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Humpback whales (Megaptera novaeangliae) are a widely distributed baleen whale
species, well known for their diverse acoustic behavior. On high-latitude foraging
grounds, humpback whales produce a suite of non-song vocalizations (“calls”) in
concert with foraging and social behavior. In this dissertation I investigated the role
of calls in the acoustic ecology of humpback whales in Southeast Alaska and the
potential impacts of vessel noise on humpback whale calling behavior in this region.

By comparing the earliest known acoustic recordings of humpback whales in
Southeast Alaska (1970’s) with recordings collected in the 1990’s, 2000’s, and
2010’s, I determined that of the sixteen known humpback whale call types produced
in Southeast Alaska, twelve were stable over a 36-year time period; eight call types
were present in all four decades and every call type was present in at least three
decades. I conclude that repertoire stability at this temporal scale is indicative of
multi-generational persistence and confirms that acoustic communication in

humpback whales is best described as a coupled system of communication that
contains some highly stable call elements in strong contrast to ever-changing song.

I further looked for evidence of shared call types between two allopatric humpback
whale populations while on their northern hemisphere foraging grounds in order to
test the hypothesis that some calls are fixed within the humpback whale acoustic
repertoire. Despite being geographically and genetically discrete populations,
humpback whales in Southeast Alaska (North Pacific Ocean) share at least five call
types – known as droplets, growls, teepees, swops, and whups – with humpback
whales in Massachusetts Bay (North Atlantic Ocean). This study is the first to
identify commonly produced call types shared by allopatric populations and provides
additional evidence that some call types may be innate within the humpback whale
repertoire.

One call type, the “feeding call” was noticeably absent from the North Atlantic
repertoire. The feeding call is a highly stereotyped tonal call with a peak frequency of
approximately 500 Hz that to-date has previously been documented only among
groups (>2 individuals) of Alaskan humpback whales engaged in synchronized
foraging events while feeding on Pacific herring (Clupea pallasii). I described
feeding call use by solitary humpback whales throughout Southeast Alaska over a
twenty-year time period and suggest that a primary function of this call is prey
manipulation. These observations demonstrate that the use of feeding calls is not

exclusively linked to group coordination, and may not be exclusively linked to social
recruitment.

In order to get a baseline understanding of call characteristics in Southeast Alaska I
measured humpback whale sound source levels in Glacier Bay National Park and
Preserve (GBNPP). The source levels of 426 humpback whale calls in 4 vocal classes
were estimated using a four-element planar array deployed in the Beardslee Island
Complex of GBNPP. There was no significant difference in source levels between
humpback whale vocal classes. The mean call source level was 137 dBRMS re 1 µPa
@ 1 m in the bandwidth of the call (range 113 – 157 dBRMS re 1 µPa @ 1 m), where
bandwidth is defined as the frequency range from the lowest to the highest frequency
component of the call. This is quieter than reported source levels for both calls on
migratory corridors and song produced on breeding grounds.

Finally, I documented temporal occurrence patterns and levels of ambient sound in
GBNPP in order to investigate and compare humpback whale vocal responses to
natural sounds and vessel sounds. Cruise ships and tour boats, roaring harbor seals
(Phoca vitulina), and weather events were primary drivers of ambient sound levels;
sound sources varied seasonally and diurnally. As ambient sound levels in the
bandwidth of humpback whale calls rose, humpback whales responded by increasing
the source levels of their calls by 0.81 dB (95% CI 0.79 -0.90) for every 1 dB increase
in ambient sound. There was no evidence that the magnitude of the observed response
differed between natural and anthropogenic sources. The probability of a humpback

whale calling in the survey area decreased by 9-10% for every 1 dB increase in
ambient sound. After controlling for ambient sound levels, the probability of a
humpback whale calling in the survey area was 25-30% lower when vessel noise
contributed to the soundscape than when only natural sounds were present. Although
natural and anthropogenic sound sources contribute similar amounts of acoustic
energy to the soundscape, humpback whale responses to these two sources were not
uniform; the magnitude of the Lombard effect was equal between natural and
manmade sounds, however the probability of a humpback whale calling was
significantly lower when anthropogenic sound contributed to the environment. Future
research investigating humpback whales’ response to noise, and the broader effects of
noise on vital life functions are merited.

This work expands what is known about humpback whale calling behavior in
Southeast Alaska, and more broadly for this species everywhere. This work also
demonstrates the importance of documenting calling behavior in the context of both
the acoustic habitat as well as species’ broader acoustic ecology.
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1. INTRODUCTION

It takes two to speak the truth: one to speak and another to hear

-Henry David Thoreau

Michelle E.H. Fournet
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1.1 What is acoustic ecology and why is it important for ocean organisms?
This dissertation intimately concerns itself with the ‘acoustic ecology’ of humpback
whales in Southeast Alaska. Acoustic ecology is defined as the discipline studying
relationships mediated through sound between living beings and their environment.
Acoustic ecologists concern themselves with questions including- how do organisms
use sound to interact with one another and their environment? What sounds do
animals produce and why? What are they listening for? And what happens to
organisms that rely heavily on sound when their environment gets noisy?

Questions like these are particularly important in the aquatic environment where
sound travels further and more efficiently than light, which penetrates in the range of
10 to 200 meters in the ocean. In areas of high primary productivity, such as areas
with algal or planktonic blooms, like Southeast Alaska, visibility is further reduced
(Dera and Gordon, 1968). In light-limited oceanic environments, however, sound is
highly efficient; sound underwater has the potential to travel for kilometers with little
loss of energy and is thus a more effective method for sending and receiving
information (Urick, 1983). As a result, many marine organisms have evolved to rely
predominantly on sound to gain information about conspecifics (other animals of the
same species), heterospecifics (different species), and their surrounding (Bradbury
and Vehrencamp 2011, Richardson et al. 2013). Take for example the common
goldfish, which is incapable of producing vocalizations, but has extremely acute
hearing (for a fish). Presumably goldfish listen to their environments to gain
information about predators, environmental threats, and conspecific behavior - this
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despite a complete lack of sound production (Kenyon et al. 1998). This is an example
of information learned through the study of acoustic ecology.

1.2 How do marine animals use sound?
For marine animals, underwater sound provides information about the environment.
The marine environment is filled with a wide variety of sounds: (1) abiotic sounds,
including the sound of rain hitting the surface of the water, thunder, ice cracking,
waves, and wind, (2) biotic sounds like whale and dolphin vocalizations, the grunts of
mating fish, the snapping sounds of snapping shrimp, and (3) anthropogenic sounds,
like vessel noise, construction, fish finders, sonar blasts, and the sound of natural
resource exploration (Haver et al. 2017, 2018, Hildebrand 2009, Nishimura and
Conlon, 1993, Scheifele and Darre 2005, Wenz, 1962). All of these sounds in
combination make up the modern acoustic environment or ‘soundscape’.

Many marine organisms rely on sound for critical life functions including mate
selection, foraging, navigation and socializing (Berta et al. 2015). Larval reef fish and
crabs use soundscapes to orient themselves towards reefs during settlement periods
(Jeffs et al. 2003, Montgomery et al. 2006, Stanley et al. 2010). Similarly, benthic
organisms including Eastern oysters (Crassostrea virginica) use sound to assess
habitat suitability, and will preferentially orient toward soundscapes that indicate
preferred substrate (Lillis et al. 2013). On the other end of the size spectrum, male fin
whales (Balaenoptera physalus) sing long songs for many hours at a time to facilitate
finding a mate across vast ocean basins ( Watkins, 1981, Croll et al. 2002, Širović et
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al. 2013,). At the other extreme, killer whales (Orcinus orca) use pod specific dialects
to maintain familial cohesion on small geographic scales, to identify family members,
and to transmit cultural knowledge between generations (Ford, 1991, Miller et al.
2004, Riesch et al. 2006). All known odontocetes (toothed whales) appear capable of
echolocation, a process of producing high frequency vocalizations and using the
corresponding echoes to learn about the environment and to locate and capture prey
(Au 2009). Sound can be used competitively in the ocean; male harbor seals roar
during breeding season in defense of prime territories (Hayes et al. 2004). Or
vocalizations can be used to facilitate important relationships, like in many pinniped
species where females on a beach will identify their own pup, among many hundreds,
by the sound of their voice (Charrier et al. 2002, Insley 2000). In summary, sound
underwater is essential to the survival and reproduction for many marine organisms.
Which raises the question, what are the implications of humans changing the
underwater soundscape?

1.3 What is anthropogenic sound?
Anthropogenic sound is any sound produced by or resulting from human activities. In
the post-industrial revolution era – part of the epoch now considered the
Anthropocene – the marine soundscape has become inundated with anthropogenic
sounds (Haver et al. 2018, Hildebrand 2009, McKenna et al. 2012). Anthropogenic
sound sources in the ocean can be categorized as “transient” if a sound is an isolated
signal, such as a sonar signal or an explosion, which lasts for a brief duration but may
be high intensity. Sound sources are categorized as “repeated transient” when they are
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repeatedly produced short sound pulses, such as sounds from pile driving or fossilfuel exploration using seismic airguns. Repeated transient noise, like the noise
generated by airguns during seismic surveys may occur for as many as 23 hours in a
day (Haver et al. 2017). Anthropogenic sound sources that persist for longer
durations, such as shipping noise, are categorized as “continuous”. Continuous
sounds may occur for hours, days, or longer in areas of heavy vessel traffic (Hatch et
al. 2008, Hildebrand 2009, Rossi-Santos 2015).

Figure 1.1- Ambient noise (loudness) versus frequency (pitch) including various biological and
manmade sound sources. (Image adapted from Coates 2006)

There is considerable acoustic overlap between biotic, abiotic, and anthropogenic
sounds in the ocean (Wenz, 1962, Figure 1.1). The above graphic shows the
contribution of various types of sounds to the marine soundscape. Frequency (or pitch
in hertz) is on the x-axis, while noise level (volume) is on the y-axis. Note that
anthropogenic noise sources (i.e., shipping, dredging, airguns) and sounds produced
by marine organisms like baleen whales share the same frequencies (Figure 1.1).
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What this graphic does not indicate is temporal overlap or geographic proximity.
While only a portion of wide ranging marine organisms will be exposed to the sound
of undersea volcanic eruptions, nearly all marine organisms will be exposed to
shipping noise. The amount of low-frequency noise in the Pacific Ocean has
increased by 10-12 dB in the past 50 years, a change has been attributed to a doubling
in the number of oceangoing vessels in the Pacific since 1960, and an increase in
engine size and vessel speed (McDonald et al. 2006). Acoustically aware organisms
must contend with the persistence of anthropogenic sounds in general, and vessel
noise in particular, within the modern soundscape.

Although on an evolutionary time scale marine organisms have only recently been
introduced to chronic anthropogenic noise, marine animals evolved in the presence of
noise from a wide-range of natural sound sources (volcanoes, earthquakes, storms,
other vocal animals; Garcés et al. 2009, Hildebrand 2009, Kong et al. 1995,
Nishimura and Conlon, 1993). As a result, many marine animals, and cetaceans in
particular, have developed behavioral adaptations that allow them to maintain
communication across variable ambient soundscapes. Killer whales call louder in the
presence of vessel noise (Holt et al. 2009). This response, called the ‘Lombard Effect’
is analogous to humans talking louder at a loud restaurant; animals will compensate
for noisy environments by increasing their volume. Blue whales (Balaenoptera
musculus) call more frequently on days when seismic noise is present and persistent,
presumably to make up for signals that aren’t detectable through noise (Di'Iorio and
Clark 2010). Right whales in the North Atlantic (Eubalaena glacialis) call at a higher
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frequency (pitch) when the environment gets noisy (Parks et al. 2007), much like
people trying to be heard over a sporting event. Similarly, humpback whales will
switch from calling to one another (vocal communication) to breaching and flipper
slapping (non-vocal communication) when wind noise is sufficiently intense, similar
to a person waving across the beach to get a friend’s attention (Dunlop et al. 2010).

These adaptations are intended to maximize effective communication across a range
of ambient sound conditions; more simply, animals change their behavior in order to
be heard. An animal that is able to successfully apply one or more of these adaptive
strategies when confronted with anthropogenic sounds may be more resilient to
human-generated changes. Identifying species resilience is important for managing
oceans and ocean users, which in the modern era includes humans. As a global
species, humans impact their environment in many ways, and barring catastrophe, are
unlikely to abandon the use of ocean ecosystems. Therefore, an important goal is to
try to mitigate negative interactions and manage human activities in such a way as to
minimize harm. An important step in accomplishing this is recognizing when a
species is resilient, which means the species is capable of adapting to change, and
identifying the limits this resilience. In order to identify when an animal is adopting a
strategy to contend with anthropogenic noise, or to evaluate the success of a strategy
at increasing species resilience, it is first imperative to describe an animals calling
behavior in the absence of anthropogenic noise. After all, it would be difficult to
know how loudly a person typically talks, if you only measure the loudness of their
voice when chatting at rock concerts.
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1.4 How do humpback whales use acoustics?
Humpback whales are a medium-sized migratory baleen whale with a cosmopolitan
distribution (Clapham et al. 1999) and a diverse suite of vocal behaviors. Humpback
whales use acoustic signals in association with all known vital life functions, across
their migratory ranges, and at all life stages. Humpback whales are considered low or
mid-frequency specialists, generating sounds that range in frequency from 10 Hz – 24
kHz, with most of the sound energy contained between 100 - 3000 Hz (Fournet et al.
2015, Au et al. 2006). Due to logistical and technological limitations the hearing
capabilities of humpback whales have never been empirically measured; however,
like other baleen whales it is probable that humpback whales are capable of hearing
their own vocalizations (Richardson et al. 2013). Hearing sensitivity has been
modeled for humpback whales based on anatomical features, and it is likely that best
in the 120 Hz – 4 kHz range for humpbacks (Erbe, 2002).

On low-latitude breeding grounds, male humpback whales produce complex,
structured vocal displays known as song, which presumably serve a breeding purpose
(Herman 2017, Payne and McVay, 1971). Song is hierarchically structured, and is
composed of a repeated song ‘units’, sequenced within longer repeated ‘phrases’;
phrases are combined to form ‘themes’. A sequence of repeated themes makes a
completed song (Payne and McVay, 1971). Song can be detected at any hour of day
or night during the breeding season, and contributes substantially to the soundscape
during these periods (Au et al. 2006, Herman 2017, Parsons et al. 2008). Male
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humpbacks also produce songs on migratory corridors and on foraging grounds
(Cerchio et al. 2001, Dunlop and Noad 2016, Gabriele and Frankel 2002, Stimpert et
al. 2012), though the exact reason why is unknown.

In contrast to song, humpback whales also produce a suite of non-song vocalizations,
also known as social calls, social sounds, or simply ‘calls’. Collectively these
vocalizations are identified as any sound produced internally (i.e., not produced
through percussion such as flipper slapping or breaching) that occurs outside of the
repeated and hierarchical structure of song (Fournet et al. 2018, Rekdahl et al. 2015).
These vocalizations are usually short, occurring in isolation or short bouts, and lack
the repetitive structure of song (Dunlop et al. 2008, Rekdahl et al. 2015). Because
some non-song vocalizations can also occur as song units (Dunlop et al. 2007) and
others are produced in asocial foraging settings (Fournet et al. 2018), they are neither
truly ‘non-song’ nor are they always ‘social.’ In keeping with the broader animal
communication literature (Bradbury and Verehncamp, 2011), we prefer to refer to
these sounds more simply as ‘calls’. Every attempt will be made to use this term
throughout; however, the terms ‘non-song vocalization’, ‘social call’, and ‘call’ can
be considered synonymous for the purpose of this dissertation.

Calls are produced by humpback whales throughout their migratory range (Dunlop et
al. 2008, Silber, 1986, Stimpert et al. 2011, Wild and Gabriele 2014) and across age
and sex class (Dunlop et al. 2008, Silber, 1986, Zoidis et al. 2008). The precise
function of most calls remains unknown, but we do know that calls serve a
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communication function and vary based on who’s talking, who’s listening, and who
may be eavesdropping (Wild and Gabriele 2014, Dunlop 2016a, 2016b). Most of the
research on humpback whale calls to date has focused on sub-tropical migratory
corridors and breeding grounds, with a smaller body of work dedicated to calling
behavior on temperate foraging grounds (Silber, 1986, Dunlop et al. 2007, 2008,
Stimpert et al. 2011, Wild and Gabriele 2014, Fournet et al. 2015, Rekdahl et al.
2013, 2015, 2016). On breeding grounds, competing male humpback whales produce
calls that may act as aggression signals (Silber, 1986). Similarly, on the East
Australian migratory corridor, where behavior closely matches breeding grounds,
some calls appear to signal aggressive motivation states (Dunlop 2016b).
Alternatively, humpback whale mothers seem to use calls to maintain contact with
their calves along migration, and some calls seem to be used to invite others to join a
group (Dunlop 2008).

Because humpback whale behavior is geographically and seasonally discrete
(humpback whales generally eat at high latitudes, and breed and birth at low latitudes
while fasting), it is unlikely that calling behavior is the same on foraging grounds and
breeding grounds: as in many species, wooing a mate, raising young, and catching
dinner are likely to manifest differently in the acoustic repertoire. While several
catalogues of high-latitude calls have been generated (e.g., Stimpert et al. 2011,
Fournet et al. 2015), relatively few studies have investigated the role of calls on highlatitude foraging grounds. In Southeast Alaska, the function of two call types has
been investigated in earnest: feeding calls and whups (Cerchio and Dalheim 2001,
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Wild and Gabriele 2014). Hypothetical feeding call functions include (1) group
recruitment, (2) group coordination, and (3) prey manipulation (Baker, 1985, Cerchio
and Dahlheim 2001, D’Vincent et al. 1985, Sharpe 2001), while whups likely serve a
contact call function (Wilde and Gabriele 2014). Additionally, humpback whales in
the North Atlantic produce a pulsed, click-type call called a ‘Megapclick’ in
association with benthic foraging that has not been documented elsewhere (Stimpert
et al. 2007). Beyond this, little is known about high latitude calling behavior in
Southeast Alaska or elsewhere. So while it is evident that calling behavior is
important to humpback whales, why or how they use acoustic communication other
than song is still poorly described. This dissertation aims to narrow this knowledge
gap.

1.5 Why is Glacier Bay National Park so important?
While several other locations are represented, the bulk of the data presented in
support of this dissertation was collected in Glacier Bay National Park and Preserve
in Southeast Alaska (GBNPP). GBNPP is a premier marine wilderness park in
southeastern Alaska with enabling legislation that emphasizes scientific discovery.
GBNPP is designated as both a national park and also a federally protected
wilderness area (36 Code of Federal Regulations 13.65). The Wilderness Act of 1964
describes wilderness as “an area where the earth and its community of life are
untrammeled by man, where man himself is a visitor who does not remain.” The Act
goes on to define wilderness as "an area of undeveloped Federal land retaining its
primeval character and influence without permanent improvements or human
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habitation, which is protected and managed so as to preserve its natural conditions
"(Wilderness Act, 1964). What this means in practice is that GBNPP is accessible and
available for humans to enjoy and interact with, but that park managers are mandated
with preserving it in an unaltered state. This mandate opens the door to scientific
research in the park, and as a result this region of Southeast Alaska is in many ways
like a natural laboratory in which it is possible to observe and document the features
of wilderness.

Humpback whales play an important role in the wilderness narrative of GBNPP.
Marine mammals are a major visitor attraction, and a considerable amount of
logistical, scientific, and legislative effort has been put forth to ensure their wellbeing (36 Code of Federal Regulations 13.65, Marine Mammal Protection Act, 1972,
Endangered Species Act, 1974). The humpback whale population in Glacier Bay is
among the best-studied and best-protected in the world. In the periods directly
following the cessation of industrial whaling, humpback whale numbers in Southeast
Alaska were severely depleted (Baker et al. 1985). It was in the early 1970’s when
Charles Jurasz, a highschool teacher from Juneau, enlisted the help of his students
and family to begin monitoring humpback whales in the regions of Icy Strait and
Glacier Bay. Jurasz’s efforts continued under contract with the National Park Service
(NPS) from 1976 – 1979, until they were taken over for a period of time by
University of Hawaii (UH). During this time UH researchers, in collaboration with
the NPS and acousticians from then Bolt, Beranek and Newman conducted one of the
first ever studies into the impact of vessel activities of humpback whale behavior and
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developed a process for long term monitoring (Baker and Herman, 1989, Malme et al.
1982). Since that time, under the guidance of Chris Gabriele, dedicated humpback
whale monitoring efforts have been completed annually, and the goal of
understanding this population of humpback whales and their interactions with vessels
has persisted until today.

Building on early acoustic studies that quantified sound propagation (how sound
travels), vessel noise, and ambient soundscapes in GBNPP (Malme et al. 1982), a
cabled hydrophone was deployed in Bartlett Cove in 2000 in order to determine how
much noise humans were contributing to the ocean soundscape, and to listen to the
sounds of the natural underwater world. Since that time, research on environmental
noise, vessel noise, and the potential impacts of vessels on marine mammals in
GBNPP has moved forward significantly (Frankel and Gabriele 2017, Gabriele and
Frankel 2002, Kipple and Gabriele 2003, McKenna et al. 2017). The work in this
dissertation builds on this legacy of basic research and applied management.

1.6 What is in this dissertation?
The goal of this dissertation is to investigate how humpback whales on foraging
grounds use sound (i.e., vocalizations) and to investigate whether or not humpback
whales adjust their calling behavior in response to ambient sound. To accomplish this
goal, I set out to (Chapter 2) describe the long term repertoire stability of calls in
Southeast Alaska, (Chapter 3) compare these calls to calls produced on a North
Atlantic foraging ground, (Chapter 4) describe the behavioral context associated with
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feeding call production in Southeast Alaska, (Chapter 5) estimate how loud
humpback whale calls are in the North Pacific, and (Chapter 6) assess whether
humpback whales in GBNPP adjust their calling behavior in response to their
acoustic environment, with particular emphasis on vessel noise. All of the chapters in
this dissertation combine to meet the overarching goal of better understanding
humpback whale calling behavior and understanding how anthropogenic noise may
ultimately impact humpback whales.

Chapters 2 – 4 use an aggregated data set that includes recordings made by others in
GBNPP, as well as elsewhere in Southeast Alaska, while Chapters 5 and 6 concern
themselves exclusively with the acoustic habitat associated with the Beardslee Island
Complex of GBNPP collected with a hydrophone array in 2015 and 2016 as part of
my dissertation fieldwork. The humpback whales that forage in GBNPP are also
known to utilize the broader Southeast Alaskan habitat, and in such while this
dissertation covers a moderately broad geographic scale, this work focuses on the
calling behavior of a single population of whales.
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2. SOME THINGS NEVER CHANGE: MULTI-DECADAL STABILITY OF
HUMPBACK WHALE (MEGAPTERA NOVAEANGLIAE) VOCALIZATIONS
ON SOUTHEAST ALASKAN FORAGING GROUNDS

The
truth you
speak has no past
and no future.
It is,
and that’s all it
needs to be

-Richard Bach

Michelle E. H. Fournet
In review with the following co-authors: Christine M. Gabriele, David C. Culp, Fred
Sharpe, David K. Mellinger, Holger Klinck
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2.1 Abstract
Investigating long-term trends in acoustic communication is essential for
understanding the role of sound in social animals. Humpback whales are an
acoustically plastic species known for producing rapidly evolving song and a suite of
non-song vocalizations (“calls”) containing some call types that exhibit short-term
stability. By comparing the earliest known acoustic recordings of humpback whales
in Southeast Alaska (1970’s) with recordings collected in the 1990’s, 2000’s, and
2010’s, we investigated the long-term repertoire stability of calls on Southeast Alaska
foraging grounds. Of the sixteen previously described humpback whale call types
produced in Southeast Alaska, twelve were detected in both 1976 and 2012,
indicating stability over a 36-year time period; eight call types were present in all four
decades and every call type was present in at least three decades. We conclude that
repertoire stability at this temporal scale is indicative of multi-generational
persistence and confirms that acoustic communication in humpback whales is best
described as a coupled system of communication that contains some highly stable call
elements in strong contrast to ever-changing song.

