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Due to the large gaps in the fossil record, the 

evolutionary history of the mammalian order Cetacea is 

incomplete and controversial. Increasingly researchers are 

utilizing molecular and biochemical procedures to supplement 

cetacean paleontology. One of these methods is the comparison 

of amino acid sequences of myoglobin among species of this 
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order. since this method is time-consuming and expensive, an 

alternative procedure is desirable. 

As a candidate for such an alternative, peptide mapping 

was performed on selected species of cetaceans. This mapping 

was done utilizing High Performance Liquid Chromatography 

(HPLC). Myoglobin was extracted from skeletal muscle, 

purified, digested with trypsin, the digest separated on a c-

18 reversed phase column, and eluted with a gradient of 

increasing acetonitrile concentration. The eluent was 

monitored with ultraviolet light at 220 nm, and the absorbance 

of individual peptides was. integrated and plotted. The 

characteristic peptide maps produced for each sample were 

compared, and the number of differences between samples 

tabulated in a difference matrix. Based on the amount of 

peptide similarity, a phylogenetic tree was constructed for 

the species represented. The identity of each peptide peak was 

determined through the use of retention coefficients. 

This peptide mapping technique produced data showing 

relationships between species sampled in close agreement with 

those determined from amino acid sequencing, paleontology, and 

other biochemical methods. The two species of Kogia form a 

separate grouping, with differences between the species. The 

same is true of the delphinids. Lagenorhynchus obliauidens and 

Lagenorhynchus acutus are grouped with Stenella coeruleoalba. 

as is Globicephala macrorhynchus and Pseudorca crassidens. 

Tursiops truncatus exhibits a close relationship to these five 
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species, as well as to Orcinus orca. Orcinus did not group 

with Globicephala and Pseudorca as closely as expected, and 

appeared as a close but distinct group. Phocoena phocoena and 

Delphinapterus leucas exhibited an extremely close 

relationship. Differences were apparent between populations 

of the same species. Samples were identified to genera from 

comparison of their peptide maps with those of known species, 

and families exhibited characteristic groups of peak 

sequences. Unknown samples were also identified through 

peptide map comparisons. It therefore appears that HPLC 

peptide mapping of myoglobin tryptic peptides is useful in 

studying cetacean evolutionary relationships, detecting 

differences in intraspecific populations, and identifying 

unknown samples. 
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CHAPTER I 

INTRODUCTION 

Inexorably tied to the sea, the whales and dolphins, 

members of the order Cetacea, are one of the most truly 

aquatic of all the various groups of mammals. Divided into two 

suborders, nine families, and seventy-eight species (Honacki 

et al 1982; Gaskin 1982; Corbet & Hill 1986; Vaughan 1986), 

these animals spend their entire lives in the water, feeding, 

socializing, and reproducing. Their collective habitat is made 

up of all the world's oceans, from shallow waters to deep 

seas, as well as, for some, freshwater riverine environments. 

Only with the pinnipeds (seals and walruses) and the sirenians 

(manatees and dugongs) among the mammals do they share this 

habitat. Largely because of this fact, man's knowledge of the 

cetaceans has been slow in coming and fragmentary - a mixture 

of myths, exaggerations, fears, and relatively few facts 

(Slijper 1962; Haley 1978). Only in the last century has 

research into these animals begun to present a clearer and 

more detailed picture of their biology, population dynamics, 

and distribution. Unfortunately most of this increase in 

knowledge has come as a byproduct of the almost complete 

extermination of many species of whales at the hands of modern 

whalers (Rice 1977). Perhaps this knowledge can now be put to 
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use in helping to restore populations of these exploited 

animals. 

Included in the recent explosion of knowledge of 

cetaceans is a picture of the evolutionary history of the 

order. Traditionally based on paleontological evidence and 

morphology, this developing outline has recently been 

supplemented by genetic, molecular, and biochemical findings 

(Gaskin 1982). Yet the story is far from complete, and a 

consensus as to its various steps is definitely lacking. Mode 

of origin, evolutionary pathw~ys, phylogenetic relationships, 

and taxonomy are constantly the source of debate among 

authorities in the field (Duffield 1989) . Determining the 

story of cetacean evolution is still an ongoing process. 

