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1. Introduction
1.1 Individuality in contact calls

Individual identity advertisement and individuacognition are important for inter-
individual social networks. The degrees of indility linked to social structure and complex
social interactions tend to favor strongly recogbie individual identity. The individual
information can be carried by physical charactesgiParr et al., 2000), odor (Johnston, 2003),
and vocalizations such as contact calls. Contdlst @ee used for vocal exchange to maintain
group cohesion and affiliation. Individuality in m@ct calls is reported in various species
groups such as birds (Cortopassi & Bradbury, 2@@@)mammals, including elephants (Soltis
et al.,, 2005), bats (Arnold & Wilkinson, 2011), mates (Marler & Hobbet, 1975), and
odontocetes (Caldwell & Caldwell, 1965). The présstudy focuses on contact calls in
odontocetes. Systematic studies of contact cali&lontocetes have been conducted on only
three species; the sperm whaRiyseter macrocephalus), killer whale Qrcinus orca), and
bottlenose dolphinTursiopstruncatus). Before a description of their contact calls, oibaete

vocalizations are introduced.

1.1.1 Primary odontocete vocalizations

Odontocete vocalizations are mainly classified tato types; whistles and pulse trains (Fig.
1.1). Whistles are narrowband tonal calls of re&si long duration and are used for
communication. Pulse trains are composed of assefiseveral very short broadband pulses.
Pulse trains are further acoustically divided—prigaby inter-pulse intervals—into two
types; burst pulses and clicks (Lammers et al.428risaka et al., 2011) (Fig. 1.1). Burst
pulses are composed of shorter spaced pulseshapdate used for communication. Burst
pulses with extremely short inter-pulse intervaften called pulsed tones, have a tonal quality

to human ears and are spectrographically sidebandisred (Watkins, 1967). Clicks



composed of more widely spaced pulses are genaralllyd echolocation clicks. They are
primarily used to detect prey or obstacles, andhtain information on the surrounding
environment. However, some species use clicksdomgunication as well as echolocation as

described in subsection 1.1.2.

150 ‘Whistle

Frequency (kHz)
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Fig. 1.1 Primary odontocete call types.

1.1.2 Contact calls of sperm whales and killer whales

Sperm whales belong to the family Physeteridaee#inkest diverging group of odontocetes.
Matrilineal “units” of sperm whales live in tropicand subtropical waters, and unit
composition is stable for a long time. The matahhunits form temporary “groups” with
one or more other units for periods of only howrgdays (Whitehead & Weilgart, 2000).
Sperm whales exchange stereotyped clicks calledid®o to reinforce social bonds
(Whitehead & Weilgart, 1991; Schulz et al., 200Bydas are composed of 3—-40 broadband
clicks (0—>20 kHz), last less than 3 s (Watkins &é&vill, 1977), and can be classified into
distinct types according to the click repetitiontpens and the number of clicks they contain
(Weilgart & Whitehead, 1997). The coda types intiaanit identity rather than individual
identity, since several coda types are shared amamgpers within matrilineal units (Rendell

& Whitehead, 2004; Schulz et al., 2011). In additionits forming a group have a similar
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coda repertoire and some of the coda types areshlsed by other groups. The units with a
similar coda repertoire are called an acousticri¢land the coda dialects are believed to be
the result of cultural transmission based on sde@ining (Rendell & Whitehead, 2003).
Thus, coda may function as a means not only of weihtity, but also of clan identity,
allowing units to identify other units of the sacian when they form groups.

It is suggested that individual differences existiining around the stereotyped rhythm of
a certain coda type (Antunes et al., 2011). Furtbedas contain individual differences
attributed to individuality in their species-spécisound-producing organ, or spermaceti
organ (Gordon, 1991). Each click composing the coalaprises several equally spaced
pulses, including a direct pulse generated at foaig lips, and reflected pulses from air sacs
at the anterior and posterior ends of the spermaiggn. Therefore, the inter-pulse intervals
of clicks are related to the size of spermacetaonygr as observed in several species,
individuality in inter-pulse intervals is a by-pnact of individual differences in the vocal tract
(Boughman & Moss, 2003) and is thought to be usethtlividual recognition within units.
Together, these findings reveal that codas aratukically coded contact calls with strongly
recognizable unit and/or clan identity informatiand less prominent individual identity
information.

Killer whales are the most basal species withimpbilidae. Killer whales are cosmopolitan
and are distributed in all oceans worldwide. Loag¥t, stable matrilineal “units” are the
fundamental element of killer whale society, andsely related matrilineal units, which
associate regularly with each other, are termedsp@Baird, 2000). Resident killer whales
exchange stereotyped pulsed tones, or “discrelg’ ¢Miller et al., 2004) to maintain pod
cohesion (Ford, 1989). The pulse repetition ratelis€rete calls is modulated over their
duration with several abrupt shifts; in additionme discrete calls contain a simultaneous

tonal component (Ford, 1991; Miller & Bain, 200QrK et al., 2002). Discrete calls continue



for 0.25-2.5 s in duration, and harmonics of theat@omponent distribute to over 100 kHz
(Schevill & Watkins, 1966; Miller & Bain, 2000). Bdiscrete call types with an overlapping
tonal component are used as long-distance contaits, ovhereas those without an
overlapping tonal component are used as close-remgact calls (Miller, 2006; Filatova et

al., 2009). The discrete call types indicate p@ohtdy rather than individual identity, because
pod members share 7-17 types (Ford, 1989; Ford,)18®reover, some of the call types
are also shared by other pods. The acousticalffe@lpods are called an acoustic “clan”
(Ford, 1991), and the vocal dialect is explainedchitural transmission based on social
learning (Yurk et al., 2002). Thus, discrete caiksy serve a function in clan identity as well
as pod identity.

A neural network technique showed some degree dvidguality within the stereotyped
pulse repetition pattern of a certain discretetypk (Nousek et al., 2006). Killer whales thus
also have hierarchical information in their contaatls, with strongly recognizable pod
and/or clan identity information and less prominiediividual identity information.

Sperm whales and killer whales therefore have daimegree of individuality in pulse-

type contact calls, or a slight individuality akin voice cues. In contrast, bottlenose
dolphins—with a complicated social structure—possongly recognizable individuality in

a whistle-type contact call.

1.1.3 Contact calls of bottlenose dolphins

Bottlenose dolphins are a Delphinidae speciesdhmdrged after the divergence of killer
whales, and are the most extensively studied odetdgcspecies. They are found in pelagic
and coastal areas of temperate and tropical waterklwide. The society of matrilineal
groups is of a highly fission-fusion type, in whigtdividuals associate in small groups that

change in composition, often on a daily or hour&gib, whereas mature males form long-



lasting, strong bond groups called alliances (Coetal., 2000). Bottlenose dolphins need to
facilitate strong individual identification to maain inter-individual relationships in this fluid

society. Caldwell and Caldwell found that isolatesttlenose dolphins frequently produced
particular whistle types and that their frequenocydolation pattern was stereotyped intra-
individually and differed inter-individually (Calds¥ & Caldwell, 1965; Caldwell & Caldwell,

1968; Caldwell et al., 1990). Those whistles aléedd'signature whistles,” and are defined
as the dominant whistle type in an isolation cont€aldwell et al., 1990; Sayigh et al., 1990).

Signature whistles are characterized by low-fregyé¢anal sounds from 1 kHz to 30 kHz,
and 0.1-4.0 s in duration (Janik & Sayigh, 2013xyPack studies revealed that dolphins
could recognize signature whistles of familiar asstes (Caldwell et al., 1972; Sayigh et al.,
1999) and that the frequency modulation pattersighature whistles conveys individual
information independent of voice features (Janikalet 2006). Thus, frequency contours
themselves function as referential signal of indiinals, akin to a “name” in humans.

During the first year of life, bottlenose dolphitsvelop signature whistles via production
learning (Sayigh et al., 1990; Fripp et al., 200%)oduction learning is defined as when
“signals themselves are modified in form as a teetilexperience with those of other
individuals” (Janik & Slater, 2000), and this legn has been observed in only selected
animals; songbirds, hummingbirds, parrots, eleghdrdts, pinnipeds, and cetaceans (Janik &
Slater, 1997; Poole et al., 2005). Bottlenose dalphlves model their signature whistles on
those of community members, but by modifying soeaures of the models, they create their
own signature whistles that are novel types forabm@amunity (Fripp et al., 2005). Signature
whistles are consistent for a long time (Sayighl et1990; Watwood et al. 2005), and dolphins
memorize conspecifics’ signature whistles for aste20 years (Bruck, 2013).

Further, bottlenose dolphins evolve elaborate iddi& recognition systems. Dolphins

often exchange their own signature whistles, butcmag occurs at a lower rate, where a
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responder called back with a copy of the precesdiggature whistles (Janik, 2000b; Nakahara
& Miyazaki, 2011; King et al., 2013). This copyimgs often found between close associates
such as mother—calf pairs and male alliances (Etrad., 2013). King & Janik (2013) provide
the possibility that such copying was used to agkltiee signature owner as we address family
or friends using their names.

As described above, the form of individuality imtact calls is different among species. To
elucidate the evolutionary pathway and adaptiveiBaance of various forms of individuality,
we need to increase our understanding of contdistinaother odontocete species. Recently,
the existence of individually distinctive contactlls was suggested in beluga whales
(Dephinapterus leucas) belonging to Monodontidae, and this study focusedontact calls

in belugas.

1.2 Beluga whales
Belugas are a circumpolar and annual-migratoryispe®ichard et al., 2001; Michaud,
2005; Colbeck et al., 2013; Svetochev & Svetoch@,3; Hauser et al., 2014). They
migrate long distances from overwintering areasigh-latitude polynyas to summering
areas in coastal and adjacent offshore watersnigl&ithought to occur from late winter to
early summer and calving seems to occur in the snng grounds (Bel'kovitch &
Sh’ekotov, 1993; Michaud, 2005; Meschersky et28]13). Details of beluga society are still
elusive, especially group composition in wintercéding to Michaud (2005), their group
composition in a summering area in St. Lawrenced&ygt Canada, was primarily classified
into two types, fission-fusion matrilineal groupscluding adult females, calves, and
juveniles; and long-lasting smaller groups of adodtles. Juvenile groups and huge mixed
groups of up to one thousand individuals were dooatly observed. Colbeck et al. (2013)

reported that matrilineal groups of Hudson Bay, &k maintain relationships with their
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group members during migration. However, they tendssociate with non-relatives during
summer, excluding mothers and calves who remaietheg. Moreover, several groups of
related belugas may intermingle in the same geseramering area, as is evidenced by the
lack of associations other than mother—calf paltremsampled in the summering areas. This
would require that matrilineal group members regaintact before departing for migration.

Beluga groups in the White Sea and the Amur Estirugsia, were also divided into two
types; females with calves and juveniles, and gsoap adult males, during summer
(Bel'kovitch & Sh’ekotov, 1993). Small groups comtiag 2-8 individuals were often
observed in these areas and they stay togethaildog time, but they temporarily form large
groups of 15-20 individuals. During migration, thedugas unite into larger formations of up
to several hundred of individuals. The high mobikind long-term associations in a fluid
social structure of both Canadian and Russian bslsgggest that this species may possess
strongly recognizable individuality in contact call

Belugas are often called “sea canaries” and raakariety of calls using tonal and pulsed
components (Sjare & Smith, 1986a; Bel'’kovitch & &totov, 1993; Recchia, 1994; Karlsen
et al., 2002; van Parijs et al., 2003; Belikov &I'Bevich, 2006; Belikov & Bel’kovich,
2007; Belikov & Bel’kovich, 2008; Vergara et alQ10; Panova et al., 2012; Chmelnitsky &
Ferguson, 2012; Alekseeva et al., 2013). A fewistithto contact calls suggest that belugas
use pulse trains for contact. van Parijs et al08@ollected vocalizations from temporarily
captured belugas in Svalbard, Norway. A mother—palf produced pulse trains, and the
mother often moved her head toward the calf duttvegproduction. A subadult female also
produced only pulse trains. These findings sugipastbelugas have pulse-type contact calls
especially between mothers and dependent youngaké&e& Barrett-Lennard (2008) and
Vergara et al. (2010) recorded vocalizations fraptive belugas at Vancouver Aquarium,

Canada. They reported that one type of pulse tfdype A” calls, served as contact calls
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especially between mothers and calves. The TypallAvas the most frequently produced
call type in isolation contexts. Moreover, a motherdominantly produced Type A calls the
day after the birth of two calves and the deatl ohlf on a different occasion, as well as
whenever she needed to regain or maintain coniétcher calf. In addition, there were vocal
exchanges of Type A calls between the mother—calf pergara et al. (2010) additionally
made recordings from temporarily restrained belugalse Nelson River Estuary and social
groups in the St. Lawrence Estuary, Canada. Thpdeamly restrained belugas in the Nelson
River Estuary produced only Type A calls. Furtherthe St. Lawrence Estuary recordings,
a mother swimming around her dead calf and pushalgng also produced a series of Type
A calls. The Type A calls were divided into fiveriants based on difference in pulse
repetition rate and energy distribution (Vergaraakt 2010). Although the five Type A
variants did not carry individual identity, the pdslity that each variant could exhibit
identity coding on the basis of some parametersn éveach particular variant per se does
not have individual distinctiveness, remains unesgid. Morisaka et al. (2013) suggested the
existence of individual identity in contact callsb®lugas. The belugas kept at the Port of
Nagoya Public Aquarium use one type of pulsed spti@1” calls, for vocal exchange; the
pulse repetition pattern of PS1 was different amibinge adults. Thus, it was speculated that
PS1 might have a functional role as contact calls@ntain high degrees of individuality as
do the signature whistles of bottlenose dolphinsweler, the study analyzed only a small
amount of data. Therefore, further investigatioP&1 should be performed to understand

the form of individuality in the contact calls oélngas.

1.3 Objective and overview of thesisresearch
Investigation of contact calls in a variety of bodontocete species is important to uncover

the evolutionary process and adaptive significariearious forms of individuality in contact
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calls. In this study, | increase our knowledge arfitact calls in belugas. The function of PS1
as a contact call and the form of individualityA81 are presented.

First, vocalizations of isolated belugas werenex@d in the Port of Nagoya Public
Aquarium, and the group-cohesion function and itdial distinctiveness of PS1 calls are
represented (chapter 2). Second, PS1 calls welectasl from other captive belugas kept at
Shimane Aquarium and | verified the function andiwduality of PS1 calls suggested in
chapter 2 were common features in belugas (ch8jptés a next step, playback experiments
would be needed to elucidate whether belugas u&ed?$ndividual recognition and which
acoustic parameter is the recognition cue. Howearyentional speakers cannot reproduce
broadband pulse trains such as PS1. Thereforbaipter 4, a broadband transmitting system
was established for playback experiments of P34.datrial of the PS1 playback experiment
was also represented. Chapter 5 summarizes thig ahd describes considerations for future
playback experiments. Further, the evolutionaryhywaly of odontocete contact calls is

discussed.
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2. Function and individuality in PS1 calls of belugas
2.1 Introduction

Individually specific contact calls in belugas hdeen reported at the Port of Nagoya Public
Aquarium by Morisaka et al. (2013). However, thedgtanalyzed only a small amount of data
taken over a short time period. Vocalizations wrected in various contexts; therefore, the
data may include context effects on the call rataamustic parameters. Further, the study
focused only on the temporal domain for compardfandividuals and spectral characteristics
were not described. Thus, it would be useful testigate PS1 calls of belugas in the aquarium
to evaluate their usage as contact calls and expfadividual distinctiveness in various
acoustic parameters.

The production of individually distinctive contasalls can be reinforced in isolation contexts
where isolated and non-isolated individuals calhform one another of their presence; such
contexts have been used to identify signature Velsish bottlenose dolphins. Caldwell et al
(1990) revealed that signature whistles of moshefcaptive dolphins represented more than
90% of all whistles produced in such isolation eois. Signature whistles produced by
temporarily captured mothers and calves also adeduor 73%—92% of all whistles (Sayigh
et al., 1990). Subsequent studies suggested cesgprindent usage of signature whistles:
Janik et al. (1994) showed that signature whistleie most common (80% of all whistles) in
isolation but their frequency was reduced to appnakely 50% in a trained discrimination
task where a dolphin chose one of two objects ptedesimultaneously. Janik & Slater (1998)
reported that isolated and non-isolated captiveldos produced signature whistles most
frequently (32%-92% of all whistles) when one indial swam separately from the other
members in a pool, but they produced almost onhygignature whistles (98% of all whistles)
when all individuals swam together in the same paéfitwood et al. (2005) demonstrated that

signature whistles comprised 59%-100% of all whssih temporarily restrained dolphins,
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while the rate was reduced to an average of 39%@@swimming contexts. Further, allied
males produced signature whistles more frequed®yo on average) of all whistles when
they were voluntarily separated from their partrt@en when they were together (30% on
average) and during consortships with females (2&%verage).

The frequency and individual distinctiveness oflP&lls in isolation were therefore
important indicators for suggesting whether PSisdave a function in group cohesion and
individual advertisement. Thus, in the present taah isolation context was provided for
each beluga with the exception of the mother atidishima et al., 2015). PS1 calls from
a calf were also collected in a context where he las mother or another subadult were
separated from the other belugas. | examined dwuéncy of PS1 calls and individuality in

both temporal and spectral parameters.

2.2 Materialsand methods
2.2.1 Facility and subjects

Recordings were performed at the Port of Nagoydi®@guarium, Aichi, Japan between
September 2013 and May 2014. The facility held fedugas, one adult male (NM1); two
adult females (NF1, NF2); one subadult female (NBBY one male calf (NM2). Figure 2.1
shows the genealogy of the beluga group. NM1 caome the White Sea, Russia in 2001 and
his age was estimated to be 36 years old. NF1 &filddme from the Russian Far East in
2001 and their ages were estimated to be 19 angds’s old, respectively. NF3 and NM2
were born in the aquarium and were half-siblings3 s the daughter of NM1 and NF1, and
was six years old. NM2 is the son of NM1 and NR&#] was 13 months old. All ages given
are correct as of September 2013.

