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Experiencing Discoveries of Whale Evolution
Subject: Biology
Grade Level: 10"

Rational or Purpose: Students will be able to discover fossils of early whales in order
to show how, where, and when they evolved from four-legged mammals. Students will
explore this concept of evolution by experiencing how historical science works through
predicting and testing.

Materials:
e Classroom timeline showing the Cenozoic era
o Can be assembled with printed version OR
o Creating your own with butcher paper
= Scale will be 1 inch = 1 million years, marked at every million years
until 65 mya (millions of years ago)
= Afterwards, mark and label the range of each epoch

Last 10,000 years (0.01 inch)  Holocene Thin black line at top

2 mya — 10,000 years ago Pleistocene  Orange
5 mya — 2 mya Pliocene Blue
24 mya — 5 mya Micoene Yellow
34 mya — 24 mya Olgiocene Green
55 mya — 34 mya Eocene Red

65 mya — 55 mya Paleocene brown

e “Whales as Mammals” overhead
e Copies of “The Origin of Whales and the Power of Independent Evidence” by
Raymond Sutera
e For each team:
o Timeline of the Eocene epoch (55 to 34 mya)
0 “Whales in the Making” page with 6 whale-type mammals
= Strips #1 to 5 need to be placed in separate, numbered envelopes.
This will create a sense of real “discovery” while students are
gradually “unearthing” the whale fossils during the narrative
description.
= Strip #6 will be held by the teacher. This will be handed out to each
team after someone has drawn the predicted fossil traits expected
between 46 and 55 mya.
o “Discovery: Whales in Transition” handout for students

Lesson Duration: One 45 minute period. (May be extended with further discussion)

Teaching Module developed by Faezana Ali
Environmental Science Institute (http://www.esi.utexas.edu)
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TEKS Objectives:
§112.43. Biology.
(7) (A)(B)

(2) (C)(D)

(3) (A)

Lesson Source:

"Unit 3 Web Resources: What Is the Evidence for Evolution?." Teacher's Guide:
Evolution. PBS. 5 Mar 2008
<http://www.pbs.org/wgbh/evolution/educators/teachstuds/unit3.html>.

Background Information:

There are many forms of evidence that indicate whales descended from terrestrial
mammals, which include paleontological, morphological, molecular biological, vestigial,
embryological, geochemical, paleoenvironmental, paleobiogeographical, and
chronological verification. Through these independent lines of data, whale evolution
has been supported by scientific research by piecing together historical events in order
to provide an explanation of this phenomenon.

Activity:

In this lesson, students will become familiar with the historical discovery of fossils which
link whales to earlier land-dwelling mammals. As a result, students will gain
understanding how scientists can make predictions about past events based on the
evidence and theory that whales evolved. In addition, students will be able to see the
gradual accumulation of changes between terrestrial mammal groups and modern
whales.

Procedure:
1. Place students into teams of 2 to 4 people.

2. To heighten the anticipation of this lesson, dress up as if you were going on a
paleontological dig with hiking boots, geological pick, etc.

3. Introduce the lesson by setting the scene: “Today, we are going to look for whale
fossils. Are you prepared?” etc.

4. Before reading the narrative, place the “Whales as mammals” handout on the
overhead/screen. This will allow the students to establish that whales are
mammals and therefore this is the reason why we assume that they must have
evolved from a certain group of four-legged land mammals millions of years ago.
Discuss this handout as a class.

5. Pass out materials to each team. Have students “construct” their timeline. (Tape

the ends together)

Teaching Module developed by Faezana Ali
Environmental Science Institute (http://www.esi.utexas.edu)
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Begin to read the narrative from Part C from the student handout to the class.
During the narrative, someone from each team should place the whale species
that was mentioned to correspond with the timeline.

It is important to note that the narrative directly illustrates the sequence of
discovery. This gives the lesson an authentic sense of the growing enthusiasm
among paleontologists as the found each fossil piece of the early whale evolution
puzzle.

When all 5 strips have been placed on the timeline, the teams will predict by
drawing what an intermediate whale-type form would look like to fill the gap
between 50 and 46 mya.

Once this has been completed, hand out strip #6 to be placed on the timeline and
for students to compare their predictions.

As a class, discuss the guestions on the student handout. Extend/elaborate
discussions held by students by pointing out certain discoveries and their
relevance. For example, how the continental drift and the Tethys sea
demonstrates how the movement of India during the Eocene made the ancient
Tethys Sea more and more shallow As a result, the sea became warmer with
richer food supply and therefore favored the evolution of aquatic mammals in the
region.

After the activity, you may want to hand out “The Origin of Whales and the
Power of Independent Evidence” by Raymond Sutera. This provides an
excellence resource for students to be exposed to the evidence supporting whale
evolution.

Teaching Module developed by Faezana Ali
Environmental Science Institute (http://www.esi.utexas.edu)
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The Origin of Whales and the Power of Independent Evidence
Raymond Sutera

[How in theworld could a whale evolve from some land-dwelling four-legged animal? On the basisof a
number of other apparent transitions between other groups of animals, inferred from a number of
intermediate forms, along with several other lines of evidence, it haslong been asserted by scientists
that whalesHAD to do thistoo, that in fact ALL living things have evolved from earlier formsover vast
periods of time. Dissenters have pointed out the many unique featur es of whales, perfectly adapted to
their very special oceanic niche, and have claimed that thereisno way such magnificent creatures could
have developed by gradual changes over time from atotally different kind of animal. Thisview has
been seemingly confirmed by the absence of any fossils which might be considered as inter mediates, or
trangtionals, between any land-dwelling ancestor s and the whales of today. Therefore, they must have
been specially created by an “intelligent designer”.

However, asyou may have already lear ned, such appeal to some supernatural explanation for any
natural phenomenon cannot be used in any scientific argument, simply because, whether such a cause
existsor not, it cannot be disproven by any scientifictesting. In thisarticle, Raymond Sutera examines
the issue of whale origins, and demonstrates one of science’ s greatest toolsfor measuring the strength of
a concept: multipleindependent lines of evidence. L. Flammer, ed.]

... Of course, for many yearsthe fossil record for the whales was quite spotty, but now there are numerous
trangtiona formsthat illustrate the pathway of whale evolution.

