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ABSTRACT

A negative relationship between cetacean body size and tonal sound minimum
and maximum frequencies has been demonstrated in several studies using standard
statistical approaches where species are considered independent data points. Such
studies, however, fail to account for known dependencies among related species—
shared similarity due to common ancestry. Here we test these hypotheses by gen-
erating the most complete species level cetacean phylogeny to date, which we then
use to reconstruct the evolutionary history of body size and standard tonal sounds
parameters (minimum, maximum, and center frequency). Our results show that
when phylogenetic relationships are considered the correlation between body size
(length or mass) and minimum frequency is corroborated with approximately 27%
of the variation in tonal sound frequency being explained by body size compared to
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86% to 93% explained when phylogenetic relationships are not considered. Central
frequency also correlates with body size in toothed whales, but for other tonal sound
frequency parameters, including maximum frequency, this hypothesized correlation
disappears. Therefore, constraints imposed by body size seem to have played a role
in the evolution of minimum frequency but alternative hypotheses are required to
explain variation in maximum frequency.

Key words: evolution, adaptation, independent contrast, scaling, communication,
phylogeny, tonal signals, toothed whales, delphinids, Mysticeti.

Cetaceans produce an array of sounds that can be broadly categorized as tonal
sounds, pulsed sounds, echolocation clicks, and graded sounds (combination of pul-
sative units and tones) (reviewed by Richardson ez #/. 1995). Apart from echolocation
clicks, tonal signals are among the most studied cetacean sounds. Although similar in
their acoustic structure, tonal sounds may be produced by two different mechanisms,
possibly laryngeal in baleen whales (Frankel 2002) and in toothed whales sounds
are thought to be produced by a complex nasal system (e.g., Cranford ez 2/. 1999,
Cranford 2000).

In baleen whales, tonal signals are narrowband, low in frequency (<5 kHz), and
often produced in a stereotypic fashion (Clark 1990, Richardson ez @/. 1995). These
signals are associated with a variety of behavioral contexts such as feeding (in Enbal-
aena australis, D’Vincent et al. 1985), courtship and group competition on breeding
grounds (e.g., in Megaptera novaeangliae, Tyack and Whitehead 1983, Helweg er /.
1992), and other social behaviors (e.g., Enbalaena glacialis, Parks and Tyack 2005).
In toothed whales, tonal sounds (commonly referred to as “whistles”) have been doc-
umented in monodontids (e.g., Watkins e #/. 1970, Sjare and Smith 1986, Karlsen
et al. 2002, Shapiro 2006), most delphinids (e.g., Steiner 1981, Wang et /. 19954,
Rendell e a/. 1999, Oswald ez al. 2003), some ziphiids (e.g., Dawson and Barlow
1998, Manghi et a/. 1999, Rogers and Brown 1999), and river dolphin species (Jing
et al. 1981; Wang et al. 19954, 1999, 2001, 2006; May-Collado and Wartzok 2007).
Whistles are primarily used in social contexts such as group cohesion, group co-
ordination during feeding, and individual identifiers (e.g., Dreher and Evans 1964;
Caldwell and Caldwell 1965; Caldwell ez /. 1973; Janik et al. 1994; Tyack 1999,
2000; Herzing 2000; Janik 2000; Acevedo-Gutiérrez and Stienessen 2004; Wat-
wood ef al. 2004; Fripp e al. 2005; Pivari and Rosso 2005). Delphinid whistles vary
across populations and species: Acoustic parameters such as duration and modulation
tend to vary intraspecifically (e.g., Wang ez /. 19955; Barzia-Durdn and Au 2002,
2004; Morisaka et /. 20054) whereas frequency components vary across species (e.g.,
Steiner 1981, Wang ¢t a/. 19952 Matthews ef /. 1999, Rendell ez 2/. 1999, Oswald
et al. 2003). Intraspecific variation may result from adaptation to local ecological
conditions or geographical isolation and genetic divergence between groups or pop-
ulations (e.g., Wang ez al. 19955, Barzda-Durdn 2004, Barzda-Durdn and Au 2004,
Azevedo and Van Sluys 2005, Morisaka er 2/. 200554, Rossi-Santos and Podos 2006).
In addition there may be variation at a finer scale, such as within individual, between
sexes, groups, efc. Interspecific variation in frequency components may additionally
be the product of zoogeographic relationships (Steiner 1981), habitat (Wang ez a/.
19954), morphological constraints (Wang ¢t a/. 19954, Matthews ¢t 2. 1999, Podos
et al. 2002), and phylogenetic relationships (e.g., Steiner 1981, Wang et a/. 19954,
Matthews et a/. 1999).
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Body size is one of the most important morphological factors believed to influence
animal signal frequency (Marquet and Taper 1998). Broadly, body size and the size
of sound producing organs correlate (Fletcher 1992) and size of vocal tract places
physiological constraints on signal production. For example small body sizes (small
sound producing organs) limit animals to the production of relatively high-frequency
signals, which are more subject to sound attenuation and degradation, limiting the
range at which animals can communicate (Gerharde 1994, Gerhardt and Huber
2002). Some insects and anurans have solved this problem either by using alternative
strategies (e.g., using plants as acoustic baffles, calling from elevated positions, emit-
ting signals from burrows) or by having structural modifications that allow them
to produce lower frequencies (e.g., some grasshoppers, cicadas) (Gerhardt and Huber
2002, Lardner and bin Lakim 2002).

