
















Figure 7. Reconstruction of the 37-million-year-old (37 Ma) late Eocene basi-
losaurid archaeocete Dorudon atrox from Wadi Al Hitan in Egypt. Several virtu-
ally complete skeletons are known, described by Uhen (2004). These were the fi rst 
to preserve all vertebrae, complete forelimbs with hands, and Basilosaurus-like 
hind limbs. Terminal caudal vertebrae are fl attened dorsoventrally like those of 
modern cetaceans, indicating the presence of a tail fl uke. Dorudon was a fully 
aquatic tail-powered swimmer. Skeleton is 4.9 meters long. Illustration at the top 
is by John Klausmeyer, University of Michigan Exhibit Museum.

Figure 8. Rest during a “long march” looking for fossil-bearing strata in Balo-
chistan Province of Pakistan. Men at left are Munir ul-Haq and Intizar Hussain 
Khan of the Geological Survey of Pakistan, Philip Gingerich of the University of 
Michigan, and Muhammad Arif of the Geological Survey of Pakistan. The three 
men at right are tribal guards. Photo by Iyad Zalmout.
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On our fi rst day in the fi eld in Balochistan, graduate student Iyad 
Zalmout found a piece of an astragalus, and Pakistan geologist Munir 
ul-Haq found another. The two pieces fi t together to make a complete 
bone, with, to my great surprise, a grooved surface or trochlea on each 
end. This “double-pulley” astragalus was part of a protocetid skeleton 
that included an exceptionally well-preserved skull. The skull and par-
tial skeleton were eventually named Artiocetus clavis (Gingerich et al. 
2001). A week or so later Munir ul-Haq found much of the skeleton 
of the protocetid Rodhocetus balochistanensis, and this too had a 
“double-pulley” astragalus. Finally, to cap the 2000 fi eld season, Iyad 
Zalmout found what became the type specimen of the protocetid Mai-
acetus inuus, a female with a near-term fetus in utero (Gingerich et al. 
2009). The airplane hijackings of 11 September 2001 effectively ended 
our Pakistan fi eld work, but on a fi nal 2004 expedition Zalmout and 
Haq found the complete skeleton of a male Maiacetus inuus, which is 
illustrated in fi gure 9.

For those in the know, a “double-pulley” astragalus is diagnostic of 
the mammalian order Artiodactyla, the group including modern cows, 
sheep, deer, hippos, etc. (fi g. 10). Our discovery of double-pulley as-
tragali in the skeletons of protocetid whales ended a long debate with 
molecular biologists, who argued that whales are genetically artiodac-
tyls. Paleontologists like Leigh Van Valen thought whales were related 
to Artiodactyla, but derived the two groups independently from extinct 
Condylarthra (Van Valen 1966). Our fi nding of double-pulley astragali 
in skeletons of early whales meant that the relationship was much 
closer, as molecular biologists had inferred. Molecular phylogenies are 
always simple in some sense (omitting extinct relatives and optimizing 
resemblance among living taxa using parsimony or relative likelihood). 

Figure 9. Reconstruction of the 47-million-year-old (47 Ma) protocetid 
archaeocete Maiacetus inuus based on a complete skeleton described in Gingerich 
et al. 2009. Terminal caudal vertebrae are not fl attened dorsoventrally and Mai-
acetus clearly lacked the tail fl uke of modern cetaceans. Maiacetus was a semi-
aquatic foot-powered swimmer. Skeleton is 2.6 meters long. Illustration is by John 
Klausmeyer, University of Michigan Exhibit Museum.



evolution of whales 319

In this instance the fossil record confi rmed the connection of living 
C etacea (through Archaeoceti) to Artiodactyla.

Stages of Whale Evolution

There are many advantages to fi nding whole skeletons of fossil whales. 
These include enabling a thorough comparison of fossil whales with each 
other, enabling comparison with a diverse range of mammals to place 
the whales in behavioral and functional context, and constraining the 
speculation about similarities and differences that inevitably ensues when 
important elements are missing. Comparison of fossil whales with each 