Increasingly, scientists have turned to the 

investigation of molecular and biochemical properties of 

cetaceans in order to shed new light on their evolutionary 

relationships. For example, chromosomal comparisons have been 

made among various species (Arnason 1969, 1972, 1974; Duffield 

1977, 1983, 1986; Duffield Kulu 1972) • Electrophoresis of 

hemoglobins and other proteins from various species, and from 

individuals of the same species has been performed for inter­

and intraspecific comparisons (Saluda et al 1972; Sharp 1975; 

Wada & Numachi 1979; Simonsen et al 1982; Andersen 1988; 

Winans & Jones 1988). Amino acid sequence studies of 

homologous proteins, namely myoglobin, have been conducted 

for a small number of species, and the results compared 
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(Lehman et al 1980; Goodman et al 1982). Protein sequencing 

determines differences in primary structure between species, 

which in turn provides information for arriving at an estimate 

of the relative degree of similarity between these species. 

It is assumed that the more similarity between two groups the 

more closely related the groups are; the more closely related 

they are, the more recently they diverged from a common 

ancestor (Jukes 1972; Klotz et al 1979). From such comparisons 

phylogenetic trees can be constructed reflecting relationships 

based on the sequences of the particular protein being studied 

(Jukes 1972; Dayhoff & Eck 1972; Klotz et al 1979). An 

evolutionary history of a group such as cetaceans can 

therefore be determined utilizing biochemical evidence as well 

as fossils or morphologies. Most often, however, such lines 

of investigation are used in combination to arrive at a 

consensus as to evolution. 

One of the earliest and most widely used group of 

proteins to be sequenced were the globins, namely hemoglobin 

and myoglobin. Since whale muscle tissue contains an extremely 

high concentration of myoglobin, it quickly became the protein 

of choice for sequence studies. By 1980 the amino acid 

sequence of myoglobin from seventeen different species of 

cetaceans had been determined (Bogardt et al 1980). 

Phylogenetic relationships based on the amount of similarity 

in the sequences among the · species were constructed and 
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evolutionary pathways inferred (Lehman ~ Al 1980; Dwulet ~ 

al 1980) . 

Protein sequencing is very costly and time-consuming 

(Williams et al 1988). Myoglobin, with its 153 residues, 

requires expensive equipment and trained technicians for it 

to be sequenced correctly in a reasonable amount of time (C. 

Head, personal communication 1986). In addition considerable 

amounts of tissue are required in order to extract enough 

myoglobin for sequencing (Hapner et al 1968; Rothgeb and Gurd 

1978). This last requirement makes this process less 

attractive due to lack of supply of whale tissue, resulting 

from the near extermination and consequent protection of many 

species (Sigma 1988). Because of these drawbacks, and the fact 

that the myoglobin amino acid sequence had been determined for 

at least one species of each modern family, sequencing of this 

protein in cetaceans virtually ceased after 1980 (Goodman et 

al 1982). It is apparent, ~hough, that much more can be 

learned about cetacean evolution from this protein. 

Another analytical technique, that of High Performance 

Liquid Chromatography (HPLC), offers a way to continue this 

area of research without the drawbacks of sequencing. HPLC is 

basically a separation process whereby a complex mixture, such 

as the various peptides resulting from a proteolytic digestion 

of myoglobin, can be separated, and the various components 

detected individually. The peptides detected can then be 

plotted in the form of peaks, producing a characteristic 



5 

"peptide map" (Lottspeich & Henschen 1985; Schroeder 1986). 

such a map provides much of the same information with regard 

to evolutionary relationships as that provided by amino acid 

sequencing, and as micromolar amounts are required for 

analysis by HPLC, it should be possible using HPLC to develop 

peptide maps of myoglobin taken from each species of cetacean, 

and from individuals of the same species, and to do so with 

a very small amount of muscle tissue (Engelhardt 1979; Yost 

et al 1980). Relative similarity among species, as well as 

possible discrete differences between intraspecific 

populations, could thus be determined. HPLC peptide maps are 

already used in the identification of hemoglobin variants in 

humans (Schroeder 1986). Ideally a "peptide atlas" could be 

developed, containing maps of every species of cetacean, as 

well as of individuals of various populations. From such an 

atlas phylogenetic relationships based on myoglobin, similar 

to those determined from sequencing, could be ascertained. 