Recent discoveries of fossl whaes provide the evidence that will convince an honest skeptic. However, evolutionary
biology predicts more than just the existence of fossil ancestors with certain characteristics— it aso predictsthat all
other biologicd disciplines should also reved patterns of smilarity among whales, their ancestors, and other
mammal s correlated with evolutionary rel atedness between groups. It should be no surprise that thisis what we
find, and since thefindingsin one biologica discipline, say biochemigtry, is derived without referenceto the
findingsin another, say comparative anatomy, scientists consider these different fields to provide independent
evidence of the evolution of whales. As expected, these independent lines of evidence dl confirm the pattern of
whale evolution that we would anticipate in the fossi| record.

To illugtrate this approach, | will present the evidence from multiple fields for the origin of the whales from
terrestria mammals. This paper will examine mutualy reinforcing evidence from nine independent areas of
research. Of course, as a starting point, we need to describe what makes awhae awhale.

What isawhale?

A whdeisfirst and foremost, amamma — awarm-blooded vertebrate that usesits high metabolism to generate
heat and regulate itsinternal temperature. Female whales bear live young, which they nurse from mammary glands.
Although adult whales have no covering of body hair, they acquire body hair temporarily as fetuses, and some adult
whales have sensory bristles around their mouths. These features are unequivocaly mammalian.

But awhadeisavery specidized mamma with many unique charactersthat are not shared with other mammals—
many of these are not even shared with other marine mammals such as sirenians (manatees and dugongs) and
pinnipeds (seals, sealions, and walruses). For example, whales have streamlined bodies that are thick and rounded,
unlike the generdly dim, eongated bodies of fishes. A whaé'stail has horizontal flukes, which areits sole means
of propulsion through the water. The dorsal fin is stiffened by connectivetissue, but is fleshy and entirely without
supporting bones.

© 2000 Raymond Sutera. Adapted and Reprinted, with the kind permission of the author, from Reports of the National Center for
Science Education, Sep/Oct 2000, vol.20, no.5, pages 33-41. Teachers are permitted to make classroom copies solely for the
non-profit use by their students studying whale evolution. Ray Suterais aformer hydrogeologist with a master's degree in geology.



The neck vertebrae of the whale are shortened and at |east partly fused into asingle bony mass. The vertebrae
behind the neck are numerous and very similar to one another; the bony processes that connect the vertebrae are
gresatly reduced, alowing the back to be very flexible and to produce powerful thrusts from thetail flukes. The
flippersthat alow the whale to steer are composed of flattened and shortened arm bones, flat, disk-like wrist bones,
and multiple elongated fingers. The elbow joint isvirtualy immobile, making the flipper rigid. In the shoulder
girdle, the shoulder blade isflattened, and thereisno clavicle. A few species of whales still possess avestigia pelvis,
and some have greatly reduced and nonfunctiona hindlimbs.

Therib cageis very mobile — in some species, the ribs are entirely separated from the vertebral column — which
allowsthe chest to expand greatly when the whae is breathing in and allows the thorax to compress at depth when
thewhaeisdiving deeply.

The skull dso has a st of features unique among mammals. The jaws extend forward, giving whaestheir
characterigticaly long head, and the two front-most bones of the upper jaw (the maxillary and premaxillary) are
"telescoped” rearward, sometimes entirely covering the top of the skull. The rearward migration of these bonesis
the process by which the nasa openings have moved to the top of the skull, creating blowholes and shifting the
brain and the auditory apparatus to the back of the skull. The odontocetes (toothed whales) have asingle blowhole,
while the mydticetes (baeen whales) have paired blowholes.

In the odontocetes, there is a pronounced asymmetry in the telescoped bones and the blowhole that provides a
natural means of classification. Although teeth often occur in fetal mysticetes, only odontocetes exhibit teeth as
adults. These teeth are dways smple cones or pegs, they are not differentiated by region or function asteeth arein
other mammals. (Whales cannot chew their food; it is ground up instead in aforestomach, or muscular crop,
containing Sones.)

Unliketherest of the mammals, whales have no tear glands, no skin glands, and no olfactory sense. Their hearing is
acute but the ear has no external opening. Hearing occurs via vibrations transmitted to a heavy, shell-like bone
formed by fusion of skull bones (the periotic and auditory bullae).

These, then, are the mgjor features of whaes. Some clearly show the digtinctive adaptations imposed on whales by
their commitment to marine living; others clearly link the whalesto their terrestrial ancestors. Others show the traces
of descent from aterrestrial ancestor in common with severa ancient and modern species. From all these features
together, we can recongtruct the pathway that whale evolution took from aterrestria ancestor to amodern whae
confined to deep oceans.

Thinking about the ancestry of thewhale

In 1693, John Ray recorded his redlization that whaes are mammal's based on the smilarity of whalesto terrestriad
mammals (Barnes 1984). The pre-Darwinian scientific discusson revolved around whether whales were descended
from or ancestra to terrestrial mammals. Darwin (1859) suggested that whales arose from bears, sketching a
scenario in which selective pressures might cause bears to evolve into whales, embarrassed by criticism, he removed
his hypothetical swimming bears from later editions of the Origin (Gould 1995).

Later, FHlower (1883) recognized that the whaes have persistent rudimentary and vestigia features characteristic of
terrestridl mammal's, thus confirming that the direction of descent was from terrestrial to marine species. On the
basis of morphology, Flower also linked whales with the ungulates [hooved mammals]; he seemsto have been the
first person to do so.

Early in the 20th century, Eberhard Fraas and Charles Andrews suggested that creodonts (primitive carnivores, now
extinct) were the ancestors of whales (Barnes 1984). Later, WD Matthew of the American Museum of Natural
History postulated that whal es descended from insectivores, but hisidea never gained much support (Barnes 1984).
Later till, Everhard Johannes Slijper tried to combine the two ideas, claming that whales descended from what



Barnes aptly called " creodonts-cum+insectivores'. However, no such animal has ever been found. More recently,
Van Vaen (1966) and Szalay (1969) associated early whales with mesonychid condylarths (a now-extinct group of
primitive carnivorous ungulates, none bigger than awolf) on the basis of dental characters. More recent evidence
confirmstheir assessment. Thus Flower was basicaly right.