A schematic view of the beluga pool is represeirtddg. 2.2. The main pool (308%aurface

area and 6.3 m deep) is connected to two sub-padisiding pool (52 msurface area and
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5.1 m deep) and a medical pool (53 sarface area and 5.0 m deep). The three pools were

separated by metal lattices but were linked accaibi

15-year-old female
from Russia (2001)

36-year-old male

19-year-old female
from Russia (2001)

from Russia (2001)

13-month-old male

6-year-old female
captive born

captive born

Genealogy of the belugas kept at the éfddagoya Public Aquarium as of

Fig. 2.1
September 2013.

Hydrophone (L)
at 1 m depth

/

Hydrophone (R)

Main pool
Holding pool

Fig. 2.2 Schematic view of the beluga pool inBwet of Nagoya Public Aquarium.
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2.2.2 Data collection

Each of the three belugas, except the mother MBZlee suckling calf NM2, were isolated
and kept alone in the medical pool for recordings2 and NM2 could not be individually
separated; therefore, they were kept togethereimtédical pool. In May 2014, NF2 and NM2
were separated, because NF2 came into estrousigoihis time, the three adults were kept
together in the main pool and NM2 and NF3 were kegéther in the medical pool. It was
the first long-term separation between the mothadf—air; therefore, | predicted that they
would frequently produce PS1 calls. There were flugsisolation patterns: “NM1,” “NF1,”
“NF3,” “NF2 & NM2,” and “NF3 & NM2.” Recordings wes conducted between 08:00 and
18:00, excluding feeding and training times. Eaatording continued for 30 min, with the
exception of two 20-min sessions. A total of 46oreing sessions over 22 h and 40 min were

performed (Table 2.1).

Table 2.1 Number of sessions and total recording for each isolation pattern.

Isolation pattern NMI1 NF1 NF3 NF2&NM2 | NF3&NM2
Total recording time [min.] 560 180 270 290 60
(Number of sessions) (19) (6) 9 (10) (2)

Acoustic recordings were performed using two TC3Bydrophones (Reson Inc., Denmark)
covered with polyvinyl chloride (PVC) pipes. Thegm installed at the right and left sides of
the medical pool at 1 m depth and spaced 7.5 nt &pan one another (Figure 2.2). These
hydrophones exhibit a flat frequency response ftodz to 170 kHz (-211 + 3 dB rejPa/V
at 1 m). The hydrophone signals passed throughriakvg bandpass filter from 1 kHz to 200
kHz, and were amplified by 50 dB using an Aquafedllepreamplifier (AquaSound Inc.,
Japan) with a flat frequency response to 200 kBzB). The outputs were connected to two

separate channels of an EZ7510 data recorder (NR&uan), which digitally converted the
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analog signals from each channel sampling at 500 ddd 16 bitsObservations were made
from an underwater window of the medical pool usaangVIS HF R11 video camera (Canon

Inc., Japan).

2.2.3 Call classification

The classification of calls was required in ortlerestimate the predominant call type in
isolation contexts. Belugas produce various compédis using tonal and pulsed components,
although a standardized categorization method bilseen established. Previous studies tend
to classify using narrow categories and those caiegdiffered among studies (Sjare & Smith,
1986a; Bel’kovitch & Sh’ekotov, 1993; Recchia, 1984risen et al., 2002; van Parijs et al.,
2003; Belikov & Bel’kovich, 2006; Belikov & Bel’koeh, 2007; Belikov & Bel’kovich, 2008;
Vergara et al., 2010; Panova et al., 2012; Chnsipi& Ferguson, 2012; Alekseeva et al.,
2013).

In the present study, echolocation clicks, whichehhigh directivity (Au et al., 1987) and
have IPIs generally longer than 20 ms (Morisakal et2013), were excluded from the data
and remaining calls were divided into five broadategories. | classified the calls based on
visual and aural inspection using Audacity vers2oh5 (The Audacity Team). Spectrograms
were generated with 1024-point FFT, a Hamming wmdmnction. | identified four
commonly produced call types: a) one type of putsdd‘PS1,” b) one type of combined call
“Cl,” ¢) short calls “S,” d) whistles “W,” e) thetlzers “O” category (Fig. 2.3). The acoustical
definition of each call type was as described bglehghima et al., 2015):

a) PS1: One type of pulsed call. To human eaesfixled pulse train sounds like a ratchet or
a door creaking and it is easy for humans to disoate as a PS1 call (Morisaka et al., 2013).
Energy distributes broadband from less than 1 kplzauat least 170 kHz, and this call

continues for more than 150 ms. | added a typeooilined call, comprising a mixture of
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pulsed and tonal components, irregularly to thiegary. The pulsed components resemble
PS1, and the tonal components overlap in both temhpad frequency domains.

b) C1: One type of combined call. This call cotsst#f two components: one is composed of
high-frequency broadband pulses, and the otheswiflequency narrowband tones or low-
frequency narrowband pulses with different pulgeetéion patterns. The two components
occur concurrently, but their frequency componeiatsot overlap.

c) S: Short calls. Low-frequency and tonal calithvand without some discrete harmonics.
The duration is less than 150 ms, and several aadlsepeated within 100 ms.

d) W: Whistles. Low-frequency and tonal calls wathd without some discrete harmonics.
The duration is more than 150 ms.

e) O: Others. This group includes pulse traingiothan PS1 such as pulsed tones (Watkins,
1967). This category also includes combined calemthan C1 such as graded calls with

transitions from pulses to whistles (Murray et 2098), and noisy calls.
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Fig. 2.3 Examples of classified call types: a) A§1C1, ¢) S, d) W, and e) O. The
horizontal and vertical scales vary among call $ype
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2.2.4 Caller identification

Sound arrival time differences recorded by the twdrophones were calculated using
custom written MATLAB software (2015) to discrimbesbetween the PS1 calls from isolated
and non-isolated belugas. The onset of PS1 was et threshold that was nearly three times
greater than the noise level. The sound speed ppasxmately calculated as 1504 m/s using
the Medwin equation at a salinity of 30.0 ppt amahperature of 16.1°C (Medwin 1975). The
hydrophones were separated from one another byn7.5hus, the time difference was
calculated to be between -5 and 5 ms approximéedy 2.4).

Calls from beluga calves, including NM2, frequgridb-occur with continuous emission of
small bubbles referred as “bubble streams” (VergarBarrett-Lennard, 2008; Hill et al.,
2011) (Fig. 2.5), which is similar to the whistlesbottlenose dolphin calves (McCowan &
Reiss, 1995a; Killebrew et al., 2001; Morisaka let 2005a, 2005b). Therefore, concurrent
bubble streams were also used to identify PS1 fralfls NM2 in NF2 & NM2 and NF3 &
NM2 isolation events.

In cases where there was ambiguity in identifyirigether the PS1 production was that of an

isolated animal, the call was counted but excludex the isolated individual calls.

/
& "A’l&—‘ e

Fig. 2.4 Sound arrival time differences betweanttino hydrophones (R and L). There was
no time difference on the green line. The intebetiveen adjacent lines was 1 ms.
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Fig. 2.5 Bubble streams co-occurred with PS1 prodn of NM2.

2.3 PS1 analyses
2.3.1 Acoustic parameters
Acoustic characteristics of PS1 were analyzedgainsoft SASLab Pro version 5.2 (Avisoft
Bioacoustics, Germany). If at least one of the &Ik from the two hydrophones had a good
signal-to-noise ratio, the call with the best sigieanoise ratio of the two sets of PS1 data was
used in the analysis. Pulses composing PS1 weoeatitally detected by the “Pulse Train
Analysis” function. In cases where reflecting pslé@ad been counted or where direct pulses
with lower amplitude had not been counted, the custed pulses were corrected manually.
Five temporal parameters were extracted for idgiai comparison: the number of pulses
(Np); duration (DUR); pulse repetition rate (PRR); i@ge inter-pulse intervals (IPIs) of pulse
nos. 11-20 (IPI 1); and average IPIs of pulse hbs20 from the last (IPI 2) (Fig. 2.6)p ¢
the number of pulses composing PS1. DUR is timgtlefrom the peak of the first pulse to
that of the last pulse in PS1. PRR is divided by DUR. IPIs were indicated by the time
differences from the peak of the preceding puldbabof the following pulse and averages of
the two parts of PS1, IPI 1 and IPI 2, were cakedlaUnivariate statistical comparison of
these parameters was made using Kruskal-Walliotesie-way ANOVA. Change in IPIs as

a function of time, termed “IPI contours,” wereabepicted and compared visually.
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Spectral analysis was performed using the “averggmwver spectrum” function in the
software. Power spectra were calculated at thrése pacations within PS1, the third pulse,
the middle pulse, and the third pulse from the [Eisé power spectra of pulses were quantified
for the 1.5 ms of data containing each direct pudsel were calculated by a 256-point FFT
with Hamming window. The spectra were then smootasithg a five-point window. To
examine noise effect on the PS1 spectra, noisérapeere calculated using non-call windows
before the onset of the PS1 calls. As a resultnthse level below 5 kHz was consistently
high and considered to affect the PS1 spectraff€eency range above 6 kHz was therefore
used for further analyses, and the maximum soened (SL) in the range was set as zero to
compare relative spectra. Four spectral parameters extracted from the spectra: peak
frequency (k); 10 dB bandwidth (10 BW), which is the frequerognd at a level of -10 dB
from the peak; the lower frequency of the 10 BW; @&nd upper frequency of the 10 BW)F
(Fig. 2.7).

First, it was investigated whether there was spectrange along with the pulse order
within PS1 for each individual. The relative povgpectra were averaged at each pulse
location and then the averaged spectra among tee fpulse locations for each animal were
compared using the four parameters. Second, thermpspectra of the middle pulses were
compared among individuals. Visual comparisons wesde of the middle pulse spectra,
and univariate statistical comparison of the patarmsevas carried out using Kruskal-Wallis
test or one-way ANOVA. The temporal and spectrahpeeters are summarized in Table 2.2.
All statistical analyses were performed using Rvsafe version 3.1.0 (The R Foundation for

Statistical Computing).
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Fig. 2.6 Example of average IPI measurementsl iBithe average IPI of pulse nos. 11—
20, and IPI 2 is the average IPI of pulse nos. Qf+#@n the last.
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Fig. 2.7 Spectral parameters used for individoahgarison: peak frequencypfF10 dB
bandwidth (10 BW), which is the frequency band kv&l of -10 dB from the peak; the
lower frequency of the 10 BW (jf-and upper frequency of the 10 BW)XF
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Table 2.2 Temporal and spectral parameters useddividual comparison of PS1 calls.

Parameters Explanation

Np Number of pulses

DUR Duration

PRR Pulse repetition rate

IPT 1 Awverage IPIs of pulse nos. 11-20

IPI 2 Average IPIs of pulse nos. 11-20 from the last
Fo Peak frequency

10 BW 10 dB bandwidth
Fy Lower frequency of the 10 BW
F. Upper frequency of the 10 BW

2.3.2 Potential for individual coding

Acoustic cues encoding individual identity needhiow high inter-individual variability and
high intra-individual stereotypy to support indiual recognition. Potential for individual
coding (PIC) is the ratio of inter-individual vati@n to intra-individual variation (Robisson et
al., 1993). PIC was used to identify which paramseteave possibility to carry individual
information in various species, for instance irdbi{Robisson et al., 1993; Mathevon et al.,
2003; Moscicki et al., 2011), primates (Lemassoralet 2010; Salmi et al.,, 2014), and
pinnipeds (Charrier et al., 2002; Charrier et2010; Trimble & Charrier, 2011).

Coefficients of variation (CV) were used to delserihe inter- and intra-individual variations
of each measured parameter. CV between individ@akg) was calculated according to the
formula:

CV, = SD/X X 100 (2-1)

D is standard deviation arnXl is the mean calculated for the overall samples.vit¥in

individuals (C\Wy) was calculated using the formula for small sasiple
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CV, = SD/X x (1 + 1/4n) x 100 (2-2)

D is the standard deviatioK,is the mean, andlis the sample size for an individual. PIC was
assessed as follows:

PIC = CV,/meanCV,, (2-3)

Themean CVy is the mean value of tl@&v,, for all individuals. Acoustic parameters showing
a PIC score greater than 1 may be a useful feduradividual recognition since their inter-

individual variability is greater than their intnadividual variability. This study assessed PIC
for the five temporal and four spectral paramet#r®S1, and evaluated which parameters

might encode individuality.

2.3.3 Discriminant function analysis

Discriminant function analysis (DFA) was performtedclassify PS1 calls into individuals
based on the acoustic variables. Before running ,Da& multicollinearity, multivariate
outliers, multivariate normality, and homogeneitly \@riance-covariance matrices were
investigated.

The data set of the nine variables, NUR, PRR, IPI 1, IPI 2, £ 10 BW, Fk, and kg, were
prepared. The variance inflation factors (VIFs) evealculated for each parameter by using
the “vif” function in the R package “car” to deteuoulticollinearity (Fox et al., 2015). There
is a danger of multicollinearity when VIFs are dezahan 4. The parameters with high VIF
scores were excluded from the data set to obtaks \léss than 4 from the remaining
parameters. Potential multivariate outliers onrédraaining data set were searched for using
robust Mahalanobis distances with a 97.5% qua(itedhausen et al., 2008). The detected

outliers were excluded, but if most PS1 calls gbaaticular individual were regarded as

27



outliers, they were included in the DFA. Multivaganormality was examined by Shapiro—
Wilk test using the R package “mvnormtest” (Jai5), and the homogeneity of variance-
covariance matrices was inspected by Box’s M tesiguthe “powerTransform” function in

the R package “car” (Fox et al., 2015). Becauseddia set did not satisfy multivariate
normality and homogeneity of variance-covariancerices, quadratic DFA was performed
using the “gda” function in the R package “MASS'ifRey et al., 2015). The performance of
guadratic DFA was quantified using a jack-knifevie@ne-out cross-validation. Stepwise
DFA using the “stepclass” function in the R packddaR” was also executed to find the most

informative parameters (Weihs et al., 2005).

2.4 Results
2.4.1 Frequency of each call type

A total of 6817 calls, including 2633 PS1 call2p2 C1 calls, 793 S calls, 628 W calls, and
1561 O calls were recorded from both the isolatedithe remaining belugas in 46 isolation
events. PS1 was the predominant call type, andpoedB8% of the total calls followed by
18% of S, 12% of C1, and 9% of W (Fig. 2.8).

The number of each call type was variable amosgiges as shown in Fig. 2.9. PS1 did not
account for the highest percentage during evergra¢ipn and in several sessions PS1 did not
occur. Session nos. 45 and 46 corresponding to &NB/A2 isolation events, or the NF2—
NM2 (mother—calf) separation, had the highest oalnbers. By excluding the last two
sessions, the percentage of each call type wasa8®%1, 21% of S, 15% of C1, and 10% of

W, with PS1 being the major call type.
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Fig. 2.8 Proportion of each call type in totalssess.
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Fig. 2.9 Frequency of each call type per session.

2.4.2 Individuality in PS1
Of the 2633 PS1 calls, 647 calls were identifisdtee production of the isolated belugas,
including 24, 156, 331, 56, and 80 for NM1, NM2,NINF2, and NF3, respectively. NF2 had
the least number of isolation events but a highlmemof PS1 calls were obtained from her.
Of the 647 calls identified from isolated belugh87 were further analyzed, including 16,

33, 97, 20, and 21 for NM1, NM2, NF1, NF2, and NFpectively. Figure 2.10 presents
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waveforms and spectrograms of individual PS1 cadllest of the PS1 calls from NM1
contained tonal components at around 13 kHz, aisdsthucture was not found in any of the
PS1 calls from the other individuals.

Temporal characteristics of PS1 for each belugalaoen in Table 2.3. The Kruskal-Wallis
test revealed thatJNPRR, IPI 1, and IPI 2 were significantly diffetecmong individualsK§
< 0.0001), but that DUR did not differ significaniP = 0.316). PIC values greater than 1
were found in §, PRR, and IPI 1, with PRR holding the highest gadfi 1.57.

Sixteen examples of IPI contours are depicteddohendividual in Fig. 2.11. The subjects,
excluding the calf NM2, exhibited individually unig IP1 contours which were stereotyped
intra-individually and differed inter-individuallyNM1 had consistent lower IPIs at the
beginning, and his IPI contours were easily disorated from others. In contrast, the three
females (NF1, NF2, and NF3) had similar IPI consptut they contained slight differences.
The IPIs of NF1 and NF2 decreased at approximdbelysame time from the initial pulses,
but the slopes of IPI contours of NF1 were geritian those of NF2. On the other hand, the
slopes of IPI contours in NF1 and NF3 resembleth etirer, but a decrease in the IPIs of NF3
occurred more rapidly from the initial pulses thhase of NF1. No stereotypy was found in
the IPI contours of NM2 and the calf’s IPIs gredhlyctuated over the duration.

Power spectra were averaged at each pulse locatbthe averaged spectra were compared
among the three pulse locations for each individ8glectral parameters calculated in the
range above 11 kHz were used because the averagest ppectra of all belugas showed
similar patterns with an energy peak at 6 kHz beldkHz. No individual exhibited high
degrees of difference in,F10 BW, k and ks depending on pulse locations (Table 2.4). This
suggests that there was no distinctive spectraigdalong with the pulse order in PS1 calls.
Power spectra of middle pulses were thus selecteepesentatives of the pulses comprising

PS1 calls and were used for individual comparison.
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Figure 2.12 presents sixteen examples of the pepwectra of the middle pulses. Visual
comparisons suggest that, unlike IPI contours, gbeer spectra did not have obvious
individual distinctiveness and consistence. Charastics in spectral parameters are shown in
Table 2.5. A one-way ANOVA revealed that F, and k were significantly different among
individuals < 0.0001), although 10 BW did not differ significen(P = 0.696). All spectral
parameters had a PIC score greater than 1.