This additional biochemical evidence would then be available 

for comparison with other phylogenetic data in the ongoing 

process of elucidating the evolutionary history of Cetacea. 



CHAPTER II 

REVIEW OF RELATED LITERATURE 

The taxonomic organization and phylogenetic 

relationships of the whales, dolphins, and porpoises has 

continued to be a source of ·controversy. Early naturalists 

considered these animals to be fish, although Aristotle 

recognized that they had lungs and hair, and nursed their 

young (Slijper 1962). In the seventeenth century Ray and 

Linnaeus correctly classified cetaceans as mammals, while 

Flower in the nineteenth century subdivided their order, 

Cetacea, into two suborders: Odontoceti, or toothed whales, 

and Mysticeti, or baleen whales (Haley 1978). Based primarily 

upon morphological characteristics, most authorities further 

subdivide the order into nine families and seventy-eight 

species. This classification is given in Appendix A. 

Various modifications of this classification scheme have 

been proposed in past years, based on evidence provided by 

paleontological, genetic, and biochemical investigations. 

Working almost entirely with fossils, Kellogg (1928) proposed 

dividing Platanistidae into two families: Iniidae, containing 

Inia, Lipotes, and Pontoporia, and Platanistidae, containing 

Platanista. He further proposed grouping Monodontidae and 

Phocoenidae with Delphinidae, separating Kogia into their own 
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family Kogiidae, and dividing the Balaenidae into the 

Neobalaenidae as well as Balaenidae (Kellogg 1928) . Rice 

(1977) proposed elevating the two suborders to full orders, 

and grouping Phocoenidae with the Delphinidae. Haley (1978) 

and Eisenberg (1981) agreed with Rice in the placement of the 

porpoises with the dolphins, but not in the elevation of the 

suborders to ordinal status. Hershkovitz (1966) split 

Delphinidae into two families: Stenidae, containing the genera 

Sotalia, Stenella, and Steno, and Delphinidae, containing the 

rest of the delphinids. Orr (1982) followed the same scheme. 

A more radical outline has been proposed by Young (1962), who 

recognized three superfamilies among the odontocetes: 

Platanistoidea containing the Platanistidae, Physeteroidea 

containing Physeteridae and Ziphiidae, and the Delphinoidea, 

containing Delphinidae, Monodontidae, and Phocoenidae. 

Harrison and King (1978) went even further, proposing five 

superfamilies, Ziphioidea and Monodontoidea in addition to the 

above three, with Delphinoidea divided into three families: 

Delphinidae, Stenidae, and Phocoenidae, with five subfamilies 

making up the Delphinidae. Kasuya (1973), studying the 

morphology of the tympano-periotic bone in extant species, 

favored placing Delphinapterus and Monodon each in their own 

family, while Duffield Kulu (1972), utilizing karyotype 

studies, found evidence for placing Delphinapterus with the 

phocoenids. In general, the classification of the mysticetes 

enjoys a higher degree of consensus than the odontocetes, 
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where this disagreement persists about classification at the 

familial level and below. 

It is currently accepted that taxonomic relationships 

of recent species and genera should reflect evolutionary 

descent (Dobzhansky et al 1977; Futuyma 1979; Vaughan 1986). 

The disagreement about cetacean classification mentioned above 

reflects the confusion and lack of knowledge concerning the 

evolutionary history of this group. Much of this confusion is 

due to the paucity of fossil remains, which has been 

supplemented in the last thirty years with often conflicting 

molecular and biochemical evidence (Repenning 1976; Gaskin 

1982). A general outline, however, has been constructed for 

cetacean evolution, with much controversy still surrounding 

the details. 

The oldest known remains to be identified as whales have 

been found in early middle Eocene deposits in equatorial 

regions of the world. These fossils - Protocetus, Pappocetus, 

Indocetus, and Pakicetus - have been grouped into the family 

Protocetidae of the suborder Archaeoceti or Zeuglodontia, the 

third major subdivision of the order Cetacea (Kellogg 1928; 

Duffield Kulu 1972; Gingerich et al 1983). All members of this 

suborder were extinct by the Oligocene (Duffield Kulu 1972). 

