for each groups’ dives is included in Figure 2.3. I categorized each dive
during the association to determine if there was any switching in dive types across the
synchronous dives. I also calculated the average value for each dive metrics to compare the dive
behaviors of individuals within the group. I ran paired t-tests to determine if there was a
difference in the dive metrics for each individual feeding together in a group. I split the groups
that were larger than two individuals into pairs, and grouped the individuals’ dive data by the
group’s dive number. I used a paired t-test between the dive metrics, linked by pair’s dive
number, to determine if there was a difference in the mean dive metrics across participants.
The differences in bubble-net feeding behaviors across populations
Because there is a much larger sample size from the southern Gulf of Maine than the
other two populations, qualitative descriptions and simple summary statistics are the most
effective in determining differences between populations. I compared dive behaviors across
populations by comparing the frequency of observed dive types for each population. When
possible, I compared the means and confidence intervals for dives within the same group size to
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determine whether or not there was overlap in dive metrics across populations. To determine
whether there were differences in the dive metrics across populations regardless of group size, I
compared the means and confidence intervals for each population. I also described differences
and similarities in the dives observed in each population.
Results
In total, there were 32 tag deployments on 26 whales bubble-net feeding in the southern
Gulf of Maine, 4 were tagged in Southeast Alaska, and 1 was tagged in Antarctica. There were
691 observations of bubble-nets in the southern Gulf of Maine, 10 observations in Southeast
Alaska, and 115 observations in the Antarctic Peninsula. Group sizes ranged from 1 to 8
individuals in the southern Gulf of Maine, 2 to 15 animals in Southeast Alaska, and 1 to 2
animals in Antarctica.
Principal component analysis
The principal component analysis showed that the first two components accounted for
78.5% of the variation in the data (Table 2.1). Based on the eigenvalues of each raw variable, the
first principal component mainly describes the variance in (1) change in depth, (2) pitch, (3)
duration, and (4) turning radius. The second principal component mainly describes the variance
in (1) fluke frequency, (2) roll, and (3) maximum depth. Because the first two components
accounted for such a high percentage of the variability, I used the two principal components,
referred to as PC1 and PC2 in the subsequent sections, and generally as “dive metrics.” The
variable factor map of PC1 and PC2 is included in Figure 2.4. Tests on the raw variables
independently were only used when there was a significant relationship between either PC1 or
PC2 to interpret the specific trends. An increase in PC1 and a decrease in PC2 reflect negative
trends in the raw independent variables.
The stability of individual dive behavior and the influence of group size
There were five individuals tagged multiple times in the southern Gulf of Maine
population, two of which were tagged across multiple years. Thirteen individuals were observed
in more than one group size. There were 229 observations of individuals bubble-net feeding
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solitarily, 275 observations of individuals bubble-net feeding in pairs, 67 observations in groups
of 3, 59 in groups of 4, 73 in groups of 5, 1 in a group of 6, and 1 in a group of 8 (Table 2.2).
For each group size, the linear model tested for similarity in dive metrics across
individuals. I excluded the groups of 6 and 8 because there was only one individual observed in
each. For group sizes of 1, 2, and 3, both the PC1 and PC2 variables were significantly different
across individuals observed in each respective group size (P-values for PC1: <2.2e-16, <2.2e-16,
5.15e-07; p-values for PC2: 5.28e-12, <2.2e-16, 0.003804 for groups of 1-3, respectively). For
group sizes of 4 and 5, which had smaller sample sizes, the dives were not significantly different
in PC1 (p-values: 0.76 and 0.27), but were significantly different in PC2 (p-values: 4.99e-06 and
2.31e-05) (Table 2.3). There is no evidence that dive components in groups of 1, 2, and 3 are
equivalent. There is evidence that the PC1 dive component is equivalent across individuals in
groups of 4 and 5, but there is no evidence that PC2 is the equivalent for individuals in groups of
4 and 5, despite the small sample size.
There were six different dive types observed in the tagged whales (Table 2.4), with
examples of the tracks of each dive type in Figure 2.5. The dive types performed by each
individual differed (Table 2.5, Figure 2.6). The most frequently used bubble-net feeding
behaviors were single-loops and upward spirals. Of the 26 tagged whales, 38.5% exhibited
double-loop behaviors, 69.2% performed upward spirals, 50% used single-loops, 11.5%
performed hybrids, 30.8% used “none” (essentially an upward lunge, no distinct turning
indicative of a bubble-net dive), and 30.8% used half-spirals. Most (88.5%) of the whales
performed one specific dive type for a majority of their dives. 15.4% of whales performed
double-loops for a majority of their dives, 50% performed upward spirals, 19.2% performed
upward spirals, 11.5% used hybrids, and none of the whales used “none” or half-spirals for a
majority of their dives. Some whales (11.5%) showed more plasticity, performing several dive
types at similar frequencies. This difference in plasticity across individuals is reflected in Figure
2.7. Double-loops and hybrids were seen in smaller groups of 1-3 and 1-2 individuals,
respectively. Upward spirals, “none”, half spirals, and single-loops were observed for all group
sizes.
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The summary statistics of the dive variables for each dive type suggested differences in
the complexity of the behaviors. Figure 2.8 shows the distribution of PC1 and PC2 values for
each dive type. Hybrids and double-loops had the least PC1 values and greatest PC2 values.
Single loops and half spirals had the greatest PC1 values and upward spirals and half spirals had
the least PC2 values. Table 2.6 reports the mean and standard deviations of variables that make
up the components. Half spirals had the least turning (553º) and changes in pitch (420.8º), while
single loops had the least amount of roll (576.5º), change in depth (38.39 m), duration (74.35 s),
and maximum depth (17.36 m), and spirals had the lowest fluke frequency (0.147 f/s). Hybrids
exhibited the most turning (1396.2º), pitch (927º), roll (855.4º), change in depth (82.16 m),
duration (177.5 s), while spirals had the greatest maximum depth (28.85 m) and single loops had
the greatest fluke frequency (0.213 f/s).
When compared to a quadratic model and a model without any interaction effects, the
linear mixed effects model described in the previous section was the best fit. Both of the
alternative models resulted in greater AIC scores than the given model (AIC=1917.505, 1939.53,
respectively). The given model was also compared to a model in which group size was used as a
categorical variable. While the AIC score of the continuous model was slightly greater than that
of the AIC score of the categorical model for PC1 (AICPC1=1913.87 for continuous,
AICPC1=1912.77 for categorical), the continuous model was a better fit for PC2 by a wider
margin (AICPC2=1201.78 for continuous, AICPC2=1207.13 for categorical). The AIC scores were
also compared for the model with dive type as a random factor, in which a linear model with
group size as a continuous variable was the best fit (AICPC1=1979.56, AICPC2=1157.43).
The linear mixed effects model across group sizes for the 13 individuals in the southern
Gulf of Maine population showed no evidence of an effect of group size on PC1 (p-value=0.191)
(Table 2.7). The model provided evidence to support that there is a significant negative effect of
group size on PC2 (p-value=0.045) (Figure 2.9). Incorporating dive type into the model showed
a marginally significant linear effect of group size on PC1 and PC2 (p-value=0.080 and 0.116,
respectively) (Table 2.7). The linear mixed effects model for each dive type did not show a
significant effect of group size on PC1 or PC2 for double-loops (p-values=0.305 and 0.611,
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respectively), single-loops (p-values=0.407, 0.451), half-spirals (p-values=0.310, 0.215), and
“none” behaviors (p-values=0.908, 0.882) (Table 2.8). Hybrids had too small of a sample size
(two individuals with greater than three observations) and could not be tested in the linear mixed
effects model. Upward spiral behavior, however, showed a significant correlation between group
size and both PC1 and PC2 (p-values=0.011, 0.031, respectively) (Figure 2.10). The graph of
PC1 and group size shows a significant increase, while the graph for PC2 reveals a significant
decrease with group size.
Because there was a significant trend observed in this dive type, linear mixed effects
models were run on each raw variable independently to determine specifically which variables
were influencing the trends observed in the principal component models. Of the subset of spiral
behaviors, there was evidence for a linear effect of group size on pitch, roll, depth, and duration
(p-values=0.013, 0.016, 0.021, 0.017, respectively). This subset was graphed by each variable
independently (Figure 2.11) to determine the correlations between group size and each variable.
Pitch, roll, duration, and depth all show negative relationships with group size. In addition to the
variables listed above, turning radius appears to have a marginally significant (p-value=0.068)
negative correlation between turning and group size. Fluke frequency and maximum depth
exhibit no prominent trend with group size (p-values=0.781, 0.810, respectively).
The third test of the influence of group size on dive behavior used linear regressions test
for a difference in individual dive behaviors across individuals independently. The results of this
test are in Table 2.9. Three of the 13 whales observed bubble-net feeding in multiple group sizes
showed evidence to support the hypothesis that dive variables were not equivalent across group
sizes. Two of these whales, Underline and Entropy, showed significant p-values for PC1 and
PC2 (Underline: p-values=0.038, 0.03; Entropy: p-values=2.62e-05, 2.16e-09), and one, Etch-ASketch, showed significant p-value in just PC1 (p-value=0.027). There was no evidence to
support the hypothesis that there was a significant difference in dive variables across group sizes
for the remaining 10 animals.
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A majority of the whales showed an increase in PC1 and a decrease in PC2 across group
sizes, though not always a significant relationship. When graphed independently, the raw
variables in PC1 all show a linear decrease with group size, while the raw variables most heavily
weighted in PC2, fluke frequency, maximum depth, and roll have a less obvious graphical trend.
This reflects the relationships seen in the raw variables of individuals utilizing upward spiral