For DFA, multicollinearity was investigated. Tharameters, p 10 BW, k, and k had high
VIF values. Excluding them from the data set, thmaining five parameters had VIFs less
than 2, and the danger of multicollinearity wasnatiated. In DFA, the number of variables
had to be lower than one third of the least nunabendividual samples (McGarigal et al.,
2000). NM1 had only 16 samples, therefore fivealalgs could be used for the DFA and the
number of the remaining variables fulfilled it. Botial multivariate outliers were found in the
remaining data set (Fig. 2.13). Since all of th& E8ls from NM1 and most of the PS1 calls
from NM2 were regarded as outliers, they were idetliin the DFA, with the exception of the
outstanding one from NF1. The samples from NF1 eg¢d be reduced to decrease disparity
in sample size and increase the effectivenesseoDIFA (McGarigal et al., 2000), thus 33
samples were randomly selected, which was the samber used for NM2, and sample size
fell into the range of 16-33. Because the datads@tnot satisfy multivariate normality
(Shapiro—Wilk testP < 0.0001) and homogeneity of variance-covarianctices (Box’s M
test,P < 0.0001), quadratic DFA was performed. The quadlf2fEA based on five variables,
DUR, PRR, IPI 1, IP1 2, andbFresulted in correct classification rates of 87,388%, 81.8%,
70.0%, and 85.7% for NM1, NM2, NF1, NF2, and NF&pectively, with an overall correct
classification rate of 80.5% (Table 2.6). The npmsterful discriminator detected by stepwise

DFA was IPI 1, followed by §
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Fig. 2.10 Examples of PS1 calls from five beluggdiM1, b) NM2, c) NF1, d) NF2, and
e) NF3. The top graphs represent waveforms, antddttem graphs represent specrograms
(FFT size: 1024 points; window: Hamming; overlaP%g. The PS1 call from NM1
contained tonal component at around 13 kHz.
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a) NM1

b) NM2
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c) NF1
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Fig. 2.11 IPI contours of PS1 calls from five lmgde (n = 16): a) NM1, b) NM2, c) NF1, d)
NF2, and e) NF3. Sixteen examples each from NM2,,Nf2, and NF3 were randomly
selected to match the number of depicted IPI castoiNM1 from which the smallest
samples were collected.
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Table 2.4 Characteristics of the averaged powectsp at three pulse locations along the
third pulse, the middle pulse, and the third frdma kast of PS1 calls.

D NM1 NM2 NF1 NF2 NF3
n 16 33 97 20 21
3rd 109 115 29 113 109
ngl’z) Middle 113 117 29 117 107
3rd from the last 109 117 29 115 109
10BW 3rd 133 [14-147] 72[80-152] 113[12-125] 72[76-148] 88[70-158]
[F;- Fyl Middle 126 [22-148] 64 [86-150] 111 [12-123] 70[78-148] 82[72-154]

&HD) 3 4fom the last 119 [22-141] 64 [82-146] 74[12-86] 72[76-148] 88 [68-156]

Note: k, peak frequency; 10 BW, 10 dB bandwidth;tke lower frequency of the 10 BW;
Fu, the upper frequency of the 10 BW.
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d) NF2
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Fig. 2.12 Power spectra calculated at the middlseplocation within PS1 calls from five
belugas (n = 16): a) NM1, b) NM2, c) NF1, d) NFAda) NF3 (FFT size: 256 points;
window: Hamming; smoothing: 5 points). Sixteen epéea each from NM2, NF1, NF2, and
NF3 were randomly selected to agree with the nurabdepicted power spectra of NM1
from which the smallest samples were collected.
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Fig 2.13 Multivariate outliers searched by robdsthalanobis distances with 97.5%
guantile. The samples are represented from thénléfie order of NM1, NM2, NF1, NF2,
and NF3. Red circles show the outliers. The armdicates the outstanding outlier from
NF1.

Table 2.6 Results of the quadratic DFA basedwn ffiarameters: DUR, PRR, IPI 1 IPI 2
and k.

Correct

NMI1 | NM2 | NF1 | NF2 | NF3 n rate (%)

NM1 | 14 2 0 0 0 16 87.5

NM2 1 26 2 4 0 33 78.8

NF1 0 2 27 0 1 33 81.8

NF2 0 2 2 14 2 20 70.0

NE3 0 0 3 0 18 21 85.7
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2.5 Discussion

This chapter investigated frequency and individlisiinctiveness of PS1 calls in isolation
in order to elucidate whether PS1 calls served asetion in group cohesion and which
parameter encoded individuality. PS1 was the nrespuently produced call type in the total
isolation events (Fig. 2.8), which suggests thdt ®&s used for group cohesion. The PS1 call
rate was variable among sessions and no PS1 calisgound in some sessions (Fig. 2.9).
Janik & Slater (1998) stated that, “Signature wasstvere the most common whistles in the
isolation context but did not occur during everpamtion.” The rate of PS1 production was
possibly related to various factors, such as dgtstiate, presence of trainers at the poolside,
and the habituation through separation noted imegige whistles in bottlenose dolphins (Esch
et al., 2009). The belugas, excluding the calf,emamractically trained to be isolated in the
experimental pool, and they might have become aomesl to being segregated from their
pool mates. The time from separation to the sfahierecordings varied among sessions, and
it also seemed to cause different degrees of hatiotu Several factors might influence their
motivational state, and may have introduced vaitgio PS1 call rate. The remarkably high
numbers of PS1 calls in session nos. 45 and 46 lkelg due to the first long separation
between the mother NF2 and the calf NM2 (Fig. 2% calf dramatically produced PS1
calls at the metal lattice once he was segregadedtiis mother, while he only produced three
PS1 calls in all of the NF2 & NM2 sessions wheresafed with his mother. This was a strong
indication that PS1 calls had a function in motlati-cohesion. Vergara & Barrett-Lennard
(2008) and Vergara et al. (2010) supported thisipddy, and reported a high number of
mother—calf contact calls whenever a mother ne¢al@dgain or maintain contact with her
calf. NF2 and NM2 needed to exchange PS1 callsiémeity to contact each other, and it might
have activated the vocalizations of other individu&élowever, the possibility that the high

call rate was associated with the reproductive@easuld not be ruled out. The two sessions
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were made in May when three adults were reprodeigtiactive, and season might be related
with increase in vocal activity.

Many samples were collected from the adult fen#fd despite the smallest number of
sessions (Table 2.1). As NF1 was a strong charactdrwas the oldest and largest female, the
high call rate might be related to the social réBlke appeared to be the top-ranking among
females based on previously utilized criteria (Reégc1994), although dominance was not
specifically measured. Dominant belugas possiblydpce PS1 calls at higher rates to
instigate and control the movement of other growgmipers, as seen in black-billed gulls
(Larus bulleri) (Evans, 1982) and green woodhoopdesoéniculus purpureus) (Radford,
2004).

PS1 spectrograms revealed that only PS1 calls fiteenadult male NM1 had tonal
components at around 13 kHz (Fig. 2.10). Of the Tiype A call variants (A1-A5) described
by Vergara et al. (2010), these PS1 calls are ainul A1, which was produced by an adult
female and her two offspring. A1 has an average BRIR.6 pulses/s, 1.2-1.9 s in duration,
and it consistently contains a tonal componenta kHz. The A4 call overlaps with Al in
PRR and duration but lacks the tonal component,iargimilar to PS1 calls produced by
individuals other than NML1 in the present studyerBfiore, some of the Type A calls may be
regarded as PS1 calls. A larger sample size isatketedfind out the role of the common tonal
components in PS1 and Type A calls.

Individual difference existed in the IPIl contowfsPS1 calls. NM1 had apparently specific
IP1 contours, and NF1, NF2, and NF3 had similat, distinct IPI contours (Fig. 2.11). The
belugas might recognize these slight temporal wiffees, since they have a high temporal
resolution of around 1400 Hz in cut-off frequenkyighin et al., 2000).

The consistent patterns in the initial part ofdBihtours were possibly more informative (Fig.

2.11). This was supported by the PIC results shgwhat IPI 1 had a PIC value greater than
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1, but the PIC value of IPl 2 was lower than 1 (&ab.3). It was also inferred by vocal
exchange pattern. Responses occurred within 188%h of PS1 exchanges by two different
individuals, and most of those were overlappinghexges, or instances when the second
caller responded before the termination of thd Gedler's PS1 (Morisaka et al., 2013). This
suggests that belugas recognize and reply to tt&l ipart of PS1 calls. Likewise, Vergara et
al. (2010) described that Type A calls were usednitiphonal call matching exchanges, and
they also contained overlapping exchanges.

NM2 produced temporally fluctuating PS1 calls aheytco-occurred with bubble streams
(Fig. 2.5; Fig. 2.11). NM2 was aged 21 months iBNFNM2 session nos. 45 and 46 when
several PS1 calls were collected from NM2. It w#emred that he was still in the course of
vocal production learning (Janik & Slater, 2000/@n morphological development. This
hypothesis was supported by the following factstenteeluga offspring develop the similar
type of pulse train described here until they ateast one year old, and the vocal development
process continues past his first year of life (\#eag& Barrett-Lennard, 2008); strong mother—
calf bonds last until calves are at least threesyelal (Krasnova et al., 2014) and wild beluga
calves live in fluid matrilineal groups (MichaudQ@5); and captive male belugas reach
maturity at nine years old or older (Robeck etZz005; Brodie et al., 2013). If this assumption
is true, belugas develop stereotyped individualsdalter than bottlenose dolphins, which
develop them during the first year of life (Sayigal., 1990).

Duration lacked individual distinctiveness. Uniadé statistical analyses revealed that DUR
did not differ significantly among individuals atthigh other temporal parameters were
significantly different (Table 2.3). The PIC measuwf DUR also indicated that inter-
individual variability was less than intra-individluvariability. Similarly, duration was not
consistent in signature whistles. In the signawinestles of bottlenose dolphins, each of the

repeated basic contours is called a loop. The numibkops, loop duration, and the inter-
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loop interval, which are related to whistle duratiovere affected by motivational state (Esch
et al., 2009). Each signature whistle type of IR&mific bottlenose dolphinsTirsiops
aduncus) also had a high degree of variation in duratiGmidley et al., 2014). Therefore,
duration does not seem to transmit individualityeither pulse-type or whistle-type contact
calls.

Each beluga had similar power spectra among ttee fhulse locations; the third pulse, the
middle pulse, and the third from the last (Tabld)2This indicates that the frequency
properties of pulses were relatively fixed withiSP regardless of pulse location. Thus,
belugas may not use change in spectral charaatengthin PS1 for individual identification.

Visual inspection did not find apparent individdéferences in power spectra of the middle
pulses, especially below 10 kHz (Fig. 2.12). Infation in the frequency range from 10 kHz
to 110 kHz may be effectively utilized by captivellgas, since they had high hearing
sensitivity in that range (Awbrey et al., 1988; dflin et al., 2000; Mooney et al., 2008).
Univariate statistical analyses revealed thatA; and k in the range were significantly
different, and all spectral parameters, FO BW, k and k, had PIC values greater than 1
(Table 2.5). However, visual comparison of poweectfa in the frequency band did not
elucidate apparent individual distinctiveness asuhfl variability in intra-individual spectra
(Fig. 2.12). The results of the visual investigatomay be counter-intuitive, as human
observers have proven to perform better than coanput classifying vocalizations (Janik,
1999). Directivity may have influenced the intrahividual variability, since the angle between
the belugas’ head and the hydrophones was notdaresi in calculating spectra. In the case
of broadband echolocation clicks, the beam pattexs highly directional to reduce clutters,
and clicks produced by belugas had high directmwiith a -3 dB beam width of 6.5° in both
the horizontal and vertical planes (Au et al., 198he sound field of clicks varied in

accordance with frequency (Starkhammar et al., R(Hdrther, dolphins are able to steer
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beams of clicks (Moore et al., 2008). Although theectivity of PS1 calls was unknown, it
appears to be lower than that of echolocation slicked to broadcast the caller’s information
or message. In practice, power spectra tended sonbkar between PS1 calls recorded on the
right and left hydrophones in the present studyweler, the possibility remains that
directivity may account for some of the spectratiat'oons. A wide frequency band was
missing for most power spectra from the subadul Hid all of the power spectra from the
calf NM2 (Fig. 2.12). This could be due to the faet NF3 and NM2 tended to produce PS1
calls at lower amplitude than the adults.

The results of the quadratic DFA supported indigidy in PS1 calls. It classified PS1 calls
into individuals with an overall correct classifican rate of 80.5%. The stepwise DFA
revealed that the most powerful discriminator wRisll followed by k. It was unclear at this
stage whether the temporal and spectral variabdes associated with signatures or were just
by-products of voice cue attributed to differenaedody size or sex. However, the pulse
repetition pattern had a high potential for beingignature, if belugas encoded individual
information independent of voice feature in contzadts. It was because IPI contours were
stereotyped intra-individually and different intedividually (Fig. 2.11), PRR had the highest
PIC score (Table 2.3), and IPI 1 was the most mé&dive variable in the DFA. In contrast,
clear individuality was not found in power spectshipes, especially in frequencies lower
than 10 kHz where sounds effectively propagateha whales’ environment (Fig 2.12).
Although spectral parameters calculated in theueegy range above 10 kHz had a PIC value
greater than 1 (Table 2.5), anglffas the second most informative parameter in th&, Ehe
high frequency components are inappropriate asanger for the signature since they are
affected by transmission loss and unstable in #@mronment.

To summarize, this chapter demonstrated that Pilseaved a function in group cohesion

and individuality existed in various temporal armmectral parameters, while 1Pl contours
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might encode strongly recognizable individual imi@tion akin to the signature whistles of

bottlenose dolphins.
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Chapter 3: Verification of the function and individuality in PS1 calls
of belugas
3.1 Introduction

As described in chapter 2, one captive populatise individually distinctive PS1 as a
contact call (Morisaka et al., 2013; Mishima et 2015). Here, vocalizations were collected
from another captive beluga population to examihetiver the PS1 function and individuality
suggested in chapter 2 were common features igaelhales. Because the belugas could not
be put unexpectedly in an isolation context, tHe of the PS1 call in group cohesion could
not be directly confirmed. However, if the subjeas® PS1 as a contact call, PS1 should be
produced in affiliative contexts and used for voeathange (Masataka & Biben, 1987;
Sugiura, 1993; Kureta, 2000; Miller et al., 2004ijla4 & Wang, 2006; Yosida et al., 2007;
Carter et al., 2008; Schulz et al., 2008; Kondalet2010; Nakahara & Miyazaki, 2011;
Morisaka et al., 2013). Therefore, the affiliatfumction of PS1 was explored by assessing
the relationship between PS1 bouts and directeavi@h Frequency distribution of inter-PS1
intervals was constructed to reveal whether PS1 wgasl for vocal exchange. Individual
distinctiveness in PS1 was also analyzed as destcnbchapter 2. Further, it was examined
whether there was increase of PS1 production madéevisual reunion after a long separation

that could imply the possibility of PS1 calls fuiecting in individual advertisement.

3.2 Materials and methods
3.2.1 Facility and subjects

Data were collected from the belugas kept at Shemaquarium, Shimane, Japan from
October 2014 to March 2015. There were seven bgjubeee female adults (SF1, SF2, and
SF3); two male adults (SM1 and SM2); one male sulbd8M3); and one female calf (SF4).

Figure 3.1 represents the genealogy of the belugapg All adult belugas were captured at
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the Amur River, Russia and estimated to be 16—a8syeld. SF1, SF2, and SM2 came to the
aguarium in 1999, and SF3 and SM1 in 2003. SM3%irdl were siblings born in captivity
and their parents are SF1 and SM2. SM3 was fivesyad and SF4 was two months old. All

ages given are correct as of October 2014.

SM1

16—18-year-old female 16—18-year-old female| 16—18-year-oldmale 16—18-year-old male
from Amur River from Amur River from Amur River from Amur River
(1999) (1999) (1999) (2003)

SF4

SF3

:
3 Q
o

16-1 8—yeaf—old female 5-year-old male 2-month-old female
from Amur River captive born captive born
(2003)

Fig. 3.1 Genealogy of the belugas kept at Shirdaparium as of October 2014.

There were two beluga pools, A and B. Pool A wasmased of two sub-pools, a main pool
(AM pool) with a depth of 5 m, and a holding poAH pool) with a depth of 4 m (Fig. 3.2 a).
Three belugas, SF2, SF3, and SM3 were kept in B@dol together while the AH pool held
no animals.