Because of cranial and dental characteristics, both Winge 

(1921) and, more recently, Van Valen (1968) believed that this 

family could easily be the form intermediate between the land 

mammal from which cetaceans evolved and the modern suborders. 
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Although the subject of much debate, it is now generally 

thought that whales arose from a terrestrial mammal group, 

probably the Mesonychidae, which inhabited the regions around 

the shallow areas of the Paleocene Tethys Sea. It is thought 

that members of this primitive group found it competitively 

advantageous to feed in the shallow waters, and natural 

selection favored a transition to an aquatic way of life (Van 

Valen 1968; Gingerich et al 1983; Gaskin 1982). Earlier 

authorities, mainly Winge (1921) and Kellogg (1928), felt that 

the majority of the characteristics found in the archaeocetes, 

as well as in primitive odontocetes and mysticetes, pointed 

to an origin of the whales from a carnivore-like mammal. 

However, more recent fossil finds, along with molecular and 

biochemical evidence, indicate a closer relationship between 

cetaceans and ungulates than between cetaceans and carnivores 

(Boyden & Gemeroy 1950; Duffield Kulu 1972; Beintema & Lenstra 

1982; De Jong 1982; Goodman et al 1982). These data support 

the view of many authorities, including Van Valen (1968), 

Eisenberg (1981), and Vaughan (1986), who favor a descent of 

cetaceans from the Mesonychidae, a family more closely related 

to the Ungulata rather than the carnivora. The mesonychids and 

the ungulates apparently both arose from the same primitive 

condylarth ancestor (Van Valen 1968) • A middle ground has been 

proposed by Duffield Kulu (1972) who thinks that cetaceans may 

have evolved from a creodont line just before the divergence 
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of the carnivore and ungulate groups. The definite origin of 

the cetacean lineage has yet to be agreed upon. 

Another source of controversy lies in whether or not the 

whales are monophyletic, biphyletic, or polyphyletic in 

origin. Early on, Kellogg (1928), utilizing fossil evidence, 

favored independent beginnings for all three suborders. 

Yablokov (1964) proposed a separate origin for each of the 

living suborders, based on studies of osteology and soft 

anatomy. Slijper (1962) also favored a separate origin, 

feeling that each suborder should actually be an order. Rice 

(1977) concurred. Van Valen (1968), however, took exception 

with Yablokov (1964), finding no reasons for anything but a 

monophyletic origin, after an examination of the arguments put 

forth by the latter. This view has received support from both 

Arnason (1972, 1974) and Duffield Kulu (1972), utilizing 

karyotypic evidence, as well as from investigators studying 

protein structure (Dayhoff et al 1972; Lehman et al 1980; 

Goodman et al 1982). Indeed, the similarities in the various 

morphological structures and genetic characteristics are too 

numerous to indicate anything but a monophyletic origin. As 

a result, in contemporary usage the cetaceans are considered 

to be a monophyletic order (Eisenberg 1981; Vaughan 1986). 

Following the appearance of the Protocetidae, the 

cetaceans appear to have diverged rapidly (Duffield Kulu 

1972). The archaeocetes (zeuglodonts) separated very early 

from the main evolutionary pathway, developing into two main 



11 

lines of descent. One line, comprising the family 

Basilosauridae, followed a road toward generally larger size, 

culminating in the huge, repti~e-like Basilosaurus (Zeuqlodon) 

of the late Eocene. The other line, the Dorodontidae, was made 

up of smaller individuals, more porpoise-like in shape. This 

line lasted until the early Miocene (Kellogg 1928; Duffield 

Kulu 1972; Whitmore & Sanders 1976). Barnes and Mitchell 

(1978) postulated that the odontocetes and mysticetes arose 

from the Dorodontidae, but it has also been proposed that 

these two archaeocete groups represent specialized lines 

derived from the main cetacean stem group (Kellogg 1928). 

Probably adapted only to warm, shallow waters, the Archaeoceti 

became totally extinct with the marine cooling of the late 

Oligocene, and the intense competition from better adapted, 

though primitive, individuals of the two modern suborders 

(Gaskin 1982). 