2.2 Introduction
Acoustic signaling can reveal key insights into animal behavior across a broad range
of taxa. Acoustic signals are quantifiable, may be easily collected at little to no impact
to the subject species, and can be directly compared across space and time (Gannon
2008, Haver et al. 2018). Investigating long-term trends in acoustic communication is
essential for understanding drivers of vocal change and the role of acoustic
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communication within a species’ life history (Parks et al. 2009, Rendell and
Whitehead 2005). This is particularly relevant for those species, including many
vertebrates, whose acoustic repertoire is shaped by genetic, cultural, and functional
processes and may shift within and between generations in response to changing
ecological niches, environmental conditions, and human activities (e.g., black-capped
chickadees (Poecile atricapillus), domestic fowl (Gallus gallus ) (Konishi, 1963),
harp seals (Pagophilus groenlandicus), killer whales (Orcinus orca)), North Atlantic
right whales (Eubalaena glacialis) (Parks et al. 2007, 2016)).

The degree of vocal stability and vocal change within an acoustic repertoire varies
between taxa and species. The need to attract a mate, find food, or to avoid predators
exerts strong selection pressure on systems of acoustic communication (Bradbury &
Vehrencamp 2011, Freeberg et al. 2012). As a result, social structure is often
reflected in vocal structure and calling behavior. African elephants (Loxodonta
africana), for example, are far ranging socially complex animals, capable of
maintaining relationships across great distances (Vance et al. 2008). As a reflection,
elephants produce low-frequency contact calls that can travel for several kilometers
and contain identifying information (McComb et al. 2000, 2003, Vance et al. 2008).
The mating strategies of some wren species (family Troglodytidae) manifests in their
song repertoires, with polygynous species exhibiting larger song repertoires than
monogamous species, presumably due to female choice and increased male-male
competition (Kroodsma, 1977). Highly social vervet monkeys (Chlorocebus
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pygerythrus) emit loud, discrete alarm calls to announce various predators (Seyfarth
et al. 1980), a tactic that could be unnecessarily risky for an asocial species.

Social systems are reflected within acoustic communication for marine mammals as
well (Tyack and Sayigh, 1997), although their natural history traits can make them
more difficult to study. Assessing vocal change, or the lack thereof, is one method
used to increase scientific understanding of call function and social structure as a
whole (Tyack & Sayigh 1997). For example, demonstrating temporal vocal stability
in several cetacean species (e.g., sperm whales (Physeter macrocephalus) (Rendell &
Whitehead 2005), bottlenose dolphins (Tursiops spp), (Caldwell et al. 1990), killer
whales (Ford 1991))has resulted in a much richer understanding about conspecific
interactions and the importance of consistent acoustic signals in maintaining social
relationships in this taxon. Similarly, documenting temporal shifts in the vocal
behavior of some marine mammals, most notably humpback whales (Megaptera
novaeangliae) that are capable of rapid acoustic turnover (Noad et al. 2000), has
revealed a great deal about the importance of cultural exchange in mediating social
interactions (Garland et al. 2011, Herman 2017).

Humpback whales are vocal migratory baleen whales whose behaviors are temporally
and geographically stratified between breeding and foraging grounds. While on lowlatitude breeding grounds, male humpback whales produce song, a long, repetitive
vocal display that is highly stereotyped over hours to days, but that progressively
evolves over months to years, ultimately changing completely (Payne & McVay
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1971, Cholewiak et al. 2013). Males within a single breeding region in a given year
usually conform to one song type, although in the Southern Hemisphere, novel songs
have been adopted in their entirety in as little as two years (Noad et al 2000). Unlike
discrete imitation, in which a sound type is learned and then the acoustic properties of
that sound stabilize, song “copying” in humpbacks is an iterative process seemingly
without a fixed endpoint (Payne & Payne 1985, Cerchio et al. 2001, Parsons et al.
2008). Song has been the focus of dedicated research for decades and as a result,
acoustic characteristics that indicate vocal plasticity in this species are well-described
(Miller et al. 2000, Rendell & Whitehead 2001, Eriksen et al. 2005, Garland et al.
2011, Stimpert et al. 2012, Cantor & Whitehead 2013), but it is unknown whether
humpback whales exhibits similar plasticity in their other vocalizations.

Humpback whales produce a suite of communication signals in addition to song
known as “non-song vocalizations” (Dunlop et al. 2008a, Fournet et al. 2015,
Rekdahl et al. 2015), or “social calls.” These include any sound produced outside the
patterned and repeated structure of song but do not include the percussive non-vocal
signals that result from breaching or flipper slapping (Silber 1986, Dunlop et al. 2007,
Fournet et al. 2015). Unlike the term song, which is widely accepted in the scientific
literature across taxa, the use of the terms “non-song” and “social call” are not
universal. In humpback whales some “non-song” vocalizations occur as song units
(Dunlop et al. 2007, Rekdahl et al. 2013), and some “social calls” are produced by
animals engaged in solitary behaviors and are thus not exclusively social.’ (Fournet et
al. 2018). In keeping with the broader body of animal communication literature, we
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therefore suggest and adopt the use of the term ‘call’ to describe vocalizations that
occur independently of song (Brockelman and Schilling, 1984, Kroodsma and Miller,
1996, Ey and Fischer 2009).

The degree to which calls form the basis of functional acoustic communication in
humpback whales is only starting to be revealed (Dunlop 2017, Dunlop et al. 2008b,
Wild and Gabriele 2014). Calls occur in both sexes, across all life stages, and can be
heard consistently throughout the migratory range (Silber 1986, Dunlop et al. 2008a,
Zoidis et al. 2008, Fournet et al. 2015). It is assumed that humpbacks worldwide
produce calls; however, they have been formally described in only four populations
(Dunlop et al. 2007, Fournet 2014, Rekdahl et al. 2016, 2013, Stimpert et al. 2011).
Calls may appear in pattered, non-stereotyped bout sequences or entirely in isolation
from other vocalizations (Rekdahl et al. 2013, 2015, Fournet 2014). At times, calls
appear as song units, indicating that their role may be multi-faceted (Rekdahl et al.
2013); at other times calls have been linked to foraging activities (D’Vincent et al.
1985, Fournet et al. 2018, Stimpert et al. 2007) or social interactions (Dunlop et al.
2008b, Wild and Gabriele 2014). While investigations into call use and function are
increasing, scientific understanding of calling behavior remains limited.

One study to date has investigated the temporal stability of humpback whale calls.
Rekdahl et al. (2013) identified 12 stable call types on an East Australian migratory
corridor that were commonly produced and consistently detected over an 11 year time
period (Rekdahl et al. 2013). This work demonstrated that call stability is present
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within a single generation of humpback whales, and set the framework for expanded
studies into call stability in this species.

Using humpback whale calls recorded throughout Southeast Alaska during a 36-year
period (1976 and 2012), we tested the hypothesis that the call repertoire was stable
across decades and assessed changes in the acoustic parameters of calls over time in
this population. Between 1979 and 2012 the humpback whale population in Southeast
Alaska increased from approximately 300 to at least 1,500 individuals (Baker et al.
1985, Hendrix et al. 2012). On the North Pacific foraging grounds, site fidelity and
reproduction – not immigration – are the principal drivers of population growth and
genetic composition (Baker et al. 2013). Age of first parturition in North Pacific
humpback whales is 8-16 years (Mizroch et al. 2004, Gabriele et al. 2016); thus, by
recording humpback whales over the 36-year duration of their recovery, we capture
the acoustic behavior of both the original members of the population as well as
subsequent generations. In doing so, this study seeks to describe how vocal behavior
in this species persists across generations.

2.3 Results
Within 114.9 hours of recordings, we identified a total of 914 high quality calls that
fit our inclusion criteria. Recordings spanned 140 unique days within five separate
years across four decades (Table 2.1). A total of 175 individuals were
photographically identified in conjunction with this study in 1997, 2007 and 2008.
The minimum number of whales present during recording periods ranged from 6 to
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90 (Table 2.1). Animals were not localized in this study; it is unknown whether all
whales within the area were contributing to the recorded calls, nor which specific
individuals were calling.

Classification
In Southeast Alaska there are 16 known call types nested within four vocal classes
(Table 2.2). A comprehensive description of each class and vocal type is available
elsewhere (Fournet et al. 2015). Auaral-visual analysis (AV) assigned 367 calls to the
Low Frequency Harmonic (LFH) vocal class, 303 to the Pulsed (P) vocal class, 79 to
the Noisy-Complex (NC) vocal class, and 165 to the Tonal (T) vocal class (Table
2.2).

Rotated principal component analysis (PCA) output indicated that the use of two
principal components was adequate to encompass the variability of the data
(χ2=1409.98 , p < 0.000001). The first rotated component (PC1) corresponded most
closely to frequency parameters (lower, median, peak, and start frequency values; see
Table 2.3 for variable descriptions), indicating that as PC1 increases calls generally
increase in frequency. The second rotated component (PC2) corresponded most
closely to temporal parameters (duration (negative relationship), amplitude
modulation rate, frequency modulation rate, (Table 2.3)), indicating that as PC2
increases calls generally grow shorter and change more quickly.
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A Classification and Regression Tree (CART) assigned 85% (root-node error, n=754)
of vocalizations to the same call type as AV classification (Table 2.4). Bout, duration,
frequency ratio, PC1 and amplitude modulation were all important splitting variables.
A random forest analysis correctly classified most of the calls (out-of-bag error rate
(OOB)= 27%). Consistent with the CART analysis, the variables most important for
splitting decisions were amplitude modulation, duration, bout, median frequency,
PC1 and frequency ratio. Misclassifications were common among call types with low
sample sizes . These calls were re-reviewed manually by a second observer; upon
observer agreement calls were categorized according to AV classification (Figure
2.1).

Figure 2.1- Spectrograms of the (a) descending moan call and (b) growl call over time (29 Hz
0.034 s resolution). Descending moan calls (n=3) were commonly misclassified as growl calls
(n=220) despite structural differences discernable by a human observer.

Temporal Stability
Twelve of the sixteen call types were found in both 1976 and 2012 (Table 2.2, Figure
2.2), and all call types were detected in at least three decades. Eight call types were
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represented in all four decades. Initial data analysis indicated that there were no
significant differences in acoustic parameters between 2007 and 2008 (χ2 >4, p>0.1)
and those years were pooled to ensure a large enough sample size for statistical
inference across call types and between decades. The acoustic parameters of these
calls varied widely, though within the margin of variability reported for each call type
(Table 2.5) (Fournet et al. 2015), and in some cases were significantly different
between decades (Table 2.6, Figure 2.3).

Figure 2.2- Spectrograms of commonly produced call types found in Southeast Alaska over time.
(a) Feeding call examples by year (9.24 Hz, 0.1 s resolution). (b) Droplet call examples by year
(29 Hz 0.034 s resolution). (c) Whup call examples by year (29 Hz 0.034 s resolution).

For all call types except for droplets mean PC1 values were significantly higher in
calls produced in 1997 (Figure 2.3) than in either the 2007-08 or 2012. Mean PC1

30

values for droplets were highest in 1997, but mean PC1 values for droplets in 1997
were not significantly different than calls produced in the 2000’s. In general, calls
produced in 1997 were
higher in frequency than
in the other two decades.
PC1 values
tended to be lowest for
calls produced in 2007-08
and intermediate in 2012
(Figure 2.3). There was
no obvious linear change
in PC1 values over time.

Where significant
differences occurred, PC2
values showed a general
downward trend between
1997 and 2012 (Table
2.5); PC2 estimates
indicate that across call
Figure 2.3- Boxplots of rotated principal component values for a
selection of stable call types across time. PC1 corresponds to
frequency parameters. PC2 corresponds to temporal parameters.

types vocalizations
produced in 1997 were
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shorter and had higher modulation rates, and calls from 2012 were longer and had
slower modulation rates (Figure 2.3).
2.4 Discussion
The results of this study indicate that some humpback whale non-song calls in
Southeast Alaska are stable at the decadal timescale. Twelve of the 16 call types were
present in both the 1976 and 2012, demonstrating the persistence of these calls over
36 years. All other call types persisted over multiple decades between 1997 and 2012.
The absence of identical call types in recordings across the four decades does not
necessarily indicate that certain call types were absent from the repertoire, since it is
unlikely that the non-song calls aggregated for this study comprise the entire vocal
repertoire of the entire population at any given time. Limited sampling effort (Table
2.1) might favor the recording of some call types over others; nonetheless, within the
scope of this dataset the overall pattern of long-term vocal stability is clear.

Demographic data are consistent with the assertion that vocal stability at this temporal
scale indicates call persistence across several generations. Given that females mature
by the age of 13 and typically reproduce every 1-3 years (Gabriele et al. 2016,
Mizroch et al. 2004, Pierszalowski 2014), new whales in our survey regions were
born, reached sexual maturity, and gave birth to offspring that subsequently grew to
sexual maturity and also gave birth over the 36-year duration of this study (Gabriele
et al. 2016). This is reflected in the dramatic increase in population size from the
1970’s to the 2010’s, which was estimated in 2008 to be more than five times as large
as in 1979 . Demographic studies show that population growth in Southeast Alaska is
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primarily due to long-term maternally directed site fidelity and birth (Baker et al.
2013, Gabriele et al. 2016), with little evidence of immigration from other feeding
grounds (Calambokidis et al. 2008). In further support of this point, in Glacier Bay
National Park, where humpback whale monitoring efforts have been underway since
the 1970’s, almost half of the humpback whales first identified as calves are known to
have returned to their maternal foraging grounds (Gabriele et al. 2016). Thus, it is
quite likely that throughout the study period multiple generations overlapped spatially
and temporally within the survey region and were recorded by our hydrophones. The
alternative conclusion, that all the vocalizing whales analyzed in this study are from a
single generation, is untenable.

Acoustic parameters varied significantly, though non-linearly, across decades with a
few prominent trends occurring across call types. Vocalizations from 1997 were
consistently higher and shorter than other time periods and calls of almost all types
grew longer from 1997 to 2012. We offer a few possible explanations. Individuals
may have adjusted vocal parameters in response to ambient noise conditions; to avoid
acoustic masking individuals must either increase their calling amplitude or spectrally
or temporally shift their vocalizations. Alternatively, and equally plausibly, changes
in acoustic parameters may reflect differences in social context rather than change
over time. According to motivational-structural rules mammalian vocal sounds
encode information about a sender’s motivational state, enabling a receiver to assess
the likelihood of certain behaviors occurring (August and Anderson, 1987). It has
been suggested that motivational information is encoded in humpback whale calls on
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migratory corridors (Dunlop 2017). In eastern Australia humpback whales used call
types that were higher in frequency at times associated with increased arousal levels
(i.e., affiliating groups for mid-level arousal, groups of competing males for high
arousal; Dunlop 2017). In the present study, recordings made in 1997 were typically
made in association with large groups of whales engaged in coordinated foraging
events. In contrast, despite dedicated observer effort coordinated foraging was not
observed in 2007 or 2008, (Neilson et al. 2008, Neilson and Gabriele 2007) and
whales in 2012 were typically foraging alone, in low densities, and in some cases
were vocalizing in isolation (Fournet 2014, Fournet et al. 2018). Coordinated
foraging is likely to increase arousal and necessitates fine-scale cooperative
interactions between individuals (Mastick 2016). This indicates a difference in
audience and plausibly a difference in motivational state between decades. Highfrequency, short-duration vocalizations that are frequency-modulated are thought to
have an ‘appeasing effect’ on receivers (August and Anderson, 1987) and have been
associated with groups of affiliating humpback whales (Dunlop 2017). Consistent
with this theory, calls from 1997, where groups of animals were engaged in complex
coordinated activities, were generally higher, shorter, and more frequency modulated
than in decades where social interaction was more limited.

That calls grew generally longer over the duration of this study corroborates findings
in other mysticetes, where call duration increased over time, possibly in response to
elevated ambient noise (Miller et al. 2000, Weilgart 2007, Clark et al. 2009).
However, statistically significant temporal differences in call features may or may not
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have practical significance. For example, PC2 values, which related to temporal
features, were lower for droplet and teepee calls produced in the 2012 than in the
2000’s, indicating that calls in 2012 were longer in duration; the differences in mean
duration, however, were only a fraction of a second. Because these calls are pulsed
and often occur in short bouts (Thompson et al. 1986, Fournet et al. 2015), a
difference in a fraction of a second may reflect a longer duration between call units,
or could be an artifact of temporal smearing with distance from the hydrophone.
While every effort was made to account for differences in environmental conditions
and recording units, the temporal parameters of a call can still be affected by
attenuation, reverberation, and other propagation effects. Should these very fine scale
measurements be indicative of true variation in temporal characteristics, they still
may not represent enough biological variability to be detectable, or meaningful to a
receiver. Additional research into auditory discrimination in humpback whales would
be extremely valuable.

In the absence of calibrated ambient sound recordings, demographic information, and
fine-scale behavioral sampling, it is not possible to quantify whether motivation,
ambient noise conditions, or individual variability contributed most to changes in
calling behavior. Future investigation into acoustic variability as a function of social
context and ambient noise on feeding grounds would be useful for testing hypotheses
about acoustic communication in foraging humpback whales.
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The selective pressures that maintain and shape characteristics of communication
signals are dictated by social structure (Green & Marler 1979, Bradbury &
Vehrencamp 2011). Species like killer whales that live in discrete family units with
little or no natal dispersal exhibit temporally stable and stereotyped pod-specific
vocalizations(Thomsen et al. 2001, Foote et al. 2008, Rehn et al. 2011). Bottlenose
dolphin societies characterized as ‘fission-fusion’, with social affiliations ranging
from ephemeral to long term, employ stable signature whistles to convey individual
identity(Janik & Slater 1998, Sayigh et al. 1999). We have demonstrated that
humpback whales also produce call types that persist across decadal time scales.
Given the evidence of long-term affiliation between humpback whales at high
latitudes (Weinrich 1991, Ramp et al. 2010, Pierszalowski 2014) we suggest that
some stable call types may be used communicate identity over time and space.
Acoustic identity cues are common across taxa (e.g., northern fur seal (Callorhinus
ursinus) mother-pup recognition calls (Insley 2000), king penguin (Aptenodytes
patagonicus) contact calls (Jouventin et al. 1999), Mexican free-tailed bats (Tadarida
brasiliensis mexicana) isolation calls (Gelfand & McCracken 1986); see Tibbetts &
Dale 2007 for a review (Tibbetts & Dale 2007)), and – as evidenced by elephants –
can be valuable among far ranging social animals (McComb et al. 2000, 2003). Some
of the most commonly documented call types identified in this study, whups and
growls, have been frequently identified elsewhere (Dunlop et al. 2007, Stimpert et al.
2011, Rekdahl et al. 2016), and may act as contact calls (Dunlop et al. 2008b, Wild &
Gabriele 2014). These call types are acoustically variable, and highly persistent over
time on both migratory corridors and foraging grounds; this variability may reflect
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signature information used to confer identity over time. We propose that these call
types are good starting points for investigating individual variation and recognition in
this species.

Calls may also persist in the vocal repertoire in Southeast Alaska because they are
functionally specific to foraging activities in this region. Feeding calls are
behaviorally linked to foraging on Pacific herring (Clupea pallasii) (D’Vincent et al.
1985, Cerchio & Dahlheim 2001, Fournet et al. 2018) and are closely matched to
hearing capabilities of this prey, which are most sensitive in the 200-500 Hz range
(Mann et al. 2005). Under experimental conditions, playbacks of feeding calls have
elicited a “flee and clump” response in Pacific herring, which presumably increases
the whales’ foraging efficiency (Sharpe 2001). Feeding calls are most commonly
documented among groups of whales, however, they are also produced by solitary
animals, and appear to serve a prey manipulation function. This would explain both
the call stereotypy – feeding calls were correctly classified 98% of the time in this
study (Figure 2.2, Table 2.4) – and also differences in call parameters between
decades, which are likely related to social context (e.g., solitary foragers versus group
foragers) or prey behavior (e.g., school size, school location). Although this
vocalization does not exclusively serve a social function, it is likely to persist within
the humpback whale repertoire because it is closely coupled with prey biology and
provides a direct benefit to the individual producing it.
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Lastly, humpback whale calling behavior in the feeding grounds stands in stark
contrast to singing behavior. The composition and structure of song changes
seasonally and inter-annually (Payne & Payne 1985, Noad et al. 2000, Herman 2017),
whereas this study and the work of Rekdahl et al. (2013) using 11 years of audio data
from the east Australia migratory corridor, make it clear that portions of the call
repertoire persist with time . Importantly, in the east Australian population stable call
types were not used as song units in adjacent years (Rekdahl et al. 2013), implying –
similar to this study where song was not documented concurrently with calls – that
calls function independently of song. Finding this commonality across ocean basins
and in contrasting portions of humpback whale migratory range is quite telling.
We propose that stability in calling behavior may be an important feature in
humpback whale communication and encourage future investigations into humpback
whale calling behavior to include this acoustic element
2.5 Conclusion
This study provides the first evidence that humpback whale call types persist across
multiple generations. The longevity of calls from humpback whale feeding areas
stands in marked contrast to the ever-changing humpback whale breeding-season
song. Further investigation is needed to better understand the role of temporally stable
calls as song units, as well as individual variation and call use across age and sex
classes, social context, noise conditions and between humpback whale populations.
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2.6 Methods
We compiled acoustic recordings and associated whale sighting data from four data
sets spanning 1976-2012. Acoustic data were collected using passive acoustic
recording devices during summer months (June-August) on humpback whale
foraging grounds throughout Southeast Alaska (Figure 2.4, see Supplementary
material for recording equipment specifications) and paired with various forms of
sighting data collection in the same locations.

Acoustic recordings from 1976 were made in Frederick Sound, Southeast Alaska
(Figure 2.4), were continuous during each individual recording, and were of variable
length – ranging from thirty-two minutes to ninety-four minutes – and included
behavioral narration on a separate recording track. Narration was summarized to
glean the number of individuals present during recording. Acoustic recordings from
1997 were made in Frederick Sound and Chatham Strait as part of an ongoing
investigation into coordinated group feeding in humpback whales. When possible,
individuals were photographed concurrently with acoustic recordings; photographs
were compared to the collaborative Southeast Alaska Humpback Whale Catalog for
identification. A single experienced observer (FS) pre-processed these recordings
prior to the inception of this study: Visually and aurally distinguishable calls were
extracted from continuous recordings and were saved individually as sound “clips”
with a 0.5 second buffer at the start and end of each call. Acoustic recordings from
2007 and 2008 were collected from a cabled hydrophone in Bartlett Cove, Glacier
Bay National Park (Figure 2.4) with a 30-seconds-per-hour recording cycle . These
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data were reviewed by U.S. Navy acousticians to characterize the content of each
sound sample. We analyzed only the samples annotated to contain humpback whale
non-song vocalizations. Because these data are from a remote monitoring system and
not a dedicated effort to record whales, the whales were often further from the
hydrophone and as such, calls with high signal-noise-ratios (SNR) were rarer in 2007
and 2008 than in other years. For this reason acoustic samples from these years were
pooled for analysis. Recordings from Glacier Bay were paired with photoidentification data collected in the directly adjacent regions as part of a long-term
monitoring program (Gabriele et al. 2016). Acoustic recordings from 2012 in
Frederick Sound were collected in approximately 30 minute increments ; recordings
from 2012 were made in conjunction with shore-based counts conducted from the
18.3 meter-tall Five Finger Lighthouse, Frederick Sound.