Pool B was composed of three sub-pools, a main {@Mlpool) with a depth of 4.5 m, and
two holding pools (BH1 and BH2 pools) each with eptth of 4 m (Fig. 3.2 b). Pool B
contained four belugas, SF1, SF4, SM1, and SM2.rbiher—calf pair (SF1 and SF4) was

held in the BM pool. Each holding pool containethei SM1 or SM2. There was a metal
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lattice between BH1 and BH2 pools, blocking belugavement between pools but
maintaining visual and acoustical contact betwewlividuals SM1 and SM2. On the other
hand, there were gates between BH1 and BM pools, between BH2 and BM pools.
However, these gates prevented visual contactaiihdugh sounds could pass through the
gates, they were attenuated. Therefore, commuarcaietween the males and the mother—

calf pair depended on acoustic contact.
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a) Pool A

Hydrophone

at 1 m depth
Hydrophones
attached the acryl window \ﬁ‘d‘eo
b) Pool B
BH?2 pool Hydrophone
t 1 m depth
N e Hydrophones

attached the acryl window
Hydrophones -
at 1 m depth

Video

Fig. 3.2 Schematic view of the beluga pools im&ie Aquarium. Pool A a) and Pool B
b), the systems represented in blue and red wexkfos BM and BH recordings,
respectively.
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3.2.2 Data collection

There were three recording patterns for normalisess‘AM recordings” for SF2, SF3, and
SM3 in AM pool; “BM recordings” for SF1 and SF4 BM pool; and “BH recordings” for
SM1 and SM2 in BH pools. AM recordings were conddcin a normal free swimming
context. BM and BH recordings were made in the rarseparated context: SM1 and SM2
were isolated in each BH pool, and SF1 and SF4 segesgated from the males together in
BM pool. Each recording continued for 30 min, anibtal of 28 normal sessions over 14 h
were performed (Table 3.1).

To increase the number of PS1 samples in SM2, diti@ahl 30-min recording session was
conducted when there were high vocal activity Is\&hble 3.1).

Further, a special session of “gate-open recordivag carried out in pool B (Table 3.1). In
this special session, the gates between BM poolBihgools were opened, with the metal
lattice remaining in place, meaning individuals Idomot move between the sub-pools. This
was a visual reunion after a long separation femtales and SF1, and a first opportunity for
the males to see the calf SF4.

All sessions were performed between 09:00 and 1 @&afluding feeding and training times,

and except during gate-opening, nobody entere@dbésides during recording.

Table 3.1 Number of sessions and total recording for each recording pattern.

Session name Normal Additional | Special
Recording pool AM BM BH BH B
e SF2 SF3 SM1 SM2
Housed individual V3 SF1 SF4 | SM1 SM2 | SM1 SM2 SF1 SF4
Total recording time (min) 360 300 180 30 36
(Number of sessions) (12) (10) (6) (1) (1)
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AM and BM recordings used three hydrophones (Fig). ®ne was a TC 4013 underwater
hydrophone (Reson Inc., Denmark) which exhibitaffequency response from 1 Hz to 170
kHz (-211 + 3 dB re LWlPa/V at 1 m), and was housed in PVC pipes and glaca depth of 1
m. The others were AQH-100DTP touch panel hydropedAquaSound Inc., Japan), which
exhibit a flat frequency response from 20 Hz to kB (above -212 dB re dPa/V at 1 m).
The elements of the touch panel hydrophones werered by acryl resin and attached to the
acryl observation window by using grease. The hgkome can efficiently collect sounds
generated underwater behind acryl windows bec#gsadoustic impedance of acryl materials
is near to that of the acoustic matching layer kbetwseawater and the element of the
hydrophone. The two touch panel hydrophones weaelegd at 2 m in depth and spaced 11.3
m and 7.3 m apart from each other in the AM and [@Mls, respectively. The underwater
hydrophone was used for analysis of acoustic passand the two touch panel hydrophones
were used to identify callers by measuring timéedénce of sound arrival. BH recordings
used two underwater hydrophones submerged at & défitm and separated by 7.8 m from
each other (Fig. 3.2 b). They were used for thelyama of acoustic parameters and
identification of callers. During the special sessivocalizations were recorded using all
hydrophones used in BM and BH recordings.

The sound from underwater hydrophones was analg-pass filtered at 1 kHz, and
amplified by 32 dB using VP1000 preamplifiers (Resac., Denmark), with a flat frequency
response to 1 MHz (-3 dB). The sound from in-ailimphones was analog band-pass filtered
from 1 kHz to 200 kHz, and amplified by 50 dB usiAguafeeler Il preamplifiers
(AquaSound Inc., Japan), with a flat frequency oese to 200 kHz (-3 dB). All analog data
were collected by EZ7510 data recorders (NF Cpaida which digitized up to two channels
of sound sampling at 500 kHz and 16 bits. Obsesxatiwere made from an underwater

window using a GZ-V675-R video camera (JVC Co.ap
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3.2.3 Call classification and caller identification

Calls were classified using the same five categode described in subsection 2.2.3,
composed of one type of pulsed call “PS1,” one tybeombined call “C1,” short calls “S,”
whistles “W,” and others “O.” Although belugas it#pool frequently produced PS1 calls in
air as well as underwater, all in-air productiostances were excluded from the data.

PS1 callers were identified using arrival time @liféinces at the two separated hydrophones.
The time differences in waveforms were inspectedially or by custom written MATLAB
software as described in subsection 2.2.4. Theovathel touch panel hydrophone arrangement
in AM pool enabled for discrimination between P&llars. Likewise, it was possible to
discriminate the PS1 calls from SF1 and SF4 in Bbbrdings. The hydrophones installed in
BM pool also recorded vocalizations from the makedd in BH pools although the
vocalizations were of poor acoustic quality. Thderaalls were counted but those PS1 callers
could not be identified. In BH recordings, PS1 altom SM1 and SM2 could be
discriminated through the video and underwater tyyldone arrangement. BH recordings also
collected vocalizations from the mother—calf paiBM pool. PS1 calls with poor acoustic
guality were considered to be produced by the mm&R4& since no PS1 calls were heard from
the calf SF4 during the experimental period. In aages where there was ambiguity in the
identification of PS1 callers, the calls were caahbut excluded from the caller-identified

category.

3.3 PS1 analyses
3.3.1 Bout criteriainterval

PS1 production appears to occur in bouts. Investigaf the relationship between PS1 bouts
and directed behavior tells us whether PS1 isfdiatfe signal. Therefore, it is necessary to

define a PS1 bout, and thus bout criteria intefB&ll) was calculated using the two-process
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exponential model (Sibly et al., 1990).
In the two-process model, interval events are ggadrby one of two random processes, a
fast process operating within bouts, and a slowgs® generating new bouts. The two-process

model was expressed as

y= loge(NfAfe_lft + Nslse‘lst) = —Ast +1ogeNeAds — At + loge NoAs (3-1)

N is the total number of intervals within bouts aNg is the total number of bouts is
probability per unit time that interval events woltcur within a bout, and; is probability
per unit time that a new bout will begiNfAfe"lft and N,A,e %t represent frequency of
the interval length between t and t+1 for fast psscand for slow process, respectively. When
the two-process model is fitted, the regressiotheflog frequency distribution follows two
straight lines, a steep line with slope 6fl; and y-intercept oflog.Ns1, and a gradual line
with slope of —1; and log.NA4,. In this case, PS1 production is split into bouts.

As a first step for fitting the model, all intergabetween successive PS1 calls throughout
each 30-min session were measured. The widely asidion of inter-call interval is the
latency period from the end of the preceding aaltite beginning of the following call.
However, the data contained many overlapping exgésnand it was easier to identify the
beginning than the end of those overlapping PSIk.CBherefore, inter-PS1 interval in this
study was defined as the duration from the pedkefirst pulse in the preceding PS1 to the
peak of the first pulse in the following PS1 (F&33). In cases where intervals could not be
measured correctly and in-air PS1 production wasried in underwater PS1 sequences, the
samples were excluded from the interval data.

The log frequency distribution of the inter-PS1 intervakss constructed. The bin width can

be chosen in any convenient way; therefore, itadedsrmined by the Freedman-Diaconis rule.
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Two regression lines were fitted by eye, and tHaesof slopes and y-intercepts expressed in
the regression lines were used in calculating titéal parameter estimatetsy, Ago, Nro,
and N, for a non-linear curve-fitting procedure (NLIN) e@Quation (3-1). The output
parameter estimates from NLIM,, 45, N¢, and Ny were used for calculation of BCI.

There are two methods to calculate BCI: one mingsithe total time misassigned (BCI1,
Fagen & Young, 1978) and the other minimizes tha ttumber of events misassigned (BCI2,

Slater & Lester, 1982).

BCI1 = ——log, ~ (3-2)

1

BCI2 =

log

zl0ge 7 5 (3-3)

Af
The number of misassigned events with BCI = t ateutated as
Nre ™Mt + Ny(1 — e™*st) (3-4)
Using equation (3-4) (Slater & Lester, 1982), dlenated the performance of BCI1 and BCI2,
and chose the BCI that had the smaller number sassigned events. PS1 bouts were
extracted based on the selected BCI. PS1 boutionirags defined as the time length from

the onset of the first PS1 to the offset of thé RS1 in a PS1 bout. All statistical analyses

were performed using R software version 3.1.0. @k@undation for Statistical Computing).
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Fig. 3.3 Interval measurements of PS1 sequences.

3.3.2 Relation to directed behavior

The relation between PS1 bouts and directed behade analyzed using the AM data to
evaluate the affiliative function of PS1. The belsghere were all in the same space and
contained in the video frame, which enabled fordbgervation of interactive behavior. In the
free swimming context, the salient directed beh@vigere aggression and submission, and
other directed behaviors such as sexual interaeteye not observed. Thus, if PS1 bouts were
not involved with aggressive/submissive behavi@l Was regarded as an affiliative call.

Recchia (1994) defined the aggressive behavioapfive belugas as hit, bite, bite threat,
closed-mouth bite threat, charge, slow charge,ehasv clap, mouth open, directed look,
head jerk, face to face, stare, and melon extengioaddition, Hill (2009) proposed bubble
bursts directed towards an animal as an aggressitien. Submissive behavior was also
defined, such as flee, close flee, flinch, look gwall away, avoid, and lie passive (Recchia,

1994). Aggressive/submissive behaviors were ingatdd based on the above criteria. The
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behavior often occurred in successive combinatiortherefore, a chain of
aggressive/submissive behavior was regarded aaggressive/submissive event. Each event
was clearly independent. The relation between @& IBouts and the aggressive/submissive

events were examined.

3.3.3 Exchange pattern

Vocal exchange is characterized as a call sequehea the preceding call is followed by
the call-back of another individual within a paudtiar temporal window. Calls produced within
the temporal window are considered as responselfer€avait for replies from other
individuals during the temporal window, and thegeat a call unless they hear replies. In this
manner, a temporal rule to regulate vocal exchaxgss in contact calls of several species,
including birds such as large-billed crowSofvus macrorhynchos) (Kondo et al., 2010),
terrestrial mammals such as squirrel monk&gentiri sciureus) (Masataka & Biben, 1987),
Japanese macaquédacaca fuscata) (Sugiura, 1993), cotton-top tamari@agui nus oedi pus)
(Kureta, 2000), common marmose@allithrix jacchus) (Miller & Wang, 2006), naked mole-
rat (Heterocephalus glaber) (Yosida et al., 2007), white-winged vampire b@iaemus
youngi) (Carter et al., 2008), and marine mammals sudtillas whales (Miller et al., 2004),
sperm whales (Schulz et al., 2008), bottlenosehilodp(Nakahara & Miyazaki, 2011), and
belugas kept at the Port of Nagoya Public Aquariiviarisaka et al., 2013).

To ascertain the prediction that PS1 calls produmebelugas at Shimane Aquarium were
also used for vocal exchange, the intervals betvweenconsecutive PS1 calls by different
belugas (between-individual interval: Bll) and thosy single belugas (within-individual
interval: WII) were investigated. Bll and WII fregocy distributions were constructed for
each of the AM and BH recordings, and a temporaépawas searched. BM recordings were

excluded in this analysis because in BM recordif§3] callers of BH pools could not be
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identified and it was difficult to classify most@nvals as either Bll or WII.

Simulation for Bll was performed using a bootspiag technique (Yosida et al., 2007,
Kondo et al., 2010) to investigate whether the oles Bl distribution showed a temporal
rule of vocal exchange or just an incidental redultthe simulation, imaginary individuals
produced PS1 calls independently at their own pHoetefore, simulated Blls were intervals
between independent PS1 calls by different indiadgluSimulated Bll data were generated
using the observed WII data. First, a number ofdasmwere randomly selected from the
observed WII data pool, using the average humbebeérved WIls per individual and per
session as the specific number. The order of tleeteel Wil samples was randomized, and
then the re-ordered samples were accumulated fnenfirst. The accumulated values were
regarded as onset times of PS1 calls produced byaginary individual. The manipulation
was repeated three times for three imaginary iddias, which was the same as the number
of individuals engaged in PS1 production in eachthef AM and BH pools. The three
imaginary individuals were presumed to indepengeptbduce PS1 calls in parallel. The
simulated Bll was defined as the time differenceha onset times of PS1 sequences by
different imaginary individuals. This procedure wapeated to obtain a comparable number
of simulated and observed Bll samples. The frequdrstributions between the observed and

simulated Blls were compared using two-sample Kganov—Smirnov tests.

3.3.4 Individual comparison

Acoustic properties of the individual PS1 calls evaanalyzed and compared among
individuals as described in section 2.3. Tempoaahmeters were the number of pulseg;(N
duration (DUR); pulse repetition rate (PRR); averager-pulse interval of pulse nos. 11-20
(IP1 1); and average inter-pulse interval of puiss. 11-20 from the last (IP1 2) (Table 2.2).

IP1 contours were also depicted. Noise spectra wailated using non-call windows before
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the onset of the PS1 calls, and consequently thaseno distinct noise above 1 kHz in contrast
to the Port of Nagoya Public Aquarium. Thus, relagpectra were compared in the frequency
range above 1 kHz. Four spectral parameters wérelaged from the spectra: peak frequency
of the middle pulse (; 10 dB bandwidth (10 BW), which is the frequeihand at a level of
-10 dB from the peak; and the lower and upper feegy of the 10 BW (Fand k) (Table 2.2).
The acoustic parameters were compared inter-ingi@ig by using Kruskal-Wallis test or
one-way ANOVA. PIC was also used to compare theadhyo of intra- and inter-individual
differences. Quadratic DFA was performed after dration for multicollinearity,
multivariate outliers, multivariate normality, ankdomogeneity of variance-covariance
matrices on the data set of the nine variables.mbs predominant discriminator was found

by stepwise DFA.

3.3.5Roleof individual identity advertisement

Quick & Janik (2012) reported that bottlenose doiphexchanged signature whistles in
contexts in which they encountered and joined cecifips at sea in order to identify each
other. The special session in pool B was condutteeixplore whether a similar function
existed in PS1. The adult belugas in pool B areaaly known to each other and acoustic
communication has been possible through the clgats. However, if belugas use PS1 calls
for identity advertisement, PS1 call rate may iaseeby the gate open where both acoustical
and visual contact are fully available to verifividual identification. It took 12 min for
trainers to enter the pool side, open all of thiegiaand leave the pool side. Recordings were
thus classified three parts, for 12 min beforeghate open, during the 12-min gate open, and

for 12 min after the gate open. Changes in PSTratdlwere examined.
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3.3.6 Context-dependent changes of acoustic parameters

The nine acoustic parameters of PS1 calls (Tal#¢ Rere compared between normal
sessions and the 12-min gate opening in the spsesdion to explore whether there were
differences in the acoustic parameters dependingpatext. The differences were tested by
using Wilcoxon rank-sum test, Studeritiest, or Welch'd-test, with test selection being

dependent on normality and variance homogeneity.

3.4 Results
3.4.1 Frequency of each call type

In AM pool, a total of 2421 calls were collected 18 sessions over 6 h. PS1 was the
predominant call type and it accounted for 40%otdltcalls followed by 24% of C1, 17% of
W, and 5% of S (Fig. 3.4 a). The results of BM &ttlrecordings were pooled and a total of
3260 calls were recorded in 16 sessions over &h.Was again the most frequent call type

and occupying 39% of total calls followed by 24%/4f18% of C1, and 4% of S (Fig. 3.4 b).

a) Pool A b) Pool B

Fig. 3.4 Frequency of each call type in a) poalml b) pool B.
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3.4.2 Affiliative function of PS1

Inter-PS1 intervals in AM recordings were measuoegstimate BCI. Atotal of 559 intervals
were obtained. The ledrequency distribution of PS1 intervals are shamwhig. 3.5. The bin
width was determined as 0.5 s. The two regressies for two-process model were calculated
as

y = —0.671x + 5.850 (R? = 0.84,P < 0.0001) (3-5)

y = —0.067x + 2.213 (R? = 0.79,P < 0.0001) (3-6)
From the slopes and y-intercepts of equations @ai#)(3-6), initial parameters of the formula
(3-1) were calculated as

Aso = 0.6711,  Nyg =517.6,  Ag = 0.0666, Ny = 137.3
NLIN provide estimates of the parameters:
As = 0.7059, Ny = 464.3, As = 0.0632, N, =124.0

The distribution of PS1 intervals was fitted to thv®-process model generated by using the
above estimated parameters (Fig. 3.5). To calciB&E the final parameter values were
applied to the formulas (3-2) and (3-3), and conset]y values of BCI1 = 2.1 s and BCI2 =
5.8 s were obtained. Since the number of pointassigned was 124.0 for BCI1 and 45.8 for
BCI2, BCI2 was selected (Fig. 3.6). There weretal tof 202 PS1 bouts in 12 sessions (16.8
+ 8.3 per session), and the average PS1 bout donatis 5.3 £ 4.6 s.

The most commonly observed aggressive behaviors gtare, directed look, and mouth
open, and the most common submissive behavior s (Fig. 3.7). A total of 47
aggressive/submissive events were identified inltheessions of AM recordings (3.9 + 3.8
per session), and the average duration of agge#ssivmissive events was 3.6 + 2.2 s.

Only one out of the 47 aggressive/submissive evavggapped with a PS1 bout. This PS1
bout was the second longest recorded (27.1 s) @okl place in exchanges between the

individuals SF2 and SF3. On the other hand, theeagge/submissive event within the PS1
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bout occurred between SF3 and SM3 and it ceasadfort period (2.3 s). Therefore, it was

concluded that there was no relationship betwednd@8ts and aggressive/submissive events.