By the late Eocene, when the archaeocetes were 

flourishing, the first primitive odontocetes made their 

appearance. Represented by the fossils Aqorophius and 

Xenorophus, these primitive forms exhibited an early degree 

of typical odontocete telescoping, the antero-posterior 

shortening of the skull, which was not present in the 

archaeocetes (Duffield Kulu 1972). Kellogg (1928) placed them 

in the family Agorophiidae, and both he and True (1907) felt 

that they were ancestral to later odontocetes. New dating of 

the deposits in which these specimens were found, showing them 
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to be much younger than originally thought, has since 

disproved this hypothesis. However, the discovery of the 

fossil odontocete Andrewsiphius in late Eocene deposits, and 

its possessing of agorophiid characteristics, has once again 

revived the earlier theory (Gaskin 1982). In either case, this 

family is thought to represent a stage related to the modern 

odontocetes, either a side ·branch or directly ancestral 

(Miller 1923; Whitmore & Sanders 1976; Gaskin 1982). 

In the Oligocene, the odontocete family Squalodontidae 

appeared. The large number of fossils of this group suggests 

that they were successful throughout both the Oligocene and 

Miocene, though they died out in the early Pliocene (Whitmore 

& Sanders 1976) • Early on, these "shark-toothed porpoises" 

diverged into three relatively distinct lines of descent: a 

short-beaked line, represented by Prosgualodon, an 

unspecialized long-beaked line, represented by Sgualodon, and 

a highly specialized long-beaked line, represented by 

Neosgualodon (Kellogg 1928; Duffield Kulu 1972). Exhibiting 

a progressive advancement of the telescoping process, as well 

as varying stages of heterodont dentition, this family is 

thought by Kellogg (1928) to have descended from the archaic 

toothed whales, and to be closely related to the Agorophiidae. 

Kellogg also thought that this family gave rise to the modern 

families Ziphiidae and Platanistidae. Simpson (1945), on the 

other hand, thought that the Squalodontidae gave rise to none 

of the modern families, but rather represented a specialized 



13 

side branch of the main cetacean line. Conversely, Slijper 

(1962) believed that primitive squalodonts, through 

intermediate families, were ancestral to all six modern 

odontocete families, while Duffield Kulu (1972) took the same 

position as Kellogg (1928). Gaskin (1982) opted for ziphiids 

only as descending from Squalodontidae, but Harrison and King 

(1978) believed that squalodonts were most closely related to 

the platanistids. An extinct family, the Kentriodontidae, is 

postulated by Barnes (1976) to have also descended from the 

squalodonts. With Slijper (1~62), Barnes believed that this 

family gave rise to the modern dolphins (Delphinidae), while 

Gaskin (1982) suggested that certain kentriodontids may have 

given rise to the platanistids. The part played by the 

Kentriodontidae, as well as by the squalodonts in general, in 

cetacean evolution is still much in dispute. 

When the reign of the Squalodontidae was at its peak, 

the earliest representatives of the modern odontocete families 

appeared. In the very early Miocene the first primitive 

delphinids occurred, probably derived from archaic toothed 

whales, kentriodontids, or, less likely, early squalodonts 

(Duffield Kulu 1972; Barnes 1978; Harrison & King 1978). This 

group quickly began to diverge, with the most successful 

division first being the extinct family Eurhinodelphinidae. 

This specialized family of "long-snouted dolphins" flourished 

in the middle Miocene, became extinct by the early Pliocene, 

and possibly gave rise to early direct ancestors of the 
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various modern genera (Kellogg 1928). Ancestors of the modern 

delphinids, such as Delphinodon, first appeared in the very 

late Miocene, and rapidly began to diverge into lines that 

resulted in today's modern forms. Winge (1921) believed that 

these lines were five in number, with the Monodontidae 

probably branching off first from primitive eurhinodelphinids. 

The delphinids proper then evolved, with Steno, Stenella, 

Sotalia, and Delphinus representing the most primitive line. 