Figure 2.4- Map of survey areas. Blue denotes Glacier Bay National Park and Preserve, where
recordings were made in 2007; the moored hydrophone is marked with a yellow star. Green
denotes Chatham Strait, where recordings were made in 1997 Red denotes a portion of
Frederick Sound, where recordings were made in 1976 and in 2012. (Map data ©2016 Google,
adapted in Microsoft ® Powerpoint ® for Mac 2011)
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Acoustic samples from the 1976 were recorded on four consecutive days and
represent a limited number of individuals. These samples were not assumed to be an
adequate representation of humpback whale vocal behavior at that time. Thus, while
all acoustic samples were classified to assess repertoire stability over time, acoustic
samples from 1976 were omitted from comparative statistical analyses of acoustic
parameters.

Recordings from 1976, 2007, 2008, and 2012 were sampled at 44.1 kHz. Recordings
from 1997 were originally recorded with a sampling rate of 22.05 kHz and were
resampled at a rate of 44.1 kHz for consistency with other years. A 10 kHz low pass
filter was applied to all recordings. Spectrograms of acoustic recordings were created
with Raven Pro 1.5 (Cornell Lab of Ornithology, Ithaca, NY) using a 0.093 s window
length (4096 samples; filter bandwidth 43 Hz), Hann window, 75% overlap, and
constrained to the 10 Hz to 3 kHz frequency range to facilitate analysis. Recordings
were manually reviewed in their entirety by a single experienced observer (MF).
Calls were visually and aurally identified within each recording and annotated in the
time-frequency domain of the spectrogram. Recordings made in 1976, 2007, 2008,
and 2012 were prepared to match the formatting of sound clips from 1997: acoustic
samples containing calls were extracted from continuous files with a 0.5 s buffer
adjacent to the calls’ start and end times. The SNR of each extracted sample was
calculated using the method described by Mellinger and Bradbury ; to be considered
for analysis, calls had to have visually distinguishable start and end points, be nonoverlapping, and have a SNR of at least 10 dB above ambient noise levels .
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Differences in recording equipment and sampling protocol no doubt manifest in the
acoustic data. In particular, because high frequency components attenuate more
quickly than low frequency components, recordings made further away from the
animals are likely to have lost energy in the upper ranges, and temporal patterns may
be less evident. To adjust for this, high frequency acoustic parameters that may be
sensitive to differences in recording equipment were not incorporated into
quantitative classification analyses. To further account for variation in recording
equipment, salient acoustic features were extracted using the Noise-Resistant Feature
Set (NRFS) measurement suite included in the MATLAB-based program Osprey
(Table 2.3), with the change that the de-noising step was not performed before
calculating the measurement values. The NRSF was designed for detection and
classification of marine animal sounds across variable noise conditions. Rather than
extracting measurements from an observer-drawn annotation box, the NRSF draws a
smaller time-frequency region (“feature box”) in which the energy is ranked and
summed within the sound relative to background noise. By doing this the loudest
parts of the spectrogram have the strongest influence over the measured values, which
allows for more standard measurements across recording conditions. Finer scale
time-frequency measurements were made in Raven Pro 1.5 (Table 2.3). Fine-scale
measurements were made on the fundamental frequency for harmonic sounds; for
amplitude-modulated sounds containing a broadband component, measurements were
made on the lowest-frequency component of the call . To account for the mammalian
perception of pitch, which is approximately logarithmic rather than linear , frequency
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parameters were log-transformed (Table 2.3). The same time-frequency parameters
were input into a Principal Component Analysis (PCA) in order to aggregate
variables for classification and comparative analyses (psych package (Revelle 2015)).
A varimax rotation was applied to maximize loading and facilitate variable
interpretation (Cerchio and Dahlheim 2001, Dunlop et al. 2007).

Calls were classified aurally and visually (AV) into previously described vocal
classes, and call types by a single experienced observer (MF) using the randomization
method described by Fournet et al. . Using the time-frequency parameters of Table
2.3, a non-parametric classification and regression tree (CART) with cross-validation
was run in R on the aggregated dataset to assess the likelihood that vocalizations were
correctly classified by AV analysis (rpart package (R 2013, (Rekdahl et al. 2016,
2013). A random forest method was then performed using the same acoustic
parameters with (randomForest package (Liaw and Wiener 2002)). These two
methods are emerging as the preferred method for classification of humpback whale
calls as they are robust to non-normal datasets and outliers. Further, random forest
analyses improve predictive accuracy by using a bootstrapping technique which
determines the OOB error, or prediction uncertainty, associated with each
classification tree, rather than just one. The number of predictors randomly selected at
a node for splitting was set to three, and 1000 trees were grown (Garland et al. 2015a,
Rekdahl et al. 2016).
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Non-song call types can be highly variable and in some cases appear to exist along a
continuum . In the event of low classifier agreement call types with very small sample
sizes (>13) were manually re-reviewed by a second observer; if observer agreement
was consistent calls were grouped according to AV classification. Once calls were
classified, the presence of call types were compared between years. To reduce
subjectivity, only call types previously described for this population were included in
analysis.

Within each vocal class a set of call types that exhibited stability across four decades
and were found in large enough sample sizes were selected for fine-scale comparison
of acoustic parameters over time. A Bartlett’s test with a significance level (α) of 0.05
indicated that, in almost all cases, the assumption of equal variance between decades
was not met. To account for this and for non-normally distributed data, the nonparametric Kruskal-Wallis test was used to assess significant differences in median
call parameters between decades (α=0.05). We used a post-hoc Dunn’s test with a
Bonferroni correction for all relevant pairwise comparisons, in the case of ties zquantiles were used . All analyses were conducted in R version 3.3.3 (R 2013).
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2.7 Tables
Table 2.1- Recording effort, number vocalizations detected, and minimum
number of individuals present for each data set; the number of individuals that
were actively vocalizing is unknown.
# of
Year

# of Days

# of Calls

Individuals
Present

1976

4

279

6

1997

32

156

90

2007-2008

72

108

89

2012

32

371

26

Total

140

914

NA
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Table 2.2- Number of calls detected from each vocal class – Low-FrequencyHarmonic (LFH), Noisy Complex (NC), Pulsed (P, and Tonal (T)– and call type
for each decade. Sample sizes by vocal class are in bold.

N

1970's

1990's

2000's

2010's

Moan

7

0

1

2

4

Groan

16

8

3

2

3

Growl

220

64

16

39

101

Moan

10

5

2

0

3

Variable Moan

8

0

3

2

3

Whup

106

35

23

16

32

All LFH

367

112

48

61

146

Ahooga

27

0

20

2

5

19

3

8

3

5

Shriek

11

2

5

0

4

Squeegie

12

0

2

1

9

Trumpet

10

5

1

0

5

All NC

79

10

35

6

28

Droplet

74

20

21

23

10

Horse

10

3

3

0

4

Swop

124

41

21

6

56

Teepee

95

63

11

9

12

303

127

56

38

82

T

Call
Class

Call Type

T)

165

30

17

3

115

Total

All

914

279

156

108

371

LFH

Descending

Modulated

Ascending

P

NC

Shriek
Descending

All P
Feeding (All
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Table 2.3- Acoustic parameters included in the Discriminant Function Analysis.
Calls marked with a * are from the Noise-Resistant Feature Set (NRSF); all
other parameters were extracted in Raven Pro 1.4. Parameters in bold – the ones
involving frequency – were log-transformed to approximate the mammalian
perception of pitch.
Noise-Resistant Feature Set*
Duration (s)*

Length of feature box

Bout

Number of repetitions of the same call type

Lower Frequency

Lower frequency limit of feature box

(Hz)*
Start Frequency (Hz)

Starting frequency of fundamental

End Frequency (Hz)

Ending frequency of fundamental

Peak Frequency (Hz)

Frequency of the spectral peak

Median Frequency

Frequency where cumulative sum of cell values reach 50%

(Hz)*

of the total energy

Amplitude Modulation

Dominant rate of amplitude modulation

Rate*
Frequency Modulation

Dominant rate of frequency modulation

Rate*
Upsweep Fraction*

Fraction of time in which median frequency in one block is
greater than that in preceding block, weighted by total
energy in each block

Frequency Trend

Start F0 / End F0

Aggregate Entropy*

A measure of total disorder in the call
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n=

Desc. Moan

Desc. Shriek

Droplet

Feed

Groan

Growl

Horse

Mod. Moan

Squeegie

Swop

Teepee

Trumpet

Var. Moan

Whup

Ahooga
Asc.
Shreik
Desc.
Moan
Desc.
Shriek

27

25

0

0

0

0

0

0

0

0

0

0

0

0

2

0

0 93%

19

0

17

0

0

0

0

0

0

0

0

0

1

0

1

0

0 89%

7

0

0

3

0

0

0

0

3

0

0

0

0

0

0

0

1 43%

11

1

2

0

0

0

3

0

2

0

0

0

1

0

1

0

1

Droplet

74

0

0

0

0

53

1

1

0

0

2

10

2

0

0

5 72%

Feed

165

1

0

0

0

0

0
16
0

0

3

0

0

0

1

0

0

0

0 97%

Groan

16

0

0

1

0

0

0

12

2

0

0

0

0

0

0

0

1 75%

Growl

220

0

0

0

0

0

1

0 200

0

0

0

3

3

0

0

13 91%

Horse
Mod.
Moan

10

0

1

0

0

0

0

2

0

3

0

2

1

1

0

0

0 30%

10

0

0

1

0

0

0

1

1

0

6

0

1

0

0

0

0 60%

Squeegie

12

1

1

1

0

0

0

1

0

1

0

4

3

0

0

0

0 33%

Swop

124

0

1

0

0

3

0

0

1

1

1

0 107

4

2

0

4 86%

Teepee

95

0

0

0

0

2

0

0

4

0

0

0

6

82

0

0

1 86%

Trumpet
Var.
Moan

10

0

0

0

0

0

0

0

0

0

0

0

2

0

6

0

2 60%

8

1

0

2

0

0

0

0

3

0

0

0

0

0

2

0

0

Whup

106

0

0

0

0

1

0

0

23

0

1

0

5

0

0

0

Ahooga

Call Type

Asc. Shreik

Table 2.4- Confusion matrix of classification and regression tree (CART) output
(top) compared to Aural-Visual (AV) call type assignment (right).

??

0%

0%

76 72%
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Table 2.5- Means and (in parentheses) standard deviations of selected acoustic
parameters for the subset of call types found across all four decades. Chisquared statistic and P-values refer to results from Kruskal-Wallis test for
equality of medians. See Table 2.6 for detailed results of Dunn’s test for multiple
comparisons. Significant differences are highlighted in gray.

Whup

Low-Frequency Harmonic
Growl

Groan

PC1
Variable
N
Low Freq
(Hz)
Peak Freq
(Hz)
Duration (s)

Noisy Complex
Ascending Shriek

53.4

-33.8
116.
7
-0.9

152.1
2.5

N

1990's
3
85.3

-60.5

8.5

64
-28.9

Peak Freq
(Hz)

149.6

-41.4 253.7

0.8

N

-0.3

64

60.5

-26.5

Peak Freq
(Hz)

176.4

-87.8 199.4
-0.3

N
812.9

Peak Freq
(Hz)

1293.
8

Duration (s)

1.6

N
Low Freq
(Hz)

-11.2

165.1

-67.2

119.8

-9.5

226.1

-106

3.1

-1.7

3.3

-1.6

-16.8

57.8

-35.4

78.4

-35.8

104

-64.9

0.9

-0.4

1

-0.7

16
-39
103.
3
-0.2

0.7

478.
6
702.
9
-0.6

1019.
5
1359.
3
1.4

126.9

32

31.5

-9.6

53.6

-23

85.8

-37.8

93.4

-45.3

0.6

-0.3

0.7

-0.2

3
-717
651.
8
-0.3

21
-34

101

33.7

8

20
72.8

189.
2
-0.2

67.1

3

Low Freq
(Hz)

55.7

23

Low Freq
(Hz)

2010's
3

39
-40.3

0.8

35

0.8

2000's
2

16

47.6

Duration (s)

136.
8
-8.1

254.8

Low Freq
(Hz)

Duration (s)

Pulsed
Droplet

1970's
8

1749
2110.
3
1.5

5
-92.8
195.
8
-0.8

23
-80

161.1 -97.2

1327.
7
1899.
2
1.6

PC2
2

χ
4.69

P
0.095

78.6

>0.00
1

45.0 >0.00
0
1

37.3 >0.00
4
1

17.6 >0.00
1
1

6.5

11.4
4

0.038

χ
1.0

P
0.6

0.003

1115
1124
.8
-0.7

10
164.5

2

7.04 >0.03
-72.3

13.9 >0.00
9
1
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Peak Freq
(Hz)
Duration (s)

199.7
0.4

Swop

N
87.9

Peak Freq
(Hz)

309.9

Teepee

Low Freq
(Hz)

80.3

Peak Freq
(Hz)

180.5

203.
5
-0.2

665
0.7

-0.2

-165

0.6

-0.4

6
105.
8
547.
8
-0.6

75

56
-38.1

139.8

191.6 -50.9

270.1

0.5

-0.4

0.6

9
54.9

-12.9

76.3

-96.5 339.6

-88

126.5 -61.8

131

-0.2

-0.1

0.3

0.5

17

424.8

-30.6 517.1

Peak Freq
(Hz)

496.9

-34.6 630.8
-0.6

3.3

-0.4

221.
8
237.
5
-1.7

329.1
426.2
2.4

148.
9
-2.7

21.5 >0.00
1
1

16.0 >0.00
4
1

44.0 >0.00
9
1

37.0 >0.00
5
1

0.002

109.
6
-0.2
45

-226

20.9
9

-40

0.6

3

36.6 >0.00
8
1
113.
2
237.
4
-0.3

12

-43

10

1.8

0.3

311.2

111.2

Low Freq
(Hz)

Duration (s)

272.7 -99.5

11
-49

0.4

170.
5
-0.2

21

63

N
Tonal
Feed

0.4

-70.1 190.9

0.3

N

Duration (s)

293.3

41

Low Freq
(Hz)

Duration (s)

119.
4
-0.2

430.7

114.
6

476.8

-80.7

3.6

-2.8
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Table 2.6- P-values from Dunn's test pairwise comparisons for differences in
median rotated principal components between decades. PC1 corresponds to
frequency components. PC2 corresponds to temporal components. Significant
differences between decades are highlighted in gray.

Teepee

Swops

Droplet

Type

Variable
PC1

PC2

PC1

PC2

PC1

PC2

Feed

PC1

Whup

Growl

PC2

PC1

PC2

PC1

PC2

1997
20072008
2012
20072008
2012
20072008
2012
20072008
2012
20072008
2012
20072008
2012
20072008
2012
20072008
2012
20072008
2012
20072008
2012
20072008
2012
20072008
2012

20072008

0.1890 0.0380

0.8900

1.0000 0.0051

0.0008

0.0000 0.0000

0.3400

1.0000 0.0000

0.0850

0.0000 0.0051

0.3124

0.0620 0.0002

0.4755

0.0030 0.0000

1.0000

0.2500 0.0000

1.0000

0.0000 0.0013

0.0000

0.5300 0.0000

0.0000

0.0000 0.0003

0.0116

0.3500 0.0000

0.1200
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3. MORE OF THE SAME: ALLOPATRIC HUMPBACK WHALE
POPULATIONS SHARE ACOUSTIC REPERTOIRE

A thing is mighty big when time and distance cannot shrink it

-Zora Neal Hurston

Michelle E. H. Fournet
Intended for publication with the following co-authors: Lauren Jacobsen, Christine
M. Gabriele, David K. Mellinger, Holger Klinck
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3.1 Abstract
Background. Humpback whales (Megaptera novaeangliae) are a widespread, vocal
baleen whale best known for producing song: a complex, repetitive, geographically
discrete acoustic signal sung by males, predominantly in a breeding context.
Humpback whales worldwide also produce non-song vocalizations (“calls”)
throughout their migratory range, some of which are stable across generations.
Methods. We looked for evidence that temporally stable call types are shared by two
allopatric humpback whale populations while on their northern hemisphere foraging
grounds in order to test the hypothesis that some calls, in strong contrast to song, are
fixed within the humpback whale acoustic repertoire. Results. Despite being
geographically and genetically discrete populations, humpback whales in Southeast
Alaska (North Pacific Ocean) share at least five call types with humpback whales in
Massachusetts Bay (North Atlantic Ocean). Discussion. This study is the first to
identify call types shared by allopatric populations, and provides evidence that some
call types may be innate to the humpback whale repertoire.

3.2 Introduction
The study of acoustic signaling is a valuable tool for investigating animal behavior
across a broad range of taxa (Brockelman & Schilling 1984, Gannon 2008,
Pijanowski et al. 2011, Clink et al. 2018). Sounds produced by animals can be
systematically measured and compared, as can patterns of vocal behavior made in
association with critical activities such as breeding, foraging, or socializing. Acoustic
monitoring allows for broad-scale observations of animals across space and time and
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between populations (Mann & Lobel 1998, Cerchio et al. 2001, Risch et al. 2007,
Potvin et al. 2011). When coupled with what is known about genetics, population
structure, and behavior, acoustic analyses become powerful tools for investigating
drivers of communication.

Drivers of acoustic repertoires vary between taxa and species. While anatomy is a
restricting force driving sound production, genetic, neurological, and environmental
drivers also influence acoustic repertoires and vocal plasticity. For acoustic
communication to be effective a sound must be detectable within its acoustic habitat
and sufficiently convey information to a receiver. As such, acoustic communicators
have evolved adaptations to couple the acoustic properties of sounds to the
environment in which they are produced in order to meet their signaling needs and
maximize fitness (Slater 1983, Boncoraglio & Saino 2006). As a result, within the
repertoire of most, if not all, sound-producing vertebrates are a collection of innate
(i.e., unlearned) calls that are exercised independently of vocal learning and persist
across generations (e.g., Domestic Fowl Gallus gallus and other species in the order
Galliformes (Konishi 1963, Matsunaga & Okanoya 2009), white-handed gibbons
Hylobates lar (Brockelman & Schilling 1984), New Zealand fur seals Arctocephalus
forsteri (Page et al. 2001)). A smaller subset of taxa – most notably passerine
songbirds – exhibit a combination of learned and unlearned vocal signals, which
persist over time within a population (Baker & Jenkins 1987, Vicario 2004,
Matsunaga & Okanoya 2009, Zann 2010). Some mammals including mouse,
pinniped, and cetacean species are also capable of vocal learning as indicated by
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vocal imitation or improvisation (Tyack & Sayigh 1997, Poole et al. 2005, Petkov &
Jarvis 2012, Arriaga & Jarvis 2013). What is less common among mammalian vocal
learners, however, is the coupling of stable sound types, which may be innate, with a
dynamically changing repertoire of sound types whose variation appears to be
culturally driven. Cetaceans, and specifically humpback whales (Megaptera
novaeangliae), may be the best example of a taxon which exhibits this coupling of
highly stable calls types and dynamically shifting vocal behaviors (Payne & Payne
1985, Tyack & Sayigh 1997, Rekdahl et al. 2013, Fournet et al. 2015a, Fournet
2018).

Humpback whales are a migratory baleen whale with a cosmopolitan distribution.
Generally, humpback whales migrate between low-latitude breeding and calving
grounds and high-latitude foraging grounds (Clapham et al. 1999). Their vocal
behaviors are geographically and seasonally stratified. Primarily on breeding grounds
and migratory corridors, but also to a lesser extent on foraging grounds, male
humpback whales produce a long elaborate, and repetitive vocal display known as
‘song’, (Payne & McVay, 1971; Gabriele & Frankel, 2002; Stimpert et al., 2012;
Dunlop & Noad, 2016; Herman, 2017). Songs are highly structured and acoustically
complex, and are culturally transmitted between males within a single breeding
region (Cerchio et al. 2001, Mercado et al. 2005, Herman et al. 2013, Herman 2017).
Song structure changes rapidly over time (1-2 years) (Payne & Payne 1985, Noad et
al. 2000, Parsonset al. 2008), and Further, geographic variation in song between
regions is typical (Winn et al. 1981, Cerchio et al. 2001, Parsons et al. 2008), with
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song sharing only occurring between regions that share individuals (Cerchio et al.
2001, Mercado et al. 2005, Garland et al. 2015, Herman 2017).

Humpback whales of both sexes and across the migratory range also produce a series
of vocalizations (“calls”) independently of song (Silber 1986, Dunlop et al. 2008,
Stimpert et al. 2011). Calls occur in isolation or in short bouts and occasionally
appear as song units (Rekdahl et al. 2013, 2015). Call use varies based on social and
behavioral context; some calls facilitate intra-group interactions, while other calls are
specific to foraging contexts (Stimpert et al. 2007, Dunlop et al. 2008, Wild &
Gabriele 2014, Fournet et al. 2018). Unlike song, many calls are stable over time. The
most commonly produced call types in the east Australian migratory corridor, making
up 64% of the call detected in one study, are stable over 7-11 year time periods
(Rekdahl et al. 2013), while in Southeast Alaska, at least 16 call types, including all
described call types to date, persist in the call repertoire for decades and across
generations (Fournet et al. 2015a, Fournet 2018).

Call longevity across generations is an indication that some call types may be fixed
within the humpback whale repertoire. Identifying the same stable call types in other,
unrelated populations would provide further evidence that humpback whales may be
anatomically or behaviorally predisposed toward the production of certain sounds.
Qualitative comparisons have been made of calls produced in the North Pacific
(Southeast Alaska), South Pacific (East Australia), North Atlantic (Massachusetts
Bay) and South Atlantic (Coastal Angola, Africa) with the general agreement that
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global humpback whale populations produce some similar call types (Dunlop et al.
2007, Stimpert et al. 2011, Fournet, et al. 2015, Rekdahl et al. 2016), but no formal
comparison of call types between populations has been thus far attempted.

To test the hypothesis that some calls types are inherent to humpback whales, we
looked for evidence of shared call types in the calling repertoire of two allopatric
humpback whale populations on their northern latitude foraging grounds, one in the
North Atlantic and one in the North Pacific. Based on genetic analyses it is estimated
that global humpback whale populations last shared a maternal ancestor in the
Miocene, approximately 5 Mya, and that discrete lineages split 2-3 Mya (Baker et al.
1993, Jackson et al. 2014) In the northern hemisphere, humpback whales in the
Atlantic and Pacific Ocean are geographically separated by the North American
continent and are genetically isolated from one another (Valsecchi et al. 1997,
McComb et al. 2003). Cultural exchange of acoustic signals between the two
populations is extremely unlikely based on this geographic barrier and known
migratory patterns. Thus, a shared acoustic repertoire would indicate that individual
signals may be fixed within the species and conserved with time, rather than socially
learned. We hypothesized that call types that are stable across multiple generations on
a North Pacific foraging ground would also be present in the humpback whale calling
repertoire on a North Atlantic foraging ground.
3.3 Methods
3.3.1 Data collection
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We compiled acoustic datasets
from two humpback whale
foraging grounds in the North
Pacific and North Atlantic.
Acoustic data were collected using
passive acoustic recording devices
during summer months (JuneAugust) in Southeast Alaska
(SEAK; North Pacific) in 1976,
2007, and 2008, and
Massachusetts Bay (MB; North
Atlantic) in 2008 (Figure 3.1,
Table 3.1). Acoustic recordings
from Frederick Sound, SEAK
were opportunistically collected
with a dip hydrophone from a
drifting vessel and were of

Figure 3.3- Map of (top) Southeast Alaska, North Pacific
recording locations and (bottom) Massachusetts Bay,
North Atlantic recording locations. Red area indicated
sampling region for hydrophone recordings made in 1976.
Stars in both maps indicate moored hydrophone locations.

variable duration (32-94 minutes).
Acoustic recordings from Glacier Bay National Park and Preserve (GBNPP) made in
2007 and 2008 were collected from a cabled hydrophone in Bartlett Cove (Figure 3.4)
with a 30-seconds-per-hour recording cycle (Wild & Gabriele 2014). Data from
GBNPP were reviewed by U.S. Navy acousticians to characterize the content of each
sound sample. Data from MB were collected as part of a long-term monitoring project

65

in that region (see also Hatch et al. 2012). Recordings were made using an array of
marine autonomous recording units (MARUs (Calupca, et al.,2000), Table 1).
Technicians from the Cornell Lab of Ornithology reviewed array recordings and
noted the presence or absence of humpback whale calls on each element. We
randomly subset 60 hours of two channel acoustic data from the array for analysis
(Figure 3.1). Sound samples from both regions were analyzed only if they were
known to contain humpback whale calls.

