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puercensis, Phenacodus vortmani, 

middle Eocene Family 

species--Tetraclaenodon 

and E. primaevus--with 

available postcranial material for an investigation of 

postural and locomotor capabilities. The details of bone and 

joint morphology are compared within the phenacodontids and 

with several extant analogues whose postural and locomotor 

capabilities and morphological correlates are known better. 

Several aspects of the postcranial morphology of the 

phenacodontids, especially E. vortmani and E. primaevus, 

suggest cursorial capabilities. The anterior thoracic 

vertebral column has limited flexibility dorsoventrally and 

mediolaterally, but the articular surfaces in the lumbar 

section, especially in the larger E. primaevus, tend to allow 

dorsoventral movement while restricting mediolateral movement, 

thus potentially adding to total stride length. The 

digitigrade limb posture, 

vortmani and E. pr imaevus, 

again especially developed in E. 

adds to limb length and stride 

length. Several features of the joints in the forelimb and 

hindlimb restrict motion to the parasagittal plane or enhance 

thrust against the ground in the parasagi t tal pI ane, thus 

contributing to forward motion. The curvatures of the glenoid 

fossa and the humeral head enhance flexion and extension and 

........ - - •.. ------------.---.--
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restrict abduction. The mediolateral width and shapes of the 

articular surfaces in the elbow joint prevent supination. The 

flexor hinge in the wrist allows a powerful thrust against the 

ground during push-off. The keels in the distal metapodials 

maintain that thrust in the parasagittal plane. In the 

hindlimb, the high greater trochanter and the third trochanter 

increase the mechanical advantage of some extensors of the 

femur. The deep patellar groove suggests strong extension at 

the knee. Similarly, the deep grooves and distinct condyles 

of the distal tibia and dorsal surface of the astragalus, 

along with the relatively long calcaneal tuberosity, suggest 

powerful flexion at the ankle joint and confine motion at the 

upper ankle joint to flexion and extension. 

The phenacodontids and 'especia 11 y Phenacodus vortman i and 

E. primaevus were good runners, particularly compared with 

their Paleocene and Eocene contemporaries. Within the genus 

Phenacodus, the more slender E. vortmani, wi th its more 

elongate distal elements of the hindlimb, probably was the 

more efficient runner. 
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INTRODUCTION 

The phenacodontids are a group of primitiv.e ungulates 

that ranged in body length (mandibular symphysis to ischial 

symphysis) from approximately 590 mm to 1220 mm (Osborn, 

1898) and in body mass from approximately 3 kg to 80 or 90 kg 

(Thewissen, 1989). They had digitigrade limb posture and five 

toes, the medial and lateral two of which were reduced in 

size. The molars were low crowned and bunodont, and there was 

some molarization of the premolars. The phenacodontids have 

been found in North America from the early Paleocene to the 

midd I e Eocene and in Western Europe from the earl y to the 

middle Eocene. They are currently classified as a family, 

Fami I Y Phenacodontidae, wi thin the broad horizontal Order 

Condylarthra which, at its most inclusive, was nearly 

worldwide in distribution and a very significant part of the 

early Tertiary mammalian radiation (Savage and Russell, 1983). 

The phenacodontids themselves survived for approximately 15 

million years and were an important and, at times, a dominant 

part of the early Tertiary fauna in North America. The 

systematics of the phenacodontids and the condyl~rths is based 

largely upon dental morphology and recently has been revised 

(McKenna, pers. comm., 1988; Thewissen, 1989). 

One of the major features of the Tertiary radiation of 

mammals is the development of varied modes of posture and 

-----_ ... __ ..................... _- ------------------- -~. -
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locomotion, which bear directly on survivability--on food

acquisi tion, predator avoidance, and searching for mates. 

Because the phenacodontids were such an important part of the 

Tertiary mammalian radiation and because they are considered 

to be closely related to other Tertiary mammalian families 

that have dissimi lar postural and locomotor capabi I i ties, this 

study of the postural and locomotor capabilities of the 

phenacodontids will contribute to an understanding of the 

phenacodontids themselves and may help elucidate phylogenetic 

relationships among mammalian families. 

Previous studies of phenacodontid posture and locomotion, 

described in the literature review, provide a good foundation 

for the more detailed study presented here. They are, 

however, largely descriptive with incomplete functional 

interpretations. Most of these studies suggest that the 

phenacodontids could run, but di ffered in the degree of 

cursoriality inferred. Thus, a more detailed examination of 

the phenacodontid postcranial morphology, its comparison to 

a spectrum of modern mammals, and the postural and locomotor 

functional interpretations of phenacodontid morphology are 

needed. 

As is true in all fossil populations, the phenacodontid 

specimens that are preserved were individuals in populations 

that expressed some degree of variation in form. The various 

features approached optimal form for their functions and roles 

to some unknown degree. Phylogenetic history, development, 

---,._-" -. 
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function, and chance affected the morphologies. The 

individuals also had particular life h~stories that influenced 

their forms to some degree up to the points of their deaths. 

Decay and other taphonomic processes removed some parts of the 

bodies of the individuals, altered and scattered other parts 

so that some of the originally available information on the 

posture and locomotion of the individual has been lost 

(Behrensmeyer, pers. comm., 1989; Behrensmeyer and Hill, 

1980) . But what is left--the skeletons--still contains a 

great amount of information on the size, shape, structure, and 

biomechanics of the posture and locomotion of 

individual (s). 

This research 

postcranial skeletal 

project asks four questions about 

morphology of the phenacodontids: 

the 

the 

1) 

What are the phenacodontid postcranial skeletal morphologies? 

2) HOVJ do they vary among the individuals and among the 

species? 3) How could they have worked or functioned? 4) 

Do these forms tell us anything about evolution and 

relationships within the phenacodontids? 

Specifically, the following kinds of information may be 

obtained from the preserved postcranial material: 

1) The dimensions and descriptions, and the comparison of the 

forms of these features with those of several analogues 

2) The direction and range of movement at each joint 

3) The particular bony features at the joints that limit or 

enhance the direction and range of movement 

_ .. -_ .. ' -_._-------_._- _ ..... 
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4) The approximate positions at each joint for greatest joint 

stabi lity 

5) The posture of the limbs and vertebral column 

6) The lengths of levers and bony links between the joints 

and th~ir relationship to mechanical efficiency for speed or 

power 

7) An indication of the relative efficiency of running based 

upon restrictions to movement in the vertebrtll column, the 

total limb length, the limb posture, the relative lengths of 

the in-levers and out-levers for muscle groups, and bo"y 

restrictions to medial and lateral motion that tend to keep 

limb motion in the parasagittal plane 

8) A general indication of total weight range, general weight 

distribution, and fore or hindlimb emphasis, based upon 

skeletal size, robustness, and a comparison to modern 

analogues (Grand, 1977) 

9) The pattern of soft tissue anatomy and restrictions of 

movement by soft tissue, based upon bony attachment sites for 

muscles, tendons, and ligaments and a comparison to modern 

analogues 

10) How movement at one joint constrains or enhances movement 

at another joint, based upon manipulation of the joints and 

comparison with the modern analogues in terms of bone and soft 

tissue anatomy 

These latter inferences can be made with more confidence 

if joints can be manipulated and if the analogues are very 

--------- .---- --
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similar, especially if there is a range of form within the 

analogues which encompasses the form in the fossil (Jenkins, 

pers. comm., 1987). The inferences must be made with less 

confidence if the bones are slightly distorted, if some joints 

are incomplete, if appropriate analogues are not available for 

comparison with particular features, or if these analogues 

have not been studied in great detail (Cowen, 1979). Of 

course, the problems of incompleteness and distortion are 

inherent to the study of fossils. 

Other kinds of information cannot be obtained, however, 

from the phenacodontid material available: 

1) The role of the form of the feature in its environment. 

2) The preferred or most common motion of the phenacodontid, 

including its gait. 

3) The relative amount of time and energy spent by the 

phenacodontid moving and resting, including its range of 

speeds and stamina. 

4) How typical with respect to postcranial anatomy these 

particular phenacodontids were in the populations. (In order 

to generate hypotheses of function in fossil organisms, 

however, one must assume that the individual is typical, 

unless there is evidence to the contrary). 

5) The relative contribution of individual life history or 

behavior within the environment to the morphology observed. 

6) Motion of any joints that are not preserved or available. 

Only hypotheses may be made, based upon joints that are 

---------. -- . -
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available. 

7) Niche differences among the phenacodontids and a 

comparison to contemporary mammals. 

8) Sexual dimorphism based upon the skeleton 

Some questions in functional analysis are more 

appropriate to the study of extinct organisms and it is these 

questions that are being addressed. The resul t wi 11 be a 

greater understanding of the physical features of the 

phenacodontids, how these features may have contributed to 

posture and locomotion in these mammals, and perhaps how the 

different phenacodontid species relate to the evolutionary 

history of the Paleocene and Eocene mammals. 

To understand the postural and locomotor capabilities of 

the phenacodontids, the postcranial fossil material is 

compared to that of extant mammals whose postural and 

locomotor capabilities are known generally. The bones also 

are manipulated so that the direction and range of movement 

and the most stable posi tion at the joints can be seen. 

Positions of muscle insertion are measured so that lever 

efficiencies can be understood. Thus, two general approaches 

are used which are complementary: form-function correlation 

and biomechanical analysis (Radinsky, 1985). 

The sections that follow include a literature review, a 

statement of purpose for this research project, a presentation 

of the materials and methods used in the study, and a 

description of the phenacodontid postcranial material followed 
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by an analysis of function and a comparison to the form and 

function in the extant analogues. 

The literature review consists of two sections: a review 

of the phenacodontids themselves and of relevant studies in 

postural and locomotor functional morphology that may pertain 

to the analysis of the phenacodontids. The literature on the 

phenacodontids includes: a presentation of the localities and 

dates at which phenacodontid fossil material has been found, 

a discussion of the early Tertiary mammalian radiation and the 

place of the phenacodontids in it, the systematics of the 

phenacodontids and the condylarths, and previous studies in 

the posture and locomotion of the phenacodontids. The second 

literature review section describes studies of postural and 

locomotor function in extant mammals that are relevant to the 

understanding of posture and locomotion in the phenacodontids. 

It is these detailed studies based upon observation of living 

mammals and the correlation of morphology and function in them 

that can enlighten a study of postcranial function in extinct 

mammals. 

The description of phenacodontid postcranial morphology 

and the analysis of postural and locomotor function is 

presented in four sections: total body proportions, the 

vertebral column, the forelimb, and the hindlimb. Within each 

section the morphology of the phenacodontids and a comparison 

within the phenacodontids is presented joint by joint. 

Posture and locomotion are interpreted for each joint. A 

- -. ---- -------- ---- .-. 



30 

comparison to the morphology and the posture and locomotion . \ 

of the extant analogues follows. At the end of each section, 

the postural and locomotor capabilities of the phenacodontids 

are summarized and analysed for the section of the body as 

a whole. The vertebral column and forelimb are presented in 

detail. The discussion of the hindlimb is limited to hindlimb 

proportions and their contribution to phenacodontid posture 

and locomotion. The completed analysis of the hindlimb in the 

phenacodontids will be published separately. 

The conclusion presents a brief comparison of the 

postural and locomotor capabilities of Tetraclaenodon 

puercensis, Phenacodus vortmani, and E. primaevus, followed 

by speculation on the phylogenetic relationships of the three 

species and the relationship of the phenacodontids to the 

perissodactyls • 

. _ ..... -_ .. _----------_. __ .-. _ ... 
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PHENACODONTID LOCALITIES AND DATES 

Within North America, phenacodontids have been found in 

Pa 1 eocene and Eocene, genera 11 y in termon tane deposi ts in 

several western states. Figure 1 illustrates the localities 

where phenacodontids have been found in western North America 

and the ages, given in terms of North American Land Mammal 

Ages, of these deposits. Phenacodontids were rare in Europe. 

The North American Land Mammal Ages were originally 

defined as time units for North American continental deposits 

by Wood et tl in 1941, based upon the biostratigraphic 

appearances of certain widespread, abundant, and distinctive 

mammalian genera. Since that time, new appearances, 

revisions, and dating of the deposi ts have modi f ied the 

definitions of the boundaries and characterizations of the 

included fauna and have allowed preliminary, mutually 

exclusive subdivisions of some of the Land Mammal Ages into 

finer biochrons, based upon the chronostratigraphic units, the 

chronoz~nes. There also has been an increase in the 

acquisition of detailed biostratigraphic data which will aid 

in the further development of the more interpretative 

biochronologic units (Archibald, et tl, 1987; Gingerich, 

1980b; Woodburne, 1987a,b,c,d). Today, the North American 

Land Mammal Ages (and the subdivisions or finer biochrons) are 

characterized by included genera and index genera. The older 

boundaries each are defIned by the first appearance of a 

particular immigrant taxon (Rose, 1981a; Woodburne, 1977) or, 

---------~-.-~.- -. 
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if based upon the new acquisition of a particular morphology, 

of an evolutionarily new taxon (Woodburne, 1987a,b). 

The sequence of North American Land Mammal Ages, their 

approximate correlations with Cenozoic epochs, the magnetic 

polarity scale, some of the recen~" subdivisions of some Land 

Mammal Ages, and the approximate radiometric ages are shown 

in Figure 2. 

Thus, these North American Land Mammal Ages (and the 

included finer biochrons) are a sequence of time intervals 

during which certain characteristic mammalian genera lived. 

The exact dates of the boundaries still are not completely 

resolved, but they are determined as closely as possible by 

radiometric dating of intervening ash layers and lava flows 

and by corre I a tion wi th pa I eomagnetic reversa I sequences, 

which are world-wide in extent and which are ultimately dated 

radiometrically (Berggren, I<ent, Flynn, and Van Couvering, 

1985; Butler, Lindsay, and Gingerich, 1980; Lindsay, et ~, 

1987; Woodburne, 1987a). 

The phenacodontids (excluding the meniscotheriids) were 

present in western North America during the following North 

American Land Mammal Ages: Puercan (Desmatoclaenus) , 

Torrejonian (Desmatoclaenus, Tetraclaenodon), Tiffanian 

(Desmatoclaenus, Ectocion, f'henacodus), Clarkforkian 

(Prosthecion, Ectocion, Phenacodus), Wasatchian (Copecion, 

Ectocion, Phenacodus), and the Bridgerian (Ectocion, 

Phenacodus) (Archibald, 1987; Gingerich, 1989; 



Krishtalka, et 9..1, 1987; 

1983; West, 1970, 1976). 
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Rose, . 1981a, Savage and Russell, 

See Appendix A. 

The phenacodontids increased in numbers dramaticall y 

during the Paleocene and became dominant in the fauna. They 

were at their peak in terms of number of species as well as 

total numbers during the Clarkforkian (Rose, 1981a,b), but 

dec lined sharpl y at the end of the Clark forkian (Krause, 

1984), continued their decline during the Wasatchian, and 

became extinct near the Wasatchian-Bridgerian boundary 

(Stucky, 1984b). 

------- .. - .. --
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The early Tertiary mammalian radiation involved a large 

increase in the rates of mammalian evolution and in the 

numbers, faunal diversity, and morphological variety of 

mammals (Eisenberg, 1981; Stearn and Carroll, 1989). With the 

dec I ine of the repti les in the Cretaceous, the continuing 

breakup of the large continental land masses, and the 

development of new environments associated wi th climatic 

change and the diversification of angiosperms, the mammals 

diversified dramatically and "experimented" with different 

morphologies and niches. During the course of the ear I y 

Tertiary, many lineages appeared, flourished, and became 

extinct, some with descendant groups and some without 

recognizable descendant groups. 

The latest Cretaceous and early Paleocene in particular 

was a time of rapid diversification. The Paleocene fauna was 

dominated by the older mammalian groups-- Multituberculata, 

Condylarthra, and plesiadapiform Primates. During the latest 

Paleocene and the Eocene many modern orders first appeared and 

became dominant--the Insectivora, Rodentia, Chiroptera, 

Artiodactyla, Perissodactyla, Cetacea, and modern Primates. 

During the Oligocene, many of the modern families within the 

modern orders became dominant (Gingerich, 1980a,b; Krause, 

1984; Savage and Russell, 1983). 

These faunal changes are recorded in the Tertiary 

... _ .. --- ------------- -~- -'. 
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sediments preserved in many intermontane basins in Western 

North America. Major turnovers approximate the boundaries of 

the Land Mammal Ages, with the first appearances of one or 

more immigrant or evolutionarily new taxa defined as the 

particular boundaries. For example, two major faunal 

turnovers recorded in the Bighorn Basin of Wyoming occurred 

at the Tiffanian-Clarkforkian and the Clarkforkian-Wasatchian 

boundaries, defined by the first appearances of the rodent 

Paramys and of the perissodactyl Hyracotherium, the 

artiodactyl Diacodexis, or the primate Cantius respectively 

(Gingerich, 1980b; Krause, 1984; Rose, 1981a, 1984; Woodburne, 

1987c). During the intervening Clarkforkian Land Mammal Age, 

the phenacodontids were a very important part of the fauna in 

the Bighorn Basin. 

During the early Tertiary, the continents were 

approximately in their present positions. There were several 

differences, however, from the current positions that are 

important in terms of mammalian distributions and faunal 

similarities or differences (Gingerich, 1980b; Krause, 1984; 

McKenna, 1983; Rose, 1984). 

1) There were two high-latitude continental connections 

between North America and western Europe, allowing major 

dispersal routes between the two larger land masses. The more 

southern connection became important in the early Eocene when 

the climate warmed, but separated soon afterward as the North 

Atlantic widened. The northern connection may have persisted 
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until the late Eocene and early Oligocene, when the North 

Atlantic opened in that area. 

2) There was a land connection through Beringia, 

creating a di'spersal route between northeastern Asia and 

northwestern North America that lasted into the early 

Paleocene. 

3) Antartica and Australia were still contiguous at high 

lati tudes. South America may have been contiguous wi th 

Australia through Antartica for part of the Paleocene. 

4) South America was separated completely from Africa 

and North America. 

5) Indo-Pakistan had not joined Asia and was sti 11 an 

island continent in the Indian Ocean until the Eocene. 

6) Northwestern Europe was separated or partially 

separated from southeastern Europe and Asia by the Obik Sea. 

The widening of the Atlantic is associated with the 

western movement of North America and the subduction of the 

Pacific plates at the western edge of the continent. In the 

Bighorn' Basin area, for exampl e, where phenacodontids have 

been found, during the late Cretaceous and early Tertiary the 

mountains were upl i fted and the basin downwarped by 

differential structural elevation associated with Laramide 

deformation. There was an accumulation of sediments in the 

basin, especially along the synclinal axis and less so at the 

edges of the basin. During the Eocene, but less so during the 

Oligocene, there was continued deposition. During the 
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Miocene, Pliocene, and Pleistocene there was general uplift 

of the area and erosion, which continues today, exposing early 

Tertiary sediments and fossils (Bown, 1979, 1980). 

The paleoclimate of the Bighorn Basin during the early 

Tertiary has been studied by Hickey (1980), based upon the 

paleofloras and upon the leaf margin percentages, or leaf 

perimeters compared to leaf areas, which are a general measure 

of temperature (Wolfe, 1979) • Tropical floras are 

characterized as having a high percentage of "entire-margined" 

leaves or those leaves without indentation. The percentage 

of these entire-margined leaves decreases proportionally as 

the climate becomes more temperate or less equable (higher 

seasonality). Hickey (1980) found flora with a moderate level 

of diversity during the Puercan, unclear results (fewer data) 

for the Torrejonian, a lower level of diversity during the 

Tiffanian, and higher levels again in the Clarkforkian. The 

percentage of entire-margined leaves (suggesting warmer 

temperatures) decreased from the Puercan to the Ti ffanian 

(with the Torrejonian less clear) and increased again in the 

Clarkforkian. The mean annual temperatures that Hickey (1980) 

suggests for the early Tertiary are approximately 15° C in the 

Puercan, uncertain in the Torrejonian, approximate I y 100 C 

wi th a mean annual range of 250 C in the Ti ffanian, and 

approximately 13.5° C with a mean annual range of 20° C in the 

Clarkforkian. 

The temperature was high, approximately 200 C during the 
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earliest Puercan, but declined during the Puercan, (is 

uncertain for the Torrejonian), was low with a large 

seasonality in the Tiffanian, and increased somewhat with a 

decrease in seasonality in the Clarkforkian. Hickey (1980) 

suggests the presence of a broad leafed deciduous forest in 

the Tiffanian and warmer temperature evergreens such as palms 

and cycads i'n the Clarkforkian. Thus, the Bighorn Basin 

during the time of the phenacodontids was wooded or forested. 

Gingerich, Rose, and Krause (1980) and Rose (1981a) find 

an association between climate and faunal diversity in the 

early Tertiary Clark's Fork Basin area of the northern Bighorn 

Basin. For the Torrejonian they find high diversity (species 

richness and evenness) and suggest warm, equable, stable 

temperatures (low seasonality). There is significantly 

decreased diversity for the Tiffanian, which is associated 

with cooler, less equable or more seasonable temperatures, 

continued relatively low diversity (but high total numbers) 

for the Clarkforkian, which is associated with cool but 

somewhat warmer, but seasonally variable temperatures compared 

to the Tiffanian, and higher diversity (mainly species 

evenness) for the Wasatchian, which is associated with warmer, 

more equable, more stable temperatures. 

Rose (1981a) suggests a low elevation, seasonal, warm, 

humid (but drier than Tiffanian) forested floodplain with 

meandering streams and oxbow lakes for the Clark's Fork Basin 

area during the Clarkforkian Land Mammal Age. The 

,-------- ,_.' - -. 
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Clarkforkian is the time of the faunal dominance of the 

phenacodontids in the Clark's Fork Basin, which, according to 

Rose (1981a), were generalists that thrived during the time 

of climatic fluctuation. 

During the early Eocene (Wasatchian) the temperatures 

increased, the climate became drier, and the phenacodontids 

declined in relative faunal dominance. At the end of the 

Eocene or in the early Oligocene the climate changed 

dramatically with a worldwide decrease in temperature and an 

increase in seasonality. In North America, this last decrease 

in temperature and increase in seasonality is 'associated with 

the change from forests to savannah during the early Oligocene 

(Gingerich, 1980b; Savage and Russell, 1983). 

--------_ .. __ . -- .. - ... -
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SYSTEMATICS OF THE CONDYLARTHS AND OF THE PHENACODONTIDS 

The condylarths sensu lato, are a broad diverse group or 

grade of mammals that were part of the early Tertiary 

mammalian radiation. They first appear in the fossil record 

in the late Cretaceous of North America (Protungulatum, an 

arctocyonid) (Sloan and Van Valen, 1965). 

The condylarths diversified rapidly during approximately 

the first ten million years of the early Tertiary and, 

assuming their greatest systematic inclusivity, became world-

wide in distribution and included up to eight families. 1 They 

were an important part of the Paleocene and Eocene mammalian 

faunas in North America, South America, Europe, and Asia. 

These diverse families have been suggested to include the 

ancestor, either the immediate or a less immediate ancestor, 

of many extinct and extant orders of mammals. These orders 

include: the Artiodactyla, Perissodactyla, Till odonta, 

Dinocerata, Carnivora, Cetacea, Litopterna, Notoungulata, 

Astrapotheria, Pyrotheria, Xenungulata, Proboscidea, 

Hyracoidea, Sirenia, Desmostylia, and Embrithopoda. The 

different condylarth families declined during the middle and 

late Tertiary with the rise of modern families of mammals 

(McKenna, 1969; Krause, 1984). 

lThe condylarths are considered a grade rather than a clade. 
Some families have been removed from the condylarths and are now 
considered separa te orders. These changes are discussed be 1 ow. 
For this introduction to the broad grade of condylarths, however, 
the groups once included are retained temporarily only for the 
purpose of discussion and comparison. 
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The condylarths were described originally by Cope on the 

basis of the distally convex astragalus, its contact with the 

navicular, the five-toed plantigrade (interpretation) feet, 

the presence of the third trochanter on the femur, and the 

epicondylar foramen of the humerus, all primitive traits. 

Phenacodus, described largely on the basis of teeth, was 

central to the description of the condylarths as well as of 

the phenacodontids (Cope, 1881, 1884). 

Since the original definition of the condylarths (Cope, 

1881, 1884), several families have been added. At its most 

inc lusi ve, the order inc I uded severa I fami I ies wi th Fami I y 

Arctocyonidae at its base. Derived directly or indirectly 

from the arctocyonids are Families 

Phenacodontidae, Meniscotheriidae, 

Mesonychidae, 

Mioclaenidae, 

Periptychidae, Hyopsodontidae, and Didolodontidae (Van Valen, 

1978) • 

The broad Order Condylarthra generally now is considered 

a grade rather than a clade. This group includes related 

taxa, but those united by primitive characters, rather than 

exclusively by shared derived characters. Recently, several 

families have been removed from the order and placed either 

as stem groups within descendant orders or as higher groups 

themselves (McKenna, 1975, pers. comm., 1988). These changes 

in the taxonomy of the condylarths generally are based upon 

dental morphology. 

The arctocyonids, the stem group of,condylarths, either 

----------- --- - -. 
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have been elevated to a suborder (Suborder Arctocyonia) within 

OrdElr Condylarthra (Van Valen, 1978), or removed from the 

condylarths and made an order themselves (Order Arctocyonia; 

McKenna, 1975). The mesonychids either have been included as 

a family within a separate order (Order Acreodi; McKenna, 

1975), as a suborder (Suborder Acreodi) wi thin the Order 

Arctocyonia (Szalay, 1977), or as a separate order (Order 

Mesonychia). The meniscotheriids sometimes have been placed 

as a subfamily (Meniscotheriinae) within the Family 

Phenacodontidae (Prothero, et. al., 1988; Simpson, 1937; Van 

Valen 1978). 

The 

(Cifelli, 

condylarths 

1982, 1983b; 

are undergoing extensive revision 

Szalay, 1977; Van Valen, 1978), and 

further changes and refinements are expected (McKenna, pers. 

comm., 1988). In this dissertation, the condylarths in the 

broad inclusive sense are not considered to be a clade, but 

a group whose name is retained for convenience. 

In practice, the condylarths have been described on the 

basis of fossil teeth, skull and jaw fragments with teeth, and 

occasionally associated cranial and postcranial materials. 

The teeth have been used predominantly, and sometimes 

.exclusively in the taxonomy, often because no other parts are 

known (Rose, 1981a; Van Valen, 1978; West, 1976). Cranial and 

postcranial materials found are generally described, but with 

the exception of the tarsal bones (Matthew, 1937; Szalay, 

1977), are generally not used in the taxonomic diagnoses, 
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expecially at the subfamily level. Cifelli (1982), however, 

derived phylogenetic hypotheses from a comparison of the 

anatomy of the petrosal bone in various mammals, including 

several ccindylarths, but this element is unavailable for a 

large number of condylarths. 