This was followed by the appearance of Tursiops, Lissodelphis, 

Lagenorhynchus, Cephalorhynchus, and Feresa, in turn followed 

by a group containing Orcinus, Orcaella, Grampus, Pseudorca, 

and Globicephala. This sequence is based on a progressive 

shortening and broadening of the face, a process which 

culminates in the family Phoc6enidae, probably the last group 

of modern delphinids to appear (Winge 1921). Karyotypic and 

morphological evidence from present day forms tend to support 

this outline, showing delphinids to be a cohesive group, from 

which Phocoenidae and Monodontidae arose (Duffield Kulu 1972; 

Mead 1972; Barnes 1978). Kasuya (1973), from his study of the 

tympano-periotic bone, not only favored separating the 

monodonts and phocoenids, but also favored splitting 

Monodontidae into two families, including Orcaella with 

Delphinapterus, and placing Monodon alone in its own family. 

Barnes (1978) agreed with this phylogeny, except for the 

separation of the Monodontidae. Mead (1972) felt that a 

subfamily status should be given to Cephalorhynchidae, as well 
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as to other groupings of delphinids. While earlier authorities 

tended to group monodonts and phocoenids in the family 

Delphinidae, most experts now agree on their separation into 

three distinct families (Kellogg 1928; Rice 1977; Barnes 1978; 

Mead 1978; Gaskin 1982) • As mentioned previously, other 

authors have proposed alternative outlines of these three 

families, from dividing delphinids into three families (not 

including monodonts and phocoenids) to establishing a 

superfamily containing Monodontidae and Phocoenidae (Young 

1962; Hershkovitz 1966) . This plethora of phylogenetic schemes 

exemplifies the disagreement surrounding the evolutionary 

history of modern delphinids, resulting mainly from the lack 

of fossil evidence and the reliance on the study of 

similarities in extant species (Duffield Kulu 1972; Gaskin 

1982). 

Thus by the lower Pliocene the earliest forms of the 

line which would give rise to the modern dolphins, porpoises, 

narwhals, and belugas had appeared. The Eurhinodelphinidae, 

possibly ancestral to this line, were practically extinct, as 

were the squalodonts. Showing up at this time, however, were 

forms representative of the other three modern odontocete 

families: Ziphiidae, Physeteridae, and Platanistidae. Almost 

certainly descended from the squalodonts, the first primitive 

members of the family Ziphiidae, represented by the fossils 

Diochotichus and Sgualodelphis, occurred in the lower to 

middle Miocene (Kellogg 1928). On the basis of skull 
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modifications, it is thought that this family rapidly diverged 

into three main lines of development, lines characterized by 

the modern genera Mesoplodon, Ziphius, and Hyperoodon 

(Duffield Kulu 1972). The most primitive of these three is 

probably Mesoplodon, although Tasmacetus shepherdi appears to 

have retained the primitive characteristic of unreduced 

dentition (Gaskin 1982). The ziphiids were well established 

by the end of the Miocene (Kellogg 1928). 

Also in the lower Miocene appeared the first 

physeterids, Idiorophus, Diaphorocetus, and later, 

Aulophyseter, possibly directly related to the modern Physeter 

catodon (Kellogg 1928). Winge (1921) originally placed this 

family together with the ziphiids, but all later authors 

placed them into separate families; even though recent 

karyotyping has shown both groups to have the same chromosome 

number of 2n=42 (Arnason 1972, 1974; Duffield 1977) . The 

earliest sperm whales had teeth on both the maxillae and 

mandibles, but loss of the maxillary teeth soon began to 

occur. In addition, these early individuals also exhibited the 

cranial development necessary to accommodate the enormous 

spermaceti organ so characteristic of today' s sperm whale 

(Duffield Kulu 1972). Kasuya (1973), as well as others, felt 

that Physeteridae probably arose from the squalodonts, and 

quickly diverged from the main odontocete line (Slijper 1962). 

Soon thereafter, possibly by the early Pliocene, the family 

split into two lines leading to the modern genera Physeter and 
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Kogia. The fossil record of the latter group is extremely 

poor, and its evolutionary history, as well as its 

relationship to other cetaceans, is not well known (Kellogg 

1928; Duffield Kulu 1972; Haley 1978). 