3.3.2 Data Processing and Analysis
Recordings from SEAK were originally sampled at 44.1 kHz and were resampled at a
rate of 2 kHz for consistency with data from MB (Table 3.1). Spectrograms of
acoustic recordings were created with Raven Pro 1.5 (Cornell Lab of Ornithology,
Ithaca, NY) using an FFT length of 1046, a 30 s window length, Hann window, 75%
overlap, and constrained to the 10 Hz to 1 kHz frequency range to facilitate analysis.
Recordings were manually reviewed by experienced observers familiar with the
humpback whale calling repertoire. All calls were annotated in the time and
frequency domain and salient acoustic features were extracted for quantitative
classification in Raven Pro (Table 3.1). Start and end frequency measurements were
made on the fundamental frequency for harmonic sounds. For amplitude-modulated
sounds containing a broadband component, measurements were made on the lowestfrequency component of the call (Dunlop et al. 2007, Rekdahl et al. 2013). Frequency
parameters were log-transformed to account for the mammalian perception of pitch,
which is approximately logarithmic rather than linear (Table 3.2) (Richardson et al.,
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1995; Dunlop et al., 2007; Fournet et al., 2015b). Time-frequency parameters were
input into a Principal Component Analysis (PCA) in order to aggregate variables for
classification and comparative analyses (R, psych package). A varimax rotation was
applied to maximize loading and facilitate variable interpretation (Table 3.2) (Cerchio
& Dahlheim 2001, Dunlop et al. 2007).

Signal-to-noise ratios (SNR) were calculated for each acoustic sample by measuring
the in-band power contained in a one second sound sample directly preceding each
call; this value was then subtracted from the in-band power measured of the call of
interest to get a SNR value. Calls in this study were only included if they had a SNR
of 10 dB or higher (Dunlop et al. 2007, Rekdahl et al. 2016).

Using the existing SEAK call catalogue as a base reference, each acoustic sample was
assigned an a priori call type based on aural and visual call features. Because the goal
of this study was to investigate the potential for calls to be fixed within this species,
only calls that persist across generational timescales that could be detected given a 2
kHz sampling rate were included in this study; this included droplet, growl, feed,
swop, teepee, and whup calls (Fournet et al. 2015a, Fournet 2018). Calls that were
qualitatively different than previously described call types were classified as
‘unknown’ and no further attempts for classification were made.

Quantitative classification methods were identical to those used by Fournet (2018),
with the exception that all predictor variables were extracted in RavenPro. Calls were
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classified through the use of a Classification and Regression Tree (CART) analysis
and a random forest analysis. The Gini index was used to assess the “goodness-ofsplit” for each node in the tree (Rekdahl et al. 2013, 2016). A total of 1,000 trees
were grown for the random forest analysis. Predictor variables included salient
acoustic features as well as two rotated principal components (PC) that aggregated
correlated acoustic variables (Dunlop et al. 2007); a detailed description of predictor
variables can be found in Table 3.2. Quantitative classification assignments were
compared to a priori call type assignments to validate observer classification. Major
discrepancies in call type assignment were re-reviewed by at least two observers.
Calls were excluded if observers were not in agreement. If observers were in

Figure 3.4- Spectrograms of call types by ocean basin: (top left) swops, (top right) whups and
growls, (bottom left) teepees, (bottom right) droplets (FFT 256, Hann window, 90% overlap). The
horizontal lines at ~500 and 800 Hz in spectrograms from the Atlantic indicate vessel noise.
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agreement about call type assignment than the a priori classification was deemed
‘correct’.

To assess differences in acoustic parameters between calls from MB and SEAK
populations, we compared PC values for all call types that exhibited stability between
regions. Comparative analyses were made based on a priori classification. A
Bartlett’s test with a significance level (α) of 0.05 indicated that the assumption of
equal variance between locations was not met. To account for this and for nonnormally distributed data, we used a non-parametric Kruskal-Wallis test to test for
significant differences in median PC values between locations (α=0.05). All analyses
were conducted in R version 3.3.3 (R, 2013).
3.4 Results
In SEAK there are six call types that are stable over generational time (Fournet
2015b) that have with average bandwidths between 10 - 1000 Hz: droplet, growl,
feeding call, swop, teepee, and whups. A total of 411 sounds fitting the inclusion
criteria were classified to one of these known call types; 191 calls were collected
across 10 recording days from MB, and 220 calls were collected across 76 sample
days from SEAK (Table 3.1, Table 3.3). Drops, growls, swops, teepees, and whups
were found in both populations (Figure 3.2, Table 3.
3); feeding calls were detected only in SEAK. PCA output indicated that the use of
two principal components was adequate to encompass the variability of the data (χ2=
683.29, p < 0.00001). The first rotated component (PC1) corresponded most closely
to entropy, bandwidth, and upper frequency, meaning that as PC1 increases, the calls
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grow more complex, grow broader-band, and extend to higher frequencies. The
second rotated component (PC2) corresponded most closely to lower frequency, start
frequency, and peak frequency, meaning that as PC2 increases, calls grow higher in
pitch overall, but not necessarily more broadband or complex. Neither component
was strongly affiliated with duration or bout in this analysis, meaning that the PC
variables in this analysis do not represent temporal variability.

CART call type assignment and a priori call type assignment were in agreement 82%
of the time (n=335/411, Table 3.4). Bandwidth, bout, center frequency, duration, end
frequency, entropy, lower frequency, and PC1 were all important splitting variables.
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The random forest analysis correctly classified most of the calls (out-of-bag error rate
= 23%). The variables most important for splitting decisions in the random forest
analysis were bout, end frequency, duration, entropy, lower frequency, PC1, PC2, and
frequency trend. Whups were the most commonly misclassified calls (Table 3.4); in
the CART analysis whups were mistaken for growls 38% of the time (n=22).
Observers validated call type assignment for most whup calls (95%, n=57); three calls
were omitted due to classification incongruity.

PC1 values were significantly higher in SEAK than MB for all call types except for
growls, indicating that calls from SEAK were generally broader band and exhibited
higher levels of complexity (Table 3.3, Figure 3.3). PC2 values were significantly
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higher in SEAK than MB for droplet and teepee calls (Table 3.3, Figure 3.4),
indicating that calls from SEAK were generally higher pitch than calls from MB.

3.5 Discussion
This is the first study to describe call types shared by allopatric humpback whale
populations. Evidence that temporally stable call types are shared between SEAK and
MB humpback whale populations supports the hypothesis that a portion of the calling
repertoire may be fixed in this species.

Misclassification was low for all call types, except for whups, which were commonly
classified as growls. Misclassification of these call types is unsurprising, as the only
distinguishing acoustic feature between growls and whups is a terminal upsweep,
which attenuates with distance and is not adequately encompassed by traditional
acoustic parameters (Figure 3.2) (Fournet et al., 2015b). The humpback whale calling
repertoire has been described as an acoustic continuum, where graded signals are
common (Rekdahl et al. 2013, Fournet et al. 2015b). The delineation between growls
and whups is not discrete, and it is currently unknown whether whups and growls are
functionally interchangeable. Graded signals within the humpback whale calling
repertoire deserve dedicated study, and methods for either classifying graded signals
or more broadly aggregating them according to their functional roles merits future
investigation.
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Despite otherwise high classification agreement, there were some significant
differences in call type parameters between populations. The increased PC1 values
found in SEAK versus MB may be recording artifacts. The ambient sound conditions
in SEAK are significantly different than MB (Kipple & Gabriel 2003, Hatch et al.
2008, Haver et al. 2018). Recordings from Frederick Sound were made in the absence
of vessel noise, and recordings made in GBNPP were made in the presence of limited
vessel traffic. By contrast the hydrophones in MB were located within a shipping lane
that services Boston Harbor, which is among the busiest harbors on the North
American east coast. For this reason, vessel noise was recorded simultaneously with
almost all calls recorded in MB (Figure 3.2). Overlapping ambient sounds – including
vessel noise, which is common throughout the 10 – 1000 Hz range (Wenz 1962) –
may have masked fine scale acoustic features, resulting in decreased entropy
measurements in MB calls. Similarly, vessel noise in MB may have masked upper
frequency portions of calls, which contain less energy, attenuate faster, and are thus
more easily obscured by overlapping ambient sound.

Droplet and teepee calls appear to be generally higher frequency in SEAK than in
MB, although calls from both populations fall within previously described parameters
for these call types (Fournet et al. 2015b). There are many factors that drive changes
in pitch in cetacean vocalizations (e.g., motivational state (Rehn et al. 2011, Dunlop
2017), caller body size (May-Collado et al. 2007), ambient noise (Parks et al. 2007)).
With an unknown number of individuals in our samples, and in the absence of body
size or motivational state observations to accompany acoustic recordings any
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inferences made to describe the differences observed here are speculative. However,
it seems plausible that the comparatively noisy environment in MB may have shaped
the use of particular frequency bands of these stereotyped calls, as documented in
right whales and blue whales. (Parks et al. 2007, DiOrio & Clark 2010). Dedicated
future effort may confirm fine-scale differences in call types between regions as well
as potential drivers of geographic variation between population repertoires.

With one exception, call types of interest from SEAK were also found in MB. The
notable exception was the SEAK feeding call. Feeding calls are highly stereotyped,
tonal calls, with a fundamental frequency of ~500 Hz that occur when humpback
whales in Southeast Alaska forage on Pacific herring (Clupea palisii) (D’Vincent et
al. 1985, Sharpe 2001, Fournet et al. 2018). Herring are a primary food source for
humpback whales in Southeast Alaska (Krieger & Wing 1984, D’Vincent et al. 1985,
Dolphin 1988), whereas in MB humpback whales feed primarily on sand lance
(Ammodytes spp), a calorie-dense prey species that burrows in the sandy substrate
(Overholtz & Nicolas 1979, Hain et al. 1995, Friedlaender et al. 2009). The absence
of feeding calls in MB may be attributed to their focus on forage species other than
herring.

Droplets, growls, swops, teepees, and whups were present in the call repertoire of
both humpback whale populations. Evidence of the same calls in allopatric
populations supports the hypothesis that a portion of the humpback whale calling
repertoire is innate in this species. Non-passerine bird species, like doves
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(Streptopelia sp.), produce highly stereotyped calls instinctively (Lade & Thorpe
1964), and as a result allopatric dove populations of the same species, even those
separated by great distances, show no significant difference in call types (de Kort et
al. 2002). Ornate chorus frogs (Microhyla fissipes) produce advertisement calls
independently of vocal learning that are aurally indistinguishable between geographic
regions, and that vary only minutely with genetic distance (Lee et al. 2016). Genetic
predetermination of calls is common across taxa, including zebra finches
(Taeniopygia guttata; Forstmeier et al. 2009), fur seals (Antarctic, Arctocephalus
gazella, subantarctic, A. tropicalis, and New Zealand, A. forsteri; Page et al. 2001),
and Spheniscus penguins (Thumser & Ficken 1998). Call type longevity in these
species is generally multi-generational and geographically widespread. In humpback
whales, similarly identifying call types that are multi-generational, and persist in
geographically and genetically discrete populations provides strong evidence that
these call types are innate.

For calls to be conserved within the calling repertoire of genetically and
geographically discrete populations is an indication that they play an important role in
humpback whale life history by increasing individual fitness in some capacity. It has
been proposed that in Southeast Alaska the whup call serves a contact function (Wild
& Gabriele 2014), and the analogous “wop” call of east Australia may facilitate
communication between cows and calves (Dunlop et al. 2008). There is also evidence
that droplets, swops, and teepees are used for close range communication on foraging
grounds (Fournet 2014), and similar pulsed calls may facilitate affiliation or
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disaffiliation in groups during migration (Dunlop et al, 2008). These contextual
descriptions, while broad, indicate that these calls serve a vital function or functions.
The fixed nature of calls stands in marked contrast to humpback whale song, which is
geographically discrete, changes rapidly, and is culturally transmitted rather than
innate (Payne & Payne 1985, Noad et al. 2000, Cerchio et al. 2001). Thus, it seems
that the humpback whale vocal repertoire is composed of both fixed and adaptable
calls, which likely serve different roles. Dedicated research pairing the call types
described in this study with behaviors and social context will be important for
understanding role of calls in the acoustic ecology of humpback whales and what
drives their persistence.

Lastly, humpback whales are notoriously difficult to monitor acoustically due to their
broad and changeable repertoire. Since song is not prevalent throughout the entire
migratory range, it has been suggested that calls could play an important role in
passive acoustic monitoring of this species (Stimpert et al. 2011). The ability to
confidently credit particular vocalizations to humpback whales in the absence of
visual confirmation allows for broader spatial and temporal monitoring with
significantly lower effort and cost. If the call types described in this study are innate,
as we hypothesize, then it should be possible to build an automated acoustic detector
that could be run on datasets from across ocean basins and years to confirm the
presence of humpback whales at previously unknown regions or times.
3.6 Conclusions
This study demonstrates that temporally stable humpback whale call types on
northern latitude foraging grounds are not geographically distinct. These two features,
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geographic and temporal stability, lend strong support to the hypothesis that some
calls, in strong contrast to song, are not culturally transmitted, and may be innate.
Natural next steps include a global comparison of call repertoires between allopatric
populations and across the migratory range, with particular attention paid to change
or stability at various temporal and geographic scales.
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3.7 Tables
Table 3.1-Recordings specifications for data collection protocols from North
Pacific and North Atlantic foraging grounds.
Year
Hydrophone
model
Sampling
Rate
System
Sensitivity
Deployment
Method

1976

2007 and 2008

2008

unknown

ITC 8215A

HTI-94-SSQ

44.1 kHz

44.1 kHz

2 kHz

-174 dB ±2dB re 1
V/µPa
Bottom-mounted
(52 m)

-168 dB ±1dB re 1
V/µPa
Bottom Mounted
(~60m)
Stellwagen Bank
National Marine
Sanctuary

unavailable
Dipping (20
m)

Location

Frederick
Sound

Recording
Cycle

Nonstandardized

Data Format

Continuous

Glacier Bay
30 seconds from
every hour
30 second
recordings

Continuous
5 minute recordings

78

Table 3.2- Acoustic parameters used in Classification and Regression Tree
(CART) analysis. Log transformed parameters are indicated with an asterisk
(*).

Duration (90%) (s)

90% of the duration of the annotated call

Bout

Number of repetitions of the same call type

Low Frequency (Hz)*

Lowest frequency component of the call

High Frequency (Hz)*

Highest frequency component of the call

Bandwidth (90%) (Hz)

90% of the difference in frequency between high
and low frequency.

Start Frequency (Hz)*

Starting frequency of fundamental

End Frequency (Hz)*

Ending frequency of fundamental

Peak Frequency (Hz)*

Frequency of the spectral peak

Center Frequency

The frequency that divides the sound equally into

(Hz)*

two intervals of equal energy

Frequency Trend*

Start F0 / End F0

Aggregate Entropy

A measure of total disorder in the call (RavenPro,

(bits)

1.5)

PC1

Rotated principal component most closely
associated with entropy bandwidth, and upper
frequency; as PC1 increases calls grow broader
band, extend into higher frequencies and grow
more complex
Rotate principal component most closely
associated with lower frequency, start frequency,
and peak frequency; as PC2 increases calls grow
generally higher in pitch, but not necessarily more
broadband

PC2
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Table 3.3- Summary statistics (mean in bold, standard deviation) for call
parameters by call type and location. Test results for a Kruskal-Wallis test for
median rank differences in rotated principal component (PC) scores. PC
descriptions can be found in Table 3.2.
PC1

Growl
Whup
Swop
Teepee

Pulsed

Droplet

Low Frequency
Harmonic

Type

Variable
N
Low Freq (Hz)
Peak Freq (Hz)
Duration (s)
N
Low Freq (Hz)
Peak Freq (Hz)
Duration (s)
N
Low Freq (Hz)
Peak Freq (Hz)
Duration (s)
N
Low Freq (Hz)
Peak Freq (Hz)
Duration (s)
N
Low Freq (Hz)
Peak Freq (Hz)
Duration (s)

Atlantic
41
41.5
12.2
87.4
15.1
0. 8
0.24
21
49.9
15.8
94.9
26.2
0.6
0.18
44
49
99.4
62.6
187
0.4
0.2
45
76.5
31.4
159
54.3
3.9
4.2
40
40
17
79.2
28.8
1.1
1.77

Pacific
78
35.8 21.8
116 62.6
0.7
0.3
36
47.4 25.1
128 70.3
0.7
0.2
29
148 99.8
252 120
0.3 0.16
16
70
30
214 85.6
0.3
0.2
51
214 25.1
154 70.3
0.4 0.23

2

PC2
2

χ
1

P
0.3

χ
0.15

P
0.69

4.2

0.04

1.9

0.15

16.9

>0.001

8.9

0.002

33.05

>0.001

11.4 >0.001

0.007

0.93

23.2 >0.001
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Table 3.4- Confusion matrix indicating agreement between (vertical)
Classification and regression tree call type assignment versus (horizontal)
human call type assignment.
Droplet Feed
Growl Swops Teepee Whup Agreement
Droplet
58
0
3
5
4
3
79%
Feed
0
10
0
0
0
0
100%
Growl
0
0
111
1
3
4
93%
Swops
5
0
1
44
9
2
72%
Teepee
3
0
3
4
81
0
89%
Whup
2
0
22
2
0
31
54%
Total
Agreement
82%
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4. FEEDING CALLS PRODUCED BY SOLITARY HUMPBACK WHALES

We are standing on a whale fishing for minnows

-Joseph Campbell

Michelle E. H. Fournet
Published in the journal of Marine Mammal Science with the following co-authors:
Christine M. Gabriele, Fred Sharpe, Janice M. Straley, Andy Szabo.
Headings do not appear in published version.
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4.1 Introduction
Humpback whales (Megaptera novaeangliae) are acoustically oriented baleen whales
that are well known for complex vocal behaviors that are seasonally and
geographically stratified. Their acoustic repertoire includes highly stereotyped songs
that have been associated with breeding behaviors and a series of lesser-studied
nonsong vocalizations, also known as ‘social sounds’, that are produced throughout
their migratory range and across behavioral contexts (Payne and McVay 1971,
Dunlop et al. 2007, Fournet et al. 2015, Zoidis et al. 2008, Silber 1986, Au et al.
2006, Videsen et al. 2017). Nonsong vocalizations, which are defined as any
phonation produced independently of song, are diverse and vary widely in their
acoustic structure and use (Rekdahl et al. 2013, Wild and Gabriele 2014, Fournet et
al. 2015). On migratory corridors, the use of nonsong vocalizations appears to be
context-driven and may serve to facilitate intra- or inter-group communication
(Dunlop et al. 2008, Videsen et al. 2017), while on breeding grounds nonsong
vocalizations have been documented in groups of aggressively competing males and
in cow-calf pairs (Silber, 1986, Videsen et al. 2017, Zoidis et al. 2008). Efforts to
classify nonsong vocalizations have been made on North Atlantic and North Pacific
foraging grounds (Fournet et al. 2015, Stimpert et al. 2011, Thompson et al. 1986),
however, only one call has been placed into a definitive behavioral context
(D’Vincent et al. 1985, Sharpe 2001).

The ‘feeding call’ is a highly stereotyped tonal call with a peak frequency of
approximately 500 Hz (Cerchio and Dahlheim 2001, D’Vincent et al. 1985). To date,
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it has only been documented among groups (>2 individuals) of Alaskan humpback
whales engaged in synchronized foraging events while feeding on Pacific herring
(Clupea pallasii). (Greenough, 1981, Baker 1985, D’Vincent et al. 1985, Sharpe
2001). The association between feeding calls and group foraging events is well
established and has been consistently documented in Southeast Alaska from 1979 to
the present (Jurasz and Jurasz 1979, D’Vincent et al. 1985, Neilson et al. 2015).
Although the foraging style associated with feeding call varies (i.e., the use of bubble
nets and surface lunges vs. subsurface lunges without bubble nets (Baker, 1985,
Doyle et al. 2008, Jurasz and Jurasz, 1979, Sharpe 2001)), the acoustic properties of
the call itself are similar throughout Southeast Alaska (D’Vincent et al. 1985, Cerchio
and Dahlheim 2001, Sharpe 2001, Fournet et al. 2015). Functionally, feeding calls
have been hypothesized to 1) coordinate individuals during herring foraging events,
2) recruit animals into group foraging events, and 3) manipulate prey (Jurasz and
Jurasz 1979, Baker 1985, D’Vincent et al. 1985, Cerchio and Dahlheim 2001, Sharpe
2001, Doyle et al. 2008). These possible functions may not be mutually exclusive.
Investigating the social and behavioral context associated with feeding call
production is essential for assessing these hypotheses. In this paper we provide
evidence for solitary animals producing feeding calls while foraging, and propose that
in this context feeding calls serve a prey manipulation function.
4.2 Methods
Data were provided by five independent research projects, collected from 1995-2017,
and supplemented with data from a directed shore-based study in 2012 (Table 4.1).
Data collection protocols for the independent research projects were systematic
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according to the goals of each project and are described elsewhere for each study
(Straley et al. 1993, Sharpe 2001, Fournet 2014, Neilson et al. 2015, Gabriele et al.
2016). Directed observations were collected in 2012 in Frederick Sound as part of a
systematic effort to investigate the relationship between nonsong vocal behavior, and
social context in humpback whales on their foraging grounds.