The Family Phenacodontidae 

central to the definition of 

generally is considered 

Order Condylarthra. The 

phenacodontids were part of the original description of the 

order (Cope, 1881, 1884) and still are associated with the 

condylarths in recent revisions. In 1873, Cope described 

Phenacodus on the basis of an isolated molar, then more 

completely in 1881 and 1884, after more material had become 

available. He described the Condylarthra with the 

phenacodontids as the typical condylarth, placing the 

condylarths within the Order Perissodactyla (1881), then 

p 1 ac ing the condy 1 arths and the hyracoids in to a separate 

order Taxeopoda (1884) • The ordinal and subordinal 

designations were based upon postcranial material and the 

familial and generic designations upon dental morphology. 

In some classifications, Family Phenacodontidae includes 

the meniscotheriids as a subfamily (Simpson, 1937; Szalay, 

1977; Van Valen, 1978), but they are not always included 

(Gazin, 1962; Savage and Russell, 1983). See Thewissen, 1989, 

for a recent revision of Phenacodontidae. 

There often has been a suggestion of a relationship 

between the phenacodontids and the perissodactyls (MacFadden, 
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1976; Osborn and Earle, 1895; Radinsky, 1966; Thewissen, 

1989). As mentioned, Cope (1881) first placed the 

phenacodontids, as condylarths, within the perissodactyls as 

the stem group of perissodactyls. Osborn (1898), however, 

suggested that the phenacodontids were a side branch, related 

to the perissodactyls only indirectly (Gregory, 1910). 

Radinsky (1966) described the evolutionary changes leading to 

the acquisition of perissodactyl features such as molar cusp 

patterns, mandible morphology, carpal and tarsal morphology, 

and reduction of digi ts from those of the phenacodontids. 

MacFadden's (1976) cladistic analysis of the phenacodontid

perissodactyl relationship suggested that the phenacodontids 

are the sister group of the per issodacty 1 s, uni ted by an 

unnamed ancestor. Thewissen (1989) finds a monophyletic 

phenacodontid-meniscotheriid-perissodactyl clade. Thus, the 

phenacodontids ei ther have been considered related to the 

perissodactyls or to include the ancestor of the 

perissodactyls. 

It is not certain, however, what the exact relationship 

is between the phenacodontids and the perissodactyls, that is, 

whether they are sister groups or in an ancestor-descendant 

relationship. The judgment depends perhaps on the placement 

of Desmatoclaenus, either a loxolophine arctocyonid or an 

early phenacodontid from the Puercan of central Utah. It is 

considered either the ancestor of the phenacodontids or the 

stem phenacodontid based upon dental morphology (McKenna, 

----------------.-
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pers. comm., 1988; Simpson, 1945; Van Valen, 1978; West, 

1976) • 

Currently, six genera may be placed in Family 

Phenacodontidae (including Desmatoclaenus but excluding the 

meniscotheriids). They are: 

Desmatoclaenus Gazin, 1941 

Tetraclaenodon Cope, 1884 (described as E. 

puercensis); Scott, 1892 

Phenacodus Cope, 1873 

Prosthecion 

Ectocion 

Copecion 

Patterson and West, 1973 

Cope, 1882 

Gingerich, 1989 

According to Van Valen (1978), Desmatoclaenus is retained 

within the loxolophine arctocyonids, but may be ancestral to 

the common ancestor of Ectocion and the meniscotheriids, of 

Tetraclaenodon and the phenacodontids, and of several modern 

orders including the Perissodactyla, Hyracoidea, and 

Proboscidea. 

West (1976) reviewed the systematics of the 

phenacodontids and synonymized many of the taxa, based upon 

dental morphology and size. He kept Desmatoc laenus and 

Prosthec ion wi thin the phenacodon tids. He recognized one 

species of Tetraclaenodon [I. puercensis, Cope, (1884)] six 

species of Phenacodus, which he suggests differ mainly in size 

and as a result of size [E. matthewi (Simpson, 1935), E. 

bisonensis (Gazin, 1956), E. grangeri (Simpson, 1935), E. 

- -- -~---- ------------- ------_. 
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brachypternus (Cope, 1882), E. vortmani (Cope, 1880), and E. 

primaevus (Cope, 1873)], and five species of Ectocion [~. 

montanensis (Simpson, 1935), ~. wyomingensis (Gazin, 1956), 

~. osbornianus (Cope, 1882), ~. parvus (Granger, 1915), and 

~. superste~ (Granger, 1915)]. 

The phenacodontids (excluding the meniscotheriids) have 

low crowned, generally bunodont to bunolophodont cheek teeth. 

The dental formula is I 3/3, C 1/1, P 4/4, M 3/3. The canines 

are larger than incisors and posterior premolars show a 

tendency toward molarization. The upper Ml and M2 are 

rectangular in outline and elongate medio-Iaterally, 

consisting of four larger cusps (protocone, paracone, 

metacone, and hypocone) and two smaller conules (paraconule 

and metaconule). The mesoloph is not strongly developed. The 

upper M3 is triangular in outline. The lower Ml and M2 also 

are rectangular in outline, but elongate anteroposteriorly, 

with four large cusps (protoconid, paraconid, metaconid, and 

hypoconid) and several smaller conules. The lower M3 is more 

elongate anteroposteriorly and narrower mediolaterally (West, 

1976). Desmatoclaenus is more primitive than the other 

phenacodontids, intermediate in dental morphology between its 

arc tocyon id predecessors and Tetrac 1 aenodon. Desma toc 1 aenus' s 

molars have fewer and smaller intermediate cusps than in 

Tetraclaenodon (West, 1976) . Tetraclaenodon has some 

molarization of its lower P4 and had capabilities both for 

crushing and shearing. Phenacodus di ffers from Tetrac I aenodon 

-------- .. -
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in its larger size, large occ 1 usa 1 surfaces on its cheek 

teeth, 

than 

and a suggested greater emphasis on crushing rather 

shearing (Radinsky, 1966). It also has greater 

molarization of the lower P4 than does Tetraclaenodon. The 

species within Phenacodus may be distinguished partly by size. 

Ectocion is smaller than Tetraclaenodon and Phenacodus, has 

nearly complete molarization of the lower P4, and has more 

lophodont, almost selenodont cheek teeth (Krause and 

Gingerich, 1983; West, 1970, 1976). The higher, more strongly 

developed ectoloph suggests an increase in vertical shear 

compared to other phenacodontids (Radinsky, 1966). 

Prosthecion, [which West (1976) distinguishes from Phenacodus, 

but which Thewissen (1989) considers included in Ectocion], 

is known from only a few dental specimens and is more 

moderately sized, between the sizes of Ectocion and the medium 

sized Phenacodus specimens, and close in dental morphology to 

Ectocion and Phenacodus. 

The phenacodontids differ from each other in size and in 

the details of dental morphology. West (1976) suggested, 

however, that 1 i ttle evolutionary change occurred to the 

phenacodon tids during thei r 15 mi 11 ion year hi story. The 

dental changes in Phenacodus compared to Tetraclaenodon were 

toward" •.. more efficient crushing of vegetation and a smaller 

emphasis an shearing" (West, 1976, p. 58). In Ectocion the 

cheek teeth became "more lophodont" and emphasized shearing 

" ... whi Ie reducing the abi 1 i ty for conven tional crushing" (p. 

.. . . .... --.------~-----. --- - -
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59) • 

Radinsky (1966) compared the attachment sites for' the jaw 

musculature in the phenacodontids and in the equid 

Hyracotherium. In Phenacodus and Ectocion he described the 

I arger coronoid processes (for tempora I is) and the sma ller 

angle of the mandible with less scarring (for internal 

pterygoid and masseter). 

than on the masseter 

This greater emphasis on temporalis 

and internal pterygoid in the 

phenacodontids suggests a greater emphasis on vertical jaw 

closure than on transverse movements, and is very similar to 

the emphasis in living carnivores. 

In contrast, the increased emphasis on the masseter and 

internal pterygoid in Hyracotherium is closer to that found 

in modern ungulates and some other herbivores in which 

transverse movements are important in chewing. 

This greater emphasis on vertical movements rather than 

on transverse movements in the phenacodontids compared to that 

in Hyracotherium is consistent with the similar evidence for 

crushing based upon the premolar and molar teeth. Radinsky 

(1966) did not distinguish between Phenacodus and Ectocion in 

terms of the relative development of vertical and transverse 

movements based upon cranial anatomy. 

West (1976) suggested that Phenacodus primaevus and 

Phenacodus vortmani, which differ at least in size, represent 

two parallel lineages separate since the earliest Tiffanian. 

Rose (1981a), in his study of the Clarkforkian Land Mammal 
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Age, followed West's (1976) phenacodontid classification, but 

suggested that the phylogeny may be more complicated than West 

(1976) had indicated. He also found one or more intermediate 

species, closer in size to the smaller E. vortmani but closer 

in dental morphology to the larger E. primaevus, which at that 

time, he designated as Phenacodus sp. 

In contrast to West (1976), Rose (1981a) found 

considerable morphological variation in the dental features 

of all sizes of Phenacodus, and suggested that the systematics 

of Phenacodus be re-examined. For example, based upon his 

examination of the phenacodontids from the Clark's Fork Basin, 

he suggested that E. copei and E. almiensis, synonymized with 

E. vortmani by West (1976), may be valid. 

Van Valen (1978) synonymized E. grangeri with E. 

primaevus, extending the range of E. primaevus to the earlier 

Tiffanian. McKenna collected a specimen of E. primaevus from 

the Bridgerian of southwestern Wyoming that was described by 

West and Atkins (1970). Since then, other Bridgerian 

specimens have been found (Krishtalka, et 2.l, 1987). Rose 

(1981a) pointed out that given both temporal extremes of E. 

primaevus, the species would have a range of 8 million years, 

which he said, is very long compared to most Tertiary mammals. 

Rose (1981a) also found considerable variation within 

Ectocion, which he referred for the time being to Ectocion 

osbornianus, the most common mammal within the Clarkforkian 

deposits of the Clark's Fork Basin. West (1976) had retained 

----- ---- "--- -. 
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two additional species of Ectocion proposed by Granger (1915), 

~. superstes and ~. parvus, which Simpson previously had re

arranged as part of a chronocline of ~. osbornianus. Rose 

(1981a), however, found that the variation within ~. 

osbornianus did not form a chronocline, but was present 

throughout the late Clarkforkian and Wasatchian range of ~. 

osbornianus. Thus, Rose (1981a) pointed out some problems 

wi thin phenacodontid systematics and suggested that West' s 

(1976) evaluation needs to be re-assessed. 

Thewissen (1989) recently has completed are-evaluation 

of phenacodontid systematics. He revised and added several 

new species to the existing genera, which include Copecion 

but exclude Prosthecion, and divided Phenacodus primaevus 

among other species of Phenacodus. 

L, . 
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POSTURAL AND LOCOMOTOR STUDIES OF THE PHENACODONTIDS 

Several short studies of phenacodontid postcranial 

morphology and its inferred posture and locomotion suggest 

phenacodontids to be quadrupedal cursors with digitigrade or 

semi-digitigrade limb posture. 

of three phenacodontids were 

Relatively complete skeletons 

found and described briefly 

during the 1 ate nineteenth and ear 1 y twentieth centuries. 

Cope (1883a,b, 1884) described and compared the postcranial 

skeletons of Phenacodus primaevus AMNH 4369 and Phenacodus 

vortmani AMNH 4378. At this time, AMNH 4369 still was in the 

matrix, exposed only laterally. In spite of these 

limitations, Cope managed to measure both specimens, describe 

available long bone and joint anatomy, compare the specimens 

with each other, with other less well-preserved specimens, and 

with extant mammals, and make inferences about posture and 

locomotion in the specimens. As a result of his studies, he 

suggested that the phenacodontids were cursorial and semi

digi tigrade or digi tigrade in limb posture (Cope 1883a, b, 

1884) • 

In both phenacodontids, Cope (1883b, 1884) found the 

hindlimbs longer than the forelimbs, leaving the hind quarters 

relatively more elevated. He suggested that ~. primaevus was 

about the size of a bighorn sheep, with proportions similar 

to those of the larger tapir. He added that Phenacodus 

primaevus AMNH 4369 was cursorial and " .•• may have had 

considerable speed" (1883b, p. 463). Cope described ~ . 
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primaevus as elongate anteroposteriorly with relatively short, 

strong limbs and fully digitigrade posture. The skeleton he 

described as primitive in its details. He found the 

astragalus to 

rounded . head, 

be carnivore-like, with an elongate neck, 

and fairly deep trochlea. The foot was 

described as being narrow with the digits arranged in the arc 

of a circle, and with the shorter digits I and V not touching 

·the ground, resembl ing the "dew . claws'" of the pig. He 

suggested that the tail was long and robust, similar to that 

in the wolf. 

Cope (1883b, 1884) described the skeleton of Phenacodus 

vortmani AMNH 4378 as similar to that of E. primaevus but 

smaller and with size and proportions similar to those of the 

bull dog Canis. He found some proportional differences 

between E. primaevus and E. vortmani in bone length and 

robusticity, and some additional differences in joint anatomy. 

E. vortmani was described as having a more slender build than 

E. primaevus, and with limbs comparatively elongate for an 

Eocene animal. Cope did not suggest greater or lesser 

cursoriality in E. vortmani than in E. primaevus. 

In 1896, Granger found the skeleton of Tetraclaenodon 

puercensis AMNH 2468 and Matthew described it in 1897 and 

1937. Matthew (1897) described the small phenacodontid as 

being slender and long-limbed with proportions closer to 

"Protohippus" than to Phenacodus. He suggested that it too, 

had a long heavy tail. The various postcranial processes for 

---- ------ .-
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muscle attachment he found reduced in relative size compared 

to those in Phenacodus. Dig i ts I and V in the fore and 

hind feet are reduced in species of Phenacodus compared to 

digits II, III, and IV but are less reduced in Tetraclaenodon. 

He described the astragalus as being wider and flatter than 

in E. primaevus, with a distinct astragalar foramen, longer 

neck, and flatter head. Consequently, he suggested that the 

hind foot of 1.. puercensis was semi-digi tigrade rather than 

digitigrade as in Phenacodus, and that the tibio-astragalar 

joint had a smaller arc of flexion-extension than in 

Phenacodus. He described the femoral and tibial condyles in 

1.. puercensis as facing posteriorly compared to Phenacodus, 

suggesting that the knee habi tuall y was more flexed in 1.. 

puercensis than in Phenacodus. In a similar manner, he found 

the olecranon process of the ulna and shaft not bent backward 

as in Phenacodus. This orientation suggests greater flexion 

during normal posture at the elbow joint. 

Osborn (1898) redescribed E. primaevus AMNH 4369 after 

it had been removed from the matrix. He suggested that the 

specimen was slenderly buil t, straight-limbed, and 

digitigrade, supported generally by three of its five toes, 

making it functionally tridactyl. He remarked, as Cope had 

done (1883b, 1884), that the hindlimb is longer than the 

forelimb. 

In his description of the vertebrae, Osborn (1898) noted 

that the transverse processes in the posterior thoracic 

... - . _ .. _ .. --------
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vertebrae are split dorsally and ventrally, resulting in a 

physical separation of some ligamental and muscular attachment 

functions (?). He found the lumbar vertebrae to be "powerful" 

(p. 160) and suggested the presence of an arch in the 

vertebral column. As a result of his findings, Osborn (1898) 

suggested that E. primaevus was cursorial, propelled by its 

powerful hindlimbs. 

Osborn (1898) compared E. primaevus 

puercensis AMNH 2468 and found I. 

AMNH 4369 with I. 

puercensis to be 

approximately half the size of E. primaevus in its linear 

measurements. He suggested that many anatomical features are 

simi lar in the two phenacodontids, but descr i bed severa I 

differences. For example, the relatively longer and more 

prominent cnemial crest in I. puercensis compared to E. 

primaevus and the greater relative reduction of digits I and 

V in E. pr imaevus compared to I. puercensis were noted. 

Additionally, differences in hoof shape showed that the ungual 

phalanges on the three larger digits are broad mediolaterally 

and flat in E. primaevus, whereas the lateral and medial ones 

are more compressed mediolaterally, resulting in a narrower 

cross-section. These latter ungual phalanges resemble all of 

those in I. puercensis, which are narrower th'an those of 

Phenacodus. Osborn also noted in, L. puercensis the presence 

of the astragalar foramen, for the passage of a branch of the 

peroneal artery, which often is not present in Phenacodus, but 

is present in USGS 7146. 
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As a result of his comparisons, Osborn (1898) suggested 

Tetraclaenodon 

semidigitigrade and 

digitigrade. 

puercensis was subdigi tigrade or 

Phenacodus primaevus was fully 

In 1937, Matthew suggested that the postcranial skeleton 

of I. puercensis differs more from those of the Phenacodus 

specimens than the dental differences would suggest. The 

skeleton of Tetraclaenodon was described as more primitive 

than that of Phenacodus and more like those of the 

arc:tocyonids. He recognized that part of the di fference 

between Tetraclaenodon and Phenacodus is due to the " ••• lack 

of specialization ... associated with the smaller size" (p. 

189), because he found I. puercensis to resemble more c:losely 

the smaller Phenacodus specimens than the larger ones. 

Matthew (1937) also noted tha_ the feet of I. puercensis 

are less derived than those of Phenacodus. For instance, in 

Tetrac:laenodon, digits I and V are less reduced and the foot 

is less compac:t, wider, and less digi tigrade compared to 

Phenacodus. He suggested that Family Phenacodontidae is 

" ... c:ursorial only to a very limited extent ... " (p. 185), with 

I. puercensis being less cursorial than Phenacodus. He did, 

however, find the "beginnings" of cursorial spec:ialization in 

the phenacodontids, with it being present in I. puercensis but 

more developed in Phenacodus. Neither, however, was a 

" •.• dweller in open country ••. " (p. 326). 

More recently, Radinsky (1966) compared the postcranial 
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anatomy of the phenacodontids with that of the early equid 

Hyracotherium and of Heptodon, an early Eocene tapiroid 

simi 1 ar to Hyracother ium. He found that the 1 umbar neura 1 

spines of ~. vortmani are inclined cranially approximately 15 

degrees from the vertical, whereas those of Heptodon are 

inclined only approximately 5 degrees. Radinsky suggested 

that the cranial inclination of the lumbar neural spines 

(giving mechanical advantage to the longissimus dorsi with the 

vertebral column already somewhat extended), suggests greater 

flexibility of the vertebral column in ~. vortmani than in 

Heptodon or Hyracotherium. 

Radinsky (1966) described the differences in the 

forelimbs of the phenacodontids and compared them to 

Hyracotherium. The humerus of phenacodontids is relatively 

longer than the radius (R/H x 100 = 0.8), but subequal to the 

radius in Hyracotherium (R/H x 100 = 1.0). The humerus of 

Tetraclaenodon has a prominent deltoid crest and a distally 

developed deltoid tubercle that suggests a greater emphasis 

on power than on speed. ~. pr imaevus is simi 1 ar to I. 

puercensis, but with a slightly weaker deltoid crest and a 

more proximal deltoid tubercle. These features indicate that 

less power is developed by the deltoids but greater speed is 

realized. Hyracotherium has an even shorter and less 

prominent deltoid crest and a more proximal deltoid tubercle, 

which suggests even less power and even greater speed. 

Radinsky (1966) described a loss of supination and an 

.... -_ .. _-----------
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emphasis on flexion and extension of the antebrachium in all 

phenacodontids and Hyracotherium. In Tetraclaenodon and 

Phenacodus the radial head is wide mediolaterally, preventing 

extensive supination. On the other hand, the medial 

epicondyle of the humerus is large in Tetraclaenodon, giving 

mechanical advantage to pronator teres and to forearm and 

forefoot flexors. In Hyracotherium, in contrast, the medial 

epicondyle is reduced mediolaterally, suggesting a less 

powerful pronator teres. 

The ulna is relatively longer and less massive in 

~yracotherium compared to the phenacodontids. Additionally, 

the third metacarpals are relatively longer compared to the 

humerus in Hyracotherium (MC III/H = 0.5) than in E. primaevu5 

(MC IIIIH = 0.33) (Radinsky, 1966). 80th features increase 

the length of the distal segments of the limb and emphasize 

speed over power in Hyracotherium. 

Radinsky (1966) suggested that the more compact carpus 

in Hyracotherium results in less flexibility in that area; 

however, the greater posterior tubercles on the carpals 

indicate greater mechanical advantage for flexor musculature 

for the forefoot compared to the phenacodontids. 

The hindlimbs of the phenacodontids and Hyracotherium, 

according to Radinsky (1966), show a similar range of 

morphological features suggesting increasing cursoriality in 

Phenacodus over Tetrac laenodon, and in Hyracotherium over 

Phenacodus. For example, Radinsky suggested that in 

----_._--_. __ . __ ...... -
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Tetraclaenodon the greater trochanter (for the attachment of 

the gluteal muscles) is only slightly higher than the head, 

the lesser trochanter (for the iliopsoas) is small, and the 

third trochanter (for gluteus superficialis) is large. 

Additionally, the cnemial crest of the tibia (for the 

attachment of the extensors of the leg) extends distally about 

ha I f the I ength of the tibia, which emphasizes power over 

speed. E. primaevus he described as similar but more 

cursorially developed in some of the forms of features. The 

greater trochanter of the femur is larger, which emphasizes 

greater speed in extension. The lesser trochanter also is 

reI a ti vel y larger in E. primaevue, suggesting a stronger 

iliopsoas and emphasizing greater adduction (and prevention 

of abduction) of the femur than in Tetraclaenodon. The third 

trochanter for the attachment of gluteus superficialis is 

large in E. primaevus, again emphasizing extension of the hip. 

The relatively shorter cnemial crest in E. primaevus suggests 

emphasis on speed in the extension of the leg compared with 

I. puercensis. 

Thus, according to Radinsky (1966), in Phenacodus 

primaevus there is reduced power but greater speed compared 

to Tetraclaenodon puercensis. He suggested that the "trends" 

have proceeded further in Hyracotherium toward cursoriality 

than in the phenacodontids. For example, the greater 

trochanter of the femur is higher compared to the hip joint 

than in the phenacodontids, resulting in a large in-lever for 
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The third trochanter is more 

proximal in Hyracotherium, 

emphasizing speed rather 

creating a 

than power 

larger out-lever and 

even more strongly. 

Similarly, he described the cnemial crest as more proximal on 

the tibia than in the phenacodontids, giving greater emphasis 

to speed. 

Radinsky (1966) also described differences in the 

astragali that result in greater capabilities for speed in 

Phenacodus compared to Tetrac I aenodon and in Hyracotherium 

compared to the phenacodontids as a whole. He noted that in 

Tetraclaenodon the trochlea of the astragalus is low and wide, 

allowing some inversion and eversion with flexion and 

extension, and with an astragalar foramen that should limit 

the arc of flexion and extension. In contrast, the astragalus 

in E. primaevus is slightly narrower and deeper, emphasizing 

flexion and extension, and sometimes without the astragalar 

foramen, perhaps allowing a greater arc of rotation. The 

greater curve in the posterior astragalar-calcaneal facet 

suggests a more digitigrade posture compared to 

Tetraclaenodon. 

Simi I arl y, based upon the on I y known astragal us and 

partial calcaneus of Ectocion (AMNH 16127), Radinsky (1966) 

described the narrower, deeper trochlea, absence of an 

astragalar foramen, and the presence of scars suggesting 

ligamentous restriction of mediolateral movement and greater 

emphasis on flexion and extension and thus cursoriality 



compared to Tetraclaenodon. 

In Hyracotherium Radinsky 

astragalar trochlea, lack of 
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(1966) found that the deeper 

astraga 1 ar foramen, and the 

greater stability against mediolateral movements suggest even 

greater emphasis on flexion and extension at the tibio

astragalar joint and greater cursoriality compared to the 

phenacodontids as a group. 

Thus, ~ccording to Radinsky (1966), Tetraclaenodon shows 

a " .•. primitive ambulatory condition ••• " (p. 417); Phenacodus 

and Ectocion show only slight specialization for running 

beyond that of Tetraclaenodon. The equid Hyracotherium, in 

contrast, has greater emphasis on running than do any of the 

phenacodontids. In fact, West (1976) thought Phenacodus and 

Tetraclaenodon only capable of moderate speeds. 
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RELEVANT STUDIES IN LOCOMOTOR FUNCTIONAL MORPHOLOGY 

The field of morphology and locomotor functional 

morphology is large and diverse with many sub-disciplines, 

approaches, and organisms studied. These different approaches 

are compatable and overlapping, so that often several of them 

may be included within one study. For example, the historical 

study may include epistemological statements and functional 

hypotheses, tested mec hanica 11 y or by comparison to ex tant 

organisms. A descriptive study, whether paleontological or 

neontological, may include mechanics and function. Thus, the 

separation of the sub-disciplines within functional morphology 

is somewhat artificial. Many aspects of these studies are 

appl icable, at least in part, to the present study, the 

reconstruction of phenacodontid posture and locomotion. 

The- variety of subjects and approaches to functional 

morphology results in uneven emphasis (as in any field of 

study) on certain groups of animals or on certain parts of the 

body or parts of the skeleton. There may be very detai led 

studies of form and function in one part or section of the 

skeleton in a certain group of animals with less consideration 

given to other parts of the body. For example, theank Ie 

joints in various mammals are described in detail by several 

authors, often in association with the use of the ankle 

morphology in systematics (Cifelli, 1983a; Schaeffer, 1947 ; 

Szalay and Decker, 1974). On the other hand, less is known 

about the form and function of the vertebral column--its size, 

------------- --- .. 
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shape, and movement capabilities (Jenkins, pers. comm., 1987; 

but see Halpert, Jenkins, and Franks, 1987; Humzah and Soames, 

1988; Slijper, 1946). 

Studies that are especially relevant to the current 

analysis of the postural and locomotor capabilities of the 

phenacodontids are discussed below. 

Historical, Mechanical, Functional, and Developmental 

Modifications for Running 

In the Skeletons of Ungulates and Carnivores 

Many mammals can run at least for short distances. Some 

mammals are considered "cursorial" because they have several 

modi f ications that enhance speed and endurance in runn ing. 

Others have fewer modifications and may be considered 

"subcursorial", but they may be able to run very well for 

short distances (Coombs, W.P., 1978). 

The ungulates and the carnivores include some lineages 

specialized for running. Within the order Carnivora, some 

modern members of fami I y Canidae and fami I y Fel idae are 

cursorial and within the ungulates, members of family Equidae 

of order Perissodactyla and several modern families of order 

Artiodactyla are cursorial. Thus there can be similar 

functional adaptations with different body plans. 

The cursorial carnivores and ungulates have some 

similarities in specializations for running, but several 

differences. As Gambaryan (1974, p. 351) says, 

--------- '-" --
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"Specialization for swift land locomotion in mammals proceeded 

by various paths •.• " Within each mode 

proportions, foot posture, and vertebral 

(including 

flexibility) 

body 

some 

mammals have specialized as swift runners. (See P.P. 

Gambaryan's book, 1974, How Mamma I s Run, for an ex tensi ve 

discussion of posture, motion of the vertebral column, limb 

excursions, gaits, and muscular and skeletal correlates 

associated with running and saltation in mammals). 