In cetaceans, body size has been suggested as a major factor influencing both the
maximum and minimum frequency of tonal signals (e.g., Wang ¢¢ /. 19954, Matthews
etal. 1999, Podos ¢t al. 2002). Using standard statistical methods, these studies found
a strong negative relationship between body size and maximum frequency (Wang
et al. 19954, Matthews et al. 1999, Podos ¢t a/. 2002) and minimum frequency
(Matthews et @/. 1999) with up to 97% of variation in frequency being explained
by body size. However, these methods assume species as independent data points.
Felsenstein (1985) emphasized that interspecific comparative studies face the problem
of non independence. Failing to account for known dependencies among related
species and recognizing that similarity in size or whistles may be due to common
ancestry artificially inflates the number of observations (and degrees of freedom) and
correlations or regressions based on such observations are suspect. Correlations imply
that a change in the independent trait will result in a change in dependent trait.
A single, uniform, large clade of small species with high-frequency whistles offers
little evidence of correlation as no change is observed in either trait. Of course, these
data do not directly contradict the correlation hypothesis, they are just insufficient
to strongly test it. That is, when the phylogeny is consulted it becomes clear that
the number of valid independent comparisons of values for the two traits is far
less than the number of species in the clade. However, if these small species were
scattered in the phylogeny among larger lower-pitched species, they would provide
multiple observations of changes in body size accompanied with a change in pitch
thus offering stronger support to the hypothesis of correlation. A series of methods
has been developed to account for known dependencies among related species using
phylogenies (reviewed by Harvey and Page 1991, Martins ef 2/. 2002).

The goal of this study is to reevaluate the hypotheses that variation in maximum or
minimum tonal sound frequency across whales is correlated with body size, and then
test more specifically this correlation in toothed whales with reference to “whistles.”
We explore the relationship between several cetacean tonal signal frequency characters
and body size using a comparative phylogenetic approach. Our results also cast light
on the evolution of body size and the evolutionary history of tonal sounds.

METHODS
Data and Definitions

Published data on body size for length (m) and mass (kg), and standard frequency
variables of tonal sound (kHz) were obtained from various sources (see Table 1).



MARINE MAMMAL SCIENCE, VOL. ** NO. **, 2007

ponuiuo?)

900C 77 #30ydieg 99100 ¢¥10°0 €880°0 ¢¥T0
GG6GT 77 70 SMIYIIBIN 0200
Y661 77 #2 pIogers  ZL10°0 68100
00T 77 42 J1A0J1S 68100 L1200
00T 77 42 SU IR/ 0¢0°0 zc00
L661 77 # peqsuniy 1100
€00T 121D 2 1PFUIP
01 "wwod ‘s1ad ¢z Fury — zero
100¢T 77 72 pIogyeIs Z810°0 020’0
€00T 721D % PFUIPN LST0°0 ¢8T0°0 00T uPware] % §19quUap_Y  000°007 1€ snposndt g
G6GT 17 2 SMIUNE 8¢1°0
€00¢ 77 # Ya1[uisH L0200 6L0°0
€661 sppd 60°0 081°0
9861 7» # sSurwwn) L0°0 SHT0 00T uewnw] ® S1aquapdy  000°¢C 9°CT waps g
€00C 77 #2 prevo@> W 10~ 1
G6GT 17 12 SMIUNE €T
1661 77 12 uoImoOU| 4 <1 l ¢ 200z vewite] ¥ 512qUIpIY  000°CT €81 Sippadog g
¢00¢ ueunIe 2
é 4 é 4 4 S1aquaptay ‘z00z JaIstuued  00S'CT  LOT  Ssuaruog vandousryrg
6661 17 10 SMIYIEN ¢LT°0
¥861 uosuyo[ ®35e[) <00 <00 €0 1 00T UapIYS
861 77 # peiqSunlT 200 60°0 910 4 »® y3ny ‘zo0z PIstuueg  000°00T 861 snponsku g
¢00¢ ueune %
€00Z rAL ® pred €00 00 é yIe CTTIT  839quapmy ‘00T J3stuueg  000°08  0°LT sypiw)s vuswprg
13901SAJA] JopIoqng
Sa0UAIPY UININ ~ UIIN J21U9) XN XeJN S20U2IAJY 3 w saradg
(zHY) sa1qerrea A>uanbaiy arasty m\ az1s Apoq
WNWIXBPN

So[qerrea %Uﬁwjﬁuw.@ punos 1euol piepuels pue 9Z1s .\ATOD_ Ueade197) Uo viep Twﬂmﬂﬁﬂﬁm JO MaT1AYg