behaviors. The increase trend in PC1 reflects a decrease in the most heavily weighted component
variables.
The stability of roles in a feeding group
There were five instances in the southern Gulf of Maine where more than one individual
in a feeding group were tagged together. Two of those instances only had 1-2 dives recorded
synchronously, which was insufficient for comparison and not included in this analysis. In two of
the remaining three instances, two individuals in a feeding group were tagged together, Division
and Nile and Thumper and Ursa. In the third instance, three whales were tagged feeding
together: Entropy, Embroidery, and Mudskipper. Division and Nile had 12 synchronous dives
recorded and Thumper and Ursa had 7. The trio had 16 dives with all three whales present.
Partway through the duration of the deployments, Embroidery left the group, and there were 24
dives with just Entropy and Mudskipper tagged feeding synchronously. Division and Nile were
feeding with one other individual in a group of three, Thumper and Ursa made up their own pair,
and Entropy, Embroidery, and Mudskipper were in a group of four to five whales.
The paired t-test tested for similarities between the mean dive metrics of individuals
feeding together (Table 2.10). The group of three tagged together was split into three pairs for
analysis using paired t-tests. The test revealed that the means of each dive metric for Division
and Nile were not equivalent. There was a similar result from the paired t-test between Thumper
and Ursa. The trio, split into pairs, had different results. There was not a significant difference in
the mean PC1s of Embroidery, Entropy, and Mudskipper. The mean PC2 for Entropy was
significantly different than Mudskipper and Embroidery. The relationships between the
individuals in all three groups are represented in Figure 2.12. There were differences in the dive
metrics of the pairs of Division and Nile and Thumper and Ursa. From the mean raw variables,
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reported in Table 2.11, Division had a greater mean turning radius (997.03º), pitch (724.68º),
change in depth (68.675 m), duration (101.58 s), and fluking frequency (0.202 f/s) than Nile,
whose mean roll (739.9º) and maximum depth (22.34 m) exceeded Division’s. This reflects the
results of the significant t-test between these individuals’ dives. Thumper’s mean turning radius
(1185.59º), pitch (1074.05º), roll (823.21º), change in depth (76.34 m), duration (155.86 s), and
fluking frequency (0.175 f/s) all exceeded Ursa’s, which too reflects the result of the t-test. The
trio of Entropy, Embroidery, and Mudskipper showed more similar dive metrics, reflecting the
non-significant t-tests, with Embroidery having slightly greater mean turning (632.4º), pitch
(566.65º), duration (120.83 s), and maximum depth (29.65 m), while Entropy had the greatest
mean change in depth (57.35 m) and Mudskipper had the greatest mean roll (729.29º) and
fluking frequency (0.16 f/s).
Division and Nile consistently performed different dive types. Division performed
double-loops in 100% of the synchronous dives, while Nile performed “none” behaviors in 8.3%,
half spirals in 58.3%, and loops in 33.3% of its dives. Similarly, Thumper and Ursa performed
different dive types in their feeding association. Thumper performed double-loops in 100% of
the dives, while Ursa performed half spirals in 28.6% and spirals in 71.4% of the dives. The trio
showed a different relationship, with all three individuals performing spiraling behaviors a
majority of the time. Entropy and Embroidery performed upward spirals in 100% of their dives,
while Mudskipper performed upward spirals in 87.5% of the dives and half spirals in 12.5%.
The differences in bubble-net feeding behaviors across populations
The tagged Antarctic whale fed in comparable group sizes to the southern Gulf of Maine
population, and boxplots and summary statistics were used to compare the PC1 and PC2
components in groups of 1 and 2 across populations (Figure 2.13). There was one dive
performed by a whale from Southeast Alaska in a group of 2, and that is included in the acrosspopulation despite the small sample size. In a group size of 1, the Antarctic whale had greater
mean PC1 value (2.07±0.21 (95% CI)) and less mean PC2 value (-0.93±0.20) than the southern
Gulf of Maine population (0.14±0.29 and 0.62±0.13, respectively). In a group size of 2, the
whale from Southeast Alaska had similar PC1 value (-0.50) to the mean PC1 value of the
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southern Gulf of Maine population (-0.69±0.25), while again the Antarctic whale had a greater
mean PC1 value (2.23±0.10). The PC2 value for Southeast Alaska (0.98) exceeded the mean
PC2 value for the southern Gulf of Maine (0.22±0.12), which was greater than the mean PC2
value for Antarctica (-0.80±0.08). When compared to individuals that performed upward spirals
in groups of 1-3 individuals, the Antarctic whale had greater PC1 values, but relatively similar
PC2 values that fell within the range of the other whales (Figure 2.14).
Each population showed widely different group sizes and differences in their dive
variables. The average group size for the southern Gulf of Maine was 2.27, while the average in
Antarctica was 1.83 and in Southeast Alaska it was 11.5 whales in a group. The Antarctic whale
had greatest mean PC1 and lowest mean PC2 values (2.20±0.09 and -0.82±0.07 for PC1 and
PC2, reported here with 95% confidence intervals). The southern Gulf of Maine population had
PC1 and PC2 values that fell in the middle of the other two populations (mean PC1=-0.32±0.15,
mean PC2=0.15±0.08). The Alaskan data had the lowest mean values of dive metrics (mean
PC1=-3.42±1.38, mean PC2=-0.65±0.89). To visually assess these trends across the variables
independently, each of the raw dive variables was plotted by location, using boxplots (Figure
2.15). These plots indicate the means and ranges within each population. These means are also
reported in Table 2.12. The variables for the Antarctic whale were lower than the other two
populations, except for fluking frequency (mean turning radius=383.39±17.01º, mean
pitch=231.66±10.18º, mean roll=223.78±15.06º, mean change in depth=20.59±1.19 m, mean
duration=47.87±2.30 s, mean maximum depth=18.07±0.53 m, mean fluke
frequency=0.153±0.007 f/s). The southern Gulf of Maine had the most widespread range of
variable values (mean turning radius=796.96±25.54º, mean pitch=559.76±18.51º, mean
roll=652.64±27.84º, mean change in depth=53.98±1.69 m, mean duration=116.04±5.69 s, mean
maximum depth=23.09±0.58 m, mean fluke frequency=0.18±0.005 f/s). Southeast Alaska
exhibited the greatest mean for each of the variables except fluke frequency (mean turning
radius=997.52±375.40º, mean pitch=887.74±154.28º, mean roll=745.0±278.56º, mean change in
depth=100.67±19.77 m, mean duration=197.22±38.15 s, mean maximum depth=44.15±10.00 m,
mean fluke frequency=0.18±0.04 f/s).
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There were fewer dive types observed in Southeast Alaska and Antarctica than the
southern Gulf of Maine, but they were observed over a wide range of group sizes (Figure 2.16,
Table 2.2). In Southeast Alaska, whales were observed performing upward spirals for 50% of
their dives, and “none” behaviors for the other 50% (Figure 2.17). In Antarctica, of the bubblenet feeding dives, 90.4% were upward spiral behaviors, 5.2% were half spirals, and 4.4% had no
visible bubble-net pattern. The upward spiral behaviors in Antarctica appeared as a combination
of the corral loop seen in the double-loop behavior in the southern Gulf of Maine and a single
rotation upward spiral (Figure 2.18). They were categorized as an upward spiral because the
whale was generally rotating upwards parallel to the surface. Because video data was available
for the Antarctic whale, Opihi, I determined that in 93.9% of the whale’s dives with its associate,
Opihi was positioned on the left. There was also one occurrence in the video data of both the
tagged whale and its associate blowing bubbles concurrently. In 22.8% of its feeding dives,
Opihi performed two nets in a single dive. Opihi consistently bubble-net fed, performing 115
bubble-nets over the course of 3 hours with the same associate.
Discussion
Overall, there was evidence to support the hypotheses of stability in individual roles
within the southern Gulf of Maine population and differences in dive behaviors across
populations in humpback whale bubble-net feeding. The results testing the relationship between
group size and dive metrics over the southern Gulf of Maine population suggest that there is a
decrease in effort with increasing group size, which may counteract the increased competition
that occurs in larger groups. The results testing the relationship between group size and dive
metrics within individuals support the hypothesis that across group sizes, individual humpback
whales are consistent in their bubble-net feeding behaviors. However, the variability seen within
group sizes suggests that whales are not utilizing the same feeding behaviors in the same group
sizes. The stability in dive types observed within individuals is likely driven by individual
preference and prey distribution and may influence the formation of different sized groups. The
comparisons of whales tagged feeding together supports the hypothesis that individuals adopt
stable roles within a group of bubble-net feeding whales. The behaviors observed in groups
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tagged together suggest that there may be variants of cooperative foraging in bubble-net feeding
groups based on the dive types. The comparisons across populations provided limited evidence
to support the hypothesis that there are differences in bubble-net feeding strategies in different
foraging grounds.
The stability of individual dive behavior and the influence of group size
There was little evidence that individuals feeding in the same group size performed
similar foraging behaviors. This indicates that there may be no set behavior for individuals
feeding in a certain group size within the southern Gulf of Maine population. Rather there is
individual variability in bubble-net feeding behaviors. The only groups that did not show this
trend were groups of 4 and 5, which exhibited similarities in dive metrics, suggesting there may
be less variability in dive behaviors performed in larger group sizes. However, because the
individuals observed in groups of 4 and 5 were tagged feeding together, their behaviors may be
more similar than a random individual in a group of that size. A greater variety of dive types
were observed in smaller groups, which suggests that there are numerous strategies for feeding in
small groups, possibly driven by individual specialization or environmental factors. This may
indicate that the variety of behaviors that can be successfully utilized in smaller groups may
promote smaller groups in this population.
I found six types of behaviors performed by humpback whales foraging in the southern
Gulf of Maine. Most whales performed one dive type for a majority, if not all, of their dives,
suggesting that the whales had a preferred style of bubble-net dive. This supports the hypothesis