Wi thin carni vores Tay I or (1989) distinguishes three types 

of cursors: 

1) Those capable of prolonged trotting, but which do not 

move fast (hyaenas and many canids) 

2) Those which run fast and depend upon speed and 

stamina to capture prey (grey wolf) 

3) Sprinters which are capable of rapid acceleration, 

but maintain' speed for short distances (cheetah) 

The positions of muscle insertions may vary among these 

types of carnivore cursors. Proximal muscle insertions 

emphasize speed. "If high velocity can be achieved slowly, 

then muscle insertions can be located closer to the fulcra." 

If fast acceleration is emphasized rather than maximum 

velocity, power is needed and muscles insert farther from the 

fulcrum. Felids accelerate fast and do not maintain speed. 

Wolves need speed more (Taylor, p. 388, 1989). 

There are several stUdies of particular extant and 

extinct mammals that relate skeletal and/or myological 
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complete of these studies on extant animals 
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The more 

include 

morphological descriptions, comparative measurements, field 

and laboratory studies of behavior, and a comparison of forms, 

their functions, and their roles in the environment (Alexander 

and Dimery, 1985; Biewener, Thomason, and Lanyon, 1983; 

Dimery, Alexander, and Ker, 1986; Jenkins, 1974; Jenkins and 

Camazine, 1977; Jenkins, Dombrowski, and Gordon, 1978; Jenkins 

and Weijs, 1979; Morbeck and others, 1979; Preuschoft, Hayama, 

and Gun ther , 1988). These multifaceted stUdies on extant 

mammals are essential to the comparative studies of fossil 

mammals because they provide a framework 

interpretation of fossil morphology and function. 

for the 

Some earlier works also are valuable in their discussions 

of locomotor principles and animal morphology (Davis, 1949; 

Eaton, 1944; Gregory, 1912; Hopwood, 1945; Howell, 1944; Lull, 

1904; Maynard Smith and Savage, 1956). 

More relevant studies on extant or extinct mammals are 

those that present the detai 1 s of the morphol ogica I and 

functional relationship, usually for a particular part of the 

body. Several examples are discussed below. They are 

arranged according to the part of the body investigated. The 

vertebral column is discussed in terms of the proportions of 

the different sections of the vertebral column and of features 

on the vertebral column that enhance or limit flexibility. 

The forelimb and hindlimb are presented joint by joint 
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including an introduction to the bones and muscles involved 

in each joint, size and shape of joint surfaces giving the 

direction and range of movements and the limits to these 

movements, musc I e insertions, and movement capabi I i ties. When 

possible and appropriate, the ambulatory wolverine and raccoon 

and the cursorial horse and dog (or modern ungulates and 

carnivores) are compared. In some cases other modern mammals 

suc h as the tapi r, rhinoceros, hi ppopotomus, and deer are 

added for comparison of particular aspects of morphology. 

Body Proportions 

Different body proportions or ratios and indices between 

bony elements are associated with different postural and 

locomotor capabilities. Cursorial animals have limbs that are 

relatively elongate, especially distally. The radius tends 

to be slightly longer than the humerus, and the tibia tends 

to be longer than the femur. The metapodials and especially 

the metatarsals tend to be relatively long compared to other 

bony links.in the body. The elongated limbs increase stride 

length during running and the shortened proximal and 

lengthened distal elements reduce the radius of gyration and 

the energy required to move the limbs (Gray, 1968; Hildebrand, 

1982; Lu 11, 1904). 

Appendix H lists several indices from the literature 

(ratios X 100) that are associated with cursoriality and the 

values found in several cursorial and subcursorial mammals . 

. - _ ... __ ._--------_ .. __ .- _. 
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The indices that are especially useful in characterizing 

cursorial mammals are the thoracic and lumbar indices (Total 

T/VC X 100, Total L/VC X 100), forelimb and hindlimb indices 

(FL/VC X 100, HL/VC X 100), humeral, radial, and metacarpal 

indices (H/FL X 100, R/FL X 100, MC III/FL X 100), humero

radial or brachial index (R/H X 100), humero-metacarpal index 

(MC III/H X 100), femoral, tibial, and metatarsal indices 

(F/HL X 100, T/HL X 100, MT III or MT IV/HL X 100), femoro

tibial or crural index (T/F X 100), and the femoro-metatarsal 

index (MT III or MT IV/F X 100) (Gonyea, 1976; Gregory, 1912; 

Hildebrand, 1952; Howell, 1944). See Appendix C for 

definitions of the lengths of the bones. 

Several indices that may be especially useful for other 

forms of locomotion may be useful in suggesting the presence 

or absence cursorial ability, especially in conjunction with 

other indices. They are: tibio-radial index (R/T X 100), 

femoro-humeral index (H/F X 100), and intermembral index 

(H+R/F+T X 100). These indices are either variable within 

cursorial mammals of the same family (tibio-radial index, 

femoro-humeral index) or similar in cursorial and non

cursorial quadrupeds (intermembral index) (Howell, 1944; 

Hildebrand, 1952). 

Vertebral Column 

The vertebral column functions as a supporting structure 

for the trunk, head, and limbs, and with the limbs functions 
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in locomotion. In some mammals the vertebral column is rigid, 

supporting the body and functioning as a brace between sets 

of moving limbs. In other mammals the vertebral column is 

more flex ible, not on I y supporting the body and prov id ing 

resistance to the thrusting and braking by the limbs, but also 

flexing and extending and perhaps bending mediolaterally and 

contributing directly to stride length. 

These differences in vertebral column function can be 

seen in living mammals and can be understood based upon the 

of the vertebrae. For example, details of morphology 

Hildebrand (1959, 1961, 1985) contrasted the motions of the 

vertebral column during running in the cheetah and horse. 

Although the vertebral column is quite significant in 

postural and locomotor capability, studies of the vertebral 

column are not as abundant as studies of limbs. There have 

been several studies, however, that have examined the 

relationship between observed movement in the vertebral column 

and its morphology. Rockwell, Evans, and Pheasant (1938) 

compared the general form of the vertebral column in different 

animals with function in movement. In an excellent summary 

of cursorial specializations Howell (1944) described the 

comparative morphology of the vertebral column in different 

cursorial mammals. Slijper (1946) examined the vertebral 

column and its ligaments and tendons in many mammals of 

different locomotor capabilities and related comparisons on 

form to postural and locomotor functions • 

... ---- ------_._---_ .. _-- -
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More recently, studies by Alexander, Dimery, and Ker 

(1985), English (1980), Halpert, Jenkins, and Franks (1987), 

and Hurov (1987) have discussed more details of form and 

function in the vertebral columns of particular taxonomic 

groups of mammals. 

The proportions within the vertebral column, the 

morphology of the centra, neural spines, transverse processes, 

and zygopophyses, and the flexibility of the vertebral column 

are presented below for several modern carnivores and 

ungulates. 

Proportions within the Vertebral Column 

In standing quadrupeds the weight-bearing vertebral 

column consists of cervical, thoracic, lumbar, and sacral 

sections which may vary in relative proportions of the total 

column and somewhat in number of vertebrae. In carnivores, 

the usual number is 7 ce~vical, 13 thoracic, 7 lumbar, and 3 

sacral vertebrae (Hildebrand, 1954). The craniocaudal lengths 

of the vertebrae and of the different sections of the 

vertebral column depend upon the craniocaudal lengths of the 

centra, which may be preserved in the fossil record, and on 

the smaller intervertebral discs, which are not preserved as 

fossils. Movement and flexibility of different sections of 

the vertebral column are related to the relative lengths of 

the centra in each section (and to the shapes and positions 

of the articular surfaces). For example, the relatively long 
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lumbar section of the vertebral column in small mustel ids 

increases the flexibility of the column as a whole. 

Another way of dividing the lumbar and thoracic parts of 

the vertebral column, other than between these two sections, 

is cranial to and caudal to the anticlinal vertebra and the 

diaphragmatic vertebra. The anticlinal vertebra is the first 

vertebra that marks a change in orientation of the neural 

spine. Cranial to the anticlinal vertebra, the spines 

generally incline caudally (posteriorly). Caudally, the 

spines incline cranially (anteriorly). The neural spine of 

the anticlinal vertebra has a direction between that of the 

more cranial and caudal neural spines. According to Howell 

(1944), the position of the anticlinal vertebra, may be 

related to the center of gravity. If the center of gravity 

is cranial, the anticlinal vertebra seems to be more caudal 

in position. The diaphragmatic vertebra is the vertebra that 

marks a change in orientation of the articular surfaces 

(Slijper, 1946). The pre zygapophyses of the diaphragmatic 

vertebra are like those of the thoracic vertebrae, while its 

postzygapophyses are like those of the lumbar vertebrae. The 

diaphragmatic vertebra may be located within the posterior 

thoracic section of the vertebral column. In carnivores, the 

diaphragmatic vertebra separates greater mediolateral 

movements in the cranial part of the column from more 

dorsoventral or flexor-extensor movements in the caudal part 

of the column. The anticlinal vertebra and the diaphragmatic 
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vertebra are always very close to one another in the vertebral 

column, and in some mammals, are the same vertebra. 

Centra 

The centra of the vertebra are separated from each other 

by the intervertebral discs through which compression or 

tension within the vertebral column can be transmitted. 

Slijper (1946) defined the moment of resistance to bending 

(M ft ) by the centra as the product of the transverse diameter 

of the centrum (b) and the square of the height or flexor

extensor length of the centrum (h)2, The greater the relative 

mediolateral width of the centrum (ignoring the effects of the 

transverse processes, accessory processes, mammillary 

processes, lateral ligaments, and the orientation of the 

zygapophyseal articular surfaces), the greater the resistance 

to mediolateral bending. The greater the height or flexor

extensor width of the centrum (ignoring the effects of the 

neural spines, orientation of the zygapophyseal articular 

surfaces, and ligaments located along the flexor and extensor 

surfaces of the vertebrae), the greater the resistance to 

bending. If present, much of the resistance to bending is 

located in the lumbar section of the vertebral column, as it 

is in the larger modern ungulates. 

Halpert, Jenkins, and Franks (1987) studied the lumbar 

vertebrae of African bovids to determine the relationships 

between body mass, flexibility of the lumbar vertebral column, 

----------.--- - -. 
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They found in the 

bovids a decrease in flexibility of the lumbar vertebral 

co I umn wi th inc reasing body mass. They found that centrum 

height (dorsoventral dimension) increases allometrically with 

body mass and with centrum length with an exponent close to 

that for elastic similarity, 0.375 (McMahon, 1973). Centrum 

width scales geometrically with body mass. They suggest that 

centrum height ensures that the centrum can resist failure due 

to bending in the sagittal plane as a result of thrust and 

braking transmitted by the limbs. Mediolateral width of the 

centrum may be relatively less because the mediolateral forces 

are less. 

In contrast, narrower centra may allow greater 

flexibility of the lumbar vertebral column if other 

morphological features (neural spines, transverse processes, 

zygapophyseal articular surfaces, and soft tissue) allow 

flexibility. 

Neural Spines 

The neural spines extend from the dorsal surfaces of the 

individual vertebrae both dorsally (extensad) and either 

craniad or caudad. 80th muscles and ligaments involved in 

extension and some muscles involved in rotation and fixation 

of the vertebral column attach to the neural spines. These 

muscles are the longissimus and supraspinal is (extensors) and 

spinalis, rotatores, interspinalis, and multifidus (fixators 

---------~- -- - - . 
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and rotators). (See Appendix G). The ligaments that attach 

to the neural spines are the supraspinous (and nuchal) and 

interspinous ligaments. Thus the neural spines are levers 

tha t transmi t force f rom the musc 1 es and 1 igamen ts to the 

centra (Rockwell, Evans, and Pheasant, 1938; Slijper, 1946). 

Long neural spines increase the leverage of the muscles 

attached to them, such as the supraspinalis, longissimus, 

multifidus, and rotatores, especially if attached near the tip 

of the neura 1 spine. Addi tiona 11 y, the neura 1 spines are 

longer in the larger mammals and especially in those with 

heavy heads and/or in grazers that hold the head low. This 

length may be the correlate of allometry and of extensor 

function. Browsers that may hold the head higher tend to have 

shorter spines. Additionally, the spines are generally 

shorter in perissodactyls that have a well-developed nuchal 

ligament than in artiodactyls with a weaker nuchal ligament. 

Both the mechanical advantage of cervical extensor muscles 

attaching to the longer spines and the well-developed nuchal 

ligament reduce the energy needed to raise the head over that 

required by musc les wi th less mechanical advantage. The 

presence of the high neLlral spines in this area also is 

correlated generally with forelimb dominance. 

The cranial or caudal inclination of the neural spines 

is related to the resultant pull of muscles and ligaments 

attached to them. Those muscles especially influencing the 

inclination of the neural spines are interspinalis, 

... - .-.. --~-----------.--
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supraspinalis, longissimus, multifidus if postdiaphragmatic, 

splenius, and spinal is on the anterior thorac ic vertebrae 

(Slijper, 1946). 

Howell (1944) suggests that the slope of the spinous 

processes in all parts of the vertebral column may indicate 

a predominance of stress from the opposite direction. 

Vertical spines indicate balanced cranial and caudal stresses. 

In cursorial canids the thoracic neural spines are 

curved. They incline caudally at their bases and cranially 

at their tips. The bases are perpendicular to the pull of 

multifidus, submultifidus, and rotatores which fix and rotate 

the vertebral column mediolaterally, and the tips are 

perpendicular to spinalis and longissimus which fix and extend 

the vertebral column (Hildebrand, 1954). 

Transverse Processes 

The transverse processes are lateral projections from the 

lumbar centra that may be homologous to the ribs in the 

thoracic region. The muscles that attach to the transverse 

processes such as rotatores, multifidus, and 

intertransversarius (Appendix G) may help flex the vertebral 

cO'lumn if the transverse processes point toward the flexor 

surface. The transverse processes may help keep the vertebral 

column rigid if the processes point only laterally and if 

their tips are expanded craniocaudally. 

---------.--- --
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Zygapophyses 

The zygapophyses are articular surfaces between the 

vertebrae that promote stability but may allow mediolateral 

and flexor-extensor movements between the vertebrae depending 

upon the shapes and orientations of their surfaces. 

The prezygapophyses are anterior or cranial and face 

anteriorly, medially, and extensad or dorsally. They 

articulate with the postzygapophyses of the next cranial 

vertebrae, which face posteriorly, laterally, and flexad or 

ventrally. The greater the medial and lateral orientations 

of flat zygapophyseal surfaces, the more the motion is 

restricted to flexion and extension in the sagittal plane. 

The greater the dorsal and ventral orientations of the flat 

surfaces, the more the movement is restricted to the medial 

and lateral in the frontal plane. Flat surfaces oriented 

between the two extremes, at approximately 45 degrees to the 

sagittal plane and 45 degrees to the frontal plane, allow both 

flexor-extensor and mediolateral movements. 

Slightly curved zygapophyseal surfaces allow motion 

depending on the orientation of the surfaces. Highly curved 

interlocking zygapophyses prevent flexor-extensor and medio

lateral movement of the vertebral column. Halpert, Jenkins, 

and Franks (1987) describe the interlocking zygapophyses found 

in heavy bovids. The prezygapophyses are long antero

posteriorly and curved medially, making an elongate and 

strongly concave articular surface. In the heaviest bovids 

--- ,'--'- -- -
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the articular surfaces of the prezygapophyses curve medially 

as described, then back laterally, making an elongate 

sigmoidal surface. The postzygapophyses are elongate antero

posteriorly and curved convexly, making elongate cylinders 

that fit into the concave prezygapophyses. In the heaviest 

bovids the postzygapophyses are cylindrical as described, but 

in addition the articular surface curves back laterally, 

making an anteroposteriorly elongate sigmoidal surface. The 

zygapophyseal articular surfaces are interlocking, stable, and 

prevent flexor-extensor and mediolateral movements. The 

sigmoidal zygapophyseal articular surfaces are doubly 

interlocking and more stable, also preventing flexor-extensor 

and mediolateral movements. 

Flexibility of the Vertebral Column 

Flexor-Extensor Movements 

The vertebral column may be flexible in some cursors such 

as the cursorial canids and felids. In them, the vertebral 

column flexes and extends in the sagittal plane during 

running, thereby increasing stride length in two ways. 1) 

It allows greater flexion and extension of the limbs 

themselves. 2) It adds a spinal component to the total 

stride length (English, 1980; Gambaryan, 1974; Hildebrand, 

1959, 1982; Howell, 1944) and to velocity (Hildebrand, 1961). 

A running cheetah filmed by Disney and analyzed by Hildebrand 

(1961) flexed its spine to 67'l. of its extended chest-rump 
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length. Carnivores that are good runners have features on the 

posterior thoracic and lumbar vertebrae that allow and enhance 

flexion and extension (Carlson, 1977; Currey, 1984; Gambaryan, 

1974; Gregory, 1936; Hildebrand, 1982; Halpert, Jenkins, and 

Franks, 1987; Howell, 1944; Slijper, 1946). 

1) The apices of the neural spines are narrow so that, 

relative to the anteroposterior width of the tips of the 

spines, there is anteroposterior distance between the tips of 

the spines. They do not interfere wi th each other during 

extension. The neural spines are relatively long and can 

transmit the force of the spinal extensors and flexors to the 

centra. 

2) The transverse processes project ventrally, laterally, and 

anteriorly and are narrow anteroposteriorly at the tips, so 

that successive transverse processes do not interfere with 

each other during flexion and extension (or during 

mediolateral movements). The muscles running between the 

adjacent transverse processes can flex the vertebral column. 

3) The zygapophyses are relatively flat and are not 

interlocking, a condition that would stiffen the column. They 

have a parasagittal or medial and lateral orientation to the 

plane of their articular surfaces that allows flexor-extensor 

movements. 

According to Howell (1944) the greater flexion and 

extension of the vertebral column occurs in animals (such as 

the carnivores and especially the mustelids) that have long 

...... - .... - .. -_._-------_ .. -----. 
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bodies and/or light heads. During a gallop the cranial part 

of the vertebral column tends to move vertically in time with 

the stride. The vertical fluctuations of the vertebral column 

raise and lower the center of gravity and are expensive 

energetically, however (Gambaryan, 1974). Some of this energy 

used in flexion and extension is stored as compressive energy 

in the centra and intervertebral discs of the vertebral column 

and as tensional energy in the longissimus muscles and 

aponeuroses, and perhaps in the iliocostalis (Alexander, 

Dimery, and Ker, 1985; Eng Ii sh, 1980). The I arger cursors 

such as the horse and large bovids do not have the flexible 

lumbar vertebral columns because of the energetic expense in 

raising and lowering the center of gravity in a heavier mammal 

(Hildebrand, 1987). In horses movement in the neck area has 

a vertical component that moves in time with and adds to 

stride length at the fast gallop (Howell, 1944). 

Mediolateral Movements 

The greater degree of mediolateral movements of the 

lumbar section of the vertebral column also is found in the 

carnivores. These movements add somewhat to stride length 

(Howell, 1944), presumably by thrusting the pelvic girdle 

anteriorly and posteriorly during the stride. The features 

on the lumbar vertebrae that allow and enhance mediolateral 

movements are: 

1) The transverse processes project ventrally and anteriorly 

----------- .--- --
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and are narrow anteroposteriorly at their tips so that they 

do not interfere with mediolateral movements. According to 

Currey (1984a) citing J. Smeathers of the University of Leeds, 

(but giving no reference), the otherwise enigmatic anterior 

component of direction of the transverse processes may keep 

the moment arms of the muscles joining the processes large at 

all angles during medial and lateral movements. 

2) The zygapophyses are not interlocking.. They have a 

frontal or dorsal and ventral orientation to the plane of 

their articular surfaces which allows mediolateral movements. 

Rigidity of the Vertebral Column in Modern Heavy Ungulates 

In contrast to the cursorial carnivores, the lumbar 

section of the vertebral column in the modern ungulate cursors 

is rigid and does not allow as extensive flexor-extensor or 

mediolateral movements, especially in the heavier ungulates. 

There are several features in the vertebral columns of heavy 

ungulates 

Gambaryan, 

that contribute 

1974; Halpert, 

to rigidi ty 

Jenkins, and 

Hildebrand; 1985; Slijper, 1946). 

(Currey, 

Franks, 

1984a; 

1987; 

1) The neural spines have apices that are elongate antero

posteriorly. They are close together at their tips and would 

interfere wi th each other beyond the sma llest degree of 

extension. 

2) The transverse processes extend laterally rather than 

ventrally, laterally, and anteriorly. Their tips are elongate 

----------,,-_._.- .. 
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anteroposteriorly and would interfere with each other beyond 

a very small degree of mediolateral movement. 

3) Any muscles attached to the horizontal transverse 

processes would not have the leverage to flex the vertebral 

column. 

4) The lumbar region is relatively shortened compared to the 

thoracic region. The higher percent of ribs along the length 

of the body would interfere with mediolateral movement of the 

trunk. 

5) The zygapophyses are interlocking, at least in the heavier 

ungulates with cylindrical post zygapophyses and arching 

prezygapophyses. Fl exor-ex tensor movements especia 11 yare 

supressed. 

6) The articular surfaces of the centra are broad both in 

the flexor-extensor and in the mediolateral directions. 

This greater rigidity of the lumbar region is beneficial 

for two reasons. It facilitates push-off by the hindlimbs. 

I t prevents the energy expendi ture due to the rising and 

falling of the center of gravity in the heavy ungulate body, 

and this increases stamina (Hildebrand, 1987). 

By contrast in these ungulates, the lumbosacral 

articulation may be more flexible in the flexor-extensor 

direction. The flexor-extensor lengths of the articulating 

surfaces on the centra are shorter compared to the more 

cranial vertebral articulations, allowing some flexion and 

extension at this joint. (Alexander, Dimery, and Ker, 1985; 

- -- --- -----------
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Carlson, 1977; Gambaryan, 1974; Maynard Smith and Savage, 

1956) • 

Whether the vertebral column extends on push-off as in 

carnivores or remains rigid as in modern ungulates, it is the 

broad, secure attachment of the sacrum to the pelvis in 

mammals that allows the strong thrust by the hind limbs 

(Gregory, 1936). 

Forelimb and Hindlimb Morphological 

Correlates of Cursoriality in Ungulates and Carnivores 

Proportions and Posture in the Ungulates 

Cursorial ungulates have a fairly large range in size 

from the very small and slender dikdik Madogua (5.3 kg) to 

taxa that are much larger and heavier, such as the camel 

Camelus dromedarius (570 kg), the deer Cervus canadensis (200 

kg), and the giraffe Giraffa camelopardalis (1017 kg) 

(Eisenberg, 1981). All have distally elongate limbs with a 

short humerus and femur, elongate radius and tibia, elongate 

metapodials, and unguligrade limb posture. All have 

substantially reduced digit number, to one in the cursorial 

perissodactyls and two in the cursorial artiodactyls. As a 

result of distal elongation, shortening of the proximal 

segments, unguligrade posture, and digit reduction, the mass 

of the limb is concentrated proximally. With the bulk of the 

limb mass located proximally, the radius of gyration is less 

- -- --.-. -----------
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than it would have been in another limb of similar total mass. 

Thus, the moment of inertia and the energy required to move 

the limb are less (Hildebrand, 1987). 

In the cursorial ungulates, limb motion is confined 

primarily to a parasagittal plane. Modifications in all 

joints of the fore and hind limbs prevent lateral motion and 

enhance flexor-extensor movements. Muscles or parts of 

muscles not n"eeded for medial and lateral movements are 

relatively reduced in mass or have moved insertions for 

grea ter flexion or ex tension. Those musc les or parts of 

muscles used in flexor-extensor movements are increased in 

mass. As a result, energy expended on limb movements results 

in forward movement (Hildebrand, 1982, 1987; Howell, 1944). 

Proportions and Posture in the Carnivores 

The carnivores are generally smaller than many ungulates 

and their limbs are not as elongate relatively. The 

subcursorial and cursorial carnivores range in size from the 

smallest mustelids such as the ermine or weasel Mustela 

erminea (.045-.077 kg), through the small cat Felis nigripes 

(1.62 kg) and the coyote Canis latrans (15 kg), to the large 

wolf Canis lupus (28 kg) (Eisenberg, 1981; Wayne, 1986). In 

the cursorial carnivores the distal segments are not as 

elongate compared to the limb as a whole as they are in the 

ungulates. The metapodials in some carnivores have lengthened 

compared to those in similarly sized non-cursorial mammals, 

" " ... _ .. --_._--_._---- -~". -
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but they are not as long compared to total limb length as are 

those of the ungulates. In the canids, the longest 

metapodials are not always associated with the greatest 

cursorial ability. Additionally, the carnivore cursors are 

digitigrade, not unguligrade, so the lengths of the digits are 

not added to the total lengths of the limbs. The digits in 

carnivores are reduced effectively to four and four, thus 

retaining greater soft tissue mass distally compared to the 

ungulates (Hildebrand, 1952; Taylor, 1989). 

Sti 11, the major portion of the mass of the I imb is 

co~centrated proximally, so that the radius of gyration, the 

moment of inertia, and the energy expenditure in moving the 

legs are lessened compared to the condition in less cursorial 

mammals of similar total mass (Gambaryan, 1974). 

Cursorial carnivores differ among themselves and from the 

cursorial ungulates in the degree of skeletal modification for 

the restriction of 1 imb motion to the parasagi t tal pI ane 

(Gray, 1968). Felids, especially, may be adept climbers and 

have joint features and muscles associated with limb abduction 

(Jenkins and Camazine, 1977). Some rotation of the forelimb 

is allowed in carnivores, and muscles rotating the forearm are 

present (Evans and Christensen, 1979; Skeritt and McLelland, 

1984). Nevertheless, some carnivores can be fast cursors and 

are faster runners than their limbs alone would suggest 

(Howell, 1944). In canids, abduction is limited. The thorax 

is narrow mediolaterally and the strong pectoral muscles tend 

........ - .-... -----------.-~ .. -. 
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to prevent abduction (Davis, 1949). 

Forelimb 

The forelimb consists of the scapula, the brachium 

(humerus), the antebrachium (radius and ulna), and the manus 

(carpals, metacarpals, and phalanges). Between these forelimb 

bones are several joints, many of which actually are multiple 

joints: the shoulder and elbow joints, the distal radio-ulnar 

joint, the an tebrachia l-carpa 1 joints, the in tercarpa l, carpo-

metacarpal, and intermetacarpal joints, the metacarpal-

proximal phalangeal joints and the proximal/central and 

central/ungual phalangeal joints. Many of the features of the 

joints and bones that are associated with running ability also 

may be found in fossil skeletons. The joint structure and 

movement capabilities of each joint are discussed below. 

In quadrupeds the forel imb func tions in brak ing and 

propelling and, in the forelimb dominated mammals such as the 

dog, functions also in steering. Features of the forelimb. 

in addition to those of the vertebral column, help determine 

step length during locomotion (English, 1978; Hildebrand~ 

1959). In cursorial ungulates with a less flexible vertebral 

column and a smaller degree of flexion and extension of the 

forelimb than the cursorial carnivores, the forelimbs tend to 

be long, resulting in a long stride length, as if in 

compensation (Hildebrand, 1984). 

Because the joint structure and the muscular anatomy of 

--------- ._-- - .. 
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the cursors result in a tendency to move the segments of the 

limb in the parasagittal plane at the same time, the separate 

ranges of movement and angular velocities of the different 

segments can be added for an increased stride length and out

velocity of the limb as a whole (Gambaryan, 1974; Hildebrand, 

1982, 1987; Jenkins, 1971). 