‘11971,



MAY-COLLADO ET AL.: PHYLOGENY AND SOUND

PINUIIU0?)
®/U ®/U ®/U ®/U ®/U 2007 uewre] » S1oquaproy ¢ 86 smyppnduy uopoosadCry
6661 77 12 SMIUNB 09
8661 mo[Ieq 2 uosme( ¢ 4 ¢ 0’8 7007 uewne] 2 S10quaploy  000‘TT 81 (#2Xunuv ) 1psvq suipaviog
seprydrz
B/U B/U B/Uu B/U B/U 200z uewre] 2 S12qUapY  000°LS  $'0C suppgdarosovue 42125 g
aepralasiyd
13 ¢ 13 ¢ ¢ 2007 ueunre] » Sraquaplay 01¢ L'C (vuurs) snaurs
¢ ¢ ¢ ¢ ¢ 200Z veunre] ® S10qUapy  00%  L'¢ sgoranuq 130
sepngoy
139203U0p(Q) JIpIOgNng
6661 77 12 SMAUNEN L0°0 200¢ veunre %
2661 038D 2 uique( ¢ 90°0 ¢ CCT1°0  SI2quaplay fZ0Z ¥Istuueg  00S'C <H'9 prourSavi v4dr))
6661 77 72 SMIYITE 8011
6L6T 7@ 3URH  CZ6'0 STO CI¢T ¥ T00T uewae] ® S1oquaply  000'8y  0°61 vy Suvovaou vidrsIW
6661 17 19 SMIYIIB 0¢T°0
Y861 77 4 widqyed <70 €0
VL6177 9 Usiy 10 0
8961 77 12 sSurwwny) 200 0 200z zaremg 2@ sauo[ 000°¢E T¢I SnIsnGoL SHIIGILIGISH
G661 72 47 SMAYIIBN 290°0
7861 pa1ag ® vosdwoyy, 0zZ0'0 L10°0 v0'0  8¢0°0
L86T surpie\ 8100 €200
8861 sppd 010°0 811°0 00T uewnre] ® S10quapy 00006 LT snppskqd g
REBIEIEIEN | UININ  UTIN 19IU9)  XININ Xe RERIVEICIEN | Sy w saradg
(zHY) sa1qerrea A>uanbaiy afasty x\ az1s Apoq
WNWIXEN

‘panunuo) 7 997,



MARINE MAMMAL SCIENCE, VOL. ** NO. **, 2007

‘panuriuo)

¢ : ¢ ¢ ¢ zoogodsary  ¢C LU mypraurv)g viodoruod
aeprrodoluog
900z 77 #3ue\ 6% 8¢ 19 9%

6661 7@ Buepm  CLG6Y 8¢ ¥8°¢ ¢y 00¢ uewnre]

6661 77 12 SMAYITBIN 09 2 819quap1ay Z00z BATEY 091 (44 saf1ppexa0 $21042
aepnodry
200z ofriniy, » sopeuerszei ¢ !
100T ‘BC661 77 9 Suepy  $$°T o L6°C 9T°¢

6661 77 10 SMIYNEN SLe 00¢ ueunre %

LO0T ozaaep\ ® ope[[oD-Ae]N  90°CT  €0°C IL%C  01'8% S19quapiy ‘200 BATIS B 091 9'C szsuaaffoss viug
epruy
¢ ¢ ¢ ¢ ¢ 200z ueunre 2 SPquapay ¢8 <z vaSurs vistuviv]q
aepnsruele[J

¢ ¢ ¢ ¢ ¢ qz00g uewiig ¢ 0’8 sunfuvd sngprvdopuy
¢ 4 14 14 ¢ 00T PPN 14 0L 1paagdaqs sniavusy],
4 4 4 14 ¢ 200z uewnre] ® S19quapI  000°¢ <L stag5042003 S03q1 7

00¢ ueunre %
4 é 4 14 4 S1quopiy ‘0T UBWId  €CO'T  €LH Sragsossudp "W

00¢ ueunre  x
4 4 4 14 4 S12quapiy ‘ez(0T UrWId 14 S suaprq uopodossn
¢ ¢ ‘ ‘ ¢ 200 uewire X 519quaproy ¢ S suosfruvyd "
$90U2I9JRY UININ  UT]N 391090 XN XEN $90U2IJRY 8y w saradg

(zHY) se1qerrea A>uanbaig arasty x az1s Apoq
WNWIXBJA

‘panuniuo’)

‘11971,



MAY-COLLADO ET AL.: PHYLOGENY AND SOUND

ponuriuo’)y

100T Y231a03 J°g

® AOHIPY 66'1 911

9861 Yrws » 21elg 8¢'¢ 0 ¢y 8°¢T c00¢

c00¢ 77 42 Uas[Iey] 8¢ 0 89 9°61 urWIIET 29 S19qUIpY
6661 77 12 SMAYNBI 68°¢ 2007 @2m01D)-41310).0  00¢T ¢¢ spnay snaandrurgdiaq

900z omdeqs 810 09¢°0 8T'L %88

G6GT 77 10 SMIYNEN (A c00c

0LGT 77 12 SUB YR/ S 0T uewIe] % §I19qUapIoy
8/6T I2ysI] 2 piog ¢0 81 {200Z UasuaBIg[-opdH 0091 LY SHADIOUOUL UOPOUOTAT

SEPHIUOPOUOIN

Z00T OUrBWY ‘7007
E/u E/u e/u B/u B/u uewIte % §19qUIpIY 001 61 soprouswsogd vusroqdosN
B/U B/U ®/U B/U ®/U ®Z00Z U0osIagpa( 002 6¢°C 1ypp saprousngd
'/U ®/U B/U ®/U ®/U 00T sohay ¢ 0¢C stunrdrurds g

200¢ ®321308T-o[Twese(
®/U ®/U ®/U ®/U ®/U 29 oypeIg-seloy ¢ 71 snuts g

00¢

ueunIey 2 S19qUapIY
®/U ®/U ®/Uu '/U ®/U £200Z 437101, 2 2518lg 06 4 vu2010qqd vua0i0qq