6 - o
¢ Measurement data (n = 559)
LAl — Two-processmodel
=
5 27
S 0
$ 2 -
-
_4 -
-6 -

0 20 40 60 80 100
Inter-PS1 interval (s)

Fig. 3.5 Fitting of the logfrequency distribution of inter-PS1 intervals be two-process
model.

>58s <58s >58%s <15.8\s

PS1 bout duration

PS1 bout PS1 bout

0 2.0 4.0 6.0 8.0 100 120 140 16.0
Time (s)

Fig. 3.6 Definition of PS1 bout.
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a) Directed look and flee b) Moogen and flee

Fig. 3.7 Examples of the observed aggressive abihissive behaviors of belugas, a)
directed look and flee and b) mouth open and flee.

3.4.3 Temporal rule of PS1 exchange

Measured inter-PS1 intervals were divided into &l WII. A total of 272 Blls and 287
WIIs were collected from the AM recordings. In tBEl recordings, a total of 237 Blls and
170 WIllIs could be measured. Figure 3.8 represaetiréquency distribution of Bll and WII.
In AM recordings, the WII distribution had a shagak at an interval of 1.6 s, while the Bl
distribution had two peaks, with a sharp peak@stnd a small peak at 1.2 s. Further, 95.5%
of the WIIs occurred after 1 s, whereas 50.4% efBlis occurred within 1 s. It was found
that 20.2% of the Blls were intervals of overlagpidS1 sequences. In BH recordings, the
WII distribution showed two small peaks at intesvaf 1.8 s and 3.2 s, while Bll distribution
had a sharp peak at 0.4 s. All of the WIIs occuaféer 1 s, whereas 51.1% of the Blls occurred
within 1 s, and 47.3% of the Blls were intervalogérlapping PS1 sequences.

For an imaginary individual of Bll simulation, Ilseted 8 and 10 samples from the WII data
pool of AM and BH recordings, respectively. Thismpalation was repeated three times to
generate an imaginary group composed of three ihais. Then, the simulated Blls were
computed by measuring the intervals between cotiseceS1 calls by different imaginary
individuals. This process was repeated 24 timesHtlect 272 samples for AM data. Similarly,

it was repeated 21 times to collect 243 sample8kbdata.
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The simulated BII distribution of AM recordings hado peaks, with a sharp peak at 0.2 s
and a small peak at 1.2-1.4 s (Fig. 3.8). Althotighsecond peak was similar, the first peak
was different from that of the observed Bl distition. On the other hand, the simulated Bl|
distribution of BH recordings had no particular kgalwo-sample Kolmogorov—Smirnov test
revealed that the simulated and observed Blls hadifisantly different frequency
distributions in both the AM and BH recordind3 £ 0.143,P < 0.01;D = 0.447,P < 0.01,

respectively).
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a) AM recordings
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—— Observed BII (n =272)
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b) BH recordings
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Fig. 3.8 Frequency distribution of observed Bsispulated Blls, and observed WIIs for a)
AM recordings and b) BH recordings.
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3.4.4 Individuality in PS1

Of the 963 PS1 calls in AM recordings, a total 67 &alls were identified callers, including
489, 211, and 167 from SF2, SF3, and SM3, respgti total of 220 PS1 calls in BM
recordings were identified as calls from SF1, drertewborn SF4 did not produce any PS1
calls. All of the 422 PS1 calls in BH recordingsrevédentified callers, including 243, 108,
and 71 from SM1, SM2, and SF1 respectively, but3k& samples in BH recordings are
excluded from this analysis because they had pomusdic quality. The most vocal belugas
were SF2 in Pool Aand SM1 in Pool B.

Characteristics of PS1 calls from each beluga werestigated spectrographically and by
listening: males produced various PS1 calls, wieifeales had only one PS1 call type. When
PS1 calls produced by males were classified basd&locontour, both SM1 and SM2 had
five PS1 variants, while SM3 had three variantg)(B.9). PS1-V4 of SM1 was a slightly
shifted configuration of his PS-V1. Likewise, PS2-\6f SM2 was a slightly shifted
configuration of his PS1-V1. The PS1-V2 of SM3 wagpeated structure of his PS1-V1. The
PS1-V4 of SM1 and PS1-V4 of SM2 resembled one a&mnolthe predominant PS1 call type
of each male, PS1-V1 calls, were used for furtimatyasis (Fig. 3.10).

Acoustic parameters were extracted from PS1 callls good signal-to-noise ratio. The
sample numbers were 26, 12, 31, 53, 100, and 28Ntk, SM2, SM3, SF1, SF2, and SF3,
respectively. The PS1 sample numbers for SM2 wereeased to 30 through the additional
recording.

Spectrogram examples of PS1 calls are shown in3g.. All PS1 calls contained a tonal
component or a secondary pulsed component, andctimgonent is composed of low-
frequency, narrowband pulses with different puégeetition patterns. Those components were
not modulated over the call duration. SM1 and S&d & secondary pulsed component and

the dominant frequencies were 13.8 + 0.1 kHz forlSivid 11.3 + 0.3 kHz for SF1. Others
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had a tonal component and their dominant frequeneere 9.3 £ 0.0 kHz for SM2, 9.1 + 0.1
kHz for SM3, 7.8 £ 0.1 kHz for SF2, and 9.2 + OHzkfor SF3.

Temporal characteristics of PS1 for each belugasammarized in Tables 3.2. Kruskal—
Wallis test revealed that all parameters were Bggmtly different among individualdP(<
0.0001). Furthermore, all parameters had PIC >dlveere more variable among individuals
than within an individual. Pulse repetition pattemas most likely to convey individual
information because PRR, IPI 1, and IPI 2 had Kigb values above 3.

Figure 3.12 shows 21 examples of IPI contours &mhandividual. They were stereotyped
intra-individually and differed inter-individuallyand individuals were easily discriminated
from each other. The IPI contours of SM1 startethwi high value whereas those of others
were started with a low value. There tended toldveg@ change in IPIs at the beginning of the
IPI contours.

Averaged power spectra of middle pulses within R@te calculated and 21 samples for
each individual are shown in Fig. 3.13. When theyravcompared visually, there was no
obvious individual distinctiveness and consistendhe spectral characteristics are
summarized in Table 3.3. Univariate statisticallgses demonstrated that all parameters
differed significantly among individual$(< 0.0001). While all spectral parameters had PIC
> 1, those PIC values were lower than those of teadparameters.

DFA was performed using the measured parameteriichllinearity was found in I\ 10
BW, F, and kg, and these parameters were excluded from thesdat&he remaining variables,
DUR, PRR, IPI 1, IPI 2, and,Fwhich were the same as those in the Port of Naduplic
Aquarium, had a VIF of less than 4. Potential nvaltiate outliers in the remaining data set
are shown in Fig. 3.14. Since most of the PS1 ¢adlm SM2 and all of the PS1 calls from
SM3 and SF3 were regarded as outliers, all outheese included in the DFA with the

exception of three outstanding calls of SM3. Tordase disparity in sample size and increase
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the effectiveness of the DFA (McGarigal et al., @)0®3 samples were randomly selected
from SF2, which was the same number used for Skd sample size fell into the range of
21-53. Because the data set did not satisfy mukiteanormality (Shapiro—Wilk tesE <
0.0001) and homogeneity of variance-covariance ioggtr(Box's M test,P < 0.0001),
guadratic DFA was performed. The quadratic DFA Hase the five variables resulted in
correct classification rates of 96.2%, 96.7%, 89.200%, 100%, and 71.4% for SM1, SM2,
SM3, SF1, SF2, and SF3, respectively, with an divecarect classification rate of 94.8%
(Table 3.4). The stepwise DFA revealed that thetnpasverful discriminator was IPI 2,

followed by IPI 1.
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Fig. 3.9
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IPI-contour examples of PS1 variantsamhemale, a) SM1, b) SM2, and ¢) SM3.
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a) SM1 b) SM2

c) SM3

Fig. 3.10 Proportion of each PS1 variant in thmedes: a) SM1, b) SM2, and c) SM3.
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d) SF1
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Fig. 3.11 Examples of PS1 calls from six belugdSM1, b) SM2, c) SM3, d) SF1, e)
SF2, and f) SF3. The top graphs represent wavefantsthe bottom graphs represent
spectrograms (FFT size: 1024 points; window: Hangnaverlap: 50%).
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Fig. 3.12 IPI contours of PS1 calls from six balsign = 21): a) SM1, b) SM2, ¢) SM3, d)
SF1, e) SF2, and f) SF3. Twenty-one examples eaah $M1, SM2, SM3, SF1, and SF2
were randomly selected to match the number of ¢l contours of SF3 from which the
smallest samples were collected.
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Fig. 3.13 Power spectra calculated at the middiseplocation within PS1 calls from six
belugas (n = 16): a) SM1, b) SM2, c) SM3, d) SFISE2, and f) SF3 (FFT size: 256 points;
window: Hamming; smoothing: 5 points). Twenty-oxamples each from SM1, SM2,
SM3, SF1, and SF2 were randomly selected to magehumber of depicted power spectra
of SF3 from which the smallest samples were cadlbct
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Fig. 3.14 Multivariate outliers searched by robdsthalanobis distances with 97.5%
quantile. The samples are represented from thanldfie order of SM1, SM2, SM3, SF1,
SF2, and SF3. Red circles show the outliers. Thearindicate the outstanding outliers

from SM3.

Table 3.4 Results of the quadratic DFA based wn iarameters: DUR, PRR, IPI 1 IPI 2,
and k.

Correct

SMI1 | SM2 | SM3 | SF1 | SF2 | SF3 n rate (%)

SM1 | 25 1 0 0 0 0 26 96.2

SM2| O 29 0 0 0 1 30 96.7

SM3| 0 0 25 0 0 3 28 89.2

SF1 0 0 0 53 0 0 53 100.0

SF2 0 0 0 0 53 0 53 100.0

SF3 0 0 6 0 0 15 21 71.4
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3.4.5 Individual identity advertisement using PS1

PS1 call rate was compared among three sectiotige afpecial session: 12 min before the
gate open, 12 min during the gate open, and 1ftenthe gate open. PS1 call rate increased
by the gate open and decreased after the gate (6jpen3.15). PS1 calls were frequently
produced by all of the three adults during the gain, whereas only SM1 produced PS1 calls
for 12 min before the gate open and there wereSib dalls for 12 min after the gate open.
During the special session, SM1 produced threestgp®S1: PS1-V1, PS1-V2, and PS1-V5,
and SM2 produced only one type, PS1-V1. While SM&duPS1-V1, PS1-V2 and PS1-V5

before the gate open, he limited to only PS1-Vimduthe gate open.

60
® SM1 (V2
50 - (V2)
SM1 (V5)
Y0 SF1
5 30 4 m SM2 (V1)
20 | = SM1 (V1)
10 -
[] .

12 min before 12 min open 12 min after

Fig. 3.15 Number of PS1 calls for three sectidithe special session: 12 min before the
gate open, 12 min during the gate open, and 12aften the gate open. V1, V2, and V5
indicate PS1 variant type produced by males.

3.4.6 Context-dependent changesin PS1 acoustic parameters
Acoustic parameters of PS1 calls were compareddstwiormal sessions and the 12-min
gate open in the special session. Because few samith good signal-to-noise ratio were

collected from SM2 and SF1 during the gate operogeonly SM1 samples were used for
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comparison. Fourteen samples of PS1-V1 calls frfh 8ad good acoustic quality, and
their temporal and spectral parameters were cordparthe results of normal sessions
(Tables 3.5, 3.6). When the differences betweemdinmal and special sessions were tested
by Wilcoxon rank-sum test, Student-test, or Welch’'s-test, N, DUR, and IPI 2 were
significantly different P < 0.0001). The few PS1 samples of SM2 and SFhdrspecial
session also tended to exhibit increasg@m longer DUR than normal sessions, although

IP1 2 values were comparable between them.
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3.5 Discussion

This chapter demonstrated PS1 function and indalidiistinctiveness of PS1 in another
aquarium to conclude that PS1 characteristics wenemon in belugas. PS1 was the most
frequently produced call type in both pools (Figt)3PS1 was produced in bouts, and there
was no relation between the PS1 bouts and agge#ssbmissive events. Thus, PS1 is likely
to be an affiliative call.

PS1 was used for vocal exchange. Most of the gbdaNIls occurred after 1 s, with a first
peak at 1.6—-1.8 s, but more than a half of obseBledoccurred within 1 s, with a sharp peak
at 0.4-0.6 s (Fig. 3.8). The frequency distributtdiobserved Blls was significantly different
from that of simulated Blls, and it suggested tbbserved BIl distribution indicated a
temporal rule regulating vocal exchange, not jusingidental result. These results led to the
conclusion that the belugas exchanged PS1 calisdordance with a response rule where
responding individuals called back within approxietal s. The previous study on inter-PS1
intervals in the Port of Nagoya Public Aquariumwkd that frequency distribution of BlI
had a sharp peak at -0.5 s, while frequency digioh of WII had a gradual peak at 1 s
(Morisaka et al., 2013). The interval criterion whs latency period from the end of a PS1 to
the beginning of the next PS1, and was shorter3iy duration than my criterion. When the
distributions of the previous study were shiftedhe right along the temporal axis by 0.85
s—the average PS1 duration of Morisaka et al. (R64their distribution resembled that of
this study.

The adult female SF2 produced the highest numbd?Si calls in Pool A. Based on
previously utilized criteria (Recchia, 1994), skemed to be top-ranked in Pool A because of
possessing the largest body size. Likewise, the nasal individual in Pool B, adult male
SM1, was the largest beluga. In addition, both 8R@ SM1 were strong characters. These

coincided with the results of chapter 2; the higHeS1 production rate was noted in the
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potential top-ranked NF1 and supported the suggeshiat PS1 production rate related to
social rank.

In chapter 2, it was suggested that PS1 was amtjbly vocal production learning (Janik &
Slater, 2000) and/or morphological developmenthasRS1 calls of 21-month-old NM2 did
not have fixed IPI contours. This assumption waspsued by the fact that SF4, who is
approximately between four and six months old durBM recording sessions, did not
produce any PS1 calls.

There were variations in the PS1 calls of maleg. (8.9), with the PS1-V1 of each male
being the predominant PS1 variant (Fig. 3.10). PB&-V4 of SM1 was a slightly shifted IPI
contour of his PS1-V1, and PS1-V2 of SM2 was ahdlljgshifted IP1 contour of his PS1-V1.
Noise did not appear to influence those shifts beedhere was no distinct noise during the
recordings. The shifted PS1 variants might haviferent biological meaning from PS1-V1
or could just be variations within PS1-V1 and skiduhve been classified into PS1-V1. The
PS1-V2 of SM3 was a repeated pattern of his PSandLit was similar to the loop structure
in signature whistles (Sayigh et al., 1990). Intleabse dolphins, the number of loops was
affected by motivational state (Esch et al., 200@)en he produced the PS1-V2, he swam in
the pool but the heads of other individuals werevabthe surface of the water and they
produced PS1 calls in air. Thus, it is speculated there were unusual sounds in air and they
were excited at that time. The excited inner sfdaps caused SM3 to produce loop-
structured PS1-V2. Mature males of bottlenose dofptiisperse from their matrilineal group
and made stable alliances with other adult malesiiGr & Kriitzen, 2015). Signature whistle
convergence and sharing were found among allieés(&molker & Pepper, 1999; Watwood
et al., 2004). Although little is known about bedumale society, adult males appeared to
facilitate long-term social bands with other matarales (Michaud, 2005; Colbeck et al.,

2013). Thus, the similarity between PS1-V4 of St #S1-V4 of SM2 was possibly the
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result of convergence and/or sharing as seen ittehose dolphins. There were other PS1
variants. Bottlenose dolphins also produce seveaal-signature whistles (Tyack, 1986;
Sayigh et al., 1990; Janik et al., 1994; McCowarR&iss, 1995b; Janik & Slater, 1998;
Nakahara & Miyazaki, 2011) and males have a broadwastle repertoire (Tyack, 1986;
Sayigh et al., 1990). Although the role of non-sigme whistles was unclear, it is reported
that most of the whistles produced by allied matesonsortship with a female are non-
signature whistles (Watwood et al., 2005). Thus]l R@riants also possibly related to
consortship with females, but larger samples froateswill be required to uncover the role
of PS1 variants.

Only NM1 in the Port of Nagoya Public Aquarium ratbnal component in PS1, while all
of the belugas in Shimane Aquarium had tonal oravarand pulsed components that co-
occurred with the main broadband pulse train in @&d. 3.11). The overlapping components
of SM1, SF1, and SF2 were individually distinctivehile those of others had less
individuality. The main pulse trains of PS1 catisShimane Aquarium were similar to those
of Type A calls described in Vergara et al. (203 .described in chapter 2, of the five Type
A call variants, the overlapping of a tonal companis found in type Al. The Al call was
produced by an adult female and her two offspikighas an average PRR of 94.6 pulses/s,
is 1.2-1.9 s in duration, and consistently contait@nal component at 14.6 kHz. Overlapping
of a pulsed component is also found in the A3 ddtle A3 call was produced by an adult
female and her daughter. It has an average PRR&# Pulses/s and duration of 1.2-1.9 s
and has a secondary pulsed component that synzksowith the main pulse train. Belugas
live in pack ice or polynyas in winter, which asgremely noisy and reverberant environments
(Brown & Milne, 1967). The biphonation perhaps plag role in the enhancement of
individual recognition in this noisy environment s&en in emperor penguindpfenodytes

forsteri), king penguins Aptenodytes patagonicus) (Aubin et al., 2000) and dhol€&gon
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alpinus) (Volodina et al., 2006). Recordings from wild lighs and playback experiments will
be needed for the functional interpretation of alverlapping tonal or pulsed components in
PS1 and Type A calls.