that individuals perform similar dive behaviors regardless of group size. The few individuals that
utilized a variety may have been more fluid in the roles that they took within a group. Individuals
may be changing their behavior based on the fine-scale characteristics of the prey patch, or the
behavior of the rest of the group.
While there was a greater diversity of bubble-net types observed in this study, there was
support for specialization in the two dive types that Wiley et al. (2011) described in his study of
this population. Wiley et al. (2011) characterized double-loops and upward spirals as the two
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prominent bubble-net feeding behaviors in the southern Gulf of Maine. Double-loops describe
lob-tail behaviors observed in the whale’s track. This is a behavior in which the whale dives
below a school of prey and emits a stream of bubbles while looping up around the prey,
corralling the prey towards the surface (Wiley et al. 2011). It then returns to the surface, slaps the
surface with its flukes (or “lob-tails”) and then dives again, creating another loop that serves as
the capture dive, and lunges at the surface (Weinrich et al. 1992, Allen et al. 2013). Of the tagged
whales in my study, more individuals performed upward spirals than double-loops, and there was
little overlap in the behaviors, which may indicate specialization in the dive types. Individual
specialization in foraging techniques has been observed in many species (Bolnick et al. 2003).
While individual preference may drive the adoption of specific bubble-net feeding behaviors,
environmental factors like bathymetry and prey distribution in the water column may also
influence behaviors. This is supported by the summary statistics that show upward spirals on
average reached a maximum depth 7 m deeper than double-loops. These may represent strategies
for exploiting prey distributed at different depths of the water column, likely influenced by the
bathymetry of the area. The use of hybrid dives, which had similar maximum depths as upward
spirals, may represent a method used by individuals specializing in double-loops to exploit prey
distributed deeper in the water column. Because of the frequency with which individuals employ
certain dive types, it is likely that both individual specialization and prey patch distribution drive
the diverse behaviors observed in the southern Gulf of Maine.
While a majority of the dives recorded appeared to be bubble-net feeding dives, there
were dives recorded that did not conform to typical herding dive behaviors, which may provide
evidence for scrounging in the southern Gulf of Maine population. “None” and half-spiral
behaviors appeared to be upward lunges without any pronounced herding characteristics.
Because of the lack of bubble-net characteristics and the infrequency of these dives, these
behaviors may represent scrounging of a net produced by another individual. None of the
animals observed using “none” or half-spiral behaviors utilized these feeding types for a majority
of their dives. In theory, scrounging, or cheating, should be observed more frequently in larger
groups (Packer and Ruttan 1988, Beauchamp 2014). There was no evidence of “none” or half-
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spirals occurring more often in larger groups than smaller groups. As these behaviors were
observed relatively infrequently, it is less likely that these animals are predominantly scrounging.
The results suggest that there was a decrease in energetic expenditure with increasing
group size within the southern Gulf of Maine population. The population as a whole tended to
decrease fluke frequency, roll, and maximum depth with increasing group size. Since fluke
frequency can be used as a proxy of heart rate, and thus a metric of effort (Davis and Williams
2012), this may indicate a decrease in energetic expenditure with group size. This suggests that
there is an energetic benefit to feeding in a group: feeding in a larger group decreases the energy
expended by the individual, potentially increasing the net energetic benefit of group foraging, or
counteracting the decrease in intake resulting from competition within the group (Packer and
Ruttan 1988, Beauchamp 2014). There was no significant relationship between group size and
the other dive metrics, suggesting stability in other dive behaviors with group size.
On an individual level, a majority of the tagged animals did not show a significant trend
in dive metrics across group sizes. This suggests behavioral stability within individuals,
supporting the hypothesis that individuals have preferences for dive behaviors regardless of
group size. While an individual may not change its behavior as its foraging group size increases,
the results from the population as a whole suggested that generally individuals in larger groups
performed less complicated dives than those in smaller group sizes. Because cooperative
foraging requires individuals to adopt a role and restrain their instinct to feed alone, we would
expect a difference in dive behaviors between individuals feeding alone and feeding in a group.
This was not observed in individuals across group sizes, but different dive types were observed
in different ranges of group sizes. Individual behavior may therefore drive group size, if the
behaviors of the individual are conducive to the formation of larger groups, and the behaviors
adopted by the members of the group (Figure 2.19). There is evidence of phenotypic traits like
size, kinship, familiarity, and personality driving group formation in fish species (Krause and
Godin 1994, Brown and Brown 1996, Coté et al. 2012, Beauchamp 2014), though to the best of
my knowledge it has not been observed in cetaceans. It seems possible that phenotypic traits like
foraging behavior preference may encourage larger group formation.
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Upward spirals showed a significant relationship between group size and dive metrics,
which indicates that the tagged animals were decreasing the complexity of their dives with
increasing group size. Since upward spirals were observed across group sizes, this may indicate
that upward spirals are a plastic behavior used in a range of group sizes. This decrease in
movement patterns with group size may be due to the presence of other whales limiting the
movement of the tagged whales, or the reduced work needed on an individual level in larger
groups. Group foraging literature has mainly focused on gross per capita food intake rather than
the daily net energy intake, which theoretically should drive group size selection (Packer and
Caro 1997, Beauchamp 2014). The observed decrease in the complexity of dive behaviors with
group size may reflect a decrease in the energy expended per individual. Because of the inherent
competition for resources within a group, each individual in a group obtains a smaller amount of
food than it would if feeding alone (Beauchamp 2014). Thus the potential decrease in energy
expenditure may be due to the decreased resources available for consumption, resulting in a
comparable net energy gain as an individual performing more active herding behaviors and
capturing more prey in smaller groups.
Based on the observations of dive types and the relationship between dive metrics and
group size across the population as a whole, there is evidence for cooperative by-product
mutualism in the population of humpbacks in the southern Gulf of Maine. As group size
increases, there are fewer observations of more complicated behaviors, like double-loops and
hybrids, and the complexity of upward spiral behaviors decrease. The significant relationship in
PC2 with group size in the population indicates that as group size increases, the complexity of
herding techniques across the population decreases. This decrease in the complexity of herding
dives with group size is logical from an energetics standpoint: an individual performing bubblenets alone or in small groups may need to maneuver more underwater to herd a similar sized
school of prey to the surface than would an individual in a larger group. Thus there is evidence to
support the claim that whales perform more complex bubble-net feeding behaviors in smaller
groups than larger groups. This reduced complexity in dive behaviors across group size suggests
that there is a reduction of effort in larger groups, therefore providing evidence for cooperative
by-product mutualism in this population.
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The stability of roles in a feeding group
The synchronous dive data provides further evidence that individuals within a feeding
group are performing stable roles in the southern Gulf of Maine population. This is supported by
the dive types observed and the dive metrics calculated for each individual in the feeding group.
The individuals within the two pairs (Thumper and Ursa and Division and Nile) performed
significantly different dive behaviors. In their respective pairs, both Thumper and Division
performed double-loops consistently, while their associates performed less complicated herding
dives. In the trio, the pattern is less clear. The three whales performed similar dives, but
Entropy’s were different, involving less rolling than the other two whales. This suggests that the
three whales performed similar roles in the bubble-net feeding event (Figure 2.20). This, too, is
supported by the dive types observed in the trio’s tracks. Each individual is performing similar
upward spirals, with approximately one complete rotation. These patterns indicate that there are
different variants of by-product mutualism occurring within feeding groups depending on the
behaviors of each individual.
These groups tagged together provide more evidence that individual preference for dive
behaviors like double-loops drives the size and behavior of the group, while other behaviors like
upward spirals are driven by group size. The double-loops performed by Thumper and Division
in their respective groups are active and require substantial movement and herding on the part of
the individual. It is possible that when a whale is performing a feeding behavior like doubleloops, there is little for the other individual to do to assist in the herding, resulting in less
complicated dives. It also may be the case that the whale performing the double-loops is
performing such tight maneuvers that it limits the number of whales able to successfully share
the catch, thus limiting the group size. In the trio, the number of whales feeding in a group may
limit the amount of movement each individual can do because of the restriction in space
accessible for each whale around the prey patch, or it may limit the amount of movement needed
to be performed by each individual to herd the prey to the surface, thus influencing individual
behavior. An individual preference for each dive type may drive the formation of groups, while
in upward spirals increasing group size may slightly alter the behaviors of the group members.
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This has been observed in groups of lionesses, who alter their behavior based on the presence or
absence of other individuals (Stander 1992).
Though just a small sample of the population, the dive behaviors of the individuals