Primitive forms of the last of the six modern odontocete 

families, the Platanistidae, also first appeared in the 

Miocene. Kellogg (1928) described two fossil genera, Proinia 

and Zarhachis, from this epoch as possibly being ancestral to 

the line of iniids and platanistids respectively. Indeed he 

divided this modern family into two: Iniidae and 

Platanistidae. Later extinct forms from the Pliocene, such as 

Saurodelphis and Ischyrorhynchus, suggest that this family 

diverged into two different lines; one leading to the modern 

Pontoporia, Inia, and Lipotes, and the other to the Platanista 

(Duffield Kulu, 1972). Even though many authorities have 

attempted to split these genera into two or more groups based 

on different characteristics, most experts now agree that 

grouping them as a single family better reflects true 

phylogenetic relationships (Fraser & Purves 1960; Zhou et al 

1978; Barnes 1978; Gaskin 1982). Probably derived from early 

squalodonts, this most primitive of modern odontocete families 

apparently arose from a squalodont line which had already 

diverged from one which was to later give rise to the family 

Ziphiidae (Duffield Kulu 1972). Gaskin (1982), however, 

believed that the kentriodontids were ancestral to 

platanistids, a view not generally held by other authorities 
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(Kellogg 1928; Slijper 1962; Harrison & King 1978). Due to the 

lack of fossil evidence and the various specializations and 

geographical distributions of modern forms, the history of 

this group is still the source of much controversy. 

It is evident from the above discussion that the history 

of the odontocetes is, at best, confusing. The situation with 

the Mysticeti is slightly better. Al though historically there 

has been much dispute as to a mono- or diphyletic origin of 

the two suborders, most authorities now agree that both groups 

arose from a common stem line (Van Valen 1968; Eisenberg 1981; 

Novacek 1982; Gaskin 1982; Vaughan 1986; Duffield 1989). 

Apparently the divergence from a toothed ancestor began in the 

Eocene, as baleen feeding had fully evolved by the mid­

Oligocene (Whitmore & Sanders 1976). Like the odontocetes, the 

baleen whales more than likely arose from a main evolutionary 

line, from which the archaeocetes had already split (Duffield 

Kulu; Gaskin 1982) . The earliest fossil mysticete is possibly 

Archeodelphis from the early Eocene, although the fragments 

are so incomplete that definite placement is not possible 

(Kellogg 1928; Whitmore & Sanders 1976). Another early fossil 

from the upper Oligocene, Patriocetus, was also thought to be 

an early mysticete; now, however, it appears to show greater 

similarity to primitive odontocetes (Kellogg 1928; Duffield 

Kulu 1972; Harrison & King 1978; Gaskin 1982). In the middle 

Oligocene there appeared the first fossil to be identified as 

a true mysticete, Mauicetus, from deposits in New Zealand 
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(Benham 1939; Whitmore & Sanders 1976). Having cranial 

features reflecting both archaeocete and mysticete 

characteristics, this genus is thought by Fordyce (1977) and 

others to be representative of the first baleen whales, which 

evolved from an archaic toothed whale line in the southern 

hemisphere, in response to the abundant food resources being 

provided by the developing circumantarctic current (Benham 

1939; Marples 1956). Mauicetus itself was a primitive member 

of the first successful . family of mysticetes, the 

cetotheridae, which radiated rapidly in the early and middle 

Miocene, diverging into at least five genera and many species 

(Barnes 1976). By the middle Pliocene this group was extinct. 

Kellogg (1928) believed that the Cetotheridae gave rise to the 

modern family Eschrichtiidae, the least specialized of the 

modern mysticete families, which appeared in the Pleistocene. 

This hypothesis has been disputed (Gaskin 1982). 

The modern family Balaenidae first appeared in the early 

Miocene, and then diverged into two lines, one leading to the 

modern genera Balaena and Eubalaena, the other to Caperea. 

This most primitive of the mo~ern mysticete families already 

had advanced forms ancestral to modern genera by the Pliocene 

(Duffield Kulu 1972). Primitive balaenopterids first appeared 

in the middle Miocene, apparently derived from cetothere 

stock. This family diverged quickly into two lines of descent, 

one leading to the modern genus Balaenoptera, the other to the 
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more highly specialized Megaptera (Duffield Kulu 1972). As 

mentioned previously, the modern family Eschrichtiidae 

possibly arose also from cetotheres, but remained a monotypic 

group. 