The evidence

The evidence that whales descended from terrestrid mammalsis here divided into nine independent parts:

pa eontologica, morphological, molecular biologicd, vestigid, embryologica, geochemicd, paecenvironmentd,

pal eobiogeographical, and chronological. Although my summary of the evidence is not exhaudtive, it showsthat the
current view of whae evolution is supported by scientific research in severd distinct disciplines.

1. Paleontological evidence

The paleontological evidence comes from studying the fossil sequence from terrestrial mammal's through more and
more whale-like forms until the appearance of modern whaes. Although the early whales (Archaeocetes) exhibit
greater diversity than | have space to discuss here, the examplesin this section represent the trends that we seein
thistaxon. Although there are two modern suborders of whales (Odontocetes and Mysticetes), this discussion will
focus on the origin of the whales as an order of mammals, and set aside the issuesrelated to the diversification into
suborders.

Sinonyx

We gart with Snonyx, awolf-sized mesonychid (a primitive ungulate from the order Condylarthra, which gaverise
to artiodactyls, perissodactyls, proboscideans, and so on) from the late Paleocene, about 60 million years ago. The
charactersthat link Snonyx to the whales, thus indicating that they are rdlatives, include an e ongated muzzle, an
enlarged jugular foramen, and a short basi cranium (Zhou and others 1995). The tooth count was the primitive
mammalian number (44); the teeth were differentiated as are the heterodont teeth of today's mammals. The molars
were very narrow shearing teeth, especialy in the lower jaw, but possessed multiple cusps. The elongation of the
muzzle is often associated with hunting fish — al fish-hunting whales, aswell as dolphins, have € ongated muzzles.
These features were atypical of mesonychids, indicating that Snonyx was aready devel oping the adaptations that
later became the basis of the whales specidized way of life.

Pakicetus

The next fossi| in the sequence, Pakicetus, isthe oldest cetacean, and the first known archaeocete. It isfrom the early
Eocene of Pakistan, about 52 million years ago (Gingerich and others 1983). Although it is known only from
fragmentary skull remains, those remains are very diagnostic, and they are definitely intermediate between Snonyx
and later whales. Thisis especidly the case for the teeth. The upper and lower molars, which have multiple cusps,
are il smilar to those of Snonyx, but the premolars have become simple triangular teeth composed of asingle
cusp serrated on its front and back edges. The teeth of later whales show even more smplification into smple
sarrated triangles, like those of carnivorous sharks, indicating that Pakicetus's teeth were adapted to hunting fish.

A well-preserved cranium shows that Pakicetus was definitely a cetacean with anarrow braincase, ahigh, narrow
sagittal crest, and prominent lambdoidal crests. Gingerich and others (1983) reconstructed a composite skull that
was about 35 centimeters long. Pakicetus did not hear well underwater. 1ts skull had neither dense tympanic bullae
nor sinuses isolating the I eft auditory areafrom the right one— an adaptation of later whalesthat allows directional
hearing under water and prevents transmission of sounds through the skull (Gingerich and others 1983). All living
whales have foam-filled sinuses aong with dense tympanic bullae that create an impedance contrast so they can
separate sounds arriving from different directions. There is also no evidence in Pakicetus of vascularization of the
middle ear, which is necessary to regulate the pressure within the middle ear during diving (Gingerich and others
1983). Therefore, Pakicetus was probably incapable of achieving dives of any significant depth. This
paleontological assessment of the ecological niche of Pakicetusis entirely consistent with the geochemical and
palecenvironmenta evidence. When it came to hearing, Pakicetus was more terrestrial than aqueatic, but the shape of
Its Skull was definitely cetacean, and its teeth were between the ancestral and modern states.



Ambulocetus

In the same area that Pakicetus was found, but in sediments about 120 meters higher, Thewissen and colleagues
(1994) discovered Ambulocetus natans, "the walking whaethat swims', in 1992. Dating from the early to middle
Eocene, about 50 million years ago, Ambulocetusis atruly amazing fossil. It was clearly a cetacean, but it aso had
functiona legs and a skeleton that till allowed some degree of terrestria walking. The conclusion that Ambulocetus
could walk by using the hind limbsis supported by its having alarge, stout femur. However, because the femur did
not have the requisite large attachment points for walking muscles, it could not have been avery efficient walker.
Probably it could walk only in the way that modern sealions can walk — by rotating the hind feet forward and
waddling along the ground with the assistance of their forefeet and spinal flexion. When walking, its huge front feet
must have pointed laterally to afair degree since, if they had pointed forward, they would have interfered with each
other.

The forelimbs were aso intermediate in both structure and function. The ulna and the radius were strong and
capable of carrying the weight of the animal on land. The strong elbow was strong but it was inclined rearward,
making possible rearward thrusts of the forearm for swimming. However, the wrists, unlike those of modern
whales, wereflexible.

It is obvious from the anatomy of the spinal column that Ambul ocetusmust have svum with its spine swaying up
and down, propelled by its back feet, oriented to the rear. Aswith other aguatic mammals using this method of
swimming, the back feet were quitelarge. Unusualy, the toes of the back feet terminated in hooves, thus advertising
the ungulate ancestry of the animal. The only tail vertebrafound islong, making it likely that the tail was aso long.
The cervicd vertebrae were relatively long, compared to those of modern whales; Ambul ocetusmust have had a
flexible neck.

Ambulocetus skull was quite cetacean (Novacek 1994). It had along muzzle, teeth that were very smilar to later
archaeocetes, areduced zygomatic arch, and atympanic bulla (which supports the eardrum) that was poorly attached
to the skull. Although Ambulocetusapparently lacked ablowhole, the other skull features qualify Ambulocetusas a
cetacean. The post-cranid features are clearly in trangitiona adaptation to the aguatic environment. Thus

Ambul ocetusis best described as an amphibious, sea-lion—sized fish-eater that was not yet totally disconnected
from the terrestrial life of its ancestors.

Rodhocetus

In the middle Eocene (46—7 million years ago) Rodhocetustook al of these changes even further, yet ill retained a
number of primitive terrestria features (Gingerich and others 1994). It isthe earliest archaeocete of which al of the
thoracic, lumbar, and sacrd vertebrae have been preserved. The lumbar vertebrae had higher neura spinesthanin
earlier whales. The size of these extensions on the top of the vertebrae where muscles are attached indicate that
Rodhocetus had developed a powerful tail for swvimming.