tagged synchronously provide further evidence that individuals in larger groups tend to perform
less complicated foraging behaviors. The dive metrics for the three whales feeding together are
more similar to those of the less active members of the other two pairs, Nile and Ursa. In smaller
groups performing double-loops, one individual may tend to take on a more active role, resulting
in a division of labor with role specialization. The trio was observed feeding with two other
whales, and there was no indication from the focal follow data that the other two whales were
performing different behaviors than the three tagged whales. Therefore it is unlikely that there is
a more active participant in this group, as observed in the other pairs of tagged animals. This
suggests that there is not the same division of labor with role specialization in upward spiral
behaviors.
If double-loop, or lob-tailing, is an example of role specialization within a division of
labor, this strategy may be comparable to the prey driving and herding observed in bottlenose
dolphins in Cedar Key, FL, described by Gazda et al. (2005). The dolphins in this study were
observed utilizing a strategy in which an individual drives the prey, keeping it condensed while
herding it towards a line of dolphins blocking the movement of the prey from the opposite side.
The driver has a more active role than the herders and can perform the behavior on its own,
meaning the herder is a non-essential subtask for successfully employing this foraging behavior.
However, when each participant fills its preferred role in a stable group, all of the individuals
have a greater net benefit than if the driver worked alone, or if they worked in a less stable group
(Gazda et al. 2005). In lob-tailing, it appears that one individual consistently takes on the more
active lob-tailing role, while the other individuals help herd the prey to the surface. This behavior
can be performed solitarily, but it may be more efficient at capturing prey if a small, stable group
works together. Much like in the dolphin groups, this is unlikely to be a producer-scrounger
relationship because the associates appear to be assisting in herding the prey to the surface.
Though without prey or association data, it is impossible to say whether or not individuals gain
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more in this group formation; relatively stable associations may increase the net benefit of each
of the individuals in a group utilizing this behavior. Incorporating knowledge on the association
patterns of the individuals may also assist in determining whether or not this is a cooperative
behavior, or fluid associations that result in frequent scrounging.
Though the sample size of animals tagged feeding together is small, the coordinated
foraging behaviors of the trio indicates that individuals participating in coordinated upward
spirals may be performing a by-product mutualistic behavior, in which each individual performs
roughly the same type of herding behavior, thus a similar amount of work, and are likely to
capture similar amounts of prey. This may be cooperative or non-cooperative group herding,
which is also a type of by-product mutualism, but is driven by an individual’s own selfish
motives accidentally benefiting others, as described by West-Eberhard (1985). For it to be a
cooperative strategy, each individual must restrain their own instinct to feed on their own and
adopt a role in the foraging group; there must be a potential cost to the individual that allows the
group to obtain more in a collective effort (Beauchamp 2014). Because of the effect of group
size on behavior within individuals performing upward spirals, there is evidence that individuals
adjust their behavior with the amount of participants while performing this behavior. Information
on the quantity of prey captured is necessary to know if this is an example of cooperation in
which individuals are working together to achieve a greater net benefit than they could by
working alone.
The data from individuals tagged together suggest that bubble-net feeding is likely not an
example of reciprocation, as previously hypothesized (Baker 1985, Weinrich and Kulhberg 1991,
Wiley et al. 2011). The groups tagged together did not show any consistent pattern of switching
roles within a feeding group. Though there is variability in the dive types performed by
individuals, there was little evidence of enough variability within an individual to suggest an
individual was switching roles with other individuals in a feeding group. Instead, it is possible
that the slight variability observed in individual dive behaviors is a response to the behaviors of
the other participants in the group. Individuals may adjust their own roles based on the roles that
the other participants are taking on. This has been observed in lions, where there is individual
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variability in roles and the role occupied by one individual influences the role occupied by the
other participants (Stander 1992).
The differences in bubble-net feeding behaviors across populations
The qualitative differences in dive metrics across populations in similar group sizes
suggest that there are differences in the bubble-net feeding behaviors adopted across populations.
In groups of 1 and 2 individuals, the Antarctic whale and the southern Gulf of Maine population
appear to have very different dive behaviors, with more complex and variable dive behaviors
observed in the southern Gulf of Maine. The Southeast Alaska and southern Gulf of Maine
populations are more similar in their dive behavior in groups of 2. The similarity between the
two populations suggests that in equivalent group sizes, individual may perform comparable dive
behaviors, though it is impossible to draw any conclusions from the small sample size observed
feeding in a group of 2 in Alaska. The differences between the behaviors seen in similar group
sizes are likely driven by environmental factors and prey schooling patterns.
There were differences in the group sizes observed in each population, which likely
reflects the whales’ adaptations to successfully forage in areas with patchy prey distribution. In
theoretical studies, variability in group size represents different solutions to the same problem of
procuring a resource (Pulliam and Caraco 1984). Larger groups are believed to increase the
search ability and therefore increase the likelihood of successful foraging for the group as a
whole. Larger groups are also used to capture large or fast prey that individuals could not capture
on their own (Pulliam and Caraco 1984). These theories likely drives the differences in observed
group sizes across and within humpback whale populations that utilize bubble-net feeding
strategies. Variability in group sizes within a population may represent fluctuations in prey
availability or, as suggested in the southern Gulf of Maine population, individual preferences for
behaviors that may limit the group size.
While the dive metrics and group sizes were largely different across populations, they
appeared to mirror the behaviors of the prey species. The Antarctic whale, Opihi, performed
behaviors that appear to be consistent with the shallow schooling patterns of its prey, Antarctic
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krill (Hamner and Hamner 1983). Opihi generally did less maneuvering than the other whales, as
indicated by the dive metrics. The dive types and metrics observed in this whale suggests that
more active bubble-net dives were not necessary for effective corralling of prey. Compared to
herring or sand lance, which swim at speeds of up to 140 cm/s and 120 cm/s respectively (Brawn
1960, Meyer et al. 1979), Antarctic krill are relatively slow, moving at up to 12.99 cm/s in
schools (Hamner and Hamner 1983). This suggests Antarctic krill are less able to escape a
bubble-net. The animal frequently blew two bubble-nets in a single dive—a behavior not seen in
the other two populations. This suggests that krill does not need to be trapped at the surface to be
successfully herded with bubble-nets in Antarctica. These patterns, in accordance with the small
group sizes observed in Antarctica, indicate that there may be less effort needed to corral and
capture Antarctic krill than the other prey species in Alaska and the Gulf of Maine. In Alaska,
generally whales are observed bubble-net feeding on schools of Pacific herring, a large and fast
prey that may require large groups to effectively capture (Jurasz and Jurasz 1979, Sharpe 2001).
The larger group sizes may reflect the whale’s response to the prey’s ability to escape and the
size of the school targeted.
The overlap in the dive types observed in each population suggests that there are
universal behaviors in bubble-net feeding. Upward spirals were observed in all three populations,
indicating that this behavior is a relatively universal bubble-net feeding behavior, capable of
being used in small groups of 1-2 individuals, as observed in Antarctica and the southern Gulf of
Maine, as well as large groups of 10-12 individuals in Alaska. It appears to be a plastic method
of foraging that can vary in the number of complete rotations that may be adapted to larger
groups and different species of prey. Because each of these populations are geographically
isolated, it is likely that each population adapted upward-spiral bubble-net feeding behaviors
independently. There was not enough data to determine if there was a similar relationship
between dive metrics and group size in the other two populations as there was in the southern
Gulf of Maine, but one would expect to see a similar trend of decreasing dive complexity with
group size in animals performing upward spirals. The “none” behavior was also observed in all
three populations, though it was most frequently observed in Southeast Alaska. Because these
behaviors lack any bubble-net feeding characteristics, these may potentially represent
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scrounging, reciprocation, or simple herding dives. Tagging more individuals bubble-net feeding
and incorporating more detailed information about the social structure to provide data on the
stability of group formation would aid in deducing the nature of these behaviors in Southeast
Alaska.
The maximum depth to which bubble-nets can be employed also sheds light on the
bubble-net feeding tactics of humpbacks in each of the populations. Bubble-nets created in a
laboratory setting have shown that the maximum depth to which bubbles are effective is limited
to approximately 25 meters by physics, and the constitution of the bubbles are compromised at
depths greater than that point (Sharpe 2001). In comparisons across populations, if physics is the
limiting factor determining maximum depth of bubble-net dives, there should be similar
maximum depths across populations. However, some animals in Southeast Alaska and the
southern Gulf of Maine dove to maximum depths exceeding the physical limit of bubble-nets. It
is likely that these animals were diving to deeper depths to reach prey located deeper in the water
column or to locate prey at the surface through countershading and utilizing bubbles in the upper
25 meters of the water column (Blaxter and Holliday 1963, Sharpe 2001). This is consistent with
