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1t

Sounds pioduced by'.humobaok whalea, Megaptera novaaanglia'e_. were

recotdod in Newfoundland. inahore'water'a. Only the acoulatic ~fe'aturea of“.‘

the sounds’ were availabla for clasaification.' Becauase of the variabilQ
%—/—T ]

'ity pieaent in tha data. maaauzementa such ‘as minimum and maximum fre-"

“
. .

new coding method was expetimented with, where sach sound‘waa oigitiied,

quency, du!ation. etc, were i.nadequate for establishing a catalog. '.A .

into a matrix (16 x 21) of binary data: Tﬁio'qu done using a digitiz-

; ing toblét and a spectrogram of the .sound. : Additiooal"binary 'varia"b'ies .

[

‘were subsequently ddded to the matrices to co?e for; relative intensity '

within a sound and; frequenoy and amplitude modulation. A total of 1255

analysis and the Jaccard simivlnrity coof{icient for binary data_. )

laounds wate digitized and elustetod using : ave_rage "linkage cluste‘r.

*

The classification obtained“b'yjcloster' analysis was compared with ;

—~*

the author's aural and visual impzoésions of. the sounds. 'A' final ¢laa-

sification of 50 classes waa‘obtainod.‘ These classes were 'auange.d‘j in

i
‘

13 groups. Three modes of scund production were racognized: réspiratory.

noises, percusoion noiées, and vocalizations, Most cfasaea (46)  recog-

3

- nlzed in thﬁ\ study appeared to be vooalizations. “Some sounds were .

‘found to bo tonal, but many had noisy and pulaive components. ‘-Flew‘

. ¢lagses  wete ste'reotyped'{ .variabllity 'u'na ’ often important vithin'
, . "( N . (b . : ‘ .
claases, and intemedinte cages vere often found hetween« classea. sug-- -

geating that part of the humpback 8 repertoire is a continuu.m of graded-

signala. ’
[ 4

Frequency oi:.occutrelice of- each class varied from 1 to 194, A few

I

clasges were .vory common: the five.largos/t-ciasoes acoounted"fox;‘53.1%“

of the d‘gta.' Twelve classes had only one case. TMhis catalog ls - essen-

P
|
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tially complete for the location and “'aeasons‘laampled; as suggested by
. an sestimate of sample cdve:age ‘am‘:l T_,the rate of discovery of new classes
vith ingreasing sample aize. .
Di rection finding devices éngl playback experiments should be . used '
to assess it hunpback whales ca'nrd:!.aorimiuate these .abpnd claaeed,.qnd
investigate their funation. .
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‘Hegaptera novaeangliae

INTRODUCTION =~ - .

This strdy deals with the sound productioﬁ‘ oé ‘humjback .whaleo,

1—'

(Borowski), in Newfoundland: vaters.

1ntroduction, a short review of’ their natural history is given,

In this -

since

;data gathered in the last faw years on their biology and social system .

acouatic

,'humpback. vocalizabions,_'

will ‘be discussed:’

other membets of the rorqual family, it ia a mid-sized whale.

ate about 4. 5mat, birth (Watson 1981).

(Watkins

\gthan 2/3 of tha way back (Leatharwood at al.

+

is relevant to their communication ayatem., Nextt

communication for

cetaceans will - be stressed.

cetacaan vocalizations recorded to dats will follow.’ with'

Fina}lyt ‘the problema of clasaifying sounds

‘e
¥

THE HUMPBACK WHALE - t S S

‘swimming: speed:

.quite variable in shape, mounted on a fleshy

e

Dascrigtion.

noptaridae, vhich also includes the blue whale (Balaenoptera musculus),

(5.

fin whale (B. Ehxsalu s), sel whale (B. borealis), Bryde's whale

edini), and the minke whale (B. acutorostrata):

By comparison with the

:aurerioylof .

the *importance 'of:

emphasis an

'The humpback ia a baleen whale of the family Balae- .

Males can -.

reach 17. 5 ‘m (mean = 14. 6 m). females 19 m (mean - 15 2 m) and calvea ca

- I .

It<is 1ess alender

3

other “rorquals (Katopa 23 al. 1977), which 18 reflected in its slow

12 km/hr when swinming faat,

at al. 1981) . The number of" ventral grooves ia ‘also lesa than

in other Balaanoptaridae- 14~ 24 (mean 22) (Wataon 1981) The head is

broad and Tounded, without a

cxtremtty:of the snout. to the blokhole. "The dorsal .fin. is small

19763 Watson

e

AR ) i Bttt 2~ on b diniiu i £ ot das Maeeunl tannteani

and
step or hump slrghtly‘MOreA

1981). A

-than the ~

[

but normally 6-8 km/hYu

ridge butcovered with knobs from the
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1976). o o - . “.'."'.

" black on. the ‘head, backgand sides and around the , caud

' % Glockner & Venus 1983).

v

y
L

' flipoere. Them can reach t/ of the langth of the animal} almost 5 m in

ﬁristles.The tail is frequently raised above water when the vhale ini-

tiates a deep dive. Its trailing edge is serrated‘(Leatherwood‘gt_glt. .
.L D

Pike (1953) gives True's (1904) observations or European humpback

coloration a8 representative of all humphacks' theicolor ie normally

1 peduncle-' the

I

" color of throat and :chest and .the median line below, at least as far

baok as tpa anus, is varied to 8 greater or less. extent with white

spots, streaks and larger areas; the flippers have the lower eurfaoe

-

mostly whitea with the upper surface varied Hhite and black| the flnkes'

‘ teristic is used to, identify individual humpbacks. (Schevill & Backue

1960; Katona et al. 1p79) This is poseible beoause the flukes colora-

tion is dietinctiVe for each animal and does nbt evolve much over -the

Hayo. pers. comm.) and sometimes addition of marks resulting from con-

. tact with sharp objects (rocke, fishing gear. killer whale ‘teeth), which

may confound long temm identification. But in one caee. a whale was

still reoognizable 14 years after the first time ie was photographed

and flippexs of the animals are also used for individual identification

-

T T e epes| R LI o it

-major charaoteristic' is t?e pair of very long pectoral -fins or °

¢
. the adult and have a ecalloped leading edge (Leathervood et -r -1976;

o Watson 1981). The baleen platee are’ black with black or olive”

i

are Iargely black above, moye or less white below. This' last charac-

. yeara. -There are some develbpmental changes in fluke pigmentation (S.,

‘(Katona et al. 1982). Pigmentation and scars on the back dorsal fin

(Schevill & Backua 1960; Katona et al. 1979; Glockner-Ferrari 1982; -

;o
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. Humpback iheles carry many bernecles snd whale lice on‘.their' chin

o R

and " throat. treiling edge of flipper, around the genitelie end et the

" tips of the tail (Leatherwood 1976).

Exce for a female with a suckling calf or when the pigmentetion

pettern can be identified from a previously sexed enimsl,_it is .almost

imposeible to dietingui h bet een meles and females at sea. Observetion:'

diver under the whale. as in ‘Glockner-Ferreri (1982) and. Glockner

(1983) Matthews (1937) cleimed thet at least for southern hemisphere
1
humpbacks, femeles weTe darker. Pike (1953) found ‘that more males (73%.
]

vs 33%) had very ' dazk flukes. in .eestern Northu Pecific.; Herman &

Antinoja (i977) found that males and females ﬁere,rebresented similarly .

('~;

" in their fonr classes of flipper coloration. Coloration eppeers to te

. |
too variable to be used in sexing humpback whales. |

Recently two methods of sexing these animals ware proposed: Jurasz
- . R b ‘ . . N .

.,22 al. (1980) 'fuggested that the shape of ‘the beckfﬁetveed‘theodorsal
£4n and the tail was different for meles and females.z Whiteheed.(1980),
beceuse .of the marks oommonly left on the dorsel fin of humpbacks‘
~engaged inlgfonistic interectione end believed to be males, suggested

that a humpback vith a very smeoth dorsel fin wes 1ikely to he n femsle..: )

Both hypotheses avait more date. However Winn

cytologicel ‘method that does not give immediate results but seems to be

reasonably accurate' if a small ekin sample can be obtained. cytological

examination cen determine the sex of thé animal, by oounting the number ’

of sex chromatin bodies present in the nueleus. Similarly, sexing can

/ ar
; of -the geni%el eree is the only known method. It is poseible only when
-

he enimal rolls over at the snrfece end at cloee range. or by sending a -~

1 (1973) suggested a

-

dnps & o g waee s e e &
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. be »done by cutting skin samplcs with a modified arrow, and’ katyotyping

(J. Lien, pers. copm. )e

= Migrations and repxoductive cycle. Like most 5aieen vhales, hump-

e : ‘ /

g bccks ,undertake long .seasonal migra;;ons. Since humpback often migrate

along shorelines, their migrations were imown eﬂrly (Scammon 1874; . Kel-

log 1929). Today if is woll knownvthat these"vhales.are Todnd'between

o 50 and 70° of laﬁitude in summer,land betuaen 0° 'ahd 300 in winfer

~t

N.‘; (Mack;ngoahA1965) Migrations are 1nt1mately related to the physiologi-
“cal cycle. -Hhmpbackg are feeding and accumulating fgt reserves: during
:%he summer .spect-in productive poig; waters. They rarely feed when on
“the tropical-grounds,. as not much focd'is acailable (Mackintosh '1965;

Dawbin '1966;5.Herman 1979; Whitehead & Moore 1982). Theif presence in _

high concentration in tropical waters is related to reproduction. Calv=-

i

ing ocecurs at this ‘time, and new-born calves, having a thin lavcx of
biubﬁer and a g;eater surface to volume ratio 'do not suffe{ a therml
shock in warm waters (Hhitehead & Moore 1982) (but Kanuisher 8 Sundnes
1966, argued. that calves of most lazge species of whales are born with

enough blubber for thermoxegulation). Breeding is also thought to occur

. there, even if mo definite mating has been observed . (Tyack 1982).

Reyiewibg several papers, Tyack gives the'fpllcving*eviQence for winter

to be the ﬁating secson: mature male ﬁuﬁpback whales show an ‘1ncreaséd.

testis 'weight and incre_aaed cpermatogene:l.s, during the winlter'. _femles

ovulate in the aame season and the vast majority of them bear itheir

calves in the winter (since the gestation pexigF is about one year, it

suggests that mating must;occuz duripg the same Season).

. ' .
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Kellog (1929) noticed that females with calves arrive later in seL-‘

f
son-, Pn ‘the feeding grounds than bulle and nonbreeding covws. Later,

Dawbi (1966) found a segregation by ‘classes .in southern hemisphere R
e - B migrating humpback. In epring, pregnant and resting females, immature
S ' whalea. mature males and finally lagdtating fewales depart for the fead—
| \ ing areaa. In fa11 the, order -is different- females with yearlinga (end
":\u of lactation).iimmature,males. immature females, mature males and then’

it

-pregnant- fenales leave for the breeding area. Arrival of sex/age
z‘g:" ** .} . classes in Newfoundland'does-not follow satrictly this order: 1larger

._‘ .. ) . i

whales arrive in the middle of the season (Hhiteheadigi_gl. 1982)ﬁ' Day-
. ' : B o T

-1ength might be the initiating factor ‘of 'humpbackv whale mi%rationel

(Dawbin 1966) f t‘ ‘,; ‘ - . i

o
v , \ ' Populationa. There are seueral populations of humpb;ck/ whalee.
. ' 1 both in- northern and southern hemispheres. HMackintosh (]965) dim>
\tinguished six populations in the southern hemisphere, and two in the
1northern hemisphere- North Pacific and North Atlantic. Hegsugéested
= o ‘ . lthat there was some aegregation between: the humpbacks of eastern and i o
'5 " o 1]\reetzern watera of theae two oceans. Fluke photographs can help follow '
‘3xhumphaoks in their migrationa, when whales are photographed on more than
%one occasion and in gifferent locationa., The northweat Atlantic popula=-
C i '." tion, vhich is of intereat for thie study, - haa been exteneively photo-
graphed- since the early 1970 8. hhalea‘pave been photographed on' the i
; ‘ . :hreeding groUnéé.'the West Indies, and on several feeding érounds: Gulf
| 'of ’Maine, Nova Scotia.'Gulf of St.Laurence.‘Nevfoundland and-Lahrador;
v ; - Gheenland and Iceland. Fluke data indicate that these .animals share

;_{ ‘ ' B their hreeding grounda but aegregata in aeveral rubatocke on' the feedinfk

S~

J
. . . . - . ]
. . - . RS \ .
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grounds: no whaie waa photographed in mofe  than oee of rhese four feed-
ing regions: Nova Scotia-Gulf of Maine, Nevfoundland Labrador, Green-
land, and Iceland (Katona et al. 1982, S. Katona,. pers. comm.). The
sample‘ size 18 too small in the Gulf of St.lawrence, however no whale

seen there was seen on any other feeding region either (Katona st al.

‘1980). Recent ‘data (R." Sears, pers..comm.) will further clarify the

istetus of Gulf of St.Lavrence humpbacks. Katona et sl. (1980) suggested

i

fthat, since whales of aIl feeding grounds are in close spatial proximity

" on. the breeding grounde, whalea return to the feeding grounds they first:

‘visited with their mother. o~

i ta

B

itchell & Reeyes (1982) estimated the 1865 virgin (prior to whal-

| ing .population fer ‘the northwest Atlantic population at 4200 and prob-l

ebiy more. The latest technique to estimateito&ay's population size is
the use of capture-recapture method with fluke photograph data. The

population would be 3000-5000 . individuals (Katona et al. 1982).
' ) "ro

"Mitchell & Reeves (1982) prefer a mofe conservative estimate of 1500~

2000, whales, but the fluke cetalog already contains slightly :more than
,2400 {ndividual photographs (S. Katona. pers. comm.) and present photo-
graphic recapture rates make it. unlikely that all vhales have been -- pho-

tographed. : R _ .o ' : R

. . vay
Feading. Depending on what populhtion or substock they belong to,

humpback whalea feed on krill and varioua schooling fish (Jonsgard 19663

. Nemoto 1970- Leathe rwood. at al \J976. Watson .1981) Nemoto (1970)

described two basic feeding modes in baleen whales: swallowing and skim-
. . |

"Swallowing type whales (blue, fin, Bxyde ¢ .and humpback
whales) - swallow the food found in the patch or swarm, along
with water, then discharge the sea water through the baleen
Plates while -the food remains in the mouth cavity" (Nemoto

‘R
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. éegrng@ed seasonally, ’lt is not surprising to find that the humpback

. 1970 _p. 246). 1
~ - by

Within this type, humpbacks use different strategies accordiug to their

population and the species of prey: lunge feeding, bubblengts;.

flickfeeding. diving into aeep schools, etc. (Jurasz & Jurasz 1979; Wat-
l ..
kins & Schevill 1979; Hain et al. 1982; Bredin 1984) ' In Newfoundland,

they feed on krill in early spring (Bredin 1984), ‘but princ%?glly on

.Squid (Ilex illecebrosus) has also been found i their stomachs (J..

PSS

Lien, <pers. comm.) They use lunge feeding (short dive followed by a

tush toward the prey at the surface, the ‘open ‘mouth often breaking the

'suxface of the water} ‘on krill, spawning capelin and squid, and dive to

"get deep schools of prey in:late sumner (see Biedip.1984, for_detailsj.

Social system. Since: feeding and reproductive activities' are

o~

whale's social system is quite different in winter and Nemoto

(1964. in Herman & Antinoja l aported thaf 50% of the 92'po&s he

o?gg}ggd/in~the North Pacific fegding groﬁndé . were slnéles. Pairs

#éécounted for 43§ and 7% were .in groups of at least three whales.

Hhitehead_gg_gl. (1982) also noted that grouping was'lapile in Newfound-
) . S | ;

‘land waters, and that whales that were seen together on'oﬁe occaaion

were not more likely -to regroup later than any other whales.
Oo the other hand, whales on their breeding gfounds were seen more

often -in large groups of up to 15 animals (Tyack & Whitehead 1983). In

Hawaii, 41.5 % were singles. 26.3% in pairs, and.32% in groups of three’

or.more (Horman & Antinoja 1977) Hhale denéity can be very high (1 per
aquare km on Silver Bank, in the West Indies, Tyack & ‘Whitehead 1983).

Herman & Antinoja -(1977) noted that single whales or mother and calf

capelin (Hallotus villosus) (Mitchell 1973) through-out the sumﬁejyX

3
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. mothers of calves. .The other animals #ér

challenger whale would be successful in dislodging the principal esco;t

.and becoming the new principal escort. Tyack and Whiteﬁééa (1983) wrote

1 ' >. ' h 8 -.-

were svimming more slowly in Hawaii than multi-adults ‘pods. Tyack C

.

. / ‘
(1982) reported that peds with two aqylts were less active than larger
. ' L o I .
groups. Tyack and ﬂhitehe}d (1983) found that these large groups were . -
in fact engaged inm much physical and acoustic activity.

o

_Structure 6f these large g}oups and their behavior was the same for

humpbacks observed in Hawaii and SiiVer Bank (TYabk and Whitehead 1983).

An adult, called the "nuclear animal", is the Eenter_of attracti and

~

’ [

indifferent to the other whales. ‘N{lxclear animals were freqhently the ., ~~ - e

e ively competing to get, S

and then to stay, din ph proxinity to the nuciéqr animal. They

were called ts", the animal closest to the female being the “prin-

pal escort” and the others "secondary escorts". The authors believed

d -

“that escorts are males as no escort was ever seen with a calf .and, in
B * .

the simpler cases where a female had a single escort, all éséorts.(Zt) .
that'wqre'sexed were_halég/?clopkner-Ferra;i & Féftéri 1982, cited -iq
Tyack & Whitehead 1983; Gquknérl19§3).. Th; principal.escort woﬁld put
its body in yﬁe way‘of any secondary escéxt {the challenger) that wqula‘

try to get betwéen it and the female. Contact between males was some-

times fhirly violent. - They also noted that often (9% of attempts) ‘one

-

:that even if no meting was observed, such fierce competition indicates .

that th@ principal escort likely has better chgnces'of mating - with the, .

-

nuclear animal. . . N e

a -

. 4 R . - .
»
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- ’//;’/l//’/ COMMUNICATION CHANNELS AVAILABLE TO CETACEANS
. I
i

Need for a communication system. Humpbacks are oftén seen /in
I ;

pair# and more raréi} ié larger groups on their feeding grounds, andfaze
| : . Cf

very gregarious on their breeding grounds. Similarly, other ,mysticetes
. . ) \.. . ‘ . | .

(baleeg whales) and many odontocetes (tooth whales) are social, at least. - K
L duting theif breeding season (Mackintosh 1965;§anne & Webb- 1571:; and
' [g'\ ‘ ‘ Watson 1981). Complex 1nteractions have been described for many spe01es
(e.g., Wursig'& Wursig 1980 for dusky dolphins Lagenorhynchus obsgurus,

L" Clatk 1982 and 1983, ‘for rignt whales Eibalaend sustralis; Tyack 8

e

Whitehead 1983, for humpbacks; and others), These animals musf eﬁchange

“ information in ome way or another about swimming speed and dr1ect10n,‘
N ,
o _,..\“ b

sex, &eproductive statua, ete. Schaller (1972, pe 83) said: "The sue- -

o,
.U

cessful’ functlonlng of a %001ety is entirely dependent on itg communica-

. tory system..." Many definitions of bommunication can be found. 'Hailman .
) : oo - S R

(1977, p. 21) gives the following: : "

: . r o e

"Communication may occur when a  sender initiatds in ‘some
channel a physical disturbance (the signal) that is. detected :
by a receiver.

Klopfer & Hatch (1968, pe 32) explained how to recognize commcnication .

. ‘ . < o
empirically: ;

. - o !

"The ultimate. ¢riterion for recognition of the occurzence of
communication is that of ‘a resultant change, sometimes
delayed, sometimes scarcely perceptible, in the pxobability .
of subsequent behav1or ‘'of the othez communicant. —

For Hailman (1977), communication is a very broad concept, ﬁhich can be

° . .+ subdivided. Fd: example, animal communication is a-subset of communica-

tioﬁ where both éecder_ahd receiver are animals. Similariy{ﬁsbcial com-

-~

- munication’ is a special case ' of animal_commdnicaticn'c?nsisting of

N T

Teciprocal exchangeicf]signalstbetwéen coﬁspecif@cs with;usq?of apecial-

izedl_structures or behaviors.  In, this thesis, communicatidn is used in

C e e——— . e . ey T TTRTTy AT YRRy Ry g—t e LT
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the restricted meaning of social communication, unlé¢ss. otherwise
oo v
stated. ‘ .
i . . \
A communication channel is  the physical medium that is used to send

a 51gnal_ (Hallman 1977) The list of possible media would include the

- tactile channel (e.g., I physical contact), the electrical charnel (emis-

-

B s:‘Lonh' of élgctrich charges), the chemical channel (involving the u.se' off’:‘f
che;ni&al c'ompounds),. the optical channel (emis.sion‘ of light and/or
'mbdification of ambient hght) and the acoustic channel (productlon of
sounds or modiflcatlon or amblent sound) As it can be seen by looking.
.at any general text on the subject‘(ng., Sebeok 1977;'Smiph 1977) mos

organisms make use of several channels in their communication system;'

Each channel offers its own aﬁvantages and limitatiOna. 0bv1ously, a

i

. given organiém is limited by its capacity to produce some d:.sturbance in

a medium (the signal), as well as by the, capacity of & conspecific to

perceive this“signal, before any transfer of information can be carried

s !

out. The envirgonment also imposes limitations on the use of the various

fchan'pels'. Two important constraints are the transmission characteris-

Qf::"" BN

tics of the channel in a given environment, as well as the naturally"
occurring disturbénces in the ghannel (n}lse) that might mask the sigi
nal. In other words, anatomy and physiblogy of a species, physical pro-

3 o
perties of a channel in the habitat and présence of noise are the limit-

i'./ng factors for“c'qmmuniéatory use of the channel by, this species. ‘ jﬁ. ’ ;"
} . In the next pages, performanée characteristics of edch channel in /jI '
. . ' : ‘ [
the ocednic environment will be discussed, as well ag the abilities of {
* ‘ . \ .

"whales ¢9‘produce and receive signals din edch one. The electric channel
'18  not ‘included, . since-marine mammals do not use:it (Herman & Tavolga '"“‘*"\\\\

1980). There is often littlé data available on the sensory phyaiology

. . .
e SR O b o S rae e— e e —
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of baleen whales,. and ‘one has tO/be careful in extrapolating ‘resulte.

/ ] . ]
from odontocetes. Y

Tactile signals. The properties of this channel aLe\the same in

i

uselese when the animals are at a distance.? 'Its‘ directionality is
‘!

advantageous' it allovs the sender to select the receiver when many con-

‘between tne communicants might be advantageous in facilitating further

« Al
interactions. Tactile signals can-be'energitally more costly than other

signals. Behavioral and anat'.omit:'al° evidence .reveal a good tactile sen-

siti\Lity for cetaceans (Sli;per 1979 Herman & Tavolga 1980). They use

and\ out ‘of vater. - Its limitation is that, by its nature, it ‘necomes~

_‘specifics are present. ’I‘he fact that it requires physical contect_

tactile signals in activities such as courtship and mating, nursing and

arg"?tistic situations (HcBride & Hebb 1948 Payne 1976;. Herman & - TavolgaA

1980; Clark 1983, Tavolga 1983, Tyack and Whitehead 1983)

Chemical‘signals. “The .rate of propagation of chemical compounds

depends on the fluidity of the medium in which they are released. Chem-

[N

.ical disper ion is generally slower in water then in air (a .few meters

a3

per second, Schevill et al. 1962) but depends on currents and other

wat’er movements. This precludes its use for fast changing signals, but

" can be advantageous when long lasting messages are needed: the reduction \

of the need for repeating messages can be of considerable economy (Wil-

‘son19_75)- : S =T

k]

Odontocetes hawﬁe no 'olfeictory receptors and- mysticetes have verj

-reduced olfactory ﬁerves, bulbs:and peduncle's in comparison with terres-'

trial mammals (Herman & Tavolge 1980). Even if it is functional, baleen
whales would be limited to aerial olfaction, since their nares are

always closed“when underwater, except when alr is expelled. Caldwell &

v o (vt T g

e et

-

BRI L
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man‘19|’77; ngman & Tavolga 1980; Schevill et al. 1962).

o

12

1)

Caldwell (1977) and Herman & Tavolga (1980)° zfsported some studies indi-

~.

_cating that cetaceans may still have taste discrinination. Norris &

Dohl (1§80) suggested that feces and urine might‘b"e used by ceteceans to '

'-transmit information about sexual readiness. -Chemical signaling is at

L I ’ : ’
best very. limited in-cetaceans, with poor reception added to slow propa-

gation,

P ' . ' ¥
] Optical-sign'als. Tranamission of light is greatly ﬁd under-

‘water, especially in waters rich in nutrients and marine brganisms, and

vidion is often posa:.ble only at ranges up to a few meters (Schev111 ot

n_l. 1962). This channel cannot be used at night, except maybe at very.v

"

tudies réviewed in Herman & Tavolga (1980) and’ Madsen & Herman

'(1,980)‘ revealed ithat oceanic qdontocetes have a wide field of wvision,

good brightness éndnnovem'e‘n't' detection, _dnd - are ‘sensitive. to those

wavelengths. ‘that dominate in the éuphoti zone. Visugl.ac;uity is good

i
Aottt 4 o e s

short distances (Kinne 1975) Within these limi tations, the optical:
channel has great communicatory potent:ml* it can carry ver,y complex-' .

B 'signals mstantaneously and support a very high rate of s:.gnaling (Hail-

at 1 m, but deferiorates rapidly with distance. .Colo'z vision is prdb-. o

ably weak or absent: and discrimination of abstract- forms is poor. At

least for the bottlenosed dqlphin (Tursiops truncatus), long distance

. gerial vision is fairly good (Herman et ‘al. 1975).. Not much is known of "

mysticete vision. The telative number .of . fibres in. the optic nerve sug- -

gests b'etter vision in mysticetes than odontocetes (Kinne 1975)

Cetaceans can pro«iuce optical signals passively (pzesence vs.

abaence, hody coloxation, orientation) or actively (by adOpting special‘

pow's\tui:es and behaviozs),’ (Hai-lmani1977;~' Herman & Tavolga. 1980; -Hads'en- rs

v T me— e S g e et YT ™ VY SOOI - . . ST TIPS
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‘Herman. 1980). Social communication is only one function of body"

coloration, as it c‘an_ew;olve in response to several selection prossures: | fm.'
'themo'regulation, feeding é'uccess, predatiorsl. socigl -environment, etc.
'(Hnillman, 1977). " For oxanple.' soune studigsvahov a éorre]fation between
coior:ation and feeding habits: cetacean’s‘feoding on ~9low ruov:l.‘ngi prey
items or ‘in near darknesa are 'unifomly ooloroti. but those which feed on
fas"tex prey u'nd-er conditions of good ivisib"&.li:t::,r tend to. be cryptlically

* colored- (M'ooson: & Yerman 1980). Brodio.(1977)'.also hypothesized ‘some
deceptive.‘ functions of the white colora-tion_ of North Atlontio humpback
Awhaie, f‘lippars and the white patch present on North Atlanti‘c min:ke_"s ’
flippers~ these. whales feed n fast moving schooling fish and might nso

| their flippers to herd the t‘ish toward their mouth. He added that ngu{;

.:lation_sl of these two‘species that feed -on  siower prey have oarker

. flippers. This function of coloration does not.preolude its use for
social com_mnnication (pregla'tor—prey 1nteroctions. and intr.aspecifi%c or
social . comxn-unication are two subsets of animal communication in

" Hailman's classification (1977)), as. of ter ‘contrasting patches are found

. on ,;chies that tend to travel in large'}groups (Medsen & Herman 1980)..
in sunma:_ry, the, obtical channel is r'estriilted to short distance communi-

- cation in ceta'ceans, .and more likoly to be vrell developed iAn very gre-
- garious species. 1In these cases, its poasible uses are coordination of .
*group movements, - ioentifi_cation of species, sex, age and identi ty,
courtship, "nursing, communication’ of‘ phyéiological and behavioral gtates

(Mgdaen & H‘erma.n~ 1980; Tavolga 1983).

Acoustic signais. Sound transmission is ot‘ten efficient even over

'5' long ranges underuater (Sche\ull t_a_ 1962; Herman&'l‘avolga1980)

- The speed of sound varies directly with temperaturs and pressura (Payne

el
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‘8 Webd 19715 hut is about 4.5 times faster underwater than in‘ alr =

-
'(l(inne 1975)-. - Pour fsctors affect the distance over which a sound is

udible. ths transmi ssion characteristics of sound in the environment. '.

the level of. background noise, the sound inten’sity -at the source, and‘
the sensitivity of the receiver (Morton 1975, Waser: & Waser 1977) -
The main factors affecting sound t_ransmission are geometrical
spreading, attenua_‘t:.on and sound redirection. -Geometriéal spreadi’,ng. is
‘the :‘reduction in sou_nd intejnsity caused by the .e:rpa_nsion' -of . the ,wa}r:e )
‘front (Lyon 1973; Mo rtonl1975‘):- The effect‘sl-of'-geometrical spreading on :
"‘sound i:ropagation Adepend.prin’cipsl’lly on water depth and stratification’
of the water colum (Payne. & Webb 1971). Attsnuation is due to dis‘s’ipa- :
tion of .energy as ?heatj osing to the viscosity of the medium and mg;-'o," \
.. molecular absorption (Pierey! et al. 1977;" Wiley & Richards 19%2) .
_ Attenuation is proportional to distance a'nd frequencyl: . low frequusncies.
will transmit much further than hign freq'uen‘cies:'(Pa'yne'&'w'ebb 1971).

,

Sound waves canlalso be redirected by refraction, ‘reflection, udi‘t‘t‘r‘ac-
tion and' scattering, thus affecting sound intensity at the receiver s .
location (Ingard t953 Lyon 1973. Wiley & Richsrds 1978) Like attenus- .
tion. sound redirection is morae important for higher i‘requencies.
Background noise is more or lsss important, according toa the fre-
-quency and »,.the . local conditiqnsi', ~:1‘In gensrel noise decreases with
» in’creaei_ng‘frequency (Wenz 1964).  In- ;the very low fzequencies (1-100
»‘.H'z), noise 1is always imnortant. Its causes are oceanic turbulence and -
,pressu're _fiuc"tu'atione, microseisms and occasionally. earthquakes, axplo- .
sizns, etc. Qceanic traffic is the most: important sburcs of noise in

" the 10-1000 Hz rangs, while surface agitstion, which is * weatherx depen-

dent,’ affects.c mostly the 100 1000 Ha rangs, but creates noise in fre..

‘e B 3 T i . B AR
. . - ' NI B at
. ver
' 9 .
l . - . BN . .
o - 1} vurem- -
. e . it s s b — T YT SN v . e . ' Ea o
. . ta . ! N - . N -
. . K P A . - . v
Co o . . Lo .

'




e e
v

<,
PR

=%. quencies as high as 50 kHz. Biologicalvsources can alsé make noise in’

frequencies of 10-50000 Hz (venz 1962 and 1964- Caruthers 1977)

‘The acoustic cHannel can transmit very complex signals at very high'f

4

rate. and can be used day and~night (Busnel 1963) It of ten offers the
. ot

best potential for efficient and effective cetacean. communication.

In the’ last few decades, odontocetes have been successfully kept in

captivity . Using conditioning and neurological techniques, several stu-
. dies of odontocete hearing (reviewed in Herman & Tavolga 1980;. Popper

: 1980- LJunghlad et al. 1982) revealed excellent hearing capabilities,

-

fine frequency discrimination and hign'y pracise sound localizationl-

Ed

.capabilities. Audiograms of several species show sensitivity over as

‘many as 0 Octavesn

3

baleen
/

hales had good hearing (Herman & Tavolga 1980), and more

‘recently,'anatomical studies revealed‘that'the& have:)an acute: sensi;
© tivity for low frequenciea, bt probably lack the very high-frequency
"hearing capabilities of odontocetes (Herman & . T/}plga 1980). - Since
f~odontocetes were found to hear beet in the frequencies they use for.

" aound production, the same can be assumed for mysticetea (Galduell &

Caldwell 1977). Most mysticete sounds publisned to date have their fun-

damental belowaOOO Hz, which'corroborates“tne anatomical data. --In ‘the

future, playback experiments could be used to more-precisely define -

their hearing capabilitiee." o

L W

Finally, the capacity of cetaceans to produce sounds is uell known.:

Scientific reports of cetacean sounds abound (for reviews, see. Evans

1967; Poulter 1968; Caldwell & Caldwell 1977: Herman & Tavolga 1980).

5 ?

. '
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) StuEies of mysticete hearing are more difficult. Wnalers knew tnat
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It {s clear that ceteceane took anventage of the gobd' trenemiseion

characteriatica of the acoustic channel. They can produce eignale that _
are transmitted over long distances. Dusky dolphins aounde can be heerd~

by. human beipgs at more than 0. 5 km (Huraig & Wursdig 1980), vhile sperm.

|
whale (Physeter catodon) clicke can be transmitted over mo re than 10 km

(Watkins 1980). Humpback whale eon,g units have been recorded at 2.5-20

l:m (Payne .& Guinee 1983) y A theoretica'l-renge of 83 (with ephezical.

spreading) and 972 km (cylindrical spreading end spacial depthrcondi-

-

tione) have been calculated for the fin uhele 8 20 Hz aignele (l?ayne_ & .

Webb 1971)) Sound’s can carry information about location, -epeciea, 'sex,

‘{dentity, activity, physiological and ‘behavioral state or serve. to coor-

dinate ‘behavior (Madeen & Herman 1980 Ford & Ford i981' Steiner 1981-'

Tyack 1981 and 1983; Clark 1982; McLeod- 1982; Fgrd & Fisher 1983).

Odontocetes also use sounds to detect prey or obstacles (i.e.;, echoloca-
. .

tion, see Norris.et al. 1961) and may use them_to stun prey (Norris &

Mohl 1983).

L

CETACEAN SOUNDS

-ularly.

v

Historical records show thet Aristotle (in the fourth centnry' B.C.)

and, more recently, inany uhulere (Eighteen and beginniug of - Nineteen'

centuries) knew that cetacee.ne produce sounds (Schevill !et al. 1962;

|
Schevill 1964). ‘. However ecientific evid'&nce came only w'ith increaeing

use of hydrophonea during end efter World War 1I, (Schevill et al. 19623

_ Wetkins 1977). Since this time, cetac__ean sounds have been recorded reg-

’
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In many ceeee, 1t was difficult to escertain what species of vhalaa W

L

. Ware tesponeible. Often, the eqqipnent could not covet ‘thé entire fre-'

j quency range of the sounds. Loss of the_ high 'frequenciee wasl common X

~.!ith the equipment used in the fifties and early sixties (e.g., Sqﬁevill
-et. al. 1962) '.Hore recently, moet reeearcners have ueed equipment
: recording at least up to 10. kﬂz. But unless special»ﬁ§ecautions ‘are

taken, low fxequencies are still fxequently masked by ocean and equip-

-

ment noiees (Gumminge et al. 1968). T -" ‘_ S .Vf””

e

Thompson et al. (1979), reviewed the literature on mysticete sounds.

. All apecie‘s’l but the pygmy . righé Hhale (Cagerea marsinata) are known to

-'produce gounds (if sound origin was correctly asseeeed in all the stu-_

; dies). But the information 4is very fragnentary for several specieg.'%x

E . R .
Sounds of several baleen whales have similar acoustic properties. Winn

' & Petkins (1976) and Thompson et al. (1979) divided them in four broad

claseea and listed the species knowu to take sounds in each clase. The |

first group includes: low-frequency moansa O. 4-36 sec long. with fundamen-

tal frequencies of 12-500 Hz. All' baleen whales’ expept "the 'sei" #nd -
_ Lo e w T

miuke whales are said to produce such sounds. Gruntlike thumps and

knocks of shorter duration form ‘the second class. They range from 40-

200 Hz and 50-500 msec and were recorded from 8ll speciee but the b1ue,=

ae} and Bryde's whales. "The third group ontaine chirpe, criee, and

whdstles at frequenciee above 1000 Hz." ( hompson et al. 1979. p. 425).
Humpback and gray whalea are known to preduce theae sounds. -Clicke and
pulses of- very short duration are the{fourth class.: They last 0.5-5
‘-msec and their Banduidth varies from snec es to-.species. Such sounds
\ Eere‘ tecorded in presence of'm;nye{ gray, numpeaek, sei, Br&de'e; fin,
".ib
R I
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: -a’nd. blue

wnales.~ )

All these sdunde are well. into human hear'in'g.-'range.' The blue

s,ions.

B (Beamish & Mitchell 1971) end mayhe the fin whale (Thompson et’al.

“-:are thought to utter ult rasonic (above human earing capabilitips)

i

Because several species of odontocete echolocate well, every

that e

qr.

baleen

whale

was found to

produce sounds of the fourth

18

whale

1979)

-emis- s

time -

clses

s(clicks and puleee), the possibility that they too might echolooate ~was

’ raised.

favo ri te

1sn (197

Very rarely were the acoustic properties of the clioks 1nvesti- -

; gated to see if they could. at least in theory, be used to

detect the

.prey .of the whsle, as in Beamish & Mitchell (1971 snd 1973)

8) reported fhe ~'on1y

" l{_owever, ecnollooati'on rhas.neva b 4 been demonstrated in- myeticetes.

Beam- g

‘,«-

controlled experiment on the matter a

blindfolded humpback ran silently into obstacles instead of emitting. the E

[}

. HU‘MPBACK WHALE VOCALIZATIONS

Fl

> Eatly reports .

. click'e;-.that the species is known to produce.

Ra.wite (1900, cited in Sli;)per 1979 and Watkine,

1967a) describes a noise resemblfing'a airen that was. made by a echool of

'forty ‘humpbecks .

by conetricting the noetrils.

but decreased ‘at the end.