Shoulder Joints 

In the mammals as a whole the bones included in the 

shoulder joint are the scapula, clavicle, and humerus. The 

bony joints made by these three bones are the glenohumeral 

joint and the acromioclavicular joint. 

The scapula is located on the lateral surface and, in the 

"generalized" ambulatory mammal, is oriented so that it is not 

in I ine wi th the radius and ulna. I n contrast, in the 

aclaviculate cursor the scapula is located on the lateral 

surface of the body and is oriented so that its movement is 

parasagittal, along with the movements of the humerus, radius, 

and ulna. In the ambulatory mammal the scapula is roughly 

square to triangular in outline, nearly flat, and articulates 

proximally at the glenoid fossa with the head of the humerus 

and at the acromion process with the clavicle. At its 

opposite (distal) end or at the vertebral border it is 

attached to the vertebral column and to the ribs by the 

rhomboid muscles, serratus anterior, and levator scapulae. 

The vertebral border is broad in graviportal and ambulatory 
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mammals, diversifying the directions of support and providing 

broad attachment for muscles that anchor the scapula and 

support the body, a llowing the limb to move both 

parasagittally and mediolaterally. The vertebral border is 

comparatively narrow in lighter, more agile mammals and 

cursors, providing support for the ,body while allowing greater 

flexibility and moving the scapula only parasagittally. It 

is especially narrow and flat in ungulate cursors (Maynard 

Smith and Savage, 1956). Strong ligaments secure the parts 

of the shoulder joint to each other and promote joint 

stability. 

The position of the fulcrum for scapular rotation may 

vary during the step cycle with different positions of the 

forelimb (English, 1978). In mammals that retain the clavicle 

such as the climbing primates, the center of rotation may be 

at the shoulder joint (Maynard Smith and Savage, 1956) or near 

the center of the scapula (Gray, 1968). In mammals without 

the clavicle or with a reduced clavicle such as the horse and 

dog, it may be at the vertebral border (Davis, 1949; Eaton, 

1944; Gray, 1968; Hildebrand, 1982), adding scapular length 

to effective forelimb length. 

The Clavicle and the Acromioclavicular Joint 

The clavicle is present in ambulatory mammals such as 

Didelphis. In mammals that have retained it, the clavicle has 

two func tions: 1) As a strut to keep the shoulder at a 

-----~----~- -~ .. -



distance from the medial plane. 

86 

It ensures that there is a 

fixed distance between the acromion and the manubrium and that 

the movement between them is arcuate. 2) As a si te of 

attachment for several muscles that help move the humerus at 

the shoulder and that help move the neck (Howell, 1944; 

Jenkins, 1974). 

Jenkins (1974) compared forelimb motion in normal 

claviculate rats and in rats in which one or both clavicles 

had been removed surgically early in development. He found 

that if the clavicle is present, the trajectories, as seen 

from dorsal view, of the mid-thorax and the shoulder joint are 

not parallel during the last part of the propulsive phase. 

In this dorsal view, during the latter stages of propulsion 

as the forelimb extends posteriorly beyond the shoulder and 

the shoulder joint also passes the level of the thorax 

posteriorly, the clavicle re-orients and the shoulder 

diverges, then converges with respect to the mid-sagittal 

plane and the mid-thorax. That is, the clavicle is a strut 

and keeps the shoulder from getting closer to the thorax in 

mid-stride. Without the clavicle, in dorsal view the 

movements of the shoulder parallel those of the mid-sagittal 

plane during all parts of the propulsive phase. 

In cats the clavicle is small and does not articUlate 

directly with the scapula or the manubrium. It is embedded 

in muscle and is connected only by muscle and fascia to the 

scapula and manubrium (Jayne, 1898). In cats, in contrast to 

... ---.. _---------_ .. __ . __ .. -. 
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the situation in the claviculate rats, the shoulder moves 

parallel to the thorax during the complete propulsive phase 

(Jenkins, 1974). 

In surgically aclaviculate rats the large acromion for 

a~ticulation with the clavicle is retained. Jenkins (1974) 

found that in these rats and also in naturally aclaviculate 

or nearly aclaviculate mammals that retain a large acromion 

(such as Gulo, Procyon, and Felis), the area of the spino

acromial junction and the acromion process itself are 

hypertrophied. He suggests that the enlargement is a result 

of plastic responses to stresses on the acromion without a 

clavicle to act as a strut. 

In most cursors, however, according to Howell (1944), the 

acromion process is reduced in size. It is slightly larger 

in carnivores than in ungulates, but it is relatively reduced 

compared to most non-cursors. Howell attributes this 

reduction in the acromion process in cursors to the lack of 

a clavicle and to the reduction in strength of muscles that 

attach to the acromion process. (One muscle that originates 

on the acromion process is the acromiodeltoid, which is part 

of the deltoid muscle and is associated with abduction). In 

addi tion to reduction in the acromion in most cursors, the 

scapular spine also is reduced in mammals that have a small 

or no clavicle (Howell, 1944). 

- - ---- ._._--------
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Significance of Reduction of the Clavicle for Running 

In cursors such as the canids, felids, and ungulates and 

in some non-cursors such as the rabbits and elephants, the 

clavicle is reduced or absent (Hildebrand, 1985; Howell, 

1944). There are several functional hypotheses to suggest why 

clavicular loss should be advantageous to cursorial mammals. 

1) Hildebrand (1985, p. 55) suggests that in mammals in 

which the clavicle is reduced or absent, the scapula " ... is 

free to rotate in the same plane as the swinging limb." He 

suggests that without the clavicle the scapula can add to the 

length of the forelimb and thus increase stride length and 

speed. (See also: Coombs, W.P., 1978; Eaton, 1944; Gray, 1968; 

Hildebrand, 1961. Jenkins (1974) suggests that, as in 

aclaviculate rats, the reduction or loss of the clavicle is 

associated with a re-orientation of all forelimb movement to 

the parasagittal plane rather than with simply adding scapular 

length to stride length. (See Taylor, 1989). 

2) Reif and others (1985) add that without the clavicle 

cursors have greater flexor-extensor mobility at the shoulder 

joint, increasing the component of parasagittal movement. The 

musc 1 es that in non-cursors contributed to abduc tion and 

adduction of the forelimb, are reduced or modified for flexor

extensor movements. 

3) Romer. and Parsons (1978) suggest that phylogenetic 

loss of the clavicle could be related to reduction of stresses 

----- ----- ._.' 
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in cursors transmitted from the forelimb during running. 

It may be that phylogenetic clavicular loss was 

associated with all of these explanations. Certainly the 

forelimb in cursors functions well without the clavicle. 

Glenohumeral Joint 

The glenohumeral joint in the ambulatory and scansorial 

raccoon Procyon is composed of the shallow glenoid fossa of 

the proximal scapula and the rounded humeral head. The 

glenoid fossa is nearly elliptical in proximal view with the 

coracoid process and supraglenoid tubercle, for the origins 

of coracobrachialis and biceps brachii respectively, extending 

anteriorly from the fossa. The humeral head is rounded 

proximally and posteriorly and fits against the glenoid fossa. 

In life, the glenoid fossa is surrounded by a fibrous labrum 

which, along with ligaments, provides more joint surface area 

which hel ps stabil ize and restr ic t movement at the join t. 

Because of the compatible spherical shape across most of the 

head, the humerus can be flexed, extended, adducted, and 

abducted at the glenohumeral joint. See Figures 56 and 63. 

In cursorial mammals in which the movement of the forearm 

is generally confined to the parasagittal plane, the head of 

the humerus approaches a cylindrical rather than a spherical 

shape, wi th the long axis of the cy Under oriented med io

laterally. The long transverse axis of the cylinder restricts 

mediolateral movements at the shoulder joint and enhances 
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flexor-extensor movements (Coombs, W.P., 1978; Hildebrand, 

1954; 1985; Howell, 1944). 

Origins and Insertions of Muscles 

Associated with the Shoulder Joint 

The muscles involved in the shoulder joint of ~he dog, 

their origins, insertions, and actions are listed in Appendix 

G. 

In Procyon and others the muscles of the shoulder joint 

serve to help transmit the load of the anterior part of the 

body to the forelimb, help stabilize the shoulder joint and 

flex, extend, abduct, adduct, and rotate the limb in relation 

to the trunk (Davis, 1949). 

The locations of muscle insertions relative to joint 

centers and limb lengths in the cursors, providing larger or 

smaller in-levers and out-levers, depend in part on limb 

posture and other activities of the cursor such as climbing. 

That is, there may be a phylogenetic or historical compromise 

between the forms of the features used in running and those 

used in climbing. If the forelimb posture is digitigrade, as 

it is in some cursors, and the antebrachium elongate but the 

metacarpals not greatly elongate, the humerus seems to be less 

reduced relatively compa.red to the antebrachial and metacarpal 

lengths than it is in unguligrade cursors. Distal insertions 

on the humerus should increase power mechanically compared to 

speed in both the humerus and the total limb. In contrast, 

---- ...... -.. .... . . .... __ .. _-----------
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distal insertions on a short humerus with distal elongations 

of the limb, especially in unguligrade cursors, should result 

in increased power for the humerus, but increased out-velocity 

for the forelimb as a whole. 

Thus, one should be cautious with respect to analysis of 

cursorial features on the humerus: 1) The significance of the 

positions of the muscle insertion sites on the humerus may not 

be interpreted accurately without knowing the limb posture of 

the animal. 2) The muscle insertion sites on the humerus of 

a digitigrade mammal should be compared only with other 

digitigrade mammals. Other aspects of the morphology of the 

humerus, however, such as crest development, size and strength 

of tuberosities, and structure of the distal end, may provide 

clues about cursoriality. 

The latissimus dorsi muscle, a strong extensor of the 

forelimb at the shoulder, which originates on the lumbodorsal 

fascia and thus from the spinous processes of the vertebrae, 

and the pec tora 1 musc 1 es, strong flexors a t the shou 1 der, 

which originate on the full length of the sternum, insert 

relatively distally on the pectoral crest in artiodactyls and 

other ungu 1 a tes (Howe 11, 1944), c rea ting a short ou t-l ever for 

the humerus and thus emphasi zing power. The teres major, 

another extensor, which originates on the caudal angle and 

caudal edge of the scapula, inserts proximally in cursors on 

the teres tubercle of the humerus, creating a small in-lever 

and a large out-lever (Hildebrand, 1982), emphasizing speed . 

. - -_ ... -_ .. _---------
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The emphasis on power in some muscle-bone relationships and 

the emphasis on speed in others may be associated with greater 

efficiency at different limb positions during the stride 

cycle. 

The deltoid muscle, which originates on the clavicle (in 

claviculate mammals) and the spine and acromion of the 

scapula, and functions as an abductor and retractor of the 

humerus, and the trapezius, which originates on the median 

raphe of the neck and supraspinous ligament of the thorax and 

helps stabilize the scapula (Hebel and Stromberg, 1981), are 

modified in the perissodactyls and carnivores from their 

lateral orientations and functions in abduction and 

stabilization. In dogs for example, the del toid musc Ie 

functions in retraction of the humerus. The trapezius 

elevates the limb and pulls it forward (Evans and Christensen, 

1979) • 

The supraspinatus and infraspinatus muscles occupy the 

supraspinous and infraspinous fossae on the lateral surface 

of the scapula. Neither the relative sizes of these fossae 

nor the size of the greater tuberosity, the site of the 

insertion of supraspinatus on the proximolateral humerus, is 

necessarily associated with cursoriality (Hildebrand, 1954), 

but the greater tuberosity is generally larger and projects 

above the head of the humerus in cursors (Taylor, 1974, 1989). 

The supraspinatus muscle is more of a protractor or flexor and 

less of a rotator in cursors and may be enlarged while the 

---------_. __ .. __ .- ... 
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fossa may not be (Evans and Christensen, 1979; Howell, 1944). 

In Gulo both the deltoid and the pectoral muscles insert 

distally on the humerus on the elongate deltopectoral crests. 

By contrast in Canis, they insert more proximally on proximo

distally less elongate crests. In Gulo, but also in cursors, 

the greater and lesser tuberosities extend proximally beyond 

the surface of the humeral head. The higher the tubercles are 

with respect to the proximal surface of the head, that is, the 

further the distance to the joint center, the greater the 

leverage for the muscles that help abduct, adduct, flex, 

extend, and rotate the humerus. 

Humerus 

In Gulo and in many other mammals the humerus has a 

slight sigmoidal curvature anteroposteriorly. Its narrowest 

cross-section is located approximately mid-shaft, but may be 

located at other positions in other mammals (Morbeck, pers. 

comm., 1989)'. Proximally, the shaft is deeper 

anteroposteriorly than mediolaterally, largely due to the 

deltopectoral crest, for the insertion of the deltoid and 

pectoral muscles. Distally the shaft is wider mediolaterally 

than anteroposteriorly, due to the elbow joint surfaces and 

the origins of muscles on the medial and lateral condyles and 

epicondylar crests that flex, extend, and rotate the 

antebrachium and flex and extend the manus at the wrist. 

In Gulo the humerus is longer than the radius, but in 
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ungulate cursors the humerus is shorter than the radius and 

is short compared to the total 1 imb leng th. In the dog the 

humerus and radius are nearly equal in size, with the radius 

being slightly longer, and compared to total limb length, the 

humerus is relatively shorter than in Gulo. 

Elbow Joints 

The elbow joints consist of articulations by the humerus, 

ulna, and radius, forming the humero-ulnar, humero-radiai, and 

proximal radio-ulnar joints. 

Humero-Ulnar Joint 

The humero-ulnar articUlation between the humeral 

trochlea and the ulnar trochlear notch is an interlocking 

joint that allows flexion and extension while maintaining 

joint stability. 

As can be observed in Gulo, the humeral trochlea is 

relatively wide and shallow, compared to that in Canis, for 

example (Hildebrand, 1954). This width insures a broad 

humero-ulnar articular surface but allows some "play" or 

mediolateral movement in addition to the dominant flexor

extensor movement. Extension can proceed at the humero-ulnar 

joint in Gulo until the superior lip or anconeal process of 

the ulna is stopped in the olecranon fossa of the humerus. 
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Humero-Radial Joint 

The humero-radial joint between the c:api tulum of the 

humerus and the proximal surfac:e of the radial head varies in 

shape in different mammals in relation to the rotational 

c:apabilities at the joint. In Gulo the c:apitulum is rounded 

posteriorly and medially while the proximal surfac:e of the 

radial head is shaped like a shallow elliptic:al c:up. As a 

result, the proximal surfac:e of the radial head c:an flex and 

extend on the c:apitulum as the ulna flexes and extends on the 

humerus and it c:an rotate on the c:apitulum during pronation 

and supination as the shaft of the radius distally c:rosses 

over the shaft of the ulna. See Figures 62 and 89. 

Proximal Radio-Ulnar Joint 

In Gulo the proximal radio-ulnar joint between the side 

of the radial head and the radial notch of the ulna is smooth 

and rounded. During pronation and supination as the proximal 

surfac:e of the radial head rotates on the c:apitulum of the 

humerus, the c:onvex side of the radia I head turns in the 

c:onc:ave radial notc:h of the ulna. The radial head is held in 

plac:e by the annular ligament, whic:h is attac:hed to the medial 

and lateral edges of the radial notc:h of the ulna and wraps 

around the head, providing stability while allowing rotation. 

See Figures 82 and 89. 

----- -_._----------_._----_. 
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The Elbow Joint in Cursors 

In c:ursors, in c:ontrast to Gulo, the rotation of the 

radius on the humerus and ulna may be restric:ted, thus 

inc:reasing stability of the elbow joint and c:onfining motion 

to flexion and extension, and c:ontributing to the alignment 

of forelimb motion with the parasagittal plane. This 

restric:tion of rotation is the result of several possible bony 

modifications in the elbow. See Figures 60, 80, and 87. In 

cursors the proximal articular surfaces of the radius and ulna 

are not side by side. The radial head is wider mediolaterally 

and is on the flexor surfac:e of the ulna, or is less lateral 

and more toward the flexor surface as in the dog. The c:ontact 

between the radial head and the ulna may be broad. The broad 

contact and anteroposterior, rather than mediolateral 

alignments of the proximal radius and ulna, provide stability 

and strength to the elbow joint by restricting supination 

during running. The c:oronoid process and the radial notch of 

the ulna may not be large or smooth for the rotation of the 

radial head. Or, as in the dog, curvatures on the humero-

radial joint surfac:es do not match exac:tly beyond narrow 

ranges of motion. In Canis latrans rotation is limited to 24-

33 degrees (Hildebrand, 1954). In some cursors the proximal 

radio-ulnar artic:ulation c:onsists of interlocking splines and 

grooves whic:h prevent rotation of the radius. In others, the 

capitulum of the humerus is narrowed and the lateral part of 

the radial head that artic:ulates with it is grooved, 

--~----- -- -.- - . 
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approaching a spline and groove situation and thus supressing 

rotation (Hildebrand, 1982; Howell, 1944; Taylor, 1974,1989). 

In addition, the trochlea of the humerus is narrow, often deep 

posteriorly for stability, and symmetrical to keep flexion and 

extension of the ulna on the humerus in the parasagittal plane 

with no rotation (Jenkins, 1973). 

The Olecranon and Olecranon Angle 

The olecranon, the site of the attachment of the triceps 

muscles for the extension of the elbow, is the approximate in-

I ever for these ex tensors. In cursors that sustain high 

velocities, compared to the shaft of the ulna plus the 

metacarpals, the olecranon is relatively short, giving a short 

in-lever and a long out-lever for forearm extensors 

(Hildebrand, 1982). The long out-lever enhances a greater 

out-velocity for a given force. 

The olecranon angle, the anterior or posterior 

orientation of the olecranon with respect to the ulnar shaft, 

varies in mammals and with the normal posture of the forelimb. 

Because the forearm extensors insert on the olecranon, the 

olecranon angle determines the positions of the forelimb in 

which the extensors have the greatest leverage (Van 

Valkenburgh, 1987, Jolly, 1972). The olecranon is bent toward 

the extensor or posterior surface in many t~rrestrial mammals, 

such as Canis, increasing the perpendicular component of the 

olecranon length in the parasagittal plane and thus, the 
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leverage for the elbow extensors that maintains mechanical 

advantage when the elbow is more extended. Thus, runners 

achieve the greatest extensor thrust at relatively extended 

positions of the forelimb. A straight olecranon or one bent 

toward the flexor surface gives leverage to the extensors 

which maintains mechanical advantage when the elbow is flexed, 

as it is during climbing or digging (Van Valkenburgh, 1987), 

as in Gulo and Lynx. (In Gulo, other mustelids, and some 

other carnivores, the olecranon is also bent toward the medial 

surface, resulting in a large protected fossa for the flexor 

carpi ulnaris, a flexor of the forepaw). 

Within the carnivores the olecranon angle also tends to 

increase with body size (Van Valkenburgh, 1987). That is, the 

olecranon tends to be bent more toward the extensor or 

posterior surface in the heavier carnivores, which may also 

include those that are terrestrial, longer limbed, and more 

cursorial. The heavier carnivores could get the leverage for 

their extensor muscles at relative extended positions of the 

forearm, necessary to support body weight. In these 

situations, the posterior orientation of the olecranon may be 

associated in part with the heavier body weight. 

Lim~ts to extension result from the intersection of the 

anconeal process or superior lip of the ulna and the olecranon 

fossa on the extensor or posterior side of the humerus. 

Extension may be increased in those species or individuals 

with a supratrochlear foramen. During maximal extension the 
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foramen, allowing 

presence of the 

associated with 

Muscles of the Elbow Joint 

The muscles involved in the elbow joint, and their 

origins, insertions, and actions are listed in Appendix G. 

In Gulo and other mammals, the muscles associated with 

elbow flexion and extension, rotation of the antebrachium, and 

flexion and extension of the manus at the wrist and of the 

digits originate on the distal humerus at the medial and 

lateral epicondyles and epicondylar crests. As can be seen 

in Gulo, the epicondyles and the epicondylar crests are 

medially and laterally wide, giving strong leverage to muscles 

that pronate and supinate the forearm. These large 

epicondylar crests also may be associated with strong flexion 

and extension of the antebrachium and carpus/manus. 

The elbow joint is narrower in cursors than in diggers 

or climbers, for 

epicondyle, which 

example 

is a 1 so 

(Hildebrand, 

the si te of 

1982). The medial 

the origin of the 

flexors of the wrist, is deflected toward the extensor side 

of the elbow (Jenkins, 1973), increasing the perpendicular 

distance from the joint center in the parasagittal plane and 

thus the mechanical advantage for wrist palmar flexion and 

digital flexion. The in-lever of the palmar flexors is the 
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teres, a pronator of the forearm, is large in dogs, but 

reduced in ungulates. Pronator quadratus, another pronator 

of the forearm in many mammals which originates on the distal 

ulna and inserts on the distal radius, nearly always is absent 

in ungulates, but is sometimes present in the tapir (Howell, 

1944) . It is present in carnivores (Evans and Christensen, 

1979; Jayne, 1898). 

Radius and Ulna 

In the more ambulatory mammals and in some runners the 

radius and ulna are not fused. In Gulo the radius can rotate 

both at proximal and distal extremities. The proximal radius 

is slightly smaller than the proximal ulna and rotates on the 

ulna, and the distal ulna is usually slightly smaller than the 

distal radius, and rotates on the radius. The shafts of the 

two bones in Gulo are subequal in size, however. 

In some carnivores the antebrachium is curved with the 

concave side toward the extensor or posterior surface. The 

func tion of the curvature is not certain. The shaft is 

slender and relatively straight in the cursorial cheetah and 

curved in the less cursorial lion. It is curved, however, in 

the cursorial coyote (Hopwood, 1945). Where presen t, the 

curvature seems to increase the effective extension at the 

distal antebrachium beyond that effected at the elbow. That 

is, in Canis latrans, maximum extension at the elbow results 

in an angle of approximately 170 degrees between the humerus 

----------.--- -- --
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The posteriorly concave 

antebrachium, however, leaves the distal antebrachium in a 

more posterior or retracted position than would a straight 

antebrachium. 

In cursors, the distal ulna may be reduced or absent and 

rotation diminished or prevented completely (Coombs, W.P., 

1978; Hildebrand, 1954; Hopwood, 1945). Weight-bearing is 

through the distal radius. In the carnivores the ulna may be 

very slender distally. Rotation can occur in carnivores, more 

so in most felids than in the canids (Evans and Christensen, 

1979; Jayne, 1898). In the modern ungulates' rotation is 

prevented by shaft fusion, elimination of the distal ulnar 

shaft, and the presence of ligaments, splines and grooves, 

and/or flat joint surfaces (Howell, 1944). 

Distal Radio-Ulnar Joint 

In the ambulatory Gulo the distal ulnar facet on the 

radius is a small concave facet on the lateral side which fits 

over a s'mall convex facet on the anteromedial side of the 

distal ulna. During pronation and supination, most of the 

rotational movement seems to occur at the humero-radial and 

the proximal and distal radio-ulnar joints. There is less 

movement distally between the distal radius and ulna and the 

proximal carpal row as the entire manus turns over and bones 

tend to maintain much of the same relationship to each other. 

The convex-concave shape of the distal radio-ulnar joint, 

"- - -- ------------ -- - - -
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however, does indicate some flexibility at the joint. 

Manus 

The "general i zed manus" consists of the eight or more 

carpal bones: the scaphoid, which mayor may not be fused with 

the centrale, lunate (or scapholunate in carnivores), the 

cuneiform or ulnare, and the pisiform in the proximal row; the 

trapezium, trapezoid, magnum, and uncinate or unciform in the 

distal row; the five metacarpals; and the phalanges, 

consisting of the proximal, central, and ungual phalanges in 

digits II-V and the proximal and ungual phalanges in digit I. 

See Figure 98. In carnivores the centrale has fused with the 

scaphoid and the scaphoid and lunate have fused to form the 

scapholunate. 

The Carpal Joints 

The carpus consists of three proximal to distal rows of 

articular surfaces: the proximal carpal joint or the 

antebrachium-carpal joint, the mid-carpal joint, and the 

distal carpal joint or the carpo-metacarpal joint. There are 

also many mediolateral intercarpal joints. In the carpus the 

stable close-packed position occurs in the position at which 

articular contact is maximized (MacConaill, 1953). [In fact, 

in carnivores and ungulates, the carpal bones become more 

closely packed on dorsiflexion and more loosely packed on 

palmar flexion (VaIden, 1979, 1971)]. 
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Proximal Carpal Joints 

The antebrachial-carpal joints or proximal carpal joints 

consist of the distal radius which articulates with the 

scaphoid and lunate (or scapho-Iunate), and the distal ulna 

which articulates with the cuneiform or ulnare. The pisiform, 

the insertion site of flexor carpi ulnaris, articulates with 

the cunei form and is assoc iated wi th flexion of the manus 

(Taylor, 1974, 1989). Most of the weight passes through the 

distal radius to the scaphoid and lunate. In the generalized 

mammal, movement in all directions is allowed between the 

distal antebrachium and the proximal row of carpals (Howell, 

1944). Dorsiflexion of the wrist can continue beyond 180 

degrees because the proximal facets in the proximal row of 

carpals continue around to the anterior surface to allow 

continued contact with the distal antebrachium. In Gulo, the 

most stable position between the distal radius and the scapho-

lunate is in a 

plantigrade posture. 

dorsi flexed position, ind icating its 

The articular surface for the distal 

radius wraps around the scapholunate posteriorly, allowing 

less close-packed palmar-flexion. 

In cursors, the distal ulna is reduced and the wrist 

either is narrowed or the radius is widened. In some cursors 

such as the dog the radio-carpal joint is a hinge joint, 

mediolaterally elongate and cylindrical in shape, allowing 

mostly flexion and extension (Hildebrand, 1954; Howell, 1944). 

Flexion or palmar flexion at the carpus is important in 
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The sharp f lex ion of the 

carpus imparts forward thrust to the manus which propels the 

body forward; 2) The manus is folded and can avoid dragging 

the ground during protraction; 3) Flexion shortens the limbs 

as the girdles pass over them. The girdles can move forward 

without unnecessary and costly rising and falling of the 

trunk. The degree of flexion differs in different mammals. 

In the shorter footed forms such as pigs and subungulates, 

maximum flexion is about 100 degrees, occurring primarily at 

the proximal carpal joints. In longer legged forms, maximum 

flexion is 145-150 degrees in horses (100 degrees at the 

proximal carpal joint and 50 degrees at the mid-carpal joint) 

and 165 degrees in ruminants (90 degrees at the proximal 

carpal joint and 75 degrees at the mid-carpal joint) (VaIden, 

1970, 1971). 

In the carnivores such as the dog there can be 100 

degrees of flexion between the distal radius and the 

scapholunate from the stable close-packed position that is 

close to 180 degrees. In full flexion the main parts of the 

scapholunate and cuneiform are out of contact with the radius 

and ulna (VaIden, 1970); however, there is little weight

bearing in that position. 

VaIden (1971) describes the non-weight-bearing variation 

and functional patterns in the flexion hinge in mammals. 