Individuality was found in various parameters dmelquadratic DFA classified PS1 calls into
individuals with an overall classification rate @.8%. Classification of individuals by PS1
calls was also possible spectrographically and doy €hus, as belugas possess enhanced
hearing capabilities compared to humans (Fay, 1B88hin et al., 2000), it appeared to be
very easy for belugas to recognize individual P&lllsc

Intra-individual consistency and inter-individuafference existed in IPl contours of PS1
calls (Fig. 3.12). In addition, PIC results showleat PRR, IPI 1, and IPI 2 had high PIC scores
greater than 3 (Table 3.2). Further, the most madive parameters in DFA were IPI 2
followed by IPI 1. These results suggested thadgtepetition pattern had a high potential as
an individual identification media. An abrupt changias found in the initial part of IPI
contours (Fig. 3.12). Further, overlapping exchangften occurred, as seen in the PS1 calls
reported by Morisaka et al. (2013) and Type A aadised by Vergara et al. (2010). In addition,
IPI 2 varied dependent on context (Table 3.5). €hesults supported the hypothesis that the
initial part of IPI contours contained sufficiemtfarmation for individual identification, as
described in chapter 2.

Here all temporal parameters were significantlijedent among individuals (Table 3.2),
whereas in the results of chapter 2, duration ladkelividual distinctiveness (Table 2.3).
However, N, DUR, and IPI 2 varied dependent on context ia #tudy (Table 3.5). The PS1
calls in the 12-min gate open in the special sessa more Nand longer DUR than those
of normal sessions. The subjects might need thibaeges to assert individual identity in a
context of visual reunion after a long separatidrerefore, there still remains the speculation

that duration, which is related to the number dkes, is affected by motivational state and
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does not carry individual information as do sigmatwhistles of bottlenose dolphins (Esch et
al., 2009).

Visual inspection did not find clear individuality power spectra of middle pulses (Fig. 3.13),
although statistical analyses revealed that ahefspectral parameters differed significantly
among individuals and had PIC values greater th@rallle 3.3). These results were similar
to those in chapter 2. Given that human observers tproven to perform better than
computers at classifying vocalizations (Janik, 19%pectral cues seemed not to encode
apparent individuality. Directivity may explain tivgra-individual variability as described in
chapter 2.

The PS1 call rate was increased by the 12-minaaa in the special session, which was a
context of visual reunion after a long separation the males and SF1, and the first
opportunity for the males to see the calf (Fig53.1n addition, the males produced only the
predominant, individually distinctive PS1 variarfBRV1 at that time. These results suggest
that the individualized PS1 calls served as indigld advertisement. An alternative
explanation is that the unusual situation, or gain, caused the high PS1 call rate to increase
the maintenance of group cohesion.

This chapter exhibited that PS1 served as anaiffié contact call and that while individual
difference existed in various temporal and speqbalameters, IPI contours had highly
distinctive individuality. These results correspamith those of chapter 2. Therefore, there is
a high possibility that the function and individiiibf PS1 calls are common features among
beluga whales. Playback experiments will elucidettether belugas use PS1 for individual

recognition and which acoustic parameter is thegeition cue.
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Chapter 4: Establishment of a broadband transmitting system for
PS1 playback experiments
4.1 Introduction

Playback experiments are used to investigateehaworal or vocal responses of animals to
acoustic stimuli reproduced using a speaker. Thlaadecan be a powerful tool for revealing
animal cognition and has been incorporated in s¢wtudy areas, including vocal function,
or kin and individual recognition in odontocetes@ake, 2006).

In bottlenose dolphins, playback experiments haenlused since the 1960s. Lang & Smith
(1965) broadcast an audio track of an isolated ldolpo another isolated conspecific to
investigate whistle function in bottlenose dolphifke target dolphin frequently responded
to a specific whistle type in the recording witls@ecific type out of his whistle repertoire;
therefore, it was suggested that those particutestie types might be used for localization or
identification of other dolphins. Dreher (1966)alslicited different behavioral and vocal
responses to presentation of six whistle typesivizall et al. (1972) trained a dolphin to react
positively to the signature whistle stimuli of focwnspecifics and not to react to those of four
other similar-aged conspecifics. The dolphin cowspond correctly to the randomly
presented whistles of the eight different conspexifT his indicated that dolphins could easily
differentiate conspecifics’ signature whistles.afelr study by Sayigh et al. (1999) also used
playback experiments to reveal whether dolphinslccalistinguish signature whistles of
different familiar individuals. The target mothe@esponded more strongly to the signature
whistles of their own calf than to those of a santhged non-related calf. Likewise, calves
responded more strongly to the signature whistfeth@r own mother than to those of a
familiar, similar-aged female. These results leth®conclusion that signature whistles were
used for individual recognition. Subsequently, Baet al. (2006) examined by using

synthesized signature whistles whether dolphingdcextract individual identity information
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from the frequency modulation patterns even aftarcgce features have been removed from
them. Dolphins reacted more strongly to the syritleelssignature whistles of a close-related
individual than to those of an unrelated indiviquagardless of the level of similarity between
each stimulus and their own whistles. This providednpelling evidence that sufficient
information on identity was encoded in the frequemeodulation patterns of signature
whistles. Nakahara & Miyazaki (2011) found thatnsityre whistle exchanges were regulated
by a rule in which the respondents called back iwiths, and they implemented playback
experiments to support the findings experimentéls/expected, dolphins mostly responded
with their own signature whistles within 1 s frohretexposures to the associates’ signature
whistles. They also reported that in rare caselphitts called back copies of the presented
associates’ signature whistles. The function ofasmmal signature whistle copying and
matching was uncovered by a playback study of K&nganik (2013). Dolphins more often
replied with their own signature whistles when esgubto the same whistle type than to other
whistle types from familiar and unfamiliar individis. It suggested that the copying of
conspecifics’ signature whistles can be used abael to address particular individuals and
that the addressed individuals responded with tbein signature whistles. Long-term
memory of signature whistles was also proven byhadak experiments, in which dolphins
presented a stronger response to the signaturéleshis former tank mates than to those of
strangers, even if the target dolphin and the fotareék mate were separated for up to 20 years
(Bruk, 2013).

Playback experiments regarding kin recognition @s® carried out with other species
including sperm whales and killer whales. RendelVv&itehead (2005) played back codas to
sperm whale groups to examine whether the coddatkg evoked their coda production and
whether they showed a differential response to £dan their own clan over codas from

other clans. Although they failed to find a coremtreaction, with most coda exposure
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eliciting no clear reaction, Filatova et al. (202ho performed similar playback experiments
to killer whale units, found that the recipient tgralways responded vocally to the playbacks
of discrete calls from the same pods, but they nesgponded vocally to the playbacks of
discrete calls from different pods. They concludkdt killer whales could discriminate
between discrete calls of their own and differesdg

In belugas, Morgan (1979) conducted playback erpanis with a captive group at the New
York Aquarium and wild belugas in the Saguenay Ri@anada, to investigate vocal function
of several call types. This provided the possipiiitat certain specific calls and combinations
of calls had particular significance, but obviouadtions were not found.

To elucidate PS1 function or kin and individualageition of PS1 calls, | should perform
several playback experiments. However, the reproaiuof broadband calls is problematic,
and such calls cannot be effectively produced tifinquiayback. The reproducible frequency
band underwater has been limited to frequenciegddhan 20 kHz, as there have been no
dedicated broadband underwater speakers, and donanspeakers have transmitting
sensitivity only below 20 kHz. These speakers cafaithfully reproduce broadband pulse-
type vocalizations such as PS1 not only in thetspledomain but also in the temporal domain,
because there is an inversely proportional relahgnbetween bandwidth and pulse width.
Actually, the reproduced sounds in the studiesrie=t above were whistles or only the low
frequency part of pule trains. Therefore, to congileyback experiments with PS1 recordings,
it is necessary to start by developing a broadhamtkrwater speaker and establishing a

broadband transmitting system.

4.2 Requirementsfor the broadband transmitting system
Requirements for the broadband transmitting systene determined based on the acoustic

properties of PS1. The transmitting system shoalecthe frequency band from <1 kHz to
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>170 kHz in which PS1 has consistent energy. Intiaal it should have the power to project
sounds of at least 130-160 dB (root mean squares)RbB 1uPa at 1 m, which is the typical
SL of PS1. Further, any equipment should not geéeeadarge amount of noise and distort
waveforms (Deecke, 2006).

The SLs of PS1 calls in both aquariums were roughtymated by using the equation (4-1):

SL =201log(V) + |M| — G + 20logR + aR (4-1),

whereV is the output voltage of the preamplifiév is the receiving sensitivity of the
hydrophone@G is the gain of the preamplifieR is the distance between the hydrophone and
the sound source, andis the absorption coefficient. | used RMS value Woand did not
consider directivity for the calculation & as the directivity of PS1 was unknowR.was
roughly estimated from the video data, afiRflwas a small value and it was ignored in this

study.

4.3 Development of a broadband underwater speaker
4.3.1 Broadband technique of atransducer used for sensing aquatic animals

An underwater speaker is one of the most impodantponents of the transmitting system,
which changes the electronic signals into pressigreals, or sounds. Therefore, the principle
step should be the development of a broadband watkar speaker.

Echo-sounding systems are used for sensing figheplanktons using sounds in order to
estimate marine resources. This field also desiredlevelopment of broadband transducers,
because broadband signals improve range resolatiwh¢lassification and discrimination of
the scattering sources (Stanton, 2009). Some bapaldbransducers have been developed

(Foote, 1998; Mortensen et al., 1999; Imaizumilgt2®08) and also a successful prototype
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broadband transducer spanning the frequency bamd 20 kHz to 150 kHz with a
transmitting sensitivity of about 160 dB reuRa/V at 1 m (Amakasu et al., 2013). Thus, the
broadband technique of the prototype transducelddo@ usefully applied to a broadband
underwater speaker for PS1 playback experiments.

The target frequency band of Amakasu et al. (20&%) from 38 kHz to 120 kHz. They used
10 mm-square resin-coated type of multilayer pitgc actuators (NEC/TOKIN Co.,
Japan; Fig. 4.1 a), which had large generated faite low power consumption and had
resonances at 134 kHz and 161 kHz (Fig. 1 desciibAdhakasu et al., 2013). In this study,
the actuators were referred to as high-frequentyatmrs. A very wideband transmitting
sensitivity existed in the high-frequency actudtself and it covered the frequency range
higher than 80 kHz. To increase the sensitivitthm frequency range lower than 80 kHz, the
actuators were Langevin structured. In Langeviacstire, actuators are sandwiched by two
masses one each at the front and rear. This steugtinerated resonances at lower frequencies
than the resonant frequencies of actuator itselieltvV30 high-frequency actuators were
Langevin structured using 13 mm-thick and 110 manditer acryl disks for front and rear
masses, four resonances appeared at 34, 60, 1811,6d4nkHz. The 34 kHz and 60 kHz
resonances seemed to be attributed to the Langeuicture, while the 131 kHz and 164 kHz
resonances were attributed to the actuators theasséls a result, the transducer covered the

frequency band from 20 kHz to 150 kHz.

4.3.2 Application of the broadband techniqueto an underwater speaker

The frequency band of Amakasu et al. (2013) i$ it enough for an underwater speaker
used for PS1 playback experiments, because thetiggypsdrops down below 20 kHz.
Therefore, the addition of another type of the ifayler piezoelectric actuator, metal case type

(NEC/TOKIN Co., Japan; Fig. 4.1 b) with a transmgtsurface of 35 mm in diameter was
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required to compensate for poor sensitivity bel@kBRz (Mishima et al., 2013; Fig. 4.2). The
resonant frequencies emerged at 8 kHz and 20 kbt tlee actuator was termed a low-
frequency actuator (Fig. 4.3).

Seven high-frequency actuators and one low-frequactuator were placed in the same
acryl disk of 13 mm thickness and 110 mm diamdtay.(4.4). The directivity increases as
the diameter of a sound source increases. Amakasu (@013) arranged 30 high-frequency
actuators equally in the acryl disk and made thieeedisk vibrate to realize a sharp directivity
with beamwidth of 6.6° at 120 kHz. Although theatitivity of PS1 was unknown, it appeared
to be lower than that of the echolocation clicksduced to broadcast the caller's message.
Therefore, the vibration area of the high-frequeaciuators was reduced in this study and
was adjusted close to the transmitting surfachefdw-frequency actuator. Thus, seven high-
frequency actuators were placed approximately wighB5 mm circle on one side of the front
acryl disk, and the low-frequency actuator wasq@uthe other side (Fig. 4.4). Two circular
slits of 50 mm and 38 mm in diameter were madeosuding the high- and low-frequency
actuators, respectively, to simplify the vibratiamode as much as possible. Only high-
frequency actuators were Langevin structured uasinagher acryl disk for a rear mass, and the
low-frequency actuator was fixed in the front digkng bolts. This structure was embedded

in a vinyl chloride housing (Fig. 4.5).

a) Resin-coated type b) Metal case typ

Fig. 4.1 Multilayer piezoelectric actuators; agirecoated type and b) metal case type
(NEC/TOKIN Co., Japan).
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4.4 Establishment of a broadband transmitting system

The transmitting system was composed of the dpeel broadband underwater speaker, a
GTO 504 power amplifier (JBL Inc., USA), a NI USB%L data acquisition device (National
Instruments Co., USA), and the MATLAB software (8D1The power amplifier has flat
sensitivity from 10 Hz to 100 kHz within -3 dB. Theadually declining sensitivity above 100
kHz appeared to be useful in suppressing the resenaf the high-frequency actuators at
around 130 kHz-140 kHz (Fig. 1 described in Amaletsal., 2013). The power amplifier can
amplify two channels separately and therefore Iregmilate the power delivered to each type
of actuator of the speaker to provide a unifornpattevel. The data acquisition device also
corresponds to the frequency band and converto@ségnals sampling at 500 kHz and 16

bits.

4.5 Evaluation of the broadband transmitting system
4.5.1 Methods

Evaluation tests were conducted at a depth afoeqpately 30 m in Tateyama Bay on June
22, 2015. The underwater speaker and a TC 4013pldne (Reson Inc. Denmark) which
exhibits a flat frequency response from 1 Hz to BH@ (Fig. 4.6) were mounted on a stainless
steel frame and positioned 1 m apart from eachradifig. 4.7), and the assembly was
submerged horizontally at a depth of 2 m.

An up-chirp signal with frequency modulation fronkHz to 180 kHz was used to evaluate
the transmitting system (Fig. 4.8). The chirp slgrantinued for 15 ms and was transmitted
three times with a 200 ms interval. Onset and bffeee were set to 400s; subsequently, the
frequency range of approximately 5 kHz to 175 kHzsvavailable for the evaluation. The
signals were created by using the MATLAB softw&el(s).

The diagram of the transmitting and receiving systerepresented in Fig. 4.9. The signals
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projected by the transmitting system were receivgdhe hydrophone. The output signals
from the hydrophones were analog high-pass filtatedkHz, and amplified by 32 dB using
VP1000 preamplifiers (Reson Inc., Denmark), witflad frequency response to 1 MHz (-3
dB). The NI USB-6351 data acquisition device (Nadilbinstruments Co., USA) digitized the
output signals sampling at 500 kHz and 16 bits.dipeal signals were collected and analyzed
using the MATLAB software (2015). To avoid confusjonput signals to the DA converter
were defined as “transmitting” signal, output sigrfeom the speaker as “reproduced” signal,
and output signals from the AD converter as “reiogi¥/signals. Recordings were made six
times with the level of the transmitting chirp sidg) referred to as transmission level, varying
in six steps: 2.5, 5, 10, 20, 40, and 80 mV.

The receiving chirp waveform and the transmittoigyp waveform were cross correlated,
and the impulse response of the transmitting amgiveng system was computed. The
amplitude and phase information were extracted ftoenimpulse response. The amplitude
spectrum and the phase spectrum were obtaine@sti&burier transformation (FFT) with a
size of 10000 points. SL was calculated by usirggdfuation (4-1) and SL spectrum was
constructed. The receiving sensitivity of the hyatrone in each frequency (Fig. 4.6) and the
gain of the preamplifier were considered for Slcakdtion.

To examine the mechanical noise generated by tiperaf the transmitting system, two
recordings were compared; one was an environmeaoisg recording where all power supply
to the transmitting equipment was turned off, dreddther was a silence track recording where

all transmitting equipment was operational butdigmal was not projected
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Fig. 4.6 Receiving sensitivity of a TC 4013 hydnope (Reson Inc., Denmark).
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Fig. 4.7 A speaker and a hydrophone attachedran@e. They were separated by a
distance of 1 m.
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Fig. 4.8 Transmitting chirp signal with frequenogdulation from 1 kHz to 180 kHz
within 15 ms. Onset and offset were set to 460
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Fig. 4.9 Transmitting and receiving system.

45.2 Reaults

The receiving chirp waveform at a transmissiorelexf 20 mV is shown in Fig. 4.10. Its
spectrogram demonstrates that the broadband abimplss reliably reproduced (Fig. 4.11).
The SL spectra at all of the six transmission Iewaee shown in Fig. 4.12. It revealed that the
transmitting system had flat frequency respongéarange of at least 5 kHz—175 kHz with
+12 dB ripple and could project sounds at least130 dB re JuPa at 1 m. In the frequency
band, the SL appeared to grow proportionally tatthesmission level. For instance, Fig. 4.13
shows the linear relationship between the trangamdsvel and the SL at three frequencies:
40, 80, and 120 kHz. Thus, | could hold linear@ycalculate transmission levels according to
desired SLs, at least in the range of 130-170 dB.