©Z00T 1[PPOOD 12007 Loty
B/U B/U ®/U ®/U ®/U uewIe] 29 SI19qUapIaY <11 T vUarI0qdo|raisnyy
aepruaodoyq
eapruoydpa( Arure sadng
$90UIAJY UTININ U I9UdD)  XWIN e $90UI9J9Y 8y w saradg
(zHY) se1qerrea A>uanbazg arasty m az1s Apoq
WNWIXBJA
‘penunuo)y - 191971,



MARINE MAMMAL SCIENCE, VOL. ** NO. **, 2007

‘panuziu0)

€00C 77 42 PremsQ VL 9°¢l
6661 77 12 SMIYITBIN 18'S

C66T AemSpry » 2300 9 8Y Co'T1 861 ®Z00T UnId 00¢ IS4 szqdpap snurqdpq
¢ ¢ ¢ ¢ ¢ zooz &sdrr - 911 0°¢ nuosad ]

200z £3ysdrT ‘2002
¢ ¢ ¢ ¢ ¢ ueunrey 2 S19qUapIY 911 1°¢ s1ppa0q surqdpapossey

6661 17 12 SMayNEN LE0T Z00¢ ueunre]
1861 Journg 17°8 14 y1'el ¢ Sraquapiay ‘zo0g ouenidi) 0¢c L'c v ]

6661 WIX ¢1'8 el Z00¢ ueunre]

G66T 77 10 SMIUNEN 4! » $12qUapINY ‘700T
vCG6T 77 12 Suep 11°8 Y01 6791 ¢Le SIS X\ 2 3[22q2398/\ UBA 08 1C 14712590 ]

Z00¢ ueunre]

»® 12quapIyg 7007
¢ ¢ ¢ ¢ ¢ SISIN A\ 29 99qaI9eH\ UBA 181 ¢z suaprnbryqo |
13 13 l é 13 2200¢ [1EpooH 88 L8'T 42510149"]

HN\%&NH\&%
'/U '/U ®/U ®/U '/U qz002 [1BpooD <11 817 suqoulgiousdr|
B/u B/u ®/u e/u E/u Z00c uosmeq <L VLT nprsiavad "D
'/U '/U ®/U /U '/U 2007 uewireT 2 S19quapray 09 8’1 2404904 ")
®/U ®/U ®/U '/U ®/U 2007 uosme €9 191 vidosgns *7)
Z00Z ueware] % 12U05420420409
®/U B/U ®/U B/U ®/U S19quapIay ‘700 uosmeq 98 <LT sugoulgioppgdan
seprurydpq
SIOUAIYIY UININ~ UITIN 191U9) XININ XBN $IOUIYY | w saradg
(zHY) se1qerrea A>uanbazy arasty m az1s Apoq
WNWIXBA

ponuun) [ 097,



MAY-COLLADO ET AL.: PHYLOGENY AND SOUND

PInULIU0 )
1861 2uIAg ceL Y91
qeC66T 7 12 Bue  9%°¢ ¥6°0/98°1 COTT/CETT 9'1¢
€00C 77 # premsQ VL LT
6661 77 2 SMayNEN 60'8
C00g neassrog 1% 200g urwIe] 2 813qUapIdY  0C9 Oy Smwounay sdorsan],
1861 33U 9/°8 497!
C661 T10sHd 61°0T ¥ 891 70°¢c
$00¢ 0y ® veing-enzieg  99°6 9¢°L1 €T'se
200z ny » uem-enzieg  66°6 $8°0 <91 ¥C
€00C 77 12 premsQ 16 L€l
6661 77 72 SMIYNEN el ¢00¢ ueunre]
BCGGT 7712 Suep €06 16°¢ 49! ¢ee 29 S19quapIay ‘P00T UlIIRg L 9T'¢C sz4gs0415u0] *§
€00C 77 # premsQ 1’8 8¥1
6661 77 32 SMIYE  $8°9 11 LO6 cCTI 66'7C  TO0Z ueware] 2 S1oquapdy  9¢T ¥'C pqpooqna0) °g
6661 77 72 SMIYNEN 911 ¢00¢ uewnre ]
BCGGT 77 10 Surp\ 16'L S 7091 861 S13quapiay 97007 UHId  ¢H1 ¢C sypiuosf g
6661 77 72 SMIYNEN 9911
Y661 77 % UINN - CT'6 z9°¢l £00¢ A3m)
C8GT JOZIIeN\ 2 SUIYIBX  €€°Q ¢ ¢ 61 29 uosIdyPR( ‘qzo0 uosIdpe 08 0¢ auaufyy g
€00C 77 #2 premsQ '8 L'81
6661 77 72 SMIYNEN 1Z5%A4! ¢00¢ ueunre]
BCGGT 77 12 Suep  €L'8 cre LGl ¥1c 2 S19qUapIaY ‘qZ00Z U 611 LST  piwnuany pijousls
€00C 77 # premsQ L'L 14 ¢ ¢Cl 1 BZO0C U133 ¢¢T C¢C susuades -
RERLIERE) N | UTININ U 191027 XININ XeN RERLIERE) N | 3y w saradg
(zH) sa1qersea Aduanbaiy apasty x\ az1s Apoq
WNWIXE
parnunuo)y [ a97],