1) In the least modi f ied form, seen for exampl e in Homo, 

total flexion and extension can be 100 degrees, 50 degrees 

--------- ._-- -- . 
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extension and 50 degrees flexion beyond stable close-packed 

position. 80th proximal and mid-carpal joints are concave

convex joints and both contribute to flexion. 

2) In a more modified pattern, present in Myrmecophaga and 

Mandrillus, extension beyond the stable position is eliminated 

so that all movement, approximately 100 degrees, is flexion. 

Joint surfaces are concave-convex but with stop facets on the 

extensor surfaces. 

3) In a pattern modified further, found in carnivores, 

insec ti vores, and some roden ts, there are tuberc 1 es on the 

flexor side of the scaphoid. Up to 120 degrees of flexion is 

allowed at the proximal carpal joints and more at the mid-

carpal joints. "In flexion, the convex body of the scaphoid 

first slides extensad on the radius until the base of the 

tubercle meets the flexor lip of the distal surface of the 

radius. The scaphoid then rocks on the flexor margin of the 

radius, pivoting on the base of the tubercle, so that the body 

of the scaphoid parts from the radius" (VaIden, 1971, 482, 

483). There is little weight-bearing on the tubercles during 

flexion. 

4) In the most modified pattern the distal radius has a 

convex surface on the flexor side on which the proximal carpal 

bones slide. This pattern is more stable and is found in the 

ungulates. 

In cursors extension or dorsiflexion is limited in the 

carpus . In the carnivores suc.h as the dog, extension is 

. _ .... -_._-------_ .. _ .. _ ..... . 
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prevented by stop facets on the bones (Reif, Thomas, and 

Fischer, 1985) and by 1 igaments that tighten and ease the 

impact on the stop facets (VaIden, 1971). In ruminants the 

stop facets are an extensad convexity on the proximal carpal 

bones and a matching concavity on the distal radius. In the 

horse the ex tensor stop facets are f 1 at. In the tapir, 

however, there are no stop facets and· hyperextension can 

occur, but the digits are short, there is more than one digit, 

and a digital pad is present. Thus the bending component of 

the ground reaction force is not large (Thomason, 1986). 

In addition to flexion and extension at the proximal 

carpal joint there is some ulnar deviation. According to 

VaIden (1970), in mammals in which limb motion is restricted 

or partially restricted to a parasagittal plane and the feet 

are placed close to the mid-line of the body, the manus must 

swing out laterally past the contralateral limb to avoid 

hitting it during protraction and at foot fall. At the carpus 

ulnar deviation occurs with flexion. In the dog, the amount 

of ulnar deviation is approximately 20 degrees at the proximal 

carpal joint. It may be (VaIden, 1971) that ulnar deviation 

with flexion is greater in wide, short-limbed ungulates than 

in slender, long-limbed ones. All ungulates place the limbs 

beneath the body along the mid-sagittal plane. The short wide 

ungulates such as the rhinoceroses and hippopotomuses deviate 

the manus further in association with their shorter limbs and 

greater body girths, than do horses or deer . 

. -- ---- ------------ -- -.. . .. 
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Mid-Carpal Joints 

In the carnivores such as the dog, only flexion and 

extension are allowed at the mid-carpal joint. The distal 

carpal bones in the dog are bound by ligaments and move as a 

unit. Extension 

prevented by the 

beyond stable close-packed position is 

presence of flat joint surfaces at the 

extensor edge. The flat extensor joint surfaces allow upright 

standing without spending energy to prevent extension. 

Approximately 40 degrees of flexion are allowed (Thomason, 

1986; VaIden, 1970). 

Animals without well developed extensor stop facets on 

the carpals have processes on the flexor sides of the magnum 

and unciform. According to VaIden (1971), it may be that 

flexor ligaments that attach to these processes prevent 

hyperextension in the absence of extensor stop facets. On the 

other hand, he suggests, hyperextension may occur, stretching 

the flexor ligaments, and storing elastic energy. 

Distal Carpal Joints 

The distal carpal joints are between the distal row of 

carpal bones and the proximal metacarpals. In the carnivores 

such as the dog, very little movement occurs there. Only 

approximately 10 degrees of flexion is allowed by the nearly 

flat joint surfaces. In the ruminants the joint surfaces are 

flat and do not allow movement (VaIden, 1970, 1971). 

-------------------- - - --
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Metacarpals 

In mammals the primitive number of metacarpals is five. 

Cursorial mammals have, to varying degrees, reduced the number 

of metacarpals, (or "functional" metacarpals), and increased 

the strength of those remaining (Hi ldebrand, 1987; Lull, 

1904) . All five metacarpal sand five sets of dig i.ts are 

present in the plantigrade wolverine Gulo (Walker, 1975). 

There are two kinds of fore and hind feet according to 

the number and pattern of digits that remain, the paraxonic 

foot and the mesaxonic foot. In the paraxonic foot the 

central axis is between digits III and IV, which are 

symmetrical about the axis. This foot is found in carnivores 

and artiodactyls and in the fore limb of the capybara 

Hydrochoerus. In the mesaxonic foot the central axis bisects 

digit III, which is dominant. The smaller digits II and IV 

are symmetrical about digit III, but are not necessarily 

exactly equal in size or mirror images of each other. This 

foot is found in perissodactyls and the hind limb of 

Hydrochoerus (Brown and VaIden, 1973; Hopwood, 1945; Howell, 

1944) • 

In Gulo the five metacarpals are not as elongate as they 

are in the digitigrade and unguligrade cursors. In more 

cursorial carnivores there are five metacarpals, including 

four that are functional and subequal in length, and one that 

is short and does not support weight. In Canis the 

metacarpals are crowded together so that each is nearly square 

... ---- -------------"-- --_.- ---
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in cross-section and they function as one stronger uni t 

(Coombs, W.P., 1978). The metacarpals in the ungulates are 

more elongate than in the carnivores and more reduced in 

number. In the perissodactyls there are one (III) or three 

(II, III, IV) functional metacarpals and sets of phalanges, 

(the mesaxonic condition). In the artiodactyls there are two 

functional metacarpals, ( I I I and I V) , (the paraxonic 

condition), which are fused into a stronger cannon bone in 

some groups (Coombs, W.P., 1978; Hildebrand, 1987). 

The reduction in the number of functional digits in 

cursors is associated with four aspects of cursoriality: 1) 

development of a strong central axis of symmetry and the 

concentation of the forces of the foot on the central digits, 

2) the reduction in the mass of the distal elements of the 

limbs as part of moving the radius of gyration more proximally 

on the limb, 3) the increase in stamina with the reduction of 

distal mass 4) perhaps an increase in maneuverability of the 

animal (Alexander, 1977; Coombs, W.P., 1978; Gray, 1968). 

Metacarpo-Phalangeal Joints 

In the carnivores as in the fossil tridactyl horses and 

mammals in general, there is a saqittal keel on the flexor 

aspect of the distal metacarpal and a corresponding groove on 

the flexor aspect of the proximal articular surface of the 

proximal phalange. In modern horses the sagittal keel is on 

the flexor and extensor aspects of the distal metacarpal 
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(Thomason, 1986). This keel prevents mediolateral dislocation 

and twisting, especially during fast turns (8adoux, 1975; 

Thomason, 1986). 

Interphalangeal Joints 

There are two sets of interphalangeal joints, the 

proximal joints or the proximal phalangeal--central phalangeal 

joints, and the distal joints or the central phalangeal-

ungual phalangeal joints. 

Sondaar (1968) suggests a method of determin ing foot 

posture from the ungual phalanx in perissodactyls. See Figure 

3. In these mammals the perpendicular to the center of the 

proximal articular surface of the ungual phalanx is aligned 

with the proximodistal axes of the proximal and central 

phalanges when the hoof is on the ground. In the unguligrade 

horses, the angle between the ground and the perpendicular to 

the center of the articular surface is 45 degrees. In the 

digitigrade tapir, the angle is 35 degrees. 

Hindlimb 

The hindlimb consists of the pelvis, the femur, the crus 

(tibia and fibula), and the pes (tarsals, metatarsals, and 

phalanges). In the hindlimb are the acetabular-femoral joint, 

the femorotibial, patellar-femoral, and proximal and distal 

tibiofibular joints, the crural-astragalar and intertarsal 

joints, the tarsometatarsal, intermetatarsal, metatarsal-
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proximal phalangeal, and the interphalangeal joints. The 

joint structure and movement capabilities of each joint are 

discussed below for carnivores and ungulates. Many of the 

features of the joinhs and bones that are associated with 

running ability also may be found in fossil skeletons. 

I n general, non-cursors tend to have long femora and 

short metatarsals, whereas cursorial mJ3mmals tend to have 

shorter femora and longer metatarsals. 

Pelvis 

The pelvis links the hindlimb to the vertebral column 

and, with the sacrum, forms a complete girdle. 

i tsel f consists of three bones that are fused 

The pel vis 

on I eft and 

right sides in adulthood--the ilium anteriorly and dorsally, 

the pubis ventrally and medially, and the ischium posteriorly 

and dorsally. The sacrum is attached dorsally and medially 

between the two ilia at the broad sacro-iliac joints. See 

Figure 104. The acetabulum, consisting of parts of all three 

pelvic bones, is a cup-shaped joint surface that faces 

laterally or very slightly ventrolaterally and that 

articulates with the head of the femur. 

In mammals, differences in the shapes of the ilia, pubic 

symphysis, ischium, acetabulum, and proportions in the 

proximal femur are associated in part with the movement 

capabilities of the femur at the hip. The origins of muscles 

of limb extension, flexion, and abduction are located on 

. - _ ... _._--------
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various parts of the ilium. The emphasis upon some muscles 

or groups of musc les and the de-emphasis upon others is 

reflected in the shape of the ilium. Howell (1944) found that 

the length of the ilium is not related to cursorial ability 

but to the requirements of the sacro-iliac articulation and 

to those of the surrounding ligaments. The long ilium does 

allow the cushioning of stresses transmitted from the femur 

by elastic ligaments, and this cushioning is important in 

weight-bearing and locomotion. Additionally, he found that 

the size and directions of the pull of iliacus and the deep 

gluteal muscles influence the shape of the ilium. I f the 

muscles are narrow and pull from the same direction, the ilium 

is narrow. If they are broad and pull from different 

directions, the ilium is broad. 

According to Maynard Smith and Savage (1956), the shape 

of the pelvis differs in mammals according to the emphasis on 

the gluteal group or on the ischio-pubic complex, or upon the 

emphasis upon speed or power. If the ilium is short and the 

ischio-pubis long, the gluteal muscles are weak and the 

ischio-pubic muscles are strong, resulting in an emphasis upon 

power. If the ilium is long and the ischio-pubis short, the 

gluteal muscles are strong and the ischio-pubic muscles are 

weak, resulting in an emphasis upon speed. In contrast, 

Hildebrand (1954) says that a long ilium and short ischium are 

present in non-runners, whereas in runners they are closer to 

equal size. Probably the relative lengths of the ilium and 

-- - -- -----._-------------._-_._-- ---



114 

ischio-pubis also depend upon the group being examined. 

In cursorial Canis latrans, the ilium is long and the 

ischio-pubis relatively short; in the less cursorial or 

ambulatory Gulo luscus, the ischio-pubis is relatively longer, 

closer in length to the ilium. These observations in 

carnivores are consistent with those of Maynard Smith and 

Savage (1956). 

In Gulo the ilia are elongate anteriorly and broad at the 

crests. The lateral surfaces face dorsolaterally as they do 

in Lynx. In Canis the surfaces are broader and face 

laterally. 

The ang Ie of the il ium wi th respect to the vertebra I 

column also varies in quadrupedal mammals. A more vertical 

position or wide ilio-lumbar angle favors weight transmission 

and is found in heavier quadrupeds (along with a broad ilium). 

A near horizontal position of the ilium favors the 

transmission of power from the hind I imb to the vertebra I 

column and may be found in runners (Slijper, 1942). A 

compromise position should facilitate the transfer of weight 

and the transmission of locomotor power. The near horizontal 

position of the ilium in cursors is associated with a short 

femur and results in large angles of insertion on the short 

femur, which in turn results in itrong flexion of the femur 

at the hip joint (Gregory, 1912). 

The pubic symphysis, fused or bound by 1 igaments in 

adulthood, varies in anteroposterior length among mammals but 
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is often long in ungulates and cursorial canids (Hildebrand, 

1954). In the more ambulatory mammals it is relatively deep 

and strong dorsoventrally, being the site of origin of strong 

adductor muscles (Howell, 1944). In mammals with less 

abduc tion and adduc tion of the hind limb, the symphysis is 

shallow dorsoventrally. 

In Gulo the pubic symphysis is relatively elongate 

proximodistally, but is less so compared to the length of the 

ilium in Canis and Lynx. It is slightly broader than in 

Canis. In Lynx the symphysis is narrow mediolaterally but 

thick dorsoventrally. 

The ischial tuberosity is the site of the attachment of 

the deep extensors of the thigh, the flexors of the crus, and 

the lateral rotators of the thigh. Its length is the distance 

from the joint center to the distal part of the tuberosity. 

The shape of the posterior ischium and of the tuberosity is 

related to the emphasis upon certain of these muscles and the 

de-emphasis upon others. 

'Some features of the ischium are associated with 

cursorial ability. 

leverage for the 

The length of the ischium increases the 

retractors of the thigh and crus. A 

pronounced ischial tuberosity suggests powerful hamstring 

muscles, important in extension of the hip and flexion of the 

knee (Howell, 1944). Jenkins and Camazine (1977) suggest that 

the orientation of the posterior margin of the ischium in 

posterior view is correlated with the amount of abduction. 

-----------_. __ .- -. 
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In the ambulatory and sc:ansorial rac:c:oons the isc:hium is 

oriented ventromedially to dorsolaterally. In the fox and 

other c:anids it is oriented more horizontally or medio-

laterally. In the c:at, whic:h c:limbs and walks, it is 

intermediate in posi tion. Thus, in posterior view, a more 

horizontally' oriented isc:hium is assoc:iated with c:ursoriality. 

Proximal Femur 

The proximal femur c:onsists of the head, whic:h 

artic:ulates with the ac:etabulum, the nec:k whic:h joins the head 

to the shaft, and two or three troc:hanters whic:h are the 

insertion si tes for some of the musc: les that move the hip 

joint. See Figure 105. Different runners emphasize different 

hip extensors bec:ause of their own historic:al or phylogenetic: 

determinants of morphology. 

of the troc:hanters should 

Thus, the c:harac:ter of only one 

not be used for suggesting the 

strength of the hip extension. Among the ungu 1 a tes, the 

modern perissodac:tyls emphasize the gluteals while the modern 

artiodac:tyls emphasize the long and short postfemorals, the 

bic:eps femoris, semi tendinosus, semimembranosus, and quadratus 

femoris (Gambaryan, 1974). 

The greater troc:hanter, loc:ated proximolaterally on the 

shaft, is the insertion si te for the gluteus medius and 

profundus and for piriformis. At its base insert the short 

postfemoral musc:les (the gemelli, obturator internus, 
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quadratus femoris). The lesser trochanter, located distally 

and posteriorly compared to the head, is the insertion site 

of the iliacus and psoas major. The third trochanter is not 

present in all mammals but it is well-developed in the 

perissodactyls. In the perissodactyls, it is close to mid-

shaft and on the lateral side (But see Evans and Christensen's 

1979, and Ginsburg's 1961 designation of the third trochanter 

as being close to the base of the greater trochanter). In 

both cases, it is the site of the insertion of the gluteus 

superficialis, an extensor of the hip. A high greater 

trochanter is found in good runners and leapers but also in 

mammals with powerful legs, so it is not an exclusive feature 

of cursors. (Evans and Christensen, 1979; Howell, 1944; 

Jayne, 1898). 

Hip Joint 

The hip joints consist of the laterally or 

ventrolaterally facing acetabulum and the head of the femur, 

which extends with the femoral neck in a medial or dorsomedial 

direction from the shaft. The acetabulum is cup-shaped with 

a depression in the center, the acetabular fossa, which is the 

attachment site of the ligamentum teres. This short, round 

ligament also attaches to the femoral head at the fovea 

capitis femoris and helps hold the head in the acetabulum. 

In Gulo the acetabula are large and shallow and face 

laterally. The "C" shaped articular surface is along the 

-----------_. __ .- -. 
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The 

is 

c:overed, exc:ept for the fovea, with artic:ular surfac:e whic:h 

extends onto the nec:k, espec:ially onto the posterior part of 

the nec:k. The head of the femur c:an move in all direc:tions 

within the ac:etabulum, permitting abduc:tion, adduc:tion, 

flexion, extension, or rotation. The most stable positions 

for the joint oc:c:ur as the femur is slightly abduc:ted. In 

that position the artic:ular surfac:es on the femoral head most 

nearly matc:h the artic:ular surfac:es within the ac:etabulum and 

the fovea c:apitis femoris points medially into the deep 

c:entral part of the ac:etabulum. 

In the more c:ursorial Canis the C-shaped artic:ular 

surfac:e within the ac:etabulum opens slightly more ventrally 

c:ompared to the pubic: symphysis and less posteriorly than in 

Gulo. The femoral head in the dog is rounded, although in 

some c:ursors in whic:h lateral mobility of the limb is reduc:ed, 

it is not as spheroidal but more c:ylindric:al in shape (Howell, 

1944). The artic:ular surfac:e of the head does not extend onto 

the nec:k as far as it does in Gulo. In the position in whic:h 

the artic:ular surfac:es matc:h most c:losely and the fovea 

c:apitis femoris points medially into the ac:etabulum, the femur 

is only very'slightly abduc:ted. (See Jenkins and Camazine, 

1977) • 

..... _._ ..................... - _ .. _------------_._--- - .. --. 
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Muscles of the Hip Joint 

The muscles that control movement of the hindlimb at the 

hip (Appendix G) originate on parts of the thoracic and lumbar 

sections of the vertebral column (psoas minor and psoas 

major), on the sacrum (gluteus superficialis, piriformis), on 

the lateral surface of the ilium (gluteus medius, gluteus 

profundus, sartorius, tensor fascia lata, iliacus), on the 

pubic ramus, pubic symphysis, and ischiac arch (pectineus, 

gracilis, articularis coxae, adductor longus, adductor mag nus 

and brevis), on the ischial ramus (gemelli), around the 

obturator foramen (obturator internus, obturator externus), 

and on the ischial tuberosity and ischial angle (biceps 

femoris, quadratus femoris, semitendinosus, semimembranosus). 

These muscles insert on the greater trochanter 

(piriformis, gluteus medius), lateral surface and base of the 

greater trochanter (g luteus superf icial is, gluteus profundus) , 

third trochanter in horses (gluteus superficialis), lesser 

trochanter (iliopsoas), intertrochanteric fossa (gemelli, 

obturator internus, obturator externus), neck of femur 

(articularis coxae), distal to the trochanteric fossa 

(quatratus femoris, adductor longus), along the extensor 

surface of the femoral shaft (adduc tor magnus and brevis, 

pectineus, semimembranosus), and in the aponeurosis of fascia 

lata and the tibial crest (biceps femoris, semitendinosus, 

sartorius, gracilis). 

These muscles extend the hip (gluteal muscles, 

------.... -.-............ -~-.--------------- -.~ - -. 
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piri formis, quadratus femoris, biceps femoris, semitendinosus, 

semimembranosus), flex the hip (iliopsoas, articularis coxae, 

sartorius), adduct the hip (sartorius, gracilis, pectineus, 

adductor longus, adductor magnus and brevis), abduct the hip 

(abductor cruris caudalis), and rotate the hip outward 

(obturator internus, obturator externus, gemelli, quadratus 

femoris) (Evans and Christensen, 1979) 

Relative Abduction and Acetabular/Femoral Head Morphology 

Jenkins and Camazine (1977) studied the relationships of 

the femur and pelvis during the walk in members of the 

carnivore families Proc:yonidae, Felidae, and Canidae. In 

addition to demonstrations of movements of the pelvis as a 

whole that cannot be addressed at this point in fossil mammals 

(i.e., rotation, tilt), they also document the direction and 

range of movement of the femur in the acetabulum and relate 

this movement to osteological features that are often visible 

on fossil bones. 

Jenkins and Camazine (1977) found that raccoons abduct 

the femur during the propulsive and recovery phases of 

walking. The fox and some other canids abduct the femur very 

slightly while moving the limb essentially parasagittally. 

The domestic cat maintains femoral adduction while moving the 

limb parasagittally, and thus shows no abduction of the femur 

during the walk. 

The authors also determined that the structure of the 

----~----,-~--.- -
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ace tabu lum and the head of the femur di f fer in the three 

animals. The acetabulum is shallow in the raccoon, deeper in 

the cat, and still deeper and less open in the fox. Thus the 

raccoon has relatively shallow coverage of the femoral head, 

allowing abduction without interference from the acetabular 

margins. These dorsal, anterior, and posterior margins of the 

acetabulum project farther in the cat and still farther in the 

fox. 

Additionally, Jenkins and Camazine (1977) found that the 

margins of the articular surface on the head of the femur 

generally (but not exactly) conform to that limit of the head 

in contact with the acetabulum during the propulsive phase. 

The articular coverage on the head is generally consistent 

with the amount of abduction in the early (anterior aspect of 

head), and middle (dorsal aspect) parts of the propulsive 

phase, but is not as consistent in the latter (posterior 

aspect of head) parts of the propulsive phase. 

In the latter part of the propulsive phase in the cat and 

fox, that is, on the superior surface of the acetabular 

surface and the posterior surface of the femoral head, there 

is no one-to-one congruency between the articular surfaces. 

This difference is a problem for analysis in fossils~ During 

the recovery phase in the fox, the acetabulum and articular 

surface of the head are generally congruent superiorly and 

laterally. 

congruency. 

In the raccoon and cat, again there is not exact 

Our ing recovery in these mamma Is, there is a 

~.- .- --._-----_._---_. -- - -
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narrow band of articular surface on the head that is not 

covered by the acetabulum and remains lateral to the edge of 

the acetabulum. That is, there is "extra" articular surface 

on the head during recovery. This band of articular surface 

may represen t an area of the head that is covered during 

climbing when there is greater abduction of the femur (Jenkins 

and Camazine, 1977). 

Because of inconsistent congruency during the latter 

stages of the propulsive phase and, in some mammals during 

recovery phase, Jenkins and Camazine (1977) suggest using the 

anterior view of the margin of the articular surface on the 

femoral head as a measure indicating the degree of habitual 

abduction in the femur. The anterior margin of the articular 

surface of the head is generally congruent with the edge of 

the acetabulum during the early parts of the propulsive phase. 

If the anterior margin is approximated as a straight line, the 

angle that line makes with the femoral shaft is more obtuse 

in those limbs that can be abducted (i .e., the articular 

surface extends onto the neck), and more acute in those that 

can be abducted less, 

extend onto the neck). 

(Le., the articular surface does not 

That is, 

greater the capacity for abduction. 

the wider the ang Ie, the 

They found the angle to 

be about 50 degrees in the raccoon and to be more acute in 

cats and foxes. (The actual angle is not given). In other 

animals they found a range of angles, more obtuse in 

ambulatory mammals and generally more acute in cursors. 

---------_. __ . --.- - .. _-
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Jenkins and Camazine (1977) also found that the position 

of the fovea capitis femoris is related to posture and 

excursion of the limb. The ligamentum teres is attached in 

the acetabulum at the medial part of the acetabular fossa and 

normally lies within the acetabular fossa during movement of 

the hip. The acetabular fossa opens laterally, and thus the 

position of the fovea capitis femoris is correlated with the 

orientation of the femur relative to the acetabulum. In order 

to indicate the position of the fovea on the femoral head they 

construct an "equator" bisecting the head perpendicular to the 

shaft. They construct a "meridian" perpendicular to the 

equa tor in the transverse plane bi sec ting the prox ima 1 and. 

distal joint surfaces. 

They found that in all mammals the fovea is proximal to 

the equator and posterior to the meridian, but that mammals 

with different amounts of abduction during the walk have the 

fovea positioned slightly differently. In the raccoon and 

other ambulatory carnivores the fovea is 25-45 degrees 

proximal to the equator and 15 degrees posterior to the 

meridian. If the fovea were centered in the acetabular fossa, 

the femur would be abducted 25-45 degrees. This degree of 

abduction allows the raccoon to walk over uneven terrain 

(Taylor, 1989). In the cat, the fovea is c lose to the 

intersection of the equator and the meridian. If the fovea 

were centered in the acetabular fossa, the femur would be in 

sagittal orientation with no abduction. In the fox, the fovea 

--------- .------
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is close to the intersection, as in the cat, but is slightly 

proximal to the equator and at an equal distance posterior to 

the meridian. If the fovea were centered in the acetabular 

fossa, the femur would be abducted approximately 10 degrees 

(Jenkins and Camazine, 1977). 

Thus, the abduction possible (which mayor may not be 

habitual) in a mammal can be determined by the depth of the 

acetabulum, the angle made in anterior view by the margin of 

the articular surface on the head of the femur and with the 

shaft of the femur, and the location of the fovea capitis 

femoris with respect to an equator and meridian. The 

differences are relative, not quantifiable. In practice, 

however, the angle on the femoral head can be measured more 

accurately than the location of the fovea capitis femoris can 

be (Jenkins and Camazine, 1977). 

Femur 

The length of the femur is close to but slightly longer 

than that of the tibia in Gulo and Lynx, but is relatively 

shortened in Canis as in many cursors, compared to the tibia, 

to the limb as a whole, or to the length of the presacral 

vertebral column. The shaft is curved anteroposteriorly, in 

Gulo, more so than in Lynx, but less than in Canis in which 

it is distinctly bowed anteriorly. In the mid-shaft cross

section in Gulo, the femur is nearly circular, with very 

slight flattening on the extensor surface. 
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Knee Joint 

The bones involved in the knee joint are the femur at the 

distal condyles and the tibia on its proximal condylar 

surfaces. The patella is a sesamoid bone formed in the tendon 

of quadriceps femoris and participates in the knee joint by 

gliding proximally and distally in the patellar groove. The 

presence of the patella and its flexor-extensor depth change 

the direction of pull by the quadriceps tendon on the tibial 

crest. Thus, the patella ensures that " ••. muscles [extending] 

the joint always have a large turning moment" (Currey, 1980, 

p. 40). The fibula, even if present, does not participate in 

the knee joint in mammals (Evans and Christensen, 1979). 

The femoral condyles are located at the distal end of the 

femur on the flexor-distal surface. They are convex weight-

bearing surfaces 

tibial condyles. 

completel y fl at. 

that articulate with the flatter proximal 

In Gulo the tibial condyles are not 

The medial condyle is slightly concave or 

depressed, while the lateral condyle is convex 

anteroposteriorly and flat to slightly concave mediolaterally. 

The menisci between the femoral and tibial condyles hel p 

distribute the weight passing through the femur to the tibia. 

Due to the shapes of the femoral and tibial condyles, the 

tibia can flex and extend on the femur by a combination of 

rolling and sliding (Currey, 1984a). 