Elsewhere aong the spine, the four large sacral vertebrae were unfused. This gave the spine more flexibility and
allowed a more powerful thrust while swimming. It isaso likely that Rodhocetus had atail fluke, although such a
feature isnot preserved in the known fossils: it possessed features — shortened cervica vertebrae, heavy and robust
proxima tail vertebrae, and large dorsal spines on the lumbar vertebrae for largetail and other axial muscle
attachments— that are associated in modern whaes with the development and use of tail flukes. All in all,
Rodhocetus must have been avery good tail-swimmer, and it is the earliest fossil whale committed to this manner of
svimming.

The pelvis of Rodhocetuswas smaller than that of its predecessors, but it was till connected to the sacral vertebrae,
meaning that Rodhocetus could till walk on land to some degree. However, the ilium of the pelvis was short
compared to that of the mesonychids, making for aless powerful muscular thrust from the hip during walking, and
the femur was about 1/3 shorter than Ambulocetus , so Rodhocetus probably could not get around aswell on land
asits predecessors (Gingerich and others 1994).

Rodhocetus' skull was rather large compared to the rest of the skeleton. The premaxillae and dentaries had



extended forward even more than its predecessors’, e ongating the skull and making it even more cetacean. The
molars have higher crownsthan in earlier whales and are greatly smplified. The lower molars are higher than they
arewide. Thereisareduced differentiation among the teeth. For the first time, the nostrils have moved back aong
the snout and are located above the canine teeth, showing blowhole evolution. The auditory bullae arelarge and
made of dense bone (characterigtics unique to cetaceans), but they apparently did not contain the sinusestypical of
later whaes, making it questionable whether Rodhocetus possessed directional hearing underwater.

Overdl, Rodhocetus showed improvements over earlier whales by virtue of its deep, dim thorax, longer head, greater
vertebra flexibility, and expanded tail-related musculature. The increasein flexibility and strength in the back and
tail with the accompanying decrease in the strength and size of the limbsindicated that it was agood tail-swimmer
with areduced ability to walk on land.

Basilosaurus

The particularly well-known fossi| whale Basilosaur us represents the next evolutionary grade in whae evolution
(Gingerich 1994). It lived during the late Eocene and latest part of the middle Eocene (35-45 million years ago).
Basilosaurus was along, thin, serpentine animal that was originaly thought to have been the remains of asea
serpent (henceit is name, which actualy means"king lizard"). Its extreme body length (about 15 meters) appearsto
be due to afeature unique among whales; its 67 vertebrae are so long compared to other whales of the time and to
modern whalesthat it probably represents a specialization that sets it apart from the lineage that gave rise to modern
whales.

What makesBasilosaurus a particularly interesting whae, however, isthe distinctive anatomy of its hind limbs
(Gingerich and others 1990). It had a nearly complete pelvic girdle and set of hindlimb bones. The limbswere too
small for effective propulsion, less than 60 cm long on this 15-meter—{ong animal, and the pelvic girdlewas
completely isolated from the spine so that weight-bearing was impossible. Reconstructions of the animal have
placed itslegs externa to the body — a configuration that would represent an important intermediate form in whae
evolution.

Although no tail fluke has ever been found (sincetail flukes contain no bones and are unlikely to fossilize),
Gingerich and others (1990) noted that Basilosaurus' vertebral column shares characteristics of whalesthat do
havetal flukes. Thetail and cervica vertebrae are shorter than those of the thoracic and lumbar regions, and
Gingerich and others (1990) take these vertebral proportions as evidence that Basilosaur us probably also had atall
fluke.

Further evidence that Basilosaur us spent most of itstime in the water comes from another important changein the
skull. Thisanimal had alarge single nostril that had migrated a short distance back to a point corresponding to the
back third of the dental array. The movement from the forward extreme of the snout to the a position nearer the top
of the head is characteristic of only those mammals that live in marine or aguatic environments.

Dorudon

Dorudon was a contemporary of Basilosaurusin the late Eocene (about 40 million years ago) and probably
represents the group most likely to be ancestral to modern whales (Gingerich 1994). Dorudon lacked the elongated
vertebrae of Basilosaurus and was much smaller (about 4-5 metersin length). Dorudon’ s dentition was similar to
Basilosaurus'; its cranium, compared to the skulls of Basilosaurus and the previous whaes, was somewhat vaulted
(Kellogg 1936). Dorudon aso did not yet have the skull anatomy that indicates the presence of the apparatus
necessary for echolocation (Barnes 1984).

Basilosaurus and Dorudon were fully aguatic whales (like Basilosaur us, Dorudon had very smdl hind limbs that
may have projected dightly beyond the body wall). They were no longer tied to the land; in fact, they would not
have been able to move around on land &t all. Their size and their lack of limbsthat could support their weight made
them obligate aguatic mammals, atrend that is elaborated and reinforced by subsequent whale taxa.



Clearly, even if welook only at the paleontologica evidence, the [dissenters] claim of "No fossil intermediates!”
iswrong. In fact, in the case of whales, we have severd, beautifully arranged in morphologica and chronological
order.

In summarizing the paleontological evidence, we have noted the consistent changes that indicate a series of
adaptations from more terrestrial to more aquatic environments as we move from the most ancestra to the most
recent species. These changes affect the shape of the skull, the shape of the teeth, the position of the nogtrils, the size
and structure of both the forelimbs and the hindlimbs, the size and shape of thetail, and the structure of the middle
ear asit ratesto directiona hearing underwater and diving. The paeontological evidence records ahistory of
increasing adaptation to lifein the water — not just to any way of lifein the water, but to life aslived by
contemporary whales.

2. Morphological evidence

The examination of the morphological characteristics shared by the fossil whaes and living ungulates makes their
common ancestry even clearer. For example, the anatomy of the foot of Basilosaurus dlies whaeswith artiodactyls
[even-toed ungulates] (Gingerich and others 1990). The axis of foot symmetry in these fossil whaesfals between
the 3rd and 4th digits. Thisarrangement is called paraxonic and is characteristic of the artiodactyls, whales, and
condylarths, and israrely found in other groups (Wyss 1990).