The frequency of these howling blows first increased

™~

'by Watkins (1967&) who confirmed Rawits suggestion tpat they are caused £ ) T

Contrary to normal blows, wheezing blowe : :

are clearly audible unde rwater (Hetkins 1967&).
1

" Whalers knew that humpbacks

Aldrich

. 1889; Nordhoff

{
1940), * but

produce sounds underwater

the first recordings are probably

_those of Schreiber (A19_52), from Hawail. Sounds of "rath'at: musiocal

14
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;uham (Schzeiber 1952, p.116)

19 -

. ity“ vere recorded in early spring. dhring the seasonal presence of

Accerding to Herman (1979), the only

t species of whalee preaent in the atea at that time o{ year are - hump-" '

baclga.‘ . Schevill _e_t_a_l'». (1962) reported that :dow fre'quency sounds (300-

,400'He)'w-ere recorded frem humpbacks. In a later pa‘per (1964, p. 310),

!
Schevill reported a eeasonal ef!‘ect'

tions of Megaptera past Bermuda and Hawaii may be an audible -
manifestation of more fundamental vernal urges, for in New
England waters and a other segsons we do not’ hear anything
nearly so spectacular from this species”.

""The sonorous moans a%d Screans . asaociated with . the 'migra-

Il ) ". ) . .
’ - . Humpback song. Watlington: in Bemuda (in Payne & HcVay. 1971) and -

- Kibblewhite et al. (1967) in New Zealand aleo recorded numerous sounde

from humpbacks migmting toward their 'breeding grounds.- In. the later

.study.‘ the sounds vere called the Barnyard Chorue and éons:.ated of "a .

chomns of squeals, creaks, _criea; barks, groana. and whoopa (Kib-

‘blewhite et al. 1967, p- 644). Payne & McVay (1971) studied.

' Watlington ) tapes and found that the sounds humpbacks utter in- Bermuda

. correeponded to a defimtion ‘of song g:wen by Broughton (1963, p. 883)

.- -t T e ’
T “a serles of uotes. generally of more than one type. uttered
_in succession and 8o related as to fdrm a recognizable
sequence or pattern in time". ’ y

Since this early wo:k, humpback songs have been recorded on the breeding

. grounda of %Yoth the North Pacific (Hawaii) and the Northwest’ Atlantic

.(the Caribbaans) populations (Hinn et al, 1970‘ Payne 1978‘ Winn & Winn

19‘78; Whitehead & Moore 19B2; Payne et a1. 1983)

[-)

The humpback song is the most c,ompler vocalization reported from a"'- '

' whale, and from any animal .acco rding to Wilson (1975) Tyack (1982) has

" ‘commented on this preaumed-cemplexity. A song is composed‘ of different

units, which "are . the shortest. leounds that are continuous to the human’
T . - . i -
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ear in real. time (Payne & McVay 1971° Payne et al. 1983) Units ,'are
not utteredg at random, but organized into - short sequences called

'pnraees. Phrases can 'be,repeated a varia\_;le_ number of times, to fom a .
, } . . ‘

thene. Several themes form t:l’le- song. "An animal will usually start
.singiné again almost without break after itA finished a\' song, thus pro-
ducing‘f‘a acng session. I:‘rom one utterance oj"}the song to the -n‘e‘xt, some
themes may be deleted, hut the order of the- remaining tn%lee is' very
5 predi ta‘ble. - : l : |
< }Jinn et al. (1970) studied singing humpback im the West Ind:.ee and

found that one sequence of the’ eong, called the surface ratchet, corre-.
latee wl'th the surfacing of a whale, presumebly the singer. '¥Winn & ¥ion
i(197B) also reported that songe are always utteted by lone indiv:.duals.f
Thie fact has been confirmed by Tyack (1982), vho recorded 96% of his
songe‘ ) f-rom single ;wheles, and Whitehead (1981), vho. found 94% of his
singers to be alone. lg"l‘yeck'-s work in Hawaii (1982) pteeents the .first' e
,‘evidence that nnmpb}‘eclr sbng is.a courtship dieplaj. As in Winn & ¥inn ' .
' (1978). the few singers that were sexed vere males (nith one poasible .
.efcept”ion) Aleo, nearby groups would ‘swim awvay from eAsinger, 6;
- toward it, depending on theirx composirion (Tyack. 1981, 1982 and -1983)-
Payne (1978), Winn et al. (1981) and Payne & “Guinee (1983) found'
geographic . variation in the. song. Animals from the Pacifie and the
iAtlantic have different eongs, even if theyr share the same song format
‘(Payne it. _e_l_];. 1983) For both breeding stocks, it was noted that. the'
s'ong chdngee iirom year to year. The reasons for this are not clear. Itv
; is not that whales forget some details of their song dur:.ng their feed-
ing eeason, since Payne et al. (1983) found the song at the beginning of //

a breeding season practically unchanged sigce the preceding sprin‘g. In / B

e R v ' , i
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* fact, . the changes take place progressively during a breeding seeson. '
Since" itf euapected that vhales do not remain at the same place but
B “continuously move through their breeding area (Herman eft al. 1977),

‘.changes in 'r:he song might be caused by thie turnover of singers. But a .

"A

study by Guinee et al. (1983) ruled out thie hypothesis‘ known 1ndividu-
als recorded several times during a singing season had changed their

song, aléng with the rest of th_e whales. Having found that themes grow

L e

in complexity and then begin to deteriorat’e; .Payne,g_t_: al. (1983) pro-

A:pceed -the-t'- this c,ontinuali modification of: the song results’ from female

humpba‘cke selecting males . with & complex song. It is‘stiil ‘not clear

why all males sing the same song at a given time. if selection is,‘ for

Fl

' song complexity. Meybe somse whales gain in adopting the song of"othex," .

whales, like inexperienced 1ndigo buntmgs (Pesserine cyanee) increase

their reproductive fitness hy mimicking the song of successful males .. .

~

(Payne 1?83). Some female songbirds are especlally stimulated by expo-
i
sure to more varied song repertoire?({odema 1976)
tt

he humpback's only Vochlizetibn.

Sociel sounds. The song is }1

Oth'erc gounds have been recorded during the breeding season and in sum-‘.

mer, on’the feeding grounds (Schevill 1964; Winn et al. 19'70; Tyack

~

1982) . Even if 'they can be produced in sequences, they lack the complex

tempoial,orga‘nizetion of the eoné.’ Contextual inform'ation‘ is difficult

Cx ] i . .
to gather. Some of these sounds were recorded from humpbacks entrapped -

in fishing gear in Newfoundland (Beamish 1979; Winn et al. 1979); Some

r_;lere recorded from the large active groups described earlier for the

_breeding grounds (Tyack 1982). ' In fact, fl‘ye'ck called these. phonations .

f'aocial sounds” because theyl' were primarily produced by whales in

groups, - as opposed to the song vhich A'ie produced by lone whales. -

. . . .
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Tableq l-lumpback whale s social sounds reported in the
é

loud 1] wheezing blow  0-4*. - |-T.5* 2% .° 4 .1lin 20
exhalations |4 shriek . ' ‘ : - :
- 4 trumpe t ting \
flipper or [4] ~b rc;adband. pulse
tail slaps L P g * - :
various .-‘[6] " moan with .05-.6% " ,2-.4% ,63-4.55 /m . ma

(6] pulsed moan .05-.6%—05-.4* 2% 1 liﬁ na
ending in ng ,
(6] .pulsed-moan .05-.6% 2-.4% 5% 1 1lin na
. -(en'ding in moan ‘ - o .
_ 5] ratchet,. increa- .1-e*  .1-.8% 4.5% '.3 log. 300
I _ .. ~ sing RR = * | .
[4] mo&n
grunts . [4] grunt . . o
yjups . [6] Yup, fast RR ,; .05-1* 05-.4* 11-.29 1 lin na
C 4 yelp ’ o : .
chirps ° [6] pure tone or  1.1-9.5 04-.15 4 lin na. .
broadband o
cries [6] £req modulated 1.3-2.2 :22-.25 4 lin na
clicks - 2] . pulsive. = 2.5 2-5% - .02 ° 15 1in 60
2}. double~-click . ' © 15 1lin 60
6] narrow-band- o 1,6-2.8 .008~.01 12 1in na-
6 wide-band . - 1-8% - - [.005-.007 12 1in na

24 ' literature.. : S e

The sounds are grouped into general types. Refe:ences are listed at the
bottom of the. table. The descriptions of the sounds were obtained fiom
each publication, and/or by looking &t the spectrograms (RR stands - for

zepetition rate, in pulses per second). When a, spect rogram was presen‘t, -

its” upper limit (UL), its scale (S, either linear or logarithmic) - and
the analysis filter (AF, na (naxrzovw) or wi (w1de), when the value in Hz
was not given) axe indicated. : :

SOUND  REF. - DESCRLPTION - FREQUENCY PEAK DURATION SPECTROGRAN
TY PE L : RANGE  FREQ . UL § AF.
~ : " (kiz)  (kHz) | (sec) (kHz) . (Hz)

’

—

T

moans . - fast RR: 80«15 ° . .
[6] “pulsed moan, .O5-.5% ,2-.4% ,54-5.70° 1 1lin na/vi
glow RR:25-50

(continued on next pags)
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“Table 1. ° (Cont;’.nued) . S
- -] . . N N
- r . 1 : - N .
SOUND REF. DESCRIPTION FREQUENCY PEAK DU RATION SPECTROGRAM
TYPE - o RANGE FREQI T UL S AF CoT
. . . (kHz) (kHz) (sec) (kHz) (Hz) |
click 2 clicks 1-3% o= «36* ' 15 lin 60
ctrains 5] eclick train 2 0-2.1 " T !
5] click train : 8.2 - T ’
5 click train H-F® 1* 1.5% 3 log 300
4] pulse train,’ .25-.8 15-100
RR: 1, plus. = b L
©.04-1.2 kHz noise ~ ) [ :
' [4] pulse train, 0.5 :
RR>1, uneven ame" l -
plitude , " .
[7] pulse train -1.5 145-20
others {1_ (no'name) 0-2%* ° 0-.5*% - 5% 2"1in 20
: 2]” white-noise 1.5-14% 5=8* | 2¥ 15 lin 60 . -
. blast i ot : .
. . 2] pulsive 1.5-12% 6% .2*. "15 lin 60
3. vhooshes 0-4% 5~-4% - ' -5 log '
5] pulsed sounds 0-2% 2=1 2% o- .3? 3 log 300,
4] pulses, low s g : -
. and naxrow .0 o :
7]  type 1 ' - 0-T® 1 O-1¥ 1.1%¥. .8 lin
7] type15 T 0-4*  0-1.5% 3* 6 lin
AT type 25 0-4® 0-3% 2.5 6 lin
’ 18] type A - - 0-.4% [ {-_3% «8-1* .4 lin
, L 8] type B~ 0-.4% 2% «1=3* " .4 lin
' * approximated from the published spect rogramr - T
NN | 7] ¢ -
1] Watkins 1967 . [4] Thompson et al. 1977! [6] Winn et al. 1979
2 ) Winn et al. 1970 5].Beamish 1979 ‘ 7] Lawton .1979; Lo
i3] Perkins & Whitehead 1977 ‘ 8] Tyack 1982 ,
\ .
) "Qr_ . . .
. . ..‘
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‘back sounds has been produced. -

~face, or poseibly clashing of baleen plates from: wave action (e.g.,

" difficult.. 4 . N

‘Lawton (1979) .recognized 25 different sound types' from humpacks

 féeding 1in Alaska,. which is more than what has been recorded from any

2
v

“éther species of baleen whale. However, no comprehensive list of hump-//

Most of humpback's social ‘squnds. that have been published are .

n

) listed in Table 1. Souh@p recorded on the breeding grounds were

LI

',e;pluded;-ﬁhléss it was clear that they were from nonhsinging whales.

Some of the sounds-aré exhalations, tail or fllpper slaps on the sur- -~

"pulse trains reported by Thompson et al. 1977). The others are thought'

to be- vocalizations. Many of the terms used by the drfferent authors to

describe vocalizations were not clearly &Lfined whlch makes comparisons

IS
v
'

The present study investigates the sound preduction of northwest

. Atlantic humpback whales on their Newfoundland feeding grounds

[~}

' CLASSIFICATION OF A REPERT$IRE

b : '
Sources of signal variability. One prerequisite of communication
is that the 1receiver muot be able to decode the gignal. Some. charac-

toristios of ' a signel must allow its identification by' the. receiver.

'Véry rarely, however, 'are all 1utterances of a signal be-identical.

' Variability is induced ‘at many levela. The first level isQ@§alled

\‘-—.

' within-individual variation. an animal repeating a.signal severaiitimes

T

) will not produce exactly the same signal each “time. As stated by Sti th .

et al. (1982), this variability may be 1nterpreted as. random variation

. 01 as'a systematic variation that conveys some information (see the fol-

\ ' T, »
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“low1ng discu551on on graded eignale) - - . -

The identity of. the’ signaler is another source of variability. For

example, several studies could- discriminate statietically the identity

" of senders by the characteristics of their sounds: Smith et al. (1982),

.

with squirrel 'monkeye {(Saimiri sciureus);, Backus & Schevifll (1966),

_ spern whales, Caldwell & Caldwell (1971) and Caldwell et al. (1973),

"dolphins. It is. generally assumed that the animals can also perceive

these'differences;. In some cases, perception-of individual .differences

has been demonstrated: -for example, brown hyaena (Hyaena brunnea) recogm

~

nize ether individuals . scent marking (Mille et al. 1980), mother north-

ern elephant eeels (Mirounga angustirostris) recognize theirwpup_e

“Voeelizations (Petrinovrtch 1974)
Sex -and age of ind1v1duals can also contribute to eignal and reper-
toire variability. Animals of different sex or age class may use sig-

nals that are specific to their sex or class. Signal etructure may also

_be dependent on sex or age (Green'&.Marler 1979). For ekample, acoustic - -

351gna13 of several species are size dependent- pitch changes . wath age,

since sound f requency is dependent on the sigze of the eound production,

system. Gautier & Gautier (1977), Hafner & Hafner (1979). and Prescott

(1979) reported ontogenic changes in signal pitch.

r

‘It is advantageoue for animals living in stabie -social 'nnite to'.
' dietinguiah between éroup members and strangere.‘ Information eeout

. o N4 . : -
group membership can be obtained, in severali waya.: Signature informe—

tion, as described above, can be aufficient to recognize a -stranger from

+a group-mate (1. e., non-familiar from femiliar signala, as 'in coyotes,

. Canis latrans, scent marking.'Bowen & McTaggart Cowan 1980). Sometimes;

group membership is an . additional source of variability by " itgelf:

-
E
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~ group-mgtes can have signals more similar to each others’' signals than.

26

C R

to those'of-outsidexs, or" groups can use a certain number of unique sig-
nals (i.e., signals not shared by other groups, or at least not by all
'groups). Suéh group-depen&ent éignals are called dialects ﬁnd have been
frequently reported for.birda (Marler 1970;‘Nottebohm 1976), ‘but also

for social odontocetes (e.g., Ford & Ford (1981) and Ford & Fisher

* '(1983) on killer whales,” Orcinus' orca, and - McLeod - (1982) on pilot

-
-

whales, Globicephala melaena).
Finally, distinct pdﬁulations.of a Species. can present. the " same

;kind' of vdriapion in' their repertoire. In cetaceans, ?higigeograﬁhié K
o + variation has been reported for the humpback whale, =s explained ear-

: C T . & " ' '
Cler., . * S

_.:““éradea signals. Studfes on p}imate. vocalizations féve;Ted.3th§t‘
. épecies that must réiy* on a single communicatory channel for.moat ‘of
their needs have d@scfete signals, i.e;. fhe different signels of their
répertoire are well étereotyped, eagy to recogﬁiz;. :For e;;mple;:;rbOQ
}ehl primates living in dense forests -communicate ,pr§ncipaliy1,in' tﬁe.
:‘acoustic channel, opticgl c&mmu;ication . being pgssible at~v§xy qlgse
range qnly:A To avoid 1nformétion being lost“during tranémission, masf
signals are in well categorized cléésea,.l%ttle affected:by egV;}qnmen-
- tgilnoise (Greap & Harlér 1979)- .§u£ when ‘moré,‘ghaﬁf oné,‘chgnnel is
fyfégﬁily available, sig&als are often graded: no qgiural boﬁnééiies'can'

e

" be found and. a complete range of intermediates is present between -

»

categéries. This 1is the Eaee in close-rangé éignaring of many primate"‘
speciea. Sounds werg’graded;but richly supﬁlgmented by visual,and'face
tile signals, especially for apecies 1living in large troops in open ‘

envirqnménts (Byrna'1982; Green & Marler 1979). ' With ‘cetacean sounds,

-

. N
S
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one_ could expect thet signals dsed for 1ong distance communicetion'.are

'discrete, to ineure that distortion will not prevent decoding of -the

information by the receiver. Hovever, animels interacting at close

range may be using graded sounds, for the reasons given earlier.

.

The interpretation of such repertoires is difficult. Should sounds

:that vary on .one, or more of their acoustic properties be put in a single

category, in’azoertain number of-distinct categories, or in an infinite

»

numbe r of classes° The first approach ig 51mplist1c and would not con-

tribute much to understanding a species repertoire._ The two others cen‘

be appropriate, depending on the species and signals involved. In cer-

tain cases, not mrll the variability 1s petceived or utilized by the .

receivez, end continuously varisble sounds are perceived as a seriqs of

:discrete 31gnals, just as human speech is for us. In- ,other cages,

éreded'signels are really a continuum of Signals end.carry very detailed

information on the signaler's behavioral state “(Green & Marlers 1979).

It is clear that descriptions of signals are insufficient .to iden-

. tify the different elements of another sPQEiesf repertoire.

"It is an obvious but often neglected point that what an

;. X animal makes of a signal it receives .cannot be determined by

analyzing the signal.” (Green & Marler 1979, p. 99).
Contextual information is very important to understand what use the

species makes pf these signals.: Contert includes everything that pre-

‘e

'~cedes and accompanies “the signall as,vell ag the behavioral and physio-

'logical state of both‘ the sender and receiver (Green & Marler 1979.
n
Smi th 1977). For example time, season, location, past experience of the

reoeiVer,"etc. are all part of context. It,can help the receiver to

. process continuous signals as categorical (Green 1975). Observation of

‘the response(s); of the  receiver to‘natural occurrence of the‘signel

L



-, and/or ‘to playbdack of‘neturel or:synthesizéd signals are also eseential

to asseas categorical or continuous value of graded signals (Green &

~ Marler 1979; Maurus Eﬁ.él'.1979‘ Byrne 1982). . : A
l 4
OBJECTIVES -

The.objective-of this etudy ie tn record, describe and 'cleeeify -thé

,eounds produced by humpback whales in Newfoundland inshore waters. To

“

claseify whale sounds is a difficult task. Except for studies on cap-

Mcleod 1982), it is imposeible to. determine within and between indivi—;;-d :
.dual variability. Sounds are recotded with omnidirectlonel hydrophones g
’ and typically, will be.produced while severel whelea are preeent in the '
"area. ‘For. the “same reason, it is very difficult to’ get detailed contex-:'

btual information and to record the receiver’s ' response. ,Often, the

identity of eender'and,receiver and even thé number ef'animale involved

in an interaction are not.known. This should change soon, with the

A

increasing use 6f_hydrophone arrays, allowing determination of the bear— .-
"ing, and sometimes distance to the sound source tWatkins 1972 and 1976;2

A.Clerk 'j9§0), or when individuals are inetrumented with acoustical

. tranamitters.

One must rely almost exclusively on signels' acoustic\properties in?

analyzing cetacean repertoires,~- Green & Harler (1979) mentioned that

RN

.human propeneity.to‘perceive sounde categorically probebly leade, to

lnbeliné animnl repertoiree as stereotyped even when physical analysis

does not fully support this jugment. &leo;,the.phyeical dimensions used

i}

vty the human'~brein to reach this result may not be thoee used by the

»feninallunder study. The boundaries adopted may not'.correspond. to * the

”~
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' tive odontocetes (and, under certain circumstances. wild enimnls, 8eBey - A



: wdifferent signals aze.‘ Similarly. it would: be difficult “to design an ja-'

experiment on synthesized sounds wrthout havrng prevrously studied their

33'29f

naturalj,boundaiies (1f-any). For thése reasons, Byrne (1982,? p. - 243) .

concluded:

"Since we now know that vhat . is. a unitary call to human
" hearing may be a number of independent ones té .the animals,
and a continuum to us may be perceived as discrete
categories, the many catalogues of primates (and other)
calls based on human perception must of course be  regarded

as unreliable”.

- ' - Being aware of these limitations,Aclassification of oetacean sounds

on the basis of their .acoustical’ properties is stil& neceasary. It

would provide ‘the necessary basic knowledge that could lead . to concep-

tion of hypotheses. andflater to the testing of these hypothesee. For

example, it would be very hard to attempt to'iuse playback experiments

with huMpback vocalizations vithout having at'least an idea of what the:

o

vocalizations.

A catalog of humpback sounds, even if it has'to be'refineo as more

information is gained, allows one to investigate such questions as tem-

.
» "

: poral organization of sonnds. seasonal variation. population differ;

t

ences, ‘context of use and function, and eventually to get a bettsr'graspI'

on social interactions such as males competing for females in the groups

described by Tyack and Hhitehead (1983). - - i

Codin&_if data. They are many ways to describe the acoustic‘ pro-p

- hearing: sounds categories vere established upon their aural impressions

on the observer. Very little quantification was possible. and the deci-

-

sions'about clustering SOunds vere arbitrary. ’ - C T

. . 1]
. T ——— e o 7 o e e . .\ .. B e o

" perties of a sound. Early studies (e.g., Dreher 1966) resorted to human L

| POy



A

With the.advent of sound spectrogzaphy, visual displays (freqeency
va time) ef sounds became available. Classificatioh could be done using

both aural and visual impressions of a signal. ; Quantification was rela-
. . ’ -

tively easy, however, the - cheice of parameters to measure was still

. ~

. arbitrary; and not neceeearilj relevant to the animal: Parameters fre-
quently meaeured vere duration, bandwidth ftequency at the beginnlng

and end, slope. inflection pointe, and othere (e -3 Marlex 1973. Gold-

' stein 1978 Sperling & Williame 1978 Hefner & Hefnez 1979. Cleveland &vi

Snowdon 1982; Smith ‘et al. 1982)

However, in most studiee the claesificetion was still done by eurel_“

. and wvieuel examination of the sounds (Emmone 1978, Mhrtindale 1980&).

sometimes ueing such aids as. playback of sounde ‘at reduced speed (e.g., f

'-Latime; 1977, McLeod 1982). 'Quantitative measuzements were used for

descriptxve-statietics’on the seded classes. An‘importent preblem’ ﬁith

'this classificetion technique is that judgment of similaxity is eubjec-

'tive,'and dependent on one's experience of" classification end knowledge'

the communication eyetem under analyeis -(Maurus et al. 1979; Mextin-
‘ dale 1980a). These studies are difficult to compare and repeat. Sta~-
tietical anelyeie (often multivexiate techniquee) can be ueed, to- help

"deciding 1f two claseee are different or not (Clevelend & .Snowdon 1982)

ox to check the classification and explore the relationship betyeen

claseee'(HeIner & Hafner 1979;  Sparling & Williams 1978; Martindale o

980&) _ S

"A'few, etudies used multivatiate analyees for cleseification ‘01

- d;ecrimination of eoundef However, it was ueuelly testticted to com-

'. parisons of sounds very similar to each other,. For - exemple,' Smith et

R T D s
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al. "(1982) studied individualﬂvariations using one call type and-‘five'
individuais. Goldstein (1978), Hafner & Hafner (1979}, Thompson_e___i_
(1979) and Hartindale (I980s) studied dialectic and/or geographic varia- .-
‘tion each uaing a single call of a single species (two species in Hafner
‘& Hafner 1979). These techniques help to standardize classification
procedures.' but can be plagued uith two shortcomings: results are com-
Fletely dependent_on the relisbility: of . measurements describing esch
sound which are' chosen -arbitrarily,‘ and results can vary greatly
according to what multivariate technique is utilized._- cereful clas;j
.,:sification by aursl and visual impression can be better then one that is
‘ done statisticslly from measurements -that are . irrelevant to the animal._‘;“
' Recently, seversl digitizing procedures (i.e., trensformstion of
the spectrographic representstioh ‘of a sound into a numerical represen-"
tation) have been described. They have the advantage that they do.:not.
-require subjective assignments of character releyance {Martindaie‘
1980a). These me thods (e g.,‘ Bertram 1970; Miller 1979; Msrtindale
1980s- Clark 1982) are slso better uhen patterns rather than descriptive

.3

,measurements are to be compared, and are more appropriate vhen very dif-_‘

ferent sound types have ‘to be’ olassified (Bertram 1970). AHowever, only ‘;;//,?)’://
Clark (1982) used a statistical technique (Principal Component Anelysis) \
".to classify an’ animal 8 acoustic repertoire. l

~Digitizing sounds. Several methods"of digitizing sounds have heen'

- reviewed and their potential for classifying humpback sounds estimated.
- Bertram (1970) and Hiller (1979) used a grid to digitize their sounds hy .
" hand. Sounds were coded according to the.squares of- the grid in which

energj_was.present. 'Relative‘IAmplitude was not coded. Similarity - .

Uetween sounds was calculated (also by hand) according to matches and

.

- . . D . -
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" time féonsh%ing, tut very ,sénsitive.
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-mismatchea‘yof the sqdares rép}epenfing each sound. This is’ éxtremely

[l

Adret-Hauébarger (1983) uée¢

" Miller's meLhod with a few modifications. Martindale (1980a) digitize& _

the median frequency of the”fundemental of his sounds, at 15 ms inter-
4

vals, with the help of a éomputer. As I will be discussing in the next

section{ many humpback soﬁﬂ&sy had no easily 1oéatab1@_fhndament§1 or

'wgra byoadband. Martindale's method would not be aatiéfactéry- in

representing these sounds. élaxk (1982) digitized ‘the -perimeter around

- the area of majqr sound energy of his sounds, using a digitizing tablet

: H BN
and . a computers . A, curvilinear regressipn.l#ne was then computed for

each sound. This coding teéﬁniqué prove_to'be adqduate in describing

right whale sounds, but was not very sensitive for broadband sounds.

r In)this study, a new digit;zing techniqﬁe was’ devised to try to

|

Cluster énal&sis was then used to help with the classification process.

keep - as' duch information as possible‘on each of the humpback sounds.

r
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STUDY AREA

MATERTAL AND METHODS \

Humpback whales were observed in Newfoundland 8. 1nehore weters in

l
'

* July and August 1979. from June to October 1980 and in April, July and

pzoduced at 6 of them (Figure 1) Re sounds were recorded - 1n 198T but

'vexy few - whales were seen: humpbacks were observed but remained silent

B

r’August r981. Recording wae attempted at 9 locations, and sounds uere

near St. Barnards. Fortune's Bay (47 31'N, 54° 59 W). in Witlese ~Bay:'

: ~(47°16'N ‘52°45’w) ‘and off Torbay Pt. (47°39'N 52°39'W).  Sounds were

" Bull Island (47° 46'N, 53 4a w) in Trinity Bay, off Cape Bonavista (48° N,

\ lrecorded near Red Island Placentia Bay (47 20" N 54°10° w), Gaskiers in

'St.Mary s Bay (46 50' N. 53 35 W), neat Chapel Arm (a71° 35 N, 53 40'W) andf~

53 4}'“), and near Salvage (48° 50 N, 53 03 W) 1n Bonavista an.. Except.

for obeervations obtained off Cape Bonav1eta, where the distance to

, .. shore ' was approximately 20 km,grecordings-were que-tery close to ehore

(0.5-5 km).

POPULATION STUDIED T . f o 'f':' T

Humpback whnlee that feed in Neufoundland and Labrador Hatezs are a

' sepaxate snbetock of the northweetrdtlentic population._ Their number

1008 indivlduale have been identifled‘ in’ ﬁeufobndland .and Lnbzador

,"(Katona ot a1.,1982). o Lo ; o -

: has been.eetimated at 1535-2720 lndlviduals by-ﬁhitehead'(1981, cited in.

xHﬁltehead et - al. 1982) ueing daptnre;teceptdre analysis. As of 1982._

' Although some whalee xemain'in Newfoundlend wvaters ln . winter (J.

" 'Lien, pers. comm.), most of them spend the winter in Caribbean waters,

They begin to arrive in Newfoundland in Apxil.'inshore sightings peaking’

i
.
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.tration of its prey species; Duringithe summezr, é"ﬁoifh ard migretion ’

PO
f

[

during - capelin,epewning.. Whale‘distribution correlates with concen-

"

takes place from the south coast to the northeast coast of Newfoundland

" and the Labrador coast (Whiteheed'gtﬁgl. 1982).

RECORDING OF DATA

.35,

,En 1979, 1980 and in April 1981 recordings were mede from ‘a. 6 m A

fiberglae open boat powered by'a 35 H.P. outboard engine. In July end

An

.\hnll sa;ling boat. Whale sounds were recorded on one - channel of a Uher

4400 ‘Report Stereo tepe recorder, ueing eeveral brands of tape' (Sony ‘

PR-150, Scotch' 176 Scotch AV 176, or BASF LP}S) All recordinge were

a depth of approximetely 10 m. At this depth, immediate surface noise

and most of the disturbing effects of mear surface temperatmre gradients -

. . ! :
are -avoided, and "sounds from cetaceans that are near the surface and

_ within 1 km.are usually rell:rece;ved;(Wetkins'1966). This system .was

flat .from 20 Hz to 18 kHz.' Location, dete,ﬂweather conditions, species

and approximate numbér Bf'whalee sighted, activity and poeition of hump-

Ry

the tape recorder..

Information collected by . Hemorial Un1versity s Whele Research Group

" was ueed to locete--whale, concentretions.. The . engine was stopped at

. about 50-200 m of the, whales. If a general trend -was apparent in their

movement, we would try to etop the boat in front of the whalee.' The .
hydrophone wag lowered and recording started. When the signal ;jgength

decreaeed noticeadly, recording was interrupted and ‘the boat mored','

RN
. - .
Lt

’., . .. ) - . . . . J. . l‘a\
. . & Co )

tadiy A TR g -
. H A ; \ .

:.made at 19 cm/sec, using a Gould’ CH—17 UT omnldirectlonal hydrophone at’

hacka within 1 knm of the boat were.entered‘onto the second ¢hamnel of

t 1981 obeervatlons .were: mede from the Mer D Alors, a 9 m 'steel N
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" closer to the whales. Because of whale movements and boat drifting,
;distance to‘.the,whaies variedvfrom.f-looo m. Most of the time,'wﬁéles,
w%qe feeding. ‘Recording migrating humpbacks (i.e., suimming at more

than 2 kpots in a straight directiqn) was not very successful, .too much

. time being spent'moiingvthé bqat; Often,’whaigs stopped vhatever they
were ‘doing and caméﬁto”investigate'the boag; ,Cbﬁﬁoniy,'they would cir-
. cle thé boat a féw' times and' resume their activities. On a‘ few
iﬂstancés;'fhéy iemaiped within 50 m for as long &s 2 hrs, and our pres-
ence obviously modified their behavior. B@p’hoiﬁgliy, thef woyld not

pay any attention to the.boat.after a fgw.minﬁtes.
At the beginﬁing 6f'aiséssion,'data were7recqrded for a minimum of .

5-10 min, and usuaily much longér. If the whales remained silert for
. o

“ﬁhis period,-fhe'“péuse"lphasé.¢f'the recorder wés used, making it pos- .
Qible .to monitor sound irodﬁctioq-uiﬁhogt recoxdiﬁé. If whales started .
vocalizing,.the iépe re;order céuié be stafté& within a few seconds. ‘If

-'dther whales ,wéze'in thé'viéiﬁfty;.a wﬁale 61 group would bg typiéally

4

monitored fbr 1-2.hrs (sometimes less if" acoustically.  inactive), and

_then anothet group would be selected. ~All the ggoup sizes present in an

,aréa wouid be ohse;ved, with a p#ssiﬁle bias towéid gfoupé"of 3 0r more’
) .;ndividua}s,‘ ﬁsué}lx'Amore 'active'acoustically. However, it was often
impossible to cohﬁrol ghat~group and%how'many whaies.yere in good acous-
tic ranée,‘as maﬁy érbﬁpé wbuld:come and leave thevvicinity bf.the bbgt

' when humpback density was. high.
\‘Fin énd‘ﬁinké whales were frequently present in'thg' working area.
Sounds ‘of the fin whale fepb;ted in the literature are of very.low fre-

“quency (around 20 Hz, Payne & Wetb 1971), with possible exceptions (Per-
. ’ N . ‘_ . B ' Q- -
" pkins 1966). No sounds werte heard'that could be attributed to fin whales
A i ) H .

LY :" ' (2}
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_during this study. All minke.whales-that.approached the boat (always

single whales) ‘were silent. None of the sounds reported for this

'species (Winn &. Perkins 1976; Thompson etjal. 1979) were reqorded during
this study. Three species of odontocetes were occa51onally present the

Atlantic white-sided dolphin (Lage norhynchus acutus), the white—beaked'“

'dolphrp (Lagenorhynchus albirostris) ‘and the Atlantic pilot whale."

'

Their click trains aJd squeals ' were readily identifiable,' even at -

several kilometres. = S :
. a ! . : b
/ t

I am confrdent that the sounds reported here were produced by hum-.

" q

) situations,‘where onlf humpbacks were present and‘situations whereiother

- whalds were in the area. These sounds were not’ recorded with good
,intensity during the few Situations where all humpbacks were distant but

- a few other species were at cloSe range. ) b

Since the hydrophone was omnidirectiondl, it was impossible. to
h . 3 \ -

‘assess with certainty what individual‘humpback was the source.. It might

°

have been possible‘when very few whales were in the area, but typicallj

very few sounds were recorded in these'situations. Even in the best of

cases, only identification té the group was poassible.

SPECTROGRAPHIC ANALYSIS ; ' o

All tapes recorded in the'field where istened to -at least once.

All sounds with sufficient eignal—to-noﬁge'latio were duplicated using 2
Uher 4400 Report Stereo tape recorders at 19 cm/sec. Ten working tapes
containing these sounde were produced.p Sound spectrographs (displaying .

frequency over time) were produced on a. Kay Elemetrics Corp. Digital -

~ \

3
€

. . . . N . .
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tance to humpback whales. ‘Most of these sounds were, heaxd both in'_'
o : M . -

hack‘ yhales, : Often, sound 1ntensity could be correlated w1th the dis-..'
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' Sona-Graph 7800 and éona-GrapglPrinter_7900.; ' .

111 soungs were analyzed in the 0-4 kHz scale. Thig scale was a
.ivcompromise_ to gét a reasonable discrimination;in.the low freqﬁepcies
g " without haviég to use higher scales too oftén; It was spmetimes neces- ’

; ' isafy, to use the O-8 klz scale'aé well,'since some sounds had most of
| th?ir energy between 3 ané é kHz. K {

A.bh;r 4400 Report Stgreo tape recorder, was used to input4 the
sounds in the ;pectrograph for all'tapes."expept tape 9 and the first
Lo side of'tape 5. TFor these 2 tapes, af§ony Té:ESZIaﬁd T¢-270 ;Fereo tape

| recorders were used. fhe‘ éutpﬁf "level of the tape recorder and the
‘; input'ievel of the specfxog{aph were adjusted +to ‘keép,-éil soundg af __'
’ “épproximately mfhe sapevlevél for gnalyéis. The linear frequency Scale .

'wqé)selected. Wide band aﬂalysis fiiterp ieze used: 150 Hz }n the 0-4

kHz scale and 300 Hz in the 0-8 kHz schlg. bynamic range was kept ;£ 16

dﬁ.(LOW—zérq position), to.eliminate some of the background noise from

tﬁé print&it. . ?h&s' caused some loss of low inteASity components. A

[

print time of '60 sec was used.

,4

- DIGITIZING SQUNDS

‘Devising a technique to describe sounds. It was necessary to

ngeldb 2 new method of soqu coding, since a large number of sounds had ’

to be ﬁeasured, and ?géy very different gatterns were obviously pxesent.‘

~ I wanted an efficientjcoding syé;em that'woﬁld retgin as much as possi-L
ble of the sounds' structure: Beztiam‘(1970) and Miller's (1979) idea -

& v of £epresenting each sound by a matrix was combined to Martiﬂdalq
(1980&5'and Clark's (1982) use of a computer and digitizing fablet. I :
degided fo systematically gistribute a cer%ain number of sampling poinéa

i

.
Y
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‘, on the surface' of a spectibgram.

re longer than-2 sec, it was decidgd.to'use

¥, N

Since very few sounds we

a "matrix..govering 2 sec.’ It means that fqr the few very lbng sounds,'

onlj the first 2 sec were coded. Each sound w&sAdescribed by a matrix

" of 16 rows and. 21 columns. The 16 rovs represent 16 frequencies.

selected from the ordinate of the spectrograma, according to a ilogaf

rithmie spacing (dee Appendix A). These frequencies are: 125,_164;_216;
284, 374, 492, 647, 851, 1119, 1472, 1938, 2547, 3350, 4406, 5794 and
7621 Hz. For eacgh of these frequencies, 21 data points were @ist;ibutéd

over 2.sec, i.e., one every 0.! sec. . . .

3

' Following one of Miller's {1979) éﬁgggétions,;aounﬁé wege"céntered'

horizontally in the matrix, ¢to . avoid giving?too much weight fo_how
. . . . ] . .
’

‘sounds start. e - }__ ’

The digitizing was dgpe at the  Faculty of .Environmental Design

(University of Calgary), with'a GTCO digitizer (.00% inch aécuracy) anﬂ

a Digital Equipment Corp. VAX 11/750 gomputer,' using & program in C.

language (seg program listing ip;Appendix B). One plastic overlay was

made for each kind of spectrogram: 0-4 qnd 0-8 kHz.'- They were both

secured on the digitizing tablet. The sound.touanaiyze was alid.unde;

the appropriate overlay and ‘its baseline ad justed. The sound could be
« ‘ i

placed anywhere horizontally,” as 1long as it was in the 2 sec.window.

Sounds longer than 2 sec where posthbned as to include the first 2 sec

in the window. The s@ale‘of the spectrogrqm‘(i.e., 2.5 cm/kHz and 6.11?
cm/sec for a spectrogram in the O-4 kHz range, or 1.25 cm/kHz and 12.23

. cm/sec  for a 0-8 kHz spectrogram) was entered in the computer, and the

origin of the matrix (the (O sec, O kHz) point) digitized.