the findings in Sharpe (2001)’s study on social feeding of humpbacks Southeast Alaska, which
found that the whales dove to depths where schools of herring were aggregated, and began
herding the prey to the surface, and bubbles were utilized closer to the surface (Sharpe 2001).
The prevalence of upward spiral behaviors in Southeast Alaska indicates that the whales were
actively herding the prey to the surface from depth, even without the use of bubbles.
The limited data has provided enough information to speculate about the potential for
cooperation in these two populations. There was stability in Opihi’s dive behaviors and
positioning with its associate, providing evidence for stable roles in the feeding group. In other
cooperative groups, like lionesses, individuals remain in the same position a majority of the time
(Stander 1992). This may be what is occurring in Antarctic whales, with each whale filling the
same position for each feeding dive. The data suggests that Opihi was taking on a set role while
bubble-net feeding, similar to the stable roles observed in the groups tagged together in the
southern Gulf of Maine. This, in accordance with the observation of the associate participating in
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bubble blowing, and the infrequency of non-herding behaviors, provides support for by-product
mutualism in bubble-net feeding in Antarctica. In Alaska, the larger groups observed may not
support the same kind of cooperation. In other species, like the lionesses mentioned above, larger
groups increase the likelihood of cheating (Pulliam and Caraco 1984, Stander 1992). Therefore
there may be a greater prevalence of cheating in this system when large groups are formed. The
frequent occurrence of “none” behaviors may provide support for frequent scrounging in
Southeast Alaska bubble-net feeding, though the nature of “none” behaviors is not clear. While
Sharpe (2001) suggested that there was role specialization in humpbacks bubble-net feeding in
Southeast Alaska, there was no evidence of the division of labor that he suggested in the tagged
whales. A larger sample size, observations of the interactions between the whales, and data on
the prey acquired would provide further evidence to support or refute the hypothesis of
cooperative mutualism in both populations.
Limitations and Caveats
This study took advantage of an existing dataset of tag data from the three populations
observed using bubble-net feeding on their foraging grounds. While the data provided interesting
information about the roles of individuals, the influence of group size, and the differences in
bubble-net feeding behaviors across populations, additional information is necessary to accept
the hypotheses more conclusively.
Prey data acquired from echosounders are necessary to better describe the bubble-net
feeding behaviors of humpback whales across populations. We can assume that group feeding is
effective because it increases the net energy intake of the participants when prey is patchy or
scarce, either by reducing the amount of work performed by each individual to find and exploit
prey, or increasing the amount of prey captured. This study has indicated that, at least in the
southern Gulf of Maine population, there is a negative correlation between the complexity of the
dive behaviors and increasing group size, suggesting that larger groups reduce the amount of
work performed by the individual. The next step would be to determine if the prey patches
targeted by individuals bubble-net feeding in different group sizes are similar or if larger groups
are targeting larger schools or aggregations of prey. In other species, individuals tend to avoid
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hunting solitarily when prey occurs at a low density (Stander 1992). This may be true for
humpbacks, in which case there would be more frequent occurrence of solitary foragers when
prey abundance is high. Individuals may be successful when prey is abundant enough that
improving the searching capacity by increasing group size is no longer beneficial. This could be
analyzed in future studies by comparing echosounder data of prey density to prevalence of
solitary foraging. It is also possible that prey distribution influences dive behaviors, as suggested
by the deeper maximum depths of upward spiral behaviors. Incorporating spatial prey data and
comparing it to the different dive types being utilized may provide more information about the
environmental context of different dive strategies.
Incorporating detailed social network information would also be beneficial to learn more
about the stability of relationships and feeding groups, as well as the stability of roles within
tagged animals. Utilizing social information about these populations may provide more evidence
for group size, associate, and feeding type preferences among individuals in the populations that
can aid in testing the hypothesis for cooperation in this species. There have been individuals in
the southern Gulf of Maine that are known for fluidly moving from one group to another,
potentially scrounging (Wiley, personal communication). Incorporating social data may indicate
whether cooperation or scrounging are the exception or the rule in this population.
It may be the case that some populations exhibit cooperation in group foraging while
others do not, as observed in lions and wild dogs (Stander 1992, Hubel et al. 2016). While this
study provided support for cooperation in the southern Gulf of Maine, the datasets from Alaska
and Antarctica were too small to make any similar conclusions. More information is needed to
determine if there is a difference in the nature of group foraging in each population, as suggested
in this study. Future studies should aim to tag multiple individuals in feeding groups in each
population to determine if there is a difference in roles among those individuals. While acoustic
data was available, it was not used to determine bubble-blowers in this study. Incorporating
acoustic or video data in future studies would help determine if bubble-blowing is also a stable
role in groups of humpbacks, and if one or more individuals produce the bubbles in a foraging
group.
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While the data for the southern Gulf of Maine supported the hypothesis that there is a
decrease in complexity of bubble-net feeding behaviors with increasing group size, there were
fewer observations of larger group sizes, which may have influencing the observed trends in this
study. It may be the case that larger group sizes exceed the optimal group size in the southern
Gulf of Maine, meaning larger groups are uncommon due to their inefficiency. Future studies
should aim to observe groups and determine the frequency of group sizes observed in this
population. If larger groups are frequent, future studies should tag individuals in larger group
sizes for comparison.
Overall, this study used available data to better describe a foraging behavior observed in
three spatially isolated populations. The results suggest that humpback whales in the southern
Gulf of Maine perform different cooperative strategies relative to the specializations of the
participants, despite relatively fluid associations in this area (Weinrich and Kulhberg 1991,
Lubansky 2015). The behaviors observed across populations suggest that while all three
populations use similar spiral strategies, these behaviors vary in terms of dive complexity,
largely reflecting their targeted prey’s ability to escape. Future studies utilizing similar methods
in conjunction with prey and social data for each of these systems would help elucidate the
nature of these independently adapted bubble-net feeding behaviors.
Conclusion
This study supports the hypothesis that in the southern Gulf of Maine, individuals adopt
stable bubble-net feeding behaviors regardless of group size. The dive metrics and dive types
individuals utilized showed stability across group sizes, suggesting specialization in certain
bubble-net feeding behaviors. The diversity of dive types and metrics observed within group
sizes provided further evidence for the variability of bubble-net feeding strategies adopted in this
population, especially in smaller group sizes. While little variation was observed in the dive
behaviors of individuals, there is evidence to suggest a decrease in energetic expenditure with
increasing group size for the population as a whole. The decrease in dive complexity observed
with increasing group size in animals utilizing upward spirals suggested it may be a behaviorally
plastic group foraging strategy. Tagging whales feeding together supported the hypothesis that
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individuals adopt stable roles within feeding groups, and provided evidence for two modes of
cooperation utilized in bubble-net feeding in the southern Gulf of Maine. The bubble-net feeding
strategies observed across populations supported the hypothesis that there are differences in the
behaviors observed in each population, though there was too little data to make population-wide
inferences about individual roles or cooperation.
Cooperation has been described as a location-specific behavior in several different
species. This study suggests that the nature of cooperation is also location-, and even teamspecific in humpback whales. Groups of humpbacks in the southern Gulf of Maine appear to feed
in a by-product mutualism relationship. The types of dives individuals utilize are likely
influenced by individual preference and the behaviors of other members of the group. Individuals
using lob-tail feeding appear to drive groups to use a division of labor with role specialization,
one of the most sophisticated forms of cooperation. Individuals utilizing upward spiral behaviors
in the southern Gulf of Maine do not exhibit the same division of labor, with individuals each
adopting a similar spiral dive behavior. The dive patterns indicate that individuals utilizing
upward spirals are using cooperative by-product mutualism. This indicates that individual dive
behavior influences the behavior of the other members and the potential for cooperation in the
group as a whole. The other two populations had less data available to determine whether or not
these systems are cooperative. While humpbacks in Southeast Alaska have shown behaviors
consistent with a division of labor in previous studies (Sharpe 2001), there was not enough data
to provide further evidence for this hypothesis. The limited sample instead showed differences in
dive behaviors which may suggest a prevalence for producer-scrounger relationships in
Southeast Alaska. In Antarctica, the sample size of one individual was too small to make
population-wide assumptions. The stability of roles in the Antarctic individual and its associate
and the occurrence of both individuals blowing bubble-nets synchronously suggest that this is a
form of by-product mutualism, but there is not enough data to determine whether it is
cooperative or an example of group herding. Future studies should increase the sample size of
tagged animals in both populations and incorporate prey data to estimate energetic intake in
different group sizes.
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Chapter 2 Figures