Another example involvesthe incus (the "anvil" of the middie ear). Theincus of Pakicetus, preserved in at least one
specimen, is morphologically intermediate in al characters between the incus of modern whales and that of modern
artiodactyls (Thewissen and Hussain 1993). Additiondly, the joint between the malleus (hammer) and incus of
most mammalsis oriented at an angle between the middle and the front of the animal (rostromedialy), whilein
modern whales and in ungulates, it is oriented at an angle between the sde and the front (rostrolaterdly). In
Pakicetus, thefirst fossi| cetacean, thejoint is oriented rostraly (intermediate in position between the ancestral and
derived conditions). Thusthe joint has clearly rotated toward the middie from the ancestral condition in terrestriad
mammal's (Thewissen and Hussain 1993); Pakicetus provides us with a snapshot of the transition.

3. Molecular biological evidence

The hypothesisthat whales are descended from terrestrial mammals predicts that living whales and closely related
living terrestrid mammal's should show similaritiesin their molecular biology roughly in proportion to the recency
of their common ancestor. That is, whales should be more similar in their molecular biology to groups of animals
with which they share a more recent common ancestor than to other animals that exhibit convergent smilaritiesin
morphology, ecology, or behavior. In contrast, [supernatural explanationslack] any scientific basisfor predicting
what the patterns of similarity should be, for thereis no scientific way to predict how [such supernatural forces
could] distribute molecular smilarities among species.

Molecular studies by Goodman and others (1985) show that whales are more closaly related to the ungulates than
they areto al other mammals— aresult consistent with evolutionary expectations. These studies examined
myoglobin, lens alpha-crystdlin A, and cytochrome c in a study of 46 different species of mammals. Miyamoto
and Goodman (1986) later expanded the number of protein sequences by including alpha- and beta hemoglobins
and ribonuclease; they aso increased the number of mammalsincluded in the study to 72. The results were the
same: thewhaes clearly are included among the ungulates. Other molecular studies on avariety of genes, proteins,
and enzymes by Irwin and others (1991), Irwin and Arnason (1994), Milinkovitch (1992), Graur and Higgins
(1994), Gatesy and others (1996), and Shimamura and others (1997) aso identified the whales as closaly related to
the artiodactyls, although there are differencesin the details among the studies.

By placing whales close to, and even firmly within, the Artiodactyls, these molecular studies confirm the predictions
made by evolutionary theory. This pattern of biochemica smilarities must be present if the whales and the
ungulates, especidly the Artiodactyls, share a close common ancestor. The fact that these smilaritiesare present is
therefore strong evidence for the common ancestry of whales and ungulates.

4. Vestigial evidence
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The vestigia features of whalestdl ustwo things. They tell usthat whaes, like so many other organisms, have

features that make no sense from a design perspective — they have no current function, they require energy to
produce and maintain, and they may be deleterious to the organism. They also tell usthat whales carry a piece of
their evolutionary past with them, highlighting a history of aterrestria ancestry.

Modern whales often retain rod-like vestiges of pelvic bones, femora, and tibiae, al embedded within the

muscul ature of their body walls. These bones are more pronounced in earlier species and less pronounced in later
species. Asthe example of Basilosaurus shows, whaes of intermediate age have intermediate-sized vestigia pelves
and rear limb bones.

Whales also retain anumber of vestigia structuresin their organs of sensation. Modern whales have only vestigia
olfactory nerves. Furthermore, in modern whales the auditory meatus (the exterior opening of the ear canal) is
closed. In many, itismerely the size of athin piece of string, about 1 mm in diameter, and often pinched off about
midway. All whales have anumber of small muscles devoted to nonexistent externa ears, which are gpparently a
vestige of atime when they were able to move their ears— abehavior typicaly used by land animasfor directiona
hearing.

The digphragm in whalesisvestigia and has very little muscle. Whales use the outward movement of the ribsto fill
their lungswith air. Findly, Gould (1983) reported severd occurrences of captured sperm whaleswith visible,
protruding hind limbs. Similarly, dolphins have been spotted with tiny pelvic fins, although they probably were not
supported by limb bones as in those rare sperm whales. And some whales, such as belugas, possess rudimentary
ear pinnae — afeature that can serve no purposein an animal with no external ear and that can reduce the animd's
swimming efficiency by increasing hydrodynamic drag while swimming.

Although thislist isby no means exhaugtive, it is nonetheless clear that the whales have awedlth of vestigia features
left over from their terrestrial ancestors.

5. Embryological evidence

Likethe vestigia features, the embryological features aso tells ustwo things. First, the whale embryo develops a
number of featuresthat it later abandons before it attainsitsfina form. How can [the dissenters] explain such
seemingly nonsensical process, building structures only to abandon them or to destroy them later? Darwin (1859)
asked the same question. Would it not make more sense to have embryos attain their adult forms quickly and
directly? It seems unreasonable for a[supernatura designer] ... to send the embryo aong such atortuous pathway,
but evolution requires that new features are built on the foundation of previous features that it would modify or
discard later.

Second, the embryology of thewhae, examined in detail, so provides evidencefor itsterrestrial ancestry. As
embryos no less than as adult animals, whaes are junkyards, asit were, of old, discarded featuresthat are of no
further use to them. Many whales, while still in the womb, begin to develop body hair. Y et no modern whaesretain
any body hair after birth, except for some snout hairs and hairs around their blowholes used as sensory bristlesina
few species. The fact that whal es possess the genes for producing body hair shows that their ancestors had body
hair. In other words, their ancestors were ordinary mammals.

In many embryonic whales, externa hind limb buds are visble for atime but then disappear asthe whae grows
larger. Also visible in the embryo are rudimentary ear pinnae, which disappear before birth (except in those that
carry them asrare atavisms). And, in some whales, the olfactory lobes of the brain exist only in the fetus. Thewhae
embryo starts off with its nostrilsin the usua place for mammals, at thetip of the snout. But during development,
the nostrils migrate to their final place at the top of the head to form the blowhole (or blowholes).

We can dso understand evol ution within the whaes viatheir embryology. We know that the baleen whaes evolved
from the toothed whal es: some embryos of the baleen whales begin to devel op teeth. Aswith body hair, the teeth
disappear before birth. Since thereis no use for teeth in the womb, only inheritance from a common ancestor makes
any sense; there [seemsto be] no reason for [a supernatura designer] to provide embryonic whales with teeth. So
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we have yet another independent field in complete accord with the overall thesis— that whales possess features

that connect them with terrestriadl mammalian ancestors, in particular the hoofed mammals.