Data from independent researchers were included only when observers (1) were
actively engaged in systematic data collection in pursuit of a research goal, (2) made
specific reference in field notes to the whale being alone (hundreds of m away from
the nearest whale) while producing a feeding call, (3) had experience documenting
feeding calls in the field, and (4) could aurally distinguish the call above the surface
of the water, through the hull of the observation vessel and/or recorded a feeding call
with a signal-to-noise ratio (SNR) of at least 15 dB (Table 4.2). Hydrophone
recordings of feeding calls were examined aurally and visually in Raven Pro 1.5 and
compared to published spectrograms of feeding calls from the literature. Individuals
photographed in this study were compared to the NPS/UAS collaborative Southeast
Alaska Humpback Whale Catalog (Straley and Gabriele 1997,
www.alaskahumpbacks.org) for identification and sex determination.
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Figure 4.1- Five Finger Lighthouse survey area including the 3.5 NM inclusion
boundary; blind spots indicated in dark gray. Lighthouse is marked with a star.
Surveys containing whales beyond the 6.5 km boundary were excluded. Potential
localization outcomes using the phone-pair bearing localization method
(clockwise from top): (A) one singleton within the bearing range, highly likely
call produced by a singleton; (B) multiple singletons within bearing range,
highly likely call produced by a singleton; (C) singleton and group of whales
within bearing range, inconclusive if call produced by a singleton; (D) group of
whales only within bearing range, use of the call by a singleton unsupported.
Directed visual and acoustic observations were simultaneously and systematically
collected from June-August, 2012 in the vicinity of the Five Finger Lighthouse Island
(57.270278° N, 133.631389° W, Figure 4.1). Timed visual surveys were made from
the 18.3 m lighthouse tower using a Leica T110 theodolite to capture spatial,
behavioral, and group size data for humpback whales in the survey area, as well as to
document vessel presence and activity. Whales traveling within three body lengths of
each other and exhibiting coordinated surfacing behavior were said to be members of
a single group (Baker et al. 1989, Dunlop et al. 2008, Ramp et al. 2010). Each whale
or groups of whales within visual range of the lighthouse (up to 17.5 nm) was counted
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only once per survey. Survey teams consisted of two observers, a theodolite operator
and a data operator. Surveys lasted 30 min, were separated by 5 min of rest, and were
repeated in 3-hour blocks between sunrise and sunset, weather permitting. Observers
changed roles after each 30-minute survey to minimize eye strain. The schedule was
designed to cover all times of day (dawn through dusk) equally throughout the
summer months. As such, the period of time between blocks varied from 5 min to 3 h
depending on weather and sampling schedule. Observer teams were changed after
every block. Whales that were very near shore or blocked by nearby islands were in
“blind spots” not visible to the visual observers in the lighthouse tower (Figure 4.1).

To accompany the visual surveys, simultaneous acoustic recordings near the Five
Finger Lighthouse were collected by one vessel based observer using two
omnidirectional dip hydrophones separated by 4 m, weighted, and deployed to a
depth of 25 m for recording (Table 4.1). The observer listened to acoustic output in
real-time; when a vocalization was aurally detected the observer would record the
time, GPS location and compass heading of the vessel and hydrophone array. At the
start of each 30-minute visual survey, the vessel was positioned to ensure that the
observer had maximum visibility of blind spots not visible by shore-based observers.
Vessel-based observers were familiarized with the survey area, with an emphasis on
blind spots, and would visually scan blind spots throughout the 30-minute observation
period with binoculars and/or the naked eye and promptly notified the visual
observers of any whales in those areas. Because of the tidal activity in the area the
vessel would drift either north or south throughout the deployment, which allowed for
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maximal blind spot visibility during each survey. The blindspot on the southwest side
of the lighthouse island was in view of the vessel observer at almost all times; if at
any time that blindspot was out of view of the vessel observer a shore based observer
would be stationed on the south end of the island to monitor for whale activity in that
region.

Surveys were included in analysis only if (1) a feeding call with a SNR of 15 dB or
higher was recorded during the survey period, (2) all sighted whales were within 6.5
km of the lighthouse (Figure 4.1), and (3) visibility was qualitatively considered
“good” or “excellent”. For each survey fitting the inclusion criteria, the total number
of sighted whales was counted, a pod composition (single animal, cow-calf pair, or
group of whales) was assigned to each group, and an overall a survey composition
(all singles, singles and cow-calf pair, or mixed group and singles) was assigned to
each survey. Provided the duration of time between surveys did not exceed five
minutes, this process was then applied to the two subsequent surveys to assess
whether survey-composition changed after the detection of a feeding call.

Acoustic recordings associated with directed data collection were manually reviewed
and feeding call samples were extracted using Raven Pro 1.5 (Cornell Laboratory of
Ornithology). Two measures were incorporated into acoustic analysis to ensure that
these feeding calls originated from whales within visual range: an approximate
detection range was calculated for each call and feeding calls were localized to
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generate a bearing between the vessel and the caller. The following model was used
to estimate the range of detection for each feeding call in the survey area:
SNR= SL - TL – AN
Where SNR equals the measured Signal-to-Noise-Ratio (signal excess) of a given
feeding call, SL are the source levels of recorded feeding calls liberally estimated at
170 dBRMS re 1 µPa @ 1m (Dunlop et al. 2013, Fournet et al. 2016, Fournet et al.
2017), TL is the known transmission loss for the region calculated as a 15 log range
dependency (Malme et al. 1982) and AN are in situ ambient noise levels (dBRMS re 1
µPa @ 1 m) in the 200-600 Hz range recorded in the 2 s immediately preceding the
call of interest (inband power feature, Raven Pro 1.5, Cornell Lab of Ornithology).
Median source levels for humpback whale nonsong vocalizations on migratory
corridors have been measured as 158 dBRMS re 1 µPa @ 1 m (Dunlop et al. 2013), and
in Southeast Alaska average source levels for nonsong vocalizations have been
measured as 142 dBrms re 1 µPa @ 1 m (135 dB - 160 dB dB, Fournet et al. 2016,
2017).

For the 2012 paired-hydrophone data, bearings to whale vocalizations were estimated
based on the phone-pair bearing option using Ishmael v. 1.x (Mellinger 2001). Using
this method, the time difference of the signal arrival for the pair of phones determines
a hyperbola on which the calling animal lies. When the phones are close together, this
hyperbola manifests as a pair of bearings joined at the hydrophone array and radiating
outward toward the caller. Phone-pair bearings are quite precise below 20 km
(Frankel et al. 1995), however due to the vessel being adrift the associated compass
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heading were inexact. A 5-degree “arc of inference” was assumed on each bearing ray
to account for changes in caller location underwater and the error associated with
compass headings (Figure 4.1). For each call, the location of the deployment vessel,
the locations of all whales visually identified during the concurrent scan, and the arc
of inference were plotted in ArcGIS10 (Environmental Systems Resource Institute
2012) to assess whether the call had the potential to originate from each whale or
group of whales. If only a single animal fell within the arc of inference, then the
production of the call by a singleton was considered highly likely. If multiple animals
all traveling as singletons fell within the arc of inference then the use of the call by a
singleton was also considered highly likely. If both singletons and groups containing
multiple individuals fell within the arc of inference than the use of the call by a
singleton was considered inconclusive. If the arc of inference contained only animals
traveling in groups, or did not contain any whales then the use of the call by
singletons was considered unsupported (Figure 4.1).

4.3 Results
Eight opportunistic observations of solitary humpback whales in Southeast Alaska
ranging from 1995 to 2017 fit the inclusion criteria for contributed observations
(Table 4.2). In Icy Strait three observations of solitary animals producing feeding
calls were collected by GBNPP as part of the 1995, 2009, and 2017 humpback whale
monitoring efforts (Gabriele et al. 2016). On August 16, 1995 in a 41-minute
observation starting at 2:25 PM AKDT an observer (C. Gabriele), familiar with the
acoustic structure of feeding calls and with previous experience recording them in the
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field, documented a single humpback whale (SEAK-ID #879, sex unknown) near
Pleasant Island in Icy Strait (58.313889° N, -135.642778° W) repeatedly blowing
bubbles in a circular pattern and vertically lunging through the surface of the water.
Patchy prey were identified using the vessel’s depth sounder and an audibly
distinguishable feeding call was detected resonating through the hull of the vessel.
The call stopped just prior to a final burst of bubbles and a terminal surface lunge.
This repeated several times over a 12-minute observation session with the single
animal blowing bubbles, vocalizing, and lunging through patchy prey. Not all lunges
were made at the surface of the water. No acoustic recordings were made, due to
technical difficulties.

On 22 May 22 2009 a solitary male humpback whale (SEAK ID #875,) was observed
moving east to west over an apparent layer of prey near Mud Bay also in Icy Strait
(58.26950° N, -135.89183° W) – prey were again identified using the vessel depth
sounder. During the 19-minute encounter three feeding calls were audible through the
hull of the boat between 10:30 am AKDT and 10:36 am AKDT. There was no
evidence of surface lunges during this encounter. No working acoustic recording
system was available onboard during this observation.

On 14 September 2017, SEAK #879 was re-sighted alone in Icy Strait in the vicinity
of Pleasant Island (58.314006° N, -135.635401° W) between 11:23 am AKDT and
11:43 am AKDT. The individual was blowing bubbles in a circular pattern, producing
feeding calls, and vertically lunging at the water’s surface preying on small schooling
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fish. The fish are presumed to be young herring, based on photographs from this
observation and photographs of a large group of bubble-net feeding whales in the area
the previous weeks. During the 20-minute encounter, three feeding calls were noted,
and one 16 s feeding call with a SNR of 30 dB was recorded. Another humpback
whale, also traveling alone, was sighted approximately 1.8 km away during the
encounter.

Three observations of solitary humpback whales were collected in Chatham Strait in
2000, 2002 (F. Sharpe), and 2009 (J. Straley). On 12 August 2000 at 9:40 AM AKST
an observer began a one hour twenty-nine-minute focal follow of a single animal
(SEAK # 2070, a female) in the vicinity of Danger Point, near Angoon, Alaska
(57.516324° N, -134.601420° W). Several loud vocalizations were detected through
the hydrophone and one vocalization with a SNR of 21 dB was recorded. On one
occasion, a vocalization was loud enough to be heard without the aid of the
hydrophone. In eight instances, the animal was observed lunging through a ring of
bubbles at the water’s surface following the termination of a feeding call audible
through the hydrophone. Loud feeding calls were detected as the animal was seen in
pursuit of a large school of fish, identified in the field as Pacific herring. The observer
confirmed the presence of the school with the fish-finder for the duration of the
encounter. The focal follow was terminated when a second humpback whale came in
to visual range; the second animal was not documented joining the focal animal.
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On 17 August 2002 at 3:30 PM AKST a solitary humpback whale (SEAK #318, sex
unknown) was documented near False Bay in Chatham Strait (57.951251° N, 134.929619° W) repeatedly producing feeding calls concurrent with bubble
production and surface lunging; during the encounter a 3 s feeding call with a SNR of
22 dB was recorded. The vocalization terminated just prior to the animal breaking the
surface of the water. This animal was observed in both previous and subsequent days
engaged in group foraging on herring in Chatham Strait.

On 13 August 2009 a solitary animal was documented producing feeding calls in
Iyoukeen Cove, Chatham Strait (57.90853° N, -134.92970° W) at 7:30 AM AKDT.
The single animal was documented repeatedly blowing bubbles and lunging vertically
out of the water’s surface following the termination of a feeding call audible through
a hydrophone. Three feeding calls with SNR values ranging from 24-32 dB and
durations ranging from 16 -29 s were recorded concurrent with visual observations.
The animal was alone in the region for approximately two hrs before a group of
animals entered the area and began cooperatively foraging on herring; the lone
individual did not join the group at this time. The observer noted that groups of
humpback whales had been bubble net feeding on herring the region on adjacent
days.

Two observations of solitary individuals producing feeding calls were documented in
Frederick Sound in the Five Finger Lighthouse region in 2012 and 2015. One
observation was made in concert with the directed observations described in this
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study. On 12 August 2012 at 12:46 PM ASKT, an observer (M. Fournet) documented
a feeding call audible through the hull of a 3 m zodiac near the Five Finger
Lighthouse (57.27144° N, 133.63724° W). The observer documented that a string of
bubbles broke the surface of the water simultaneous with the detection of the feeding
call and within 5 seconds of the termination of the feeding call a humpback whale
surfaced approximately 50 m away from the vessel. A 19.7 s feeding call with a SNR
of 18 dB was recorded during the encounter (Figure 4.2). Shore based-observers
engaged in theodolite-based sampling noted three other whales dispersed throughout
the survey area at the time. According to the theodolite measurements, the next
nearest animal was 2.3 km away from the vessel. All of the animals observed in the
region at this time were traveling alone. Three medium sized vessels were transiting
within 8 km of the zodiac at the time of the recording; these vessels were audibly
detectable on the recording, accounting for the reduced SNR value.

Figure 4.2- Spectrogram of 19.7 second feeding call recorded in 2012.
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Video footage recorded on 22 July 2015 (F. Sharpe) showed a single humpback
whale located approximately 20 m from the Five Finger Island and approximately
185 m from a moored hydrophone (57.271944° W, 133.63444° N) producing a
clockwise bubble curtain and subsequently lunging at the water’s surface a steep
rocky beach. Concurrent acoustic recordings that
were broadcast to observers via outdoor speakers
during the encounter confirmed a feeding call with
a SNR of 20.7 dB that occurred simultaneously
with the eruption of the bubble curtain and ceased
just prior to the surface lunge. Researchers noted a
large school of small fish, which were
photographically confirmed as Pacific herring.
The school stayed in the vicinity of the island for
several days; samples taken on 23 July reconfirmed the prey as Pacific herring.

Figure 4.3- Histograms of:
(top) signal to noise ratio
values (dB), (middle) ambient
noise values (dBRMS re 1 uPa@
1m in the 200-600 Hz range),
and (bottom) feeding call
detection ranges (km). All
values were collected in
association with simultaneous
visual and acoustic
observation efforts in
Frederick Sound in 2012.

As a result of combined visual and acoustic data
collection in 2012, a total of 127 feeding calls
were recorded within 92.6 h of acoustic data with
SNR values ranging from 5-30 dB (Figure 4.3).
Twenty-four feeding calls were detected in eleven
surveys with SNR values ranging from 15-30
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(Figure 4.3). The number of whales sighted per survey ranged from 1-11 whales
(Table 4.3); survey compositions were variable (Table 4.3). Thirteen of the twentyfour feeding calls documented across five days in 2012 were available for
localization. Of these, eight calls were confidently linked to singletons, and five were
inconclusive (one singleton within arc of inference, n = 2; multiple singletons within
arc of inference, n = 6; small group and singleton within arc or inference, n = 5). At
no time did the arc of inference include only whales traveling in groups. At no time
did the arc of inference fail to include a whale. There were four instances of a survey
composition change following a feeding call event (Table 4.4). In all four instances,
neither a feeding call of any SNR nor group formation were observed during
subsequent visual surveys.

Frederick Sound is heavily trafficked; multiple vessels were present at all times that
feeding calls were detected in 2012. The median ambient noise measurement for two
second samples collected preceding each feeding calls was 103.5 dBRMS re 1 uPa @ 1
m in the 200-600 Hz bandwidth (range = 98-109 dB, Figure 4.3). Detection ranges
varied from 0.4 km to 6.3 km (Figure 4.3). While these values are approximations
based on a simplistic transmission loss model, these range estimates illustrate the
unlikeliness of detecting a feeding call produced by a whale beyond the visual
inclusion range of the directed survey efforts. Beyond this, a substantial number of
calls exhibited well-structured harmonics, and showed few signs of excessive
attenuation (i.e., temporal blurring, loss of high frequency components, etc., Figure
4.2) indicating that these calls were produced at close range to hydrophone observers.
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This is particularly relevant given that any survey that contained a humpback whale
sighting between 6.5 km and 17.5 km was removed from analysis; collecting calls
with SNR values in the observed range, and with fine scale acoustic features is highly
unlikely if the calls were produced beyond the range of visual survey effort. The SNR
values observed for feeding calls recorded as part of directed efforts in 2012 fall
within the same range as the SNR values collected at close range by independent
observers. Given the layout of the islands in this area, the height of the shore station,
the omission of any surveys that contained humpback whales beyond the 6.5 km
boundary, and the redundancy of a vessel-based observer, the probability of all
observers visually overlooking a group of foraging whales within the acoustic
detection range is low. Despite this, however, it remains possible that some of the
observations recorded in this study came from individuals beyond the visual range of
observers (individuals in blind spots, along shorelines, or beyond survey range).
4.4 Discussion
By using combination of methodologies employed throughout Southeast Alaska we
generated a data set that strongly supports our assertion that solitary individuals
produce feeding calls. Although our sample size is small, these records are consistent,
span 22 yr from 1995 to 2017, and include a broad geographic area in northern
Southeast Alaska. Through the collaboration of four experienced independent
research groups, and by comparing notes documenting the occurrence of the feeding
call used by solitary feeding whales, our observations of solitary whales producing
feeding calls are consistent with the hypothesis that whales may produce these calls to
manipulate prey.
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Several marine species utilize sound to manipulate the prey field. For example,
snapping shrimp (Alpheus heterochaelis) rapidly snap shut an enlarged claw,
producing a sound capable of stunning prey (Versluis 2000) and common bottlenose
dolphins (Tursiops truncatus) produce “bang” sounds to alter prey schooling behavior
(Tilapia spp., Marten et al. 2001). Killer whales (Orcinus orca)use vocalizations in a
similar frequency range to the humpback whale feeding call (200-600 Hz) to induce
shoaling in Atlantic herring (Clupea harengus) (Simon et al. 2006). Prey
manipulation is also a proposed function for the “Megapclick” vocalization, produced
by North Atlantic humpback whales in association with nighttime foraging events
(Stimpert et al. 2007). While prey manipulation has been speculated as a function of
the feeding call by coordinated groups of humpback whales in Southeast Alaska
(Jurasz and Jurasz 1979, D’Vincent et al. 1985, Sharpe 2001) sufficient data to
confirm this hypothesis has been lacking.

The only prey that have been definitively associated with humpback whale feeding
call production in the Eastern North Pacific are herring. Hearing sensitivity in Pacific
herring is highest in the 200-500 Hz range (Mann et al. 2005); the average peak
frequency of the humpback whale feeding call overlaps this range, making it wellsuited for herding these prey (Cerchio and Dahlheim 2001). Further, playback
experiments of feeding calls to Pacific herring elicit defensive responses, including
increased school density and fleeing behavior (Sharpe 2001). Generally, the foraging
behaviors observed in this study are consistent with those reported for groups of
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whales engaged in coordinated foraging activities (i.e., feeding call production,
bubble production, surface lunging, association with Pacific herring; Jurasz and
Jurasz 1979, D’Vincent et al. 1985, Sharpe 2001), with the notable difference that
animals in this study were foraging alone. The use of feeding calls by lone foraging
individuals is incongruent with the hypothesis that this call is exclusively linked to
sociality or group formation. In the shore-based data set, none of the twenty-four
instances where a feeding call was detected was followed by group formation or
subsequent coordinated foraging events, despite consistent observer effort. Similarly,
there was no report of individuals joining a calling singleton in any of the
opportunistic reports, although in several instances other animals were documented in
the region. This weakens the argument that feeding calls are used as either group
coordination signals or recruitment signals in all situations, but it should not be
dismissed that the use of this call may facilitate social interactions in some contexts.

While the factors that encourage or initiate group formation are not well understood,
this study suggests that spatial and temporal overlap of vocalizing individuals may
not to be enough to motivate recruitment. It is typical for humpback whales on
foraging grounds to feed independently or in small ephemeral groups of one to two
individuals (Baker et al. 1985, Clapham, 1996); large group formation is generally
thought to be an exception to this rule. In Southeast Alaska, however, there are two
assemblages of whales that form large coordinated foraging groups consisting of the
same principal individuals over decades, both of which have been associated with
feeding call production (Baker 1985, Perry and Baker 1985, Sharpe 2001, Gabriele et
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al. 2016, Pierszalowski et al. 2016). Four individuals in this study, SEAK #318, #875,
#879, and #2070 have been known to participate in coordinated group foraging
concurrent with feeding call use. It is likely that the individual experience of a given
whale drives, at least to a degree, its foraging behavior and response to feeding calls.
We propose that whales who often participate in group foraging events may be
predisposed to use feeding calls when other whales are unavailable, or when prey
patch size is insufficient to incite group formation. Although individuals who engage
in coordinated foraging exhibit fixed behavioral roles within a group, irrespective of
group size (Mastick 2016), we speculate that these solitary whales may produce a
feeding call when alone whether or not they typically play the “vocal” role during
group feeding events.

In conclusion, documentation of feeding call use by solitary humpback whales,
although rare throughout Southeast Alaska and over a twenty year time period
expands the known behavioral context of feeding calls, sheds light into the acoustic
ecology of this vocally adaptable species, and suggests that a primary function of this
call is prey manipulation. Our observations further demonstrate that the use of
feeding calls is not exclusively linked to group coordination, and may not be
exclusively linked to recruitment. While this study cannot speak to the question of
how often solitary whales exhibit this behavior, we assert that the phenomenon is
geographically and temporally widespread on Southeast Alaskan foraging grounds.
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4.5 Tables
Table 4.1- Description of data collection locations, protocols, years, and acoustic
equipment for observations collected as part of independent regional humpback
whale monitoring projects throughout Southeast Alaska.

Study
Objective

Alaska
Glacier Bay
Whale
National Park
Foundation
Abundance in Coordinated
Glacier Bay
foraging in
and Icy Strait; Southeast
residence
Alaska;
times, spatial
relationship
and temporal
fidelity, task
distribution,
specializatio
reproductive
n, individual
parameters
vocal
and feeding
variation
behavior

University
of Alaska
Southeast
Population
dynamics
and foraging
behavior in
Southeast
Alaska

Oregon
State
University
Nonsong
classification,
calling
behavior and
social
behavior
(group size,
dispersion,
abundance)

Alaska Whale
Foundation/
Pitzer College
Nonsong
behavior (call
repertoire, call
diversity) and
environmental
features

Frederick
Sound- Five
Finger
Lighthouse
Cetacean
Research
Technology,
C-55
10 Hz-10
kHz,
44.1kHz,
16-bit

Frederick
Sound- Five
Finger
Lighthouse
Cetacean
Research
Technology
SQ26-08

Location

Icy Strait

Chatham
Strait

Iyoukeen
Cove

Hydrophone

HTI-96-MIN

Reson
TC4030

HTI-99

Freq Resp/
Samp Rate/
Samp Res

2 Hz- 30 kHz,
48 kHz, 16-bit

20 Hz-25
kHz, 44.1
kHz, 16- bit

2 Hz-125
kHz, 96 kHz,
24-bit

Hydrophone
Sensitivity

-165 dB

-164 dB

-164 dB

-165 dB

-169 dB

2000

2009

2012

2015

Photo ID,
behavioral
observations
, video
recording,
prey
collection/
identificatio
n, passive

Photo ID,
behavioral
sequencing,
opportunistic
passive
acoustic
sampling

Passive
acoustic
sampling,
shore-based
focal follows,
shore-based
scan point
sampling.