MARINE MAMMAL SCIENCE, VOL. ** NO. **, 2007

10

ponuriuo’y

€00C 77 72 PIemsQ 9°¢ 19
6661 717 12 [[9puayg S 0 L8°0T 9¢C suepulg 00
6661 17 12 SMayNEN L8[ 200T uewre] 2 519qUapRy  0$6¢ 'L 21qdangorD
¢ ¢ ¢ ¢ ¢ 2007 uewre] 2 S12quapray e LT vIvnuY vsaia g
€00T 77 72 PIemsQ €09 6
GGGT 77 72 SMIYIIBIN 99 Y661 uliIad
8961 21Zpaiz(  J[ausng ¥ 0L eseAI]y ©9Z00g uosiapa[ ¢CT 9z SISUIUDPALG 0UILS
c00¢ 77 #2 s0pod 8T°6 €9°¢I
Y00 OPWIS X 191 1ZC°0T  T1¢€0°'T cIeer oYL
C00CT OEWIS 22 OpaAdzZY 9L S0 ! 81
‘paystqndun
ozarep\ ® ope[loD-AeIN  HT'CT ViLC e T8¢
100 7661 77# Suepy  TOT  €9°¢ el 6€T
€00z sAn|g uea  opasazy 1T°L 4! €661 wSHmany
66GT 77 17 SMIYIIBIN 89°C1 200¢ S24014 0% 0c'e pipios
Y661 UoI3I0D) 2 Z3NIP 'l 0c¢
LLGT 77 42 uapulqz ¢ ¢00c uewre]
100Z U03a3{30D) 2 slrreq uep 1974 60 4 €91 (44 S12quapIay ‘Z00T $SOY 8¢ ¢ Sisusurg v§n0§
€661 77 42 poomIayIea] ¥9'L vel
panwqns 77 £ pleasQ  6¥6°'11 9¢'91
V66T 77 12 SUIEM 9¢°6 ¢y 691 0'%c 00¢ ueunre
G661 77 10 SMOUNEN 8l S19quapray ‘Z00z Felod 00T Co'T  1as0q srqdpaponssyy
$90U2I9J9Y UTINIA UrN 191U90D) XN XeN $90U2I9J9Y Y w saradg
(zH) sa1qerrea Aduanbaig apasty x az1s Apoq
WNWIXEA
ponunuoy [ 91971,



11

MAY-COLLADO ET AL.: PHYLOGENY AND SOUND

(€00T 77 12 A91seag pue COQ7 7 12 BYUNY) UT S[1e1ap 295) sardads areredas e aq Aew yoea
JBU3 9DUSPTAD 1U2I3J ST 9193 JIAIMOY ‘(ULIeW pu® dULIAALI :59dA1039 0m3 Yirm) sa1dads [Furs auo se paiead [[13s 1w sa1dads asays Jaded siya ug,,
(T161 SPYeT) »oridory vuaingd se paziugodas moN,

9002 77 72 42s1y 9¢'¢ ¥9°Cl
100 77 2 waswoy, S e 66 L9
6LGT 77 72 IUIANG c00 6’8
G66T 77 10 SMIUYNEN 0°¢
7861 Aoaqmy @ wdEq LTy 199
6861 PIog 1! 81 200z uewnre] ® S1oquapy  00<‘ 0T SL'6 D240 SIULIA()
000C 77 # slired uep ¢ 11 4 74 09 200g ueware] 2 S1aquapoy 0¢T CLT s M150410049 D][27I4()
€00C 77 12 premsQ LYy 19
6661 77 72 [[2pUay 1378 8T 6T'8 1'81 C00c ueunieT 22
6661 77 17 SMAYNBN 89 S12quapiay ‘Z00z pireg 0022 9 SUIPISSPAI DIOPHIS
L6GT 77 70 SUTIE/N\ ¢ ¢ye
panrwuqns 77 1 pemsQ  18¢°8 y1°C1 4190]2
6661 77 12 SMAYNBN <Lzl 2007 uewAIIng <Lz <Lz vypgdaruodsq
6661 17 1 [[9puayg £8'8 06°1 vrer 8¢l
100 s{13ed UBA 2 UOIIO) 6¢ 0c
666T 77 17 SMAYIIBIN ¢11 200z ueunre 2 S12quapoy 00¢ ¢y SHaS2AT SHduva )
1861 Jaurng [4: 4 91ILY
6661 717 1 [[9puayg 8¥'¢ ¢0 98'8 (A4
6661 77 17 SMAYIIBN Yy 200g uewre 2 S1aquapray 0¢LT €9 swjou 5
S90UAIPY UITININ  UIIN 321090 XN XeW SIOURIJY 8y w saradg
(zHY) sa1qeriea Aouanbaig arasty x az1s Apoq
WNWIXBN