6. Geochemical evidence

The earliest whaleslived in freshwater habitats, but the ancestors of modern whales moved into saltwater habitats
and thus had to adapt to drinking salt water. Since fresh water and salt water have somewhat different isotopic ratios
of oxygen, we can predict that the transition will be recorded in the whales skeletal remains— the most enduring of
which are the teeth. Sure enough, fossil teeth from the earliest whaes have lower ratios of heavy oxygento light
oxygen, indicating that the animals drank fresh water (Thewissen and others 1996). L ater foss| whale teeth have
higher ratios of heavy oxygen to light oxygen, indicating that they drank salt water. This absolutely reinforcesthe
inference drawn from al the other evidence discussed here: the ancestors of modern whales adapted from terrestria
habitats to saltwater habitats by way of freshwater habitats.

7. Paleoenvironmental evidence

Evolution makes other predictions about the history of taxa based on the "big-picture” view of thefossiisin alarger,
environmenta, context. The sequence of whale fossils and their changes should also relate to changes observed in
thefossi records of other organisms at the same time and in similar environments. The fossils of other organisms
associated with the whale fossiIs indicate the environment that the whaleslived in. Furthermore, this evidence should
be consistent with the evidence from the other areas of study. We should expect to find evidence for a series of
trangitional environments, from fully terrestria to fully marine, occupied by the series of whale speciesin the fossi|
record.

The morphology of Snonyx indicatesthat it wasfully terrestrial. It should be no surprise, therefore, that itsfossils
arefound associated with the fossils of other terrestrial animal's. Pakicetus probably spent alot of timein the water
in search of food. Although the mammalian fauna found with Pakicetus consists of rodents, bats, various
artiodactyls, perissodactyls and probiscideans, and even a primate (Gingerich and others 1983), there are dso
aquatic animals such as snails, fish, turtles and crocodilians. Moreover, the sediment associated with Pakicetus
shows evidence of streaming or flowing, usualy associated with soilsthat are carried by water. The

pal ecenvironmenta evidence thus clearly showsthat Pakicetuslived in the low-lying wet terrestrid environment,
making occasiond excursionsinto fresh water. Interestingly, both deciduous and permanent teeth of the animal are
found in these sediments with about the same frequency, supporting the ideathat Pakicetus gave birth on the land.

The sediments in which Ambul ocetuswas found contain leaf impressions aswell asfossils of the turret-snall
Turritella and other marine mollusks. Clearly, the presence of such fossils must mean that the Ambul ocetusfossil
was found in what was once a shalow sea— dthough leaves can be washed into the sea and fossilize there, marine
mollusks would not be found on the land.

Rodhocetus isfound in green shaes deposited in the degp-neritic zone (equivaent to the outer part of the
continental shelf). Because green shales are associated with fairly low-oxygen bottom waters, Rodhocetus must
have lived a agreater water depth than any previous cetacean. The fact that it isfound in association with planktonic
foraminiferans and other microfossils agrees with this determination of water depth. Basilosaurus and Dorudon
have been found in avariety of sediment types (Kellogg 1936), indicating that they were wide-ranging and capable
of livingin deep aswell asshallow water.

From the palecenvironmentd evidence, we can clearly seethat, aswhales evolved, they made their way into deeper
water and became progressively liberated from the terrestrial and near-shore environments.

8. Paleabiogeographic evidence

The geographic evidenceis aso consistent with the expected distributiona patterns for the whal€' sfirst appearance
and later geographic expansion. We would expect terrestrial species to have amore restricted geographic
distribution than marine species, which have essentialy the whole ocean as their geographic range. The range of
Snonyx isrestricted to central Asia. Specimens of Pakicetus have only been found in Pakistan; Ambulocetusand
Rodhocetus seem to be smilarly restricted. In contrast, Basilosaurus and Dorudon, representing the whaes more
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adapted to living in the open sea, are found in amuch wider area. Their fossils have been found asfar away from

southern Asiaas Georgia, Louisiana, and British Columbia.

During the Eocene, mogt of the areasin which fossils of the later whales have been found werefairly closeto one
another. In fact, mogt of them are a ong the outer margin of an ancient sea called the Tethys, the remnants of which
today are the Mediterranean, the Caspian, the Black, and the Ard Seas. The biogeographic distribution of fossil
whales matches the pattern predicted by evolution: whaes areinitialy found in arather small geographic areaand
did not become distributed throughout the world until after they evolved into fully aguatic animas that were no
longer tied to the land.

9. Chronological evidence

Thefind strand of evidence in our mutualy consistent picture of whale origins comes from a consideration of why
the whales originated whenthey did. Evolution is aresponse to environmenta challenges and opportunities. During
the early Cenozoic, mammals were presented with anew set of opportunitiesfor radiation and diversification due, in
part, to the vacuum left by mass extinctions at the close of the Cretaceous Period. Because the reptiles no longer
predominated, there were new waysin which mammals could make aliving.

In the specific case of whales, the swimming reptiles of the world's oceans could no longer keep the mammals at
bay. Before the late-Cretaceous extinctions, the Mesozoic marine reptiles such asthe plesosaurs, ichthyosaurs,
mosasaurs, and marine crocodiles might well have feasted upon any mammal that strayed off shore in search of
food. Once those predators were gone, the evolution quickly produced mammals, including whales, that were as a
home in the seas as they once were on land. The trangtion took some 10-15 million yearsto produce fully aguatic,
deep-diving whales with directional underwater hearing. Evolution predicts that whales could not have successfully
appeared and radiated before the Eocene, and that mammals should have radiated into marine environments as they
did into awide variety of other environments vacated by the reptiles at the end of the Cretaceous.