]
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‘The sound was played back at normal speed (and at half speed when

needed) to insure that the begxnnlng and ending of the sound vere .

corxebtly assessed. ‘A few discrete measurements were taken Isee section

-

on "Numeticl data”, p. 46), using the "point” mode of the digitizing

“tablet. These measurements allowed the computer to determine how ! to

ceni.# the sound on the time axis. This-informétion was displayed, and
. L

the position of the sound adjusted accordingly. The'diéitizer Haé . then .

;sw1tched into 11ne mode (coord1nates were sent as long as the button was:

pushed), and the cuisor passed‘over the sections of the 16. lines 'that

»”

. .covered the sound, with the result that the program would write atin’

the matrix when the cursor was over one of tng 336 sampling points. [1]

*

[1] Although this method was developed indgpendéntly, it was subaeqnént-
ly found similar ‘to two other methods, which do not make use of a

- digitizer. Koeppl et al. (1978)_covered sounds with a grid and

" scored visually each cell after the intensity of sound in contained.
Rohlf & Sokal (1967) used computer cards ss masks over the drawings

of the organisms to be classifled. Holes punched in the cards were
the sampling units or cells. In theit "gystematic scan", the -  cells-

covered the entire image, i.e., each point of the image corresponded

to onj cell in -the matrix. Presence of a black line through a hole.

was coded 1, and absence O. Results obtained with such matrices
were.comparable with results from studies using more traditional
measurements, ‘1like the dimensions of diverse structures on the dif-
-ferent organisms. ‘They also tested two methods to reduce the number
of - cells. One was random selection of a certdin number of cells.
The other Wwas to-use a lesser number of larger holes. These 3

scanning me thods “were compazable, systematic and random sampling
being slightly superior.

Their syste%étic scanning would-mean to cover, 56unds with a . .

complete grid of ufficiently small cells and would generate a great
amount of data. Random sampling would make it difficult to ‘check
the.data visually, or to estimate discrete measurements from the ma~-
trix. Increasing the size of cells would have made dlgitizing more
difficult with the hardware that wasfaVailable to me. In theory,

-1 the method used here is more closely related to random sampling, the
most efficient method tested by Rohlf & Sokal (1967),.than simply
increasing the size ‘of the cells to cover the entire surface of the
sound.

e e R0



. Figure 2 illustrates a sound covered by the overlay, and thé ma trix

4

that wvas obtained from it. It should be note‘d'that with 0;4 ‘kliz speo-

trograms, only 13 of the total 16 frequency lines were, sampled, since’

the other 3 lines covered the f—requenoierabovo 4 kHz. For this reason,

sound_a'analyzed in the GC-8 k}{z--.poseci a problems: the 16 i‘r'equeno; lineél
.liw'ere'. needed, but cotxld not be obtained fron;lthe same speotroéram. This -
is because the frequency scale 1s 30 compressed on a 0-8 kHz spect'rogmm .
‘ that the 5 lowest frequency lines Hould not Dbe; discernible. Also, the‘
difference in analysis filter (300 va 150 Hz) HO\lld have made companson
3 of sounds analyzed 1n diffexent scales fallacioqs. The only solution
. that was found to this problem was to use the 0-4 kHz. spectrogram of a
sound for digitzzing its frequencies belov 4 kHz, and the O-8 kHz gpec-
trogram for the frequenc1es above 4 kHz, and ttlen _ to combine the
resulta. _ This l;ad the disadvantage of being extremely. time consuming. "
. 'Conventions. The following cotnventions were adopted to keep data .
- cod1ng consistent. Pulsive sounds appear on spectrograms as a train of
distinct click-like stmctures when the pulse rate is lov enough (ses
' the beginning of tha sound in Figure 2). For this reas‘ou, the shortost
.' units of sounds considexed in this study could not be defined as .con-
tinuous traces on the spectrogram. Instead, sou;lds that vere continuoué
to the human ear when played in real time were the basic units,' as in
 Pagne & HcVaya(19'71) L . e e
The discrimination of the individual clicks in some pixllsive. s;ounds N

.also' .made digitizing difficult. ‘It was difficult to remain consis'tten‘t.

if. tells were coded O when falling between two clicks. A 3light shift

~»of the spectrogram on the time axis could éhange the coding extensively,

e I L
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ORIGINAL SPECTROGRAM

FREQ
(Hz)

DIGITIZED MATRIX

FREQUENCY (kHz)

N
A

Figure 2.

Digitizing a sound.

TIME (sec)

7621
5794
4406
3350
2547
1936
1472
1119
851
647
492
374
28
216
164
125

000000000000000000000
000000000000010000000
000000000000010000000
000000000000010000000
000000000000110000000
000000000000110000000
000000000000110000000
000000000000111000000
000000000000111000000
000000000001110000000
000000000001111000000
000000000001110000000
000000000111110000000
000000011111110000000
000000111111110000000
000000111111110000000

The spectrogram of the sound (left), was transformed in a matrix

(16 x 21) of binary data (right) using a plastic overlay and a digitizing tablet.

A4
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. .

‘Sinee the same sound would hav appeared continuous (wi'th "side bands

at 'ini’ervals corresponding . to| the. repetition rate) ~had a narrower .

analjrsis filter been used (see Watkins I967b), it was decided that - sam-
pling. points falling between clicks of a. pulsive sound would be coded 1.

However, some sounds . (e.g., Fig}zre 3) were formed of.subunits so dif-

ferent of each other that it was not Judged appropriate to acore 1 ,'in

- «cells sepa rating “them.’

Harmonics have an acoustic value and therefore should be conerdered

" . when classifying sounds. _ For pulsive sounds,_the periodrcity pitch- )

i

'(frequency corresponding to the repetition rate of a pulsive sound) is, :
.heard, in . humans (Campbeﬁ 1963) and may have some value for anmals as .

well." Also, for many humpback sounds it is at best’ dlfficult and often

impossible to distinguish a fundamental frequency. This is probably not

! .

just an effect of the scales and filters used'here, 'since a few 'sounds

wera analyzed with nirower filters and/or on a logarithmc scale, and

st111 _presented this problem. To restrict the portion of a sound that.

should be digitized to the dominant frequency (frequency with the

'/éhest energy, Broughton 1963) would be prone to subjective decisions_

when intermediate intensities are present, or vhen several freq_uexiciee

" are of the same intensity. }for.these 1egsons, all componentsg of a sound

~were digitized. - -

A decision had to be taken for digitizing zespiration seunde

(blows). When blows were recorded at very close range, three parts

could be recognized (Figure 4). The first part seems to correspond '« to

-.,noise associated with surfacing of the rvhale. The se'cend part is the

-

blow i_fsel{. ' The laet_ part', rarely recorded, might represent the inha- ‘

lation. ~ For the maJ'oz,ity of blows, parta 1 and 3 were very faint or .

r.
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Figure 3. Two types of sounds for which the sub-units

were considered too different to digitize the
space between them.



FREQUENCY (kHz)
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TIME (sec)

Figure 4. Two examples of whales exhalations recorded at

very short distance. For each example, three
parts can be distinguished. Part 1 seems to
correspond to noise associated with surfacing
of the whale, and maybe the beginning of the
exhalation. Part 2 is the blow itself. Part 3
was rarely recorded, and might be the inhala-
tion. Part 2 was often well recorded while the
other two parts were weak or absent. For this

reason, only part 2 was digitized in sounds of
this type.
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" sound types of the repertoire. This was also done with the digitizer.

o 46

. s .
1. ) . "
absent, but part 2 had a very good signal*-to-noise ratio. For all

gounds that could be recognized as blovs, only part 2 was digitized.

Numeric’ data. More traditional measutements were also taken on

each sound (Figure 5) to obdtain descriptive statiatics on the different

These variables were measured beforé a sound wa.:s di'gitized,- as explained
. . . : .

earlier. The following measurements were taken: minimum, dominant and

'.maximum fxequency at three points (at the beginning, at a visual a"tlaprox-'.

“imation of the middle, and at the end), maximmn and minimum t:requenciee

of the sound. Dutation was computed using the coordinates of the dom-

‘ inant frequency at the beginning and at the end of -the sounds. [2]

"Hhen sounds had energy.belov 125 Hz, 125 Hz was recorded as the ninimum

. N M ° ‘e .
frequeney, because low frequency noiaelso,metimes masked the real minimum

,frequenoy. . | ‘.

.
From these mea?utemenbe. additional variables were computed using -

the SPSS etatistical package (Nie et al. 1975). These variables were

* the difference in dominant ‘frequency between the beginning and the mid-

dle, the beginning and the end, and the middle and the end of th_e sound.
Total bandwidth was also considered.

Data added to the matrix; Two sounds could have . the same- fre-

quency contour but very different acoustic properties, if one was tonal
and " the other pulsive. _Since pulsive sounds were treated as if [he A

trace wvas continuous, the distinction betveen tonal and pulsive was not

.made in the matrix. Siinilarly. sounds that give a different aural

'impreaaion and 1look different on spectrograma were sometimes/clustered

[2] ’I‘he total duration vas measuted, even for those sounde lasting more

than, 2 aec, which vwere cut at 2 aec during digitizing. . .

»‘« . ) -




FREQUENCY (kHz)
N

Figure 5.

TIME (sec)

Other measurements taken on each sound: A
minimum frequency at the beginning of sound, B
peak frequency at the beginning of sound, C
maximum frequency at the beginning of sound, D
minimum frequency at the middle of sound, E
peak frequency at the middle of sound, F max-
imum frequency at the middle of sound, G
minimum frequency at the end of sound, H peak
frequency at the end of sound, I maximum fre-
quency at the end of sound, J minimum frequen-
cy and K maximum frequency. When minimum fre-
quency was below 125 Hz, 125 Hz was recorded.
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together in a preliminary anal:,;si's using a small subset of the data

(125 cases, randomly selec¢ted). Such sounds differed in dominant fre- -

quencies, but produced very similar matrices. This is because most of -

the information about signall intensity was lost during di'gitizing.' Thus

additional variables were needed.

The beg:lnning: middle and end seétifms of a sound were assigned 3

categorical variables (0 or 1).each to code for 'tongl characteristics.

'Iﬁfomation-about relative sound intensity was coarsely included by com-

puting categorical variables from theAnuinérié'da‘ta,‘ using SPSS (Nie et '

i

11_.'41975)-‘ Dummy variables were not uée’d,‘ because srthe Jaccard similaz-

ity .coefficient (see t,h‘e following section, Classivfication)'does.not
. take negative matches into'consideration. These additional variables,;
, coded 1 when the statement! was true, O otherwise, are: .
1. begi'nning of -sound is tonal

2. beginning of sound is noisy.

3. beginning of sound is pulsive

4. middle of sound is tonal

"5. middle of sound is noisy 4

6

. middle of sound is pulsive B . : ‘ i

"7.  end of sound is tonal
8. end of sound in noisy
9. end of sound is pulsive .
10, dominant frequency at beginning of sound is | kHz or less
11. dominant frequency at beginning of sound is over 1 kHz
12. dominant frequency at middle of sound is 1 kHz or less
13. dominant frequency at middle of sound is over 1 kHz
14, dominant frequency at end of sound is t kHz or less
15. dominant frequency at end of sound is over 1 kHz
16. dominant frequency at middle is more than 100 Hz lower
than at beginning ,
. 17. dominant frequency at middle is within 100 Hz of its
~ value at beginning : , ;
18. dominant frequency at middle is more than 100 Hz .higher
.- than at beginning ' ’ cr
19. dominant frequency at end is more than 100 Hz lower than
. at beginning ) '
20. dominant frequency at end is within 100 Hz of its value
. . -+ &%t beginning : )
21. dominant frequency at end is more than 100 Hz higher than
at beginning - | : : ' ,
22. dominant fzequenciy at end is more than 100 Hz lower than

2]
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at middle -

23. dominant frequency at end ig within 100 Hz of its value
at middle

"24. dominant frequency at end is more than 100 Hz h].gher than
at middle

Definitions for tonal characteristics are as in Clark (1983). A

portion was tomal {f it contained only harmonics that were integral mul-:

tiples of the fundamental f requency; pulsive “if ‘a complex hamonic
s tructure or individual subunits vwere detectable; and noisy if sound

energy was dxstributed across a broadband of frequencies (at least 1000

Hz, in this 3tudy) Two com’binatlons vere possible for each portmn of T
sound: noisy-tonal if wideband nolse was mixed with a tonal. sound; and .
noisy-pulsive if wideband noise was mixed with an ampl_itdde modulated -

.,si'gnal..

-

The same 125 sounds sélected for the preliminary apalysis vere
clustered, again, this time with the additional variables. Since theze
is no external criterion (i.e. a known category strpcture to which to
compare the resuiting cluste rs), results were co’mﬁared with & classifi-
cation basged on\ aural ax;d visual impressions, even' if such a claasifica-
tion 15 sub jective. It ua.s found that results were sthl‘better if

these additional variables vexe given double weight (by reading them

~t1}tice during clustei analy sis). This was because of their relatively

small number compared with the mumber of points in the matrixs In sum-

mary, the numbi?f of catego rical variables used was 336 Tor the matrix

©.and 48 (2 times 24) additional characters, for a total of 384 variables.

Selection of sounds to digitize. Table 2 gives the numbar of
sounds_ that were digi tized f rom each working tape. All sounds’ of . good
quality (i.e., good signal-to-noise ratic) were digitized. Seven of the

v

ten working tapes were covered completo'ly. Digitizing took muctylonger

o

s
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Cont ribution of each woxking-.‘tapg and of each
year to the data set. - .
i

WORKING | NUMBER OF SOUNDS AWALYZED

. TAPE . .
B © 1979 _ 1980 TOTAL
,-._ T ‘.‘ ‘ ' N .S . :
R 18~ ‘ 18
"2 30 - . - 30
3 T26 o T 26
5 23 236 " 259
6 ‘ C13t - 131 '
7 142 . - 142
8. 167 167
9 - 253 253
10 ‘o 70 . 70"
. TOTAL - 179 1076 1255 --.
(% . (14) - - (86) - - (100)
[(]
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‘than 'expected, pnncipallyebecause many sounds were digltized tw\ice

(on the 4 and 8 kHz scales) and the 2 parts had to be fused after digi- -

r

tizing. - ’I'his process ‘is almost as long as digitizing itgelf . 'For this

reason, tapes 1-3 were oniy partially ssmpied. "Sele'ction was not ran-'

”selected. 'The' n\mber of sounds that was left can be estimated for

these 3 tapes, a mean of 25 sounds were digitlzed for eaoh tape. uFor

A

"_‘.each "of the other tapes (excludlng tape 10, wh}ch was only 60% as long)

~

:'an average of 185 sounds were dlgitized. However, 'If‘ noted that "there
. s‘"

¢

vere proportionally fewer good que’lity sounds on the first three tapes,

i

o and estimated that less than 300 sound 3. were missed. Co T e

A total of 1255 sounds ‘werxe dlgltlZEd". .and used do slﬁudyA the' .

humpback s reper‘toim. Sou'nds' recorded in 1979 are under—'represented,

"since ‘théy were largely contained in the fixst 3 tapes. They . represept

- i

14% of the ‘total semple, vhile 2-7}’5 of the tapes Yecordd in the fi‘e}y

{ L ' ~— A

are from 1979. But again, the proporflpn’*of good ‘quality sounds was

lower in 1979. B . N /“

CLASSIFICATION =* . S | .

Clustering algorithm and similerify coefficient. Hump back wnale

'sb‘izn”d.sl‘ were o be put in classes or clusters\ which ‘properties should be

"internal cohesion and external isolation" (Commack 1971), i.e. sounds

that fdﬁ:i one ciass‘should have more in -con’mon-wiih egch other than with

-

' SOunds belonging to other classes. Cluster analysis is 'a wseful mul-

tivgriete technlque to explore the category stmcture of data, w1thout
requiring a priori knowledge of this same category st ructure (Ande rberg

1973). There are many different algori thms pe _iforming cluster analysis,

-
L%

- dom. Instead ‘the loudest sounds of the first 31de of, each tape were' \

LY

A ]
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and many ways id:ﬁeasure similarity between sounds. Choice of both the

algorithm  and the similarity coefficient—will afféct the resulting

cétegozy structure. ‘Howévez. even if there is no consensus on the sub-

"o ’o e s i

Ject, -'the nature of the data, the kind of classification squght,%and

- ¢

experiments on the relative performance of algorithms and similarity

~ . . [}
coefficients can be used to select an adequate combination of clustering
. M »

algorithm and similarity coefficient.

'y ! . .
Average ‘linkage (also called unweighted pair-group method with ',
arithmetic averaging, . or UPGMA, Sneath & Sokal 1973) was .selected for .

the following reasons. UPGMA finds noq;overlapbing clusﬁers, a degired‘

4

char%Ftezistic for the classification of whale sounds. "When the

cophenefic coefficient.ig used to evaluate. distortion imposed' on the

«

dafa by the cluster analysis, UPGMA is optimal (B¢yce:i969; Sneath 1969; °
k

Farris 1969, cited in Sneath & Sokal 1973; Cor 1971).'  Clifford " &

_ Stephenson (197%) found UPGMA little proﬁg to misclassification and 1lit-

tle group size dependent. From a visual exanination of the spectro-

grams, graded signals were expected. However single linkage, the only

algorithm used more of ten than UPGMA (Blashfield & Aldenderfer 1978)

ﬁpes not. give satiafactory-«esults”if inteimediateg are presené be tween
»clusters (Hodson.gﬁugl. 1966, cite@ in Corﬁ&ck 19?1). - UPGMA can” handle
this mdch'better. Finally, in‘an experiment where several types of per=-
tquatiqns were induced in a data set of Fnowni‘structure, Milligan

; y " ‘
< (1980) fouéd that UPGMA performed best. Most important, it performed

¢l .

. best in those perturbations that were dikely to occur in‘sou%g digitiz-
' o
ifg: presence of noise”during data measurement (it would cd?,espond tp -
9 . ’

both acoustic noise ﬁ;esent on the spectrograms and error induceé during

-manipulation'of the digitizer'a”cﬁiéog) and presence of random eriablea

A . |

]

L ow -
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(vaziableq that scored randomly over all- classes). However, UPGMA uas‘

not optimal when mitligrs (objects that did nof belong to any of the

categories) were placgd-in the data set. Milliéén algd found that non-

best techniques, if UPGMA was used first on the data . to gelect the

starting seeds. Howevery because of the number of variables useq here,

Clustan (see below) does not allow for a great number of clusters to be.

investigated, which {ptevented me from using k-means ciustering.~ How=-

hierarchical algorithms' (also called k-means techniques) would be the-

evei, tests were made on subsets of data and did not show a great ‘

imptovement,Abver JUPGMA. Appendix C explains group avelage cluster
v : ' N R ¢ ’
analysis. , . -

.
1

. I chose to use the Jaccard similarity coefficient for binary data

(see Appendix C). This coefficient has the advantage of being in -the
0-1 range: sounds that do not have any point in common have a similarity
of 0, whiie identical saunds scare 1. The fact that the Jaccard coeffi-

clent does not involve neéﬁtive ndtches (i.e., cells where the sounds

being compared both scored O) is an advantage, preventing that 2 short .

sounds having little in common be given high similarity on the account

that both had many Os in the matrix. .Also, similarity between sounds is

" not affected by théﬁcohposition of the data set (Buser. & - Baroni-Urbani

1

S . 1982). o .

Cluster analysis. Déta storqga‘and'data.manipq;ation' vere *on 'a-

Honeywell DPS 8/70 computer.. Data were ‘transferred to a CDC Cyber " -

"2 170/175 computer for cluster analysis. Version 2.1 of CLUSTAN (Wishart
i . .

£r

- [y

tan can handle a maximum of 999 sounds in a single run. It was decided

to select 936 cases at random among the data set, for a first Clustan

. 1978 and 1982) was used to run aversge linkage cluster.analyaia.' Ciua—.'

Coened
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¢

run.. ‘[3] An APL function (listed in Appendix B) was "used to select

cases. at random from the data set.

There'vasrﬁo a'priori criteria for selecting the cut-off value of

the sim11&11ty coefficient (e.g.. minizum similarity necessa:y to belong ’

to a cluster). By compazing the results of this run (called run 1) with

a preliminary classification based on visual and aural impressions, it
was found that sounds that look and sound very similar to the ear can.

- have simila;ity values well below 0.5. 'However}'tﬁ; threshold value

**mus}t not be too low either, as sounds that'appeared veri different to’

the observer would be lumped together. A'value‘of 0.45 appeared to be a -

good compromise. The number of clusters obtained (97) was still fairly
large. Since it was necessary to use the author's interpretation to
reach the final c13551ficat10n, a large number of clusters was advanta-

geous: it is easier +to lump clusters that are judged identical than

i splitting cluétgrs. However, some splitting was still necessary at the

0.45 level.

As suggested in Sneath & Sokal (1973); a few sounds from each clus-

ter‘were selected to be run with these sounds that had been rejected fon-

the first run. To be conservativé, five sounds instead of -the three

,suggesteq in Sneath 3& Sokal were used. These sounds selected. to

.obtained in run 1 are called "seeds". - The} next

x
i
i
!
{

represent the clusters

_mn ;run 2) contained 259 seeds and the 319 cases that had not been

‘clustered yet, for a total of 578 éases.

- o o .

'[3] A'subset of 950 sounds had been selected at random, but examination

of the data, it was found that for 14 cases, the possibility that 2
sounds were present simultaneously could not be ruled out. These
cases were ' eliminated from the data set and from thig firs¢ runm,
leaving 936 cases. 'The total of 1255 sounds was egstablished after

these sounds had been removed.
aove _ . -

-t L e



e L RESULTS

" CLUSTER ANALYSIS

. ‘ . -

Clustering of the seeds in the second run. Run 1'yielded-97 clus-

! 3

ters at the Q.45 similar1ty level vhlle run 2 prcduced 114 clustezs.
Most of the;259 seeds included in run 2 vere reclustered like in run 1
(Table 3). : o o .

It can be seen that 52 sounds (20%).chanéed cluster befveen‘ run ‘1,_-
and run 2. Most of them (43 or 83%) came fiom clusters that were large
enough (6 cases or more) to”requi;e selectiod at {aﬁdom of five.seeds to
xepresedf them - in. run 2. The facf that rahdod seleétdon was used/Z

"ingtead of téking the most fepresentative'cdses of each cluster (this
would have been poaalble wlth a clustering method that finds centrofds,
-see Sneath & Sokal 1973) is pxobably largely responszble for the number
of dpanges between the two runs. In cher words, gfeda vere not neces-
. sarily representative of the majority of .the cluster's nembers. It can
‘be ‘expected that 'such sounds, _sometimes 1nc1uded in the cluster at
velues of 51ﬂllaxity very' close to the cut-off value (0.45) might be
reclustered somewhere else ip the\second ;un. .

" Additional clustering rdés. - Even if the cluéters'revealed by botﬁ B

t
runs were largely the same, it was desirable that'all,goﬁnda*were

assigned to only one cluater. For ' this reasdn, tﬁrqq-—supplementary
cluster analysis were pexformed (Table 4). - _ 'i‘ ‘

~ In these rums, clusters in run 1 that had seeds in more than one
cluster in run 2, ;nd/or clusters in run 2 th Qontained seeds ori-
ginating from more than one cluster ig run 1, were included with all

Fheir ‘ members from.both runs. Rum 3 includedl747 sounds coming from 27

clusters in run 1 and 25 clusters in run 2. Run 4 included 27 sounds

- A e TEN . FENY s - , .o .o LI

Y
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Number of éeeds that‘changed'clustéf in un 2, .
versus the number of seeds representing each
cluster in run 1. : '

Table 3.

“
4

N

- NUMBER OF SEEDS I CLUSTER . - TOTAL
o T2 3 & 5w
N , ‘ :
e : - - ‘ ‘
. NUMBER OF CLUSTERS * 43 11 8 6 28 1 97
" NUMBER OF SEEDS 43 22 24 24 140 6 ..259
NUMBER OF SEEDS THAT - - O 3 4 44 -1 52
CHANGED CLUSTER IN o . \
CRUN.2 (% IN BRACKET) - (0) (13) (17) (1) (17)  (20) °
NUMBER OF SEEDS - - = 4 130 & 140
RANDOMLY SELECTED o o
RANDOMLY CHOOSEN SEEDS - = = - 42 1 . 43
THAT , CHANGED CLUSTER Cot .
PERCENT_(1line 6 over -. = = = (95) {100) (83)
‘line 3) S - '
PERCENT (1line 6 over - - = = (30 (1) (a7
line 2) R . - A% .

" % A .gixth seed was inadvertently selected in this - clus--
ter, while a cluster with four seeds should have had
five seeds. Both clusters still had more seeds than
what is suggested in Sneath' & Sokal (1973). "

. - : - . [l
P e A e e B e e e e T
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| "Table 4, - Description of the five cluster analysis rﬁhé.
KON [ CASES T "NUMBER OF  COPHENETIC
" ’ e ' . CLUSTERS AT COEFFICIENT
'wn. . NUMBER- ‘ ORIGIN 0.45 LEVEL :
1. 936 random from total sample ‘, 97 " 0.78
S e AN .
2 578 259 seeds from run 1| 114 0.69
319 cases left out.of runi1 !
3 747 563 from 27 run 1 clusters 28 0.72
X 184 from 25 run 2 clusters :
4 27 21 from 2 run 1 clusters 2 0.75
-« 6 from 4 run 2 clusters : : .
5 59 45 from 6 run t clusters 6 0.81
- .14 from 6 run 2 clusters .

: fCOHPILATION:_ i255 cases (tptal sample size) 115 clusters .

bt iviars asi - o
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f rom ‘f2 clusters in run | ‘and 4 clusters in rum 2. Similarly, wrun 5 .°

.. consisted.of 59 sounds from 6 hingled clusters in rums t and. 2.

1 Table 4 also gives the cophéhétic oefficient for the five cluster °

anal}ses.’ﬂmhiaAiB a correlation coefficient indicative of the aﬁount of

distortion introduced in the results.
. Each sound was assigned a cluster tumber .(at 1level 0.45). This

number comes from run 1 or 2, for those clusters that agreed perfectly

befween the two runms. It comes fromone.of runs 3 to 5 if it was

necessary to. éo - that far. Thereafter, this agglomeration of results

. from the five clustering runs is termed cluster analysis. Iﬁ' cluster‘

analisis,' the data set " of 1255 sounds was-divided inté 115 clusters.
Many clusters contained very few sounds, as only.21v clusters contained
10 sounds or more. In faét, the first 21 clustera accgunted for 1049
(84%) of the 1255 sounda. Taking a lower threshold value of. similarity
woulé not solée this, as a few bad fusions (fusions of clusters com-
sidered different upon audition) occuired before these small clusters
were fused. to other clusters. This was found to be inherent to data

coding and to the clustéring algorithm (seeADiScussion).

- DESCRIPTION OF -SOUND CLASSES

" An automatic method of cluatering sounds, as designed here, 1is

depéndent .uppu_ the'_b quality of data coding. Since the ﬁethod used to

diéifiZe sounds was experimental, and no ‘claésification of humpback

whale social sounds existed, it was necessary to check the results of
cluster analysis with the only other source available: visual and aural
impressions of the sounds. As stated earlier, the cut-off value of the

similazity‘coeffiqieni was also chosen this way.
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Three levels of classification are used here to descfibéjihe hump=-

back whale's acoustic repertoire. The first one is the CLUSTER. Clus-

ters were qbtained froi cluster aﬁalysis on categdripal data. Thg

second level is the CLASS (TYPE is sometimes used interchangeably),

L3

vhich was obtained by comparing the clusters with the author's aural and

. .visual impressions of the sounds. A dlaas can correspond o a cluster,

but sometimes geveral clusters are lumped into a single qlasa or a clus-

‘are fresented into GROUPS.

ter can be Broken down into two or more classes. The third level is

afbitrary and is used only to facilitate - the presentation of the
results. Classes that have similar general properties to the human ear
Some researchers simply reject all clustérs_ containing very few

cases, when they search for a number of common types to represent a san-

ple (see Wishart 1978). Clusters .that are too small are then said to be

peripheral or intermediate. This convention has not been observed here,
since the author was interested in finding a repertoire that was as com-

plete as '-possible. Even the clusters containing only one sound were

examined, to determined if it was an extreme case of an existing claas,

L}
or a rare type.

Relationships between clusters, as preaente@ in the dendrog;ama '

(graphic representation of the clustering process), were not taken into

account because of the distortion inevitably included into a two-

dimensional representatibn of the results, chiefly at such a high level -

of fusion (Sparling & Williams 1978). Cluster analysis was only used to

divide the data set into cluasters and to list the members of each clus-

3

.ter. The author numbered the clusters to facilitate prgsentétioﬁ of the
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_resulfs.v

Statistics on clusters (Appendix D) included all sounds belonging

‘to ‘éach cluster, even if many classes'weie représantéd. Similarly,

a .

statistics on claéses were computed using "all souhds cdmposing the.

i

class,.éven'if'they came from different .clusters. :

:Hartindale‘(IQBOb)'emphasized the fact that cluster analysis does:
. not give the.reasons for the splitting of the sample in a certain_nhmber
 ofvb1usterst A “difference in duration; frequency, or in the value of

: - any other measured variable between two clusters must not be seen‘ias the

reason for the grouping, and still less as a significant “difference

" between the two clusters. However, the reasons for the grouping in dif-

ferent clusters can'often be deduced from these differences, chiefly
with the similarity coefficient used here (Appendix B), since it depends

on the number of matches and mismatches betweeﬁ sounds. Variétiohs in

 duration will increase the number iof mismatches; more so in low frequen-

cies, because of the logarithmic scale. Bandwidth, minimum frequency,
and maximum frequency also have obvious effects on ‘the computation of

similarity coefficients. Amplitude will have little effect, since it

cas poorly represented in the measurements. When differences between

clusters are'méntioned in the presentation of the sound classes, they .
. ' -

! .

-

were dedgced f'rom each cluster's propérties.

':A coding bf/slustez t&pes was developed to evaluate the success
w;th 'uhich cluster analysis recognized the dffferent classes’of thé
fepertoire. This coding was based on the proportion of. a class which

was included in a given cluster, and on the.proportion.af the cluster

+

made up by this class (Table 5). Clusters that had at least 50% of '

thelir cases in one class, and which contained at least 50% of the ele-

P

!
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rients of the class, were of type "A" relative to this class. Type "B"
: ' I

and "C" clusters also hsd at least 50% of their elements in the same

class, but accounted for only 25-49% and less than 25% of the\ class,

N

respectively. Type "D" clusters had between 25-49%, and type "E" less

than 25% of their elements belonging tojone class,  but both accounted -

for 50% or more of the class. Finally, |a cluster was said to be of type
"F" relative to a class if less than 50% of its elements were of this

class,” while less than 50% of the class originated.in this cluster. .

This code was used as an index of the success of cluster analysis- -

in fheXfollowing mannerf The less interp?etation necessary to-define a
soudd cla;s,-the befter the success of cluster anaiysis in rgcognizing
éhis claass. Accordingly, a class that contained a type A cluster was
very well recognized by cluster analysis: the author's impressioné vere

that most sounds in this cluster were more similar to each other than to

. sounds of other clusters. A class which had a ‘type "B" cluster was

still well reéognized by cluster analysis, since one cluster was almosat
L]

entirely devoted to it, accounting for a 'good proportion of the class.

Internal homogeneity was good, but external isolation not complete.

Claases that did not have better than type "C" clusters were ushally

aplit in wany clusters. Internal cohesion was still very good, but- .

|
external isolation.poor. Cluster ‘anaibsis 444 poorly with classes

[

characterized pnl& by a type "D" cluster.'éinée they were placed with

many sounds belonging to other(s) class(es). Much interpretation was

needed to delimit these classes, as bbth internal cohesion and external

isolation were poor. Classes characterized by type "E" or “F" clusters
L

vere not recdgnized at all by cluster analyéis. Internal cohesion and

external isolation were very péo!. The distinction between the two was

“
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Table 5. Descrlption "of the , cluster typeé used in .
L evaluating the relative success of cluster
analysis for each class. : o

.

Fa
-

" PERCENT OF CLUSTER PERCENT OF CLASS - .
"ATTRIBUTED TO THE. ~ IN A GIVEN CLUSTER.

CLASS

>49% - 25-49%  .<25% .

©>49% ‘ A B c
25-49% D . .F F
. : B

<25% B F F
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& o | e
’ . ’

‘ that most or all the members of the class were included in the : same

. - 4 N . ) ’ .
cluster in type "E", because it was usually a very small class (i.e.,

—

rare type). . i

] . . ' N
"By considering the highest type reached by a cluster, it is - possi-
. N . a
A . e ‘
ble to visualize what role it played in the classification process,

[ .
(Table 6)§ Among the 115 clusters, 31 were very easy to interpret: most-
| N C .

-of their éaseé were very similar to each otﬁex} and not many such sounds

‘were found iﬁ,other'clustezs. Seventy-five clusters were small and con-
L , ' :
tained soqnds' similar to each other. However, the author was able to

find_a_reiatively high proportion of the same sounds in other. clusters.

Often, many Atype "C" clusters were fused. together by the quthora‘ Only

nine cluéfeis Wwere useless: they copta;ned many different. sounds, but

only a few cases of each.

By comparing the results of cluster analysis ‘with his gural andy

visual inpressions, the author recognized 50 sound classgs. Table 7

Y ’ . CC . :
gives the relative success of cluster analysis in recognizing these

~

classes. Success dppen&ed pai%ially'on class size, as indicated in.the
last column of Table 7: by considering only those classes’that“havé five

. ‘ ) .
cases or more, one can see that 15 out of 28 classes were relatively

well recognized by cluster analysis, while another 10 were récognized,

but not well delimited: they were split in a variable number of small

clusters. Only three classes with at least five cases were not discriﬁ-

4

.inated at all by cluster‘analysia.

L

<

L33
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" Table 6.-' " Highest “type" obtained for each cluster.

\

~

_ CLUSTER SUCCGESS

" NUMBER OF

. TYPE ... OF .. * .CLUSTERS
CLUSTER -
ANALYSIS
N A . ¢ very good 12
3 .- good 18"
- € had to be fused 76 -
o with other clusters
"D’ - poor | 1.
\ E _ very poor '3
; F- [, very poor D
TOTAL A 115

ter type.

Mumber of classes charactezized‘by each clus-

[

Y

0

CLUSTER SUCCESS NUMBER OF

NUNRER OF
- TYPE . OF . CLASSES CLASSES WITH
.CLUSTER AT LEAST 5
ANALYSIS .. CASES
A very good’ 12~ 8
"B good .10 6
C interpretation 10’ .. 10
needed .

D ... poor 2 0
B very poor , 14 2
- F  very poor -2 1
TOTAL 50 27

T
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GROUP 1. ~

L

' . . - ! - N
Three classes belonged to group 1 (Table. 8). In genera ’ these;

. » -
sounds lasted more than 0.5 sec¢, had a Lﬁrge amount of noise, and &

bandwidth of, over 4 kHz. They typically had’little energy below 400 Hz.

L . ; . ‘ )
A band of dominant frequency was present and, except-for class {c¢, was

.

~tonal and frequency modulated. -~ L_ R

et ’ [

Class 1a. . Tnese‘.'sounds had'little energy below 0.4 kiHz, "although

‘the minimum frequency averaged 0.22 kHz (Table 8). They'had a gstrong

K ~ ©

tonal - component (Flgurq 6). shaped  like an inverted "U"' frequency rose. . -

"1n the flISt third of the sound, then decreased below the 1nitia1 fre-

B :
quency by the end of the sound. ThlS high energy” component rarely went

over |1 kHz, and the peak frequency at. the beg1nn1ng, middle and end ‘of

the sound averaged 0.79 0.84, and 0.63 kiHz respectively. Above this

component,'.much néise was prasent, reaching a mean maximum frequencx of

4.85 kHz. The mean duration was 0.62 sec and the average bandwldth 4 63

kHz. ' . o
* This was the fourth largestf class in thek repertoire, with 100
[- I .o ’ . . + ’ "

cases. TIt 'can'be seen in Table 8 that class ]a was well discriminated

. . - ’ - e
by cluster analyeis, with 85% of its camses coming from cluster 1,

A

accounting for 98. 8% of the cluster s members. The few cases that were

clu;tered 1n other clusters appeared to be extreme cases in the claes,

mainly in duration and amount .of noise (bandwidth) Whlle mean duration

wag 0.61 -sec in cluster 1, it was’ only 0.19 sec in cluster 49 (which

'contained 1. class 1% sound), 0 31 sec in cluster 2 (with four of its

. eleven members in class 1a) and O. 49 sec in cluster 75 (one of 1its two.

‘members was of this class), but as much as 0.85 sec in cluster 8 (vith

one out of five cases in this class) and 1.02 sec in cluster. 3 (where

\..

o

>
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. . ) . ‘3.. .
».  Table 8. . Characteristics and clustering of the three
S clasaes in Group 1,

£y

N a

For each clash.'the number of cases (n), mean dominant frequency at
three points (start, middle, and end of sound),.minimum and maximum fre-
quencies, and duration are given, with ' the standard deviation in brack-
ets. Structure of the sounds and the number of clusters of each type g
. are also shown. The highest proportion (%) of the class found in a.8in- /
gle cluster is in brackets, below the approprlate cluster type+*

4

CLASS DOMINANT FREQ (kHz) MIN. MAX. DURA- STRUC- CLUSTER TYPE **

(n) _ FREQ. FREQ. TION TURE * . . :
START MIDDLE END (kHz) (kHz) (sec) AB CDETF
. : N, : :
a  0.79 0,84 0K3 0.22 4.85 0.62 T 1 - 1 4
(100) (0.51) (0.28) (0.51) (0.11) (1:51) (0.17) - (85) S .
15 129 1.42 1.5 044 5.88 1,08 T\ 3 A
(34) (0.43) (0.68) (0.72) (0.18) "(1.72) (0.24). (85) oo
v - , ! 4 ’
e ' 1.63 1.1 1.8%5 0.65 7.42 1.52° FN S
(1) - - - - - - . {(100)

\

» * Structure can be tona}l (T), noisy (n), pulsive at a slow (S) .
or fast (F) repetition rate, and presence ‘of harmonics (H). “ o
Repetition rate was glow if the individual sub-units could :
be .distinguished with an analyais filter of 150 Hz. Condi-
tions that applied to many but not all cases are in brack-

eta. ‘
ﬂ»" ** Cluster types are described in Table:-5, p. 62. ) (T ;
i - : . . ° ' c
- i ) )




FREQUENCY (kHz)

Figure 6.