ponuriuo’)y

‘191971,



12 MARINE MAMMAL SCIENCE, VOL. **, NO. **, 2007

Tonal sounds are produced by both baleen whales (Mysticeti) and toothed whales
(Odontoceti) and were defined as narrowband sounds that can be relatively constant
in frequency (e.g., Lipotes vexillifer, Wang et al. 2006; Sotalia fluviatilis, Azevedo
and Van Sluys 2005; Stenella longirostris, BarzGia-Diran and Au 2002, 2004; baleen
whales, ¢.g., Mellinger and Clark 2003, Watkins ez 2/. 2004, McDonald ez /. 2005),
but also greatly modulated (e.g., Tursiops truncatus, Wang et al. 1995; Delphinapterus
leucas, Karlsen et al. 2002; Lagenorhynchus albirostris, Rasmussen and Miller 2002),
show variable duration (e.g., 0.01-1.3 s in Sousa chinensis, Van Parijs and Corkeron
2001), consist of a single or several units (Richardson ez 2/. 1995), and may or may not
contain harmonics (e.g., Lammers and Au 2003, Rasmussen ¢z /. 2006). Throughout,
we assume authors reported the fundamental frequency and that is what we discuss,
because not all state if measurements included harmonics or not. Toothed whale tonal
sounds (whistles) have been characterized as generally with fundamental frequencies
below 20 kHz (Richardson er 2/. 1995). However, this upper limit of around 20
kHz in many cases reflects limitations of recording equipment, rather than those
of whistle frequency production (e.g., the following studies in dolphins and river
dolphins: Wang er a/. 19954, b used a system response up to 24 kHz, Corkeron and
Van Parijs 2001 up to 22 kHz, Morisaka ¢t @/. 20054, b and Van Parijs ez /. 2000
up to 20 kHz; in ziphiids: Dawson and Barlow 1998 up to 20 kHz, and Rogers and
Brown 1999 up to 16.5 kHz; in belugas: Belikov and Bel’kovich 2001, 2003 up to
20 kHz, ezc.). Therefore, we do not exclude higher-frequency whistles such as those
produced by some delphinids, e.g., Lagenorhynchus albirostris whistles go up to 35 kHz
(Rasmussen and Miller 2001) and up to 41 kHz in Tursiops truncatus (Boisseau 2005)
or even higher, e.g., Inia geoffrensis up to 48 kHz (May-Collado and Wartzok 2007).
All tonal sounds considered for baleen whales in this study were those referred to
as exclusively tonal. We did not consider sounds that consisted of a combination of
pulsative units and tones for either baleen whales (see Heimlich e 2/. 2005, McDonald
et al. 2005, Parks and Tyack 2005) or toothed whales (see “graded vocalizations” in
Murray et al. 1998).

Although focus has traditionally been on toothed whales whistles, we also more
broadly examine the optimization of body size and frequency parameters of tonal
sounds across cetaceans. It is important to note that the two types of sounds may
be produced by different mechanisms (e.g., Cranford ez 2. 1999, Frankel 2002, Rei-
denberg and Laitman 2004) and sound production of tonal sounds may well be
convergent in baleen whales and toothed whales. However, to rule out their homol-
ogy, data external to this study would be required. Regardless of homology, body size
could similarly constrain frequency in the two types of sounds. Therefore, in addition
to analyzing them separately, exploring them together as potentially homologous, or
as potentially subject to similar constraints, seems worthwhile.

Phylogenetic Analysis and Ancestral Character Reconstruction

The history of character evolution on the phylogeny (character optimization) was
estimated using Mesquite 1.12 (Maddison and Maddison 2006). For this purpose we
here produce the most complete species level phylogeny of Cetacea to date by adding
two species—the blue whale (Accession number AY235202) and the fin whale (Ac-
cession number U13126)—to the phylogeny of May-Collado and Agnarsson (2006).
Cytochrome b sequences from Genbank were analyzed in a Bayesian framework us-
ing MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) with model parameters and
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search strategies as described in May-Collado and Agnarsson (2006). On this phy-
logeny we optimize body size and whistle frequency using weighted squared-change
parsimony (Maddison 1991). Weighted squared-change parsimony minimizes the
sum of squared change along all branches of the tree, weighting branches by their
length (Maddison and Maddison 2006). Because polytomies (unresolved relation-
ships among lineages) can compromise character optimization and tests of character
correlations, characters were optimized on a fully resolved tree, which is the ma-
jority rule tree resulting from the MrBayes analysis without collapsing nodes with
less than 50% frequency (using the contype = allcompat option). We mapped the
distribution of body length and mass and each of the following standard whistle
parameters: maximum, mean maximum, minimum, and mean minimum frequency.
We also mapped the distribution of center frequency, although it is important to
note that this parameter is not a direct measurement from the signal itself but an
estimation of central tendency calculated and defined by Matthews et 2/. (1999) as
the mean of f frequency measurements per call. To normalize the data all parameters,
were natural log transformed (Sokal and Rohlf 1981).

Ancestral character reconstruction for each frequency parameter and body size was
run separately. This was petformed for all species with available tonal frequency
parameters, and we also ran a separate optimization including all taxa. In species for
which we have more than one frequency value in Table 1, we selected the highest for
maximum and mean maximum frequency and the lowest for minimum and mean
minimum frequency (selected values shown in bold). The maximum reported value
for both body length and mass was used for all optimizations. Assuming a normal
distribution a mid point value for all variables optimized in this study would be
preferable, but sufficiently detailed data are available only for very few species.

Phylogenetic Comparative Approach: Independent Contrast Method

To account for dependencies among of species, independent contrasts were calcu-
lated for each character. The method makes use of the phylogeny, and a model of
evolution (Brownian motion), to estimate the number of independent comparisons
between species, or groups of species, that can be used in a regression analysis. For
example, a clade of ten species that are invariable for the characters under study
does not constitute ten independent observations of these characters, instead phylo-
genetic relationships may explain the character covariation. Independent contrasts
were calculated using the PDAP: PDTREE module (Midford ez #/. 2005) in Mesquite
1.06 (build h47). This module analyzes data using the method of phylogenetically
independent contrasts developed by Felsenstein (1985). To estimate Felseinstein’s
independent contrast, branch lengths were used as estimated by MrBayes; branch
length transformations were not necessary (lack of fit test P > 0.05 for all parame-
ters). The current version of PDAP is known to have some error (see Midford et 4/.
2005) when calculating regressions if some taxa have missing values (unknowns, “?”),
although it is unclear how seriously it impacts the analyses. Therefore, in addition
to using the full data set (where some of the taxa lack acoustic data), we also ran
analyses on pruned data sets where all species lacking the acoustic character under
study were removed prior to the regression analysis. These calculations are known
to be correct, however, pruning species from the cladogram affects both estimates
of branch lengths and optimization of body size (as available information has been
thrown out). Although we prefer the pruned analyses, it seems appropriate to report
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the values based on both types of analyses; the best estimates may lie somewhere in
between.