In Gulo the stable posi tion of the knee appears to be 

flexed to approximately 110 degrees, measured on the flexor 

-------------------- --- - - - ----------~-----
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surface. In that position the femoral condyles rest securely 

and with the best fit on the tibial condyles. The knee joint 

also is held in a relatively acute position in cursorial, non

graviportal mammals with long metapodials (Howell, 1944). 

In Gulo the patellar groove is relatively wide and 

shallow, not elongate proximodistally, and without sharp 

raised medial and lateral ridges. Its proximal end blends 

smoothly into the femoral shaft. In contrast, in the cursors 

and saltators, it may be deeper, v-shaped, and with sharp 

sides. A deeper, proximodistally long patellar groove with 

prominent lateral ridges is associated with strong extension 

at the knee (Hildebrand, 1954), and is present not only in 

cursorial mammals but also in saltatorial and graviportal 

mammals. In these cases the patella is large too (Howell, 

1944), resulting in a large moment and thus mechanical 

advantage for the quadriceps tendon about the knee joint. In 

Lynx the patellar groove is not long proximodistally, but it 

is narrow and deep with sharp lateral ridges. It is longer 

and narrower in Canis. Reflecting the shape of the patellar 

groove, the patella in Gulo is wide with its articular surface 

smoothly convex, rather than sharper or v-shaped as it is in 

cursors. 

In the modern perissodactyls and artiodactyls the patella 

and the sharp mc1rgins of the patellar groove are used in 

stabilization of the hindlimb during standing without use of 

muscular energy to maintain angular relationships among the 

--------------------------- . 
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The parts of the hind limb (tibia, 

shaft of calcaneus, tendon of superficial digital flexor, and 

knee joint) make a parallelogram so that motions at the joints 

are coordinated but so that movement is stopped at all four 

corners of the parallelogram if one corner is kept motionless. 

Motion .is stopped at all joints during normal standing when 

the patella is slipped out of the patellar groove and over the 

proximal bony prominence at the end of the patellar groove. 

In this position the patellar ligaments prevent the knee from 

flexing or ex tending, and thus the ank Ie cannot f I ex or 

extend. When the patella is slipped into the groove, the 

angles of the parallelogram are free to move (Gray, 1968; 

Hildebrand, 1988). 

Muscles of the Knee Joint 

The muscles associated with the functioning of the knee 

joint, their origins, insertions, and actions are listed in 

Appendix G (Evans and Christensen, 1979; Jayne, 1898). The 

major muscles are: the quadriceps femoris group and tensor 

fasciae latae, extensors of the knee, and biceps femoris, 

semitendinosus, semimembranosus, and gastrocnemius, flexors 

of the knee. 

The tibial tuberosity or cnemial crest is the attachment 

site for the tendon of the quadriceps femoris muscle group and 

tensor fascia latae that extend the tibia at the knee and for 

the aponeurosis of biceps femoris that helps flex the tibia 

----~.-----.-- - - . 
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at the knee. The crest is well developed in cursors (Taylor, 

1989). Its length compared to shaft length (or to tibial 

shaft plus pes) is an indication of the strength of extension 

and flexion. The distance from the knee joint center to the 

insertion of the quadriceps femoris group is the length of the 

in-lever, and the total length of the tibia plus pes is the 

out-lever for the knee extensors. Strength is emphasized if 

the insertion is distal or if the crest is long, and speed is 

emphasized if it is more proximal or if the crest is shorter 

(Hildebrand, 1982). The tibial crest in Gulo is longer 

compared to the length of the tibia than in Lynx and 

especially in Canis, indicating a long in-lever and short out

lever, which are modifications for power in Gulo. The 

prominence of the crest also is important and may be 

associated with cursoriality. It is less prominent in Gulo 

(24.0 kg in Gulo qulo), however, compared to that in the 

smaller Lynx (6.93 kg) and especially to that in Canis (11.0-

15.0 kg), in which it is very prominent (Eisenberg, 1981; Van 

Valkenburgh, 1987). 

According to Gambaryan (1974), the extensors of the knee 

(and ankle) are larger in non-cursorial than in cursorial 

canids, suggesting emphasis on speed rather than power in the 

cursorial canids. 

Lower Hindlimb 

In Gulo, as in many other mammals, the tibia and fibula 

-.-- . __ .. - .. -..... - -. '-"-'---~~-------- - -. 
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are both present and are unfused. They are subequal in size 

and slightly shorter than the femur, and both participate in 

the crural-tarsal joint. In Gulo the tibia bears most of the 

weight and transfers it to the ankle through the astragalus. 

The fibula articulates proximally with the tibia and distally 

wi th the tibia, astragalus, and calcaneus. The fibula is 

rather robust compared to that in Lynx and Canis, and in them, 

the fibula does not articulate with the calcaneus. 

In cross-section the tibia is roughly triangular 

proximal I y wi th the apex of the tr iang I e being the tibia I 

crest, and more rounded distally. It is bowed away from the 

proximodistally straighter fibula in Gulo, but is less bowed 

in Lynx and in Canis, 

anterior view. The 

in which it is slightly sigmoidal 

curvature may be the result 

in 

of 

developmental processes (Lanyon and Rubin, 1985), but its 

significanace is uncertain. 

In cursors and other mammals that restrict motion to the 

parasagittal plane, the tibia is strengthened and the fibula 

is relatively reduced (Taylor, 1989). The distal fibula may 

persist and tends to fuse with the tibia as lateral rotation 

at the crural-astragalar joint decreases (Coombs, W.P., 1978; 

Hildebrand, 1954, 1982; Howell, 1944). In cursorial canids 

the f ibul a may be fused wi th the tibia for 40-551. of its 

length, whereas in Speothos, the short-limbed bush dog, it is 

fused for only 291. of its length (Hildebrand, 1954). 

In many cursors, especially unguligrade cursors, the 

....... --.-----~~-----. -- - -
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length of the tibia is increased compared with the length of 

the femur. Within canids however, (but not between canids and 

other groups), according to Hildebrand (1952), the femur/tibia 

ratio is not always correlated with speed. The maned wolf 

Chrysocyon, for example, has very long legs, probably 

associated with its life in tall grass. 

Pes 

The pes in Gulo consists of seven tarsa I bones, the 

larger and more proximal astragalus and calcaneus, the smaller 

and more distal navicular, entocuneiform, mesocuneiform, 

ectocuneiform, and cuboid, the five metatarsals, and the 

phalanges, consisting of the proximal, central, and ungual 

phalanges in digits II-V and the proximal and ungual phalanges 

in digit I. See Figure 106. Gulo is plantigrade. It can be 

seen that the metatarsals are longer than the metacarpals in 

Gulo, with the MC III/MT III ratio being 86%. The metatarsals 

III, IV, and V are large (IV being the largest), with II and 

especially I being somewhat reduced in size. 

As in the manus, the posture of the pes in cursors is 

digi tigrade or ungu I igrade, wi th metatarsa I I ength being added 

to total foot length in both foot postures, and phalanx length 

also being added in the unguligrade foot posture. 

The number of metatarsals and sets of phalanges is 

reduced in cursors, as in the manus, to four func tiona I 

metatarsals and phalanges in the carnivores, two in the modern 
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cursorial artiodactyls, and one in the modern cursorial 

perissodactyls. In cursors as in Gulo, the metatarsals are 

generally longer than the metacarpals, making the pes longer 

than the manus. It the dog the metatarsals and metacarpals 

are relatively longer than those in Gulo, but the MC III/MT 

III ratio is similar to that in Gulo, 891.. Compared to the 

length of the vertebral column, the MT III in Gulo is 111. and 

in Canis, 121.. In the coyote MTs III and IV are the longest, 

with II and V being reduced in size to 881. and 861. percent of 

MT III respectively, and with MT I being extremely reduced in 

size to 321. percent of MT I I I. The metatarsals in the 

ungulates vary in relative length but are generally longer 

than those in the different carnivores. Van Valkenburgh 

(1987) reports an association within carnivores as a whole 

between a low femur/metatarsal ratio and cursoriality. In 

comparing sixty-one species of recent mammals, she found that 

cursorial mammals tend to be on or above the regression line 

y = -2.07 + 0.87x for the log/log plot of metatarsal length 

against femoral length. That is, as femoral length is 

shorter, the metatarsal length is increased in cursors. In 

her results, Gulo qulo and Canis latrans are both on the line, 

however. The relationship is less close within the faster 

carnivores. As in the manus, in Canis the metatarsals are 

crowded together into one functional unit, rendering the bones 

nearly square in cross-section and giving them greater 

strength. 
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Bones and Joints within the Tarsus 

Associated with the tarsus are three major articulations: 

1) the crurotarsal or upper ankle joint, consisting usually 

of the cruro-astragalar joint but sometimes also the 

crurocalcaneal joint, 2) the astragalocalcaneal, subtalar, or 

lower ankle joint between the astragalus and the calcaneus, 

and 3) the transverse tarsal joint between the astragalar head 

and distal calcaneus on the proximal side and the navicular 

and cuboid, respectively, on the distal side. In addi tion 

there are other intertarsal articulations between tarsal 

bones--between the navicular and the cuboid, the navicular and 

the en tocunei form, mesocunei form and ec tocunei form, the cuboid 

and the entocuneiform, the entocunieform and the 

mesocuneiform, and the mesocuneiform and the ectocuneiform. 

According to Hildebrand (1982), the tarsals may be squared or 

fused in cursors. They are squared in the cheetah and both 

squared and fused in the horse. 

There have been several studies of the tarsals, 

especially the astragalus and calcaneus, in association with 

systematics. In these studies, the details of the morphology 

of the tarsals are used to form phylogenetic hypotheses. (See 

for example, Cifelli, 1983a, on the association of tarsal 

elements with teeth in a mixed assemblage from a fissure 

fill). Szalay and Decker's 1974 study of the "insectivoran" 

ancestry of Protungulatum, the oldest known "condylarth", is 

both functional and phylogenetic. 

--------_ .. __ ._--- -.. -
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other studies of the tarsals are largely functional--

relating the comparative forms of tarsal features to postural 

and movement capabilities in the living mammals. (See for 

example, Schaeffer, 1947, on the comparison of the artiodactyl 

astragalus and calcaneus to that in Arctocyon; Barnett, 1970, 

on movement at the astragalo-calcaneal joint in mammals; 

Elftman and Manter, 1935, on movement within the pes in apes 

and humans). 

On the astragalus of some fossil organisms and in 

Orycteropus the aardvark, there is an astragalar canal with 

foramina opening dorsally within or at the posterior edge of 

the trochlea and ventrally between the proximal astragalar:-

facet and the sustentacular facet. In Chrysocyon, Meles, and 

some armadillos, a branch of the peroneal artery passes 

through the astragalar canal (Lessertisseur and Sabin, 1967). 

In some fossil astragali, either the dorsal or plantar foramen 

is present, but not both, perhaps indicating gradual reduction 

in the fun~tion of the canal. Additionally, the presence of 

the canal and foramina seems to be convergent in many mammals 

rather than simply a "primitive" feature (Szalay, 1966; Szalay 

and Decker, 1974). 

The astragalar head with its navicular face~-- (or., , 
navicular and cuboid facets) is oriented at an angle or 

aligned with respect to the mid-line of the trochlea 

di f ferentl y in di fferent mamma Is (Sc haef fer, 1947). This 

orientation may be associated with alignment of the tarsals 

.. -- . __ . --.--------- ._- - ...... 
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for parasagittal movement. 

Crurotarsal Joint 

• The crurotarsal joint or upper ankle joint is between the 

distal crus (tibia and fibula or its distal remnant 

proximally) and the proximal pes [astragalus, and in some 

mammals including Gulo, the calcaneus distally, (Lewis, 

1983)]. The joints formed are the larger weight-bearing 

tibio-astragalar joint and the smaller fibulo-astragalar and 

fibulocalcaneal joints. These separate joints work together 

as one hinge joint, the crurotarsal joint. The axis of 

rotation of the cruro-astragalar joint in the "generalized" 

mammal is mediolateral with motion restricted or partially 

restricted to dorsiflexion and plantarflexion (Schaeffer, 

1948) • 

In Gulo, the keel and grooves of the distal crus and the 

trochlea and sides of the proximal astragalus are relatively 

shallow. As a result, there is a small amount of medial and 

lateral "play" at the joint. In addi tion, the keel and 

grooves of the distal tibia are at an angle to the 

parasagi ttal plane of the tibia and the mid-l ine of the 

astragalar trochlea is curved in dorsal view, resulting in a 

rotational component to the dominant flexion and extension 

(plantar flexion and dorsiflexion) at the joint. 

In the more cursorial Canis, the distal fibula does not 

articulate with the calcaneus, but mechanically, of course, 
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the calcaneus still is part of the functioning of the cruro

tarsal joint. The distal fibula articulates with the lateral 

side of the astragalus and, with the distal tibia, forms 

longer medial and lateral malleoli that enclose the sides of 

the trochlea even more securely than in the wolverine. In 

addition, in the dog the keel and grooves of the distal crus 

and the trochlea and sides of the astragalus are much deeper 

than in the wolverine. Thus, the trochlea is locked into the 

crus much more securely and there is no "play" (Schaeffer, 

1948) • Van Valkenburgh (1987) also found the astragalar 

groove to be relatively deeper (compared to its width) in 

terrestr"ial species, but not exclusively within cursorial 

species. Additionally, the keel and grooves of the distal 

tibia may not be at an angle to the parasagittal plane of the 

shaft (Howell, 1944). The mid-line of the trochlea of the 

astragalus is much straighter in dorsal view than it is in 

Gulo, so that in Canis there is not a strong rotational 

component to the flexion and extension at the crurotarsal 

joint and movement is confined to the parasagittal plane. 

As in the carpus, sharp plantarflexion of the tarsus 

during the last stages of the stance phase imparts forward 

thrust to the pes which propels the body forward (Hildebrand, 

1961). 

Muscles of the Crurotarsal Joint 

The plantarflexors of the crurotarsal joint .(Appendix G) 

----_.---_. __ ._-_.- -
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are the gastrocnemius, part of the biceps femoris, and part 

of the semitendinosus which originate on the posterodistal 

femur (gastrocnemius), the sacrotuberous ligament and lateral 

ang I e of the isc hia I tuberosi ty (biceps femoris), and the 

ischia I tuberosi ty (semi tendinosus) and join in a common 

calcaneal tendon to insert on the distal aspect of the 

calcaneal tuberosity. [Associated in the common calcaneal 

tendon but largely continuing beyond the calcaneal shaft is 

the flexor digitorium superficialis (Evans and Christensen, 

1979)]. 

The distance between the tendon insertion on the 

calcaneal tuberosity and the position of the center of the 

astragalar trochlea, i.e., the center of the crurotarsal 

joint, is the approximate in-lever for plantarflexion at the 

crurotarsal joint. The out-lever is approximately the length 

from the trochlea to the distal metacarpals. The longer the 

in-lever compared to the out-lever, the greater the emphasis 

on power at the tibio-astragalar joint. 

The calcaneal tubercle in Gulo is short compared to that 

in Canis, but the pes is longer in Canis. In general in 

cursors, as in the dog, the in-lever of the calcaneus is short 

compared to the out-lever of the pes, emphasizing speed over 

force in cursors (Hildebrand 1982). 

The dorsiflexors of the crural-tarsal joint and their 

origins are tibial is cranial is (sulcus muscularis on the 

cranio-lateral aspect of the tibia), the extensor digitorum 

._--------_. __ . -
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longus (extensor fossa of the lateral .epicondyle of the 

femur), and peroneus brevis (lateral distal fibula and tibia). 

These muscles insert on the dorsal part of the pes (Evans and 

Christensen, 1979). 

walking or running 

plantarflexors. 

They are not used in "push of f" in 

and are not as strong as the 

Astragalocalcaneal Joint 

The astragalocalcaneal joint consists of two or three 

articular surfaces on the astragalus [the astragalar 

sustentacular facet and the astragalocalcaneal facet(s)] and 

two articular surfaces on the calcaneus (the calcaneal 

sustentacular facet and the one or two aspects of the 

calcaneo-astragalar facet). 

Motion at the astragalocalcaneal joint in many animals 

is along an oblique axis of rotation that is a compromise 

among the articulations involved. These oblique movements are 

eversion, turning the foot outward or laterally, and 

inversion, turning the foot inward or medially. In the more 

cursorial mammals that axis of rotation is more transverse and 

less oblique, instead supplementing the flexion and extension 

at the proximal tarsal joint (Barnett, 1970; Schaeffer, 1947, 

1948) • Terrestrial mammals tend to have a tarsus in which 

stable position is an everted position, resulting in a level 

orientation of the foot. Arboreal mammals tend to have in 

inverted tarsus, resulting in an inward turning of the foot 

--___ • ____ • __ ._ o· ••• 
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(Szalay and Decker, 1974). 

Transverse Tarsal Joint 

The transverse tarsa 1 j oint is genera 11 y between the 

convex, mediolaterally ellipsoidal astragalar head and the 

concave proximal facet of the navicular, and between the 

distal calcaneus and the proximal cuboid facet that form a 

shallow saddle joint. The transverse tarsal joint is complex 

but may have an oblique axis in some mammals (Schaeffer, 

1947). In some mammals there is articulation between the 

astragalar head and both the cuboid and navicular. In other 

mammals such as the carnivores and perissodactyls, there is 

no or very little articulation between the astragalar head and 

the cuboid, only with the navicular, as the distal calcaneus 

articulates with the proximal cuboid. There is genera 11 y 

limited flexion and extension between the proximal and distal 

sides of the transverse tarsal joint. 

Limb Posture 

The posture of the limbs in running mammals is related 

to the proportions of the limbs and influences the effective 

limb length. Limb posture in which the limbs are bent in the 

parasagittal plane is important in shock absorption, energy 

expended during standing, and mechanical advantage in push

off (Hildebrand, 1982; Howell, 1944). 

Limb posture is usually discussed in terms of foot 
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posture, but posture of the entire . limb is related to the 

posture at all of its joints. Quadrupeds with upright (non

sprawl ing) posture tend to be digi tigrade or ungul igrade 

(Hildebrand, 1985), and carnivorous carnivores (or 

carnivorans) are generally digitigrade while the herbivorous 

carnivores (or carnivorans) are generally plantigrade 

(Ginsburg, 1961). In the evolutionary development of 

cursoriality in different lineages, there has been a tendency 

to change from plantigrady to digi tigrady to ungul igrady 

( Lu I I, 1904). 

Several features of the skeleton, according to Ginsburg 

(1961), can help determine whether the limb and foot posture 

are plantigrade or digitigrade. Ginsburg (1961) does not, 

however, offer functional explanations for the following 

morphological correlations. 

1) The deltopectoral crest is much better developed in 

plantigrade mammals than in digitigrade ones. 

2) The distal humerus tends to be mediolaterally wider 

in plantigrade mammals than in digitigrade mammals. 

3) The humerus and the radius and ulna do not rotate in 

the same plane in the plantigrade mammals. They do, however, 

in the digitigrade ones. 

4) In plantigrade mammals, the olecranon is inclined 

medially on its medial posterior surface, leaving a fossa for 

the insertion of the accessory anconeus near the end. 

5) The metapodials are usually short in the plantigrade 

-----------_. --- .... 
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mammals and long in the digitigrade ones. 

6) The size differences among the metapodials I-V are 

not as pronounced in the plantigrade mammals as they are in 

the digitigrade ones. 

7) The si ze di fferences between the metacarpa I sand 

metatarsals are slight in the plantigrade mammals but greater 

in the digitigrade ones. 

8) Digit I is better developed in the plantigrade 

mammals than in the digitigrade ones, in which it is reduced. 

9) The metapodials spread out evenly at the distal end 

in the plantigrade mammals, but remain parallel in the 

digitigrade ones. 

10) The femur is mediolaterally wider at the condyles and 

narrow at the mid-shaft in the plantigrade mammals compared 

to the digitigrade mammals, in which the width differences are 

less. 

11) The posterior aspects of the femoral condyles do not 

extend posteriorly as far in the plantigrade mammals as they 

do in the digitigrade ones. 

12) The astraga~ar trochlea is shallower and wider in the 

plantigrade mammals than it is in the digitigrade ones. 

13) The calcaneal tuber is shorter compared· to the hind 

limb in the plantigrade mammals and longer and more slender 

in the digitigrade ones. 

14) On the cuboid of plantigrade mammals, the articular 

surfaces of the astragalus and of the MT IV make an angle to 

------- '-'" .-. . 
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In the digitigrade 

mammals, the two articular surfaces are nearly parallel to 

each other (Ginsburg, 1961). 

15) Additionally, in viverrids, themetapodials are 

longer compared to the limbs as a whole in digitigrade than 

in plantigrade mammals (Taylor, 1989). 
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Because previous studies of phenacodontid posture and 

locomotion are largely descriptive but with incomplete 

functional interpretations, a more detai led examination of 

the phenacodontid postcranial morphology and its postural and 

locomotor functional interpretations are needed. 

This research project asks four questions related to the 

posture and locomotion of phenacodontids: 1 ) What are the 

morphologies? 2) How do they work or function? 3) How do 

they contribute to the posture and locomotion of the body as 

a whole? 4) Do these morphologies tell us anything about 

evolution and relationships within the phenacodontids? 

The morphologies preserved in the bones of the individual 

phenacodontids were influenced by many phylogenetic and 

environmental factors. This project, however, is not asking 

about the relative contributions of these factors. Instead, 

given the morphologies, how might they have worked and what 

might they suggest, if anything, about phenacodon tid 

evolutionary relationships. 

The questions are addressed by a thorough examination of 

the forms of postcranial features, by manipulation of the 

bones and joints to determine the directions and ranges of 

movement, and by visual and morphometric comparison of 

morphology to a spectrum of extant analogues. This approach 

----_._--_._- _. --
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allows function to be inferred from fossils. 

As Go~ld (1970, p.SO) indicates, "It i!5 by analogy, not 

homology, that we argue from modern to fossil functions. 

Living relatives are important because their structures are 

of~en similar in design to extinct forms, not because they are 

linked to them in phy I ogeny. " Addi tionall y, the use of 

analogues is supplemented by an understanding of mechanical 

principles. "Consequently the range of our functional 

in ferences about fossi 1 s is 1 imi ted not by the range of 

adaptations that happen to be possessed by organisms at 

present alive, but by the range of our understanding of the 

problems of engineering" (Rudwick, 1964, p.33). 

--------_. __ . -_ .. - - .' '-
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MATERIALS AND METHODS 

The phenacodontids are examined within a functional 

context and compared morphologically and functionally with 

extant mammals in order to understand their morphology and the 

postural and locomotor capabilities. Use of modern analogues 

permits comparison of form-function relationships in animals 

with better known postural and locomotor capabilities (and 

morphological correlates). 

Measurements of selected features, selected ratios of 

these measurements, descriptions and comparisons of features, 

sketches, cross-sections, and photographs of the phenacodontid 

postcranial material and the seven comparative skeletons are 

used to describe and explain the postural and locomotor 

capabi I i ties. 

Specimens Used in the Study 

The fossil phenacodontid specimens included in this 

study, all from museum collections in the United States, 

consist of a partial skeleton of Tetraclaenodon puercensis 

(AMNH 2468), a nearly complete skeleton of Phenacodus vortmani 

(AMNH 4378), two mounted skeletons of Phenacodus primaevus 

(AMNH 4369 and PU 14684), and many less complete skeletal 

parts of the phenacodontids which include many well preserved 

bones and joints. The ex tan t mamma I ian spec imens used as 

morphological and functional analogues, from collections 

--------- ,,--- -- -
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maintained by universities and museums in the United States 

and from my own osteological collection, consist of seven 

skeletons that represent four orders, seven families, and 

seven spec ies. These are the tapir Tapirus terristris CA 

(AMNH) 2592, the capybara Hydrochoerus hydrochoerus USNM 

241i03, the hyrax Procavia capensis USNM 351945, the coyote 

Canis latrans LLP-OC-132, the bobcat Lynx rufus CO-3010, the 

wolverine Gulo luscus UMMZ 98099, and the raccoon Procyon 

lotor CO-5010. None of the extant specimens is a type for its 

genus or species. 

These particular analogues are chosen because at least 

some of their postcranial features and/or proportions are 

similar to those found in members of the Famil y 

Phenacodontidae. The sample size of one modern individual 

from each of several families, rather than many individuals 

from a restricted group, allows the comparison of different 

aspects of phenacodontid morphology to those of a broad 

spec trum of taxonomic groups. Furthermore, the use of a 

spectrum of morphologies similar to those of the 

phenacodontids allows the construction of morphoseries for 

each joint, for example, within which the phenacodontid 

specimens may be placed for comparison. 

The fossil specimens examined, their age, locality, 

pre3ervation condition, and completeness, and the extant 

analogues to which the fossi I specimens are compared, are 

listed in Appendix 8. Specimen abbreviations are in Table 1. 

--------- . __ ._--
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Paleontological Collections, Department of 

Vertebrate Paleontology, American Museum of 

Natural History, New York 

CA(AMNH) Teaching collection of recent mammals, 

CM 

CO 

LLP-OC 

PU 

UMMZ 

USGS 

USNM 

YPM 

Department of Vertebrate Paleontology, American 

Museum of Natural History, New York 

Paleontological Collections, Carnegie Museum 

of Natural History, Pittsburgh 

Recent Osteological Collection, Charlotte Otts 

Initials of collector(s), specific to Canis 

latrans 

Paleontological Collection, Princeton 

University, Princeton 

Mammalogy Collection, University of Michigan, 

Ann Arbor 

Paleontological Collection, United States 

Geological Survey, Paleontology and 

Stratigraphy Branch, Denver 

Recent and Paleontological Collections, United 

States National Museum, Smithsonian 

Institution, Washington, D.C. 

Paleontological Collections, Peabody Museum of 

Natural History, Yale University, New Haven 

Table 1. Abbreviations used for specimen identification 
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Use of Analogues 

There are a few problems in the use of analogues to help 

understand fossil function. 1) In spite of some convergence, 

there may be more than one solution to a similar problem. In 

fact, the form/function complex present in one lineage may be 

absent in another that can perform the same activity with a 

different complex. 2) Conversely, as Bock (1980, p. 225) 

says, " •.. morphological convergences need not be adaptively 

convergent--(they) .•. need not evolve under the action of the 

same selective force." Morphological convergence may be the 

result of common construction, common morphological 

constraints, as well as common function with selection. 3) 

Possession of a feature or complex that might allow an 

organism to perform an action does not mean that the organism 

did perform the ac tion • 4) The use of ana logy must be 

incomplete, because in both extinct and extant comparisons, 

some of that form has historical and individual components 

that make the comparison less close (Coombs, M.C., 1983; Gans, 

1988; Reif and others, 1985). In fact, as Fisher (1985) 

suggests, analogues (and homologues) are good for hypothesis 

generation but not for hypothesis testing. (Fisher does not 

explain how hypotheses or function might be tested). 

The cri tic isms are va I id and may be overcome by some 

precautions. 1 ) More than one potential analogue i~ used. 

2) The manipulation of the bones can indicate direction and 

range of motion independently of comparison with the 

--------_ .. -_.-. _ ... -
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analogues. (Cowen, 1979). 