Strong harmonics and constant noise were not fautiee receiving chirp spectrogram (Fig.
4.11). In addition, a proportional relationship veeén the transmission level and the SL

suggested that the chirp signals were not satu(&igd4.12, 4.13). Further, noise levels did

99




not differ between the environmental noise recaydind the silence track recording (118.9
dB and 118.7 dB, respectively). In addition, Fig.#4shows spectrographically that there are
no distinct noise artifacts in the silence traatoreling. These results suggest the transmitting
system did not generate waveform distortion or@vignechanical noise from any constituent

equipment.

Amplitude (mV)

0 2 4 6 8 10 12 14 16 18
Time (ms)

Fig. 4.10 Receiving chirp waveform at a transnoisdevel of 20 mV.
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Fig. 4.11 Receiving chirp spectrogram at a trassion level of 20 mV (FFT size: 512
points; window: Hamming; overlap: 400 points).
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Fig. 4.12 SL spectra of the receiving chirp sigratlthe six transmission level from 2.5
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Fig. 4.14 Spectrogram of the silence track recwydh which all transmitting equipment
was operational but signal was not projected (RE@: $12 points; window: Hamming;
overlap: 400 points).

4.6 Calculation of theinver se characteristics

The broadband fidelity of reproduced signals wdsaened by cross-correlation between the
transmitting signals and inverse characteristictheftransmitting system. The reciprocal of
the amplitude spectrum and the inversion of thesplspectrum of the receiving chirp signal
were calculated to compute the inverse spectrabcheristics of the transmitting system. The
spectral information was transformed by the invefd€T to temporal information.
Transmitting waveforms were cross-correlated towheeform of the inverse characteristics
before they were transmitted.

Fig 4.15 compared frequency properties betweenetteving chirp signals before and after
the cross-correlation with the inverse charactessthe cross-correlated chirp signal shows

a flat frequency response from 7 kHz to 175 kHhw%.5 dB ripple.
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Fig. 4.15 Frequency properties of the receivingpckignals before and after being cross-
correlated to the inverse characteristics of thedmitting system.

4.7 Test transmission of a PS1 sample

A prerecorded PS1 sample was cross-correlatedheoinverse characteristics and then
reproduced by the transmitting system to confirmetbr the acoustic structure of the
receiving PS1 resembled that of the transmitting). FBe receiving system was the same as
Fig. 4.9, excluding an Aquafeeler Ill preamplifiehquaSound Inc., Japan) with a flat
frequency response to 200 kHz (-3 dB), which bassifétered the signals from 1 kHz to 200
kHz and amplified the signal by 40 dB. This expenhwas implemented in an acoustic
chamber of 5 m length, 4 m width, and 3 m heigHicédyo University of Marine Science and
Technology.

The transmitting PS1 and the receiving PS1 wengpewed by waveforms, spectrograms and
averaged power spectra. The middle pulses in tiecalls were used for calculation of the
averaged power spectra. The waveform comparisocatat! that the pulse train was faithfully
reproduced in the temporal domain (Fig. 4.16 anfi@aration of each pulse was similar

between the transmitting and receiving PS1 cally @16 b). The spectrograms and spectra
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also show that the frequency range of PS1 is alneadized (Fig. 4.17, 4.18). Reverberation
seen in the receiving PS1 was probably due to pielteflections from the walls, floor, and

water surface of the small acoustic chamber.
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Fig. 4.16  Transmitting and receiving PS1 wavefara) All pulses and b) one of the
pulses composing PS1.
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Fig. 4.18 Relative averaged power spectra of titelie pulses in the transmitting and
receiving PS1 calls (FFT size: 256 points; windelamming; smoothing: 5 points).

4.8 Calibration of thelevel of transmitting PS1 data for desired source level

In playback experiments, several previously recaor@&1 calls were used as playback
stimuli. Because the amplitude varies among the ®@®iples, it should be normalized and
then calibrated according to desired SLs as follows

1) Prerecorded PS1 samples were subjected tordiss-correlation process with inverse
characteristics.

2) The maximum amplitude of the transmitting PSlefarms was set to 50 mV and they
were reproduced by the transmitting system.

3) RMS amplitude of the receiving PS1 waveforms massured and SLs were calculated.
The receiving system was the same as section 4.7.

4) Based on the linear relationship between trasson level and SL (as described in
subsection 4.5.2), the level of the transmittind. l[d&ta was calibrated according to a desired

SL by using the computed SL at a transmission lei/6D mV.
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4.9 Trial of PS1 playback experiment
4.9.1 Methods

Atrial of the PS1 playback experiment was conedat the Port of Nagoya Public Aquarium
on October 29, 2015 to test whether belugas discat® between PS1 calls from familiar and
unfamiliar individuals. The main pool contained NIRF3, and NM2, and the holding pool
contained NF1 and NM1 (Fig. 4.19). The medical pa@is vacant and the broadband
underwater speaker was set in the pool to hidittence as far as possible from the belugas.
Two TC 4013 underwater hydrophones (Reson Inc.ni2ek) and six AQH-100DTP touch
panel hydrophones (AquaSound Inc., Japan) weregladhe three sub-pools as in Fig. 4.19,
to record vocal responses from all belugas. Thedpftbnes were connected to Aquafeeler
lll preamplifiers (AquaSound Inc., Japan) with kkefi from 1 kHz to 200 kHz and a gain of
50 dB, and EZ7510 data recorders (NF Co., Japah)avsampling rate of 500 kHz and 16
bits. The beluga behavioral response was recorawed fhree positions—the underwater
windows of the main and holding pools and from abthe surface of the main pool—using
a GZ-V675-R video camera (JVC Co., Japan), an iIMFSR11 video camera (Canon Inc.,
Japan), and a GoPro HERO 3+ video camera (GoProUS®\), respectively. All equipment
was arranged one day before the playback triat¢astom the belugas to it.

A familiar playback stimulus was selected from Bainples from NF2 and an unfamiliar
playback stimulus was selected from PS1 samples 861 at Shimane Aquarium. NF2 and
SF1 were both females and of almost equal agend5L6—-18 years old, respectively. The
selected PS1 samples had good signal-to-noisewdhiano multivariate outliers based on the
nine temporal and spectral parameters (Table E&)h stimulus was played twice, with an
interval of 2 s, which was long enough for a regeo(see subsection 3.4.3; Morisaka et al.,
2013). The SL was set to 160 dB (RMS) rgFa at 1 m, which was the typical SL of PS1

calls.
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Vocal and behavioral recordings began in the af@nn The operator of the transmitting
system waited for the timing of playback at the ro&ldpool, listening for vocalizations from
the underwater hydrophones (Fig. 4.19). Two obsereenducted video recordings at the
main and holding pools and relayed the beluga heh&vthe operator via transceivers. The
operator played the prerecorded PS1 calls whenre tegre no interactions, such as
aggressive/submissive behavior, between individaats no high vocal activities between
belugas.

To compare the strength of the belugas’ respowdastiliar and unfamiliar playback stimuli,
| investigated the frequency of PS1 production bpelugas and the staying time of NF1 and
NML1 at the half of the holding pool closer to thtice between the holding and medical pools.
The individuals were considered to be staying ig #nea when the heads were visible in the
area. The PS1 frequency and staying time were cadpbetween 2 min before (pre-

playback) and after (post-playback) each playback.

Video

Medical pool
©Operator

Main p

Holding pool
e Hydrophonesat 1 m depth

m Hydrophones attached the acryl windows

Fig. 4.19 Schematic layout of the playback expentn
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4.9.2 Results

There was one pulse train, other than PS1, inti&glayback time of the familiar stimulus,
and no vocalizations in the post-playback time. ©8& call was recorded at the pre-playback
time of the unfamiliar stimulus, whereas there werye@ocalizations in the post-playback time.
These results suggested that my playback attentgd @ elicit clear vocal responses.

The staying time of NF1 at the half of the holdpmpl closer to the speaker was 91 s and
101 s in the pre-playback and post-playback tinfigeefamiliar stimulus, respectively, and
86 s and 88 s in the pre-playback and post-playliswks of the unfamiliar stimulus,
respectively. The staying time of NM1 was 89 s 440 s in the pre-playback and post-
playback times of the familiar stimulus, respediivand 69 s in the pre-playback time of the
unfamiliar stimulus. The staying time of NM1 in tpest-playback time of the unfamiliar
stimulus could not be measured because of the alegld of the video. These results suggest
that the belugas stayed in the area close to thakep after the familiar playback for a little
longer time than before, while the staying time wamparable before and after the unfamiliar
playback. Other belugas, especially the subadult &td calf NM2, in the main pool escaped

to the sides of the pool after both playbacks.

4.10 Discussion

Fidelity in transmitting systems is indispensabieeliciting correct responses from target
animals. The established transmitting system alnfwiéitled the requirements for PS1
playback. This study succeeded in creating a bradilnnderwater speaker by applying the
broadband technique of a previously developed thaces. The transmitting system had flat
frequency response (Fig. 4.12), and the broadbepmducibility was enhanced by cross-
correlation between the transmitting signal anditiverse characteristics of the transmitting

system, up to £5.5 dB ripple from 7 kHz to 175 k{ffzg. 4.15). Although the transmitting
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system had low sensitivity below 7 kHz, it does appear crucial as hearing sensitivity in
belugas tends to drop sharply at frequencies Idh@&n 8 kHz and higher than 120 kHz
(Awbrey et al., 1988; Klishin et al., 2000; Moonetyal., 2008). However, it should be noted
that low frequency sounds travel better than higlydency sounds, and belugas might then
use the frequency range below 7 kHz especiallyomgidistance communication. The
transmitting system could project sounds at |e@86t170 dB re JulPa at 1 m and possesses
enough power for PS1 playback (Fig. 4.12). Thebdistaed calibration method calculates the
PS1 transmission level in accordance with the dds8L. Mechanical noise and waveform
distortion were not found in the transmitting systeWhen the PS1 test sample was
reproduced by the transmitting system, the transmgiand receiving PS1 calls had almost
equal acoustic structures (Fig. 4.16, 4.17, 4. TBgse results led to the conclusion that the
system was useful for PS1 playback experiments.

While peak-to-peak SLs of echolocation clicks ofeatteed 200 dB (Au et al., 1987; Au,
1993; Rasmussen et al., 2002; Au & Herzing, 2003d#8én et al.,, 2004), SLs of
communicative vocalizations tend to range from dB@o 180 dB (Janik, 2000a; Miller, 2006;
Rasmussen et al., 2006; Clausen et al., 2010)., Thastransmitting system is capable of
reproducing various odontocete communicative ocaltl energy mainly in the frequency
range of 7 kHz—175 kHz, as well as the PS1 callsetiigas. For instance, most whistles of
the spinner dolphinSenella longirostris) and spotted dolphinSenella frontalis) have a
fundamental frequency above 10 kHz and harmonitaneing past 50 kHz (Lammers et al.,
2003). The harmonic cues are possibly used to atelithe orientation of callers since the
high-frequency harmonic content varies dependingapimuth. Their burst pulses were
ultrasonic with little or no energy below 20 kHndamight have communicative function in
social contexts such as agonistic interactions (bars et al., 2003). In bottlenose dolphins,

broadband burst pulses spanning approximately féonkHz to 150 kHz served as
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aggressive/agonistic calls (Blomgvist & Amundin,02), and play-fighting dolphins also
produced similar burst pulses though followed byistibs (Blomqgvist et al.,, 2005).
Cephalorhynchus species appear to use narrow-band high-frequendge ptrains for
communication (Watkins et al., 1977; Dawson, 19%bshida et al., 2014). Those
communicative call functions will be verified expraentally by playback experiments.

Further, the transmitting system is useful in plclostudies of the investigation of vocal
mimicry and matching skills. Richards et al. (198émonstrated the imitation of computer
generated tonal sounds by a bottlenose dolphiniléiyp Murayama et al. (2014) presented
the imitation of synthetic tonal sounds by a belugagara (2011) examined whether belugas
could respond to playbacks of two categories off ttedls, which were produced after hand
signals during public shows, with matching vocdimas. The broadband transmitting system
will broaden this study area.

The broadband transmitting system is also helpfuther areas of study, including wildlife
management. Marine mammals display avoidance behatien they were presented with
calls of killer whales, a potential predator (Cumgs & Thompson, 1971; Deecke et al., 2002),
and the playbacks of killer whale calls were useditevent whales and pinnipeds from
interfering in fishing industry (Fish & Vania 197%haughnessy et al., 1981). As some killer
whale calls have energy up to 100 kHz (Schevill &tkihs, 1966), broadband playback using
the broadband transmitting system may thus eheittargets’ response more effectively.

Codas of socializing sperm whales were broadcastegiide conspecifics in a narrow
confined bay to safe open sea (Goold, 1999), aimdwdh the operation was unsuccessful,
one whale approached the sound source in a sifeybazk trial. It is suggested that playback
of contact calls may be useful for controlling teection and movement of odontocetes in
danger of stranding. The broadband transmittingesy€nables us to try similar playback on

various species to protect them from stranding.
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| attempted a playback experiment of PS1 callsgugie transmitting system to test whether
belugas discriminate PS1 calls of familiar and omfi@r individuals. The attempt did not elicit
clear vocal responses to both of familiar and unifanplayback stimuli. The staying time of
the two adults in the half of the holding pool @oso the speaker was comparable before and
after the playback of the unfamiliar stimulus. Howe after the familiar stimulus, the adults
showed a slight tendency for a longer staying fimthe half of the pool closer to the speaker.
This suggests that the response of the belugasetéamiliar playback was a little stronger
than that to the unfamiliar playback. However, othelugas in the main pool escaped from
the speaker after both playbacks. From these ambggtesults, it was apparent that | should
redesign the playback protocol. According to myeasbation and the information from
trainers, belugas are curious but sensitive andamdiy to new situations when exposed to
new objects or sounds. When the playback experimastconducted, the belugas might have
become more sensitive because they experiencedramnaal situation when | prepared the
playback experiment, such as the installation efdpeaker, the day before the experiment.
Although the speaker was set so that the belugakl et see it, they knew there was
something in the medical pool, even if they did kredw what it was. Thus, when sounds were
emitted by the speaker, the adult belugas in thaifgp pool could show increased curiosity,
whereas the subadult, calf, and adult belugas defgrihe calf in the main pool might escape
from the unknown entity, even if the exposed sowad a PS1 of their associate (or a PS1 of
herself for NF2, the adult beluga depending th&.caherefore, | need to design a playback
protocol that can be performed under more natuvaditions to assess a response more
reflective of natural behavior from belugas.

In summary, a broadband transmitting system waabkshed enabling us to conduct
playback experiments of various broadband calledantocetes and PS1 calls in belugas.

Since my first attempt of PS1 playback experimaiied to elicit clear vocal and behavioral
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responses, in future research, | need to redelsegplayback protocol.
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Chapter 5: Summary and discussion
5.1 PS1 characteristicsin belugas
The results from two aquariums are summarized lasifs:

Acoustic structure of PS1

PS1 sounds like a ratchet or a door creaking toamuears.

Np: 103.5+ 42.5 (19-260)

DUR: 0.58 + 0.3 (0.16-1.48) s

PRR: 197.6 £ 80.9 (32.6-525.5) pulses/s

IPI1:4.1+2.1(1.0-19.6) ms

IPI2:5.9+1.6 (4.1-13.1) ms

Fo: 58.8 + 36.0 (11.7-146.5) kHz

10 BW: 58.4 £ 27.2 (0.0-136.7) kHz

F: 31.3 + 31.1 (2.0-109.4) kHz

Fu: 89.6 £ 37.9 (11.7-175.8) kHz

Some of individual PS1 calls contain tonal or navand pulsed components overlapping
the main pulse train.
PS1 function

1) PS1 was the most predominant call type in alai®n context.

2) There was no relationship between PS1 boutsggressive/submissive behavior.

3) PS1 was used for vocal exchange.

The results of 1), 2), and 3) suggest that PS1glaje in a contact call.

4) The largest and strongest belugas, which weneght to be top rank, produced PS1 most
frequently. This suggests that dominant belugas pnaguce PS1 to instigate and control the
movement of the group members.

5) There was an increase in PS1 production ratasvisual reunion after a long separation,
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and those PS1 calls were individually distinctiVieis implies that PS1 possibly functions as
an individual advertisement.

Individuality in PS1

1) IPI contours showed strong individuality. Visw@mparison revealed the individual
distinctiveness in IPI contours, and it was supabtty the results of statistical analyses on
temporal parameters.

2) Spectra had little individuality. Although vislucomparison revealed no clear individual
distinctiveness in spectra, statistical analyseswsdd some spectral parameters were
individually different.

PS1 variants
PS1 was subcategorized into acoustically diffevamiants in males based on IPI contours.

It implies the possibility of PS1 sharing or coryamnce and other PS1 roles in males.

5.2 PS1-like callsdescribed in previous studies of Monodontidae

Rrelatively long broadband pulse trains were dbedrin previous studies of both captive
and wild beluga vocalizations. It should be noteat those studies only recorded up to 24 kHz
or lower, therefore frequency components were oatpared directly in the present study.
The PS1-like calls were summarized as follows, ating to Mishima et al. (2015):

Sjare and Smith (1986a) reported vocalizationsitof belugas in the Northwest Territories,
Canada. The pulse train type H they categorizeganp 3 calls is similar to PS1 calls in terms
of spectrograms and PRR of 80—290 pulses/s. Tragidarof the group 3 calls are also similar
to PS1 calls, with 0.850.44 (0.2-2.7) s. The frequency composition ofghaup 3 calls is
4.6+1.7 (0.3-12.0) kHz, which is comparable to PS1saallthe Port of the Nagoya Public
Aquarium that have a peak at 6 kHz in the rangevwelO kHz. The group 3 calls were

produced during rest and socially interactive p#si(Sjare & Smith, 1986b).