RESULTS

In the novel phylogeny (Fig. 1) the newly added blue (Balaenoptera musculus) and
fin (B. physalus) whales as expected, are placed within a clade containing other Ba/-
aenoptera, as well as Megaptera (humpback whale) and Eschrichtius (gray whale). The
fin whale is sister to the humpback whale as also found by Hatch ¢t /. (2006) and
Sasaki ez 2. (2006) but the placement of the blue whale is less well resolved (Fig. 1).
As the two are not each other sister taxon, these largest of whales provide indepen-
dent evidence of change in body size. In other respects this phylogeny is identical, or
nearly so, to the phylogeny of May-Collado and Agnarsson (2006).

Of the many changes in body size implied by the phylogeny the most conspicuous
are the differences between baleen and toothed whales (Table 1, Fig. 2). Correlated
with these changes in body size is change in tonal sound minimum frequency, whether
measured as mean minimum or absolute minimum. Body length explains up to 26%
of the variation in minimum frequency across Cetacea and 28% within toothed
whales and up to 66% of the mean minimum frequency in baleen whales, although
this should be interpreted with care as only four independent contrasts were regressed
(Table 2, Fig. 3). When considering body mass, the more commonly used allometric
scaling parameter but one more difficult to estimate in cetaceans, minimum frequency
(both mean and absolute) across all Cetacea is significantly correlated with biomass
(> = 0.135 for absolute, #> = 0.101 for mean). The correlation with mean mini-
mum frequency was also significant within baleen whales, but insignificant within
toothed whales, but absolute minimum was not significantly correlated with body

.00 | 1-00]1.00] 0.56f1.00 Y1.00 0z Yosi Yool mn!na‘nl oo

fo.41 floo & 9 0.1

Figure 1. 'The preferred phylogenetic hypothesis based on the Bayesian analysis of 64
cetaceans and 24 outgroups (gray branches). Numbers at nodes represent the posterior prob-
abilities values.
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Figure 2. Optimization of overall body length (m) on natural log scale. Species that are
known not to produce tonal sounds are denoted with “*” and “?” indicates poorly known
species.

mass within each group (marginally insignificant in toothed whales P = 0.052). In
contrast, body size explains virtually none (1% or less) of the variation in maximum
frequency across Cetacea and there is no correlation between body size and maximum
frequency in any comparisons (Table 2, results are the same using the raw data with-
out log transformations). The calculated center frequency is significant only within
the toothed whales (*> = 0.182 with length, 7> = 0.161 with mass).

The distribution of tonal sounds and optimization of body size across Odontoceti
is summarized in Figure 2. The phylogeny broadly implies that cetaceans were prim-
itively large and that there has been a gradual reduction in size in the lineage leading
to dolphins and relatives. However, this optimization should be interpreted with care,
including fossil data and information from outgroups will be necessary for a detailed
account of body size evolution in Cetacea. In addition, this broad pattern addresses
only a portion of the variation; there is much variation in body size at the level of
families and genera (Fig. 2). Finally there is considerable intraspecific variation in
body size, the exploration of which is beyond the scope of this paper. In general the
greatest variation in body size is among baleen whales, nevertheless, size variation
among the toothed whales is in the range of an order of magnitude in length, and
over two orders of magnitude in body mass (Table 1). Size variation in toothed whales
significantly correlates with absolute minimum frequency, and central frequency, of
their tonal sounds (Table 2). Hence, even if toothed whales whistles are fundamentally
different (produced by different mechanisms) from tonal sounds in baleen whales, size
nevertheless constrains minimum frequency in both sound systems. Independently
of body size, high-frequency whistles (both in terms of maximum and minimum
frequencies) appear to be derived (Fig. 4).
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Figure 3. Regression analysis between Cetacean body size and tonal sound absolute mini-

mum (A-B) and maximum (C—D) frequencies after correcting for phylogenetic relationships.

DiIscuUssIoN

The new phylogeny is the most detailed phylogenetic hypothesis of whales cur-
rently available. It agrees well with most recent studies in cetacean phylogenetics
(e.g., Hatch ez al. 2006, May-Collado and Agnarsson 2006, Sasaki ez z/. 2006, Nikaido
¢t al., 2007) and, therefore, provides an appropriate phylogeny with which to test the
correlation of body size and tonal sound frequency in whales.

Even after accounting for phylogenetic relationships, the hypothesis that the min-
imum frequency of whistle, or tonal sounds in general, is negatively correlated with
body length (Matthews ez 2/. 1999) is corroborated. Body mass is more typically used
in these regressions because it is thought to be a more accurate proxy for physiological
constraints. However, body mass is more difficult to estimate than body length in
cetaceans. When body mass is considered instead of length, only the correlation with
absolute minimum frequency is still significant within toothed whales albeit with
reduced explanatory power. Our results are congruent with Matthews et 2/.’s (1999)
hypothesis of a significant relationship between central frequency and body length
(but not mass) in toothed whales. However, a much smaller percent of frequency
variation is explained by body size after accounting for phylogenetic relationships
(for minimum frequency about 28% for toothed whales in our study vs. 86%—93%
in the study of Matthews ez z/. 1999).