Figure 2.1: A DTAG positioned on a humpback whale. The tags are attached to the back of the
animal near the dorsal ridge with the antennae pointing upwards for more frequent VHF
transmissions.
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Figure 2.2: Illustration of a whale changing its (a) pitch, (b) roll, and (c) heading. These are the
three axes the tags measure, and describe the tagged whale’s movements underwater.
Illustrations by Chiaroni Illustrations.
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Figure 2.3: Tracks of pairs, as viewed in TrackPlot. Top: Division (left) performing a doubleloop and Nile (right) performing an upward spiral synchronously. Middle: Thumper (left)
performing a double-loop with Ursa (right) lunging synchronously. Bottom: Entropy (left),
Mudskipper (middle) and Embroidery (right) feed together, all performing variations of upward
spirals.
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Figure 2.4: The variables factor map of PC1 and PC2, which shows the correlation in the raw
variables based on the eigenvalues of each variable. The lengths of the vectors indicate their
weight in each component.
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Figure 2.5: Screenshots of the different dive types as observed in TrackPlot. (a) “none”, or no
clear bubble-net pattern; (b) a half spiral, (c) a single loop, (d) an upward spiral, (e) a doubleloop, and (f) an upward spiral into a double-loop.
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Figure 2.6: The frequency of dive types performed by each individual within the southern Gulf
of Maine population. Each color represents a different animal. Single loops and upward spirals
were the most frequently observed.
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Figure 2.7: Two individuals dive types from the southern Gulf of Maine Population. Etch-ASketch (top) consistently performed single loops, while Ventisca (bottom) exhibited a wide
variety of dive types with similar frequencies.
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Figure 2.8: The PC1 (left) and PC2 (right) boxplots for each dive type observed in the southern
Gulf of Maine, where each color represents a different dive type.
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Figure 2.9: The relationship between group size and PC2 for each individual in the southern Gulf
of Maine population. Each color represents a different animal. There is an overall negative trend
with group size and PC2.
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Figure 2.10: The relationship between PC1 (left) and PC2 (right) and group size for the subset of
individuals observed performing upward spiral behaviors while bubble-netting. There is a
significant increase in PC1 and decrease in PC2 with increasing group size.
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Figure 2.11: The relationship between group size and each raw variable independently among the
subset of individuals observed performing upward spirals. The negative relationships between
pitch, roll, depth, and duration and group size were significant based on the linear mixed effects
models.
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Figure 2.12: Each pair’s dive variables plotted together. The lines connecting points are colored
based on paired dive number; the lines indicate what the whales were doing during the same
synchronous dive. Thumper and Ursa (top) and Division and Nile (middle) showed clear
differences in their dive behaviors. Entropy, Embroidery, and Mudskipper (bottom) had less of
difference in dive metrics between the three whales, except in PC2. All three groups showed
relative consistency in dive behavior.
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Figure 2.13: The distribution of data from all populations in group size=1 (top) and group size=2
(bottom). PC1 graphs are on the left and PC2 are on the right. There are clear differences in the
dive metrics observed across populations in each group size.
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Figure 2.14: A comparison of the PC1 (left) and PC2 (right) ranges for different individuals
observed performing upward spiral behaviors for a majority of their feeding dives in similar
group sizes of 1 to 3 individuals across populations.
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Figure 2.15: The average raw variables for each population as a whole, regardless of group size,
colored by population. Most variables show a clear difference across populations, while fluke
frequency was the most similar across populations.