Conclusion

Taken together, al of this evidence pointsto only one conclusion — that whales evolved from terrestrid mammals.
We have seen that there are nine independent areas of study that provide evidence that whales share acommon
ancestor with hoofed mammals. The power of evidence from independent areas of study that support the same
conclusion makes refutation by [dissenters, for any number of mostly supernatural reasons, seem| entirely
unreasonable. The only plausible scientific conclusion isthat whales did evolve from terrestrid mammals. So no
matter how much [the dissenters claim] how impossibleit isfor land-dwelling, furry mammalsto evolve into fully
aguatic whales, the evidence itsdlf [collectively argues otherwise]. Thisisthe power of usng mutually reinforcing,
independent lines of evidence. | hope that [this approach will stimulate amore objective review of the dternative
Ideas, and promote a serious reconsideration of the evidence supporting] evolutionary thinking [by] the general
public. Thisis how real science works, and we must emphasize the process of scientific inference as we point out
the conclusions that scientists draw from the evidence — that the concordant predictions from independent fiel ds of
scientific study confirm the same pattern of whale ancestry.
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DISCOVERY: WHALES IN TRANSITION

STUDENT HANDOUT

A. BACKGROUND

Preliminary Observations:

1. Modern whales are typically found in two major groups: the Toothed Whales (Odontoceti) and the
Baleen Whales (Mysticeti).

2. Modern whales are clearly mammals which are totally ocean-adapted.

3. Embryos of severa modern whales have well-devel oped rear legs, which then disappear. Sometimes
these bones remain in the adult whales. Also, several species of baleen whales have teeth as
embryos, which then disappear.

4. Fossils of modern whales appear less and less “modern-like” as we go backwardsin time, so that by
the Oligocene (24 mya), we no longer find modern type whale fossils, but we do find primitive
whale-like mammals (archaeocetes), with anumber of whale traits, well into the Eocene (to about 40
mya). Therefore, agood placeto look for fossils of the earliest whales would be to search Eocene
sediments (ranging from 55 to 34 million years ago).

5. All evidence to date places the emergence of all mammals from a group of terrestria pre-dinosaur
tetrapods, called synapsids, about 200 million years ago.

Question: How did whales get here??

Hypothesis: Whales evolved from terrestrial mammal's, gradually undergoing modifications of anatomy
and physiology, producing the fully aguatic adaptations we see in whales today.

Predictions: If whales evolved from terrestrial mammals, we should be able to find the fossil remains of
early pre-whales, probably somewhat whale-like animals, but with legs of varying degrees of
reduction, and certain other features varying in degrees of smilarity to the ancestral and modern
whales. Also, once fossils are found and dated, searching dightly earlier or later sediments should
increase the chances of finding fossils of earlier or later whale-like creatures.

B. SOME IMPORTANT CONSTRAINTS AND CONCEPTSABOUT WHALE EVOLUTION:

1. ONE OF THE LITTLE-KNOWN RESTRICTIONS THAT EVOLUTION IMPOSES ON US IS
THAT, BY FAR, MOST OF THE CONCEIVABLE PATHWAYSBY WHICH ANY GROUP
OF ORGANISMS MIGHT HAVE EVOLVED WOULD BE IMPOSSIBLE.

For example, since whaes are clearly mammals (have mammary glands, hair, and severd
distinguishing skeletal characteristics of al mammals), it would beimpossible to expect any direct
ancestry of whales from early fishes or even the giant plesiosaur s (huge ocean swimming reptiles
of the Mesozoic). If any fossils suggesting such an ancestry were found, it would seriously
weaken a number of well-established perceptions about vertebrate evolution.

2. On the other hand, since whales clearly possess modified mammal traits, there MUST be an ancestral
connection to earlier mammals, and we should expect to find, if we're lucky, and look in the right
places, fossils of animalswith traits inter mediate between modern whales and their four-legged
terrestrial mammal antecedents.

3. These“intermediates’ (pre-whales and very early whales) would, in al likelihood, NOT be the direct
lineal ancestors of modern whales (that’s a“needle in ahaystack” situation). Such fossils would
much more likely be contemporary cousins of those direct ancestors, showing the existence of
animaswith amosaic mix of pre-whale and modern whaletraits, and probably related in alatera
way to the direct ancestors of that time.

C. WHALE HUNT: SEARCHING FOR WHALE FOSSILS: the*NARRATIVE”
1. For many years, we have been finding a number of fossils of various primitive whales between 25 and
45 million years old (for which time frame no fossils of strictly modern type whales have been
found). Examples of these early whales would include Dorudon, Prozeuglodon, and Zygorhiza.
Placethefossil picture strip #1 at about 36 myaon your timeline (actua range about 39-36 mya);
(“mya’= millions of years ago).

2. As more fossils have been discovered from the early Eocene, we searched for aland mammal from which
whales most likely evolved. The group of animals which had the most features common to the
earliest primitive whales found was caled the M esonychids. A typical example of these animals
(e.g. Pachyaena, or Snonyx) looked something like awolf or hyena, with alarge head, but with tiny



hooves on dl itstoes! These are considered closely related to the even-toed hooved animals of
today known as artiodactyls, with many branches evolving into modern deer, cattle, pigs, and
hippos. Place the mesonychid strip (#2) at about the 55 myalevel on your timeline
(mesonychids lived from 58-34 mya).

Whale specialists generally agreed that features such asteeth and various other skull
features placed the now extinct mesonychids as the most likely group of land animals from which
all whales of today evolved.

[NOTE: Recent work using DNA analyses, and consideration of early whale ankles, has
suggested that the mesonychids might NOT be the terrestrial ancestor of whales. These studies
suggest that hippos may be the closest living “ cousins” to whales (although we don’t have any
good fossil material yet of acommon ancestor to whales and hippos). This means that the
mesonychid similarities might only be an example of convergence. Although these new ideas are
being challenged, this shows how scientific ideas can and do change, given new evidence.]

3. This picture of whale evolution was about all we had until 1983, when the first of a series of discoveries
began to fill the empty gap between land animals and whales. That first discovery (reported by
whale specidist Philip Gingerich and others) was Pakicetus Place the Pakicetusstrip (#3) on
thetimeline. 1t wasafragmented skull, with lots of teeth, found in Pakistan in sediments about 50
my old. Some of its teeth were very similar to those in mesonychids, while other teeth resembled
those found in the later archaeocetes. Some of its other skull features (including its shape) were
also similar to late Eocene whales like Dorudon. It wasfound in river sediments near what was
once ashallow sea.