Fossil remains of modern mysticete lines are more 

widespread than those of the odontocetes, making the 

reconstruction of phylogenetic relationships easier and more 

definite (Gaskin 1982). The baleen whales appear to be a 

cohesive group, while the odontocetes have diverged into many 

different lines. However, the lack of a continuous fossil 

record makes the elucidation of the evolutionary history of 

both groups, as well as their precursors, a matter of 

conjecture and controversy (Kellogg 1928; Duffield Kulu 1972; 

Harrison & King 1978; Duffield 1989). An illustration of this 

final point is shown in the comparative phylogenies reproduced 

in Figure 1. 

Because the paleontological record fails to adequately 

represent the descent and relationships of the order Cetacea, 

investigators in recent years have turned increasingly to 

molecular, chromosomal, and biochemical data to improve their 

understanding of cetacean evolution. Such data has become 

available in the last three decades largely as a result of the 

development of techniques and procedures for the detection of 

chromosomal banding, DNA base pair composition, and amino acid 

sequencing of proteins (Ninio 1983). These techniques produce 

data that characterizes living individuals, species, genera, 
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etc., enabling the relationships between various levels of 

classification to be determined based on the degree of 

similarity or difference (Minkoff 1984). Since these 

relationships are thought to reflect evolutionary descent, the 

history of a particular order.or family can be ascertained by 

a study of molecular and biochemical traits of present day 

forms (Novacek 1982; Minkoff 1984). Dayhoff and Eck (1972) 

put the above principle as follows: 

'Relics' of ancient organisms can be found in the 
biochemical systems of their living descendants. 
The exceedingly conservative nature of the 
evolutionary process has preserved such 'relics' 
in all living species • • • This dynamic 
preservation of the biochemical components of 
living cells is often quite as rigorous as the 
preservation of sedimentary fossils • • • Unlike 
fossil evidence, all of the biochemical 
information pertains to direct ancestors. 

Thus biochemical evidence provides another avenue of 

evolutionary investigation. It would be expected to supplement 

and reinforce fossil evidence, and such has been the case, 

although complete congruence has been lacking in many 

instances (Novacek 1982; Wyss et al 1987). 

One of the first biochemical techniques to be used to 

examine the evolutionary relationships of cetaceans was that 

of comparative serology or "precipitin tests" by Boyden and 

Gemeroy in 1950. Comparing mammalian orders, they found that 

the order Cetacea had a correspondence of approximately eleven 

percent with the Artiodactyla, while exhibiting less than two 

percent correspondence with the Carnivora (Boyden & Gemeroy 

' 
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1950) • This finding supported the premise of a closer affinity 

of the cetaceans to the ungulates than to the carnivores 

(Duffield Kulu 1972). More recently Arnason (1972, 1974), 

Duffield Kulu (1972), and Duffield (1986) have utilized 

cytogenetics to elucidate phylogenetic relationships. In this 

procedure karyotypes from individuals of each living species 

are compared, and amount of similarity determined. The more 

similar the karyotypes between two species (or genera, 

families, etc.), the more closely related they are assumed to 

be (Arnason 1974; Duffield 1986). These studies indicated that 

the karyotypes of most species were highly conserved, even 

between the two suborders, lending support to the premise of 

a monophyletic origin of the order (Duffield 1986). Among 

subgroups, the mysticetes exhibit a cohesive chromosomal 

grouping, with delphinids somewhat split into three divisions. 

In terms of chromosome banding, Phocoenoides and 

Delphinapterus show a close relationship, as do Physeter and 

Mesoplodon (Duffield 1977). A few species, such as Orcinus 

orca, show a marked divergence from the basic conserved 

pattern, which Duffield (1986) considered was a result of a 

difference in the rate of chromosomal evolution rather than 

reflecting a more distant phylogenetic relationship. 

Karyotyping, as well as the identification and use of 

chromosomal markers, is currently being used to detect 

population differences in delphinids, with the aim of 

discovering the discreteness of breeding units, a major step 