Figure 10. Ankle bones of middle Eocene protocetid Rodhocetus balochista-
nensis (left), modern pronghorn antelope Antilocapra americana (center), and 
middle Eocene protocetid Artiocetus clavis (right). Top arrow in each points to the 
proximal trochlea (pulley) of the astragalus bone for articulation with the tibia of 
the lower leg, and bottom arrow points to the distal trochlea of the astragalus for 
articulation with the foot. Double-pulley astragali like these are diagnostic of the 
mammalian order Artiodactyla (even-toed hoofed mammals), and fi nding such 
specialized astragali in early whale skeletons indicates the close relationship of 
whales to artiodactyls. Scale at left is in cm.
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other and comparison with a diverse range of mammals in functional 
context are illustrated in fi gure 11. Here the relative sizes of bones in 
the forelimb, torso, and hind limb for each fossil skeleton are compared 
with each other and simultaneously compared with proportions in a 
broad range of living semiaquatic mammals for which we know the 
mode of swimming. Possible structural ancestors of whales like Elo-
meryx, protocetid whales like Maiacetus and Rodhocetus, and basilo-
saurid whales like Dorudon separate into three seemingly discrete struc-
tural stages of whale evolution. These represent a primitive terrestrial 

Figure 11. Principal components graph of 14 trunk and limb skeletal propor-
tions (inset) for a representative sample of 50 species of extant semiaquatic mam-
mals. PC axis I (not shown) separates species by size. PC axis II (ordinate) sepa-
rates aquatic and terrestrial species. PC axis III (abscissa) separates tail-powered 
from foot-powered swimmers. Adding fossils, we see that whales evolved from a 
terrestrial early Eocene artiodactyl, represented structurally by Elomeryx, to middle 
Eocene foot-powered swimmers like Rodhocetus and Maiacetus, to middle and 
late Eocene tail-powered swimmers like Dorudon (dashed line). Inset skeleton is 
that of the Russian desman, a foot-powered swimmer that resembles Rodhocetus 
closely in skeletal proportions. Modern fully aquatic whales cannot be graphed 
because they lack the femur, tibia, and foot elements included in the analysis. How-
ever, simulation experiments making the femur, tibia, and foot progressively 
smaller in Dorudon move it farther to the left and off the chart, which gives an 
indication of where modern whales would lie if they could be plotted. Analysis is 
more fully explained in Gingerich (2003) and Gingerich et al. (2009).
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stage, a more-advanced semiaquatic stage of foot-powered swimming, 
and an even more advanced fully aquatic stage of tail-powered swim-
ming. Modern whales are fully aquatic, too; swim with a fl uked tail; 
and have lost any trace of an external hind limb.

To understand how these stages tie together, it is useful to return to 
the creationist caricature of fi gure 2. This has been redrawn in fi gure 
12, maintaining the spirit of the original. We now know that whales are 
most closely related to artiodactyl mammals living on land, not Hol-
stein cows per se, but Holsteins can serve symbolically. The cartoon 
stage where whales entered the water and became semiaquatic can be 
represented by early middle Eocene Pakicetus, which lacked critical spe-
cializations for hearing in water but, to the extent it is known, had a 
skeleton modifi ed for swimming. Whales probably never went through 
a cartoon stage combining hooves on their feet with fl ukes on their 
tails, but otherwise this advanced semiaquatic stage can be represented 
by middle Eocene Maiacetus, which had an enhanced ability to hear in 
water and swam with its feet, but still came out on land to give birth. 

Figure 12. Stages in the evolution of whales from land to sea. (A) Elomeryx is 
a model artiodactyl land-mammal ancestor; (B) Pakicetus is a 48 Ma semiaquatic 
archaeocete incapable of directional hearing in water; (C) Maiacetus is a 47 Ma 
semiaquatic foot-powered swimmer with jaws and ears modifi ed for hearing in 
water; (D) Dorudon is a 37 Ma fully aquatic tail-powered swimmer with reduced 
hind limbs that makes a good structural ancestor for Oligocene-to-Recent modern 
Odontoceti and Mysticeti.
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The cartoon stage with a fully aquatic whale swimming with a fl uked 
tail is nicely represented by the late Eocene archaeocete Dorudon. Fi-
nally, modern whales are modern whales, differentiating into Mysticeti 
and Odontoceti. Thanks, creationists, for asking to see the intermediate 
stages.

Does the story end here? No, this is science, and the enquiring mind 
wants to know more. What group of early artiodactyls gave rise to 
whales, and can we fi nd intermediates between terrestrial artiodactyls 
and Pakicetus? How did whales develop the specializations for hearing 
that fi rst appeared in protocetids like Maiacetus? How did whales 
make the transition from foot-powered swimming in Maiacetus to tail-
powered swimming in Dorudon? And how did a late Eocene Dorudon-
like ancestor give rise to modern Mysticeti on one hand and Odonto-
ceti on the other? When and how did whales make the physiological 
transitions listed in the table in fi gure 3? We still have much to learn!
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