In contrast, the hypothesis that tonal sound (or whistle) maximum frequency is
negatively correlated with body size (Wang ¢# a/. 19952, Matthews ¢z /. 1999, Podos
et al. 2002) must be rejected. Even though the phylogeny implies broadly that a
major decrease in body size and increase in maximum whistle frequency occurred
in the common ancestor of pandelphinids (Delphinida sensz Muizon 1998 4+ Pla-
tanista; May-Collado ez 2/., unpublished data), that single observation does not imply
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Figure4. Optimization of Cetacean tonal sounds standard frequency parameters (in natural
log scale).

correlation. In general, throughout the phylogeny, body size and maximum whistle
frequency vary independently with only a tiny portion of the variation in maximum
frequency being potentially explained by body size (Fig. 2, 3; Table 1, 2). We should
note here that due to limitations of recording systems in some studies (see Methods),
the maximum frequency of some species may be underestimated. Hence, we cannot
rule out that when better information is available results of regression analyses will
change. However, we do not expect the effect to be dramatic as we see no correlation
of body size and maximum frequency in baleen whales where limitation of equipment
is not an issue.
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Body size is known to be related to a variety of physiological, ecological, and
behavioral processes (Marquet and Taper 1998). In acoustic communication, body
size has been acknowledged as a major factor determining signal frequency compo-
nents. In insects, anurans, birds, and mammals negative relationships between signal
frequency and body size (particularly body mass) has been largely supported (e.g.,
Wiley 1991, Hauser 1993, Gerhardt 1994, Wang ez a/. 19954, Bennet-Clark 1998,
Tubaro and Mahler 1998, Matthews et 2/. 1999, Palacios and Tubaro 2000, Seddon
2005). However, as more comparative studies consider phylogenetic hypotheses, this
relationship in some cases no longer holds (e.g., Laiolo and Rolando 2003, Farnsworth
and Lovette 2005). We do find evidence in cetaceans that body size has constrained
the evolution of tonal sounds minimum frequency, although size can only explain a
portion of the variation. This suggests (1) that in the evolutionary history of whales
there has been a selection for low-frequency sounds, which, e.g., enable communi-
cation over long distances and (2) that the degree to which whales have been able
to respond to this selection through evolutionary history has been, at least in some
cases, constrained by body size. There is no evidence, however, that body size has
constrained the evolution of maximum frequency. This certainly does not imply such
constraints do not exist—no doubt body size constrains the maximum possible fre-
quencies. What it does imply is that, for maximum frequency, the range of tonal
sound frequencies #sed by cetaceans seems to lie outside the area where physiological
constraints would have an impact.

It is right to point out here that, ideally, recordings and body size measurements
should come from the same animal, to account for intraspecific size and frequency
variation. However, such data are simply not available. Given that body size and min-
imum frequency correlate even when such detailed evidence are missing, the likely
effect of their inclusion would be to increase the amount of variation in minimum
frequency explained by body size. We point out that intraspecific variation could, at
least in theory, be used as an independent test of these correlations—a study might
record and measure multiple individuals within species and explore the intraspecific
correlations of body size and frequency. For such a study, phylogenetic corrections
would not be necessary.

Environmental factors seem to be most important in driving the evolution of
acoustic signals in birds, insects, and anurans (¢.g. , Gerhardt 1994, Wiley and Richards
1978, Bertelli and Tubaro 2002, Laiolo and Rolando 2003, Couldridge and van
Staaden 2004, Farnsworth and Lovette 2005, Seddon 2005). This may also be the
case in the evolution of cetacean tonal signal frequency as has been suggested by
some authors (e.g., Wang et al. 19954, Morisaka ez /. 20050). Finally, social fluidity is
another factor suggested to influence tonal frequency within and across species (Bazta-
Durdn 2004). Studies are underway to examine tonal sound evolutionary history
taking into considerations some of these factors (May-Collado er /., unpublished

data).

Conclusion

Our results support the negative relationship in cetaceans between body size and
minimum tonal sound frequency (whether general tonal sounds, or whistles) as pro-
posed by Matthews ¢t 2/. (1999). This suggests that there has been a selection for
low-frequency sounds (enabling, e.g., communication over long distances) and that
the response to this selection through evolutionary history has been constrained by
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body size. In contrast, our results do not support the negative relationship between
maximum frequency and body size that has been proposed based on a phylogeny-
free analysis of the same data (Wang ez /. 19954, Matthews ¢ 2/. 1999, Podos ez
al. 2002). This suggests that if there has been selection for high-frequency sounds,
body size has not constrained response to it. In this study we focused on tonal signals
because these are the best-documented sounds in cetaceans. We do not suggest gen-
eralizing our findings to other organisms, or even to other cetacean sounds such as
echolocation clicks. It is not in dispute that body size imposes absolute constraints on
sound production in organisms in general. The question is whether such constraints
have come into play in the evolution of sound production in any given lineage. To
answer such questions it is invalid to use species as independent data points and
uninformative to allude to constraints observed in other lineages; rather, the lin-
eage of interest should be looked at in isolation using a comparative phylogenetic
approach.
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