Passive
acoustic
sampling,
shore-based
whale counts,
real-time
sound
streaming, ,
opportunistic

Years

Method

1995, 2009,
2017
Photo ID,
behavioral
observations,
prey
collection/iden
tification,
opportunistic
passive
acoustic

20 Hz-25kHz,
44.1kHz, 16bit
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sampling

acoustic
sampling

shore-based
video
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Table 4.2- Summary of independent observations of solitary animals producing
feeding calls aggregated from throughout Southeast Alaska between 1995-2017.
Date
Location
Lone
Whale
Heard in
Air / Thru
Hull
Recorded,
SNR ≥15
dB
Surface
Lunge
Bubbles
Prey
Observed
Sex
ID

8/16/95
Pleasant
Island,
Icy
Strait

8/12/00
Danger
Point,
Chatham
Strait

8/17/02
False
Point,
Chatham
Strait

5/22/09
Mud
Bay,
Icy
Strait

8/13/09
Iyoukeen
Cove,
Chatham
Strait

8/12/12
Five Finger
Lighthouse,
Frederick
Sound

7/22/15
Five Finger
Lighthouse,
Frederick
Sound

9/14/17
Pleasant
Island,
Icy
Strait

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

N

Y

N/A

N

N

Y

Y

N

N

Y

Y

Y

Y

Y

Y

N

Y

N

Y

Y

Y

Y

Y

N

Y

Y

Y

Y

Y

Y

Y

Y

N

N

Y

Y

U
879

F
2070

U
318

M
875

U
N/A

U
N/A

F
1159

U
879
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Table 4.3- Composition of visual surveys including maximum and minimum
number of whales sighted for each survey type
Survey Composition
All Singles
Mixed Group and
Singles
Singles and Cow-Calf

# of
Surveys
7

# of
Days
7

# of
Calls
14

3

3

7

1

1

3

Max
Whales
6
11

Min
Whales
1
4

6

6
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Table 4.4- Instances of survey composition changes following a feeding call
event. Total number of whales counted in each survey in parenthesis. Feeding
calls were detected during the “Original” survey. “Following” surveys began 5
minutes after the original survey; “Subsequent” surveys began 5 minutes after
the “Following” surveys.
Following Survey

Subsequent
Survey

Date

Original Survey

7/8/12

Mixed Groups and
Singles (count =
Single (count = 9)
4)

Singles (count = 4)

7/15/12

Single (count = 1)

No Whale

8/7/12

Mixed Groups and
Mixed Groups and
Singles (count =
Singles (count = 7)
11)

Singles (count = 4)

8/7/12

Single and CowCalf (count = 6)

Single (count = 2)

No Whale

Single (count = 2)
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5. SOURCE LEVELS OF FORAGING HUMPBACK WHALE CALLS
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5.1 Abstract
Humpback whales produce a wide range of low- to mid-frequency vocalizations
throughout their migratory range. Non-song ‘calls’ dominate this species’ vocal
repertoire while on high-latitude foraging grounds. The source levels of 426
humpback whale calls in 4 vocal classes were estimated using a four-element planar
array deployed in Glacier Bay National Park and Preserve, Southeast Alaska. There
was no significant difference in source levels between humpback whale vocal classes.
The mean call source level was 137 dBRMS re 1 µPa @ 1 m in the bandwidth of the
call (range 113 – 157 dBRMS re 1 µPa @ 1 m), where bandwidth is defined as the
frequency range from the lowest to the highest frequency component of the call..
These values represent a robust estimate of humpback whale source levels on
foraging grounds and should append earlier estimates.

Keywords: Source levels, non-song vocalizations, humpback whale calls, masking

5.2 Introduction
Many animal species rely on acoustic communication for vital life functions
(Bradbury and Vehrencamp 2011). This is particularly prevalent in the marine
environment where sound, unlike light, propagates well (Urick 1983). As a result,
sound is the primary sensory modality used by many marine animals, and most if not
all marine mammal species (Dudzinski et al. 2009). For an acoustic signal to reach an
intended recipient, it must be sufficiently noticeable, despite ambient noise
conditions. If the risks associated with acoustic detection are high, however (e.g., by a
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predator or a competitor), there may be a biologically ‘optimal’ loudness at which an
acoustic signal exceeds ambient noise levels that maximizes reaching intended
listener(s) while minimizing eavesdropping (Bradbury and Vehrencamp 2011).
Measurements of source level, are essential for understanding communication range,
call function, intended listeners, and the potential for acoustic masking.

Humpback whales (Megaptera novaeangliae) are a highly vocal baleen whale species
that produce a wide range of low- to mid-frequency vocalizations associated with
breeding (Au et al. 2006, Payne and McVay, 1971b), foraging (Cerchio and
Dahlheim 2001, D’Vincent et al. 1985a), and social interactions (Dunlop et al. 2008b,
Silber 1986, Zoidis et al. 2008). Among humpback whale vocalizations, song – a
long, repetitive male vocal display – is the best described (see Herman 2017 for a
review). Source level estimates have been made for song with maximum estimates
ranging from 152 - 195 dBRMS re 1 µPa @ 1 m (Au et al. 2006, Frankel 1994). Source
level estimates have also been calculated for calling whales along migratory
corridors, where humpbacks produce both song and non-song vocalizations or ‘calls’
(Dunlop et al. 2013). Measured source levels of calls in migrating humpback whales
are similar to song, ranging from 128 – 184 dB dBRMS re 1 µPa @ 1 m, with an
average of 158 dBRMS re 1 µPa @ 1 m.

On foraging grounds, humpback whales produce both late-season song (Gabriele and
Frankel 2002) and calls in association with feeding and social interactions (Cerchio
and Dahlheim 2001, Sharpe 2001, Wild and Gabriele 2014). Calls on foraging

116

grounds were first described by Thompson (1986), who calculated peak source levels
for percussive sounds, blowhole-generated sounds, and underwater calls. This was the
first and only study to date to estimate source level values for humpback whale calls
on foraging grounds. Using a sample set of 32 calls, Thompson (1986) found that
source levels for underwater vocalizations ranged from 162-190 dBZero-Peak re 1 µPa
@ 1 m. Improvements in technology, most notably the ability to acoustically localize
calling animals, and a deeper understanding of transmission loss in the recording
region, however, revealed a need to revisit calls in Southeast Alaska in order to
expand upon previous investigations into the acoustic properties of humpback calls
on foraging grounds.

A study in Southeast Alaska in 2012 quantitatively classified humpback whale calls
in the foraging region and expanded the repertoire to include 16 call types nested
within four vocal classes, low frequency harmonic (LFH), noisy/complex (NC),
pulsed (P), and tonal (T) (Fournet et al. 2015). These calls, which in some cases are
stable across multiple generations on foraging grounds (Fournet et al. in prep.), serve
diverse foraging and communicative purposes that appear to vary by call type or class
(Cerchio and Dahlheim 2001, Fournet 2014, Wild and Gabriele 2014). Differences in
amplitude may be an indication of intended listeners and be therefore useful for
forming hypotheses pertaining to call function, or to for assessing the potential risk of
acoustic masking.
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A critical first step toward understanding the effects of anthropogenic noise in today’s
increasingly industrialized oceans is accurately measuring the source levels of
humpback whale vocalizations in this high-latitude foraging ground. Acoustic
masking can be defined as the point at which sounds from other sources are loud
enough to reduce the probability of an acoustic signal being detected by a listener
(Yost 2008). Put simply, loud background noise has the potential to “drown out” an
intentional acoustic signal (Clark et al. 2009). Humpback whale calls on foraging
grounds overlap in frequency with vessel noise, indicating that this species is at a risk
for acoustic masking (McKenna et al. 2012, Ross, 1976). Managers in Glacier Bay
National Park and Preserve (GBNPP) in Southeast Alaska have been tasked with
assessing the impact of vessel noise on marine mammal species, including humpback
whales. Reporting the source levels of humpback whale calls on this foraging ground
is a critical step toward accomplishing this mandate.

In this study we used a four-element hydrophone array deployed over two summer
foraging seasons in Southeast Alaska 1) to calculate source levels for humpback
whale calls on a high-latitude foraging grounds and 2) to assess differences in source
levels between vocal classes.

5.3 Methods
5.3.1 Acoustic Data
We deployed four calibrated autonomous underwater hydrophone (AUH) packages
(hydrophone model ITC-1032) in GBNPP from May-October 2015 and April-
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October 2016 (Figure 5.1). GBNPP is a well-monitored marine wilderness park with
an historic humpback whale population that returns annually to forage (Gabriele et al.
2016). Hydrophones were bottom mounted in the Beardslee Island Complex at depths
between 62 and 81 m, arranged in a diamond-shaped planar array and separated by
approximately 1 km. Each AUH recorded continuously in the 15 – 4,000 Hz range
with a 10 kHz sampling rate, 16-bit resolution, and 4 kHz low pass filter, which
adequately encompasses the energy content of the humpback whale vocal range in
this region (Fournet et al. 2015b). All AUHs included a highly accurate internal clock
(Q-Tech model number QT-2001, error of approximately 1 s per year), that was
calibrated to satellite time at both deployment and recovery, which allowed for clock
drift over the deployment to be quantified. Drift rates were retroactively corrected
using a custom written algorithm in Matlab. Prior to deployment and directly
following recovery hydrophones were group together and a percussive sound was
simultaneously recorded on all four phones. Hydrophones were time-aligned by
matching the times of the percussive sounds on all. Acoustic data were recorded as
custom-format .dat files, which upon recovery were converted to WAVE (.wav) files
using a custom MATLAB script. Recordings were then filtered according to their labcalibrated gain curve in the 15 - 4,000 Hz range (Adobe Audition) to correct for
nonlinearities in the frequency sensitivity of the recording system. In 2015 the
easternmost hydrophone could not be time-aligned due to a clock error and was
therefore excluded from analysis in that year.

5.3.2 Visual Data Collection
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Photographs of humpback whale flukes and dorsal fins were systematically collected
from shore and by kayak between June and September in both 2015 and 2016 in order
to identify individual whales. (Katona and Whitehead, 1981). Photographs were
matched to an existing database of known humpback whales in Southeast Alaska
(Straley and Gabriele, 1997) to generate a minimum number of individuals present
throughout the study period.

Figure 5.1- Field site in Glacier Bay National Park and Preserve, Southeast
Alaska. Hydrophone array location in 2015 marked with stars, the 2016
locations were moved approximately 1 km northeast.

5.3.3 Acoustic Analysis
We randomly sub-sampled 50 one-hour acoustic files collected in 2015 and 25 onehour acoustic files from 2016. The additional 25 one-hour acoustic files were selected
from 2015 to ensure approximately the same number of calls were represented from

120

both years. All sub-sampled recordings were made during daylight hours between
July and September. Spectrograms for each hour of recording were manually
reviewed in Raven Pro 2.0 (Bioacoustics Research Program) (Hann window, discrete
Fourier transform (DFT) size 1024, analysis resolution 9.7 Hz and 0.05 s, 50%
overlap) by a single experienced observer (MF). All humpback whale calls were
annotated and assigned to vocal class based on a known catalog for the region
(Fournet et al. 2015b). Some humpback whale calls are highly variable, and appear to
persist along a continuum, which may confound classification at fine scales (Fournet
et al. 2015, Rekdahl et al. 2013, Stimpert et al. 2011, Murray et al. 1998). Calls in
Southeast Alaska, however, follow a hierarchical classification structure which allows
for call placement into broader-scale groupings that encompass the variability
associated with a repertoire of static-dynamic call types (Fournet et al. 2015b). For
these reasons, acoustic samples in this study were only classified to the vocal class
level. Calls that did not merit classification within one of the four known vocal
classes were classified as “Unknown”. No other baleen whale species with similar
call types are consistently sympatric with this population of humpback whales in
GBNPP, and no other baleen whale species were visually or acoustically identified
during the 75 subset hours, which allowed for accurate identification of humpback
whale calls during this period.

Humpback whale calls were localized in Raven Pro 2.0 using the near-field
beamforming method and each call was assigned a latitude and longitude position.
This method searches for the set of time of arrival delays that give maximum power
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from the beamformer output (Hawthorne and Salisbury 2016). We used a simulated
annealing algorithm to find the point in space that generated maximum power for
each call. We used a sound speed of 1,481 m/s based on CTD casts done in the study
area by the National Park Service in summer months in 1981, 1993, 2001, 2012,
2015, and 2016. Although sound speed profiles varied slightly over time, the choice
of a sound speed (range 1,472 -1,481 m/s) had a negligible impact on source level
estimates (< 1 dB), thus the sound speed that corresponded to the oceanographic
conditions in 2015 and 2016, was selected. Bartlett’s formula was used to estimate
the variance of the energy output from the beamformer, which resulted in error values
for the northern and eastern bearings for each call. To select for the highest quality
calls, only calls that were localized to within 6 kilometers of the array center, with an
error less than 100 m and a signal-to-noise ratio (SNR) of 6 dB or higher, were
included in analysis.

5.3.4 Source Level Calculations
Source levels (SL) were calculated using Equation [1] based on (1) an estimated
transmission loss (TL) value, and (2) the calibrated in-band received level (RL) for
each call.
SL=RL+TL

[1]

Transmission loss for this region has been empirically measured (Malme et al. 1982)
as well as semi-empirically modeled (Frankel and Gabriele 2017), and is known to
have an approximate 15 log10 r dependency, where r is range. For each call, the
distance between the localized call and the hydrophone was measured using the
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earth.dist function from the “fossil” package in R (Vavrek 2011) and a transmission
loss value was calculated. For each call, a root-mean-squared (RMS) received level
was extracted in the measured bandwidth of the call using the “inband power” feature
in Raven Pro. Bandwidth in this context is defined as the frequency range from the
lowest to the highest frequency component measured for a given call. Inband RMS
ambient noise levels were also calculated for the 2 seconds directly preceding each
call in order to calculate SNR values and to measure source level excess above
ambient noise.

Using Equation [1], three source level measurements in 2015, and four source level
measurements in 2016 (corresponding to the number of hydrophones used for
localization) were made for each call. These source level estimates, which were in
dBRMS, were converted to voltages, averaged, and converted back to dBRMS to produce
a single source level estimate for each call. All source level estimates are reported as
dBRMS re 1 µPa @ 1 m in the bandwidth of the call (Table 5.1).

5.3.5 Call Class Comparison
A Levene’s test for homogeneity of variance indicated that the assumption of equal
variance was not met (fd.f=4=4.16, p=0.002); therefore, a non-parametric KruskalWallis test was used to assess differences in median source levels in dB between call
classes.
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5.4 Results and Discussion
Within this study, 426 calls spread across 33 days, over seven months, in AprilOctober 2015-2016 fit the inclusion criteria (2015: n=200; 2016: n=226). Of those,
230 were LFH calls, 26 were NC calls, 135 were P calls, 4 were T calls, and 20 were
unknown. The mean source level for all call classes was 137 dBRMS re 1 µPa @ 1 m
in the bandwidth of the call ( SD ± 8, mean bandwidths reported in Table 5.1). Source
levels ranged from 113 - 157 dBRMS re 1 µPa @ 1 m. There was no significant
difference in source levels between call classes (χ2d.f=425=425, p=0.5, Figure 5.2,
Table 5.1). On average, source levels were 52 dB higher than ambient noise levels in
the bandwidth of each respective call (95% C.I. 51 – 53 dB). On average callers were
1,425 m from the hydrophone array (95% C.I. 1333-1518).

Thirty-six known individuals were photographically identified in the listening area of
the array over the two summer seasons. Twenty-five individuals were identified in
2015, twenty-one individuals were identified in 2016, and 10 individuals were sighted
in both years. Because photo ID effort was not comprehensive this likely
underrepresents the number of individuals present during the recording period.

The source level values reported in concert with these visual observations represent a
quantitative estimate for humpback whales on a Southeast Alaskan foraging ground
supported by over 400 calls, produced over two years and in the presence of a robust
number of individuals. While it is possible that for a selection of calls some acoustic
energy was shadowed by islands in the survey area, 85% of calls (n=362) originated
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from within a 2.5 km radius of the hydrophone array that contained no islands. It is
therefore highly likely that the estimates reported in this study are indicative of the
range of source levels for this population in this region, assuming a similar range of
ambient noise conditions.

Figure 5.2- Boxplot of source levels by vocal class. Whiskers represent the range
of the data, the dot represents a potential outlier. LFH= Low-Frequency
Harmonic, (n=230), NC= Noisy Complex, (n=26), P= Pulsed, (n=135), T= Tonal,
(n=4), U= Unknown (n=20).

The source level estimates derived in this study are approximately 25 to 65 dB lower
than those reported by Thompson et al. (1986). There are several critical differences
in how these values were calculated that are relevant to these differences. First, the
report made by Thompson (1986) had a limited sample size of 32 underwater calls
(i.e., not surface impacts or blowhole-associated sounds). The distances to the callers
were visually estimated, and when whales were travelling in groups – as they often
were throughout the 1975 study – the caller was assumed to be the whale nearest to
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the vessel. In the absence of directional recordings, however, it is problematic to
ascribe the recorded vocalizations to the whales directly within visual range, and even
more so to the whale closest to the vessel. These potentially erroneous distance values
would have impacted source level estimates in an already limited dataset, particularly
if the calling animals were beyond visual range and errors in distance estimates were
high. More importantly, Thompson (1986) assumed that spherical spreading loss (i.e.,
20 log10 r) was appropriate to estimate transmission loss. Empirical transmission loss
measurements made in Frederick Sound, Southeast Alaska, where the Thompson
study was conducted, demonstrate that the assumption of spherical spreading was
likely incorrect. Instead, transmission loss for that region was measured as
approximately a 15 log10 r dependency (Malme et al. 1982); this error may have had a
significant upward impact on the estimated values of Thompson et al. Demonstrating
this point, when applying a 20 log10 r spreading loss coefficient to our data, the mean
source level shifted upward by 25 dB to 152 dBRMS re 1 µPa @ 1 m (95% C.I. +/- 1
dB) with values ranging from 127 – 173 dBRMS re 1 µPa @ 1 m. Although these
example values are still slightly lower than those reported by Thompson, they are
within the range of the 1975 study.

The differences in source levels between 1975 and 2015-16 are further explained by
the choice of source level measurement. Thompson et al. reported zero-peak source
level (the difference in pressure between zero and the greatest pressure of the signal)
in the effective bandwidth of the call, while we report RMS source level (the square
root of the average of the square of the pressure of the sound signal over a given
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duration), which in most cases would be 3 dB less than zero-peak (Urick, 1983). The
discrepancy in measurements explains some portion of the difference seen in this
study and the historical one. Overall, the assumptions used by Thompson (1986)
coupled with the limited sample size lead us to believe that the values reported here
represent more accurate source level estimates of calls by foraging humpback whales
in Southeast Alaska.

Average source level estimates for humpback whale calls made with a calibrated
hydrophone array along the Eastern Australian migratory corridor were 29 dB higher
than mean source level values found in this study (Dunlop et al. 2013). It is likely that
given the robustness of the methodologies used in that study, and the equivalence of
measurement units between the two studies, that these differences represent true
ecological variation. There are two probable explanations that would account for
decreased source levels in GBNPP. First, GBNPP is a marine wilderness area with
restricted vessel traffic. The hydrophone array used in this study bordered nonmotorized waters that were infrequently used by vessels. As a result, ambient noise
conditions in this particular location may be lower than ambient noise conditions
along the unmanaged coastal Australia migratory corridor. Dunlop et al. (2013)
reported modal noise conditions of 95 dB; by comparison, modal ambient noise levels
for this study were only 81 dB RMS. Since humpback whales have exhibited a
Lombard effect – louder vocalizations in response in elevated environmental noise
conditions (Dunlop et al. 2014) – it is reasonable to assume that ambient noise
contexts may impact call source levels. Our maximal source level estimates, in the

127

range of 156 dB RMS, were comparable to those of the migrating Australia
humpbacks.

Secondly, humpback whale social affiliations on foraging grounds can best be
described as ‘inconspicuous’. High latitude social behavior varies from solitary
individuals to stable short-term associations, with animals in GBNPP typically
travelling alone or forming small ephemeral groups (Baker et al. 1985, Clapham,
1996, Ramp et al. 2010, Weinrich et al. 2006). In comparison, humpback whales on
migratory corridors show high levels of social interaction, ranging from group travel
to male-male competition and vocal breeding displays (Corkeron and Brown, 1995,
Dunlop et al. 2008b). The lower source levels observed on foraging grounds may be a
result of the intended audience. Indeed, humpbacks along the East Australian
migratory corridor maintained source levels that were 60 dB higher on average than
background noise, while in this study calls exceeded background noise levels by 52
dB on average. This may indicate that humpback whales vocalize to closer listeners,
perhaps intentionally, on foraging grounds. Future investigations relating social
context with acoustic behavior, including source levels, of humpback whales on
foraging grounds will facilitate understanding the function of high-latitude calls,
which are of particular importance given changing ocean soundscapes and ecology.
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5.5 Tables
Table 5.1- Mean low (RavenPro 5% frequency feature) and high frequency
(RavenPro 95% frequency feature) measurements with standard deviations in
parentheses of calls by class (LFH= Low-frequency harmonic, NC= Noisy
complex, P= Pulsed, T= Tonal, U= Unknown). Mean, minimum, and maximum
source levels (dBRMS re 1 µPa @ I m in the bandwidth of the call) by call class.
Call
Class

n

LFH
NC
P
T
U
All

230
26
135
4
31
426

Low Frequency
(Hz)
34.7
358.8
107.8
115.3
263.4
95.0

(49.6)
(133.2)
(155.4)
(25.7)
(19.8)
(144.2)

High Frequency
(Hz)
656.1
2781.3
1202.8
973.5
1142.4
997.4

(331.7)
(506.7)
(950.1)
(34.5)
(26.9)
(915.2)

Min
Max
Source Source
Level
Level
(dB)
(dB)
138.6 (8.6)
113.0
156.0
138.9 (10.7) 112.9
156.7
135.5 (6.9)
114.8
147.5
132.0 (7.4)
120.1
136.7
132.2 (6.3)
116.8
141.8
137.0 (8.2)
112.9
156.7
Source Level
(dB)
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6. HUMPBACK WHALES (MEGAPTERA NOVAEANGLIAE) ALTER
CALLING BEHAVIOR IN RESPONSE TO NATURAL SOUNDS AND
VESSEL NOISE

“I vow to develop understanding in order to be able to love and live in harmony with
people, animals, plants, and minerals”
-The second promise made to the Buddha

Michelle E. H. Fournet
In review with the following co-authors: Leanna P. Matthews, Christine M. Gabriele,
Samara Haver, David K. Mellinger, Holger Klinck

132

6.1 Abstract:
Acoustically inclined species in the marine environment have to contend with
complex and highly variable soundscapes. In the modern ocean sounds from human
sources contribute substantially to the underwater acoustic environment. We used a 4element hydrophone array in Glacier Bay National Park to document temporal
occurrence patterns and levels of ambient sound sources and to investigate humpback
whale (Megaptera novaeangliae) vocal responses to natural sounds and vessel
sounds. Cruise ships and tour boats, roaring harbor seals (Phoca vitulina), and
weather events were primary drivers of ambient sound levels and varied seasonally
and diurnally. We found that as ambient sound levels increased, humpback whales
responded by increasing the source levels of their calls (non-song vocalizations) by
0.81 dB (95% CI 0.79 -0.90) for every 1 dB increase in ambient sound. There was no
evidence that the magnitude of the observed response differed between natural sounds
and man-made sounds. We also found that the probability of a humpback whale
calling in the survey area decreased by 9-10% for every 1 dB increase in ambient
sound. Controlling for ambient sound levels, the probability of a humpback whale
calling in the survey area was 25-30% lower when vessel noise contributed to the
soundscape than when only natural sounds were present. Although natural and
anthropogenic sound sources contribute similar amounts of acoustic energy to the
soundscape, humpback whales responses to ambient sound sources are not uniform.