TIME (sec)

Some spectrograms of class 1a sounds. a and b
are the same sound. a-c are from cluster 3;
d-g are from clu8ter 1; h is from cluster 2.
The abscissa is broken when two sounds come
from different spectrograms or when the inter-
val between them has been shortened. The
analysis filter is 150 Hz and 300 Hz for the
0-4 kHz and O-8 kHz spectrograms, respective-
ly.
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- Class 1b sounds also had high frequency noise reaching in average 5.88

68

"

/

seven out of 36 cases v:rete identified as class' 1a). Banduidth4-yas

4.45 l::Hz in cluster 1, but orgl"y 2.80 and 3.90 kHz in clusters 75 and 2

respectively, and as x;xuch as 4.89, 5.60 and 7.03 kHz in clusters 49, 3

and 8. Dominant frequency was also hiéher in clusters 3, 8 and 49 than

¢

in cluster ! (see Appendix D Ifox statistics oﬁ clusters).v
Class 1b. On average, sounds of this class were loriger (1.08 seéc)
and broader (5.44 kHz) than those of class 1a’(Table 8), and with less

~ .

energy in low frequencies: minimum frequency was 0.44 kliz, and péak fre-

quenéy was 1.29 kHz at the beginning, 1.42 at the middle, &nd 1.15 at.

the end (Table 8 and Figure 7). They also differed from sounds of the
previous class by the much sharper peak" frequency increase at the begin-
ning:. it usuwally reached 2 kHz or higher. Peak frequency was us__u'ally

back below its original level slightly after the middle of the sound.

~ kHz.

. 19.4% of its members in other classes. Thus it was a type "A

Thirty-four sounds were identified in class 1b, which .ranked tenth'

overall in jsize. Clﬁster 3 contributed 85.3% of them, and héd only

. which mean‘that class b was well discriminated by clustex'analysia. )

Clusters 4 and 5, with one sound each, were found to ‘be class 1b sounds ;

' lacking moat of tﬁe noise usually- present in this class’ (Figire 7e),

resulting in narrower bandwidth (2.9 and 2.14 kHz respectively, against

. - oo
5.6 in cluster 3). . The lack of noise suggests that these two sounds

were produced at s distance, which could alpo explain the break occur~

ring in middle of cluster 4 sound (Figure 7e). This sound was also.

exceptional in having its frequency downsweep nearer the end. Clustei 6

was --a smal? cluster of six sounds, three of w}fiph being class 1b sounds

.
~ . ]
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Figure 7. Some spectrog{ams of class.1b sounds. a and b

- . 2 R are the same sound. a-d are from-cluster 3 e
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. “or ‘ Analysis filter is as in Figure 6, p. 67. .
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of lonéer duration than usx;al (Figure 7f): mean duration was 1.52 sec
~in- cluster 6, while onl_;,' 1.02; 0.98 and\ 0.80 sec in clusters 3,' 4 .a.l;t-d p]

respectively. | Peak frequency was in the 2-2.3 kHz range, which is
;1niqst'1 kHz abt.;ve the values in cluste‘r 3. Noise reached 7.81 kHz, for

a bandwidth of 7.14 kHz. Sounds of this cluster also had little em'arg

below 2 kHz.

With sounds of class 4b,-that will be des'cribed. later, sounds of

classes  1a and‘ “tb  were the only ones that could be correlated with ‘

whales' behavior wi::h the equipmenf ussd in thiq study. - These sounds

could readily be assigned as humpback blows. More speci‘fic‘allly, class

ia sounds were nomal blows, while sounds -of class !b corresponded %o

the wheezing blows described by Watkins (1967a). Class 1b sounds could
be heard at greater distgnce underwater than normal blows.

Class 1c. ' This sound was pulsive (Figure 8), with most ‘o'f its

enérgy in two bands around !.1 and 1.7 kHz. Its duration was 1.52 sec

and its bandwidth 6.77 kHz (Table 8). Unlike thel beginning, the ‘end was
- 'gbrupt. The peak frequency‘wés 1.63, 1.11 and 1.83 kHz: at the 3 usual
poin'ts. However; this did not represent frequency modulation, as can be
'seeh i'n' -Figure 8. Thé second band of higAh_ eneqgy simply -began before

and ended after the lower band, This class had only one case. Once

T

digitized, 1_t vas very similar to the longest of.class ,1b;sounda,' and )

vas put with them in cluster 6, where it accounted for only 16.7% of the

¢

-cluster.
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GROUP 2. .
———ams .

i

’ : .
These sounds were tonal, and except for one class, had a rich har-

o~ - . . &

monic structure and strong frequency modulation.. They were of long

duration, the shortest mean duration being 0.6 gec. Nine classes were

included in this group. They had few Yow frequenc1es, and their minimum '

frequendy were usually around 0.5 kHz (Table 9).

Class 2a. These sounds vere long (mean of. 1.39 sec, Table 9) and

tonal,” with 329 harmonics (Figure 9), resulting in a mean bandwidth of

7.07 kHz. They were also characterized by 8- very marked frequency modu-

'latlon (up, down and then about constant). This was not shown in the

summary statistics for this class, the three measurements of peak fre-
quency being 1.84, 0.87 and 1.08 kliz. This is because the up-down modu-
lation was produced in the first half of the sound, 1like in wheezing

blows, and not sampled by the discrete measurements. Minimum and max-
. , .

imum frequencies were 0.55 and 7.62 kHz respectively.
[4

This class had three séunds, ranking thirty-third in size. It was
best discriminated by a type "B" cluster: cluster 7, with a single ele-

ment (type "B”). The two other cases came from cluster 8, which had

five elementss’ The class was probably split because of differences in

duration: 1.72 sec in cluster 7, and 0.85 sec in cluater 8. The other

characteristics of these two clusters were vef& similar (Appendix D).

Class 2b. This class was similar to the previous one. It was

-

"tonal, &and two to over four harmonics were present (Figure 10). How- .
- A

ever, it was shorter (mean duration of 0.85 sec, Table “9) and the

_bandwidth narrower '(4.99 KHz). . Minimum frequency was 0.69 kHz, while

maximum frequency was 5.68 kHz.‘_Peak\fxequency measurements were 2.50,

~1.3% and 2.00 kHz, which did not réflept the shape of'the fundamentai

/ . o i

SN T e .

Potmmmtntc o w w o C ee -
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Table 9. Charactéristics and clu'ster'flng ;)f the nine
-classes of Group 2. ’
. For each class, the number of cases (n), mean’ dominant“frequency at
thrree points (start, middle, and end of sound), minimum and maximum fre-:
1' quencies, and duration are‘given, with the standard deviation in brack-
ets. Structure of the sounds and the number of clusters of each type
ege also shown. The highest proportion (%) of the class found in a sin-
' 8le cluster is in brackets,  below the appropriate cluster type.
a . .
CLASS DOMINANT FREQ (kHz) MIN. MAX. DURA-' STRUC~ CLUSTER TYPE **
(n) FREQ. FREQ. TION TURE * »
START MIDDLE END  (kHz) (kHz) (sec) AB CDETF
2a 1.84 0.87 1.08- 0.55 7.62 1.39 | T 1 1
(3) (1.32) (0.18) (0.46) (0.14) (0.15) (0.34) * (67)
‘2bps 2036 1,30 2.00  0.69 .5.68 0.85 M -2 4 2
(4) (0.63) (0.62) (0.44) (0.18) (1.98) (0.26) (25) .
2c 1.53 ° 0.77° 1.51 0.66 " 2.52 1.59 TH 1
- - - - - - (100)
N\ 2d  1.43  1.62 1.64 1.3 2,56  0.73 T(H) 1,
g (3) (0.15) (0.17) (0.15) (0.19) (0.85) (0.12) ° (67)
2e 0,82 0.8%- 0.68 0.49 2,30 1.85 TH - 1
(4) (0.20) (0.07) (0.22) (0.15) (0.50) (0.37) (75)
) 2 1,34 1001 149 049 7.7 0.85 . TH(F) 12 2
: (15) (0.78) (0.67) (1.13) (0.16) (0:85) (0.34) (13) :
. 28 1.39 1.66 232 045 671 0.63 T 15 2
: . (12) (0.95) (1.10) (1.27) (0.22) (1.61) (0.33) (25) ‘
2h  1.00 1.23 1,73 0.7 307 0.82 T(HF) 3 1
(4) (0.42) (0.23) (0.14) (0.12) (1.39) (0.43) (25) '
. 21 . 2.58 '2.62 243 0,80 5.5 0.60 TH(F) .3 1
‘ (4) (2.18) (1.14) (1.69) (0.35) (2.92) (0.38) - (25) (25)
‘ . ’ . 9
3 - * Structure types‘at‘e as in Table 6, p. 64.
d . *#* Cluster types are described in Table 5, p. 62. '
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Figure 10. Some spectrograms of class 2b sounds. a and d
are the same sound, from cluster 10; b is from
cluster 8; ¢ is from eluster 9. In all cases,
another sound can be seen in the lower fre-
quencies (class T7c). Analysis filter and
breaks in abscissa are as in Figure 6.



78

N

frequency = . (an inverted "U"), for the,.reéson given above: <the funda-
oL ", N ' . .- N
mental of spme sounds. could be shorter than some harmmonics.. Conse-

quently, the measurement of'peék f requency for the beginning or the éhd

was  not _doné on the same harmonic than the messurement at the middle.,

e o

It should be not'éd in Figufe 10 that two sounds are superposed in the

three examplgs glven. However, tonal class 2b sounds with their harmon-

, .
ies are easily discriminated. . ) /\

u

Class 2b had fopz members, and was the twenty-eighth laréest in the -

data set. I.t vas ciiaract.eri’,zed by two type “B".clusters: clusters' 9 and
iO, with one eleme,nf each. These two clusters were fused during audi-.
tion becat._xse of" t}'leir‘ivc.er’y.similar acoustic pr'operti.es'. Du ration was
‘0'.76. sec i.n cluster 9,..and 1.19 sec in cluster 10, vhich might explaiﬁ
why t}{ey were not clustered together. Another case wvas fpu;ld in each of
clusters 8 and 81. Lover ’func_lamental frequencies, and fo|lr the sound in
ciuster B8, awider bandwidth (7.03 kHz,. compared with 3.09 aAnd 3:68 in
.élusters 9 and 1‘,0 respectively) are possihle‘reasénslf;)r t‘hil.s split‘l;ing.
‘Also, Soun’&s with. similar 'shape but different fregdencies, chiefly when
niade up of narrow fr;aquenéy bands", vere gli:ven low siynilariti‘es gith‘ the
Jac‘card. coefficient, -because of the few ‘matches between the‘m (see' Dis-

cussion). N

. (\c "

_Class 2¢, This class was tonal, but the first harmenic was much

loyder than the fundamental (Figure 11). FPrequency modulation was con- B

spicuous: the frequency firat went down for a shortymoment, then vent up
and down twice, although ‘the rate of frequency change was much lower the

.second time. It lasted 1.59 sec (Table 9) and had & Llimitéd bandwidth

(1..86 kHz) . Peizk frequency measurements vere 1,53, O.77 and 1.51 kHz.
The second messur

-~ : ¢

~4

lment, mach lower, was in fact taken on the fundamens: -
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tal, quite loud in this pazt'of the sourid.’ Ninimum and naximup £re- .
- 0 . . ¥
quencies were 0.66 and 2,52 kHz respectively.

]

This class had a single eléxpent, and has ‘been- isolléted both. by

LY

'ciuster analysis and by‘auml anci Misual 1mp=zes§i‘dns: cluister 11" con-
tah;ed only this sou:nd. |

Class 2d. ‘Thg frequency of these tonéa was constant, as can be
seen  from tpe.’ peak"frequenc,}" measureme.ants: 1.43, 1.62 an;1 1.64 kHz ° :;
“(Table 9). Onlya ver.y faint harmonic was sometimes noticeable f‘(Fi.gﬁ're Y |
12a). The case illustrated- in Figure 12 ¢ was. superposed on a sound of
another type, but was easily q,iscriminat;zd from it. Mean giul':ation was
0.73 sec \ar_zd bandwidth 1.43 kHz.  Minimum a\nd ‘r;laxi‘mum fregl{enciei aver-
aged 1 .13 and 2.56 kHz respectively.

./ ' . ' ‘ - . .
‘ﬁ‘his class had 3 cases, and ranked thirty-third, with three other

wt

classedh, of this size. It was not recognizell by cluster analysis, beirig

~ .

characterized by a cluster of type" "E" and another of typ "F" T¥o -
) (67{) ‘cases were found in clustéz'41. which. contaiﬁed mostly class<3c
souhds, that will be de‘scribe.d laterl.. The third one w;s found 1n ¢lus-,
ter 53, which conté;ned mos tly clasgs) 5b sounds. In both cases they were
out of- placce, being a&among much sho rter sounds: mean' duration was 0.07
and O. 17 sec in these tw;a clusters. T}je importance of this class might
. ha'\l'e been undeges.timated: som-e casds. had not been digitized for many
,reasons (too much echo, nasked by other sounds, or thought to be poor
recordings' of wheezing blows ). . T -
.Cla~as 2e. .\\ T}{gse sounds were tonal, though some amplﬁude modula=
tion was someti;nes present (Figure 13). They had one oxr two harmonics.

In two casés. side bands were present for a short time, "but it was not "('

clear if thejr yere caused by the simultaneous emiséion of a secoﬁd'tonq;
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Figure 11. OSpectrogram of class 2c sound. Analysis
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Figure 12. Spectrograms of class 2d sounds. a and ¢ are

from cluster 41. b is from cluster 53. A
second sound (class 13a) is present in c.
Analysis filter and breaks in abscissa are as

in Figure 6 p 67.
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or’  if the sounds were pulaive for short periods. Mean duj:’ration was

.

' '1.85 .sec (Tahle 9) Minimum and maximum frequencies averaged 0. 49 and

® 5

2, 30 kliz, for a mean bandvidth of 1.80 ‘k}{m\ Peak t‘requency meaouxemente‘

averaged 0.82 0.83 and 0. 68 kHz. o ST

Class 2e included 4 sounds. and r}ﬁd twenty-eighth in: size- "It

\

waa well discriminated by cluster analyaie, ita four members being iso-‘

vlated from-any other sound, although one of them was in a eeperate clus-

‘,.tez. Clueter 12 had one caee vhile cluater 13 contained the three oth-

l

o eré. It is not cleer why one- sound was kept epart, although its dura-.

- .

: tion was longer (2 18 sec ve a mean of . 1.74 _sec, Appendix D)e . ‘
Class 2f’. Sounds of this type were mostly tonal, although pulaive, ’
sgctions, "wete common (Figure 14). *Four to over ten harmonics were. ueu-“‘:

ally preeent, which resulted in a very broad 'bandwidth (6.68 kHz). They'

sounded . like- trumpeting and ueually had, their funde,mental between 0.7

and 1.5 kHz for most of their duretion (Figure 14) Penk frequenoy )

end ('l‘ab’le 9).- Duration varied.from 0.26-1.32° sec, for a mean of 0.85, .

/

Minimun and maximum '-frequenciee “were 0,49 and T.17 kHz resnectivelj.:

Many petterns wexe found. Some had a frequency do\meweep at the’ begin- . R

ning, followed by a section of more or lese constant peak frequencyA

14h). or had very little frequency modulation (Figure 14i), while others .

'had sections containing fever harmonics (Figure 14d and. e)e ‘ -

-Thie wae the twenty-—firet largeet cluee. with 15 caees. <'Cluster

. analyeis wee ot‘ limited uae in de!‘ining this clese. splitting it into 14
‘ clusters. However, most cases were isoIated from other olaSSes. Twelve’

.“'clustere_ ‘were of type "C": ,quster)' 15 had. 2 eounda,_both,from this

.averaged .34 klHz at the beginning, 1 01 et the niddle. and 1 49 at the

.'(Figure 14a, ¢, f, and J)' : "Other sounds weze double-humped (Figure":'“‘
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' “probably reaponsible for the’ incapacity of cluater analyais to put these . e

'thai; thcse 'souhds weie ccmposed of m’any narrow frequencyvbanda. were '

° . . '~ . o

class, - while cluatera 16-26 had only one case each. Clnntetn' 2-; and e i
¥

14  had one clasa 2f sound each, but’ contained moatly aounda of other
* v .

_classes. . Va;iabil’ity in -dumtion and, as ment‘ioned earliez, ths fact’ - R

i
— - ,;
|

.. .

sounda together..

s

Class 25. Class. zg sounds' wei:e to'nal with. 2-13 ha‘rmonics. . nnd"

conaisted primarily of a shnzp frequency upsweep. ':In'so‘me' c'ases, “this" ‘ \

* upsweep was fo].].oved by a downsweep and then another upsweep, wﬂith‘ a

) quency of Q.45 and a maximum frequency of’ 6.71 kHz)

" with " .thzee~ sounds : (25%)
o 9-31 ‘ona. sound gach. Tha laa% two casas were ftfunc} in cluster 4j and -

, | 53, with . many, aounds of other clasaes., Variation in'duration‘and the*

'lowet rate of frequency change (Figure 15)

'the beginning, 1.2 at the niddle and 1.73 at the end (Tabla 9. They :

"had’ 1ess energy in low fr,eqnenciea tnan sounds of the previous class,

Mean duraticn wa"a 0. 63 sec' \
‘ TS

~(Table 9). and the bandwidth was bzoad (6 26 kHz, with a minimum fre-‘ o

Peak frequency was.

'

139 kHz at tha beginning. 1.66 at the middle, and 2 32 at the end.
With 12 cases, 1t was the t,nenty-sacond largest class in - the data o S

set. | Aééin, this ‘class was broken up in many clusters. Six clusters

-

contained exclusively sounds of this clnsa‘.’ Ore (27) was 61"_\ type "B"',' :

]
¥

Cluaters 28 and 29 had two sounds each, .and

3

...,..-..J FOTUR

4

presence of narrow frequency bands were thought to ~be the reason for the

qplitting of this clasa in 80 many clusteza.

Y

Theae aounds ere tonal, but amplitude modulai:ion' wac

’

.. Class 2h.,
5ometimaa datecta.bla. ;They conaiated of frequency upswaepa (Figu:e 16).‘ 3 : f

i
as can be ‘seen in. the meaautements of. dominant frequency' 1.00 kHe at

¢
[

nnq the wmean minimum frequency was 0.71 kHz. Few (0-3) harmonics were 1 ‘
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Figure 16. Spectrograms of class 2h sounds. a is from
cluster 33, b from 34, ¢ from 35 and d from
41. Analysis filter and breaks in abscissa are
as in Figure 6 p. 67.
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present, Hhich lowered tpe nean maximum frequency to 3.07 kﬂz, for a

Y

bandwidth of 2.36 kHzd Duration vas very Va,riable, but averagad 0.82

1
sec. : ,'
T . . ' A N
Class 2h had four elements and mjpked tventy-eight overall in size.

last one was found i/n cluster 41. This was no ‘surprli‘se‘. since there was

quite -a Bi_t “of variation 'f"ivn Quration, rate of frequency. change and

t

‘Three of them were in single-slement clusters (clusters 14-16) while the '

shape. In fact the declsion of fusihg these 'four sounds in ciass.2h wés' ‘

. difficult. But sinca they sharqd the acouatic properties listed 4above,

“

the authot decided to fuse them to keep the size of the reperto_ize'

. -\\

\

vithin reasonable 1imita i‘or i‘urtherrtestii‘xg._' .

@

ClassYZi. : Thesé e‘oundé were very variable. They  seemed to’ be '
tonal: the fundamental had a - frequency corres'ponding to the spacing

'between hamomnics. Houevei, the . fundamental was the.frequa'ncy_ of max-

. inum ‘intensity in only one csse. Harmonics vere numerous (2-16), which .

"+ is reminiscent of & pulsive ‘structure, at \least for the case with the

highest . number of hamonics (Figure 17) . These sounds 'we_i:é long (mean

of 0.6 sec, Table 9) and characterized by .their decreasing «ﬂieqﬁedcy. o

(s

~However,: this iaa' masked frdm the me’asuremehts of peak fl:aq,uency (2.58 -

2, 62 and 2. 13 kHz at the three sampling points) by the fact that maximum

intensity of ten shifted to higher hamonics tovard the end of the

‘sdunds. Mininmm ‘and maximm t‘req_uencies. averaged 0. 8 and -5.45 kHz

.

respectively, for A mearn bandwidth of 4. 65 k}{z.-

With four cages, claas 2:l ranked twenty-eigth in  -the repertoire. '

~

It was, ma:lnly characterized by three type ”B" clustexsz clustexs 113 and

115 had pnly one case each, while one of the two cases in' cluster 114

| , .
belonged to clasa 21, D ration wds very different in these three clus-

o

‘
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Some spectrograms of class 2i sounds.

a and d,
and b and f are the same sound. a and d are
from cluster 113; b and f are from 5 e 48
from 48; e is from 114. The clicks present in
a and d (0-4 kHz) are from odontocetes.

Analysis filter and breaks in abscissa are as
in Figure 6, p. 67.
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‘ rawest bandwidth s(mean bandwidth of1 9.. kHz) and ﬂttle energy ache 2

“tets:

. eluster 13 (Appendu D)

. came from cluster 48, which alao contained seven cases

' which

" GROUP 3.

- tary
cut by looking at othersou,nds produced sh'ortly before
Aone,

: and bandwidth 3, 46 KHz (Table 10) .

043

. ]
recognized

cases of class 3b sounds.

. . L B . c. .
4 E . ' e v" AN . PRI

| oL ge
. . N . b t.

0 37 ‘sec in cluster 114, O 67 sec- 1n cluster 1 1 5 and 1 .08 sec in

! ’ '

Cluster 113 also had more energy in 1ow fre- .

quencies, wh:.ch was 1ndica‘ted by its minimum frequency (0 33 khz, vsfi‘w

R
e

. 0.83 and 0. 85 kHz in clustera 114 and 115 respectively) The. last case -

from class“S'b R

will be described later.

@

- It wag the sho rtest .case of the class; .

(mean duratlon was O. 12 sec in this cluster, Appendix D) héd . he nar-'. N

k}lz (mean maxrmum fzequency of 2:48. kHz).

: L . N L
LI & . : ’ s et e,

Lt

. s . -t . .
” PN Ce -, T

These sounds were tcnal, broadband ‘but very ‘sh'crt (Table 9) Fre—-"- o

quency modulation : =and a ff‘ew

3, harmonics were genefally present. This' h

group was made of five classea. )

This- class had a srngle case, ‘

Class 3a. It was composed ~'ovf two‘ o
suhunits, each one being a tonal frequency upsweep (Figure 18&) ’ Two

harmonics were present for each subunit. This vocalization sounded un:.- '. o e ,"‘

to the human ear when played back at normal speed. “Echo ‘was r'uled

and after thisA

1

and by 1isteningvto the soun‘d at"half.spéec‘i; Duration was. 0 13 sec .

Minimum and 'maximum frequencies Were,

and 3. 89 kHz respectively. Peak frequency meaeuremante were 0. 58,' o B : !

0.79 and 0.704&{2 at the three sampling points. /ThiS“ class was not well o /?

°f
by cluster analysis: it'vas found in cluster 39. }-Iith. three : / :

It was put apart by the author hecause of its . o
structure. ‘ - " . '

e e e
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. . Table 10. - Characteristics and clustering of the  five :
classes of Group 3. . ! = S
For each class, the number of cases (n), mean dominant frequency at
three points (start, middle, and end of sound), minimum and maximum fre- -
quenci®s, and duration are| ;given, with the standard deviation in "brack- .
ets. Structure' of the sounds and the number of clusters of each type L
are also shown. The highest proportion (%) of the class found in a sin- '
‘.gle cluster is in brackets, below the appropriate cluster type. :
[ 3 . . N - t
5 CLASS DOMINANT FREQ (kHz) MIN. - ,MAX. DURA- STRUC- 'CLbSTER TYPE %% ' ,?:'
“(n) ' . FREQ:: FREQ. TION. TURE * -
- START MIDDLE END (kHz) (kHz) (sec) ABCDETF
t ‘ . _ . | i
" . 3a  0.58 .o..79 0.70 0.43 3.8 0.13 TH S
o)y o , - - J- c - . ~ (100)
3. &1 095 0.67 01 L3.05° 032 TH(SE) - 5 5
(1) (0.53) (0.41) (0.25) (0:22) 11.73) (0.33) . (16)
3 3.68 4.17 5.05 2.58° 6.62° 0.05 TH 1 .2 S
_-(139) (1.34) (1.06) (1.33) (1.36) (1.23) (0.03) " (96) , S
34 0.65 0.88  5.57 0.6 7.09 0.6 STH 1 2 2 . .
. 'f(29) (0.47) (1.33) (1. 25) (0 06) (0 98) (O 04) . (76) - :
3e- 0.60 1.25 9.28 0.12 3.86 .0.06 NT S S
oy S : - - ~ (100) °
. Structure types are, as in Table 6, p. 64. : f;_ X :
ki rluater types are described in Table 5. R- 62. : g
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spectrograms of 3b aoupds (b-0). a was from
cluster ; b-c from 2; d ' from 36; e and g
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N 41; k-1 from 40; m frxom 51; n from 58; o f{rom
38. Analysis . filter ‘and breaks in abscissa
are as in Figure 6, p. 67. -
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0.20.sec in clusters 39, 40 and 36 respectively. Among the three clus=

' Class 3b. Dominant frequency was highly Yariable in these. sounds.

. as ¢an be ‘seen in ‘Figure 18b-0. Hovever, they all eharcd the following

v .

- characteristics: .short duration (mean of 0.32 ‘sec, Table 10), often

tonel ‘but sometimes pulsive, " usually vith one or two ‘’harmonics. ?eu

'erceptions had up to eight ‘hammonics (and were pulsive). or no harmon-

jica. The peak frequency was sometimes ‘almost’ constant. but the mostﬁ

common form was an inverted “U" shape,. the fzequency going up by a ‘feu

hundreds Hz .and then back around its original value. However some- up-&

-down-up forms were also found. One case even stsrfed with a faint “but .

" long pulsive portion (Figure 180) ‘On the average, the 3 peak frequency

measuremcnts ware 1.07 0.95 and 0 67 kHz, and the mean bandwidth was

2 62 kHz. Minimum snd maximum frequencies averaged 0. 41 and 3.03 kHe,

1.4 ]
"‘l

respectivsly.
Nineteen sounds were identified inhthis class, the nineteenth lsrg;

est’ in the'repertoire. Class'3b was gplit in many small clusters, nost'

'of which being of type "c" and containing almest exclusively this[ type

@

of scunds. The highest number (three or 16%) was found in cluster 36,

5 uhich contained no other sound. ClustersA37 and 38 had two . and ‘one

‘ cages 'respectively. 'Clusters 39 and Jo,nad three class 3b sounds each,

but also contained one other sound.' The last two were in cluster 41,

' vhere they accounted for only 15 of the cluster. Differences in dura-
~ .

tion and frequenciea ‘appeared to be the reason. for this splitting. For

example, the sound with a long pulsive portion. Jjust described, was much’

longer than the othezs (1 6 sec, Appendix D) and was clistered done in

: clustar 38. Duration was 0.50 sec in cluster 37, and 0. 2? 0. 21 and

. X . . ;
. A .,
L - .. /h
. o fat
. . A%
. « Ve

-
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ters uith similar duretion,iene (36) had ‘a much broedef bandwidth (4.22

© kHg)}. If is not clear why the leet tvo vere differentiated.

&
"Clnee 3C. - Sounde of this cleee were very ehort (meen duration was -

" only 0.05 eec, Table'10) frequency modulated pure tonee with one’ of more
hnrmonice (Figure 19) Some hermonics vere frequently above the upper
- linit of enalyeie (8 kHz). Hoet cases were frequency upsveeps wiin a.
feirlé constant slope, eltheugh-plateaue‘were cemnen. More qarely,‘ one
".to. three inflec ion pointe uere present. as in dovn-up (e g., Figure.
".|9n-q) and down-uL ~-down-up aounda (Figure 19m.r) Thete were a fev.c'{. .
inetancee of dounsweepe, i.e.. frequency at the end dxopped belov the”ﬁx .

initial frequency (FigureflgiQ.” These 'sounds had little energy below 3

kiz, and .minimum 'frequenc& averaged 2.58 kHi.. Because hermonice.freé -

t
.8 N

‘quently rose out of range, maximum frequency evereged 6.62- kHz, fo. a .

mean bandwidth of 4. 04 kHz.. The frequency upsweep vas well revealed in
the meesuremente of. dQEE,/pt frequency. 3 68 kHz et ﬁhe beginning, 4. 17:
at the middle, and 5.05 at the‘end. On one ocpaeion, the fundamentel
wee above 8 kHz;; * "j ; o o S ' ;

*There vere 139 class 3c sounds emong the 1255. eounde of the senple,
and it wee the eecond lergest cleee. It was well revealed by cluetez X
! ST :; 'analyeie, cluster 41 containing 134 caeee, or 96 4% of the cleae and e

93. 1% of the olueteri_ Thraee more ‘cases vere found in clueter 45, which

rj o _ wes characterized by a coustant peak frequency (Appendix D), and - the ‘f 'd

1eet two in cluster, 103. ..t
Class 7d. Theee sounds had tvo eectione of very different proper-
ties (Figure 20). The first aection,wea compoeed of one or more lowf‘ _J;'
frequencg ¢licks, beiné Very similar to eome.'clege:.4e~.or{.§b. pounde, : a

B - . . . 1 - . L.
~vhich will be.deacribed later. The last portion-was idertical to class’ ' :

PEERY
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Figure 19.

Some spectrograms of class 3¢ sounds. e is
from cluster 103; all other cases are from
cluster 41. Analysis filter and breaks in the
abscissa are as in Figure 6 p. 67.
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' TIME (sec)

Some spectrograms of class 3d sounds. a-h are
from cluster 42, as well as m and n, which are
the same sound as b and c, respectively; i is
from 43; j is from 44; k is from 50; 1 is from
51. Analysis filter and breaks in the abscis-
sa are as in Figure 6 p. 67.
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,730 " sounds. It was debatable whether one' or twd sounds were involved

‘ here,' but in accordance with the definition of eound unit ueed in thie .

\ ‘ K 100 -

study, it was decided to make a claas of theae aounde. An argument in

.favor of thie decision

‘“:'parta of the aounds (Pigure 20).

Hean duration and

]tively (Table 10).

was the consistency of the timing between- the two

L -

bandwidth were.0.16 sec and 6 93 kHz, respec-

(in the'pulaive eection). 0.88 kHz at the middle (end of pulsive aection

and beginning of tona
tonel-gpayeep. As for

- second section, and of

Hith 29 cases, class 3d ranked twelfth overall in size.

’

,eeeily revealed by

‘mehbers and being devoted at 95% to this clees. Cluster 43, with a gin-

broad frequencies, but

1 section). and rose to 5 57 kHz at the end of the
clase 3c eoundeu harmonics were common in the
ten above the, limit of present analysis' (8 kHz).

-lIt, was

cluster analysis, cluster 42 containing 76% of its

gle member, was considere& an extreme case:.it started with clicks of
. . : . o

with little'energ& below 1.5 “kHz (Figure 20i).

The 7rest of its properties fell within the normal range for the class.

Cluster 44 had two of
they were kept apart

the ehorteat in. this ¢

its four members in class 3d. It ie»not clear why
from the other claee members, but they were amoné

laee. mean duration being 0.11 sec in clueter 44,

veraue 0.15 and 0.14 in clusters 42 and 43 reepectively (Appendix D).

The bandwidth vas alad

and 7.20 in cluater

" These two sounds might
cases were %ound in

eounds of other typee.

chg
©awl
RN

S e et iy 1%

reduced to 4.07 kHz, againet 6.99 in ‘cluster 42
43, mainly because of the absence of hermonica.
have come fom more distant whales. Three more

cluster 51, and another in cluster 50, with many

Average peek frequency was 0.65 kHz at the beg'inning' '

- e
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" - Class 3e. . Thie type eould be described as a class 3¢ sound  of

uuueuelly low frequenqy‘(F;gure 21). " Duration was very short (0 06 ﬂ"p

:

Table 10) and bendvidth broad (3.74 kHgz), but there was 1little energy

above~ .5 kHz.' The meaeuremente of peak frequency ware 0.69, 1. 25 end

1.28 kHz. Hinimum and maximum frequeneiee vere O, 12 and 3. 86 kHz

‘ respectively.' Only one such eound vas tound in the date set, and-it was

. not recognized by clueter analysis: it was placed with the meny”ciéee 3¢

" gounds in cluster 41.-

GROUP 4. ‘

Theee sounds were very suort. Neiee vas geueraiij'erominent. which
resulted in broed banduidths. They had a click-like efrucfure. Two
classes vere represented iu group 4.(Tab1e 11);

Class 4a. _Thie class comprised simple click-like sounds, of vari-

' able but often:broad bandwidth (mean of 2.44‘kﬂz).y Energj;wee usually

very high in the low frequencies, with a mean miuimum frequency of 0.23

 kHz, “and mean peak frequencies of 0.79, O. 60 and 0'58 kHz at the three

‘-eEmpling points (Table 11). Heximum frequency averaged 2.67 kHz. Even

if }he energy was pretty well dietributed on the whole bandwidth bande

of- higher emplitude were often present (Figure'22).' Duratien uayereged
U:O4f‘eec. . One or two other clicks;'ueuelly pf much lower intensity,
uere"eometimee found before or after the main cliék. They were barely

) , |
audible to a human 1listener. Class 4a correeponde to the "broadband

. )
. '
. & .
B "

clicks” of Winn gi_gl..(1979).'

!
1
'\
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Figure 21. Spectrogram of class 3e sound. Analysis filter
is as in Figure 6, p. 67.

Table 11. Characteristics and clustering of the two
classes of Group 4.

For each class, the number of cases (n), mean dominant frequency at
three points (start, middle, and end of sound), minimum and maximum fre-
quencies, and duration are given, with the standard deviation in brack-
ets. Structure of the sounds and the number of clusters of each type
are also shown. The highest proportion (%) of the class found in a sin-
gle cluster is in brackets, below the appropriate cluster type.

CLASS DOMINANT FREQ (kHz) MIN. MAX. DURA- STRUC- CLUSTER TYPE *¥

(n) FREQ. FREQ. TION TURE *

START MIDDLE END (xHz) (xHz) (sec) A B C D E F
4a 0.79 0.60 0.58 0.23 2.67 0.04 NT(S) t 1 6
(64) (0.72) (0.49) (0.55) (0.29) (1.76) (0.04) (47)
4b 1.01 0.60 0.9 0.14 5.78 0.07 NT Bal
(8) (0.83) (0.65) (1.48) (0.02) (2.10) (0.02) (88)

* Structure types are as in Table 6, p. 64.
¥% Cluster types are described in Table 5, p. 62.
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Some spectrograms of class 4a sounds. a-i are
from cluster 46; j-1 from 45; m-o from 50; p
from 51; q-s from 55; t-w from 656. Analysis
filter and breaks in the abscissa are as in
Figure 6, p. 67.
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.Class 4a had 64 sounds and was the sixth largest in the sample.’ It =~ - -

g

had odne type "B" cluster: 30-cases or 47% came from cluster 46, and T7%
1. - .
of the sounds of this cluster belonged to this ‘class. Four other cases -
&> \ . . -
were fpund in cluster 45 (type c).. For them, there was no low euergy

‘(meen minimum frequency of’ 1 .32 kﬂz, versue 0 18 in cluster 46, Appendix

‘J . .

) This clueter ;%lso had three eounds from class 3ec. This was.not
S R

surprising- once digI?fL;i, clase 3c and 4a sounds were very much alike,"

PR except " that the later usually acored better 1n low . frequencies. A few
:: L;;,/;;///;yf _v other cases yere found in clusters 47;‘50r513 and 55-57. Most of them

;/———“ C were .pqﬂceded",or, followed hy_eddihiqha} clrcke and coneequentiy had a

~ longer duration (mean duration was 0.08-0.23 sec in these EIQefers, vs

©0.04 in cluster 46, Appendix'D). . R , ;

Clase 4b.(§§Thie class was_one of the three that‘,correleted with
: 0 . . v . . ST
; /2//- T }\\ whales' 4behavior.' They were recorded whilé .a whale was lobtailing

(slapping its. tail on_the surface.of the sea), flippering (slapping of

.

t

‘one orx both flippers op-the'surface9 orx hreeching (whale leaping out of
" the water), and weTe identified as ‘impact noises.: Such sounds have been

described as :hrdedhand pulses by Thompsen‘gg_gl.~(1977). _These sounds

wereIEifficult to digitiée, -heing’;ueually eharec%erized' by atrQné , _i .
’ . echoes, ‘haxd to separate from the sound’ itself. They were short (mean ‘ ' :
';' ‘m" "' E .1ef 0.07 sec, Table 1) broadbend sounds (mean bandvidth“of 5.64 kHz) and o o :
h . had their atrongest emplitude in low frequencies (peak frequency meae-i
R f : uremente of 1.01, 0.60 and 0.91 kHz) (Figure 23) Minimum and maximum
. ' frequeneies vere 0.14 add 5.78 kHz. "-,'fx . \
- S | I AR
o : ‘ |
t -.H'.. l
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Some spectrograms of class 4b sounds. a-d

are
from cluster 46; e is from cluster 42. Echoes
are prominent on these spectrograms. Analysis

filter and Dbreaks
Figure 6, p. 67.

in the abscissa are as in
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GROUP 5. , o, A i

"Class 4b had eight cases, and ranked twenty-third in size. How-
ever, fthey occurred more often than their poor representation in the

sample might suggeat: often too much noise_and'echo: was . masking thenm,

recognftion of these sounds, but was not digitized.  For this’ reason,/
L3 : ,

',these sounds were very similar to class 4a sounds once digitized. . Not/

r
surprisingly, ‘seven of them (88%) weze clustered in luster 46 with

¢

most pf 4a sounds. The other case, longer. was 1b cluster 42, w1tf

class 3d sounds; Cluster analysis did not recognize this class.’ [

v, . .' LT c
Y . L ) i

i Sounds in this group w%re pulsive, with a repetition rate usually

slow enough to distlngu1sh the1r ind1v1dual subunits (although one cLass

¢ V

had a very!var1able repetltion rate) Peak energy was generally tween
L&

and often (but not always) increassed toward the end of

0.5 and :

the sounds. Duration was shorit, averaging O. 09-0 18 sec for four of the
!
five classes in this group (Table 12) /

Here, sounds were made of 3-10 sipple click-like struc-

Class {ba.

tures of
wesAalways~¥low enough to]permit‘a:good'sepdration of each: click‘ ﬁith.

the analysis filter used (150 Hz).. ‘Mgan duration was'0. 13 sec’(Table‘

’ 12);‘minimum and;maximum frequencies avetage@ Q.18 and 1.49 kHz respec-

o, t . . ' ’ !
tively, for a mean bandwidth 1.31 kHiz. It can be seen in_the mPasure:e

- ments of peak frequency that most of the energy.was“in low “fzeqnenciés'

R S D

v

' 0.51,_ 0.44 and 0.45 kH=z. With 21 cages, it was: the seventeenth largest

cldass in the sample. It was not recognized in cluster analysis. Ten

and - few%were:digitized. Eche seems to be an important factor for aural f

|

BB ‘n . . . ‘..
iire of less equal intensity (Figure 24). The repetition rate.