Analogy to extant organisms works best if there is 

sufficient comparative material that is accurately aged and 

sexed so that there is some understanding of variation in the 

comparative features. In addition, the comparative features 

in the analogues should be securely associated with only one 

type of movement at that location (Day, 1979; Lovejoy, 1979). 

Both suggestions point toward directions of continued 

study. Comparative studies of extant intrafamilial species 

that have morphological and behavioral differences would make 

the use of analogues more secure. See Hildebrand (1952) and 

Davis (1949) for examples of early functional morphological 

studies wi thin the can ids and fel ids. Similar comparative 

studies ideally should be integrated, include field studies, 

electromyography, cineradiography, force plate studies, in 

vivo bone strain studies, determination of the energetics of 

locomotion, and growth studies. These integrated studies are 

the work of many people, coordinated through scientific 

communication. Aspects of these integrated studies, now being 

done in primates (Gebo, 1988; Morbeck, Preuschoft, and 

Gomberg, 1979) and in some other mammals (for example, 

Alexander, 1985b; Hopson and Radinsky, 1980; Jenkins, 1974; 

Jenkins and Camazine, 1977; Jenkins and Weijs, 1979; Kemp, 

1980; Padian, 1983; Taylor, 1987; Turnbull and Segall, 1984), 

should be expanded. As Fleagle (1979) suggests, the study of 

the mechanisms underlying the association between behavior and 

. __ .. _-_. __ .. --- ........ __ ..• --._--_._---------,- --_.-
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These studies all are 

invaluable to the comparative study of function in extinct 

fossil animals. 

Data Collection, Analyses, and Interpretation 

Measurements 

Measurements were made with dial and digital calipers for 

straight distances and wi th tape measures for the curved 

surfaces. 

illustrates 

Appendix C lists, 

all measurements used, 

explains, defines, 

and subsequen t I Y 

and 

lists 

those measurements taken but not used in this dissertation. 

Abbreviations used in the presentation of the measurements are 

explained. The measurements themselves are presented in 

Appendix D. Each feature was measured three times to ensure 

accuracy. All measurements are rounded to the nearest tenth 

millimeter. Summations of individual measurements such as 

total forelimb length also are included within Appendix D. 

The specific measurements were chosen to provide an 

accurate description of morphology and an understanding of 

function. For example, bone lengths were taken between 

approximate centers of rotation. The measurements include 

those that are common in descriptive studies, plus others 

chosen for this study for the purpose of functional analysis. 

These additional measurements include those forms of features 

that vary in mammals with different postural and locomotor 

capabilities, that may be single functional features, and that 

._------- .'-'" _. 
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are repeatable across different taxonomic groups. 

Ratios 

Because this comparison of the morphological features of 

the phenacodontid species to each other and to a variety of 

extant species is broad, multivariate statistical analyses, 

which require adequate sample size, are not possible. 

Instead, the measurements are compared by means of ratios, 

which are presented in the form of percents. 

Ratios can illustrate differences in the relative sizes 

and positions of features on a bone or in the relative sizes 

of individual bones compared to another body standard. They 

also can allow one to see relationships and proportions that 

may not have been seen previously. Ratios were calculated 

for: 1) the lengths of sections of the vertebral column to the 

entire presacral column; 2) the different bone and limb 

lengths to the presacral vertebral column; 3) the lengths of 

the elements of a limb to the total length of the limb; and 

4) the positions of different features on a bone to the 

proximodistal length of the bone. 

Two major problems are inherent in the use of ratios but 

are overcome to some degree here. 1) A ratio giving the size 

relationship between two lengths can vary if either of the two 

lengths changes. A ratio, which is simply a comparison, 

cannot in i tsel f show which part of the relationship has 

changed, whether one has increased or the other has decreased. 

- - -- .--.- ---------------_. __ .- -. 
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Thus, by themselves, ratios, like any abstraction, can hide 

information. 

This problem has been minimized in two ways: a) The 

comparisons do not rely exclusively on the measurements and 

the ratios. Direct descriptions and comparisons also are 

used. b) Several of the features are related in a ratio to 

more than one other feature. For example, humeral length is 

compared both to tota 1 fore I imb I eng th and to presac ra 1 

vertebral length. 

2) Ratios are a less useful method of comparison if the 

skeletons are incomplete. In some cases, ratios are not made 

because a bone is broken and incomplete or missing. 

In a few cases in which the missing element is a 

relatively small proportion of the whole and its absence 

otherwise prevents the use of a valuable ratio, the length of 

the element has been estimated. For example, if one or two 

vertebrae are missing from an otherwise complete vertebral 

column, the lengths of the missing vertebrae are estimated 

based upon which vertebra it_ is, the lengths of the other 

vertebrae in the same animal, and the relative proportions of 

the vertebrae in other closely related animals. In these few 

cases, the estimated measurement and the resulting ratios are 

presented within parentheses. 

Appendix E lists and explains the ratios and their 

abbreviations used in this study. The ratios themselves are 

listed in Appendix F. Some of the ratios used are common in 

------------- --- - -- -
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studies of postcranial morphology, such as the brachial or 

humeroradial index, the crural or femorotibial index, and the 

intermembral index. Other similar ratios are added in order 

to compare body proportions in different specimens, such as 

the metacarpal III/forelimb ratio, or to indicate lever 

relationships, such as the olecranon/ulnar shaft, carpals, 

plus Me III ratio, used for plantigrade and digitigrade 

.mammals. Because body mass, a standard size comparison, is 

unavailable for the fossil specimens, the length of the 

presacral vertebral column is used as an indication of total 

size. Because the length of the vertebr~l column is itself 

the result of several variables and is therefore not a pure 

standard, however, the measurements also are compared with 

other sections of the body such as total forelimb or hindlimb 

length. 

Illustrations 

Illustrations of bone and joint morphology ~re in the 

form of cross-sec tions, sketc hes, and photographs, and are 

presented in Appendix I. The cross-sections were made of the 

mid-shafts of long bones by making detailed measurements of 

the dimensions and transferring or projecting those dimensions 

to a line sketch. The sketches were made of the specimens 

directly, with careful attention paid to sizes and proportions 

to avoid distortions. These sketches subsequently were 

photocopied. The photographs of the fossil bones were made 

- -.. " -_ .. -_._-------_._-----.- -. 
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using black and white film and a Nikkormat 35 mm camera with 

a macrolens. Each fossil was prepared by coating it with a 

thin layer of sealant, followed by a layer of water-soluble 

brunette Cover Girl" foundation, and a final coating of 

water-soluble medium hold hairspray.2 The sealant protects 

the fossil bone from the foundation and the hair spray. The 

foundation provides a matte finish of neutral tone which 

covers the mineral stains in the fossils and enables all tonal 

changes in a black and white photograph to reflect morphology 

rather than both morphology and mineral stain. The hairspray 

holds the foundation in place and allows hand ling of the 

fossils. Additionally, it provides a reflective sheen that 

covers the matte finish of the foundation. The sheen provides 

better definition of curvatures in the photographs than would 

a matte finish. 

The foundation and hairspray are rinsed easily from the 

fossils because both are water soluble and because the sealant 

protects the surfaces of the fossils. 

In this dissertation, fragile fossils are not coated with 

sealant, foundation, and hairspray, but are photographed as 

they are. As a result, tonal changes in these photographs 

reflect both morphology and stain. 

The bones of the extant analogues are photographed 

Z This procedure for p~otographing stained fossils was 
developed by Chester Tarka ~n the Department of Vertebrate 
Paleontology at the American Museum of Natural History. 
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directly using low speed black and white film and are not 

coated. 

Anatomical Descriptions 

The forms and size relationships of features on the bones 

and joints of the phenacodontids are described in detai 1. 

These relationships are compared to mechanical principles such 

as rotational kinetics, cross-sectional shapes that resist 

bending stresses, and levers. The joints are manipulated if 

possible to determine the most stable close-packed positions 

of the bones and the directions and ranges of movement. The 

position of greatest joint stability is the position at which 

the bones of the joint fit together most closely, i.e., the 

posi tion of greatest congruency. Certain features on the 

joints that can enhance or restrict motion are discribed and 

their effects on freedom of motion analyzed. For example, the 

shape of the trochlea of the astragalus allows flexion and 

extension while restricting motion in the mediolateral 

direction. The ranges of movement interpreted for a joint are 

based upon the anatomical structure of the bony joints and do 

not include limitations to movement imposed by soft tissue. 

Included as part of the description are analyses; of size 

relationships within a skeleton, relationships of features and 

proportions to mechanical principles, sketches and photographs 

of the features being described, and sketches of the projected 

cross-sections of long bones at mid-shaft that illustrate 
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distribution of mass within the bone. 

Terminology 

Terms describing positional relationships on a bone or 

for the body as a whole are based upon the standard anatomical 

position of a quadruped. See Figure 4. The terms anterior 

and posterior are generally avoided, but when used, refer to 

a position on the body, limb, or bone that is toward the 

anterior (cranial) or posterior (caudal) part of the body. 

Thus, for example, in the vertebral column of a quadruped, 

anterior is synonymous with cranial; on the femur, anterior 

refers to the "front" of the femur. To avoid confusion in 

bones and limbs, however, the adjectives flexor and extensor 

or the adverbs flexad and extensad are preferred, indicating 

in terms of flexion and extension, the direction of or 

movement toward the "front" or "rear" of the bone. In cases 

in which flexor / f lexad and ex tensor/ex tensad may be confusing, 

the terms·are used along with the adjectives anterior or 

posterior, or cranial and caudal or the adverbs anteriorly and 

posteriorly, cranially and caudally. For the shoulder joint, 

as is standard for the hip joint, flexion is synonymous with 

protraction and extension is synonymous with retraction. 

Dorsal and ventral are used only for the vertebral column, 

where they are not confusing, and there, the adverbs flexad 

and extensad also may be used. The terms medial and lateral 

are employed for most bones. In the manus, however, the terms 

... .... -_ .. -_._---_._---
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radial or radiad and ulnar or ulnad are used. Thus, in the 

correc t anatomical posi tion for a standing quadruped, the 

first digit is toward the medial or radial side and the fifth 

digit is toward the lateral or ulnar side (VaIden, 1970, 

1971). These designations of the manus are limited to normal 

quadrupedal position and are the reverse of the standard human 

anatomical position. 

Based upon the descriptions, the posi tions of join t 

stablity, the directions and ranges of movement at each joint, 

and the posture and movement of an entire limb are described. 

Similarly, the posture and movement at each joint and section 

of the body (limbs, vertebral column) are used to describe the 

posture and movement of the body as a whole. 

Comparisons of Fossil and Extant Analogues 

Comparison is the essence of descriptive and functional 

morphology. Thus, the morphological features of the 

phenacodontids, including size relationships, descriptions, 

and the posture and locomotion of the joints, limbs, and body 

as a whole, determined by manipu 1 a tion of the bones, are 

compared within Family Phenacodontidae and between the 

phenacodontids and the extant analogues. 

through these comparisons to the extant 

functional inferences are made. 

It is partially 

mammals, that 
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Relationship of Methodologies to the Goals of the Project 

The methodologies of measurement, description, 

manipulation, and comparison to several analogues permit a 

detailed examination of the phenacodontid postcranial 

material. This examination, in turn, permits the realization 

of the goals of the project: to describe the forms, to 

understand how the forms of the features work, and to see what 

these forms can indicate about the relationships within the 

phenacodontids. It is the roles of posture and locomotion 

that were of great importance in the survival and evolutionary 

continuation of the phenacodontids . 

. __ ...... -_ ... -----------
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DESCRIPTIONS AND COMPARISONS 

OF PHENACODONTIDS AND EXTANT ANALOGUES 

Introduction 

Descriptions of the body proportions, the limb and joint 

morphology, and the postural and movement capabilities of the 

phenacodontids are presented. These are followed by a 

comparison to selected extant analogues in which body 

proportions and morphological features have been studied in 

conjunction with those of the phenacodontids. Body 

proportions, the vertebral column, the forel imb, and the 

proportions of the hindlimb3 each are described and 

considered. 

Appendix B contains a list of all specimens used, 

including phenacodontids and extant analogues, their 

preservation condition and completeness. Appendices C and F 

contain lists of the measurements and of the ratios used in 

this study. Illustrations of body proportions and bone and 

joint morphology are presented in Appendix I. 

In the descriptions and comparisons of the phenacodontids 

and extant analogues, lists of the specimens available for 

each section are presented. For example, in the description 

~ In this dissertation, the hindlimbs of the phenacodontids 
and the analogues are discussed only in terms of proportions, both 
to the rest of the body and within the hindlimb. The complete 
discussion of bone and joint morphology of the hindlimb and the 
inferred postural and locomotor capabi li ties wi 11 be published 
separately. 

----------.-,---- --. 
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of body proportions, those specimens that are available and 

complete enough for the calculation of body proportions are 

presented. In the description of the carpal joints, only 

those specimens that have a nearly complete set of carpal 

bones, or in the case of the analogues, 

are " simi I ar enough to those of the 

those whose carpals 

phenacodontids are 

included. Thus, each list includes only a subset of the 

phenacodontids or extant specimens used in the entire study. 

The description of the preservation condition and completeness 

of the included specimens applies only to the section of the 

body being examined. For example, the preservation condition 

and completeness of the individual carpal bones is presented 

with the list of these specimens included in the study of the 

carpus. 

In the lists of phenacodontid specimens an "associated" 

skeleton or partial skeleton is one that was found in 

association with teeth for more secure identification. Those 

"unassociated" skeletons or partial skeletons were not found 

associated with teeth but have been identified by comparison 

to skeletons that were found with teeth. 

Some of the fossil specimens used in this dissertation 

have been restored. This restoration is more than repair and 

involves the addition of extra material to a fossil bone that 

is incomplete to make that bone appear to be complete. This 

procedure was done for mounted display skeletons as well as 

some of the non-display bones and was done by technicians from 

----------,-----_. - --



the museums. 

160 

This restoration of non-display bones is no 

longer done at the museums, but bones that were restored in 

the past remain in that condition. Unfortunately, this 

procedure may obscure some bony features. 

Most of the extant specimens are used for comparative 

purposes throughout the study. Some of the specimens such as 

the tapir, Tapirus terristris CA(AMNH) 2592, are used for 

comparison only in those parts of the skeleton in which they 

are most similar to the phenacodontids. For those parts of 

the phenacodontid skeleton in which comparison to the tapir 

would not be useful, the tapir is not used. 

Body Proportions in the Phenacodontids 

Specimens Available, The Preservation and Completeness 

Tetraclaenodon puercensis (AMNH 2468) is fairly well

preserved associated partial skeleton that includes a nearly 

compl ete forel imb and a complete hind limb. 

column is not preserved. 

The vertebra I 

Phenacodus vortmani (AMNH 4378) is very well preserved 

and includes a nearly complete vertebral column, including all 

presacral vertebrae but with some reconstruction in some of 

the processes and articul ar surfaces and ex tensi ve restoro? tion 

in the sacrum. It includes much of the forelimb, and nearly 

all of the hindlimb. 

Phenacodus primaevus (AMNH 4369) is a nearly complete, 

well-preserved mounted specimen • It includes a nearly 

.. .... ... -.. -_._-------_. __ ._ ..... . 
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complete vertebral column, forelimbs, and hindlimbs, with some 

restoration of small bones. 4 

Phenacodus primaevus (PU 14684) is a very well preserved 

mounted specimen that is nearly complete and has some minor 

restoration based upon the preserved elements from the 

opposi te side. It has a nearly complete vertebral column, 

forelimbs, and hindlimbs. 

Because body mass cannot be determined directly for the 

fossil specimens, the presacral vertebral column length is 

used as a standard in comparisons of body proportions in the 

phenacodontids and the analogues. Table 2 gives completeness 

and lengths of the presacral vertebral column in E. vortmani 

AMNH 4378 and the analogues. Figure 5 shows sketches of body 

proportions compared to a standard presacral vertebral column 

length. Figures 6 and 7 show mounted specimens of E. 

primaevus AMNH 4369 and PU 14684. 

In the phenacodontids, as in many other mammals, the 

forelimb' is shorter than the hindlimb. (See Appendix F for 

4 Phenacodus primaevus AMNH 4369 has not been measured as 
completely as PU 14684, another mounted specimen, because of time 
constraints in keeping the display case open. It can be used only 
in some of the body proportion comparisons. 

• For comparative purposes in this dissertation, the forelimb 
consists of the combined lengths of the humerus, radius, carpals, 
and third metacarpal. The carpal length is the combined proximo
distal lengths of the lunate and magnum. The forelimb length 
excludes the scapula and phalanges, even though they add functional 
length to the forelimb, because they are often incomplete or 
missing in the fossil specimens. Additionally, by adding the 
lengths of the elements of the forelimb to determine forelimb 
length, the angles between the bones at the joints are ignored. 
Again, these angles are ignored for comparative purposes. 
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Phenacodus vortmani AMNH 4378 

6/7C 15/15T 6/6L 3/48 (462.51) mm 

Hydrochoerus hydrochoerus Capybara U8NM 241103 

3/7C 13/13T 6/6L 4/48 (602.62) mm 

Procavia ca(;!ensis Hyrax U8NM 151945 

7/7C 17/19T 8/8L 5/58 318.88 mm 

Canis latrans Coyote LLP-OC-132 

6/7C 13/13T 7/7L 3/38 557.89 mm 

Lynx rufus Bobcat CO-3010 

6/7C 13/13T 7/7L 3/38 486.76 mm 

Gulo luscus Wolverine UMMZ 98099 

7/7C 15/15T 5/5L 3/38 463.73 mm 

Procyon lotor Raccoon CO-5010 

4/7C 13/13T 6/6L 3/38 274.63 mm 

Table 2. Completeness and lengths of the presacral vertebral 

columns 

For similar reasons the' hindlimb consists of the combined 
lengths of the femur, tibia, tarsals, and third metatarsal. The 
tarsal length is measured from mid-trochlea on the astragalus 
distally through the navicular and the entocuneiform. The pelvis 
is not inciuded in the hindlimb even though it adds functional 
length to the hindlimb because it is often missing or incomplete 
in fossil specimens. 

The forelimb and hindlimb measurements are the same in the 
extant specimens as those done in the phenacodontids so that their 
proportions can be compared directly with those of the 
phenacodontids. 
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complete body and limb proportions in the phenacodontids and 

the analogues). The FL/HL ratio is approximatel y 65r. in 

Tetraclaenodon puercensis AMNH 2468, 71r. in E. vortmani AMNH 

4378, and 73r. in E. primaevus PU 14684. Thus, compared to 

Tetraclaenodon, the forelimb is comparatively longer and the 

ratio slightly higher in Phenacodus. 

Compared to the presacral vertebral column however, the 

forelimbs and hindlimbs of E. vortmani AMNH 4378 are longer 

than those of the larger and more robust E.. primaevus PU 

14684. The forel imb and hind limb ratios (FL/VC X 100 and 

HL/VC X 100) are (53r.)b and 75r. in E. vortmani and (50r.) and 

(68r.) in E. primaevus. 

In the forelimb, compared to the vertebral column, the 

humerus and radius are essentiall y the same length in E. 

vortmani '(23r. and 19r.) and E. primaevus (21r. and 181.). In the 

hindlimb, however, the femora are the same length in E. 

vortmani (27r.) and E. primaevus (281.), but the tibia are not 

(30r. and 261., respectively). Within the manus compared to the 

vertebral column the proportional lengths of the third 

metacarpals are similar (8r.). Within the pes, however, the 

third metatarsal is longer in E. vortmani (111.) than in E. 

primaevus (81.). 

• The ratios presented in parentheses are estimates based upon 
incomplete specimens. The missing elements in these cases all are 
relatively small parts of the total length. These lengths have 
been estimated based upon several factors including the proportions 
found in related specimens and, in the case of the vertebral 
column, the lengths of nearby vertebrae • 

.. .. . -.-.-.-------~- .. -- - -
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Comparison of Body Proportions to those of Extant Analogues 

The vertebral columns in the six extant analogues used 

for body proportions consist of 7 cervical, 13 thoracic, 6 

lumbar, and 3 sacral vertebrae (4 sacrals in Hydrochoerus 

hydrochoerus USNM 241103). The phenacodontids differ from 

most analogues in having two more thoracic vertebrae and one 

more sacral vertebra. Thus the phenacodontids have a longer 

vertebral column than the analogues. 

The tapir, Tapirus terristris CA(AMNH) 2592 is used in 

some comparisons, but is not used in the comparison of body 

proportions. 

In the analogues, as in the phenacodontids, the forelimb 

(excluding the scapula) is shorter than the hindlimb (which 

excludes the pelvis). The differences between the forelimb 

and hind 1 imb are 1 ess (FL/HL ratio hig her) in a 11 of the 

analogues compared to the phenacodontids, however. Among the 

analogues, the ratio in t!.. hydrochoerus with a relatively 

short forelimb (751.) is closest to that of the phenacodontids. 

The carnivores as a whole have forelimb lengths that are 

closer to but still smaller than those of the hindlimb, with 

the limbs in ~. latrans being closest to the same length 

(FL/HL X 100 = 881.). 

Comparing each limb to the presacral vertebral column, 

t!.. hydrochoerus again is closest to the phenacodontids [FL/VC 

X 100 = (561.) and HL/VC X 100 = 741.], with E. capensis having 

relatively shorter limbs (441. and 561.) and the carnivores all 

--_._-- -- -
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having relatively longer limbs. Within the carnivores, Gulo 

luscus 7 and Canis latrans have the shortest limbs compared 

to their (long) vertebral columns (65% and 77%, 68% and 78% 

respectively). Lynx rufus has a similar forelimb (68%), but 

a longer hindlimb (85%), and Procyon lotor has the longest 

limbs for its presacral vertebral column length (87% and 

107%) • Of course vertebral columns vary too. e. primaevus 

and ~. latrans seem to have long vertebral columns. e. lotor 

has a relatively short one. 

Proportions within the forelimb and hindlimb compared to 

the vertebral column again are closest to the phenacodontids 

in ti. hydrochoerus. In the carnivores the links within each 

limb are all relatively greater than in the phenacodontids. 

The greatest proportional differences compared to the 

phenacodontids are in the third metapodials, with Canis 

latrans and Lynx rufus having the longest third metapodials 

in comparison with the vertebral column. 

Thus, in comparison to the presacral vertebral column, 

the limb and link proportions in ti. hydrochoerus are similar 

to those in the phenacodontids, and in the carnivores are 

longer. 

The forelimb and hindlimb measurements of Gulo luscus 
include the third metapodials as they do in other specimens 
studied, even though~. luscus is plantigrade. At the last stages 
of ground contact for each 1 imb in the step cyc Ie, posture is 
digitigrade. 
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The phenacodontids with two more thoracic and one more 

sacral vertebrae than the modern carnivores, have a relatively 

longer vertebra I col umn and, in particul ar, longer thorac ic 

and sacral sections of the vertebral column than do the 

carnivores. 

With the presacral vertebral column used as an indicator 

of body "size", the relatively shorter forelimb and hindlimb 

in the phenacodontids as a whole compared to the carnivores 

suggests that the phenacodontids may have been less efficient 

runners than the carnivores. Within the phenacodontids, the 

smaller, more slender ~. vortmani potentially may have been 

a better runner than the larger, heavier ~. primaevus. ~. 

vortmani has relatively longer limbs compared to its vertebral 

column. Within the hindlimb in particular, the relatively 

shorter femur and the longer third metatarsal compared to ~. 

primaevus are both consistent with the potential for greater 

cursorial modifications in ~. vortmani. 

The movement capabilities of the joints, discussed in 

subsequent sections, have a greater effect on running 

capabilities than the body proportions, however. 

----- --------------,--_ .. _- -
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Vertebral Column 

The Vertebral Column in the Phenacodontids 

Material Available, Its Preservation and Completeness 

Parts of the vertebral column are preserved and measured 

in Phenacodus vortmani AMNH 4378, Phenacodus sp. CM 17460, and 

Phenacodus primaevus PU 14684. 

In Phenacodus vortmani there are 7 cervical, 15 thoracic, 

6 lumbar, and 3 sacral vertebrae. The vertebral column was 

restored partially during the last century by the preparation 

staff of the Department of Paleontology at the American Museum 

of Natural History. Only T3 and T4 have partial restoration 

of the centra and SI, 2,3 are substantiall y restored. The 

neural spines are restored in several of the vertebrae and 

extensively repaired in many of the others. The transverse 

processes of the cervical and lumbar vertebrae are restored, 

but those of the thoracic vertebrae are original. The 

zygapophysea 1 articul ar surfaces are restored most ex tensi vel y 

in the lumbar vertebrae but are generally well preserved in 

the rest of the vertebral column. See Figures 8-11. 

The morphology and movement capabi 1 i ties of the 

phenacodontid vertebrae are described using Phenacodus 

vortmani. The vertebral column of AMNH 4378 is the most 

complete, non-mounted phenacodontid specimen available for 

this study. It is compared with the vertebral column of the 

mounted specimen of E. primaevus and with individual 

associated vertebrae of Phenacodus sp. CM 17460. (The 

_.- -_. -_._----------
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vertebral column of the mounted specimen of Phenacodus 

primaevus AMNH 4369 was not measured). Then the 

phenacodontids, E. vortmani AMNH 4378 in particular, are 

compared in morphology and movement capabilities with several 

extant analogues. 

The measurements of the vertebrae, the craniocaudal 

lengths of the centra, lengths and orientation of the neural 

spines, and the flexor-extensor and mediolateral dimensions 

of the cranial and caudal articular surfaces of the lumbar 

centra are presented in Appendix D. The proportions of the 

sections of the vertebral columns compared to the presacral 

lengths as well as the proportions of the individual lumbar 

centra are presented in Appendix F. 

Vertebral Column Proportions in the Phenacodontids 

The vertebral column proportions between E. vortmani AMNH 

4378 and E. pr imaevus PU 14684 are very simi I ar, wi th E. 

vortmani having a slightly shorter cervical section than E. 

primaevus. 

Centra 

The centra or the bodies of the vertebrae wi th the 

intervertebral discs form the length of the vertebral column 

in life. (The discs are not preserved in fossil specimens so 

the total lengths of the vertebral columns do not include the 

narrow discs). The centra articulate with each other 

- - - -. _. -----------_._-- -'-' 
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Attached to the 

centra are the spinous processes and the dorsal complex that 

consists of the neural arch, neural spine, and the mammillary, 

zygapophyseal, and accessory processes. 

The centra of the vertebrae in Phenacodus vortmani, as 

in most mammals, generally increase in craniocaudal length 

from the cranial end of the column to the caudal end, with the 

lumbar vertebrae being almost twice as long as cervical 

vertebrae C3-7. The thoracic vertebrae are intermediate in 

length, but increase in craniocaudal length within the series. 

Within the thoracic vertebrae, TI-IO are comparatively less 

robust and shorter craniocaudally, while TII-IS are more 

robust, similar to the lumbar centra, and longer 

craniocaudally. 

On the ventral surfaces of the centra are strong keel

like ridges that extend craniocaudally for the attachment of 

the ventral longitudinal ligament. 

The cranial and caudal surfaces of the centra vary among 

the cervical, thoracic, and lumbar vertebrae in shape, 

curvature, and in angle of inclination to the frontal plane. 