Keywords: Humpback whale calls, vessel noise, anthropogenic noise, soundscape
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6.2 Introduction
Anthropogenic sounds are recognized as a threat to acoustically oriented species
across taxa in both the marine and terrestrial realm (Patricelli and Blickley 2006,
Popper and Hastings 2009, Kight and Swaddle 2011, Potvin et al. 2011, Finneran
2015, Pacini and Nachtigall 2016, Simpson et al. 2016). Pervasive sound has the
potential to limit acoustic communication, elicit changes in foraging behavior, alter
predator-prey dynamics, and have negative physiological impacts (Weilgart 2007,
Potvin et al. 2011, Rolland et al. 2012, Richardson et al. 2013, Finneran 2015,
Simpson et al. 2016). This threat is particularly pronounced in marine ecosystems
where sound can travel great distances with little loss of energy and where - in the
absence of human activities - many marine species evolved to rely on sound as their
principal sensory modality (Urick 1983, Richardson et al. 2013). The contemporary
ocean is characterized by global trade, resource extraction, and other maritime
activities, all which have an acoustic footprint (Haver et al. 2017 2018). Sound from
large vessels in particular extends over large distances underwater, often overlapping
spatially and temporally with ecologically important environmental and biological
sounds (Wenz 1962, Hildebrand 2009, Parks et al. 2009, Haver et al. 2017). Sounds
emanating from ships worldwide can be characterized as chronic ‘noise’, i.e., an
unwanted acoustic signal that persists for long duration without stable and predictable
intervals (Crutzen and Stoermer 2000, McKenna et al. 2012, 2017, Lewis and Maslin
2015, Haver et al. 2017). Ecologists and managers need to understand the effects of
noise on species which rely on sound for vital life functions in order to prevent and
mitigate negative interactions between humans and wildlife.
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While the threats associated with increasing anthropogenic noise in the ocean are new
from an evolutionary perspective, acoustically oriented species have been subjected
to natural variation in ocean soundscapes over millennial time scales. Environmental
noise from wind, waves, and storms can dramatically increase ambient sound levels
across a broad range of temporal scales (Wenz 1962, Hildebrand 2009), sympatric
species contribute vocalizations to shared environments (Wenz 1962, Scheifele and
Darre 2005, Erbe et al. 2015), and geological events such as earthquakes and volcanic
eruptions have acoustic signatures within the same vocal range as several acoustically
oriented marine species (Nishimura and Conlon 1993, Kong et al. 1995, McDonald et
al. 1995, Buckingham and Garcés 1996, Garcés et al. 2009). Sounds from these or
other sources combine to form an animal’s ‘acoustic habitat,’ which we define as the
combination of biological, environmental, and anthropogenic sounds present within a
given environment in the frequency band used by that animal. For effective
communication to occur within a species' acoustic habitat under ambient biological
and environmental conditions, an intended signal must be detectable by a receiver
(Bradbury and Vehrencamp 2011). Many marine species developed vocal adaptations
that allow them to cope with highly variable ambient sound conditions. In elevated
ambient sound conditions, animals may alter their call rate by calling more or less
often, alter the frequency (pitch) of their vocalizations, change their acoustic
communication strategy from vocal to non-vocal, or adopt a response known as the
Lombard Effect whereby the animal alters the amplitude (loudness) of calls in
response to the loudness of their acoustic environment (Brumm and Slabbekoorn
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2005). These strategies have been documented for several marine mammal species
(e.g., North Atlantic right whales (Eubalaena glacialis) (Parks et al. 2007, 2016),
beluga whales (Delphinapterus leucas) (Lesage et al. 1999, Scheifele et al. 2005),
humpback whales (Megaptera novaeangliae) (Dunlop et al. 2010, 2014)), indicating
that these animals are able to adapt their behavior in response to changing noise
conditions in their acoustic habitat.

An important scientific and management goal is to identify when animal responses to
anthropogenic noise fall within the natural range of variability for the species, as
opposed to responses that exceed the threshold for natural variability (Costa 2012).
Behavioral responses to anthropogenic noise, such as the extended dive duration and
decreased foraging effort observed in Cuvier’s beaked whales (Ziphius cavirostris) in
response to mid-frequency active sonar signals, may have negative population-level
impacts (DeRuiter et al. 2013). To assess whether an animal’s response to noise falls
within the normal range of behaviors, however, it is essential to understand the
acoustic habitat of the animal, including what natural and anthropogenic sound
sources are present and across what scales, and to compare the magnitude of animal
responses to sounds from various sources, both natural and manmade.

Humpback whales are a migratory baleen whale species with a cosmopolitan
distribution and a diverse acoustic repertoire that includes song (Payne and McVay
1971, Herman 2017), calls (Stimpert et al. 2011, Rekdahl et al. 2013, Fournet et al.
2015), and percussive sounds (breaches, flipper slaps, tail lobs, etc., Kavanagh et al.
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2017). While the exact function of these sounds is not certain, humpback whales use
acoustic communication in concert with vital life functions (breeding (Herman 2017),
foraging (D’Vincent et al. 1985, Stimpert et al. 2007, Fournet et al. 2018), migrating
(Dunlop et al. 2008), socializing (Silber 1986, Dunlop 2017)) and across age and sex
classes (Zoidis et al. 2008, Silber 1986, Dunlop et al. 2008), indicating that acoustic
communication is an important life history strategy for this species.

Humpback whales overlap spatially and temporally with numerous maritime
industries, including shipping, oil and gas extraction, marine transportation, and
tourism (Weir 2008, Cerchio et al. 2014, Rosenbaum et al. 2014). Due to their
predictable seasonal distributions and propensity for aerial displays, humpback
whales also make up the centerpiece of whale watching industries worldwide
(Corkeron 1995, Au and Green 2000, Weinrich and Corbelli 2009). As such, this
species is culturally and economically valuable, and also at risk of being disturbed by
vessel noise. Humpback whales change their diving behavior in response to vessels
transiting within 4 km (Baker and Herman 1989) and alter their vocal behavior on
migratory corridors in response to noise emanating from nearby vessels (500 m-5.5
km, Dunlop 2016); whether they alter their behavior purely in response to vessel
noise per se or their proximity to vessels is unknown. This differentiation may be
significant for managers tasked with mitigating negative interactions between vessels
and whales. In general, little is known about humpback whale acoustic behavior at
high latitudes, or whether this species is resilient to anthropogenic noise while on
their foraging grounds.
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Glacier Bay National Park and Preserve (GBNPP) is a marine protected area in
Southeast Alaska that hosts a seasonal population of foraging humpback whales and
year-round populations of several other marine mammal species. As a wilderness area
and national park, GBNPP managers are tasked with balancing the needs of Park
resources and values – which includes organisms, physical processes, and cultural
systems – with the human user groups that come to the area seeking a recreational
experience. GBNPP is accessible primarily by boat, and most visitors experience the
Park via large cruise ships or tour boats. In order to provide a range of visitor
experiences while minimizing the impacts of vessels on Park resources and values a
vessel management system has been implemented which limits the number of vessels
in the Park and limits human access to sensitive areas. In addition, to protect
humpback whales, GBNPP limits the course and/or speed of vessels in certain places
during times of year where whales are usually present, and prohibits vessels from
operating within ¼ nautical mile of a humpback whale or pursuing a humpback whale
in a manner that results in retaining a distance of ½ nautical mile or less from an
animal (36 Code of Federal Regulations 13.65).

Large commercial vessel traffic is scheduled in advance, such that in GBNPP this
traffic is spatially and temporally predictable during summer months. Cruise ships
and smaller tour boats typically enter and exit at a predetermined time of day and
follow a prescribed path as they enter the bay. While the schedules of smaller charter
and private boats are less regimented, the diurnal preferences of tourists generally
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follow the same rhythm. This results in punctuated periods of vessel presence
followed by longer periods of vessel absence in portions of the Park. The predictable
timing and location of vessel traffic in the Park acts as a pseudo-control for vessel
noise in portions of the lower bay, particularly those areas less trafficked by smalland medium-sized vessels, or those designated as, or adjacent to, non-motorized
waterways. The contributions of vessel traffic to the underwater soundscape,
including the impact of vessel timing and vessel quotas, have been investigated
(McKenna et al. 2017), but in the absence of a hydrophone array quantifying
humpback whale responses to vessel noise have been previously unfeasible. By
deploying a hydrophone array in a traditional humpback whale foraging ground
outside of the direct cruise ship path but well within the acoustic range of the vessels
entering Glacier Bay, we aimed to distinguish humpback whale responses to vessel
noise from responses to natural noise.

Our specific objectives were to (1) identify primary drivers of ambient sound in this
region of GBNPP and describe their seasonal and daily patterns during the humpback
whale foraging season, (2) investigate whether humpback whales in GBNPP exhibit a
Lombard response to ambient sound conditions and, if identified, investigate whether
there is a threshold beyond which humpback whales stop adjusting their source levels
to ambient sounds, and (3) investigate whether humpback whales change their calling
activity in response to naturally-occurring and vessel-generated sound sources.

139

6.3 Methods
6.3.1 Visual data collection
In June-August 2015 and June-September 2016, visual scan point surveys of
humpback whales and vessels were conducted from an elevated viewing platform
located on the eastern most point of Strawberry Island (N58.5184, W135.9867,
Figure 6.1) in the Beardslee Island complex of GBNPP, Southeast Alaska. Surveys
lasted 15 min, were separated by at least 5 min of rest, and occurred during daylight
hours. Observer training and pilot data collection indicated that 15 minutes was an
adequate amount of time to visually locate all humpback whales within the primary

Figure 6.5- Survey region in the Beardslee Island Complex, Glacier Bay National Park,
Southeast Alaska. Dashed line indicates the 3 km acoustic detection range. Shades of blue
indicate water depth. Stippling indicates area not within visual range of shore-based observers.
Visual observing station is marked with a yellow X; 2016 hydrophone array location is marked
with red stars; the 2015 array location was 1 km southwest . Approximate cruise ship path
marked with red arrow. (Inset) Star indicates larger map area in Alaska.
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survey area (visual range 5 km where unencumbered by land). Survey teams
consisted of two observers, a theodolite operator and a data operator. Observer roles
were rotated to minimize eye strain and bias.

Whale and vessel locations were documented in real time using a DT-5 theodolite
(Sokkia, Terrace Olathe, KS, USA) connected to a laptop computer running the
program Pythagoras (Cetacean Ecosystem Research, Lacey, WA, USA). Every whale
and vessel within visual range was fixed with the theodolite once per survey;
theodolite outputs were converted to Cartesian coordinates, and the total number of
whales and vessels present along with their locations were aggregated per 15-minute
survey. Aggregated counts also included a small subset of whales that were visually
identified but could not be fixed by the theodolite. These animals were documented
during regular survey effort and their locations estimated visually according to
standardized geographic landmarks. Visual data were collected only in Beaufort sea
state 2 or less (indicative of low wind conditions in this region). A categorical quality
rating was developed based on the visibility of geographic landmarks to describe
observing conditions. Surveys were only included in analysis if visibility was
considered “good” or “excellent”, an indication that visibility extended at least 6 km
to the north and south of the observation station. Surveys were not halted on account
of rain provided that visibility was not compromised. Surveys that ended early for any
reason, or that experienced sudden weather changes resulting in a change in visibility,
were omitted from analyses.
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Photographs of humpback whale flukes and dorsal fins were collected
opportunistically from shore and by kayak between July and September 2015 and
2016 in order to identify individual whales (Katona and Whitehead 1981).
Photographs were matched to an existing catalog of known humpback whales in
Southeast Alaska (Straley and Gabriele 1997) to generate a minimum number of
individuals present throughout the study period.

6.3.2Acoustic data collection
Acoustic data were collected using a four-element planar array with a 1 km baseline
deployed in the Beardslee Island Complex of GBNPP from May to October in 2015
and April to October 2016 (Figure 6.1). Each array element consisted of an
autonomous underwater hydrophone recorder (AUH; Fox et al. 2001; hydrophone
model ITC-1032, International Transducer Corporation, Santa Barbara, CA) mounted
on a weighted aluminum lander and connected to an acoustic release (Edgetech, West
Wareham, MA, USA); there was no surface expression. The landers suspended the
four AUHs approximately 1 m above the ocean floor at 62-81 m depth and recorded
continuously with a 10 kHz sampling rate, 16-bit resolution, and a 4 kHz low-pass
filter. Hydrophone sensitivity was -192 dB re 1 V/µPa with a flat frequency response
of +/-1 dB over the 15 Hz-4 kHz band. Incoming acoustic signals were conditioned
by a pre-amplifier resulting in a cumulative system sensitivity of -145.9 dB re 1
V/µPa. Each AUH included a highly accurate internal clock (Q-Tech model 120
number QT-2001, error of approximately 1 s per year). Clocks were calibrated to
satellite (GPS) time at both deployment and recovery, allowing for clock drift over
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the deployment to be quantified and for recordings from each AUH to be
retroactively time-aligned. Clock drift was assumed to be linear, as water
temperatures did not vary widely. Data were recorded as custom-format sound files
and converted to WAVE (.wav) files for analysis using a custom-written MATLAB
script. Due to a clock error, the easternmost hydrophone in 2015 could not be
precisely time aligned and was excluded from localization analyses for that year.

6.3.3 Objective-specific analyses
Three separate but interrelated analyses were conducted to meet project objectives.
We conducted (1) an acoustic habitat analysis to investigate sources of ambient noise
and identify diel, seasonal, and inter-annual trends in ambient noise levels; (2) a
Lombard Effect analysis, to assess whether or not humpback whales increased source
levels in response to ambient noise; and (3) a call probability analysis, to test the
hypothesis that the probability of a humpback whale calling in the survey area
changed as ambient sound levels increase. Methods are presented in the context of
these study objectives and results and discussion are organized to reflect this structure
throughout.

6.6.4 Soundscape Level Analysis and Sound Level Extraction
Long-term spectral averages (LTSA) in the 15 Hz – 4 kHz range (1 Hz, 5-min bins)
were calculated for both deployment years from raw .DAT files of the easternmost
hydrophone using a custom MATLAB algorithm. Information from individual
hydrophone pre-amp frequency response curves was applied to the data
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retrospectively to obtain absolute received level values for each 1 Hz 5-min bin. All
measurements are made in dBRMS re 1 µPa @ 1 m unless otherwise stated. The
easternmost hydrophone was selected for ambient sound level analyses because water
currents were slowest at this location and recordings contained less flow noise, which
artificially inflates ambient sound measurements. For each 5-min bin we used LTSA
values to calculate broadband ambient sound levels in dBRMS re 1 µPa in the 50 Hz –
3 kHz band (hereafter “broadband levels”). Sound levels in the 50 Hz – 3kHz
bandwidth are driven by biologic and vessel noise as well as environmental noise
(wind and waves) (Wenz 1962, Kipple and Gabriele 2003, Dunlop et al. 2010); this
band was used to assess and describe cumulative ambient sound levels for given time
periods. Seasonal and inter-annual patterns in the acoustic data were investigated by
analyzing daily medians, 5th percentiles, and 95th percentiles of broadband ambient
sound levels by year and month. Long-term spectrogram figures were generated by
plotting broadband bin values according to time of day and date to identify diel and
seasonal noise trends. A selection of high-noise periods identified through LTSA
figures were manually reviewed in RavenPro (Cornell Lab of Ornithology Ithaca,
NY) and sound sources were aurally identified and annotated.

6.3.5 Lombard Analysis
Using stratified random sampling, 90 one-hour acoustic files were randomly selected
from the 2015-2016 dataset. Based on theodolite-tracked vessels, we chose 30 hours
corresponding to ‘low noise’ periods, which were determined by the absence of
vessels operating within visual range of the observation tower, 30 hours
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corresponding to ‘moderate noise’ periods, when small vessels were adjacent to but
not operating within 3 km of the hydrophone array and cruise ships were absent, and
30 hours corresponding to ‘high noise’ periods, which included at least one cruise
ship transiting through the main channel adjacent to the survey area (Figure 6.1).
Recordings were manually reviewed in 1-minute intervals (Hann window, discrete
Fourier transform (DFT) size 2048, analysis resolution 4.8 Hz and 0.09 s, 50%
overlap) in RavenPro by a single observer (MF). The start time, end time, low
frequency, and high frequency of every detectable humpback whale call was logged.
For each call, the simultaneous presence or absence of any type of aurally discernable
vessel noise within the 15 to 1,500 Hz band was annotated categorically.

Calls were localized using the near beamforming method (Matthews et al. 2017c,
Fournet et al. 2018b). A sound speed of 1,481 m/s was selected for localization based
on a temperature of 8.3 °C from a CTD cast collected by the National Park Service in
the survey area in 2015 and 2016 (Sharman 2017). Successful localizations resulted
in the estimated latitude and longitude of the caller, as well as estimated location error
in meters for each call. Using the ‘earth.dist’ function in the ‘fossil’ package in R
(Vavrek 2011), the distance between the vocalizing animal and nearest hydrophone
was calculated for each call with an error of less than 100 m; calls with localization
error greater than 100 m were omitted. Source levels were calculated based on the
following formula:
SL=RL+TL
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where SL is the source level of the call (dBRMS re 1 µPa @ 1 m in the bandwidth of
the call), RL is the RMS received level in the bandwidth of the call measured using
the inband power measurement in RavenPro, and TL is estimated using a 15
log(range) dependency (Malme et al. 1982, Frankel and Gabriele 2017, Matthews et
al. 2017c, Fournet et al. 2018b). A two-second ambient noise measurement in the
bandwidth of the call (dBRMS re 1 µPa @ 1 m, inband power feature, RavenPro,
hereafter RMSinband) was taken immediately preceding each vocalization in order to
compare SL to RMSinband sound values and to calculate signal-to-noise ratios (SNRs).
For this analysis calls were not excluded based on their SNR values, as long as their
localization error estimate was within 100 meters. For detailed methods on source
level calculations see Fournet et al. 2018.

A linear regression model was built to test for the effect of RMSinband levels in the
bandwidth of the respective call, Julian day, and year on humpback whale source
levels. A quadratic term was built into the model to assess whether humpback whales
stopped adjusting source levels beyond a certain ambient noise threshold. Visual
inspection of residual plots and histograms indicated that assumptions of linearity,
equal variance, and a normality were met. The data were assumed to be independent
because data were randomly subset across 36 unique days in two separate years.
Drop-in-deviance tests were used to assess which parameters should be included in
the model. An Analysis of Covariance (ANCOVA) was used to test for differences in
the magnitude of change in source level (change in regression line slope) between
vessel treatments (vessel noise present vs. vessel noise absent).
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6.3.6 Calling probability modeling
A total of 50 hours of visual survey effort corresponding to the logged acoustic
recordings were subset across the two years to investigate the hypothesis that the
probability of a humpback whale calling changed as ambient sound levels increased.
The following data were aggregated into 5-min bins: presence or absence of a call
with a SNR of 6 dB or greater, presence or absence of a call with a SNR of 10 dB or
greater, the number of humpback whales located within 3 km of the hydrophone
array, the number of humpback whales located within 5 km of the hydrophone array,
the presence or absence of
vessel noise in the 15-1,500
Hz band, and broadband
ambient sound levels.

We created conservative
inclusion criteria in order to
(1) include all bins where a
humpback whale call would
have been detectable if it
were produced from within
3 km of the hydrophone
array, and to (2) exclude
any bin that would have

Figure 6.6- (top) Spectrogram of a harbor seal (Phoca
vitulina) roar vocalizations in high noise (122 dB RMS re 1
µPa @ 1 m 50-3000 Hz) and (bottom) spectrogram of harbor
seal roar and humpback whale (Megaptera novaeangliae) call
in moderate noise (112 dB re 1 µPa RMS @ 1 m, 50-3000
Hz).
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acoustically masked a humpback whale call that was produced from within 3 km of
the hydrophone array. Humpback whales in this region of GBNPP maintain an
average signal excess (dB loudness of a call above ambient noise levels) of 52 dB
(Fournet et al. 2018b). Approximating transmission loss as a 15 log10(range)
dependency (Malme et al. 1982, Frankel and Gabriele 2017), we estimate the
detection range of a calling humpback in this area to be ~2.9 km. Three km was
selected as an appropriate inclusion range given the variability associated with signal
excess and the dynamic movement patterns of the whales. For a bin to be included in
the analysis, at least one humpback whale had to be visually present within 3 km of
the hydrophone array. As an additional step of caution, the total number of whales
within 5 km of the hydrophone array was also investigated. Additionally, for a given
bin to be included in analysis, the broadband ambient sound value had to be below
112 dB. Most of the energy contained in humpback whale calls in Southeast Alaska
falls within the 50 Hz – 3 kHz band (Cerchio and Dahlheim 2001, Wild and Gabriele
2014, Fournet et al. 2015), and several studies of humpback whale calling behavior in
noise have investigated responses to noise under similar ambient sound conditions
(Dunlop et al. 2014, Dunlop 2016). Based on visual review of spectrograms from this
region, 112 dB in this band was not loud enough to mask vocalizations (Figure 6.2).
To be included in modeling, any bins fitting the inclusion criteria with broadband
ambient sound value greater than 105 dB were manually re-reviewed. Any bins that
contained excessive flow noise from currents, tides, or mechanical noise associated
with recording equipment were omitted from analysis regardless of broadband sound
level.
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Lastly, to ensure that a lack of humpback whale call detections represented a true
absence of humpback whale calling and was not merely an artifact of acoustic
masking, we also used harbor seal (Phoca vitulina) roars as a detection proxy for
humpback whale calls. Harbor seals are sympatric with humpback whales throughout
GBNPP and have been the focus of study using the same recording equipment and
time periods (Matthews et al. 2017b). During the breeding season, male harbor seals
in GBNPP roar approximately once per minute (Matthews 2017a). Harbor seal roars
overlap in frequency with humpback whale calls and share similar source levels
(Fournet et al. 2015, Matthews et al. 2017a, Fournet Matthews et al. 2017c). Further,
harbor seals do not appear to adjust their call rates in response to noise in the study
area (Matthews 2017). By demonstrating that it is possible to detect a harbor seal roar
in this region in a given noise regime, we assert that it would also be possible to
detect a calling humpback whale in this region in the same noise regime.

We subset 6 hours of acoustic recordings from June and July – peak harbor seal
breeding season – that included cruise ship passages and manually reviewed each
recording for harbor seal roars (Raven Pro). SNR was calculated by extracting the
received level for each roar and dividing it by the received level in the 2 seconds
directly preceding the roar (Inband power measurement, Raven Pro). To demonstrate
detectability, the presence or absence of roars with SNR of 6 dB or higher was
summarized in comparison to broadband ambient noise values for these six hours. In
light of this analysis, all reviewed bins in the dataset were re-reviewed, and bins were
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excluded from modeling if noise levels were high enough to prevent the visual
identification of harbor seals roars at any point within the 5-min period.

Logistic regression models were built to test the relationship between the probability
of a humpback whale call occurring, whale abundance within 3 km, whale abundance
within 5 km, broadband ambient sound levels, and time of day (Table 6.1; R 2013).
We built a full model based on explanatory variables and the presence or absence of a
humpback whale call with a SNR of 6 dB or higher, and a more conservative full
model using the presence of absence of a humpback whale call with a SNR of 10 dB
or higher as the response variable (Table 6.1). Visual inspection of residual plots and
a goodness-of-fit test (p>0.05) indicated that logistic regression models were
appropriate for this analysis. The significance of each variable was assessed using
drop-in-deviance statistics (D) generated from each fitted model and a reduced model
that lacked the terms of interest. From the linear model output, predictions were made
to generate a trend line and 95% confidence intervals. Model output from the 6 dB
model and the more conservative 10 dB model are compared.

6.4 Results
6.4.1 General
A total of 885 scan point surveys were conducted over 66 sampling days between
July-August 2015 and June-September 2016. Approximately 8,188 hours of acoustic
array recordings were made spanning May-October 2015 and April-October 2016.
For the purpose of this analysis, the acoustic dtaset was limited to the May-September

150

110
90

95th percentile
50th percentile
5th percentile

70

dB re 1 uPa

Ambient Noise ( dBRMS 50 Hz − 3 kHz band)

Jun

Jul

Aug

Sep

110
90
70

dB re 1 uPa

2015

Jun

Jul

Aug

Sep

2016

Figure 6.3- Daily median, 95th percentile, and 5st percentile of broadband
ambient sound levels (dBRMS re 1 µPa) in the 50-3,000 Hz range over the
summers of 2015 (top) and 2016 (bottom) in the Beardslee Island Complex of
Glacier Bay National Park, Southeast Alaska.

months. Thirty-six individual humpback whales (Megaptera novaeangliae) were
identified over the two summer seasons. Twenty-five individuals were identified in
2015, 21 individuals were identified in 2016, and 10 individuals were sighted in both
years. Photo ID effort was not comprehensive and likely underrepresents the number
of individuals present during the study.