A

PUR SRR



wne e e ma— AL

Table 12. Characteristihé and clustering 6f the five : -
tlasses in Group 5. :

' Fbr each class, the number of cases (n), mean Yominant frequency. 4at

three points (start, middle, and end of sound), minimum and maximum fre-

; quencies, and duration are given, with the standard deviation in .brack-

ets. Structure of = the sounds and. the number of clustexrs of each type
are also shown. The highest proportion (%) of the class found in a sin- .
gle cluster is*in brackets. below’ the approprlate cluster type. S

i . -

CLASS DOMINANT FREQ (kHF) MIN. MAX. DURA= STRUC- CLUSTER TYPE *#

G . FREQ. 'FREQ. TION TURE * :
o START MIDDLE. END  (kHz). (kHz) (sec) AB_.C D EF -
A _ S . :

S5a 0.51 0.44 0.45° 0.8 1.49 0.3 S L. 6
(21), (o, 29) (0.25) (0.31) (0.10) (O. 77) (o. oa) (48)
5b 4 1.13  1.01 11.30 0.32  3.92  0.15 , .8 6 E
(138) (0.69) (0.72) (0.71) (0.24) (2.05) (0.08) ©oo(21)
5o 11 03 0.74 1.73  0.12 45.25 H.18- FN 1
(3 (0.52) (0.43) (0.13) (0. onﬁf a1y fooo3) . (67). .

954 0.51 1.50 "1.29 0.13 6.08 0.10 SN ) 1
(1)% - - - - 'e - - , ~(100) .

W . ) » . ‘ . . ; .
S5e 0.78 0.12 . 1.31 0.12. 4.04 0.7t -SN . . 1
(1) T - - - .~ (100)

¢ t I
Al

tructure types are as.in Table 6 p. 64. - , o -
Cluster types are. described in Table 5, p. 62.
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from cluster 46; b-c from 51; d-g and 1-m from
55: h-k from 57. Analysis filter and breaks
in the abscissa are as in Figure 6 p. 67.
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Figure 24. Some spectrograms of class 5a sounds. a is
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cases (48%) vwere in cluster 55, Hhere they sccounted for 36% of the

cases. One to five cases wers found in clusterxs 46 ‘51t 56-57 and 109,

'I‘hey vere found in. the same clusters as classes 4a and 5’b. A combina- .

'
{

tion of many factors was probahly responsible for this. there was quiteu

a bit of variability in dominant frequencies, and sometimes no region of

‘.peak frequency;'duration and bauduidth. as vell as the interaction of

the ° two, also affected clustering. Cluster.46 had short sounds with a

-higher energy was visible, ’both resulting in variable measurements of

“broad bandwidth (3.04 klﬁ_). Those found. in clusters 55 and 56 vere of

'sbout the averege -duration- for the ‘elass, w:ith a bzoed bandwidth in

. wexe longer than*verage and. had broad bandwidths.

clustex 56 snd a much narrower bandwidth 4in 55. Clusters 51, 57 and 109 .

-

Class 5b. Sounds of this clags were 31milar to those of class Sa

' in being pulsive and of relatively short duratiop (O 15 sec, Table 12).

‘However they were of a broader bandwidth (3.60 kHz) minimum frequency

was higher (0432 xHz), but more importantly, mean meximum frequency was

) -_.3.92 kHz. I‘-Iean peak frequency vas 1. 13 kHz at the beginning, 1.0%. at

' the mniddle and 1.30 at the «end, which shows that there was less energy
. : [ ¢ . . g

in low frequencies than for the previous class. . Evep if it is not -very.
apprrent from these meas'urements, peak frequency often rose toward the

end lof the sounds, chiefly for the sounds of fsstest zepetition rate.

- Repetition rate was very variable: the individual clicks of some sounds

_ place in~other sounds (Figure 25). Noise was present in most ‘cases, .

were .readily distinguishable, while a complex hammonic stricture took

There were 134 cases . in clase 50, which vas the third largest in

the repextoire. Cluster analysis did . not discriminate well betwesn

classeg 4a, 5a and 5b. Class 5b was split in many smsller clusters dur- .

B T i o mar s o L e S

e ey, i ey,
Tty



e SN

o s e, W

v . M
. . _ : |
! L]
N 1
v |
Ni ' \
<
110 .-
. ‘-
.
o * -
. . .-
. © <
,
‘. .
.
' . N
.
‘ 1
N 1 . L]
¢ i
L e 1 L.
N * B 1
.
v
N
o
)
' B \
.
. - .
L]
N
v + T « .
L .
L -
" ? c f T +
,
. . 3
.
:
s
s
.
4 .4
. - s
.
' . “8 oo
> - ) e . ! R
“ oo . .. T R P et
. :
- o~ P . . .

‘qu!éA spectrograms of class Sb sounds. u and
- are.the same sound. a&-b, d-e,'and g-i are from

‘cluster 57; c-d, £, and j-1 from S1; m .and r

\._\ . from 565 n~o, s, u and w from 49; p from 473 q

. .. . and t from 50; v-fxom 48. Analysis filter and
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. ing cluster analyeie. Eight ef them were of type "C".t thus contain- ]

/
ing moetly eounds of this type. clusters 44. '47-50, 52—53 and 56- HO\_i-

) ever, only 2 19 cases belonging to cless 5b were found in any’ of then..'
In fact, the cluster accounting for the highest number ‘of theae eounde'
,nae of ,type IF ": cluster 57 had 28 oages (21% of the claee. e,nd 18$ ofi

" the cluster).. -Cluster 51 had the sécond largest number ‘of cases from

1

this elass:- 23, or 17%. Again, ~they accounted fo\\‘only 33{ of the clus- )

ter. Other cages wereifound 4in cluetera 2 54- 55 ‘and 103. Verietion'in' ‘

duretion and bandwidth were probably responsible for: thie. ~Meen' ‘ dura’-' .

tion was’ ehorter than the class aver’ega‘in clusters 44. 47-48, and 5'5--k

56 it was e'bout the clese average in cluster 53, end 10nger in clusters

"5
v

2 “49= 50, 52 54, 57 and 103 Meen minimun ‘frequency vas lower than the :_',j
claee average in cluetere 54-57. 1t wae about the class a.Verage in elue-_" )
ters 44. 50, and 52 while it vas higher in clusters 2, 47-49. 53 andv‘.'
X ' “!-03_ pinally, clustere 47-48 53. 5% and 57 had relatively nerrow .
bandwidths; clustere 2, 44 50, 54 and 56 had bandwidthe near the claee )

. aVeraée; and cluetere 49, 52 end 103 hed broed 'banduidths (Appendix D). .
-These clusters vere fvueed beceuse of their very eimilar ecouetic proper-.‘

: tiee and of. the gradation hetween cluetere.

o " N \.

“s

like thoee of clesa ‘)'b havinga faet repetition rate. Houever. the_

'_etart,- sounding like a bark. Bandwidth vas very broad (5 13 ld{z), and

L] I

' distributed é’qualLy. Meesuremente of peak frequency everaged 1.03, 0. 74 L
: and 1 73 kHz -at the three sampling points (Table 12) Meen minimim fre~ Co

quency vas 0 12 kHz. and mean . maximum frequency 5 25 kHz. _buration'wee’

' Class S5ec. .The apectrograme of these eounde (Figure 26) look much c
aural impreeeion vee most peculiar~ it was’ very loud uit‘h ‘a’ very eudden '

_much, noiee was preeent. Hoet of the energy was_ below 2 k}{z. and not' '

v, . = . > p— -
s were Tl L A T
SOV St au A R -
" [ Lo D t . L. N : :
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Spectrograms of class 5c¢ sounds. b and d are
the same sound, as well as c and e. a is from
cluster 50. b-e are from cluster 51. Analysis
filter and breaks in abscissa are as in Figure

Figure 26.
B Pl BT o
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Figure

TIME (sec)
Spectrograms of class 5d (a) and 5e (b)
sounds. a is from cluster 50; b is from clus-
ter 51. Analysis filter and breaks in abscis-
sa are as in Figure 6 p. 67.
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bi&"eec. - o ,
Clueter analyais did not differentiate it from class 5b. Two ‘of its
T R ' members (67%) rere found in clueter 51, accounting for only 3% of this

~, .0 " cluster.

T ey

o L}

[N

e -_beginning, 1.5 at the middle and 1 29 at the end. ) - N

~

This eound .was {lOt distinguished- from clase S5a by cluster analysia,

'

as it vas included in cluster 50._ BN ." .. '.‘

Cla.ss Se. 'Again! only one case was fcund in thie clase. ’ fl‘igie

-

' ‘_('I"able. l2)- Peak frequency measurements were 0 78, 0.12 and .1 31 kHz.

: Kinimum and maximum frequeuciee uere 0 12 and 4. 04 kHz, respectively.

C -It wae not revealed by cluater anelyeis, eccounting for only 1% of clue-‘l‘ ‘

j:er 51..

Class 5c had only three membere, and ranked thirty-fifth in size.

cluster, and . the other in clueter 50. also accounting for 3% of " the'

o . ﬂgé_ﬁ__‘i_d; There was only one sound in thi‘J'cless. It was' pulsive :

<F1@"Q 27&) and the four individual clicks ware well eeparated. Each

a 'iﬂ g,;:'.,."click vas much like the sound identified as : class Te _(Figure 2}1 y P
o ,, .

v Y 102). It eounded very- different from any o'thex' sound in the satnple.-

' ".'_'Duxetion was 0 1 sec, minimum frequency 0.13 kHz, end r?fn‘ximum frequenoy. .
s.oa Kz, for a bandvidth of 5.95 kHz (Table 12)-.~ However, only the ;.-

. S second click had energy above 2 kHz.. Peak frequency was 0. 51 iz at. the '

- ,Wsound (Figure 27h) coneieted of three broadband clickeﬁplue _a'feu' ‘
fainfer and narrover' ones. Each click was very eimilar to ‘."some. sounds -

'.of 'claea" 4a. . It lasted 0. 71 860, with a frequency range of - 3 92 kHz -

X
P
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' CIass 6a. * There"uas only.one 'clashs (6a) in this. group. These

"sounds were noisy, without a tonal component or a clear pulsive struc-

S ture (Figure 28). -Their spectrogzems looked Tike blovs (class 1a) _that

‘lacked théir tonal 'oompqnent, but eural impressions ‘did not corroborate J

'this possibility. They were - ‘broadband: the frequency range had a mean - o

-

: e o .7' of 3 77 kHz. vith a mean ninimum and maximum frequencies of 0. 21 and

3 98 kHz, respectively (Table %) Mean duration was 0. 31 sec. Peak

-

f,requency was difficult to assess, because of the noisy nature of these

sounds. The means obtained for the three sampling points were’ 1.21_,

059and22kﬂz..

-

”~
"and O. 5% of the cluster respectively . They were not recognized by clus-

ter analysis,. but because of their relatively long duration and b road
~

their exclusively noisy natureiwas low.

R
.

GROUP 7.

(
! 4l

They .were pulsive, althoug’n pulse rate was’ variable between and some-‘

A .timesA within classes. ) Often, peak frequency, zepetition \ rato,':._

.«

bandwidth or a combination of them increased tovard the end of the
‘sounds. Noise was common in’ ell but class 7b. o Duration" was variable .

‘between classes, and in some cases, within olasses as well. Mean dU‘ra- . X

"* . classes in this group.

R A R 13

Vith two sounds, ‘cless 6a renked only thirty-seventh in the sample.
'I‘hey were- found in clusters 51 and 61, where they accounted for only 1.4'"‘

band\)lidth, the relative weight of. the additional. variables dealing with ‘

All the classes 'in group 7 had a mean bandwidth of at least 2 kHz.'

’ - 'tion was in the 0.23-1.33 sec _xange’ (Table, 14).- There w.ere'_ séven -

o - . ”
e dar i e 5 b - R e I P - [ Ve,
cd . e T .. . . -
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Table 13. Characteristics and clustering of +the single
"class in group 6.

For each class, the number of cases (n), mean dominant frequency at
three points (start, middle, and end of sound), minimum and maximum fre-
quencies, and duration are given, with the standard deviation in brack-
ets. Structure of the sounds and the number of clusters of each type
are also shown. The highest proportion (%) of the class found in a sin-
gle cluster is in brackets, below the appropriate cluster type.

CLASS DOMINANT FREQ (kHz) MIN. MAX. DURA- STRUC- .CLUSTER TP =

(n) FREQ. FREQ. TION TURE *

START MIDDLE END (kHz) (kHz) (sec) A B € P ERE ¥
6a 1.21 0.59 2.20 0.21 3.98 0.31 N 2
(2) (0.56) (0.33) (0.91) (0.11) (0.15) (0.20) (50)

* Structure types are as in Table 6, p. 64.
*% Cluster types are described in Table 5, p. 62.

24

FREQUENCY (kHz)

b

L 3

TIME (sec)

Figure 28. Spectrograms of class 6a sounds. a is from
cluster 51; b 1is from cluster 61. Analysis
filter and breaks in abscissa are as in Figure
6, - 67
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- For each class, the numbexr of cases (n), mean
"three)points (start, middle, and end of sound), minimum and maximum f re-
. .quenchies, and duration are given, with the standard déviation in brack-.
-atgs Structurs of the sounds and the number of clusters of each ‘type
“aje 8136 shown. The highest proportion (%) of the class found in-a sin-

. e
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- | . . .
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_of the sev‘én‘

Table = 14. Characteristics and’ clusteri
i classes in Group 7. ) g

gle ster is in brackats, below the appropriate cluster type. \“‘-

-

oninant frequency at

1,02 103 094  G.d3  3.53  1.02 s) 44T
,(17) (0.52) (0.50)" (0.56) (0.01) (1.16) (1.75) . S (a)

7€ 1,31 1.00 - 1.65 0.37 4.87  0.46 SN

o .3
. (3) (045) (0.13) (0.37) (o 24) (1.58) (0.25). " - . - . (33)
g 288 037 1.1 042 3.6 133 & 4.

1) - - - - - R (100)

. . ( , . ‘ . o o
* Structuze ;?/es are %s in Table 6, p. 64. . i T : ],
*’ Cluater ty s are described in Table 5, p. 62. )

A et S e AR A AR TN APLOTe s V¢ A T et et e v e mee &
" SN - ) < . A A e .

\
< ' -
CLASS DOMINANT FREQ (kﬂz) MIN. = MAX. DURA- s'rnuc- '.CLUSTER TYPE ®%* =
' (n) _ FREQ. FREQ. TION ‘TURE *°. . L
smz'r WIWLE B “(kHz) (kHz) (sec). = ~A. B C D E F.

. . . . . » @ . ) T ’ ’ .

" Ta .29 0.82 1.06 0.5 4.5 0.5 SBi- 1 6
(57). (0. 69) (0. 61) (0.63) (0.06) (1.68) (0.10) T . (40) .
o, 1.75  1.09 .1..45 0.30 7_.79 0.45 ¥ Ty
(1) - - - - . (100)

Te 023, 951 077 0.3 3.8 024 F(EW) 1 4 . 3
(39). (0.18) (b.11) (o. 47) (0.03) (1.98) (c.09)  (90) o
L. 041 032 0.87 0.13 354 0.55 SF(N). 1 &5 ‘5

“7(194) (o 44) (0 32) (0.52) (0.03) (1.31) ‘(0. 22) (72) . ~
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'the difference betveen the two )ras mainly based on. the frequency of peak

‘:LD‘.-.'_ R ‘ :
. - L : 118
.'\\‘:L B e ’ . ) ’

. .
<

Class Ta. These ;_ounds. started vith. a puls'ije portion of rela-

c . . . K R . ~ ot -
tive’ly high :fzequency ~(mean ppak frequency at the begirming was 1 .29

' kHz, Table 14) and slov repetition rate (F:.gure 29). 'l;he middle section

had lower frequencies. Peak frequency was also lower there. O.82 klizs

—Pea}r frequency then went up a_gain in the last part of the scunds, for a

"~ mean of 1.09- at the end. Repetition rate was fastéer in the second half

of the soun’ds,' where a harmonic structure usually. took place (Figure

29). Banduidth, uhich averaged 4.00_ kl{z, was also at its’ maximum in the S

.'second half. Mean m.nimum ' 3 requency was 0 15 kHz, while mean mximum .
: frequency reached 4. 15 kHz.‘ Duration averaged O 25 geC. 'Ahoustie‘pro- Ve
perties of class 7a were intemediate between those of claaees 9b " and— e

-7 In fact, these sounda were very much like those of class Te (Figure

31), with the addition of a - pulsive. prefix of -higher frequency and

: slpwer repetit:.on rate. . . ] ' T

Class 7& had 57 ‘sounds and was the seventh largest in the sample.-

" ‘It was ‘not very vall defined by cluster analysis. Cluster 44, type"'B“, .

con_te:.ned 16 ‘of. these sounda, whiih is 8% of the class and 628 of the - :.

cluste x. ) But' the highest numbe x of theseAsounds came from a type "F”

cluater, clust x 51 (23 cases, or 40%). where they accountedv for only

33% Of tiie luster. One' to eight cases were found in each of clueters

v

50, 56.57,61 ani 81 . . : T

As seen before. cluater 51 also contaiued many clase Sb sound'a;_:

This is becauee these two clasaes were very similar after digitizing-

energy at, the beglnntng, presence or absence of a terminal frequency .

upsweep and on the prese.nce_ oy abeence of an inc.rease in the repetition -

[y . . Nee

N = R . [

'v~--:ﬂr?vr_-1 Mo — ==




FREQUENCY (kHz)

e

TIME (sec)

Figure 29. Some spectrograms of class 7a sounds. a-d are
from cluster 51; e-f from 54; g-h from 57; i
from 61. Analysis filter and Dbreaks in
abscissa are as in Figure 6 p. 67.

* B 81p w0
Y .
N "y
£1 ™ i !4
~— ! ’ | ;ZI
= | w i
EI 24 ”‘ 4-
3 ! I . J m‘n
g ] \’ : - ’!I g" i
. _ }
% 1 {Mﬂznu
£ disn s i N H'ﬂ LIEE )
O~ : -
o) 0.5
TIME (sec)
Figure 30. Spectrograms of class 7b sound. a and b are

the same sound, from cluster 52. Analysis
filter is as in Figure 6 p. 67.
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" 1ate toward the end ’of‘ the sound. Thess factoxs weie not vell:

represented 1n the data. Sounda in cluster 54 lasted in. avetage longer‘

L !

than those from cluster 51 (0.26 vs 0.22 sec, Appendix D), had a highe::

-

/_,peak frequency in  the mlddle (1 .47 vs 0.48 kHz) and a lowar' peak fre—

v

ments were from class 5b.

quency at the ‘end (1.00 kiz vs.1.43). The fev sounds found in othez

. . ¢
clisters vere shortex (0.08 &nd 0.18 sec’ in clusters 56 and 50 _ 163pEC~—

tively) or longer (0 51 and 0.79 sec in clusters 61 and 81) than average
fnx thed:lass, while those in clus tera 57 and 61 had narrover bandw dth
(3. 05 and 2,94 kHz,’ respect:.vely, against 4 .03 and 3. 95 ld-{z in clusters

51, and 54, e

Class Tbe This sound was similar to thdse of classe;;s Sb and Ta,

too fast to discern the individual conponent‘s vith a filter of {50, ox
even 300 _Hj’: The- hamonic structurel was very irregular (Figure ,3(5).

The béginning of the sound had its ensrgy spread over 4 kHz, with a pealg

N

frequency of 1 .75 kKHz ('Pable 14), The frequency Tange was still broadex

in the middle of the so'

2

being mnesr the marximum of 7.49 kiz, but the

peak frequengy was lower: 1.0 .

The sound was much nsarrower in the

end, and the peak frequency wasw?45 kiz. ‘Minimm snd maximn f requen—

| R L .
cles were 0.3 and 7.79 kH=z respec tively. ith a duration of O .45 sec,

it was almost +twice as long as the averagé sound fxrom class Ta. Tnis

sound was unique in the sample, and not vell revealed by cluater

analysis. It wasplaced in a small cluster, 52 (n= 4) 2 TwQa,of its ele—
T

[ .A'<
Class 7c.” (lass 7c sounds vere relatively short , .wifh a  mean-

duration' of O.24 sec (Table 14). The peak frequency of these sounds

increased from the begiming to the end, passing from 0.23 kHz to ‘ 0._3‘_!

o . . AR

< '

. . .
PERP fr e e s E AT 408, SRV i e e
B . . .

[ - .o | ) ' . S

C 120 .,

T

but sounded ve 1y different. It was pulsive, and the repetition rate was . .
. e - _ ks

—rrae e e ot o



FREQUENCY (kH2)

Figure 3%1.

TIME (sec)

Some spectrograms of class 7c sounds. f and 1
are the same sound, as well as h and m, and j
and n. a is from cluster 58;‘ b-f, h-n are
from 57; g is from 51. Analysis filter and
breaks in the abscissa are as in Figure 6, p.

67-

121
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kHz at fhg midd%e and then 0.77 kHz. BﬁﬁQWidﬁh also increased toward
thé end ;f £he sounds, giving them a typical “J" shape (Figure 51Y:
Bandwidth was very variable between sounds. The simples£ forﬁs had
energy on not more -than 0.%8 kHz, while'the:other extreme had energy on

the totality of the bandwidth studied (0.12-8 kHz). The reason for this

was the relative abundance of high frequency ﬁoise: thoée sounds with

'«.1ittle noise were probably produced by_-distaht ‘whales. Overall,

bandwidth averaged 3.15 kHz. ‘Theée soundé'wére pulsivé,‘the,repetitiqn

rate being sometimes glow| enough at the 5eginn;ng to distinéuishj the

’ indiﬁidua;‘ clicks. ﬁut a -harmonic structure wds almost always present

near the middle of the sounds. Repetiﬁibn rate général y 1nqzeaséd‘wifﬁ
- s-time, ihich.was seen as,an iwcrease in the spacing between harmonics on

the speéfrograms. Some cases had a tonal endiné.f Minimum and makimuﬁ

frequencies~ averaged 0.13 and 3.28 kHi, respectively. This class

With 99 sounds, it was-ﬁpe fifth most important ¢élass in the sam-

ple. The majority (89 cases, or 90%5 were from cluster 57, which was of.

type "A" (55% of its members were in class 7c). Three others were in

cluster 58, which had only four caseg.. :yhéir duration and bandwidth was

much less: 0.15 sec and 1.22 kHz, vs 0.23 sec and 3.05 kHz in .cluster

v

57. Three cases came from cluster 51, threé from cluster 61,,a3d one
*  from cluster 1. They constituted a minor paxt of these clusters.
Class 7d.: These sounds had a variable duration, but ther-gvéragé

\was more - thaé: half a second (Of55 sec, Taﬁlé 14). 'They were pulsive,

and at first repetition rate was slow:

2

-anghe ;pectrograms (Figure 32). Bapdﬁidth‘fgs usually narrower in this -

corresponds to the sounds described as “yup” in Winn et al. (1979);

except-that-they usually reach higher frequenpies'in the present study.

each subunit was readily visible

-i
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‘part  of .the sound: most cases had little energy above 0.5 .kHz.  Also,. .
. frequéncy was"iow at the beginning; where the.minimum fiequency'éfwtno

sound (mean of 0.13 kHz) was usually found. Peak fzequency increased

. toward the end of the sound' it avetaged 0.41 kHz at the beginning, 0. 32

kHz at the middle, and 0.87 kHz at the end. Maximum f requency nveraged

3.54 kHz and was found in the. second half of thé souncs.; ?andwidth and,

B 4

.often, repetition rate also inciecsec_qt the end of these sounds. Many

caged ' ended *with a complex harmonic -structure, because'of'the fast
“\ - )

-

“repejtition rate. The last section of- these sounds 1ooked much like '

“leldss Te oounds (Figure 31, p. 119). TIn some aounds howevet.'repetition o

rateiincreased only slightly or not at all. The individual components

were still distinguishable on’ the spectrograms (Figure 328—8) }n fact,"“'

) many intermediates vere found, and a11 these sounds were put in the same

>

" ¢lass. ‘Bandwidth averaged' %.41 kHz,. and was often broadex for those

sounés‘ending with a faster rcpetition rate. The sﬁectrograms of class .

7d sounds were similat to the "type 1 category of Lawton (1979). and to

the " "pulsive moan-yup _sounds of Winn et al. (1979).

-

Class 7d 'had 194 ceses and was the largest in the Tepertoize.-. It

was well -discriminated by cluster analysis. Most of the cases (139 ox

72%) came fron a single cluster, 61. This cluster was thé 'largeatl

obtained, with 201 elements, and 70% of them kete“in'clgss 74.
« The next la;gest:concenttction (23 or 12%) was found in cluster 57;

with most of class 7c.. They were the shortest caoes'of the'claast'the

section of relatively low, constant frequency being acgrcely noticeable,

'Average duration was only 0.23 sec in'cluster 57,‘vsf0451 sec in-cluster

.o

" 61 (Appendix D). Five type "C" clusters also contained these sonnds.

" »

Sixteen cases (8%) vere found in cluster 69, accounting for 55 of the -

L}
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cluster. . They were longer than average. with a mean duration of- 0.94

ec . in this cluster. Meen bandwidth was also slightly less (2. 27 xHz).
,The three elements of cluster 59 all belonged to class 7d. They  were

. _extremely long (mean of 1.12 eec), and had a broad bandwidth (7.89 kHz).

In two of them, a second ‘band of energy vas aleo present above the ‘iow

frequency ‘elicks of the sounds' first 'section. - The only sound found in

Y . - ¢
cluster 60 was aleo~long_(0.73 sec). The clicks in the  first ?part of

o . . : o i .
the sound had eriergy in the normal range (around 0.3thz), but also in;’d'

the 1.5-2 kHz rangef with- the peak in'ihe later (Figure 32k). The <vo -

4

-eounde. in qlueter 62 were also fueed>fo class 7d. They very similar.te>
. the other menbere of'the.ciaee, vwith a slightly;higher minimum frequency

- (0.22 kHz) 'which effeeted greatly the einileriry coefficient, because

of the’ logerithmlc frequency scale, Peak frequency was lower at the end

than at- the middle (0.B7 vs 1.57 kHz), beceuee of a second band of

energy 'in the middle section of the sounds. _ Cluster 63, with three

cases, was also fused to this class. These sounds vere a bit shorter:

than the average for the class (0,45 sec), and -had a broad bandwidth

(4.98° kHz). One of the four sounds in cluster 80 was included. Mean

" duration wae 0.57 sec in this cluster, while mean 'bandwidth >was 4.12 .
‘\.‘kHz. f A few dtner cases (1-3) ware found in clusters 51, B2, and 83, but

" were among many sounds of other types. ) ’ B

Class Te. These aonndn were pulsive, with a slow ann._relefively
constant repetition rate (Figure 33). They were verj similar to some

sounds from the previous class, with a 'band of very high intensity

between 0.5 and 2 kiz. This was reflected in Ehe meaaurements-of.neak )

1

: freqnency- 1.02, .03 and 0. 94 kH2 at the three sampling points (Tabie

14). s indiceteé in these measurements, frequency decreased towerd the -

’
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Some spectrograms of class T7e sounds. a-d are
from cluster 61; e is from cluster 65; f from
66; g from 67; h from 83. Analysis filter and
breaks in the abscissa are as in Figure 6,
p. 67.
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"~ - gecond band of high energy at lower frequencies, which rose at the end

(Figure 33), like in class 7d. fhe average bandwidth was 3.4 kHz. Mean

~minimun freduency'Laa 0.13 kHz, and msan'maximum f requency reached 3.53

. nudber (7 or 411) but contained nany sounds of other classes as well.‘“

below 1f kHz 1in clusters 61, 66, 70 and 83, while at’ least one of thgfs‘ -

4

kHiz. Duration averaged‘1.02 gec, but the preeence of an extremely long’

,case'(7 8 sec) was the.main rssscn for such /a high aVerage.

/

.'/f _Class Tf had seventeen cases and vas the twentieth largest in the .

sample. It .was aplit in many clusters. Cluster 61 .had the highest

class 7e accounted for only 4% of.the cluster. which was of type F .

However, four small clusters contained mostly sounds of this class.

clusters 64-67. . Clusters. 14. 70 and 83 had one or two sounds each in

class 7e, and were of type "p

bandwidth and peak ‘frequencies between these clusters. Sounds in.clus-

ters 61 snd 64-67 had a mean bandwidth below 3 Kz, while it was 6,24

. kHz fn cluster 14 Hean duration\:hs below 0. 6 sec in clusters 14 61

LY

. and 64, and_ 3. 32 sec 1n.cluster 70. Aleo, mean: peak - frequencieS‘ were

three_measurementa_had an average.ualue of 1.4 kHz or higher in the -
. other clustera_(Anpendix D)..fHean characteristica of typet"F"‘clusters
. are not necesearily releyant hovever; For exaunle, dominantv frequency
. h-waa above d kﬁa in Figure 33a—d .ahich cane'from cluster‘d17 -

Clase 7f. These puleive sounds had most of their energy in .the "

-3 kHz band (Figure 34). Minimum and maximunm frequencies'averaged 0.37

and 4f87 kHz'respectively. for a'mean bandwidth of 4.5 kHz. ° Mean psah

frequency was 'l.31 kHz at the beéinning, 1.00 kHiz at the middle, and

1.65 kHz at the end. The repetition rate was alow enough to discrim-

. .  r——— T, T Y W pm—-—‘m e
B P . " ‘. Y
. . o LT ¥

end of the sounds in this band of high amplitude. Often, there was a

There were 'differencss in durationy
—A ',..

| )
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' cluster' 51 61 and 81. Beéause sound intensity was not coded, and peak

129

_inate each subunit. Important characteristics of this class were the

irregular sound intensity and peak frequency.

~This small class’ (3 cases) ranked thirty-third in size. It was not

A R .
recognized byA cluster analysisr each case vas in a differeutitype "P"

: frequency only coarsely coded, these sounds vere clustered with sounds

i

'of similar frequency contour, although they sounded different to a humﬁng

listener.

A
Te

increased with time (Figure 35) Much noise was also present. Duration

Class 75. © This class .was. pulsive, and-  the repetition rate:

wag; 1 33 sec (Table 14), and the bandwidth b 64 kHz. Peak frequenqy

) 'measurements were 2 88 0. 37 and 1.71 kHz, but they were not representa‘

,most ‘of the sound. But this component was faint at the beginning of the

.sound, “and the measurement of peak frequency was ‘taken on high frequency

‘ noise.‘ ‘Similarly; the last third was faint and did not contain any

‘energy in the frequencies that vere most represented in the main part of

. the sound. Minimum and maximum frequencies averaged 0.12 and 3.76 kliz

respectively, but there was little energy above 1.5 kﬁz.
There vas only one sound in this class. 1% was not' recognized by
v“ - ' ¢ . N ‘ s .
‘cluster analysig:, it was found in cluster 82, hut accounted for only 54

of the cluster. ¢

e I e - R e e ey

L

tive of this class. In fact, ‘peak . frequency was in the 0 3-0 8 kHz for -

R R o = L)
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Figure 34.

TIME (sec)

Spectrograms of class 7f sounds. a is from
cluster 51; b from cluster 61; and ¢ from
cluster 81. Analysis filter and breaks in the
abscissa are as in Figure 6, p. 67.

Figure 35.

TIME (sec)

Spectrogram of class 7g sound, which is from
cluster 82. The 0-1 kHz sound in the extreme
right of the spectrogram does not belong to
the class 7g sound. Analysis filter is as in
Figure 6, p. 67.
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'Tgble 15.‘ Characteristics and clustering of the si
clasges in Group 8. : ‘

- y : S : — ‘ :

For each class, the number of cases (n), mean dominant frequency at

three points (start, middle, and end of sound), minimum and maximum fre-
quencies, and duration are given, with the standard deviation in brack-

-ets. jStruétute of the sounds and the number of clusters of each type ,
ate also shown. The highest -proportion (%) of the class found in a sin- |
gle cluster is in brackets, ‘below the appropriate cluster ‘type. S

CLASS DOMINANT FRDQ (kAz) MIN. MAX. DURA- STRUC-  CLUSTER TYPE #%

(n) , A FREQ. FREQ. TION TURE *
" START MIDDLE END  (kWz) (kHz) (sec) . A BLDEF
Ba - 0.38  0.25° .0.44 0.3  1.86 0.72 S © 4 - 1 4
'(49). (0.31) (0.10) (0.35) (0.01) (1.37) (0.38)" . T (61).
8o 0.47 0.44  0.46 0.4 2.80 -2.24 S(FM) 1 -1 - 4
(21) (0.44) (0.26) (0.43) (0.02) (0.89) (1.86) (62)
8c 0.5 0.57 0.44 0.4 4.3  2.82 F(SY) Yoo
T (5) (0.67) (0.59) (0.23) (0.04) (2.71) (0.59) . (80)
Bd 0.29 0.23 0.23 0.14 0.80 2.09° (7S) ' Voo
(5) (0.14) (0.05) (0.07) (0.01) (0.81) (1.55) ‘ (60)
Be 0.35  0.21  0.24 0.3 1.41  0.38 (7TS) ' 1 2
(7) (0.16) (0.12) (0.18) (0.01) (1.22) (0.26) (57
8f 0.83 0.82 0.25 0.16 1.9 o.11 F . .1 2
(4) - (0.43) (0.68) (0.07)- (0.03) (0.27) (0.05) - - (50)

* Structure types are as in Table 6, ﬁ. 64. .
™ Cluster types are described in Table 5, p. 62,

.;-,:««'»...“-—-.-.._——l . 1 T I W TR LI ey ¢ e N wATS % Sew s v et o
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GROUP 8.
<

With the exception of class Be, in which some cases were tonai,
r v M

- sounds in this groupfypre pulsive. - The repetition rate was variable,

but in most cases it was slow enough to allow for distinction of thﬁ

iﬁdiviaual clicks.  Most of.the energy was below 1 kHz, and duration was

over O.Il'sec for‘all-but one class (Table 15). There were six classes

_in this‘group.' ) o .
~ Class 8a. These pulsive soundi—!g;g,lnngffkith a mean duration of -

0.72 sec (@able 15). Repetifion rate and peék frequency wvere relat;Qely

‘constant (Figure 36). The' individual subunite -.of = these sounds ‘were

S A .o L .
always easy -to discriminate, while peak frequency. averaged 0:38, Q.25

and 0.44 kHz at the three sampling points. Minimum and maximum frequén-

cies . averaged: O.f3 and 1.86 kHiz respectively, for a bqnﬁwidtb of 1.73

k4z. Tﬁe highest intensity was in the 0-0.5 kHz region of" the spectxum;
This class seens to be equivalent to the "pulsive moans" of Winn et al.
(1979).

[}

Class Ba had 49 cases and ranked eighfh:ﬁn size.’ It was. not dis-

‘tinguished from glésses 74 Sy cluster analysis:.30 cﬁses (61%) came from .
. 'cluster 61, This éepresegted 15% of the sounds in this cluster. \ This
’ wés probéb;y because repetition rate was not included in the data,. while

~sound intensity and'fréquency modulation were only imperféétly  c6dedm

,Theisecond Qighqst‘concent;ation vas in clustéx 69: 11 cases (22% of the

class; 38% of the cluster). Here again, the rest of the cluster was

mostly made up of class 7d sounds (1§ cases). Mean huration was 0.94

sec in cluster 69 (Appendix D), which is above the average duration: for

'the. class (Figure 36h,j-1). Cluster 74 had only one case (Figure 361i).

It was longer than averake (1.36 sec) and characterized by a ‘decreasing

T -
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dominant frequency (0.72 kHz at the beginning, 0 17 at the middle and.;

0,12 at the end Appendix D) A few more cases were found in cluste!s

Tb,.82-83 which were all of type "P" relative to class Ba;.. “Very 1png n

duration or/and broad bandwidth (clicks sometimes had energy over many, '

.kHz,.even if the peak frequency was|1n the 0.3 kHz range) vere p;pbaﬁlyi

- L4

responsible for this séatté;ing.

. NS ' C e . .
Class 8b. These sounds wefe also pulsive and "had low dominant.

15), although very. variable'-mean bandw1dth was broader (2 (3 kHz) .but

'by an 1ncréasing repetitibn rate CFigu;e 37). Each click was - recogniz-

able at the beginning of the sounds, but usually it was replaced by side
: A _

bands :toward the end. HMinimum and maximum ‘fréquencies were O.14 ~and

- 2.80 kHz, respectively. Peak frequency averaged O. 47 kHz at the begln-

. cases (62%) came from cluster 70 (fype "A") or 50% of the cluster..: One

ning, 0.44 kHz t the middle and 0.46 kHz at the end. This class could

be seen as the Juxtap051tion class 8a and 8f (Figures 36 and 41). It
was described as a "ratchet" sound by Beamish (1979).