116



Bel'kovitch & Sh’ekotov (1993) summarized vocalirets of wild belugas in the White Sea
and Amur Estuary, Russia. The intensive pulsegrdgrinding” calls, are similar to PS1 calls
with high PRR up to 150 pulses/s of 0.9-1.92 suration and dominant frequencies of 1.2—
2.2 kHz and 5.6-10.0 kHz. The calls were callirgnals produced by a female to a juvenile.
Belikov and Bel’kovich (2008) also examined wildluigas in the White Sea, Russia. The
pulse train types with low PRR, IPT3 and IPT7, nesled PS1 calls. The IPT3 had 13—-630
pulses/s, 0.8%0.43 (0.32-2.28) s in duration, and a dominantuesgy of 6.1 1.0 (3.9—
8.7) kHz, while the IPT7 had 9-770 pulses/s, £8&13 (0.6-2.43) s in duration, and a
dominant frequency of 5#4.8 (0.2-15.0) kHz. These calls were produced dusiocial
interactions and quiet swimming (Panova et al.,220Alekseeva et al. (2013) reported that
pulse trains with low PRR, “groaning” and “grumlginwhich are similar to PS1 calls, were
produced in the context of sexual behavior.

Karlsen et al. (2002) investigated vocalizationsvdtl belugas in Svalbard, Norway. The
pulse train type Il is similar to PS1 calls, witRR of 104+ 64 (23—240) pulses/s, 0.59.54
(0.07-3.12) s in duration, and frequency range .8+20.0 kHz. The type Il calls were
produced in the context of milling, travelling, ajuining. van Parijs et al. (2003) recorded
calls from wild belugas in the same Svalbard aneand temporal capture events. In their
recordings, the mother of a mother-calf pair pra&tupulse trains with an average of 27
pulses/s and 181.3 s in duration. She frequently moved her headhtd her calf while
producing sounds. The pulse trains from the calfdnrmaverage of 18 pulses/s, 8®5 s in
duration, and occasionally had an overlapping tooaiponent. Another sub-adult female that
was temporarily captured also produced pulse traiitls an average of 22 pulses/s and
0.3+0.08 s in duration. These calls have a smaller BRIR PS1 calls but are similar in
duration.

Chemelnitsky & Ferguson (2012) represented vodabiaa of wild belugas in the Churchill
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River, Canada. The pulse train type P2 is simidd@$1 calls spectrographically. P2 has a PRR
of 207+ 57 pulses/s, 1.160.36 s in duration, and frequency range of 2.8kbl3. Recchia
(1994) reported on captive belugas originating frtbwa river. One of the most discriminant
call types, the so-called “buzzsaw” calls, appéauise spectrographically similar to PS1 calls
with a minimum duration of 0.2 s, but the infornoati available is limited. Vancouver
Aquarium belugas originating from the Churchill RivEstuary produced Type A calls in
isolation contexts (Vargara et al., 2010). A mothedominantly produced Type A calls the
day after the birth of two calves and the deatla chlf on a different occasion, as well as
whenever she needed to regain or maintain contiéttther calf. In addition, there were vocal
exchanges of Type A calls between the mother-cailf gype A call variants, A1-A5, are
broadband rapid pulse trains 1.2-1.9 s in duraimhresemble PS1 calls. Average PRRs are
94.6 +13.0 pulses/s for Al, 328.936.4 pulses/s for A2, 306.442.4 pulses/s for A3, 115.0
+26.1 pulses/s for A4, and 371.81&.3 pulses/s for A5. Al contains a narrowband Itona
component consistently at 14.6 + 0.6 kHz overlagghe pulse train. A3 also contains a
secondary pulsed synchronous component. Thesepparh structures are found in PS1 calls.
Vargara et al. (2010) additionally made recordifigen temporarily restrained belugas in the
Nelson River Estuary and social groups in the &twience Estuary, Canada. In both areas,
the Type A calls were observed.

Moreover, PS1-like calls are found in narwha®odon monoceros), which are the belugas’
closest living relative, also belonging to the Mdoantidae family, living in arctic oceans, and
migrating long distances (Heide-Jgrgensen et @D3R They form large groups composed of
small, sexually segregated subgroups (Marcoux €2@09) and the subgroups might display
a fission-fusion type social structure, although tletails remain unclear (Watt et al., 2015).
Ford & Fisher (1978) collected narwhal vocalizaton Koluktoo Bay, Canada. The pulsed

tones are similar to PS1 calls spectrographicaily lsave highly variable PRRs and of 0.6—
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1.3 s in duration. Further, they were repeated raban of times in succession, and each
successive pulsed tone was nearly identical irt&tre. This implied that individual narwhals
produced each type of pulsed tone and the successse vocal exchange. Marcoux et al.
(2012) recorded calls from narwhals in the sameukiolo Bay area. The pulse trains resemble
PS1 calls spectrographically. They last 0.12 + §0002—0.43) s and include 77.4 + 44.2 (10—
279) pulses. When the pulse trains were clasdiféesttd on the pulse-rate contours, there was
no association between pulse train and behaviat@gories but there was an association
between the pulse train category and the herd., These pulse trains may serve as individual-
or group- specific contact calls.

Shapiro (2006) investigated vocalizations of twdemarwhals belonging to different social
groups in Admiralty Inlet, Canada. The “combinedaldpulsed signals” resemble PS1 calls.
One of the males had a PRR of 82.3 £ 14.2 (28.18) Jlses/s and 1.6 + 0.7 (0.6-2.7) s in
duration, while the other male had a PRR of 1607844{147.5-180.5) pulses/s and 1.2 £ 0.1
(1.0-1.2) s in duration. The calls also containckyaonous tonal components with consistent
energy. In addition, the pulse-rate contours ofghksed components were clearly different
between the two males, thus they may use the cadbanal/pulsed signals as individualized
contact calls and encode individual informatiomititeir pulse-rate contours.

Subsequent recordings of PS1 calls from captivevatitibelugas were essential to define
PS1. Many samples will interpret the role of theatoor pulsed components that co-occurred
with the main pulse train in PS1 and the role of R&riants in males. Further investigation
of contact calls in narwhals is also required tdemtand the evolutionary pathway of contact

calls in Monodontidae.

5.3 Evolutionary processes and adaptive significance of contact callsin odontocetes

5.3.1 Pulse- and whistle-type contact calls
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The common ancestor of odontocetes used pulsede wihistles emerged after the
divergence of Platanistidae, 30 million years almr{saka & Connor, 2007) (Fig. 5.1).
However, Pontoporiidae and Phocoenidae familiesjugeCephalorhynchus, hourglass
dolphin (Lagenorhynchus cruciger), and Peale’s dolphirfLagenorhynchus australis) lost
whistles, and eliminated the lower-frequency congmbrof the pulses, resulting in what are
called narrow-band high-frequency (NBHF) pulses (iska, 2012). Moriska (2012)
established a hypothesis that whistles originallyheed for sexual selectidmecause the first
whistling species showed sexual dimorphism, sugggstrong sexual selection. The whistle
function was then diverted into group cohesion @idbinidae, because low-frequency whistle
sounds transmit effectively in their environmertiewhistle loss and NBHF pulse emergence
was selected as a result of the predation pre$surekiller whales, which could not hear
high-frequency sounds above 100 kHz (Morisaka & r@on2007). In non-whistling NBHF
species, the cost of producing whistles, or dedadby killer whales, appeared to exceed its
benefit, or long-distance communication. Northerghtr whale dolphins L{ssodelphis
borealis), Pacific white-sided dolphind.é&genorhynchus obliquidents), and dusky dolphins
(Lagenorhynchus obscurus) may occasionally produce whistles, but mostlydoice only
broadband pulses (Rankin et al., 2007; Hendersah,&011; Vaughn-Hirshorn et al., 2012);
therefore, they seem to be in the process of ewvoltidwards becoming non-whistling NBHF
species against killer whale predation risk.

The acoustic media of group cohesion was originaillises as seen in sperm whales (see
subsection 1.1.2). Platanistidae, Zipiidae, andidi@a are solitary or live in small groups, and
little is known regarding whether they have contzaits. However, the existence of pulse-
type contact calls has also been found in Monodaeti-belugas, and perhaps narwhals (Ford
& Fisher, 1978; Shapiro, 2006; Marcoux et al., 20Moreover, an isolated harbor porpoise

(Phocoena phocoena) calf, which belongs to Phocoenidae, producedriaicetype of pulse

120



train toward her mother (Clausen et al., 2010)efwee, the pulse train presumably serves as
a contact call. Further, pulse-type contact calisfaund in killer whales, the basal species of
Delphinidae (see subsection 1.1.2).

After the divergence of killer whales, the acoustiedia of contact calls diverted from pulses
to whistles. The overlapping tonal component as sgsome of the pulse-type contact calls
in belugas, narwhals, and killer whales may beettmergence of whistle-type contact calls.
Bottlenose dolphins evolved signature whistles @desection 1.1.3), and they are possibly
used in Indo-Pacific bottlenose dolphifsirsiops aduncus) (Gridley et al., 2014), common
dolphins (Caldwell & Caldwell, 1968), Atlantic sped dolphins $enella plagiodon)
(Caldwell et al., 1973), Pacific humpback dolphjBsusa chinensis) (van Parijs & Corkeron,
2001), and Guiana dolphinSotalia guianensis) (de Figueiredo & Simao, 2009).

Non-whistling species in Delphinidae could use eslsas contact calls alternatively.
Repeated burst pulse patterns were found in nertingiit whale dolphins (Rankin et al., 2007),
dusky dolphins (Vaughn-Hirshorn et al., 2012), Ragihite-sided dolphins (Henderson et al.,
2011; my unpublished data), which are in the cowfsevolution towards becoming non-
whistling NBHF species. These repeated burst masterns may function as contact calls in
these species. It was suggested that non-whistNBHF species of the genus
Cephalorhynchus also use pulses for communication (Watkins etl&77; Dawson, 1991;

Yoshida et al., 2014).
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Cephalorhynchus,
haur L. cruciger, L. australis
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Fig. 5.1 Phylogenetic relationships among odortescand evolution of their vocalizations
arranged from Morisaka (2012). The diagonal bloe hepresents whistle loss. The red
NBHF indicates narrowband high-frequency pulse ddil type (pulse or whistle) used for
contact calls are represented in green.

5.3.2 Species specificity in contact calls

Contact call characteristics are specific to fagsiland/or species and the specificity is the
result of the differences in phylogeny, as welkaslogy and morphology. Sperm whales use
relatively low-frequency, and long-spaced clickisgffor contact calls. Their large body size
appears to cause low-frequency characteristics.IFlseof pulses comprising each click are
related to body size, and the individually differdRIs are possibly used for individual
recognition (Gordon, 1991; see subsection 1.112¢.[PIs are a few milliseconds, thus inter-
click intervals of the click trains are longer tithe IPIs to distinguish between individual and
group information.

However, the contact calls of Monodontidae appedret broadband and short-spaced pulse
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trains with or without overlapping tonal or pulssaimponents. Belugas and narwhals live in
pack ice or polynyas in winter, which is a highlyisy and reverberant environment (Brown
& Milne, 1967). Thus, they may sharpen the dirattiof the broadband contact calls in the
wintering area to minimize masking by clutter orba@mt noise. Broadband pulses are useful
communicative signals to maximize transmissionatifeness according to the surrounding
environment by adjusting the directivity. The putgpe contact calls have short IPIs, possibly
to encode individuality in the pulse repetitiontpat, because individual distinctiveness in the
pulse repetition pattern was reported in both gsesee section 5.1 and 5.2). In addition, the
overlapping components perhaps play a role in tih@ecement of individual recognition in
their noisy winter environment.

Harbor porpoises in Phocoenidae appear to usessisphced pulse trains to Monodontidae,
for contact, but use NBHF pulses. According to Makia & Connor (2007), they are
vulnerable to killer whale predation because oirtbmaller body size, and the region of their
inshore distribution is characterized by a highratance of killer whales. Moreover, given
their body size and distribution, grouping would be an effective anti-predator strategy, as
they are found in small groups. Thus, they seleefézttive NBHF pulses to prevent killer
whales from eavesdropping on their calls.

Killer whale contact calls are extremely short gmhqulsed tones with or without
simultaneous, tonal components. Their contact saksn to be used for group cohesion within
not only matrilineal units but also pods; thus,ytheoduce biphonic calls to increase
transmission range (Miller et al., 2006; Filatovale, 2009; see subsection 1.1.2).

Many Delphinidae species, including bottlenose kimp, and perhaps other species, produce
signature whistles. They need long-distance coralts because of their large group sizes,
and use low-frequency whistles as contact callecteg specificity possibly exists in the

acoustic characteristics of signature whistleseegly maximum frequency (Steiner, 1981),
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but further investigations are required.

| speculated that northern right whale dolphinsskyudolphins, and Pacific white-sided
dolphins, which are taxonomically close to eachepttMay-Collado & Agnarsson, 2006),
perhaps use sequence-structured, broadband busst patterns as contact calls instead of
whistles. Their groups range from several individua thousands of individuals, and the
group size depends on behavioral context or se@sdierson et al., 1994; Wirsig & Wirsig,
1980; Degrati et al., 2008; Morton, 2000; Hendersbal., 2011). The huge group size may

need complex, sequence-structured call patteraggpress interference.

5.3.3 Individuality in contact calls

The degree of individuality in contact calls iskiéal to social complexity rather than habitat
or phylogeny. The societies of sperm whales an@rkiwhales are stable for a long time;
therefore, group identity is a greater priority thiadividual identity. A small degree of
individuality, which is recognizable by only theogip members, is sufficient (see subsection
1.1.2).

However, bottlenose dolphins live in a fluid andngicated society. Therefore, they needed
to evolve not only individual signatures indepertdafinvoice cues but also the use of these
signatures to address conspecifics, akin to thesrdhat names play in human social
interactions (see subsection 1.1.3). The closeshamsm to their signature has only been
found in the contact calls of parrots. Orange-fedntonuresAratinga canicularis) have
individually distinctive frequency modulation patise in contact calls called “chees”
(Cortopassi & Bradbury, 2006), and imitate the shafeclose associates to address particular
individuals in fission-fusion flocks (Balsby & Bradry, 2009; Balsby et al., 2012). Spectacled
parrotlets Forpus conspicillatus) also use contact calls to label conspecifics (art al.,
2005).

Belugas might need to evolve strongly recognizaidesiduality in contact calls because of
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their high mobility and long-term associations ifitad society. Although slight differences
in spectral cues of PS1 might be a by-product fiéminces in vocal tract morphology and
body size, as seen in several species (BoughmarogsM2003), obvious individual pattern
in IPI contours appeared to specially evolve falividual recognition. In addition, given that
a six-month-old calf did not produce PS1 and a 2hmold calf produced PS1 with
fluctuations, it is possible that beluga calvesuaeqtheir own IPI contours similarly to
bottlenose dolphins. This is also supported by thetential production learning during vocal
development (Vergara & Barrett-Lennard., 2008), gloassociation with their mothers
(Krasnova et al., 2014), and social interactionhiir fluid social structure (Bel’kovitch &
Sh’ekotov, 1993; Michaud, 2005; Colbeck et al., 20However, it is currently unclear
whether IPI contours convey individual signaturadependent of voice cues as in the
signature whistles of bottlenose dolphins. Moreptresre is a possibility that the overlapping
tonal or pulsed component was necessary for indaliddvertisement to enhance individual
recognition. Playback experiments will elucidaterth

Some studies reported the ability of belugas to imimiman speech and synthetic sounds
(Ridgway et al., 2012; Murayama et al., 2014), bade demonstrated their object labeling
skills using sounds (Murayama et al., 2012). Howeapparent copying of individually
distinctive IPI contours was not found in eitheuaqum, although males shared one type of
PS1 variant. This suggests that there is littlebpbality that belugas address a particular
individual by copying its PS1 as seen in bottlendskphins, even if IPI contours served as
signatures. Therefore, bottlenose dolphins seefacibtate a more sophisticated individual
recognition system than belugas.

Further investigation regarding beluga society Wélp us to understand the difference in
individual recognition mechanisms of belugas antilémmose dolphins. In addition, we need

to explore individuality in contact calls and tlexml structure of various species to reveal the
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evolutionary process and adaptive meaning of athfoof acoustically embedded individuality.

5.4 Considerationsfor future PS1 playback experimentsin belugas

The established transmitting system in chapterehsable of reproducing broadband PS1
calls faithfully. Therefore, as a next step, plasfp@xperiments should be performed to
experimentally prove whether belugas discriminagvieen PS1 calls from unfamiliar and
familiar individuals and between familiar assocsatend whether IPI contours carry sufficient
identity information independent of voice features.

Playback experiments are difficult because theedew playback chances to avoid animals
from becoming accustomed to acoustic stimuli. Iditoh, inappropriate selection of target
animals, playback stimuli, composition within ayllack sequence, and behavioral context
generate the possibility of pseudoreplication (lxee2006). Further, a proper response index
should be developed to quantify responses. Thexetioe design of the playback protocol is
important to elicit apparent responses from taag@nals with a small number of trials.

My attempt of a PS1 playback experiment faileditotelear vocal and behavioral responses
in belugas, possibly due to the abnormal experiaiesituation. It could be easier to realize
playback experiments under natural conditions itdwhan in constrained captivity. In
bottlenose dolphins, several playback experimeat® lbeen conducted both in the wild and
in captivity (Lang & Smith, 1965; Dreher, 1966; @akll et al., 1972; Sayigh et al., 1999;
Janik et al., 2006; Nakahara & Miyazaki, 2011; K&gdanik, 2013; Bruck, 2013). However,
these protocols may not apply directly to belugasanise the two species have different
characters: both species are curious but belugasnaid. Therefore, | need to consider this
when planning PS1 playback experiments to aseegsnses more reflective of natural behavior
from belugas. Controlled procedures such as halmtudishabituation methods may also be

useful.
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