6.4.2 Soundscape Analysis
Overall daily median broadband ambient sound values (dBRMS in the 50 Hz – 3 kHz
band) in the summers of 2015 and 2016 were 96 dB (range 86-107 dB, Figure 6.3).
There was moderate variability in daily median broadband values within years and
between months (2015 ambient sound range = 18 dB, 2016 ambient sound range = 19
dB, Table 6.2); however the data revealed little inter-annual variability. Daily median
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broadband levels were negligibly higher in 2016 than in 2015 (median daily
broadband values 2015 = 96 dB, daily median broadband values 2016 = 97 dB).
Broadband ambient sound levels varied on seasonal and diel cycles (Figure 6.4).
Aural and visual spectrogram inspection revealed that seasonal variation in broadband
levels was driven primarily by roaring harbor seals during the late June – early
August breeding season in both 2015 and 2016 (Table 6.2, Figure 6.4). Diel variation
in broadband levels was attributed to cruise ship vessel passages. Anomalously high
broadband ambient sound periods on the scale of hours to days (i.e., August 21, 2016,
Figure 6.4) were associated with storms accompanied by high wind and rain.
Ano
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Figure 6.4- Long term spectrogram of broadband ambient noise levels
(dBRMS re 1 µpa in 50 Hz - 3 kHz band) recorded from the easternmost
hydrophone in the Bearsdlee Island Complex, Glacier Bay National Park,
Southeast Alaska in the summer of 2016. Primary sound sources annotated
with black brackets.

scale
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s of minutes (i.e., August 10, 2016, 10:30 AM, Figure 6.4) were associated with small
vessel passages through the survey area. Flow noise associated with spring tides,
appearing as diagonal stripes in Figure 6.4, also left a moderate acoustic signature,
although it is unknown how much of this noise is an artifact from flow noise over the
hydrophone element and how much is actual ambient noise from flow over rocks and
other environmental features.

6.4.3 Lombard Effect analyses
Ninety hours of acoustic recordings were subset from 49 days in June-August of 2015
and 2016. A total of 2,260 humpback whale calls were detected; 711 vocalizations
met inclusion criteria for the Lombard Effect analysis. The median source level of
calls was 131 dBRMS re 1 µPa @ 1 m in the bandwidth of the call (min= 100 dB,
max= 167 dB, Figure 6.5). Median RMSinband sound levels were 81 dB (min= 60 dB,
max= 106 dB, Figure 6.5). There was no evidence of a relationship between call
source level and year (drop-in-deviance, F1=1.74, p=0.3) or Julian day (drop-indeviance, F1=1.16, p=0.2), and these terms were dropped from the model. There was
no evidence of a quadratic relationship between source level and ambient sound, and
this term was dropped from the model (drop-in-deviance F1=2.78, p=0.1). There was
convincing evidence that call source level is associated with RMSinband, the ambient
sound in the band of the call (F1,709=323, p<0.00001). For every 1 dB increase in
RMSinband sound levels, the mean source level increased by 0.81 dB (95% CI 0.790.90, Figure 6.5). There was no evidence that the relationship between source levels
and RMSinband significantly differed based on the absence or presence of vessel noise
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(ANCOVA,
F707=0.08, p= 0.78,
Figure 6.5). On
average, humpback
whale call source
levels were 54 dB
greater than
RMSinband sound
Figure 6.5- Ambient noise levels (dB RMS in the bandwidth of the call)
versus source levels of humpback whale calls. The presence/ absence
of vessel noise is indicated by color.

levels (range 20-79
dB). There was

evidence of a positive relationship between signal excess and RMSinband ambient
sound (F1,709=8.20, p<0.0001). However, the estimated magnitude of the response
indicated a 0.3 dB change in signal excess for every 1 dB change in ambient noise
(95% C.I. 0.2-0.4), which is within the range of equipment and analysis error for
source level calculations and therefore should not be considered statistically reliable.

6.4.4 Call probability analysis
We examined 6 hours of recordings containing cruise ship passages for
visual/acoustic evidence of harbor seal roars (Phoca vitulina). Harbor seal
vocalizations with a SNR of at least 6 dB were detected in every 5-minute bin
examined, regardless of noise level (maximum broadband ambient sound level 122
dB). Out of the 360 samples, 30 contained broadband ambient sound values in excess
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of 112 dB. At no point in the manually reviewed data were harbor seal calls
spectrographically obscured by ambient sound (Figure 6.2).

A total of 102 scan point surveys spanning 29 days from June-August 2015 and JuneSeptember 2016 fit the inclusion criteria for call probability modeling. Within this
sample, 258 5-minute bins met the analysis inclusion criteria by having whales within
3 km of the hydrophone array and broadband ambient sound values less than 112 dB.
Thirty-three bins contained broadband ambient sound values in excess of 105 dB;
harbor seal roars were spectrographically evident in each of these samples. Eightynine bins (34%) contained at
least one humpback whale
vocalization with a SNR of 6 dB
or higher; sixty-six bins (26%)
contained at least one humpback
whale vocalization with a SNR
of 10 dB or higher. Vessel noise
was present in 122 bins (47%)
and absent in 136 bins (53%).
Because visual observations
were only made when Beaufort
Figure 6.6- Probability of a call occurring with (top) a
SNR of 6dB or higher or (bottom) a SNR of 10 dB or
higher as a function of broadband ambient sound;
overlaid on histograms of call occurrence (top of plots)
or absence (bottom of plots).

sea state conditions were 2 or
less ambient sound levels in this
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analysis were independent of weather events.

There was no evidence of a relationship between the likelihood of a humpback whale
call occurring with a SNR of 6 dB or higher and the number of whales within 3 km of
the hydrophone array, whales within 5 km of the hydrophone array, or the time of day
RMS 50−3000
Hzfrom the model. There was strong evidence of
(Table 6.2); these terms dB
were
dropped
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and broadband ambient sound levels (Figure 6.6, Table 6.2). There was strong
evidence of a relationship between the likelihood of a call occurring with a SNR of 6
dB or higher and the presence or absence of vessel noise (Table 6.2). For every 1 dB
increase in broadband ambient sound levels, the probability of a humpback whale call
occurring decreased by 9% (95% C.I. 8%-19%, Figure 6.6). After controlling for
ambient noise levels, the probability of detecting a call with a SNR of at least 6 dB is
25% lower (95% C.I. 15%-36%) when vessel noise is present than when vessel noise
is absent (e.g., the probability of detecting a call when vessels are present and
ambient sound levels are 99 dB, is 25% lower than when vessels are absent and
ambient sound levels are 99 dB; Figure 6.7).

Using the more conservative call inclusion criteria (SNR ≥ 10 dB) produced
functionally identical model results (Table 6.2). There was no evidence of a
relationship between the likelihood of a call occurring with a SNR of 10 dB or higher
and the number of whales within 3 km of the hydrophone array, the number of whales
within 5 km of the array, or the time of day (Table 6.2); these terms were dropped
from the model. There was strong evidence of a relationship between the likelihood
of a call occurring with a SNR of 10 dB or higher and broadband sound levels (Table
6.2, Figure 6.6). There was strong evidence of a difference in the likelihood of
detecting a call with a SNR of 10 dB or higher and the presence or absence of vessel
noise (Figure 6.7). For every 1 dB increase in broadband ambient sound levels, the
probability of a call occurring decreases by 10% (95% C.I. 4%-12%). At equal
ambient noise levels, the probability of a call occurring with a SNR 10 dB or higher
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when vessel noise is present is 30% (95% C.I. 19%-43%) lower than when vessel
noise is absent.
6.5 Discussion
This study documents two strategies that calling humpback whales (Megaptera
novaeangliae) on a North Pacific foraging ground employ in order to compensate for
natural and manmade noise sources in their acoustic habitat. By quantifying the
contributions of natural and manmade ambient sounds in this area of GBNPP and
quantifying humpback whale calling behavior within each of these ambient sound
regimes, we were able to investigate how humpback whales respond to natural sounds
versus vessel noise. We identified some strategies that are used equivalently
regardless of the noise source, and other strategies that differed based on sound
source. Importantly, this study also systematically documents humpback whale
calling behavior in the absence of human activities. Such baselines are rare and
arguably obtainable only within the bounds of marine protected areas like GBNPP
where human activities are limited.

There are three primary drivers of ambient sound levels the Beardslee Island complex
of GBNPP, each operating at a different temporal scale: (1) harbor seal (Phoca
vitulina) roars, (2) cruise ship and tour boat passages, and (3) weather events. Seal
roars are seasonally predictable in early summer months and between years; roars
occurred at all hours of the day without significant interruption throughout the
breeding season in both 2015 and 2016. Daily passages of cruise ships and tour
vessels are predictable at the scale of hours (1-4 hours twice daily) under
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predetermined tourism schedules. Because medium-sized daily tour vessels – namely
the daily Baranof Wind tour boat – and large cruise ships operate on similar
schedules, we were not able to discriminate between noise emanating from one vessel
type versus the other; their contributions to the soundscape are considered jointly.
Weather events are sporadic, can be acoustically extreme, and occur on the scale of
minutes, hours, or days. Elevated ambient noise associated with storm events
involving wind and rain persisted for the duration of the storm and manifested as
moderate (2-36 hour) periods of loud continuous sound. Noise associated with small
vessels in this region did not leave an obvious long-term acoustic signature on the
soundscape; this is likely due to the study area being bounded by an area off limits to
motorized vessels and due to the fact that this region is not along the direct path
travelled by vessels enroute to glacier viewing. Therefore, while small vessels
resulted in punctuated periods of intense sound when they actively traversed the
region, and noise from small vessels was frequently present at low levels, small
vessel activity could not be identified as a primary driver of ambient sound in the
study area. Caution should be exercised in extrapolating these results to other regions
of GBNPP or elsewhere. Harbor seal breeding activities, including roaring, are
spatially discrete, and will not contribute the same acoustic energy ubiquitously
throughout GBNPP. Similarly, in other regions small vessels may be present for
longer, travelling faster, and overlap more directly with important acoustic habitats.

Our results demonstrate that humpback whales increase the source levels of their calls
equally to compensate for both environmental and anthropogenic sounds. While it
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seems almost certain that humpback whales have a maximum ambient sound
threshold beyond which they can no longer increase their call amplitude there was no
evidence that this threshold was met under the conditions of this study. The
relationship between source levels and ambient sound was linear. Evidence of a
quadratic relationship, not observed here, would have implied a maximum ambient
sound level beyond which compensation remained steady. Furthermore, the
maximum observed call source levels documented in this study (167 dBRMS re 1 µPa
@ 1 m) were below the maximum plausible source levels of 175-180 dBRMS (Cato et
al. 2001, Au et al. 2006) documented for this species. Signal excess of calls did not
appear to diminish as ambient noise increased, indicating that compensation efforts
were equally successful throughout the higher noise conditions in this study. These
results are consistent with the Lombard Effect observed in migrating humpback
whales in response to wind noise, and confirm the finding that humpback whales are
capable of compensating for vessel noise when vessels are beyond 4 km and received
levels are moderate (Dunlop et al. 2014, Dunlop 2016). However, the higher ambient
noise levels observed in eastern Australia associated with close vessel passages (~127
dB) that resulted in a lack of vocal compensation by humpback whales were not
observed in this region of GBNPP (Dunlop 2016). Future investigation into the
calling behavior of humpback whales on foraging grounds at higher ambient noise
levels would be extremely valuable to assess whether there is a peak ambient sound
level beyond which humpback whales are either incapable or unwilling to employ the
Lombard Effect to communicate in noise.
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This study also provides evidence that humpback whale vocal activity diminishes as
ambient sound levels increase. Signal excess of calls is the same at 112 dB re 1 µPa
(our maximum observation level included in behavioral modeling) as 86 dB re 1 µPa
(minimum daily ambient sound level for this study), so the area over which a call can
be detected theoretically remains equivalent. We implemented several measures to
ensure that the detection of a call or lack thereof reflected a true absence of humpback
whale calling. Using harbor seal roars as a proxy, we demonstrated that a seal calling
in the same frequency range and approximate source levels of a humpback whale was
detectable given our chosen parameters. Additionally, we manually reviewed all high
noise periods and omitted any periods that would have masked humpback whale
calls. We therefore assert that periods in which a humpback whale calls were not
detected reflect a true absence of calling rather than an artifact of acoustic masking.

The shift in humpback whale calling activity associated with ambient noise
conditions observed in this study is consistent with other cetaceans that alter their
calling rates, either positively or negatively, in response to noise. Blue whales
(Balaenoptera musculus) call consistently more on days containing seismic survey
noise (Di'Orio and Clark 2010), presumably to compensate for a reduction in call
detectability associated with acoustic masking, while both beluga whales
(Delphinapterus leucas) and North Atlantic right whales (Eubalaena glacialis)
decrease their call rates in response to elevated vessel noise (Lesage et al. 1999, Parks
et al. 2007). Similarly, humpback whales in this study were less likely to call as
ambient noise levels increased. This reduction in calling may be partially due to the
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increased effort associated with calling more loudly; alternatively, humpback whales
may be waiting to call until there is a reduction in ambient sound levels. Both are
consistent with our results and would explain the difference in calling probability
observed during periods containing naturally occurring sounds, which were
dominated by harbor seals, versus periods containing vessel noise.

Although ambient noise associated with seals in this region of GBNPP is pervasive
and vessel noise temporally acute, humpback whales react less to harbor seal roars
than they do to vessel noise. Harbor seal roars substantially raise ambient noise levels
in the study area. During peak harbor seal breeding season, the broadband sound
levels of some time-bins containing seal roars but absent of vessel noise were as high
as bins containing cruise ship passages (Figure 6.4). Harbor seals use the Beardslee
Island region of GBNPP as a breeding ground from June through early August, and
males roar approximately once per minute throughout the 24-hour day (Matthews
2017a, Matthews et al. 2017b). Because multiple male harbor seals use this area, as
many as 15 to 25 roars with an average source level of 144 dB (Matthews et al.
2017c) could be detected in a 5-minute time period, which contributed substantially
to the acoustic environment. Cruise ship noise, by contrast, is louder at the source
than harbor seal roars (approximate source level 171 - 188 dB, Frankel and Gabriele
2017) and is continuous for as long as the vessel is within acoustic range (up to 40
minutes), but acoustic energy dissipates with distance and the diurnal cycles
associated with tourism in the Park result in two discrete times of day, a morning
entry and an evening departure, characterized by elevated ambient sound levels. So,
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while within the bounds of this study the ambient sound values associated with each
source appear equivalent, they are quite different in terms of their effect on the
acoustic ecology of calling humpback whales. In the presence of vessel noise
humpback whales stop calling more often than they do in the presence of seals alone,
even when ambient sound levels are comparable.

It is possible that the reduction in calling effort observed in this study is linked more
directly to the nature of the sound source than the source itself. Qualitatively,
humpback whale calls were often detected in between harbor seal roars, and only
rarely overlapped them. This may be an indication that whales adjust the timing of
their vocalizations in order to call in between periodic sounds, including roars. If
humpback whales are waiting for a break in noise levels before they vocalize, then
continuous noise sources like vessels may result in much longer periods between
calling bouts. In this study this manifested as a lower calling probability when vessels
were present versus when ambient noise levels were equally as high, but the sound
source was natural and typically more periodic.

Humpback whales demonstrate high degrees of acoustic plasticity (Payne and Payne
1985, Garland et al. 2011) and exhibit behavioral responses to changing sound
conditions that occur as a result of natural or human activities (Baker and Herman
1989, Miller et al. 2000, Dunlop 2016). In the case of the Lombard Effect, vocal
plasticity appears to increase resilience to changing ambient sound conditions by
allowing whales to maintain signal excess and thus communication space, which

163

presumably increases the likelihood of an animal communicating with their intended
receivers across ambient sound conditions.

It is unclear whether decreasing calling effort in the presence of vessel noise increases
humpback whale resilience to changing ocean soundscapes. In GBNPP, where quiet
periods occur between vessel noise events, the behavioral strategy of waiting for
relative quiet to communicate with conspecifics may result in clearer communication
with less effort expended. However, in the many parts of the ocean characterized by
chronic anthropogenic noise, this same strategy may not allow a sufficient number
opportunities to communicate over distances comparable to ‘quiet’ conditions (Clark
et al. 2009, Hatch et al. 2012 ), with potential negative impacts to individuals that
may have cascading effects. While the functions of foraging ground vocalizations are
not well understood, it is known is that humpback whales extensively use
vocalizations at high latitudes in concert with critical life functions (Gabriele and
Frankel 2002, Stimpert et al. 2007, Wild and Gabriele 2014, Fournet et al. 2018a). A
more comprehensive understanding of call use and timing, coupled with social and
behavioral context, would be extremely valuable for quantifying the risks associated
with anthropogenic noise in general and vessel noise in particular.

Vessel behavior in GBNPP allowed us to acoustically and visually document
humpback whale behavior during periods of relative ‘quiet’. Quiet ocean conditions
in which to study unaltered behavior are increasingly rare, and yet are critically
important for both understanding baseline animal behavior as well as potentially
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providing an acoustic respite for sound-sensitive species. Although humpback whale
calling behavior in this region may be specific to this acoustic habitat, the calling
behavior documented in this study will serve as a useful metric against which to
assess the ‘normal’ range of acoustic behavior in this widespread and dynamic
species.

Our findings highlight the importance of incorporating soundscape level analyses into
behavioral research to provide an acoustic context for calling behavior. It is our hope
that future studies will adopt this trend and that as a scientific community we will
generate a body of work that investigates the impact of anthropogenic noise from a
broader, ecosystem based perspective. Moreover, incorporating ambient noise metrics
such as the number and duration of noise-free intervals in various humpback whale
acoustic habitats may allow a better assessment of the biological ramifications of the
strategies used by humpback in response to anthropogenic noise.
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6.6 Tables
Table 3- Variable descriptions for logistic model testing the hypothesis that
humpback whale calling behavior is altered in response to ambient noise
conditions.
Response
Presence of humpback whale call (+6 dB
SNR)

Explanatory Variables
Ambient Sound (dBRMS 50-3,000 Hz)
Vessel Noise Present/Absent
Number of whales (3 km)
Number of whales (5 km)
Time of day

Presence of humpback whale call (+10 dB
SNR)

Ambient Sound (dBRMS 50-3,000 Hz)
Vessel Noise Present/Absent
Number of whales (3 km)
Number of whales (5 km)
Time of day
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Table 6.2- Daily median, 5th percentile, and 95th percentile ambient sound levels
(dBRMS re 1 µPa in the 50-3000 Hz bandwidth) by month.
Month

5th

May
June
July
August
September
Overall

88
90
93
86
86
87

median
dBRMS
95
99
103
94
92
97

95th
105
107
108
105
105
107

167

Table 6.3- Results of drop-in-deviance tests for logistic modeling with one of two
response variables: calls with a SNR of 6 dB or higher or calls with a SNR of 10
dB or higher. D indicates the deviance explained. Significant variables are
marked with asterisks. Coefficients are on the log odds scale.
Variable

SNR 6 dB Models
D

Ambient Noise dBRMS (50-

p given χ2

SNR 10 dB Models
Coeff

D

p given χ2

Coeff

14.72

0.0001

***

-0.1

9.66

0.0018

***

-0.08

16.23

0.0003

***

-1.1

8.25

0.004

***

-0.86

Time of Day

0.87

0.35

0.91

0.63

(n) Whales Within 2 km

0.22

0.64

-0.32

0.57

(n) Whales Within 5 km

0.6

0.44

0.12

0.73

3,000 Hz)
Vessel Noise Present/Absent
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7. CONCLUSIONS AND FUTURE WORK
The results presented in this dissertation expand the known body of work pertaining
to humpback whale calling behavior in general, and on Southeast Alaskan foraging
grounds in particular. By investigating call use across space and time I was able to
demonstrate that certain call types persist within the species’ repertoire. There are,
however, limitations associated with these studies. This work demonstrates that the
16 previously described Southeast Alaskan call types are stable across decades;
however, humpback whales in Southeast Alaska produce more than 16 call types.
Throughout this study many more call types were qualitatively identified; future work
undoubtedly should attempt to quantitatively classify additional calls produced in this
and other humpback whale populations worldwide.

Similarly, several call types that have not yet been formally documented in the calling
repertoire of either North Pacific or North Atlantic humpback whales appeared
subjectively to be shared by the two populations. Only a portion of the available
acoustic data was analyzed from either population, and a more in-depth analysis
would certainly reveal additional commonalities, as well as fine-scale differences, in
the calling behavior of these two allopatric populations. Of particular importance,
however, is expanding the scope of inference beyond foraging grounds to include
migratory corridors and breeding grounds. Global comparisons are one way to
uncover deeper knowledge about this species, drivers of their behavior, and their
evolution in the marine environment. Additionally, highly persistent call types –
whups, growls, droplets, swops, and teepees – would benefit from dedicated
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investigation, and observations of their use should be paired with behavioral context.
Portions of the data collected for this dissertation, but not yet analyzed, could (and
should) be used towards this purpose.

This work, importantly, provides insight into the function of one Southeast Alaska
call type: the feeding call. By aggregating opportunistic sightings, my co-authors and
I were able to describe an important feature in how humpback whales use feeding
calls, and were able to dissociate the exclusive use of this call from social behavior.
This work is useful in that we were able to narrow down the functional use of feeding
calls, but is also significant in that it validates the importance of long-term data
collection that includes behavioral observations and the importance of cross-platform
collaborations. Future steps include using playbacks to test other functional
hypotheses associated with feeding call use in Southeast Alaska.

The last two chapters of this dissertation concern themselves with the properties of
humpback whale calls and how humpback whales alter their calling behavior in
response to ambient sound. Critically, this work documents both ‘altered’ and
‘unaltered’ humpback whale calling behavior. By estimating source levels, and
documenting the signal excess associated with humpback whale calls in Glacier Bay,
we gain insight into intended audience, as well as practical parameters necessary for
modeling acoustic masking in this species. In documenting humpback whales’
response to noise, we can see that in some ways humpback whales are resilient to
anthropogenic noise, and in other ways they are less so. Behavioral adaptations that

175

may have served humpback whales well in the absence of anthropogenic noise, such
as reducing calling effort, may not be successful strategies for maintaining effective
communication in the modern era. It does appear, however, that in the context of this
local soundscape, humpback whales are capable, as needed, of maintaining adequate
source levels to ‘call above the noise’. This marks a management success, but one
that can only be heralded at a local scale; other locales with higher noise levels might
show a different result. Important next steps include a comparison of various
soundscapes within Glacier Bay, as well as to unmanaged waterways, to more
concretely assess the implications of vessel management in terms ambient noise on
foraging grounds. A comparison of humpback whale vocal behavior between these
contrasting noise conditions would be particularly enlightening.

Lastly, beyond the scientific merit of this research, the studies included in this
dissertation provided an educational platform for six undergraduate students, one
masters student, two PhD students, and several aspiring graduate students. As a result
of this dissertation, lesson plans have been written, podcasts have been made, videos
filmed and edited, and stories of research shared publically and privately. The impact
of these elements, while less easily measured, is essential toward building and
maintaining scientific literacy, culture, and community, and should be considered an
important contribution to this dissertation.
If you want to build a ship, don’t drum up the men to gather wood, divide the work,
and give orders. Instead, teach them to yearn for the vast and endless sea.
- Antoine St. Exupéry
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