. There were 21 cases in class 8b, which ranked seventeenth in size.

It was relatively well discriminated by cluster analysis. i&hir%egn

of the two soundn in qius;er T1 belonged to claés'Bb.. The other cases
came fxnm‘clustens 61, 69. 82 and 83. Duration was‘shnrter than 0.1 sec
in ‘clusters 61 69 and 83, between‘1 -2 sec in clustera 71 and 82, and
3 32 sec in cluster 70 (Appendix D) Differences in Ybandwidth were
probably also responsiblel!or this splitting bandwidth was less than 3

kHz in clusters 61, 69 and 71, and bthpen 3-5 kHz in- the other clus-

‘‘ters. %, )

Wk

PN
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. frequencies. Average duration was much 1onger howevez (2 24 sec, Table"

‘there was, little energy above 1 kHz.. Most cases were also charqcterized'
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- from cluster 61;

TIME (sec)

Some spectrograms of class 8b sounds. a is
b, d-e and h are from cluster
7Ok c ds. from 693 f ~F£rom BFs 2 «Hremi '82.
Analysis filter and breaks in the abscissa are

as in Figure 6, p. 67.
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" Class 8c. In this class. repetition rate and ' sound intensity

~

© . -varied fxequently and in an unpredicteble manner (Figuxe 38) Pulse

rate vas ‘almost always too fast for aural or spectrographic discrimina-
t [ ' [
tion of -the _subunita. 'Most of the energy was below 1| kHz, but highez

bands were sometines present, leading to‘a mean bandwidth of 3.99 kiHz

(Table_ ]5). Minimum and maximum frequencies averaged 0.14 and 4. 13 kHz.

resnectiveiy. These sounds were vary long (mean of 282 sec) l{n

1ncrease in peak frequency and pulse- 'rate was present at. the end for two

' vof the ‘sounds, but peak frequency was about constant for_ “the’ class-,

a

-.054 0.57 and 044 Kiz. . e - -

Theze vere only five cases 1n class Qc, which _ranked tﬁénfy-‘;;ixfh
in “size. . One was found alone in.cluster 72 (type "C") while the four

othera came_ from cluster 70 which also included ‘most of class Bb. This

“is because the distinction between these two classes was based.largely

on repetitio_n rate and amplitude modulation, which resulted -in yery‘dif-'

, . v
L4 .

ferent aural impressions. .
Class 8d. These. sounds were. ‘characterized by. a very Warrow

bandwidth (0.66 KkHz) and a low and cohetant peak frequency: 0.29, 0.2% -

' and 0.23 kHz (Table 15). They lasted an a’verege of 2.09 sec. Mihiﬁxum’

and naxioum frequencies evera‘ged, O.14 and 0.8 kHz.. Some were tonal,
‘oth.e_rs ﬁulaive with a repetition rate sufficiently slow to distinguish °
the narrow elicke that composee it (Figure 39).

Class 8d had 'five members, ranking twenl?.::y-”s_ixth;‘ir; the ‘deté se't. )
The t;ro shozﬁeat sounds of the clase vere found in clusterv7'3.‘ which

contained o'nly these two sounds.. The other three (50%) were in cluster

70, accounting for only 12% of the cluster.

-
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Figure 39.

TIME (sec)

Spectrograms of class 8d sounds. The few
clicks in the 0.5-1.5 kHz range of a are not
part of the sound. a, c and e are from clus-
ter 7T70; b and 4 are from 73. Analysis filter
and breaks in the abscissa are as in Figure 6,

Pls, 67
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Class 8¢.  This clasa' was notrhomoge‘ne’ou's: .some of 3its members

sounded different, and their spectrograme looked different (Figure 40).
In an effort to limit the number of rare types, these sounds were put

together since they vere pulsive and had “their maximum intensity in very

- low frequencies {often under the lowest frequency sampled, 125 Hz, and

generally below 400 Hz) Meaeutementa of peak frequency, were: *0.35,.

"‘O 21 and 0. 24 kHz (Table 15). Mean duration’ was 0.88 sec, but was very

variable. Hean bandwidth vas 1.28 kHz', with a minimurn frequency ave rag-

‘ _‘iqg 0.13 kHz ‘and a maximun frequencj av'eraging 1.44 kHz. It should be

noted that measureménts of minimum frequency was quite meaningless in

such sounds, since frequencies below 125 Hz were digitized at 125 Haz..

Lo

cases, but not in others (Figure 40).

Class Be }rad seven cases and was the twenty-fifth largest in the

revertoire. Four (44%)‘ came from cluster 57, which contained most of

class:Tc. They were the shortest in the class (average of 0.23 .sec).

o L . . . -

. 'The other three were in clue‘ter 61 and had =a 'lohger duration (mean of

v

0.51 sec).

_'I‘he pulse rate was variable. subunits being ‘distinguishable "in some

‘Class 8f. These sounds lasted in average 0.71 sec (Table 15), and °

,had little energy above 1.5 kHz (mean bandwidth of 1.75 kHz) Mindimum

. and maximum frequencies averaged 0.16 and 1.91 klz. They were pulsive,

with the components barely discernible or more commonly with a harmonic

structure (Figure 41). Mean peak frequency was 0.83 kHz at the begin-

ning, O..82 kHz at the middle, and 0.2% kHz at the end.
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Figure 40.

TIME (sec)

Spectrograms of class 8e sounds. a-d are from
cluster 57; e-f are from 61; and g is from 83.
Analysis filter and breaks in the abscissa are
as in Figure 6, p. 67.
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Spectrograms of class 8f sounds. a is from
cluster 61; b is from 67; c-d are from 83.
Analysis filter and breaks in the abscissa are
as in Figure 6, p. 67.
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- Class 8f was small, having only four éases. It ranked, tﬁenty-
.eéghph' in'_qize. It_was ﬁot recognized by clust;r'analysis: cluster 83
had two cases, .but was of type "E".\while ;he others were 1n‘c1ust§fs 61
-and 67: both' of type "F": They'were clﬁstetéd with aoundérof sim}lqr
duration and frequency contourr ‘ ‘ . |

GROUP 9.

“'Class.9a- Group 9 contained onl&_one Aclaqsé 9a. These. sounds

vere made of ‘two or three‘(aometimes more) click-like struciures,.d.f-f'

0.4 sec apart.(Figuré 42). They seemed continuous to the human eér,
even if the subunits could be héard distinctly. It might be because of
the very high intensity and low frequency involved. On another hand,

each subunit was very much like some class 4a sounds. Because they

sounded continuous, and the p!ﬁ;prn was so 7regular, these few clicks

-

.~ were considered a single sound and digitized accordingly.

For.most.sounds, the first'éomponent was a fairly broadband click

with its peak energy dropping rapidlf’from around 1 kHz to around O.1-

0.2 kHz. For tne others, one-gf two fainter clicks‘ preceded the lgud
éomponent Just described. Peak fraquency at the beginning averaged 1.18
kHz (Table 16). Most often, there was a delay of 0.1-0.4 aec between
this  component .and the next one. This'had for effect of artificially

reducing "the average peak frequency at the middle of the sounds to 0.17

kHz (this is bdecause for such a long silent period in the middle of a

sound, peak frequency was coded zero). The laat saection consisted of
1-12 clicks (usually ,one or two). Modt of the emergy was contained

below 1 kﬂz. aﬁd the mean peak frequency was 0.64 kHz. Mean minimum and

+

ne e s e U, e astar COREMAETIE e g J T P Lewmrer s
. . ot .
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'l’.l‘a;b.lé 16. Churacteristica -and" cluetering of - the '. siﬁgle'
- ' class in Group 9, S

1l

For each class, the numbex of “cases (n), mean. dominant frequency at
“three points (start, middlé, and end of sound), minimum and maximum fre-
. - quencies, and duratmn are given, with the standard deviation in- brack-
. . ets., Structure. of the sounds and the number of clusters of each type

are also ‘shown. The.highest proportion (%) of thé class found in a sin-
gle cluster is in brackets, below the appropriate cluster typa.

\
. .
>

-CLASS DOMINANT FREQ (kHz) MIN. MAXK. DURA- STRUC- CLUSTER TYPE **

144

(n) . FREQ. FREQ. TION TURE * - -
START MIDDLE END (kHz) (kHz) (sec) A B CDETF

9a 1.18 0.17 0.64 0.13 3.58 0.52 ™(s) . .1 5 7 3 =
(25)* (o. 85)_(0.24) (0.64) (0.01) (1.54)-(0.15) (28) - ~

—

;",Sti‘ucthre types are as in Table 6, p. 64.°
‘#* Cluster types are deacribedin Table 5, “p. 62.
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e 42.. Some spectrograms of class 9a sounds. -a  is . .

- - from cluster 51; b-d are"from 61; e-f aré from . .
76; g is from 75; h is from:77; i is from -78; .

3 end n are from 83%; k-m are from 79; o is - .

. from 99. Analysis filter and breaks -in the" ’

- abscissa are as in Pigure 6, p. 67. ‘
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«maximun frequencies wvere 0 13 and 3 58 kHz, for s 'mean bandwidth of
'.,3 45 KHz. These sounds lasted an average of 0.52 sec.
Tlass Oa was the fifteenth lazgest in the sample, with twenty-five

cases. All cases (7 or 28%) in cluster 79 were in this class (type

"B"). Class 9a was also ‘represented in five type “C" clusters: clusters ‘

75-78, and 80. Each he.fl 2-4 cases, and exeept for 75 and 80, was

’ ,.entirely devoted to this class. It seems that because 'of"the siljent_
. period in the middle of many of these sounds, var:.ations in duration ‘had -

still more drastic effects on cluster analysis.. Cluster .77 was very-

short (mean of 0. '53 sec) clusters 5, 79 and 80 had then.r mesn duration

‘ in the O 46-0. 57 sec rsnge, while clusters 76 and 78 hsd mean durat:!.ons

of 0. 62 ‘and 0. 78 sec, respectlvely. . There were some ‘differences iln
-bandwidth between clusters. Clusters 75 and 76 had relatively hsrrow
bandwidth (2 77 and 2. es kHz), clusters ‘78-80 had bsndw1dth reletlvely

1ose to the class average (3. 82, 3 20 and {. 12 kHz, respect:.vely).

Only cluster 77 ‘had a’ very broad bandwidth '7 06 kHz. Thel 'sounc in

cluster 75 also differed in having a subun:.t in the middle (Figure 42) .

VThe :rest of. the, cless came ‘from three type "Ee clustere' one case in
cluster 51, and. three in each of clusters 61 and 83.
b

cnoup 10.

Theee sounds vere’ long (means varied from ‘I 04-3 32 . sec, Table 17) o

series of broadband clicks (ercept for class 10c, mean bandwidth was’ in .

the 3.39-4.88 kaz. range). Repetition rate was slow, each click being

“well separated.'both- an the spectrograms and to the human ear, Mean peek.

~ frequencies werd.in ‘the 0,9-1.5 kHz ‘reglon for a1l classes. Qroup 10
..vqs éividad into three.classes.

%
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1 c 4
‘T.abl"e-17. - ‘ Characterlstics and clustering :f_ the three , |
: classes"in Group 10. ‘ - 4 :
« For each class,. the number of cases (n), medn dominant frequency at

three points (start, m1dd1e, and end of sound), ninimun- and maximum fre—

. . "quencies, and - dui’a‘tion are given, with theﬁstandard denatlol%in bmck—

., ets. = Structure  of the sounds and themumber of * clusters of .each type

‘ are ‘also shown. The highest .propoxrtion (%) of the. class founl in a sin-—
gle cluster is in braqkets, below the appropriate cluster type.

‘»,

CLASS DOMINANT FREQ (kHz) MIN.: MAX. DURA- STRUC- CLUSTER ;IA[‘YPE‘.**

(n). . A FREQ." : FREQ, TION TURE ¥ e
, ~ START MIDDLE  END  (kHz) (k}{z (sec) A BC DEF
CF q0a. 127 0.9 1.3 0.19 5.01 1.88 SN 12 8
N (36) . (0.77) (0.36) (1.01) (0.13) (2 27)* (1 -58) - (28) .
- | 00 135 1.51 14060 0.0 3.8 1304 SN -6 9.
: (28) (0.46) (0.79) (0.40) (Q.24) (1 41) (0.91). - - c (3
10¢ 1.8 1.3 0.92 . 0.2 213 3.3 - 1
Cx (1) - - - - - - - (100)
. ‘ - * Structure types are as in Table 6, p: 64,
: ' Ll Cluster types are described in Table"S, p." 62.
- 8 ‘
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Class 10a. These pulsive eounds ﬁad'e slow.repetition rate and a A

long duration (mean of 1.88 sec, Table 17), (Figure 43) Repetition -1ate

was cpnstant except for one case, vhere it was faster in the middle sec-

tion of +the sound (Figure 43f). The enbunits vere bxoadband elicke,

Lt

with tands'of higher intensity, generally in ‘the 0.5-2.0 kHz region.

Bandwidth avezaged 4.88 kHz: mean minimum frequency was 0.19 kHz, while

'maxinum frequency averaged 5.07 kHz. but was very variable. Host sounds ’
‘had 1itt1e energy below 0.3 kHz, which was important in differentiating
;f.them.fzom class 8a (Figure 36). ,Peek fxequency averaged 1%27 kHz gt the

y begiﬁning;_ 0.97 at the niddle,'and 1.38 at’ the end. Peek'freqnency was

relatively constant over the duration of the sounds, although frequency

moduletion of as much as 1 kHz was found inleome of tne ibngbst cdhee.

Figure 6b in Beamish (1979) corresponds to this class, although it

is a case of zelatively narrow bandwidth. !

-

Vith thirty-six members, class 10a ranked,ninth in size. Ten (28%)
of them came from cluster 86, ecconnting for 71% of the cluster (type
"B"). Two clusters, B4 and 85,:Vere of*tﬁpe."t“ reletive to this class:
cluster 84 had five elements, thxee of which being'ofAcieee 10a, while
clﬁe@er 85 hed‘only'one element.’ hight tyne npn clusters also contained
1-7 sounds of this type: 6, 58, 61, 70, 82, 83, 67 and 98. Duration,
bandwidth and minimum freqnency'were very Qariabie;P Duretion vas less
then'1rsde in c#ueters 58, 61, 83, end 84, 1 2 sec in clustere 6, 82, B5

and 98 and over 2 sec in the other cluetexs. Bandwidth was less than 2
!

.kHz in eluetere 58, 2-4 kHz in clusters 61. 70, 83, 84, 85 and 98, while

it was over 4 qu in clusters 6, 82, 86 and 87. Clustera 58, 61, 70 and

82-84 hed mean minimum frequencies below 0.2 kHz, while it was O 2-0.4

) . : 0 ’
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Figure 43.7

Ay, .

v et

Some spectrograms of class 10a - sounds. a is
from cluster 98; b is from 84; c is from 83;d
is from 57; e-f are from '82; g is from 6; h, J
. and k are from 86; and i is from 70. 1 and k
: are not complete. k is the same sound as h.
Analysis filter and breaks_in the abscissa are.
as in Figure 6, p. 67.
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. gHz . for clusters 85, and 86, and over 4 kHz for clusters 6, 47. and
:54 (Appeidix D). These éaunés had very similar éébuéfiq.p}opettieélhﬁv-
:ever. and were fused for this reason.'_ |

Class 10b. Th&se sounds were also'IAng (mean of-1.04 sec, Table

17) click trains (e.g., pulsive sounds'with'distiﬁcf apbunits with a 150
: . Y

~

' . Hz analysis filter). Like the previous class; duxetion was very wvari-

able. Mean minimum frequency was highe: (0.40 kHz) however, and mean

) maximum frequency lover (3.78 kHz) than in the pxevioua class, zeaulting

'in a narrower banﬂvidth {3:39 kHz). Most of the energy was’ in the 1 2

A

kHz range. ‘Peak fxequency averaged 1.35 k;ﬁ at the beginning, 1.51 Qt

‘ [ e v et o s ot i i e

t‘g middle, and. 1.16 . at the end. .Pulse rate was also fastex than in‘
class 10a (Figure 44). It must be emphasized that this was -a qualita- .

tive c¢riterion, since pulse rate was riot measured. - Hdheve!, the aursgl

*

impression was very different.

Class 10b was the thirteenth largest in the data set, with 28
cases. It was split in many clusters,'six of which being of type "C".
Clust;is 68, 89 4nd 91 wvere single-element clusters. Cluster 87 had - :

four cases, three of which were from class 10b.” Clusters 88 and 90 each

had .one of their two elements in this class. The _other . members - were

A}

) scattered in nine type "F" clusters: 47, 50, 54. 61, 67.-81-82 84 and
'gaf Mean duration was - shoxter than the class avezage in cluaters 47.

50, 54, 61, 67, 81, 88 and %03 longer in clusters 82, 87 and 98; and
. about'&he clasa.average in the others. ,Hean bandvidth ‘¥as narrow in
‘A clusters .47, 61, 67 and 89; it wes broader than the ciaas aveiggg in
clusfeta 47, 50, 61, 67-68, 81;82, 87-88. Clusters 54, 61, 67-65, 82’
and 84 hud low frequencies (mean minimum frequency of 0 18 kHz), while

.cluaters 47, 81, 88, 90 and 98 had mean minimum frequenciea above O. 52 4
- o \ ‘ '
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L ) . Figure 44. Some spectrograms of class 10b sounds. a-¢ are
R ’ . from cluster 50; d-e are from 54; f and h are
: from 87; g is fxom 98; 1 is from 90. Analysis
& - - filter and breaks in the abscissa are &s in
. Figure 6, p. 67. B
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.kHz (Appendix D).-
Class 10c. There was oniy one case in this clags. It was similar

. to class 10b, being pulsive with a slow repetition rate, apd haviné most

of its energy betyeen 0.8 and 1.5 kHz (Figure 45). - However, repeﬁition.'

rate vas slover, 1like in clags 10a, while the subunits had & narrow
Bhnduidth and longer duration (Figure 45).. Duration of the spund vas
3.32 sec.and bandwidth 1.89 kHz, with a minimum and maximum frequency of

0.24 'and 2.13 kHz respectively (Table 17). Peak frequency measurehents

were 1.18, 1.35 and 0.92 kHz. Cluster anélysia recognized this >und és‘

different, since it was the only case found in‘clnstér 92 (type "A").

GROUP 11.

-

Two classes were found in group 11, both with only one case eaqh.’

They were long, with broad bandwidth and a complex structure (Table 18).°

One class was definitively pulhive. although pulse rate vas variable.
It vas not clearly pulsive ip the otﬁer cla;s.

Class 11a. Elass 11a had only one case. 'Its structure was com-
plex: most of the sound's,eneréy'was'in 2 bands (0.5-1:5 and 2-3 kHz);
’théfe was frequ?ncy and amplitude modulation, noise was present, and 'at
least -pakts- of the sound were pulsive (figuze 46). Duration was. 1.83
" sec, ﬁinimum fréquepcy‘0.13 kgz, and mﬁxihﬁm f!JAuency T.29 kHz, for a
bandwidth of 7.16 kHz (Table 18). Peak frequency varied from 2.56 kHz
at the beginning, to 1.21 in Ehe middle and 0.69 at the end. Tﬁis sound
was found in cluster'86, accounting for only 7% of the cluster.

»

Class 11b. {qain, this class was found only once in the data set.

" It was &8 combination of an irregular click train with a faint blow. The

bandwidth of the individual clicks increased from the beginning to the’

.

/o , R I
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Figure ‘45. Spectrogram of class 10c sound, found in clus-
ter 92. Analysis filter is as in Figure 6, p.
67 .
Table 18. Characteristics and clustering of the +two

classes in group 11.

For each class, the number of cases (n), mean dominant frequency at
three points (start, middle, and end of sound), minimum and maximum fre-
quencies, and duration are given, with the standard deviation in brack-
ets. Structure of the sounds and the number of clusters of each type
are also shown. The highest proportion (%) of the class found in a sin-
gle cluster is in brackets, below the appropriate cluster type.

CLASS DOMINANT FREQ (kHz) MIN. MAX. DURA- STRUC- CLUSTER TYPE ¥*#

(n) FREQ. FREQ. TION TURE *

START MIDDLE END (kHz) (kxHz) (sec) E 3 € D R ¥
fa 2.56 1.3 0.69 0.13 7.29 1.85 FN 1
(1) X o - ~ . - (100)
11 0.34 0.61 1.45 0:13 #.08 3.52- SN 1
(1) - - - - - - (100)

* Structure types are as in Table 6, p. 64.
%% Cluster types are described in Table 5, p. 62.



FREQUENCY (kHz)

158

A |
A
!.! 1
i?
b B2

{

' "E;&m;

O-Ls s P A
(o)
1

24

TIME (sec)

Figure 47. Spectrograms of class 11a sound, found in
cluster 86. Analysis filter is as in Figure
6, p. 67.
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Figure 47. Spectrogram of class 11b sound, from cluster
70. Analysis filter is as in Figure 6, p. 67.

Table 19. Characteristics and clustering of the three
classes in group 12.

For each class, the number of cases (n), mean dominant frequency at
three points (start, middle, and end of sound), minimum and maximum fre-
quencies, and duration are given, with the standard deviation in brack-
ets. Structure of the sounds and the number of clusters of each type
are also shown. The highest proportion (%) of the class found in a sin-
gle cluster is in brackets, below the appropriate cluster type.

CLASS DOMINANT FREQ (kHz) MIN. MAX. DURA- STRUC- CLUSTER TYPE **

(n) FREQ. FREQ. TION TURE *

START MIDDLE END (kHz) (kHz) (sec) A B C D E F
12a 1.31 1+80 Jl2 032 4.90 1.8 ¥ 8 3
(22) (0.62) (0.77) (0.72) (0.21) (1.88) (1.05) (23)
12b 0.85 0.27 0.20 0.13 2.99 1.30 F 1 1
(2) (0.70) (0.05) (0.01) (0.00) (1.44) (0.51) (50) (50)
12¢ 1.8 2.05 2.90 0.16 6.70 2.10 F 1 2
(8) (1.09) (0.84) (0.80) (0.05) (0.90) (1.24) (50)

¥ Structure types are as in Table 6, p. 64.
*%* Cluster types are described in Table 5, p. 62.
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end, but - was alweys‘fairly.bread'(Figure'47); Minimum and maximum
kHz (Table 18) It was long (3. 52 sec). and peak frequency increased
Ifrom 0.34 kHz at the beginning to 1.45 to the end, passing by 0. 61 kHz
at the middle. It was not recognized by cluster analysis~ it was 'found
in cluster 70 which contained- mostly sounda from claaees 8b, 8¢ and 8e.

However, .it ‘sounded very different.-

GROUP 12.

, . . -

in = complex ~harmonic structure with an analysis filter of 150 Hz.
' L4

Group 12 was divided in three claases, mainly on the account of their

s ‘ Pifferent bandwidth and peak frequencies (Table 19) All were long and
had relatively proad bandwidths.
4

Class 12a. ‘These sounds were very lcng (mean of 1.8 sgec, Table

" vidual components were rarely;uieible) and most of their energy between

:51 and 2 .kﬁz. Hence, peak frequency measurements were 1.31, 1.20 and

160 .

frequencies were 0.13 and 4.08 kHz respectively, for a bandwidth of 3.95

” ,’ ' | : | ’l l . . “j .“ﬁ' ,4 -i.

These sounds were pulsive, and their fast repetition rate resulted

o . _ , \ . o
o v 19) and had ;a wide frequency range (4.62 kHz), a high pulse rate (indi- - -

1.12 kHz. Within these limits, there was much variability (between and

averaged 0.32 and 4.94 kHz. ‘Usually. there was little energy below 0.5

kHz. '

_ Class 12a was the sixteenth largest of the sample, with; 22 . caeeel'

. These sounds were usually kept apart from the other claesee-by cluster
v . /, ‘ - g

analyais. Houever. the claes was 8plit in eight type. fé" clusters.

.

e

e aars SRS LT - R v N T

within sounds) in eound inteneity, peak frequency, repetition rate,.

i ’ bandwidth and duration (Figure 48). Minimum and maximum frequencies.,

o ~ Cluster 98 had five of them (23%). which was only 50% of the cluster's
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’10 elements. Clusters 9%-97 did not contain any other class, but

only cluster 93 had more than one case (n=3). Clusters 71 and 90 had

two ‘elements eadf, and for both, one was from class 12a. The other
cases came from t}pe "F" clusters 70, 82 %fd 86.- In cluster 94, duQa—
tion was mﬁch sﬁortér than average (O.41 sec); it was 1-2 sec in clus-
: ) , . ' :

ters 82, 40, 95 and 98, and longer thgp than 2 sec.for‘yhe other clus-
ters (Appendix D). Cluster 98 had thelﬂATIDWGSt bandwidth (2.65 kHz),
while clusters 86, .93, 95 and 97 had bandwidth of 6'kHz or more. The
other clusters had bandwjdth in the 3-5 kHz range. Clﬁsters 90, 94 and
98 had mean minimum frequencies of Q.}S kHz or higher, while it was in
the Q.é;O.B kHz range for clusters 86, 95 and 96, and below 0.2 kHz for

the 6ther clusters. -

’

Class 12b. These sounds were pulsive with a.fast repetition rate.

They differed from those of  the previcous class by their freguency

downsweep: peak frequency*averaged 0.85 kHz at the beginning, 0.27 .at

‘the middle, and only 0.2 at thé end (Table 19). Also, they had little

energy above 1 kHz (Figure 49). The fast pulse rate resulted in many
harmonies, which was reflected in +the broad bandwiéth (2.86 xHz).
Amplitude modulation {other than the pulse! rate) was also present.

Minimum and maximum frequencies averaged 0.12 and 2.99 kHz respectively.

\

Mean duration w;e 1.3 sec.

« There were only two cases in this ,class, which ranked thirty-

b \

geventh overall in size. The shorter one came from a small ¢luster of

H

. tvwo sounds, 99, which had a mean duration of 0.72 sec {Appendix D). The

“ other wagp found in cluster 82, vhere it accounted for only 5% of the

c}uster. Cluster 82 contained many'claseeg, including £ou;\ from class

{2a and seven from class 10a. Tﬁey‘éere very similar once digitized,

. ’

r
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Spectrograms of class 12b sounds. a is

cluster 82; b is from 99.
break in the abscissa are as in Figure
67-

from

Analysis filter and
6,

p-
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since - frequency modulation was ohly coarsely coded and puise rate not
coded.

Class 12c. These sounds were similar to those of class 12a: they
were . long (mean duration of 2.10 sec, Table ]9), pulsive with a hiéh
repetition xafe. while frequency and a&plitude modulgtion were highiy
vgtiable (Figure 50). But herq mQs :of‘the energy was in the 2;4 kHé
band: peak frequency measur;ments eraged 1.82, 2.05‘and 2.9 kﬁz at the
tbr;; sampling points. Except fot. one éase, there was vety‘iittlé~
energy belovw 1.5 kHz. Mean minimum and maximum frequencies were 0.16
and 6.7 kHz respectively, for a mean bandwiﬂth of 6.54 kBz.

With eight cases, class 120'raéked twenty-third in size. Clustgr
analysis 1isolated it from the other sound types; but.split the ciéss’in

three clusters. Cluster 100 had half of the -class (4 cases). Two cases

. ~
al s .

.1dgre * found 1in each of clusters 101 an@ 102, These three clusters con-
“ tained only.éounds from class.i2c. gean bandwidth was over 6 klHz fof
the three clusters (Appendix D), but the average dﬂration was 2.88 sec
in cluster 100, 1.11 sec in cluster 101 and 1.54 sec in cluster 102.

Y

. Thers was also less energy below 2 kHz in the last 2 clusters.

GROUP 13. Y

The th;ee clasgses forming group 13 .were pulsive (qltﬁougﬁ a Tfew

cases were tonal) and characterized by a frequency downsweep. Whén'pul;'

.sive, they had a very fast' repetition rate. Peak frequency wag >yery
'V&riéble, bofh between and within classes {Table 20). Bxcept for class
 13b, there was little energy below 1 kHz. These clesses waere shorter

than those of the pravious grdup& classes 13a and 13c had less than 0.3
. [ R

sec of mean duration, while the other claés lastad less than half ay

' 3

L
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Figure 50. Some spectrograms of class 12c sounds. a and 4
are from cluster 100. b-c and e are from clus- .
. : ter 101. b and ¢ are the same sound. Analysis
. €. filter and breaks in the abscissa are as in
Figure 6, p. 67. ) )
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Table 20. Characteristics 'and clustering of the three
o ' classes in Group 13, ) . :
‘ For each class, the number of cases. (n), nean dominant f'requencf at’
. three points (start, middle, and end of sound), minimum and maximum fre-
. /’ - quencies, and duration are given, with the standard deviation if* brack-
ets.” Structure of the sounds and the number of clusters of each type .
. are also shown. The highest proportion (%) of the class found in a sin-
- ) .gle clugger is in brackets, below the appropriate cluster type.
.CLASS DOMINANT FREQ (kHz) MIN. MAX. DURA- STRUC~ . CLUSTER TYPE e
. {(n) ' FREQ. FREQ. TION TURE * ' -
START MIDDLE END  (kHz) ~*(kHz) (sec) . A BCDTETF
132 2.40 2.24 2.27 0.72 5.176 0.28 (F7) 1 6 7
(33) (1.17) (1.28) (1.11) (0.38) (1.90) (0.23) .  (49) _
13 1.22 0.78 0.61 0.25 3.82 0.42 (FNS) B 12
(26) (0.93) (0.56) (0.27) (0.11) (2.30) (0.21) = . ° - -~ (15)
13 6.65 " 3.79 T.13 334 8.15 0.5 IR
(1) - - .- - - - "~ (100)
* Structure types are as in Table 6; p. 64. .
#* Cluster types are des'cribed in Table 5, p. 62.
¢ » *
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second in average.

.

'Class 13a. Moat of these sounds were pulsive with a decreasing

!

iqpet:!.tién rate, which was geen as A reduction in th;a @istance between
.hgrmonics on tﬁe ‘:pectrogtams (Figure.51.). Some cases were tonal ‘u'ritp

..i'9'- .lia,monics,‘ All dut a few cases.were'characterized b'y"’a' :El_'eguency
) downsweep. For the others, .pelak fr_equancy remained about constant, or

the frequency do'wnéweep was preceded or\ followed by a fainter upsweep

(resulting in a up-down:or down-up structure). Maximum intensity would

frequently shift from one harmonic to another, mask'ing partially fhe_
frequency downsveep from the mea\suzements of peak frequency, which aver-
aged 2.40 kHz at the beginning, 2.24 at the middle, and 2.27 at the end

\ .
j (Table 20). There was little e‘nergy below 1 kHz (mean minimum i;requéncf,'
ot: 0.72 kHz). The many harmonics re.aultad in a broad bandw.idth (5.04
kHz) and a mean maximum frequenpy reaching 5.76 kHz. " These sounds
lasted an average of 0.28 sec. . ,

Class 13a had 33 cases and was the eleventh largest in the ‘reper-
toire. Cluster 103, type "B",:had 16 of them (49T of the claséa, and 73%
of th_e‘cluster)- There were Alao six type "C" clua\tera. Clusters 104-
107 had only one case each, whi.'le clusters 88 and 114 had two cases
- each, one of them belongfng to class 13a. Four bf these clusters (103-
106} had: shor_t 'mean durations (0.15-0.21 sec) (Appendix D). Duration.
was around O.3 sec in clusters 88 and 114, ahd 0.67 sec in cll;sters 107.
Clusters 88 and 105 had a méap ba'ndwidth of less than 4..‘65 ksz(the
- class avér’age), while all the other clusters had mean .bandwidth in the

5.24=-T7.57 kHz ‘rangne. Cluster 103 had a high mean minimum frequency
(1.05 kHzl), while clu;ster 108 héd a nean mi.niinulp fz‘equenc'y of 0.13 kHz.

It was in the 0.36-0.8% kHz range for the other clusters. Also, the

»”

t
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Figure 51.

5 4

1

TIME (sec)

Some spectrograms of class 1%a sounds. a and c
as well as b and 4 are-pairs of the same
sound. a-h are from cluster 103%; i is from
104; j from 41; kX from 105; 1 from 49; m from
107; n from 114. Analysis filter and breaks
in the abscissa are as in Figure 6, p. 67.
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sound in cluster 107 had two inflection points .(up-down-up), w}!i'le the
\sounds in clusters 88 and 104 had a fairly constant peak frequency. -A
few other cases were found 'in seven type "F" clusters: 2, 6, 41, 49, 51,

52 and 109. Many of these clusters had durations of 0.22 sec or less

(41, 49, 51), narrower bandwidth than average {2, 41, 51, 109) and/or

"had components in 1low frequencies (51, 52, 109). One cluster (6) was

\
LAY

broadband and very long (mean duration of 1.52 sec).

-

Class 13b. These sounds were® pulsive, with a fairly high repeti-

tion 1ate. A short frequency increase was sometimes present at the

r

beginning, but most of the sound consisted in a slow frequency downsueep
cbupled with a decrease in Trepetition rate. On some of them, the
repetition rate became slow énough to discriminate the subunits towaéd

\ )
the end of the sound (Figure 52). -Again, some cases were tonal. High

fkequencies were sometimes present, making a few of these sounds similar

. to some camses of the previous class. They differed from class 13a in

having their dominant frequ.ency_he\low 1 kHz, less harmonics, and often a -

slower frequendy downsweep and decrease in repetition rate., Class 13b

r » . .
sounds Yere also longer (0.42 sec, Table 20). Peak frequency messure-

+

, ments avegaged 1.22, 0'.\78 and 0,61 kHz, Mean minimum and maximum.(fre-

. quencies were 0.25 and 3.82 kHz, for a mean bandwidth of 3.57 kHz.

Class 13b had 26 members and was the fourteenth largest in the data

‘set. It was not very well zecpgnized'by cluster analysis. Three type

"c" clusters (110-112) vere erifirely made of. this type of sounds, but

were very small (n=1,1 and 2 respectively). Clusters 64 and 109 were

also of type "C" and each had one of their two cases in class 13b. Mean

minimurﬂ frequency was above 0.16 }cHz in tpese five clusters. Cluster

112 'also had a very broad frequency ,xangb (7.4. kHz), while clusters

t )
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Some spectrograms of class 13b sounds. a-b are
from cluster 112; ¢ is from 108; 4 from 109; e
from 66; £ from 2; g from 110; h from 111; i
from 40; j from 55; k from 61; 1 from 54; m-n
from 61; o from 64; p from 80. Analysis
filter and breaks in the abscissa are as in
Figure 6, p. 67.
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110-111  lasted O.7B‘and 0.92 sec respectively (Appendix D). However,

cluster 61 contained the highest number .of these sounds (4 or 15% of the

class, but only -2% of the cluster) and was of type "F". The other cases

_were found in eleven other type "F" clusters: 2, 14, 40, 51, 54-57, 61,

66, 80 and 109. Clusters 57. 61, 66 and 80 had components of:- very low

frequencies (mean minimum frequencies of 0.15 kHz or lesa). while clus-

. texs 2, 40, 51 54-57, and 109 vere relat1vely short w1th mean dura-

" tions of 0.08-0.32 sec.

" Peak energy was lower at the middle (3.79 kHz) than ‘at the. beginning .

Claas 13c, Thig’class had only one case. It was a pulsive. high

frequency sound found in cluster 103, It had a frequency contour simi-

lar to tﬁose of class 13a sounds, but sounded va,y different (Figure

.53\ The repetition rate was slow énough to distinguish the individual

components with an analysis filter of 300 Hz (Table 20). It was short

(0.15 sec) and broadband (from 3.34 kHz upﬁpast the limit of 8 kHgz).

(6.65 xHz) or the end (7.13 kHz).

PROBABILITY OF OCCURRENCE OF EACH SIGNAL,

As can be seen in Table 21, the%e was a great deal of variation in

" probability of occurrence of each class in the  data set. Class 7d, the

most frequently found in this sample, was used 194 times while as many
as 12 classes were used only once. The five largest classes represented
53.1% oﬂ the dafa set. Even if only seven classes wele used more than
50 times, twenty-two classes were found at least ten times in the sam-
ple. Tﬁese relatively well used classes represeunted 93.6% of the 125%

qases, the rest being split in twenty-eight small classes,

\)
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Figure 53.

Spectrogram of class 13%c¢ sound,
sounds can be seen on this spectro-

103. Two
gram. Sound 13%c
between the two
ly below 3 kHz,
filter is as in
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from cluster
is in the upper right portion,
arrows. The other sound, most-
is from class 2f. Analysis
Figure 6, p. 67.

174



175

‘Table 2.  Rank, size and frequency of sach of the 50
classes in the sample of humpback sounds.

RANK 'CLASS SIZE FREQ CUNM. - < RANK C(LASS SIZE FREQ CUM.