79

Figure 2.16: The dive types of all populations with respect to group size. The size of the point
indicates the frequency of the observation, while the color indicates the population.
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Figure 2.17: Two tracks from the Southeast Alaska population. The left image is from
mn13_108a, who performed an upward spiral from approximately 40 meters depth (indicated by
the large tic marks along the green line, which indicate 10 m depth). The right image is
mn13_109a, who performed a “none” behavior in a bubble net.

Figure 2.18: An image of the continuous bubble-net feeding behavior of the Antarctic whale,
Opihi. The green line indicates the depth in the middle of a dive in which the whale performed
two bubble-nets.
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Figure 2.19: A flow chart of how individual behavior appears to drive group behavior, and how,
in turn, group behavior is considered cooperative
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Figure 2.20: An illustration of what group upward spiral behaviors are likely to look like
underwater. Illustration by Chiaroni Illustrations.
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Chapter 2 Tables
Loadings of each variable
PC1
Total
change in
Azim
Total
change in
Pitch
Total
change in
Roll
Total
change in
Depth
Duration
Max. depth
Fluke
frequency
Eigenvalues
Variance
% of var.
Cumulative
% of var.

PC2

PC3

PC4

PC5

PC6

PC7

0.156922 0.146687 0.109086 0.078744 0.261131 0.248492 0.086902

0.168291 0.082659 0.032017 0.197658 0.002604 0.159219 0.325992

0.128223 0.192385 0.133628 0.337579

0.173616

0.03717 0.107859

0.03653

0.11875 0.061879 0.016551

0.0958 0.248479

0.29366

0.164675 0.057863 0.030882 0.118061 0.367042 0.15797 0.09365
0.133909 0.162573 0.285421 0.183218 0.102768 0.106015 0.158409
0.074364 0.320663 0.301107 0.04821 0.051905 0.017946 0.024836

4.384
62.633
62.633

1.111
15.878
78.511

0.611
8.728
87.239

0.454
6.482
93.721

0.243
3.478
97.199

0.129
1.848
99.047

0.067
0.953
100

Table 2.1: The loadings of each variable in the principal component analysis, and the variance
explained by each component. PC1 (green) accounts for 62.63% of the variance in the data, and
PC2 (blue) accounts for another 15.88% of the data.
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Group Size
Location

1

2

3

4

5

6

7

8

10

12

15

S. Gulf of

229

275

67

59

73

1

0

1

0

0

0

98

0

0

0

0

0

0

0

0

0

1

0

0

0

0

1

0

1

3

4

Maine
Antarctica 20
S.E.

0

Alaska

Table 2.2: The frequency of observations of each feeding group size across each population: The
southern Gulf of Maine (blue), the Western Antarctic Peninsula (green), and Southeast Alaska
(yellow).

Group
Size
1
2
3
4
5

PC1 Pvalue
<2.2e-16
<2.2e-16
5.15E-07
0.7565
0.2739

PC1
Significance
***
***
***

PC2 pvalue
5.28E-12
<2.2e-16
0.003804
4.99E-06
2.31E-05

PC2
Significance
***
***
**
***
***

n
9
16
8
3
3

Table 2.3: The p-values of the ANOVA interpreting the results of linear models on PC1 and PC2
on each individual whale observed feeding in that group size three or more times, respectively.
The stars represent the significance of the p-values, and the “n” column indicates the sample size
for each group size.
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Dive Type
Loops

Upward
Spirals
Doubleloops

Hybrids
Half Spirals
None

Description
A single feeding loop at the surface. It typically shows an individual going
from the surface and making a sharp dive down into a 360° turn back up to the
surface.
This involves an individual starting at depth and performing 360° turns in the
water roughly parallel to the water’s surface while angling upward, creating a
spiral in the track.
This is two consecutive feeding loops at the surface. The whale will typically
start at the surface and make a sharp dive down into a 360° turn back up to the
surface, and then complete the same action again immediately after in the
same area. Variations of this behavior include one dive being shorter and
shallower, either the first or the second dive, or two dives of roughly
equivalent depth and duration.
These can include anywhere from one to ten spirals upward and include a
second feeding loop at the surface, much like the double loop described above.
A 180° turn upward towards the surface.
No distinguishable bubble-net pattern, generally just an upward lunge through
a bubble-net one of the other group members created.

Table 2.4: The dive types observed in group bubble-net feeding individuals in all of the
populations and the corresponding description of the track. Upward spirals and double-loops
were reported in Wiley et al. (2011), the remaining four dive types were defined in this study.
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Name
Ampersand
Anvil
Colt
Division
Embroidery
Entropy
Epee
Etch-ASketch
Exclaim
Falcon
Geometry
Grackle
Gumdrop
Isthmus
Lavalier
Mudskipper
Nile
Pepper
Solas
Thumper
Tripod
Underline
Ursa
Valley
Ventisca
Zipper
Total

None
0
0
0
0
3
1
0
1

Half
0
0
0
0
0
0
0
1

Loop
0
14
2
12
0
3
0
120

Spiral
5
0
0
0
29
66
33
1

Double
0
3
0
31
0
0
0
7

Hybrid
0
0
0
11
0
0
0
0

1
0
0
0
3
0
14
0
15
0
0
0
0
0
0
0
6
0
44

0
0
0
0
0
0
1
7
12
0
0
0
0
1
2
0
3
1
28

1
0
1
0
0
33
17
0
16
0
0
0
0
30
0
0
8
4
261

2
1
11
11
18
0
2
42
9
2
0
0
15
0
5
4
6
1
263

0
0
0
0
0
0
3
0
5
0
0
7
0
2
0
0
2
15
75

0
0
0
0
0
0
0
0
0
0
8
0
0
0
0
0
1
0
20

Table 2.5: The dive types performed by each individual tagged in the southern Gulf of Maine
population. Most individuals utilized one dive type for a majority of their dives.
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Dive
Type
None

Mean
SD
Mean
Half
SD
mean
Single
loop
SD
Spirals Mean
SD
Double- Mean
loop
SD
Hybrid Mean
SD

Turning
radius
727.3
277.7
553
246.1
694
236.49
816.8
374
1057.8
265.48
1396.2
345.16

Pitch

Roll

Depth

576.8
172.78
420.8
142.04
450.5
151.3
595.3
276.2
759.6
232.12
927
218.66

709.3
338.35
662.3
572.95
576.5
295.58
681.6
424.96
725.2
296.81
855.4
355.38

55.76
19.05
48.23
17.49
38.39
15.73
63.04
19.18
70
22.36
82.16
22.81

Duration Max.
depth
129
23.16
57.8
6.49
96.5
22.75
39.64
7.25
74.35
17.36
40.82
5.35
153.3
28.85
91.18
6.2
113.7
21.67
47.65
4.27
27.75
177.5
70
8.49

Fluke
freq
0.165
0.062
0.176
0.082
0.213
0.067
0.147
0.033
0.212
0.087
0.161
0.03

Table 2.6: The mean and standard deviations for each dive type. The largest value of every dive
type is in bold.

Across Group Size Variation PC1

Across Group Size Variation PC1 with Dive
Type
AIC score
F-value
1-pf(f-value, AIC score
F-value
1-pf(f-value,
1, 12)
1, 12)
1913.866
1.922
0.190855
1979.563
3.4046
0.079875
Across Group Size Variation PC2
Across Group Size Variation PC2 with Dive
Type
AIC score
F-value
1-pf(f-value, AIC score
F-value
1-pf(f-value,
1, 12)
1, 12)
1201.776
4.9916
1157.434
2.6956
0.116257
0.045268
Table 2.7: The AIC score, f- and p-values of the linear mixed effects model of the relationship
between group size and PC1 and PC2. The left two columns include the data from the model
using whale name and the interaction of whale name and group size as random effects. The right
two columns represent the model with dive type as well as whale name and the interaction of
whale name and group size as random effects. Significant p-values are in bold.
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Double Loops Single Loops Spirals

Half-spirals None

P-value PC1 0.3049

0.4073

0.01144 0.3104

0.9081

P-value PC2 0.6111

0.4512

0.0306

0.2145

0.882

No. whales

7

10

13

3

5

No. obs

71

257

254

22

41

Table 2.8: The results of the linear mixed effect models run on each dive type independently.
Significant p-values are in bold. Only upward spirals showed a significant relationship with both
dive metrics and group size.
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Division

Underline

p-value
0.3933
0.5286
Anvil

f-value
p-value
2.4332
0.1293
0.1184
0.7331
Geometry

f-value
p-value
4.7003
0.03822
5.222
0.02954
Etch-A-Sketch

PC1
PC2

f-value
p-value
0.0146
0.9059
0.955
0.3494
Isthmus

f-value
p-value
0.1584
0.699
1.582
0.2371
Lavalier

f-value
5.0821
0.415

PC1
PC2

f-value
p-value
0.031
0.8614
1.6401
0.2101
Gumdrop

f-value
p-value
1.3568
0.2522
2.3833
0.1319
Entropy

f-value
p-value
0.9945
0.3231
0.8494
0.3608
Embroidery

PC1
PC2

f-value
p-value
1.2566
0.2788
0.9779
0.3374
Mudskipper

f-value
20.395
47.805

f-value
1.4366
1.6435

PC1
PC2

PC1
PC2

f-value
0.7426
0.4032

Epee

f-value
0.3914
0.0024

p-value
2.62E-05
2.16E-09

p-value
0.02666
0.5211
Nile

p-value
0.2401
0.2097

p-value
0.5347
0.9615

Table 2.9: The results of the linear models testing if there is a linear effect of group size on
individual dive behavior. Significant p-values are in bold. Three animals showed significant
differences in at least one aspect of their dive behavior.
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Division & Nile
p-value
df
11
PC1
0.000364
11
PC2
0.01866
Thumper & Ursa
p-value
df
6
PC1
0.000595
6
PC2
3.19E-05
Entropy & Embroidery
p-value
df
0.09822
17
PC1
17
PC2
0.000513
Entropy & Mudskipper
p-value
df
0.6293
40
PC1
40
PC2
1.52E-05
Embroidery & Mudskipper
p-value
df
0.3025
15
PC1
0.8029
15
PC2
Table 2.10: Results of paired t-tests between individuals feeding together. A significant p-value
(in bold) supports the alternative hypothesis that the true difference in means for the pair is not
equal to 0.
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Whale ID

ΣΔ Azim ΣΔ Pitch

ΣΔ Roll

ΣΔ

(degrees) (degrees) (degrees) Depth

Duration Max

Fluke

(s)

depth

freq.