4. 1n 1990, in Egypt, Gingerich and others reported the discovery of the fossilized hind limbs of alarge,
dender previously known primitive whale known as Basilosaurus, around 37 my old (actually
lived from 39 to 36 mya). Its hind limbswere proportionally very tiny (about 35 cm of foot and
lower leg), and clearly unable to support any movement on land, but they were better developed than
those found embedded in the hip region of some modern whalestoday. Add Basilosaurus (#4)
to your timeline,

5. Inearly 1994, Gingerich and others found the remains of Rodhocetus, with well-developed hip bones,
(and about 9 million years older than Basilosaurus). Rodhocetusis about 46 my old. From what
we have of its skeleton, we conclude that its hind legs were at least somewhat functional. However,
its vertebrae suggest powerful tail muscles, suggesting typical whale-like swimming, possibly with
tail flukes. Its skull possessed certain whale-like features, including placement of nostrils further
back on the head (toward the blowhole position), and enlarged ear capsule bones, typical of whales.
Place Rodhocetus (#5) on thetimeline.

6 At this point, notice the critical gap between 50 and 46 mya. Although there are some apparently related
fossils from those gaps, there are none showing clearly what the limbs or bodies were like for that
period. Since Rodhocetusclearly had somewhat functional hind limbs (asindicated by the fairly
robust pelvic bones), they were considerably reduced as compared with mesonychids. Discuss
with your teammates what traits you would expect to find (in the head, limbs, tail, and body) in a
fossil from that period which would be an inter mediate stage of an animal evolving from a
mesonychid into an animal like Rodhocetus Describe thosetraits, then illustr ate your
predictions by making a sketch on a piece of notebook paper, showing what your team would
expect.

7. When you finish step 6, show your teacher what your team predicted, and you will be handed the next
real discovery...

8. Inlate 1994, Hans Thewissen (formerly one of Gingerich’s students), and histeam, reported the
discovery in 48 million year old deposits in Pakistan of a nearly complete fossil with teeth similar to
mesonychids and early whales. He called it Ambulocetus. Place the Ambulocetusstrip (#6) on
thetimeline. It was about the size of alarge sealion. Itstail waslong and dender, with no evidence
of usefor swimming. However, it had rather short, strong hind limbs, with huge feet (each toe with
atiny mesonychid-type hoof!). The head had along snout with no blowhole. It probably walked
on land like asealion, and swam with an undulating up and down mation of its hindquarters (like a
sea otter), getting most of its propulsion force fromitslarge feet. It was clearly a 4-legged cetacean.



DISCUSSION QUESTIONS
(Discuss these with your team, record your answers, and be prepared to share with the class)

1. Which typical whale traits were the ear liest to appear?
2. Which whale traits evolved much later ?

3. What age sediments, and in what r egion of the world, would you search now to get the fossilswhich
would shed more light on whale origins, and what specific traits would you expect to find?

4. How closely did your “predicted traits’ (expected for aninter mediate between mesonychids and
Rodhocetus) match the Ambul ocetusfossil found? Does Ambulocetusseem to fit fairly well into
the sequence between mesonychids and Rodhocetus?

5. Notice the reconstruction of Pakicetus, showing it asafour-legged animal. What evidence, if any,
would suggest such a reconstruction? (Get your information from the suggested resources and the
skull picture). How confident are you of that reconstruction? What additional evidence would give
you greater confidence in that reconstruction?

6. Aseach new “intermediate fossil” was found, filling a“gap”, how many new gaps were formed?
7. Can we make predictions about past events? Why?
8. Explain why the absence of transitional (intermediate) fossilsisnot afair argument against evolution.

9. Why isit very UNIlikely that these fossils of early whale evolution are the dir ect ancestors of whales?
How ARE they probably related to those direct ancestors? What iswrong with the popular
“missing link” concept of evolution?

10 Severa species of modern whales have well-devel oped rear limbs while embryos. Asthe embryo
continues to mature, these limbs atrophy (shrink) and become nonfunctional. Why do you suppose
this happens? (Why do the limbs form, and then why do they atrophy?)

11. Summarize what you have learned about the process of science in thislesson.
12. Summarize what you have learned about the process of evolution in this lesson.
++++++ PLEASE RETURN WHALE STRIPSTO PROPER ENVELOPES ++++++

CLASS DISCUSSION
Everyone on your team should be prepared to answer the above questions during teacher-led class
discussion, and have questions to ask.

OPTIONAL (Possible Homework Assignment): You may be given alist of intermediate whale fossils,
along with aresource package and websites where information is available. If so, copy that list of
fosslsinto your notebook (most recent at top, oldest at bottom), and for each, provide the following
information:

1. Scientific name of the fossil

2. Year it was found (or when report was published), and who discovered it, if possible

3. Location of find (country)

4. Age of fossil (in mya)

5. Habitat (inferred from fossil analyses, associated fossils, and nature of sediments)

6. Parts of skeleton found

7. Inferences about mode(s) of locomotion (swimming, walking), based on fossils and habitat

8. Inferences on degree of “whaleness”

OR....fill inthe Whale Evolution Datatable provided, using the resources provided.
END



WHAT KIND OF CREATURE ISA WHALE?

Iseach structurein WHALES morelikeaFISH'’s,... or morelikea CAT's?
STRUCTURE FISH CAT

EARS
EYES
LUNGS
FORELIMBS
JAWS
MAMMARY GLANDS
HAIR

A CAT ISAMAMMAL: an animal with hair and which nursesitsyoung

WHALESHAVE HAIR AND NURSE THEIR YOUNG
SO WHALESMUST BE MAMMALS!

WHALE EMBRYOSEVEN HAVE HIND LIMBS!

SO.... Wher e did whales come from???

The earliest modern-type whale fossils are about 30 mill. yrs. old.
The earliest mammals appeared about 200 million years ago.
The earliest reptiles appeared about 300 million years ago.
The ear liest fishes appeared more than 400 million years ago.

Therefore, with all those mammal traits, including four legs,
we are searching for fossils which are likely to be transitional
between early mammals and the earliest whales,
sometime befor e 30 million year s ago.

If we found any transitionals between fish and whales, or between
reptiles and whales, that would indeed raise serious questions
about our views of vertebrate evolution.

However, NO such fossils have ever been found.



WHALES IN THE MAKING
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3. (1983) Pakicetus inachus (skull and teeth only)
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4. (1990) Basilosaurus isis (hind leg found)

All figures redrawn from originals for this lesson by Janet Dreyer. See “List of Credits” page for original sources.