* FREQ -« * FREQ
‘ : . ,
1 - _7d 194 15.4 15.4 726 . 8ec 5 0. 95.7.
2 "3c 139 1.4 2645 0 7 27(26) B84 5 0.4 .96.1 -
3 5b 134 10.7° 37.2 28 2b 4 0.3 96.4
T4 ta 100 8.0 45.2 29(28) 2e 4 0.3 96.7
5 7¢ 99 - 7.9 53.1 30(28) 2h 4 0.3 97.0 -
6 4a 64 5.1 58.2 31(28), 24 4 0.3 97.3
7 Ta 57 4.5 627 - 32(28) '8¢ 4 0.3 97.6
-8  8a 49 - 3.9 66.6 33 2a 3 0.2 97.8
9 10a 36 29 69.5 - - #(33) 2a |3 0.2 98.0;
10 1o =~ 34 2,7 722 | 35(33) 5c¢ 3 0.2 98.2
1 13a 33 2.6 74.8 %(33) 7f£ 3 0.2-98.4
12 3d 29 2,3 77.4 37 . 6a 2 0.2.98.6
"3 10b 28 2.2 T79.3 38(37) 12b 2 0.2 98.8
14 130 26 2.1 81.4 39 - e 1 0..98.9
15 9a 25 2.0 B3.4 ., 40(40) . 2¢ 1 0. 99.0
16 122 .22. 1.8 85.2 #1(39). 3a 1 0. 99.1
17 . 5a 21 1.7 B6.9 2(39) 3e 1 0. .99.2
18(17) 8 21 1.7 88.6 43(39) s5a 1 0. 99.3
L) 3 - 19 T1.5 90.1 4(39) 5e . 1 04 99.4°
20 Te 17 1.3 91.4 45(39) 76 1 0. 99.5
21 2f 15 1.2 92.6 46(39) 7g¢ 1 0.1°99.6
22 2g - 12 1.0 93.8% 47(39) 10e 1 0.4 99.7
23 b - 8 0.6 94.2 " 48(39) 1M1a 1 0.499.8
24(23) 12¢ 8 0.6 92.8 43(39) b 1 0. 99.9 .
25 Be 7 0.5 95.3 50(39) 3¢ 1 0.1 100.0" "

* rank in brackets vas adjusted for ties, i.e. all classes
of same size hgve the seme rank.

i
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The hi,glz Tem®r“of small clesses relative"to.lcgf’::ge classes can _bé
represented graphically by plotting the size of the.50 sound classes

against their ;elﬁtive rank (by decreasing p_roiaaﬁility of - occurxence). s

' The relationship fits a negative: sxpomnenjial fundtion‘(Fig{zre' 54) .

% ‘4, - .. . . . v

REPERTOLRE SIZE T

a

Figure 55 illus't;';ates the increase in nu}ntier of classes found veraus the
. . v - -" .

increase in sa.mi:le size. Since there was‘no sampliné wit (i.e.,

"~ recording sessions had varisble duration and resulted in variable number

of.sou'r'\.ds). this figure was obtained by split<ting the 1255- sounds in the .

sample in subsets of 50 (there _ﬁas/\ no new sound in the last five

analyze : ), beginning with the sounds from 'working tape 1, and endiné

I ' . _ . -

with those fiom working tape 10, It suggests that most sound categories
‘ 2.

used by )*um;:backs' during the study and in the area vere found, as few

nev sounds vere ’obtai'ned in the last recording sessions.

Fagen {378, ‘p. 32) defines sampl"g cove rage as:
“+-.te robability that ‘in a ‘nev, independent A .

sar:ple f -behavior, a randoml , chosen act will . f
btelonz ** a type already reptesented in the ini- ‘
tial sar.le of I behaviors." ; )

Semple cove rage is the sum of the true probabilities assigned to

each of thehghavior types: ’ . :
Y ST - Ui

‘°=zpij‘ | .

=i, l ! .

' Sample cove rage itself cannot be directly estimated. . Howéver, one’
" can gatimate the.average saniplé coverage for all samples of I acts from

the animal"s repertoire. In the present study, if Nt {a the

number of
t -

0

2

[0

.
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DISCUSSION
. ‘—._-"R

CLASSIFICATION PROCESS

. Data coding. Considering the complexity of the humpback "whale's -

»

acoustic repertoire and the degres of va!iiabili'ty between and within the',

-diffeteﬁt sound categories, data coding plroved to be fairly adequate.

The 936 cases used in run 1 (Table 4, 1.). 57) were also analj'zed in thres

other ways: (1) average linkage cluster analysis and squared euclidian
- . ~ . .

distance (Wishart 1978) were used first on the discrete measurelﬂgnts;

" (2) then on the standardized discrete measurements;y and (3) on the

:discrefe neasurements, after taking the logarithm of the measures of

'
-

frequency. These results were not compared quartitatively. However a

qualitad:ive evaluation was made, and these méthods vere not as good as
. -

" the r.nathoc'l adopted here in discriminating the different categories.

Discrete measufements would certainly be useful in comparing , simi-

lar sound. classes, or in'looking for signature and/or dialect informa-

tion in a‘gWen clasa, but it is not like;ly that they would fe suffi-

~cient for classifying such a complex repertoire. As mentioned in i)revi-

ous sections, methods based on measurements of fundamental frequency

(e.g., Martindale 198:05) or on coml;uting of regregsion lines (e.g.,
Clgll: 1983) were dlfficiult to use with many of the humpback’s sounds..
One major problem encounter‘ed' during digitizing was t!':'e need to

v . . )
digitize many sounds twice (oncel for “each of the two scales -used). This

was not due to the digitizing technique, but to the-spectrograms avail-.

able. : It could: have been avoided by printing all spectrograme in the
0-8 kHz range, witﬁ a logarithmic scale. Also, other models of spnectro-

kHz would have ‘Seen

[y

giaphs 'Gould have been used: a linear scale from 0=5

acceptéble. ‘

*
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'I'his,_digit'izihg method was designed to retain as much, as _possible

of the sounds’ (strix_ctute. frequency contouzr, shape, duration and hai-

" monic structure were taken into account. Bxe»épt vhen .much "nqiée vas

present, frequency modulation iae also vall measured. . Herman & Tavolga

(1980) emphaaized the frequency discrimination capabilitiea of 'ododto-

i

cetes and noted that for 'b:ers and mammals, frrquency modulation vu

'important in euditory coanunication. Taking into account what variables'

have beep used 1n othe!f studies, and what was feaaible with the equip-

. l

_ment available, I' decided that loeing sone 1nformation on sound 'inten-

!

sity. amplitude ,mod\tlati.on and repetition rate was acc,eptable in coding

th'e sounds. More parameters than in most studies were 1nc1uded, making:

it 1less 1likely that the characteristics of the sounds utilized by the'

3

whales were not measured. . 4 —
Preliminary analygis showed that many am with .very different
acoustic - properties ended up with very. similar matrices after digitig--“j

ing. The main reason was that many sounds had 'noise and/ox harmonicd

x

(real hamonics or side bands caused by high repetition rate 1n pulaive

N3

sounds). Siuce all compdgenta were digitized important factors like

f requéncy_ of maximum intansity and f requency modulation vere maaked by

- the noisé or harmoni:cs. -Thi‘s can be,solved by adding categoxical' vari-' o

ables for bpeak fraquency and frequency moduwlation. In fact, the addi-

éion of these variables improved ‘the results of cluster analysis in this

" . o— . . ' , ’ -
study. " ,

a

It wquld probably be atill better if‘'the categories used in these

v . : 1 / .
additional variables had finer gradations. One problem with these addi-

- L, ) ;
tional variables was that their weight ftelative to the digitized matrix

o ;
P . .
- , /s
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'vas not"constant. Short and/or natrow fxequency so\mds acored -rela-

* 4

tiver little in tho data mntrix. thus, the 48 additional variablos cax-".
j!iec* much w‘eightl Vatiahles on peak !'requoucy and/oz frequoncy modula-

. tio haq muchﬁ leas effect in tha cluatering proceaa of ‘longer .sounds, if ’

\

r_‘ in low: ftaqu‘encies. Correction‘fot this could have been done by

¢ .
making the- number of pointn sampled (hera only three: atart. midfie and
end) proportional ﬂ the duration of the sound, by takins measurements

,every 0.1 aqc, for erample. However, bx doing so one would face the

.

same p‘ronlemuaa.l{artindale (7980a): the end of shorter ,sounds would ‘be

%

o comg’grati‘with the beginniné or middle seciiona of very long abnnac. [1] '

4 s,
Nl

" There is another.way i:o accotxnt for sound amplitude .and f:ecunncy'

El

modu}.ati"o_n: _soux;d_ intensity‘(_could be entered in each cell of the data

P

matrix, as in Koeppl gt al. (1978). «Theac authors qghed their sounds:

is time consuming, and would be subject to difficult decisions in. ambi-ﬂ

' guous cases. There is also an increased risk of inttoducing errors dur-

ing datd tranaqription. Thia coding could also he done automatically
s .

\ o .
using - optfcal ‘devices on spectrograms.  Ledley (1964) and Pickstock et

(1980) used image analyzing computers.to digitize sounds from apec-

' ‘trograns in 4 rapid and acturate nanner. Ledlejr"s approach is in .t\qo

.étéps. A scanning instrument first digitizes the plcture at hiiéh 'speod .

.(nany degrees of darkness are recognized). ' Data can then be neasured

[1] It would be preferable to digitize the middle aection of sounds
lasting more than 2 sec, instead of the first 2 sec. ‘This would in-
sure that only corresponding portions of the sounds are compared,

. However, this was not considered an’ important problem in the present

study, as there wvere very few (44) sounds longer. than 2 .mec, and ‘

.. they were,_relatively consinnt over moat of their duration.

4y .‘. . . ) {

e

. - . . - — N .
manually, and sound intensity was c}M four levels. Manual coding‘

Y
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‘.'edjustnents of the’ mark level of ‘the epectrograph. Sounds can also be~

.digitized directly from magnetic tapee. using Fast Fourier Transforms

' weight of ’some vsrieblea uhen comparing sounds of different du-ration. A

' betvee‘n accu‘r.acy-f and’ ‘amount -, of data; Tt proved to be génerally ade-

L -7 e e

Py

direqt_ly from the computer's memory. Ledley also suggested ways to
compare 'imag'es that could be edapted- to establieh similarity bdtween
whale sounds. The method ueed by Pickatock et al. (1980) also recog-

nizss different grey values (i.e., intensity values) Results ‘could be

affeeted by variations in sound intensity due to distance and to. fine

3

(c. Silber, pers. comm.; Goedeking 1983) By coding fori sound in,@sity

‘in each cell of the matrix, one would avoid problems suﬁch as ‘relative -

¥

The number of lines and columns in the matrix was a co_mpromiee'

P

quate, but the number of columns could be increased. Short sounds like
\

-¢lasses 3c, 4s and 4b ware not very well covered by the grid used in

this study. Clustan will not handle more than 1400 categorical vari-
"ables, ]‘:mt‘ programs t6 compute similarity coefficients are essy to

“ write, and the results can be fed into Clusten. 'Also, the increase in ' e

L . i

-,

v N . o

- data caused by‘large‘r: number of columns in the matrix could be compen-

_sated by a reduction in the totel duretion aempled: by sampling 1.7 sec

instesd of 2 seoc, 5“4 .sounds instéad of 44 uould be incompletely covered

(an increase of "less than 15). This would allow for a increase in sam-

",pling a"te‘from Q.1 ‘sec to; 0.085 8ec;) with the same amount'.of data. .

Aural impression was sometimes heavily affected by repetition rate

, in pulaive sounds. It is not kno\m if humpbeck uhalee have a good sen= ol

sitiviﬂfur diecriminating repetitio&x ratee. Odontocetes are known. to

‘be extremely sensitive to time in ervale between their echolocation . :

clicks, The inclusion of ‘repetition ra e snd of changes in repetition"-
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¢
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' with a fast pulee rate, resulting in the preeence of eide bands on the

.
<. . .
* 1

‘rate in the 'variablee."' as '{n Thonas &' Kuechle (1982), would most cer-

.tainly improve any automatic claesiucation procesa. "I't wae"noj':

4

| 1ncluded in the present etudy becsuse Clustan 1e not capeble of handling

. .

variables ‘with mieeing eaeee. In other worde, one cannot include vari- :

’

o T S e

ablee about repetition rate in ‘Clustan, because euch variables would  be

o :lrrelevant for thoee cases that vere tonal, noiry or noiey-tonal‘ How-;

‘ever, it would be advantageoua to 1nc1ude this information if a program

that can handle "No° Comperiaon caeee was used (as explained in Sneath &

Sokal 1973, such programs would use repetition rate when comparing pul-

\

sive eounde, but would ignore At if any or both of . the two sounda being

.
compared were not puluive).~
AY ! .

- Similarity cosfficient.  In -genoral, the Jaccard cosf ficient

behaved well. - Howeiler', since it is computed on a cell by cell basis

_ (see Appendix C) 11: was thought t\be responsible -for the splitting of

- some . claseee .in many very small clustere, -as in clasases 2f-21. 12a, 13ma

and 13b. These eou_nde were tonal, with or without h_armonics. or puleive

epectrbgrame. In other wards, their spectrograme vers charecterized by

narrow band(s) o{ _energy. ‘Even when uuch sounds had a similar shape,

aimilar f requency. moduletion. and eounde‘d eimilur tc;‘ ‘the human eazr, they

:were etill assigned vdry lov eimilerity values if the:l.r frequeucies.

o

4 . d}iverged. even elightly ' 'I‘hie ehift 1n frequency reduced the number of
. matches between .the aounde. A correlation-type coefﬁcient. euch as the

.Panreon product-moment coefficiept. m:l.ght be better at dealing with euch

sounde. he has some theoretical and empirical problems (Eades 5965.
- —

" Wishart 19783 Pimentel 1979), but Sneath and Sokal (1973) suggeeted that

with a. lerge ‘number of variables with the same dimensional‘and d,irec-

C - -
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"would not manifest themselves.
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4 ’ ! ’ " fJ

)

| From fhe;reeulte, it is ~eleo obvioua that duxation {had strong .

.eff&cte on the calculation of the similarity coefficient ‘éhief]y for

x

fac

short sounds, peak frequency and 'frequeq;} modulation) also affected

l . ¥

and shape were also taken into account. " _ - "f

|
!
i
i

Cluetering of the sounde would have heen improved if the effect of

5 , S

2 . : : -

_heavily. .It:'can be seen in Figure 32, p. 123 (Class 7d4), that ,often

rerietion in duration in a given class was caused by one part of fhe

| . : . . -
sound (here, the beginning), being ery variable, while the rest of the
I . .

b : ' S
sound was fairly stereotyped. Following a suggestion by Miller (1979),
! .o ‘ : , . - .
the squnda ?ere centered in ‘the 2 eec‘matrix before Idigitizing. This
| .

| S ‘ |

clnster. which would have been most unlikely if all sounds _had baen

digitized with their beginning in the first column of tne matrix (sounds

S : : : L e
that started similarly would have been clustered together, while varia-

tion -in. duration would have split class 7d in many clusters). . This
- correctional measute, howevar,:waa not sufficient.. Similarity among

-“ci 88 members of different duration was atill very low, which was one of

A the reasons forcing the eelection_of¥n:§§reahold value vof' 0.45. This

.. 'resulted in a high number of .clusters (145). This could be corrected in

_ the, following manner: for each comparison (1.e., for'eacn pair of sounds’

in rhe aample), one sound could be elid againet the other on the [2]‘

- N '
. R

!

. e R P 2 S T G

R R it o' ivatain AT e
.

t
. S

tional properties, as in the preeent-e;udy; its undesirable kprd}erties.'

souIda with low frequencias (becauee of the logarithmic ecale) ; Other

ors (bandwidth, minimum and maximum frequencies, and chiefly for

l simﬁlarity. _Complex factors like internal sttucture (i.e.. harmonics)":

'size (mainly duration) had not affacted the conpntation of similarity eof

.

was successful, since most cases from class 7d were put in. the ‘same
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' horizoutal“‘. axis (tims) iri staps of 0.1 sec, snd similarity computed'

. . - |
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- at e's‘ch stsp. The highest value of - similazity would be used in clustex

"':smh.,'ysis.' This method has been used in compszing smino-acu sequsnces

.in proteins (Gibbs & HcIntyre 1970' Sackin 1971) Anothsr wsy to

decreass the effect of sizqa ‘on. the computation of similaxity would be ‘l:o
A

select a similarity coei*ficisnt less sensitiva to this effect such as -

\

" "the "shape difterenc.e coefficiept (Wishart 1978) or the " Pearson

pzoduct-momest cor;:eblstipn coefficient (Sneath & Soksl 1973, Wishart -

. 3

o). Ti"j' S .

- been isolated in at least one cluster. Many s;nsh 'élﬁsters contained

Othax approaches could also be cons dersd i:i sstsbliahing similsr—

ity between sounds (e.g’., Ledley: 1964; Koeppl et sl. 1978- Willer 19795

u"

|
Pickstock et sl. 1980' Goedekiug 1983 Adret-Hausbergsr 198‘5) - For a

complex repertoire, the methods used b_v Ledley (1964), Pickstock et s1.

»(1980) and Goedeking (1983) have the best potential.-

°

Cluster analysis. Ovezsll, clustez analysis petfoxmed better than

the . high number of clusters suggests. This is because most classea had

i

a

clusters (Hillisms, Cliffoxd, and Lance 19‘72 "¢ited .in Edelbrock 1979).

Some ‘classes _sppeared ‘o bs g;s_ded_ _(,see next section), and one- would,

expect them %o be . split in many clusters, unlss‘s vsxy low values of

\

-
k]

[2] The :same sliding routine could be performed for frequency as well as
time. This would measure contour similarity independent of absolute

'pitch (P. Tyack, pers. comm.). It is not known at this point, how-- \

ever, if sounds of simildr shape but different pitch are recognized
as a same signal by the whales. - :

s e e g iz e [P : ‘. Bh s ey ey v e L M e -

extreme cases of clssses.that-vwere defined in larger clusters.. Avszags ‘
p > . b .

"linkage is known for this tendency to~‘pfoduce' small '.'nonconformist"

\
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similarity were used. Tweht'y-.-,ywo of the fifty dlasses. vere well iden-

-

-187

: e ! .. . ' " .
. tified by cluater analyaia (Table 7, p. 64), even if most .of them had

- cases in niore than one'clustez. Ten classes v{eze split in many clus-

W

ters. but were not fuaed wj.th other classes. Only eightean classes were

not xecognized by cluater analysis, and most of them were very small.

“- 4

.Such spall classea are offen not even considered. For example, NeLeod

(1982) omitted categories vith one orr two ‘cases in Jhis abridged coding.

1 Aa indicated in the last column of Table 7 (p 64). uhen only classes

¥ 7.

occuning five times or moze are con}sidered fourteah classes out of

twenty-seven -were requn;l.-zed with a type :'A orl",B" cluster,.ten were |

still spread over ma

184 '

‘clusters, and only three wers not recognized. ~

It is unfori _ate that the author's impressions of the sounds -had

xia_ny;_faét'ors. First. resulta are affected by the’ ‘choice

1n the classification process. T‘hia was made necessary by

of clusteting

aiéorithm and similarity coefficient (Pimentel 1979). Second, the qual-

ity of data (which was unkpo;:n hére, data coding being"expeximen'tal) (

4

would be .ciustexed even if mno tategory structure was present, Cormack ¥

19713 Haztindale 1980&) aiso- affect. the outcome of cluster -analyaia.'

'Finally, ne claasification of humpback sounds existed.

- (Martindsle 1980a), and the category structure pfesent in the data (data,

.

In fact, the

author 8 impresaiona were not only used to check the . results of cluster.

- analysis, but also to 1mprpve on it and reach the final

-

clasaificat jion

adopted here. This was because cluster analysis did not produce results

acceptahle as adefinitive classification of the sounds.

data coding, «and high variability in many” of the classes,

the main factors. for thia. and wvere discussed previously.

Weakmesses 1in
appeared to be

'Cons equently, -

similarity between aounds was often low, and the threshold value of

.
e L e e TR Ry
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eidilerity _vas only O. 45 ‘ﬁany classes were split i'n many cIustera,
and [} furf;her zeductlon of the similarity threshold uould result 1n the

fueion of clusters judged different by the author, before clusters

representing the same class could be fused. Even at this level, classes

that wvere later . differentiated using critaria poorly represented in data

-0 Al

coding. were often found in the same cluster. Yet, clueter analysis was

. very useful in zeaching the £inal classification. Factoxrs t}\mt ﬁere not

well’ measured were lcnown, and the effect of variation in duration (and‘
in eome caees bandwidth) wery recognized early. By using a larg'humber
’ of clusters, the work was mostly to fuse. clustera that sounded or looked\

' similar, which was aas:Ler than having to deal with 1255 cases, Since

the author vas left with only a few variables to consider (e.q., repeti~’

tion rate and,. sometimea, bandwidth and frequency modulatlon), it was

i

easier to"in'eure consxs;ent decieion making. . § R ‘ .

THE HUWPBACK'S REPERTOIRE . o

XY

Variability within sound classes.. As mentioned in the Introduc-

tion, thers are many possible sources of variability for each clgss:
; o >

within and between individual via'riability (including. age &and sex. '

effecta) , group variability and msybe population variability. This last

‘source was not involved hers, as all sounds were recorded from the same

porulation. Seasonal and long-term temporal changes are two other pos-

sible sources of variability. It is difficult to assees the eeersonal

varinbility. . I do not believe that it wvas a major faeto;\because moet )
1979 sounds vere recored in August, as well as many 1980 sounds. Date

of recording was not included in this anaiysis, and therefore seasonal

variation vill not be assessed until this is done. I did not compare

1}

o e e e e e e

I o e N - . ' ‘4s
! . AR o . . )

188 .0

!




e e e e et Ve @i 2

J the probability oi‘ occurrance of each class for 1979 and_ 1980.‘ Hou-r
7. .
i

} ever. Tyack (1982) found that social ‘sounds ohanged 1itt1e over three = ﬁ ‘

_ yeats in Hawaii. L _. _" A . S IR .
Signal directionality can effect greatly the fxequency content and‘
‘amplitude of signals (Schev:Lll & Watkrlns 1966). It is. uot known if
hump'back sounde ‘are directional. Answerin# this- question was attempted.
B in the present study. Sounds did not appeax to be direotional, 'but the".
'-' identity of the vocaliz:ng animal vas not cer:tain.~ Houever, distance i \ .
certainly induced variability in tha sounds. Bandwidth ia the moat N
a‘ffectgd. Since high frequencies have a higher rate of attenuation,":‘“.' |
‘th'ey 'c‘an‘ drop out of d:lstant aounds (Payne & Webb' 1971' Watkine 1974, ‘-_":
'.:W:Lley & Richards 1978 and 1982) Duration can also/{)e affected If; '
‘ either the bsglnning ox the end of a sound is of lower intensity (Lege: N
o :ﬂ al.’ 1980) 'This vas partially‘controlled by digitizing only sounda |
with a g‘ood'-signal-to-noiss ratio. But as can be seen in Figures 31 and’ .-
," 32 (p. 120 and 123), sounds can sfill ‘be 1oud enough “to be digit:.zed, S

but be altered by distance. The logarithmic frequency scale reduced the . ‘ i

: ef fects of . this type of variation (ba,ndwidth) _on the computation .of }

_s:.milarity. . '

£
]

"In true graded signals, variation within: clase carries information.

Not knowing the importancs of the other sources of signal variability, .‘. o . |‘-..

]
-it is difficult to identify graded signale. An. impoxtant characteristic- -
. Kd f
© of graded sounds is - the presence of intermediate cases betwean
. «

categories. Using this criteria, the following classes could be part of

‘ a continuq.m Classea 4a, Sa and 9a could be part of a continuum arying -

along'many‘axea. banduidth, duration, and -domipant frequency Figure

l. -4

56_). - Classes 134, 13b and 3a’ could also be- along a continuum (Figure _ -

4
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Gzadation between classes 4a, Sa and 9a. Class R
4a had a variable bandwidth (a~g). Some of the .-

.cases with a wide bandwidth had most of their
energy in very low frequencies (g) and were
similar to the; sub-units of class 9a sounds
(j=k). Two or| three sub-units were present in

. other cases (e-f), making them very similar to’

the shortest cases in class 5a (h-i)..
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57): sounds with gradually lower ‘peak frequencies and leaser rate of
2 ’ - . . .

[

Te, Ba, and 10b also seem to vary along a continuum. Intermediate'cases

frequency downsweep could be found. Finally. clasges S5b, Ta, Tc, 74, -

are present between classes Sb and 7a. In general, the gradation from‘

5b ‘to 7a consisted of an increase in duration, a lovering of peak fre-
¢ t

-quency, and the preeenee of a frequency upsueep toward the ' end of the

sounds (Figure 58) CIasees 5c-5e and 7b could alao‘he geen 'as varia-

tiona on Sb and 7a. There wWAS a gradation between: clasaes ~7a and -7c3

o characterized by the dieappearance of the relatively high frequency

(around 1. kHz) portion at the beginning of Ta eounde.‘ Class - 7c graded

in class 74 with the addition of a puleive portion of relatively con-

stant frequency. narrow bandwidth and’ slow pulse rate at the beginning
of the sounds; It was very short in eome clese 7d sounds, which were
clustered with clase Tc. But it was very long inA others (Figurexd58)

Class 7d. graded in class T7e, with cases having higher peak frequencies,

and in claes 8a, with cases having little increase in peak frequency and

————

' band idth An their last portion. Class 7e also graded in class 10b,

N
e of clasees is useful, since these signals ehould have different meanz

which had a faster repetition rate and was usually longer (Figure 58Y)y--

The decision of eplitting these graded eeries in many clasees was

I

subjective. . One reason was that sounds that are graded otie of more '

‘of their acoustic properties are not neceeearily perceived as graded by

» .

‘the animal. The animals may not perceive and/or not use all the varia-

‘l

‘tion (Green & Marler 1979), and be more sensitive to Dbetween clasees
} EEN
‘ variability than to within class variability (Marler 1975) Even'if the

'sounde are part of a real continuum, the distinction of a certain number.

ingen
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Gradation between classes 13a, 3a', and 13b. ' . ,
. Sounds in class 13a differed somewht in their
- bandwidth, their peak frequency and vtheir rate
of freqnency change (a-d). Some cases were
difficult to distinguish fzbm class Ja (e=f)’
and 13b (g-i). ‘
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. . ] 'l‘ 4 .‘-‘ e i
E ' i . .
N }
' - K Figure 58. "-Gradation ‘betveen classes 5b, 7a, 7c, 7d, Te,
- . ‘Ba and 10b. Class 5b had a very variable -
"bandwidth (a-d).. Some caases. were very similar..
to 7a (e-f), which were usually longer and
K ! started with a- pulsive section around 1-2 kHz,
and to 7c {g-h). Some cases in class 7d (i-m)
were very similar to 7c¢, their low-frequency - .
- beginning being of very Short duration. The . .
incretse in ;repetition rate toward the end " of .
Td sounds was lessr important oz even lacking
. in some cases (i-m). These_ cases graded in
't class 8a (n-0) when the terminal .frequency
3 upsweep was also reduced, or in class Te (p- )
when peak frequency was higher. Class 7e grad-
, , ed in class 10b which were usually but not al=-
; vays longer and had no frequencies below 0.5
i . f; kHz.. Other cases had slower repetition ratea
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| There were two other argumente in favor of eplitting these eeries. .

L 4

' Firat the diatribution of ‘sounds, along the cont puum ¥as not homogene-

ous. Typea that were abundant vere linked to each other by rarer inter-

mediates. Second even if there were only subtle Variatione ‘between the .

t

internediate cases and the classes that bordered th m, more eubetantial,

¥,

l variations _vere found between the two bordering claieea, meking it dif- :

ficult to fuse them ‘into a eingle cetegory. “This ‘is ‘even more true vhen

«.there was a chain of eignale grading into each other, For_exanple, 1t -

. does not'eeem appropriate to put class 5b in the seme category':ae' 8a,

even if a chein of intermediates can be.found‘hetweenthe two. 'Playback
of synthesized .sounds would help'deciding if thede ser

perceived categorically (Byrne 1982). Other claeeee may also be'graded,

*

" since many classes had. important variation in one er nore variables. .

'uatere in summer and iall have been sampled. The alig{thincreaee'in the

Repertolre size. The aeymptotic nature of- Figur 55 (p. 178) sug-

gests that nost of the classes used by humpback whal%s in Newfoundland

L

last part of the curvs might be due_to a different

ecording,cqntett. .

es are graded, or

'_These sounds were recorded late in season (0ctob ’ 1986). Groupa'i .
ulmer

appeared” to be larger and more_etablelthan in sus

‘(classes Se, Tb, 100) vere:recorded only once.

. : . Coo. .
The sample coverage estimated with Fagen's (1978) technique alao
. '/’- . N

,indicated that few classees would be diecovered'hy increasing sample

size. However, this estimate is baaed on the number of 'cleaeea\ with

.. . l

. Theee-eounde'

‘only one element which might be coneidered the ‘mogt uncertain ¢lasags .

.
Co . .
BB el e v e—— it = 5 AIE u sk g, R N e e e
. . PR ) LT, . Vo

of the repertoire. First, sounds that have been recorded only ’ ‘once. -

ight have been produqed_by'ether species,of whales., It was probabiy"

|

‘\‘ . 4
g

N R Tam ¢ =
‘e . N - -

z."‘l

e e kn




“4 ’ _'v' ] ,- . .’: - . - i._ .‘ . . : '-J~‘-198.

[ ]

not the case, since often they were in a sequence of humpback sounds, - {- -
and since their frqueney chsrscteristiés are like those of better R
»irecognized huﬁpbsck sounds. Because thﬂjture 8o rare, the identifica-‘» o

tion of these classes is. also more subjective than Ior lsrger clssses.

W e A s A Btttk e e s

Often. they were not even revealed by cluster snslysis. Yet, since this o 1‘n
T’ A
f{ls- 4 estimste/agrees with Figure 55, it is likely thst thelpreeent catalog is :

f
virtuaily complete for the yeare, sesson "and the aresistudied.

\ -

/ The 50 classes found in this study are not . the- complete repertoiie-“

" of the populstion studied. Only orie communication chsnnel was’ studied,“’ _:‘ ' ' 'Q‘J
snd humpbscks are likely to use others as well notsbly the optical
chsnnel (see the Introduction) ‘Since socisl struoture, repxoductivs?‘
- statue and activity vary seasonslly in this speoies, the present sample

must be considered incomplete. Yet, . this number of behavior types is_

higher ‘than what is xeported for most species. Hoynihsn (1970) reviewed

studies in animal communication and reported, 16-37 displsys (total for
" all oommunicstion chsnnels) for mammalisn specles. No species was found
to have as many\h\\fo or 45 different displays. However such srgumentsf
.'z rest in part on the .difficulty of defining displays. For; examplel :
_ échleidt (19#3). tecognized 59 classes in a species~that was given 37
éjf\;;(‘_ p. _— displsys by Moynihan (see Hailman 1977) Fagen (1978) slsol classiffed
. - «12 211 behsvior acts inmn 69 hehevior types, in a gtudy of donestie cet
(Felis cstua)

It is still possible that some . categories have been split in many

!
classes in the pxeseut study, since clsssificstioni vas’ don! only on the” |
RIS .signsls scoustic pxopexties. Green & Marler (4929L PD» 192-93) wsrned,

r . - : . ' T T
I . thst: : C : S

"Every signal can vsrvralong the dimensions thst:'physicsllf S

. . . . : ]
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S

‘lescribe 'it. . Variations in some, however, may fail to be
erceived. Thus,. not every bit of the signal-pattern infor-
*.b mation theoietically avallable 1s necessary assessed or : P
tilized by the receiver.” ! : S . .

: D i

In;tne resent classl{icetion,'wnen'doubt existed, two‘ cetegoriEs. vers . j
wrecognized. ) Since tnis ‘catalog wlll have to be tested 1n,éorrelation
.~gtudies‘and playbeck erperlments, it was Judged preferaple to split: it
‘will be relatlvely easy later to join classes that are'found identical-'_ i

Probability of occurrence of the different classes. "It is obvious .

1

thst humpbacks use some‘aound classes much more often than others (Fig- - ;

. ¢
.- . I

ure 54 P 177) Studying human vritten language. Zipf (1935) found a

linear rflationship betveen the logefithm of the frequency

the logarithm of the ‘rank of the syllables or words

Noles (1963) assumed that Zipf s law. as it ie known, applied to animal / .'

"r

signals aJ vell. Vith data on rhesue monkey signals however, Schleidt /

(1973) ob?ained a linear relationdhip by plotting the logarithm of fre- |/

quency against the rank instead of its logarithm. McLeod (1982) with !
" pilot whele vocalizstions, and this study, alao found that.a plot of
“rank egainst frequency fits 8 negative exponential function.
It is nct knoin if the differences in’'frequency of use. foune -ine

this etudy axe due to the eampling technique. i.e., if frequently uded ¢

l '

i sounds occurred in situations better sampled. This probably account for
part of 'tne variation in class size. Sound production was found to be
.dependent on,context.in other studies of'cetacean_souneg. For example.’ e. : ;
Payne :& Payne (197l) reported a much higher rate of sound pro&uction
during night for right whales, while sound production was extremely low

. in small groups of humpback whales (Tyack 1982) and for sperm whales cut

'«

of acoustic‘range of conspecifice_(watkins 1980) The difference ~m4ght

-

L2

P S ool it s miem A3 T e

. be: qualitative as well as quantitative. Distance betveen whalee and
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© boat may also have affected‘the observed frequency of occurrence of the

different clasges: 'sounds ' composed ' of high freduencies, for example,

will not be recorded as. far a8 low frequeney 8¢ unds. . Coneequently,
whales aproducing low frequency sounds were more of ten in the recording '
renge. Sounds that attenuate faet areu proba}ly 'undereampled.-in this

——

studys This *was: pertielii 'teken 'into account during'digitizing. by.

o selecting only eounds with good eignal-to-noise ratio. This eliminated
many low frequency sounds obviously coming from distant whales. It

'should be’ notedrhovever that the selectiontofisounds to digitize.wee not

v - -~

strictly random. It might be more‘infornative to Compute the same curve

as in’ Figure 54 from all identifiable sounds in the original recordings, ’
// .
'-although the bias _against high 'frequency, sounds.- probably used.in

' short-distance communication, will be increased.

. The relationship found betveen probability of occurrence anﬂ rank
!
also suggeste that pért ‘of the variation is inherent to the communica-

!tion.system. Schleidt (1973) gives many possible reasons for high pro-
bability of occurrence of somé signals. The first ‘Teason is a special \ ’

roIe 1n the,gremmar, as for signals that start. maintain or terminate a.’

il '

"sequence of interactione. . There can also be influences from factors -~

A

i : .
-other than communication, as - eounde cen have other functions than com~

; munication. An example of thie is cleee Ia (blove), which ranked fourth .

in the repertoire,tbut elso serves a reepiratory function. High proha-

Y

'hility of use can ‘also be an. adaptation o environment-noiee, or Fo

v

increase 1ocalizability of the gsender.,

|
. | Lo Aﬁ
Thie doee not mean that rare types are unimportant. . In fact, 1in

[ ",

'informetion theory. the‘ least frequent eignal carries the greatest

. -amount of informetion (Moles 1963. Schletdt 1973. Wilsén 1975)

g s T AT e e . AN WL T Ly
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Comparison to previous results. As in "Kinne (1975) and Clark

(1983), 'the souﬁds ‘could -be assigned to three production modes. Two

were obvious: respiration noises (e -89 blovs, classes 1a and 1b) and

3 -.

percusaion noises (slaps resulting from the impact of the whale a entire

body. flipper or tail on the surface, as in class 4b) Like Clark, T

aasumed that the othar sounds were vocalizations or calls, with the pos-

sible exception of class 7f..which might be similar to the baleen~rattleiﬁ

~ k\

rsported by Watkins & Schevi%& (1976) for right whales (although no

‘whale was seen with the baleen above the surface at that time), and

. maybe,class 6a, which, with its exclusively noisy nature, does not JSuqd

) It is very difficulf to coﬁpare aural impressions and specf

like a vocslization.“
Comﬁarison with other 1nvestigations is difficult. Not all puo;

lished reports"on whale‘vocalizations are illustrated with'spectrogragsi

trograms are used they frequently have a different scale and anaiysis

"filtez. In many studies of humpbacks and other mysticetes, low fra-

‘

quency ranges (often 0-1 kHz)'and narrow_ analysis filterss were used.

" This ~can affect greatly the appearance of sounds. For. example, fre-

quency modulatigns of as 1itt1e as- 60 Hz (Schevill & Uatkins 1972, Cum-
mings et al. 1974; Clark 1983) appeared very marked on- spectrogrsma of

minke whale and right vhale sounds, becausé, of ‘the narrow .frequency

~

range -analyzed, while such frequency. modulation was not even recognized

-inithe;preseéz s}udy. Similarly. the‘individual.clicks,oflmanf pulsive

‘sound s vcre resolved here, while a‘hsrﬁonic structure would usually‘be'

5resent;if'narrover-analysis filters had -been used. Also,'mahy of the

gtams With

°o€her authors' verbal descriptions or oscilloscope displsys. Whea spec- '
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termsl‘found in description of whale sounds (e.g., moan, grunt, growl,

chirp, pulse) are used with different meanirigs, and are rarely defined. -

. A few classes were easily identified to sounds previously reported s

in the literature. It was indicated in the description of these sounds.

This is summarized in Table 22, which associates the equivalent ‘(or

-potehtially equivalent, ,in' brackets) classes found in this study and

Y

sounda réported elsewhere. ' The last EOlunn 'gives the rank _ of these

@ L)

classes in. the . present study. Most sounds described by other authors -
" that could be associated with my classes were fairly common iu the'

present study. they ranked first fifth sixth, eigth, ninth, tenth,I

'

seventeenth and twenty-third (in this last case, 4a, it was mentioned
earlier that it was undersampled). Classes that were only tentatively

associated with reported sounds were sometimes common (e ., 18nk = 2,

3, 5, 6, 10, 14, 17, 20}, or relatively'rare (e.g. rank = 25. 26, 28..:"

33, 37). Two of these studies (Seamish 1979, Winn et al. 19:79) dealt ’

. i

- with humpback whales entangled in fishing néts,-,Bgth these authors .

¥Al

. found a very low rate of sound production for humpbacks in Newfoundland -

.,waters, which ‘was corrobotated in the present study. even if quantita~

-~

-

,“tive data. on produc&ion rate were. not analyzed. Howiver, small sample
size. (two whales in Hinn ot al. 1979, and one in Beamish 1979) probably

' explains why they found less diversity in sound typea and no medium fre-

-

gquency .sounds in their data, cbmpared vith the humpback song. . A few of . .

the sounds they identified'were similar to song units, but they noticed:'

a slover renetition 1at

i

But considering their sample size and’ the variability found in nost

e (the sounds were pulsive) in northern waters.

. classes of the present study, thils conclusion is uncertain.

o . . .

3 . .
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b Teble'2é., _\Comparison between the 50 classes . identified . . %
® ! in ‘this study and prev1ously reported humpack .
90cial sounds. . i
N £ ‘
* The sounds are grouped into general types™ (see Table 1, PP- 23-24). ) .
Referenceés” ~are listed at the bottom of the table. Sounds' descrlption

were obtained from each publication, and/or by looking at the spectro-f
These

grams (RR. ‘'stands for repetition rate, in pulses per second).
sounds could not always be matched to the sound classes"-
Possihle matches are 1ndicated in brackets.