(m)

(f/s)

(m)
Division

997.027

724.680

547.098

68.675

101.583

21.814

0.202

Nile

579.92

420.107

739.901

48.365

92.077

22.343

0.165

Entropy

542.449

403.303

337.837

57.350

96.756

28.943

0.151

Embroidery 632.404

566.652

725.921

54.714

120.833

29.648

0.157

Mudskipper 521.867

407.751

729.292

54.620

102.347

27.430

0.160

Thumper

1185.586

1074.047

823.213

76.341

155.857

22.704

0.175

Ursa

654.029

422.506

460.503

62.211

146.143

28.939

0.114

Table 2.11: The means for each raw variable of the individuals in pairs and trios. The numbers in
bold are the greatest of the pair or trio.
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Turning radius
(degrees)

Pitch (degrees)

Roll (degrees)

Change in
depth (meters)

Duration
(seconds)

Max. depth
(meters)

Fluke
Frequency
(fluke strokes
per second)

S. Gulf of
Maine

Antarctica

S.E. Alaska

Mean

796.96

383.39

997.52

SD

341.88

92.08

524.78

Mean

559.76

231.66

887.74

SD

247.76

55.13

214.68

Mean

652.64

223.78

745.00

SD

372.68

81.53

389.41

Mean

53.98

20.59

100.67

SD

22.61

6.47

27.63

Mean

116.04

47.88

197.22

SD

76.18

12.44

53.33

Mean

23.09

18.07

44.15

SD

7.74

2.87

13.98

Mean

0.182

0.153

0.176

SD

0.067

0.036

0.050
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Table 2.12: The mean values and standard deviations of each raw variable for each population:
the southern Gulf of Maine (blue), Antarctica (green), and Southeast Alaska (yellow). The
greatest values are in bold.
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CHAPTER 3: GENERAL CONCLUSIONS AND FUTURE RESEARCH
The comparison of individual dives in this study supports the hypothesis that individuals
adopt stable roles while participating in bubble-net feeding, regardless of group size. While there
is a significant amount of variability in individual dive behaviors observed in the southern Gulf
of Maine population, within individuals there appears to be less flexibility in dive types and
behaviors. Individuals consistently performed similar dives while bubble-net feeding across
group sizes. This, corroborated with the evidence from TrackPlot which showed that a majority
of the whales utilized one dive type more than any other, suggests that individuals specialize in
certain bubble-net feeding strategies. The results suggest that as group size increases, individual
dive complexity decreases. This is also supported by the observed decrease in fluke frequency,
roll, and maximum depth, suggesting a decrease in energetic expenditure with increasing group
size in the southern Gulf of Maine population.
Bubble-net feeding is a behavior that has been independently evolved in three spatially
isolated populations. From the results of this study, it appeared that while the three populations
had overlapping behaviors, there were also differences in the bubble-net feeding strategies. The
complexity of the movements and group sizes appeared to reflect the types of prey targeted. The
simple, shallow, one-rotation nets the Antarctic whale performed may reflect the ease of
capturing schooling krill. The whale also performed multiple bubble-nets in succession in a
single dive, suggesting that krill was able to be corralled with bubbles without forcing it to the
surface. In general, individuals in Alaska bubble-net feed in much larger groups than those
observed in the southern Gulf of Maine or the Antarctic Peninsula, likely necessary for corralling
the fast, large schools of herring they target.
Cooperation has been described as a location-specific behavior in several different
species. This study suggests that the nature of cooperation is also location-, and even teamspecific in humpback whales. Groups of humpbacks in the southern Gulf of Maine appear to feed
in a by-product mutualism relationship. The types of dives individuals utilize are likely
influenced by individual preference and the behaviors of other members of the group. Individuals
using lob-tail feeding appear to drive groups to use a division of labor with role specialization,
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one of the most sophisticated forms of cooperation. Individuals utilizing upward spiral behaviors
in the southern Gulf of Maine do not exhibit the same division of labor, with individuals each
adopting a similar spiral dive behavior. The dive patterns indicate that individuals utilizing
upward spirals are using cooperative by-product mutualism. This indicates that individual dive
behavior influences the behavior of the other members and the potential for cooperation in the
group as a whole. The other two populations had less data available to determine whether or not
these systems are cooperative. While humpbacks in Southeast Alaska have shown behaviors
consistent with a division of labor in previous studies (Sharpe 2001), there was not enough data
to provide further evidence for this hypothesis. The limited sample instead showed differences in
dive behaviors which may suggest a prevalence for producer-scrounger relationships in
Southeast Alaska. In Antarctica, the sample size of one individual was too small to make
population-wide assumptions. The stability of roles in the Antarctic individual and its associate
and the occurrence of both individuals blowing bubble-nets synchronously suggest that this is a
form of by-product mutualism, but there is not enough data to determine whether it is
cooperative or an example of group herding.
While this study provided useful information about the stability of roles and the influence
of group size in bubble-net feeding whales, future studies should incorporate more data from the
Southeast Alaska and Antarctic Peninsula foraging populations. Tagging multiple whales feeding
together in a group would reveal how individual roles in a feeding group relate to one another,
and shed light on whether interactions are cooperative in these populations. Utilizing existing
catalogs in Southeast Alaska and the developing catalog in Antarctica would help determine the
stability of individual behaviors over time. Incorporating social network data, including
association patterns, would be beneficial to determine if individuals exhibit more stable groups
or associations, which could provide evidence for more sophisticated social structures common
in other cooperative species. Including acoustic data or utilizing video data would provide
information on which individuals are blowing bubble-nets in a group to determine if that is a
separate role, as suggested by Sharpe (2001) in the Southeast Alaska population. Incorporating
prey data would help elucidate the influence of prey abundance and distribution on the formation
of different sized groups and the adoption of certain dive types. Using echosounder data to
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estimate the quantity of prey caught in different sized groups would also help confirm whether or
not there is an energetic benefit to working in a group.
Regardless of the deficiency of data from the Alaskan and Antarctic populations, these
observations provide the first evidence for cooperation in humpbacks feeding in the southern
Gulf of Maine. The whales in this study appeared to perform cooperative behaviors despite being
large, filter-filter feeding baleen whales known to form fluid associations in this foraging area.
Not only does bubble-net feeding in this population appear to be a form of cooperative byproduct mutualism, there may be different forms of cooperation observed in different teams.
While this study did not provide evidence to support the hypothesis of division of labor and role
specialization in Southeast Alaska, it did provide evidence of a convergent cooperative
behavioral adaptation in geographically isolated population. The southern Gulf of Maine
exhibited evidence of one of the more sophisticated forms of cooperation, a division of labor
with role specialization, suggesting that humpbacks are capable of cooperative behaviors similar
in complexity to those of teams of social carnivores.
From a broader perspective, this study expands the existing literature of cooperation in
animal systems and foraging strategies in humpback whales. Understanding how individuals
forage, especially relative to other members of a group in populations in which social foraging is
prevalent, is important for making conservation decisions about humpbacks in these areas. In the
southern Gulf of Maine, this study has shown that individuals utilize a variety of foraging
strategies in the upper 30 meters of the water column in groups of up to eight individuals. In
Southeast Alaska, whales are performing similar behaviors in the upper 60 meters of the water
column in much larger groups. This case study of an Antarctic humpback has shown that the
upper 20 meters are used in bubble-net feeding, and individuals often perform more than one
bubble-net in a dive, meaning they may be less noticeable from the surface while performing
these foraging behaviors. If individuals are performing these complex dives areas that co-occur
with boating, fishing, or shipping pressure, they may be more vulnerable to entanglement and
ship strikes. The results of this study can aid in management decisions to conserve the
humpbacks in each of these populations.
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