SOUND REF. DESCRIPTION ILLUSTRATED CORRESPONDING RANK
TYPE . ‘ : ’ L CLASS .
loud | 1] wheezing blow - -8 .,_ . 1b. ‘ 10,
exhalations |4 shriek ’ “(1b) 10
o - [4]- trumpetting (1) 10
flipper or ﬁ[4] broadband pulse 45 '?23
tail slaps . \ ) ’ . .
various  [6] moan with | S - (7£,84,8¢)  33,26,25
moans | fast RR: 80-15 | . ' o o
(6] pulsed moan, S §a .o 8
' slow RR:i25-50 : . i
[6]" pulsed moan "w 8 .1d 1 -
. ~ ending in Yup : : e T
[6] ~ pulsed moan 'S (eb) . 17 )
) _ ending in moan
[5] ratchet, increa~: = SO 8 - 17
. : sing HR Coe :
[4] moan
g}ﬁnts t4] gzunf
yups'..‘ . [6]‘ Yup,.fast RR .S, Te ‘ .5,
4} yelp | ' (e), 5
chirps ‘[6] ‘pure tone or 1 'S, : ..(Zh,jc) ;28,2
: . broadband A . BN
cries. = [6] freq modulated S (2v,21) 28,28
N ~ . \. B ~' .
clicks 2 pulsive SO’ (4a) . 6 -
2]. "double-click - (4a) 6
6]. narrow-vand’ . . (4a) .6
6] * wide~band ‘ s . 4a- 6
(coﬁtinued'on next page) S o o
o
: o ST R S Tk R
. \ S v
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{ , Table 22. (Continged)
|-
o o * Y.
SOUND REF. - DESCRIPTION ILLUSTRATED CORRESPONDING RANK
i .. TYPE . * - cLASS
Aot LT v 4 ‘ :
: click [2] - clicks .8 (7e) 20 -
‘ trains © . -[5] elick tr¥in 0. '
o ’ ' 5] c¢lick train™ 0 " L ‘
et - 5] click train - - SO -, .10a 9
R , v .~ L4} pulse train, -~ .7 R
ST L , RR: 1, plus. |
Cme T o ' +04-1.2 kHz nolse = .© =+ i
S - e om0 4] pulse.frain, T \
o oo e RR>1; uneven am-.: \
. _ .~ plitude
A w0 [7] pulse train (7€) ' .20
.. .others [1] (no name) S. ) . i .
b ‘ |2} white-noise S - (6a) - 37
o : ) . blast
N 23 pulsive’ S
' 3] whooshes S -
. . 5] pulsed sounds S0 (4a,13b) . 6,14
: - 4] pulses, low o0
: " and narrow Lo
: , 7] type 1 S Td A
g : 7] type 15 5.
1 v 7] typs 25 . % 8
! 81 " type A S. - :
. ‘ v 181 type B 5 (sz"lc) 3.5
‘ ) ‘/S = gpectrogram . O = oscilloscope display
N o | Co : Lo i
. o 1] Watkins, 1967 [4] Thompgon et al. 1977. (6] Winn et al. 1979
RIS ’ 2] Vinn et al., 1970 5] Beamish, 1979 7/ Lawton, 1979 -
. . ,1L3) Perkins ‘& Whitehead, 1977 . 8] Tyack, 1982
) ' . . T
' '.' o . Yo ' . <
LY . &-”"’ *
) } ‘L
{ ! AR :
e ’ L et U -:--——v-mmaw-'ﬁ‘—'v g ~
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small sample size used by these authors.

-

CONCLUSION

In trying to design an automatic method to classify humpback whale.

i

i
social sounds from: Newfoundland watera,‘meaaurements usually taken on

animal sounds were found inadequate. Pickstock et al. (1980) also found R

that measures such as mean, maximum or minimum fIEquency do‘not‘quantify

Ratterns oi.frequemcy changes adequately. The .new data coding, used-

with average linkage cluster analysis and the Jaccard similarity coeffi-

cient was an improvement. 'The classification ohtained this way could

"-not, however, be used as a final clagsification of the sounds. - The

sions of the"goﬁnds 'were compared in establishlng the catalog of

humpback's social sounds. The final classification adopted is much nere

complex' (50 different categories) than previous reports (e;g.,'Schcvill‘
. .. ! ’ - .
1964; Beamish 1979; Winn et.al. j979) had suggested. This is due to the'

Vezy low :rate of sound- production in Newfoundland waters and to the

‘u

7

The digitizing technique could be improved to include variation in

gsound intensity. Modifications in  the comnutation of similarity, to

- reduce the effect -of- duration on similarity, would also~improve perfor-

/

mance of cluster'analysis. Other multivariate techniquea uaed in numer-
’ : -

" ical taxonomy (e.g., ordination, pxincipal' component analysis) could

"also he- used; and resulta“oompared. They may not be appropriate for

this data set, the high number of sound’ classes making visual examina-

results of cluster analysis and the author s aural ‘and visual- Impfes-‘ﬁ.

tion of two- or three-dimension plots very difficult (e g+, Clark 1982) -

The-method‘used here prdbably, i% only an intermadiate step in the pro- '
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gression toward rapid and efficient coding and :classification tech-

~.

niques for sounds. As discussed above, new techniques will account

] .
) ) and wili not require epectrograms (Goedeking 1983) T \

| : ,

Thjs catalog can only be considered a beginning. since it was based

: exclusively on the acoustic properties of the sou[nde. . Data aze needed
. ) [ » .

produced the .signals; makiné it poeeible to correlete sourid classes with _

o

14

- PENVIIEN

0.:‘: __"1 _ : recpgnized by humpbacks, as well as their funct}enaw\ ,
’ - :;l’ . . ' ’ ' . . . L ' o
: Lo It would be intefesting to compare the‘se(sounds with social SOunds ’
NN '
) « recorded in the same situstion but from other populations (e. Y- hump-

206 .

: . better for sound int‘ensity (1.e., Ledley 1964; Pickstock -8t '_e__.;‘__- 19_8_0) o

s on the poasible function of thé signals. A direction finding,:device N

(Clark 1980) could be used to determine what: whale (or group of iwhe_les),

- . behavier types.. Play‘back experiments (Clark & Clark 1980 Tyack 1983)

should also be used to determine the number of different : so_und - classes

O mnesvfeeding in Alasksn waters) Hu.mpback of different . popula-“ ;

. : tions ‘have a different song, yet song struqture is the same (Payne et

i . . al. 1983). It is not yet known if different populetions share at least

| . - -
l‘ ‘ " .. part of their social sounds. Comparisons could also be made with social

sounds-"'recorded' on the'.breeding grounds. Larger ‘groups 'there, .as well

competition between males should mean & different frequency of "use for ’

1east some sound categcries. It would be conceivable that some
- »

social sounds are used exclusively on the feeding or ‘the breeding'

\ o “’ .~ a8 probable ‘hormonal differences, occurrence of- courtship, breeding and.
T e -

- grounds. ' _ ’ o T L N R

. . Possible variation (both in etruoture and frequency of use) during,

~the season or between years was not investigated here. Few sounds (179)

from 1979 ware digitized, e_nd- they did not seem different from the

N o e T e e © e e SSRIRETIET AR P ST T
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sounds recorded in 1980. This is also vhat Tyack (1982)  found. This

'aspect should be specifically addressed in the future. Few recordings

of humpbacks wintering in Newfoundland are ° available (3. Lien, pers.

comm.)-. A better coverage aronnd ﬁ:he year vould be necess'arylin a stcdj' '

of variation in rate and type of vqcalizations in time. If variation |

- was found, it could ‘be _related .to the vqﬁation in humpback's song
(Payne et al, 1983). This would necessitate a detailed study of the

song's units, which is still lacking. (R. Payne, pers. comm.).

Study of the syntax of t’he humpback 8 acoustic repertoire ; was - not

Y
l

. attempted. Suc}ix study is made difficult by the fact that the number of

~whales inyolved #n a sequence of sounds is impossiblg to de erntne. One .

is .limitod to study temporal asgoclation betwsen sound c1 sses, as in

McLeod (19@'2). YWith a directiorx finding device, it might be po sible to

I

record ‘sequengces where the interactants are known. lore detailed\ gram=-

matical studies. would then be possihle.

Finally, the possibility of mterspecific communicat:.on should - be

assessed. In a ‘few occasions during the present study, humpback s

¢

behavior and r;% of vocalization was affected by the presence of; a-.

i

. school of odontocetes. Small sample.size and lack of baseline data

e

(rat_es of sound p_roduction ware not ‘computed, since not all sounds vere

‘1

"digitized) prevented me from quantifying this effect.
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L S ' ) Appendix A
FREQUENCIES SELECTED FOR DIGITIZING

1t was decided to sample 16 frequencies. One possibility was to
distribute them at equal distance on the frequency axis of the spectro-

grams. .However, R. Payne (pers. comm.) suggested a logarithmic spacing,

since most species tested to date seem to discriminate frequencies on

such a scale. Mysticete sounds recorded to te usually have strong

emphasis in frequencies under 1000 Hi. and a.satrix based on & linear
-_frequency scale would not cover’ this region very well {only 2 frequen-
'cies _below 1000 Hz (125 and 625 Hz) were. selected in"a first scheme,' .

- baged on a linear scale). A logarithmic scale permits a better sampling

of the lower frequencies. Payne & McVay (1971) and Beamish (1979) on

humpback whales and Clark (1982) on right whales -used, the 'logarithmic

scale for their spectrographic analysis. “The first line was assessed at

125 Hz because of the smount of noise often prevalent in lower frequen-

cles.

Since the spectrograms were printed with a lineg% frequency scale,

the spacing between the.frequencies to digitize had tp be logarithmic.- -

- For this, I used a linear increase of the ibgarithms of  frequencies.

Arbitrarily, I chose to increase the.Iogarithm of freeuencies by .119,.

from the minimum value of 2.097 thich is log 125), 5ecause it yields 16

values in the 125-8000 Hz range, with the highest sliéhtly lower than

’
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“Table 23. erquencies,_se‘l.ecé;aglff&r di_.g’i_i:izih_g.ﬁ}:'
‘ Log(freq) Frequency (Hz) '~ Line number in matrix
: St 097 Tz T T e
w2216 0 164 T - 15
& 20335, 216 BT
" 2.454 284 S |
. 2.573 T C 2 S
|- 2.692 : 492 - . u -
| 2.811 . 641 e T 10 ., e
l L ' 2.930 851 : ’ 9
‘ - W 3.049 1119 8
- .3.168° 1472 N T
" . 3.287 - 1936 - N6
., 3,406 2547 . T 5
' '3.525 3350 - - A
3.644 - 4406 - : 3
3.763 . 5794 . . 2
3,882 - . 7621 K
\- /
A
‘ ;
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- .. Appendix B
o DIGITIZING AND _SAMPLING PROGRAMS -

The follo ing program 1n C language was written by M1. Frank Pronk,

prégtammer at | the Faculty of Envi;pnmental Design, University of: Cal-

gary. It was modified by the author for digitizihg on a. logarithmic

frequency scale. . The modified version is given here.’

- Digitizing program’ (C ‘language)

ffinclude <sgtty.h> .
#include <stdio.h> : . YA

. #define.NROW, ie , . S

' #define NCOL 2t T "; .
#define FREQ(x) (/1000.0%.54/cn_ khz) P
#define TIME(x) i (%/1000.0%2.54/cn_séc) -
#define UNTIME(x) E ((x/2 54)*%1000. O'cm sec)

. typedef struct { doudle-x, f }oxy: . v e

FILE ®digit, %ofile;

.double cm sec, cm khz;

int matzifoRow][NCOL]

struct sgttyb oldmode; : ' e P
struct sgttyb newmode = | B1200; B1200, '\b', '}', CRMOD!LCASE!BS?.};.
Xy origing : '

Xy maxfreq, minfreq' .

Xy low, peak high-

" }-beg, mid, End; 4 e

main(argc, argv)
char **argv;

aetbuf (stdout, (char *)NULL);

if(arge = 2) | - : i
fprintf(stderr, "usage: log file name\n");
exit(1); . S

-1f((digit = fopen("/dev/digitizer", "r")) == NULL) |
fprintf(stderr, "sound: can not open /dev/digitizer\n");
exit(l) ' ' .
[
1f((of11e = fopen(argv[l] "a")) == NULL) l '
B fprintf(stderr, "sound: can not open 1s\n". argv[t]),
o exit(1)s :
} ;
lock();
getscale(); '

e e TR IRttt
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‘ while(1) [ ' S C e -

- ' getparam(); A “ S
digitize(); . : : P
outmat();. e g -
fflush(ofile);

! '~;}-- ‘ ) :_,A. o I .‘ \\';

,‘?etscale() : - '_‘ k o S

printf("enter .x scale in/ff///sec’"j,

scanf("#£", &cm sec);
. printf("enter y scale in em / kHz ")
scanf("%£", &cm_khz); \
'»printf(“enter origin "): - . L . L
. getxy(&origin), o - T Coi

double time; .
double’ maxp; . .é- . . . ' )
double minp; ... - R L PTR '
char buf[ZOO] ; . R

printf("\n\nente: comments and other data\n“),
printf("terminate with a control D\n");
while(fgets(buf, sizeof(buf), digit) !'= NULL)
if(buf[ ] r="\n") {
printf£("4s", buf)y
fprintf(oflle. "gs", buf)

':getpoint(&b 2.low, enter lowest frequency beginning of sound "):
getpoint(8¥eg.peak,. “enter peak frequency, beginning of sound");
getpoint(&beg. high, "enter highest frequency beginning of '

- gound"); R
fprintf(ofile. "$.2f F.2f. z 2f\n", beg.low. y, - 2
beg.peak.y, beg. high.y);
getpoint(dmaxfreq, "enter maximum frequency™); .
getpoint(&minftaq, "enter minimum f¥equency”); '
“fprintf(ofile, "%.2f %.2f %.2f %.2f\n", maxfreq.x, maxfreq N
minfreq.x, minfreq.y);
getpoint{&mid.low,. “entér lowest frequency, middle") .
getpoint(dmid.peak, enter peak frequency, ‘middle"); -
getpoint(dmid.high, "enter highest frequenmcy, middle"),
fprintf(ofile, "$.2f %. 2f $.2f\n", mid.low.y,
. " mid.peak.y, middhigh.y);
“getpoint(&End.low, "enter lowest- frequency, end");
. getpoint(&End.peak, "enter peak frequency, end");
. "getpoint(&End.high, "enter highest frequency, end");
¢ fprintf(ofile, "¥.2f £.2f %.2f\n", End.low.y,
End.peak.y, End.high.y);
time -= End.peak.x |- beg.peak.x;"

-
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maxp = (maxfreq.x - beg peak.x)/time,' | -
ninp = (minfreq.x - beg:peak.x)/time; : o -
fprintf(ofile, "%.2f %.2f %.2f\n", time, maxp, minp), O '
printf("orig%n at %d\n", . | .
_ ~ (int)((origin.x + UNTIME((2. - time) / 2.))/10));
TJ* printf("origin at %d\n", (int)(ozﬂgin.x / 10)):%/ l

printf("\nenter sound data - terminate with a control D\n");

.{‘ . . . A. . ) . - o\

.j*.'.. - o - -
'*;print the matrix of digitized sounds
outmat() o S O 0
regisﬁbr int i, J. . . -
foz(i-d 1<NROW;~ i++) { L s e Co R
. S for(J-O, j<NCOL; 3++) E X ‘ s
' putc(matrix[i] 3]9'1' 'O', ofile) - , . .
e ’ ] v mapzix[i][ =0; i ) . L. - -
xﬁ\ﬁx', i ~ pute(‘\n",, ofile); e
e -, . o | p
* read a point from the digitizer : - :
* convert x and y to seconds and kilohertz \ : i
getpoint(xyp, message) ' . ' o,
register Xy *xyp ] ol .
char *message;: ° o . _ \-
if(message) ' . _
rintf("%s ", message);
: if(getxy(xyp) == 0)
’ return(0); N
xyp->x = TIME(xyp->x); ,
xyp->y = FREQ(xyp~>y);,
if(message) -
- printf("%.2f %. 2f\n", xyp->x, xyp-)y)
L return(ig ‘ _ L)
T , o
gotxy(xyp) ' ‘ S ' K
’.TY *xyps. - o . C U s -
7 M .char buf[200]; ' P a a . o e
- int'x, y; . : T e T T
. 1
Hhile(1) [ L : : ' ;
1f(fgeta(buf, s zeof(buf). digit) == NULL) ‘ ;
s %
wrmre i e e "*"“".“""W*"-wrm"r—rﬂ-'_;--m- 0 . ' . J
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return(1),

] | S

l ) i L | . '. AN

?igitlze() B .

register int TOW, " col;
Xy point; o
double log10(). ¢ ’

,while(getpoint(&point, (char *)0)) f

row = 15.57 =*({1og!0{point.y *uiooo) - 2, 097)/ 0.119);

’ © " col = point.x * 10. '+ 0.53
/*printf("rﬂ%d c=%d\n", Towy col);*/

' " if(row < O |} .row. >= NROW |} ¢ol < o
L j . ' continue; .
. - matrix[row][col]++'. .

. .

v} R ' ' . ‘ ’

* make sure the digitizer is not in use and then set

- * proper 1ine spead and parameters

*

.lock(_), ‘ . . . | "s

.+ gtty(fileno(digit), &oldmode);
~-‘if(oldmode.sg_flags & BS1) {

¥
. ' | return(O), : Ceon 8 .
Lo e if(sscanf(buf, "gd%d", a&x, &).!= 2)
o . continue; oo
" xyp=>x = -x - origin.x;
" xyp-dy = -y - origin.y; . 2

col >= NCOL). -

[y

fprintf(stderr, * sound. Qigit£2er'buay\n");

exit(1);

stty(fileno(digit), &newmadde) :

¥

~
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. Sampling program (aPL) ;.

o .
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Lo

ke v L SELECT RS I

§ £1]1  ZeL[117LL2]
L £2) © ZeZ[4Z)
i £33 IepZ -
; , L4 Ze(I1s1)P2Z
| £S)° DEC 'FO '»K
i 8z R
o £73 DEC 'RO°
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Appendix C
JACCARD COEFFICIENT AND AVERAGE LINKAGE CLUSTER ANALYSIS
\

/

" . puted ecco;ding to the‘folloving formula (Wishett,v1978):

A+B+C : 3 ,
' vhere A= number of attilbutes (celle) common to both.cases
B = number of attributes present. in case i and bsent in kk -
C = number of ettributes p!esent in case k and absent in i

1.“This coefficient is the totel number of positive. matches betweegq

-, mismatches. . It does not take the negative nmatches (number of attributee

absent in both. cases) (Sneath & Sokal, 19735 Wishsrt, 1978)

. AVERAGE LINKAGE CLUSTER ANALYSIS

This is an agglomeretive technique, which means that at the begin-

'ning. all cases‘ are considered a different cluster. If there are n
sounds,,there are n ciustezs. In ‘the first cycle sioilerity is esta- -

blished between each pair of sounds. At the end of this cycle, the two

eounds with the higheat similarity are fused. There are now n-1 clue—

' ters. In the. second cycle, the similarity table is updeted by computing
~ the similarity between the nev cluster and all the other clusters. In

. average linkage, this similarity is established iq the following way;

the eiﬁilerity between the new cluater and any other one is the average

of the similarities between each membez of one cluster and all the

meﬁbars of the other cluster. At the end of thie cycle, the “two clus- -

ters vith the highest similarity arxe fused. There are now n-2 clusters.

This.process will continuefuntil all cases heve‘beeh_ put in =@ eipgle

-

e e AT, T T AP Y, et e

( The Jaccard similarity coefficient between cases i and k was, com;

‘two sounds divided by the total of the positive rmatches and.the. \\



.clusters, or until cycle n-1.

‘This ‘pzocess~ éan aléo be described inx'the following ﬁannet
LY ‘ X . . .
(Wishart, 1978). If clusters P-and Q have already been fused, then the

similarity S(R,P+Q) between any cluster R and the new cluster P+Q is

. r

- obtained from the foi@ula: : .
o . xsS(R,P) + HQ: x 5(R,Q)
S(R,P+Q)= <mmmmmm’ L amanm - ,
(NP+NQ) - (NP+NQ)

[

where NP and NQ are cluster sizea, and S the average Similérity . between

.the _two cluéfers,'i.é. average bf_the similarity offééch possible péix'

between the two clusters. -

P S e - S L TR

R i ==Y I



- 230

Appendix D
"Characteristics of the 115 clusters

-

For each élass, the number of cases (n), mean dominant .frequency at
three points (start, middle, and end of sound), minimum and maximym fre-
quencies, and duration are given, with the standard deviation in brack-
ets. )

CLASS DOMINANT FREQ (kHz) MIN. MAX. DURA-
(n) . FREQ. FREQ. TION
' START MIDDLE END (kHz)- (kxHz) (sec)

1 .0.71. 0.8%

. 0.59 0.19 4.64 0.61

. (86) (0.51) (0.29) (0.50) (0.08) (1.34) (0.15)

C220 151 0075 077 0.42. 4.32 031 . . .
(1), (0.57) (0.14) (0.25) (0.13) (1.87) (0.10) .

© 3 1.26 1.28 1.02  0.41  6.01 1.02

e (36) (0.38) (0.55) (0.68) (0.18) (1.62) (0.21)

L .. .4 .0.18 10.00 1m]2‘?;o:64 . 3.54 10.98_, 5 ¢ VL
R (1) - - - - .- 4 ‘ .
w7 5 1.68 2.18 0.66 * 0.52. 2.66 0.80
o () - - - - - =

4 6 2.8 2.05 2.30 -0.47. 7.8] 1.52

= (6) (0.91) (0.64) (0.68) (0.20) (0.33) (0.09)

' L]

(75 - 1.00 1.08 0.88 0.69 7.8 1.72
(- - - - -

f . .
. S8 1.69 0 0.84° 1.88  0.48 1 7.50  0.85
: (5) (0.94) (0.07) (0.44) (0.17) (0.32) (0.36)
S 9 . 2.88 .2.25 1.89 044 '3.53 0.76
A S R =7 - -
' o S .10 7 2,59 1.07. 2,35  0.84  4.52  1.19
R C) S O
5' : ' ) (1) - o= - - . - .-
yl/// . o }2) 0.82 0.91 0.92 0.46 2.92 2.18
e w A . } oo 1 . - - - - . - -

13 ° 0.82 0.80 0.60 0.50 2.09 1.74
(3) (0.24) (0.05) (0.19) .(0.18) (0.35) (0.36)

-~ (continued)
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MIR.

MAX. DURA-

CLASS DOMINANT TRRQ (icHz)
() FREQ. . FRFQ. TION
START WIDDLE  END (kHz)  (kHz) (seec)
14 .0.94 . 1.40 0.51 6.47  0.48
(3) (o. 17) (1. 10) (0.21) (o 16) (2.26) (0.03)
15 1,33 -0.64 2.75 0.52 6:59 0.85 -
(2) (0.95) (0.03) (1.85) (0.01) (0.05) .(0.30)
16 "1.70 1.86 1.88 0.3  7.62—T.31
(115) . - - - . - _
A7 0.7 0.75 0.76  0.46° 7.65 0.61
(1) - - = - T
q ) ‘ .
18 115 071 0.49 0.42 5.83 . 1.22
(v, - - T o Tl
19" 1.04 1.00 0.67 - 0.57 T.30, 0.79 °
1y - o oD T T
20 0.65 0.98 0.76. 0.18 ¢ 7.64 1.7
4(1) - - - o ., ' . - - )
21 . 0.43..1.01 1.01  0.36 8.13 1.32
L
22 1.3¢ 1.18 1.3 0.47 5.16 1.20
(1) - e e e - A
- o
23 '2.74 0,00 “1.73  0.81 8.04 0.65
) - - - - - -
() - - - - <= -
25  2.83  2.96. 2.60 0.72. 7.47 0.83
.(1) - X - - - . - -
26 1.0 1.7 o;és " 0.50 6.70 .0.85
6} - - - - -
27 - 2,35 1.7 357 0.5 531 0.4
(3) (o.62) (o. 36) (1.71) (0.05) (2.74) (o, 16)
(continued) .
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: 232.
b,)
CLASS D;SMINANT FREQ\'(kHz.) WIN. — MAX. DURA- -
(n) /- FREQ. FREQ. TION
- 'START NIDDLE END  (kHz) - (kHz) (sec)
. .28 0.75 3.59 ° 2.30 0.39 7.89 '1.26
(1) - - - R
. 29 0.55 0.69 1.09° 0.18 7.95 O0.71 . .
(2) (0.06) (0.30) (0.04) (0.08) (0.24) (0.09) .-
30 0.77 0.80 1.46 0.33. 6.75 0.55 . =
(2) (0.06) (0.18) (0.14) (0.04) (0.08) (0.04) '
, ;}?1) 0.45  3.04 1,03 0.29 7.38 0.75 C
1 - ) - - - - L o L

.

32
(1) -
0.95 - 1.01 1.92° 0.80

. 33
o

?4) 0.62 1.08 1.67 0.53 '
1) -

1.60 1.30 1.58 J0.72

.35
-

36 1?28 1.24 6.60 0.49
v (3) ‘(0.14) (0.16) (0.13) (0.09) (

2.05° 1.33  0.66 0.31 .

1

3.44  1.05

4.88 1.22

.

4.70 /3.20
2.‘44) (0.17)

3.61 0.50

2.53  2.81 "3.19 0.55 B.00f 1.15 -

2,13 0.79 .

37" ,
- . (2) - (0.69) (0.26) (0.18) (0.04) (1.15) (0.07)

38 " 1.47 0.69 0.72 0.24 5.44 ' 1.60
(1) T - - - - -
39 0.63 0.75 0.74 0.50 2.45 0.23
(4) (0.11) (0.18) (0.18) (0.13) (1.06) (0.10):
oL . . %
40 0.77 0.75 0.43 0.28 - 1.50 0.21
A (4) (0.21) (0.18) (0.08) (0.08) (0.87) (0.02)
" 41 3,50 4.02° 4.87 2.48 6.38  0.07 .
: (144) (1.42) (1.21) (1.53) (1.38) (1.51) (0.10) .
(continued) i
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CLASS DOMINANT FREQ (kHiS’ MIN. .

MAX.

DURA~

{n) - FREQ. FREQ. TION
START MIDDLE END  (kHz) (kHz) (sec)

42  0.69 1.08 5.70 7.16  0.15
~(23). (0.56) (1.47) (1 18) (o os) (0.96) (0.03)
?3) 211 0.55 4.01 .0.23 7.45 0.14
1 - - - - - -
© 44 0,72 0.62  3:14  0.29  4.36 - 0.1

. (4) (0uv18) (0.17) (1.55) (0.20) (2.44) (0.03):

45, 2,39 . 2,39 238 .32 5.03. 0.02 .
S AT (1i39) $}.41) (1.42) (1.60). (2.26) (0.02)
Lot @65 0.61 0.1 041 048 - 322 0.04 -
LU (39) . (0452) (0.21) (0.22) (0.11) (2.16) (0.03)
o b
47 1.55 1.52 1.12 0.64 3.07 0.1t °
© (4) -(1.19) (0.18) (0.22) (0.32) (0.49) (0.07).
48 © . 1.42 © 0.83 1.31  0.58 - 2.48 0.12". .
(8) (0.22) (0.13) (0.17) (0.20) (1.10) (0.04)
49 .88 1.8t 1.85 0.50° 5.40° 0.19
(23) (0.63) (1.04) (0.55) (o.3o) (2.23)- (0.10)
.50 068 1.3 1730 0:29. 432 0.18.

- (31) . (0.33) (0.59)(0.98) (0. 21) (1.89) {0.10)
51 1.34  0.48 ' 143 0.18° 4,21 . 0.22 °
(70) (0.61) (0.27),(1.17) (0.09) (1.78) (0.09)
52 1346 '0.47. 0.75- 0.25 -7.63 ,0.41"
(4) (0.40) (0.55) (0.48)-(0.06) (0.25) (0.05)
53 % 1.40 1.65  1.83  0.81  3.35 - 0.17

(9) (0:61) (0.55) (0.63) (0.46) (1.62) (0.19)
54  1.54  1.47- (1.00 0.1 4,13 0.26
(26) (0.41) (0531) (0.40) (o(10) (1.§a)-(o.os)

557 0.49  0.41 0,39 0,22 1.48 . 0.08

(28) (0.21) (0a21) (0.21) (0.11) (1.39) (0.06)

(continued)
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CLASS DOMINANT FREQ (kHz) MIN. MAX.- DURA-

(n) ) FREQ. FREQ. TION
START MIDDLE END (kHz) (kHz) (sec)
' S6: 1.46  0.99 0.64 0.20 3.58 0.08
(25) (0.78) (0.33) (0.31) (0.09) (1.71) (“0.04)
57 0.28 0.3 0.76 0.14 3.i8 0.23
(162) (0.16) (0.22) (0.45) (0.04) (1.85) (0.10)
s® 024 0.41 074 014 135 0.5
~(4) (0.05) (0.10) (0.39) (0.03) (0.60) (0.04).
597 1.22--1.27  2.07  0.13 . 7.40 1.2 -
©.(3) (0.24) (0.87) (0.31) (0.01) (0.60) (0.13)
.60 -3.40 1.44 1.82. . 0.24 B.13° 0.73
(1) - - - e
‘61 0.39 0.31 0.75 .0.13  3.07 0.51
“(201) (0.38) (0.28) (0.52) (0.01) (1.74) (0.11)"
. 62 0.7V -1.57 0.87 ' 0.22 383 0.54
(2), (0.11) (0.:23) (0.02) (0.13) (0.33) (0.15)
63  0.97 0.47 1.51 *0.25 5.22 0.45
(3) (o0.46) (0.01) (0.39) (0.11) (1.90) {0.13)
64 . 0.64~1.69 1.72 0.18  2.88.- 0.44
(2) (0.23):(0.22) (0.27) (0.06) (0:18) (0.04)
?55 1.50 1.53 " '1.52 0.13 1.97 - 063
i Y . - -
S ‘ S
T 66 0.64 0.88 0.60 0.13 '2.99  0.64 )
(3) (0.03) (0.11) (0.09) (0.01) (1.29) (0.09)
67 1.48°.1.46 0.83 0.19 2.85 © 0.61
(4) (0.11) (0.09) (0.88) (0.08) (0.92) (0.04)
68 1.34 1.51 0.59 0.18 7.04 0.93
(') - - { - - o - -
69  0.31 . 0.33 ‘0.83 0.13 .2.39 0.94

'(29) (0.17) (0.38) (9L79)-- (0.01) (1.‘_52) (0.13)

(continuéd)
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N

(kHz) MAX. DURA-
(n) : _ FREQ. FREQ. TION
START NIDDLE END “(kHz) (kHz) (sec)

70 0.56  0.5%  0.54 043 3.63 332
(26) (0.52) (0.40) (0.44) (0.p2) (2.17) (2.15)
7M. 099 0.59 1.02  0.23 2.05 1.55

" (2) (0.37) (0.16) (0.84) (0.01) (0.13) (0.13)--

< '(72)-;_ 0.43 0.13 0,54 . 0.13  2.91  2.57

{1 - - - .- e * -

C 73 .. 048 . 0,21 031 0.5 0.33° 1,05
-(2) . (0.01) “(0.08) (0.02) (0.01) (0.06) (0.33)
74 .. ‘0-7% 0.7 0.2 043 2.01 4'1."36
(n - - - - - -
75 0.39 0.1 0,54 0.3 2.92  0.49
(2) (0.06) (0.03) (0.01) (0.01) (2.05) (0.t4)
76 0.54 0.09 0:49  0.12° 2:89 0.62
(4) (0.+6) (0.10) (0.26) (0.00) (0.93) (0.02)
77 2.40  0.00 2.10 0.3  7.19  0.33
(2) (2.40) (0.00) (1.27) (0.00) (0.64)-(0.01)
©78°  1.68 0022 1,50 0,12  3.94 .o.__7_i,3'_'___<
(1)) - - Ca - = -
79 7 1,46 T0.06  0.27 013 3.3 0.46
(7) (0.62) (0.16) (0.20) (0.01) (1.75) (0.08)
80  0.95 0.0 0.50 0.5  4.25  0.57
(4) (0.53) (0.12) (0.30) (0.01) (2.44) (0.20)
81 1.80 1.21 1.5  0.60"  5.09 0.79
(5) (0.47) (0.18) (0.48) (0.32) (2.07) (0.23)

82 1.06 0.94 0.9 0.15 4.9 1.3

o (20) " (D.65) €0442) (0.51) (0.05)-(1.66) (0.17)

83 0.89 0.47. 0.52 -0.13  3.41  0.88

- (23) (0.45) (0.31) (0.33) (0.01) (1.24) (0.14)

CLASS DOMINANT FREQ

WIN.
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. . (1)

- N ‘; o - -
CLASS DOMINANT FREQ (kHz) MIN. . MAK. DURA-
(n) - ) FREQ. FREQ. TION
a ' START MIDDLE END (kHz) (kiHz) (sec)
B4 1.4 1.01° .86 0.7 3.7 0.90
- (5) (0.22) (0.16) (0.92) (0.07) (0.28) (0.16)
E(!S) 0.94 1.67 1.72 0.2 2.62  1.59
.t 1 - - - - . - -
86 1.82 0.89 1.55 0.20 - 6.66 . 2.38
(14) ~+(0.74) (o 35) (1. 23) (0.07) (1. 64) (o 70)-
87 . 1.72  1.35 1.25 0.47  4.73 3.65 .
(4) (0.92) (0.14) *(0.34) (0:24) (2.21) (1.36)
. BB - 3.06 .1:37 0.73 0.62 .4.71 0.38
1 (2) (0.32) (0.45) (0. 25) (0.35) (0.21) (0.12] -
89  0.65 0.61 0.66 0.44 0.96 _1.00
(1) - - - - ] -
9  1.80 1.83 0.69 0.52 3.84  1.03
(2) (0.16) (0.18) (0.18) (0.19) (0.28) (0.00)
91 1.40 5.28 0.61 0.41 3:66  1.b6
(1) - - - - - &
92 1.8 1‘.35 0,92 0.24 2.3  3.32.
(1) © - |- - - - -
93 1.29 ql.g '0.60 O, 13 6 39 2.03 .-
(3)  (0.48) (0.74 (o 65) (0.01).(2.37) (0.17).
-?4) 1,57 .1.09  2.32. 035 373 0.41
1 - - = - - .
95 . 0.82 0.65 1,03 0.56 6.64  1.26
(M - - - - -
96 2.05 1.22 1.92 0.22 3.97 2.1
SR 3.98 294 042 773 5.97
BURN C D - - - - -
‘ (continﬁed]
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“CLASS DOMINANT FREQ (KHz) WIN. WAK. DORA-.
(n) ' ______ FREQ. FREQ. TION
- START MIDDLE END  (kHz) (kHz) (sec)
‘98 1.9 .42 1,34 0.5  3.20 1.49
(10) (0.21) (0.23) (0.26) (0.18) (4.62) (0.25)
99  1.09 0.24  0:25 0.13 2.19 0.72
(2) (0.36) (0.01) (0.08) (0.00) (0.30) (0.31)
100 1.11 1.86 2.35  0.13  6.61 2.88
(4) (1.16) (1.23) (0.82) (0.00) (1.27) (1.35)
101 2.76 2.28 3.44 - 0.13 6.98 1.11 .
(2) (o0.28) (0.30) (0.21) (0.00) (0.76) (0.40)
102. 2.28 .2.22 3.48 .50.23 6.60 1.54
(2) (0.26) (0:18) (0.08) (0.01) (0.30) (0.10)
103 3.06 2.66 2.79 1.05 . 6.29 0.20
(22) (1.70) (1.37) (1.53) (0.60) (1.77) (0.08)
104 3.37 3.25 3.35 0.47 6.26 0.15
(o TD TR T Tl e
105. 0.74 1.09 1.05° 0.39 3.8 0.21
(mn - T T T
106 2.32  2.63 2.26 0.13 5.82 0.18
y LT T T T T
1?7) 0.79 2.69 2.86 0.36 7.9% 0.67 .. ..
1 - - - - - -
108 1.10 2.11 0.65 0.39 7T.12 0.51
(1) - - - - - -
709" 0.96 0.39 0.41 0.19 3.04° 0.32
(3) (0.55) (0.17) (0.17) (0.05) (2.54) (0.10)
o 2.03 0.59° 0.67 0.30 2.95 0.92
1 - - - - - -
) , .
111 -~ 0.91 0.61 0.85 0.22 1.76 0.78
(1 - - - - - -
A (coﬁtinugd)

. . .
B e m?‘vvluwr‘f"“""“'"* e e e e e

|
3
f :

e e Tamn m s mmae o L el

j e T s q:l'-m;_»,__-':,.;,'...,.... aaf e b d i
W“‘" 04 > B - PP



v

[V S

e S B g, VR ey > ey s, .

TR DOHINANT PR (kHzT MIT, WA, DURA—

(n) " FREQ, ,JFREQ. TION

START WIDDLE END. (kHz) (kHz) (sec)

v

112 3.83 043 0.46 0,16 T7.56 0.48
(2) (0.51) (0.04) (o 08) (o.os) (0.69) (0.13)

1}3) 0.74 3.07 4.66 0.33 7.35: 1.08

,1 . .- .o - ‘ - ’ . . -, -

113 3295 2.56 r.66 0. 8% 7.81 0.37 ° °
(2) (2. 26) (o 70) (o 40) (0.50) (0. 10) (o 13) .

'1:1(5)- 288 3.42 '1.34 .as 5. 34 0. 67
i - - -

A -
T
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e t
s
L322 .
v -
. . f
v
-
1 L} "
v . ’
N '
N v
.~ ’
4
'
[y
+ 0
\
. h
. -
1
1
Ve
DY L]
.: ’
. v : <
e T TR PRy
M +

i

238

%’ i}

% . T L A




IT- ’ # 4;\
8 bR | i .

& -h: i [] ‘ i Jrﬂ}‘:ﬂ |J"U -*"‘.'? LY ia r