The vertebrae are all opisthocoelous with some differences in 

the details of the articular surfaces. 

These surfaces in the cervical vertebrae are circular to 

slightly elliptical mediolaterally, becoming more elongate 

mediolaterally in the caudal cervical vertebrae. The cervical 

vertebrae also exhibit the most extreme inclination of the 

---------------- - -



170 

cranial and caudal surfaces of the centra in E. vortmani AMNH 

4378. In lateral view, the centrum resembles a rhomboid, with 

the dorsal parts of the surfaces extending cranially and the 

ventral parts extending caudally. Superimposed upon this 

inclination are curvatures of both surfaces. 

The cranial and caudal surfaces of the thoracic centra 

are elongate mediolaterally, as in many mammals, and become 

more elongate caudally. The central parts of the caudal 

surfaces are slightly concave mediolaterally. On either side 

(laterally) are slightly concave costal foveae that extend the 

surfaces further mediolaterally and articulate with the heads 

of the ribs. The cranial surfaces of the centra al so are 

mediolaterally elongate with a central, more rounded, very 

slightly convex part that articulates with the centrum of the 

more cranial vertebra and a lateral concave costal fovea on 

each side that articulates with the head of the rib. Thus, 

the rib has a larger deeper articular surface on the cranial 

part than on the caudal part of each vertebra. 

Toward the caudal thoracic vertebrae, the caudal 

articular surfaces of the centra are slightly less elongate 

mediolaterally and more elongate dorsoventrally. These 

surfaces remain slightly'~oncave caudally and somewhat convex 

cranially. The articular surfaces for the ribs are less 

prominent on T 11-15 than on T 1-10. 

The cranial and caudal surfaces of the centra of the 

lumbar vertebrae are mediolaterally elongate and heart-shaped, 

- -. ------ ------------ .-- --- --
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with the medial and lateral edges rounded and the ventral edge 

pointed, reflecting the strong ventral ridge. Superimposed 

upon the shape of the articular surfaces of the lumbar centra 

are modified opisthocoelous curvatures. The caudal surfaces 

are concave mediol aterall y, wi th the degree of concavi ty 

increasing toward the caudal end of the series. The cranial 

surfaces are slightly convex mediolaterally, with increasing 

convexity caudally. For example, L1 is relatively flat 

caudally and L5 is much more concave mediolaterally, with the 

intervening vertebrae being transitional. 

Movement Allowed as a Result of the Surfaces of the Centra 

The concave (caudal) and convex (cranial) surfaces of the 

cervical central allow both mediolateral and dorsoventral 

movements. The inc lined articul ar surfaces are associated 

with the posture of the neck during life. 

In the thoracic vertebrae, the mediolaterally concave 

(caudal) and convex (cranial) surfaces of the centra allow 

both mediolateral and dorso-ventral movements, but less than 

that allowed by the centra in the cervical vertebrae. The 

ribs, articulating between adjacent vertebrae, also limit the 

mediolateral movement. The greater curvatures of the surfaces 

of the centra of the caudal thoracic vertebrae (T12-15) allow 

greater mediolateral (especially) and dorsoventral movements 

than in the cranial thoracic vertebrae. 

The concavity (caudal) and convexity (cranial) of the 

-.- ------ ------------~ 
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surfaces of the lumbar centra allow some mediolateral and 

dorsoventral movement, especially in the more caudal members 

of the lumbar series, which are more strongly curved. 

The L6-S1 articular surfaces are restored so that the L6 

-Sl movement allowed by the centra cannot be determined. 

Based upon the proportions of the caudal surfaces of the 

lumbar centra, the lumbar section of the vertebral column in 

E. vortmani allowed greater dorsoventral than mediolateral 

movements. 

Transverse Processes 

The transverse processes extend generally laterally from 

the centra and are attachment sites for muscles that move the 

head on the vertebral column (scalenus, longus capitus, longus 

colli), that move the ribs in inspiration (levator costae), 

and for the epaxial musc I es that stabil i ze and move the 

vertebral column [parts of the iliocostalis (lumborum et 

thoracis) , 

(biventer 

longissimus (thoracis) , transversospinalis 

cervicis, multifidus thoracis, rotatores, 

intertransversar ii) systems]. (See Appendi x G) • On the 

ventral surfaces of the thoracic transverse processes are 

costal foveae for the articulation of the tubercula of the 

ribs. Connecting the lumbar transverse processes is the 

intertransverse ligament. (Evans ana Christensen, 1979). 

The transverse processes on the cervical vertebrae in E. 

vortmani AMNH 4378 are all restored or broken. The best 

._--------_. __ .. __ .. - - . 
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preservation is on C5, and both processes are broken off close 

to the base. The 

caudally; however, 

initial orientation. 

bases point ventrally, laterally, 

the spines may not have followed 

and 

this 

The transverse processes of the thoracic vertebrae are 

better preserved and many seem to be complete. Those of Tl-

4 extend laterally and slightly cranially and are tilted 

cranioventrally. They are craniocaudally elongate, each with 

a cranioventrally located fovea for the tuberculum of the rib. 

Between the tip of the process and the prezygapophysis, 

running craniocaudally on the dorsal surface, is a smooth path 

for the intertransverse ligament. 

The processes of T6-B are blunter at the tips and medio

laterally shorter. The articular surface for the rib is flat 

and on the ventrolateral surface. 

The processes of T9-1l are more complex in shape and are 

located more toward the dorsal surface on the vertebrae than 

are those processes on Tl-B. In T9 and increasing 

progressively in T10-1l, the transverse process, on which the 

tuberculum of the rib articulates, separates from the more 

dorsal aspect of what was cranially one process. In T9 there 

is a distinct groove between the transverse process and the 

incipient mammillary process. In Tll the groove is wider and 

in T12 especially, the two processes are very distinct. The 

more ventral transverse process is short, blunt, and extends 

laterally. The more dorsal mammillary process is less rugose 
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and curves medially. On T12 the dorsal mammillary process is 

a separate, cone-like process pointing dorsally. Between the 

two processes is a smooth groove, perhaps for a 1 igament, 

connecting adjacent vertebrae. [In the 

intertransverse ligament is distinct on 1 Y in 

vertebrae, (Evans and Christensen, 1979)]. 

dog, the 

the lumbar 

The transverse processes on T13-15 are small and do not 

extend laterally from the centra. The articulation for the 

head of the rib is in a raised, craniocaudally elongate area, 

wi th a depression in the center. The dorsa 1 mammi 11 ary 

processes are separated from the ventral parts and are lateral 

to the prezygapophyses. In T13-15 the mammi 11 ary processes 

are lateral borders for the prezygapophyses, as they are in 

the lumbar vertebrae. These lateral borders are not elongate 

dorsally but are short, extending only slightly dorsolaterally 

beyond the prezygapophyseal surfaces. 

The transverse processes on the lumbar vertebrae are all 

reconstructed and are unavailable for study. 

Neural Spines 

The neural spines or spinous processes extend dorsally 

and caudally (thoracic) or dorsally and cranially (lumbar) 

from the dorsal surface of the neural arch. 'They are 

attachment sites for the supraspinous (plus nuchal) and 

interspinous ligaments, and for the muscles that move the head 

on the vertebral column (splenius) and the epaxial muscles 
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that move the vertebral column --(origins on neural spines: 

transversospinalis system, spinalis et semispinalis thoracis 

et cervicis; insertions on neural spines: multifidus, 

rotatores; origins and insertions on neural spines: 

interspinales) (Evans and Christensen, 1979). 

Most of the neural spines in the cervical region are 

either missing or restored; only the partial spine of C6 and 

the complete but repaired neural spine of C7 are present. The 

base of the C6 spine is oriented dorsocranially but curves 

dorsally; that of C7 is oriented slightly dorsocaudally and 

curves caudally. The spine of C7 is only slightly shorter 

than that of Tl, and is a transitional spine in its length and 

orientation, approaching the form of the thoracic spines in 

length and dorsocaudal orientation. 

Most of the thoracic spines are present but are repaired, 

so that the determination of exact orientation compared to the 

centrum is not possible; however, the general orientation is 

evident. Tl-l0 have long, slender dorsocaudall y oriented 

spines. The tips are blunt but are not wider craniocaudally 

than the spines as a whole. In contrast, the spines of Tl~-15 

are shorter, wider craniocaudall y, wi th a changing orientation 

from dorsal and only slightly caudal, through dorsal, to 

dorsal and slightly cranial. Tll is the anticlinal vertebra 

which includes the change in orientation of the spine. 

The lumbar spines are restored except in L3, which is 

well preserved. It is very similar to those in the caudal 

---------_ .. - -_ ..... . 
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thoracic vertebrae in being shorter than the neural spines of 

the cranial thoracic vertebrae (but slightly longer than in 

T11-15), wide craniocaudally, and oriented dorsally and with 

a greater cranial component of inclination than in T11-15. 

The tip of the spine is blunt but is not as flat as those of 

the caudal thoracic vertebrae and is sl ightl y narrower cranio

caudally than the spine as a whole. 

The spines on the three vertebrae of the sacrum are 

unavailable for study because they are restored. 

The long neural spines in the thoracic and lumbar 

vertebrae result in mechanical advantage for muscles that 

extend the vertebral column. 

In the cervical region, the spines do not interfere with 

flexion and extension. In the cranial thoracic vertebrae, the 

close association between the zygapophyseal surfaces and the 

neural spines limit the amount of extension possible. (See 

"Zygapophyses"). The neural spines themselves do not affect 

flexion in this region. In the caudal thoracic region there 

is less interference in extension as a result of the 

association between the zygapophyseal surfaces and the neural 

spines compared to the cranial thoracic vertebrae. There is 

some restriction on extension, however, from this association, 

and that restriction occurs before the tips of the neural 

spines are 'Close enough to interfere themselves. Flexion is 

not restricted by the neural spines. In the lumbar region the 

neural spine of L3 is longer and narrower at the tips compared 

--------- .--. ---.- ". 
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Additionally, the 

neural spine is not closely associated physically with the 

zygapophyseal articular surfaces so that there is no 

interference during extension. The spines themselves do not 

restrict extension or flexion in the lumbar region. 

Zygapophyses 

The zygapophyses are restored in some of the vertebrae 

of Phenacodus vortmani AMNH 4378. Enough are preserved, 

however, to describe their morphologies, orientations, and 

movement capabilities. 

The zygapophyses are articular surfaces between adjacent 

vertebrae and dorsal to the neural canal. They mayor may not 

be located on zygapophyseal processes. The prezygapophyses 

generally face dorsally and cranially, whereas the 

postzygapophyses face ventrally and caudally. The 

zygapophyses differ among the vertebrae in shape, curvature, 

angle of the surfaces to the frontal and mid-sagittal planes 

of the vertebra, and in motion allowed. Because the 

morphology and orientation of the zygapophyses change 

gradually craniocaudally, the motion allowed between adjacent 

surfaces is discussed along with morphology and orientation. 

The prezygapophyseal surfaces of Cl are relatively flat 

and allow 1 i ttle motion. A greater amount of motion is 

allowed at C1/C2. The postzygapophyses of C1 are concave 

medially in the dorsoventral direction and slightly concave 

._---------_ .. __ .. -. 
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in the craniocaudal to mediolateral direction. The matching 

convexity of the pre zygapophyses of C2 allow both dorsoventral 

and mediolateral movements. The most stable position of C1/C2 

is an an angle of approximately 225 degrees dorsally (135 

degrees ventrally), measured in lateral view with a 

protractor. The remaining cervical prezygapophyses are flat 

mediolaterally and flat to slightly convex craniocaudally and 

face cranially, medially, and dorsally with the plane oriented 

approximately 60 degrees medially to the mid-sagittal plane 

and approximately 135 degrees cranially to the frontal plane 

of the vertebrae. The post zygapophyses on C2-7 are flat to 

very slightly concave craniocaudally and mediolaterally and 

face approximately ventrally, with the plane oriented 

approximately 70 degrees to the mid-sagittal plane and 

approximately 35 degrees caudal to the frontal ,plane of the 

vertebrae. 

This orientation of the zygapophyseal surfaces allows 

dorsoventral and mediolateral movements of approximately equal 

magnitude--approximately 6 degrees in either direction from 

the close-packed position. 

The prezygapophyses of T1 and T2 are transi tional in 

orientation between those of the cervical vertebrae and those 

of the remaining thoracic vertebrae. They are widely 

separated, and face dorsally, medially, and slightly 

cranially. The prezygapophysis of T3-12 are nearly flat with 

a slight convexity both craniocaudally and mediol~terally. 

,----- ----, -- . ---
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They lie on the dorsal cranial surfaces of the neural arches 

and on the cranial slopes of the neural spines as they join 

the rest of the ver-tebrae. There is an obtuse ang Ie of 

approximately 160-180 degrees between the cranial edges of the 

neural spines and the articular surfaces of the 

prezygapophyses. The surfaces together are curved medially 

and almost join to make a countinuous arch-shaped facet dorsal 

to the neural arch. The plane of each facet faces dorsally, 

laterally, and slightly cranially. It is oriented 

approximately 140 degrees laterally to the mid-sagittal plane 

and 50 degrees dorsally to the frontal plane, measured in 

lateral and cranial views with a protractor. 

The postzygapophyses of T3-12 also form an arch on the 

dorsal inside surface of the caudal extension of the neural 

canal, ventral to the caudally oriented neural spine. The 

surfaces individually are flat to slightly concave 

craniocaudally and mediolaterally and elongate craniocaudally. 

They face ventrally, slightly medially, and slightly caudally. 

Their caudal ends are curved toward the mid-sagittal plane and 

almost make an arch. 

The zygapophyses of T1-10 allow only slight dorsoventral 

or flexor-extensor movement--a few degrees in the ventral or 

flexor direction and less in the dorsal or extensor direction, 

measured in lateral view. They allow just slightly more 

mediolateral movement. The close proximity of the neural 

spines, their caudal slope, and the locations of the 

--------- .. -- - .-... . 



180 

zygapophyses with respect to the neural spines prevent large 

dorsoventral movements. 

The zygapophyses of Tll-15 are slightly different with 

respect to position and orientation. In Tll-12 the 

prezygapophyses are in the same general location dorsal to the 

neural arches. In T13 and especially in T14 and 15, they are 

on processes dorsal to the neural arch and bordered laterally 

by the short mammi 11 ary process. The cone-shaped dorsa I 

process on T12, probably homologous to the dorsal part of the 

transverse processes on T8-10, has become the mammi 11 ary 

process seen in the posterior thoracic and lumbar vertebrae. 

These processes extend slightly laterally and dorsally from 

the articular surfaces and border the articular surfaces. 

The prezygapophyses also show a change in orientation of 

the facets from dorsal, lateral, and slightly cranial in Tll 

to a more medial orientation: dorsal, medial, and slightly 

cranial, corresponding with a change in the orientation of 

the facets in the postzygapophyses of Tll-12. 

In Tll-15, with the change in the orientation of the 

neural spines and the location of the prezygapophyses on 

processes, the ang Ie between the prezygapophyses and the 

neural spines approaches 110-90 degrees in lateral view, 

rather than being much more obtuse and close to 160 degrees, 

as in T3-10. Additionally, the prezygapophyses are further 

cranial to the neural spines than in T3-10. The result is an 

independence between the locations of the prezygapophyses and 

..... -----------_ .. _--.... 
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the neural spines. 

The postzygapophyses in Tl1-15 are located ventral and 

caudal to the neural spines as dorsal inside extensions of the 

neural arch. They extend further caudally beyond the centrum 

and beyond the caudal edge of the neural spine and are more 

independent of the spine than they are in especially T3-10. 

The articular surfaces are at an angle of approximately 115 

degrees in lateral view to the midline of the neural spine. 

They also do not form an arch but are oriented nearly parallel 

to each other and have a transition in orientation from medial 

to lateral. 

Flexor-extensor or dorsoventral movement is allowed in 

Tll-15 because 1) The pre zygapophyses are not as c losel y 

associated with the neural spines; 2) Those of T13-15 are on 

processes; 3) The postzygapophyses project caudally and 

dorsally beyond the neural arch and the caudal edge of the 

neural spine; 4) The neural spines join the rest of the 

vertebra at an angle closer to 90 degr~es rather than by a 

long caudal orientation leaving an obtuse ang Ie crania 11 y. 

Thus there is greater room for dorsoventral movements. 

Extension is limited by the intersection of the caudal base 

of the neural spine located between the postzygapophyses of 

the more cranial vertebra and the cranial edge of the base of 

the neural spine of the more caudal vertebra. Because of the 

angle at which the neural spine joins the rest of the 

vertebra, however, the degree of extension is greater than in 

-------------- --.- -. 
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Flexion is not limited as obviously, most likely by 

the extensor ligaments and tendons. 

The slight increase in medial and lateral movements in 

the caudal thoracic vertebrae, although not as great as the 

increase in dorsoventral movements, is a result of the change 

in orientation (more lateral) and curvature (more convex) of 

the postzygapophyses and the greater medial orientation and 

concavity of the prezygapophyses. The mediolateral movement 

is not great! y limi ted by the mammill ary processes or the 

lateral borders to the prezygapophyseal surfaces. 

Most of the pre- and postzygapophyses of the lumbar 

vertebrae are completely restored and cannot be studied. Four 

prezygapophyses and two post zygapophyses are original, 

however, and should help elucidate the general form. 

The prezygapophyses of L3 are original but incomplete 

medially and one each is real on L4 and L6, but incomplete 

laterally on L6. These prezygapophyses are flat to slightly 

convex craniocaudally and slightly concave mediolaterally to 

dorsoventrally. There is a change in orientation of the 

prezygapophyses from more dorsal or extensad in L3 to more 

medial or parasagittal in L6. The one prezygapophysis in L6 

is oriented dorsally and medially (approximately 45 degrees 

to the mid--sagittal plane, and approximately 130 degrees 

cranially compared to the frontal plane). The prezygapophyses 

on L3 are on the ends of slight processes that extend 

dorsally, slightly beyond the neural canals. The 
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prezygapophysis on L6 is on the end of a longer process which 

extends dorsally and cranially but which does not continue 

beyond the dorsal lateral edge of the facet. That is, the 

facet extends to the tip of the process. 

There are original at least partial postzygapophyses on 

L1 and L6. These postzygapophyses are flat craniocauda 11 y 

and slightly convex mediolaterally to dorsoventrally, but 

there is a change in shape from more convex in L1 to flatter 

in L6. The facet in L6 is oriented ventrally and laterally 

(approximately 55 degrees to the mid-sagittal plane) and very 

slightly caudally. The postzygapophyses are located on 

caudally and laterally extending processes. 

The pre- and postzygapophyses allow dorsoventral 

movements in the lumbar vertebrae to a slightly greater extent 

than is allowed in T11-15. Because the pre- and post

zygopophyses are on processes and the spinous processes are 

at high angles to the rest of the vertebrae, there is little 

interference from the spines during flexion and extension. 

There is medial and lateral movement allowed by the 

zygapophyses in 

allowed by the 

orientations of 

the lumbar vertebrae. This movemen t is 

large dorsal and ventral components of the 

the pre- and postzygapophyses. The very 

slight mediolateral curvature of the facets does not seem to 

affect this mediolateral movement, but with the restoration, 

the influence cannot be determined completely. Additionally, 

the mediolateral movement is not prevented by the development 

..... -_._--------... - ... --
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of processes extending dorsally and caudally beyond the edge 

of the facets or by any greater medial orientation of the 

facets. The ventral and lateral orientation of the 

postzygapophyses in L6 suggests that movement at the 

lumbosacral joint includes both greater mediolateral and 

dorsoventral movement. The prezygapophyses on S1 are 

unavailable for comparison because of complete restoration. 

Comparison to Phenacodus primaevus 

The comparative material consists of Phenacodus 

primaevus, PU 14684, mounted specimen, and Phenacodus sp. CM 

17460, consisting of C3, a caudal thoracic vertebra, probably 

T11, L3, and several caudal vertebrae. See Figures 12-15. 

The vertebrae of PU 14684 are well-preserved, with repair 

of most of the neura I spines. In these vertebrae, the 

proximodistal or craniocaudal lengths of the centra and the 

lengths and inclinations of some of the neural spines have 

been measured. The articular surfaces of the centra and the 

zygapophyses have not been examined. 

Tll of CM 17460 is not well-preserved. C3 and L4 from 

the same specimen, however, are well-preserved but 

incompletely cleared of matrix. The transverse processes in 

both are missing and the neural spine in L3 is truncated 

approximately 8 mm dorsal to its base. Matrix obscures the 

prezygaphyses of L3. The postzygapophyses have been examined. 

The vertebrae of Phenacodus primaevus PU 14684 and 

--------- ._- .--.... 
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Phenacodus sp. CM 17460 are larger and more robust than those 

of the smaller E. vortmani AMNH 4378. 

The cervical vertebrae are very similar to those in E. 

vortmani AMNH 4378. The crania 1 thorac ic vertebrae in E. 

primaevus seem to differ only in robusticity from those of E. 

vortmani. As a result of the inclination of the neural spines 

and their close proximity to the zygopophyses, dorsoventral 

movement at the cranial thoracic vertebrae may have been 

similarly restricted. The capitula of the ribs, articulating 

laterally between adjacent vertebrae similarly restrict 

mediolateral movements of the cranial thoracic vertebral 

column. 

In the cauda 1 thorac ic vertebra of Phenacodus sp. CM 

17460 (Figure 14) the centrum, base of the neural spine, and 

the postzygopophyseal surfaces are preserved but are somewhat 

distorted. The slight caudal orientation of the neural spine 

and the caudal projection of the parallel post zygapophyses 

beyond the base of the neural spine resemble very closely T11 

in E. vortmani. 

The lumbar vertebrae of Phenacodus sp. and E. primaevus 

also are similar to those of E. vortmani AMNH 4378, but in 

addition to robusticity, they differ in the form of two 

important related features: 1) The orientation of the 

articular surface of the postzygapophysis is different. In 

both Phenacodus sp. and E. vortmani, the surfaces are convex, 

but in E. vortmani they face both ventrally and laterally, 

. _._-_. -_._----------------- --
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parasagittal 

the ventral 

component. 2) In the mounted specimen of E.. primaevus PU 

14684, a) the articular surfaces of the prezygapophyses are 

not at the tips of short processes as they are in E.. vortmani, 

but closer to the bases of longer processes which make 

dorsally oriented lateral borders to the articular surfaces. 

surfaces are oriented more (b) The 

vertically. 

prezygapophyseal 

Thus, in the I umbar vertebrae of the larger 

Phenacodus specimens, the parasagittal components of the pre-

and postzygapophyseal orientation are greater than the dorsal 

or extensor components. In contrast, in the smaller E.. 

vortmani AMNH 4378, the dorsal or extensor component of the 

zygopophyseal orientation is relatively greater but the 

parasagittal component increases from Ll to L6. In L6, it is 

still not as great as in the larger specimens. Additionally, 

in the larger Phenacodus specimens, the dorsally projecting 

lateral borders of the prezygapophyseal surfaces also would 

have helped restrict mediolateral movements. 

Thus, in comparison to E.. vortmani, the cervical 

vertebrae of E.. primaevus PU 14684 and Phenacodus sp eM 17460 

are more robust but are otherwise qui te simi 1 ar in many 

respects. 80th species have relatively free dorsoventral and 

mediolateral movement in the cervical vertebrae and restricted 

movement in the cranial thoracic vertebrae. The cauda 1 

thoracic vertebrae of Phenacodussp. cannot be compared in 

- - ._._._. -------------
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detail to those of E. vortmani, but appear to be very similar. 

The specimens differ, however, in movement allowed in the 

lumbar vertebrae. The orientation of the pre- and 

postzygapophyses, the short prezygapophyseal processes, and 

lack of lateral borders in the prezygapophyses in E. vortmani 

allow greater mediolateral movement than do the orientation, 

longer prezygapophyseal processes, and the dorsally projecting 

lateral borders on the articular surfaces in E. primaevus. 

Comparison to Extant Analogues 

The vertebrae of the analogues are in excellent 

condition. As indicated in Appendix D and Table 2, a few 

vertebrae are missing from each specimen with the exception 

of ~. luscus UMMZ 98099. The few missing vertebrae have not 

affected the comparison significantly. 

In lateral view the cervical centra of all the extant 

mammals compared are oblique or rhomboidal in outline, as they 

are in E. vortmani AMNH 4378. See Figures 16-20. 'Lynx rufus 

and Gulo luscus resemble the phenacodontids more closely in 

this respect than does Canis latrans in which the centra are 

more extemely oblique. In Procyon, Hydrochoerus, and Procavia 

the rhomboidal shape is less extreme than in E. vortmani. 

The oblique shape of the cervical centra in the 

phenacodontids and the extant carnivores studied is associated 

with erect neck posture. The posture in Lynx rufus and Gulo 

luscus may be most similar to that in phenacodontids. 

_________ •• ____ ._ - • c. 



188 

The cervical centra in the extant mammals differ greatly 

in relative craniocaudal length. They are longest in Canis 

latrans, similar to the phenacodontids in Lynx rufus, Gulo 

luscus, and Hydrochoerus hydrochoerus, and shortest cranio

caudally in Prot yon lotor. The comparative relative lengths 

of the centra in the remaining vertebrae are generally similar 

to those in Phenacodus vortmani wi th the exception of the 

thoracic vertebrae in E. lotor, which are also short, and the 

lumbar vertebrae of Lynx rufus, which are relatively elongate. 

The articular surfaces of the cervical centra and the 

cervical vertebrae as a whole of the compared extant animals, 

with the exception of ~. latrans, are more elongate medio

laterally than in the phenacodontids. They are more rounded 

in Canis latrans and more similar in outline to that in the 

phenacodontids. 

The articu I ar surfaces for the thorac ic vertebrae are 

more strong I y convex and concave in ~. I atrans than in E. 

vortmani. They are less strong I y convex and concave and 

similar to E. vortmani in k. rufus, ~. luscus, and tl. 

hydrochoerus, and f latter than in E. vortmani in E. lotor. 

See Figures 21-32. 

The articular surfaces in the lumbar vertebrae of the 

analogues are not as heart-shaped as they are in E. vortmani. 

They are more elongate mediolaterally and shorter dorso

ventrally. The comparatively short dorsoventral dimension in 

the analogues is in association with the less distinct ventral 
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ridge in most of these analogues. See Figures 33-38. 

Whereas all the vertebrae of E· v9rtmani are 

opisthocoelous wi th a sma 11 depression wi thin the overall 

crania 1 convex i ty, in the ex tant carnivores studied the 

opisthocoelous condition is only evident in the cervical and 

cranial thoracic vertebrae. In the caudal thoracic vertebrae 

and the lumbar vertebrae, the cranial and caudal surfaces of 

the vertebrae are more alike--very slightly convex with a. 

large shallow concavity centrally. In Hydl"'ochoerus 

hydrochoerus only the cervical vertebrae and cl"'anial one or 

two thoracic vel"'tebrae al"'e opisthocoelous. The I"'emaining 

vertebl"'ae are more similar and nearly flat cranially and 

caudally. 

Thus, in the shapes and proportions of the cen tra, E. 

vortmani AMNH 4378 I"'esembles Lynx rufus, Gulo luscus, and 

Hydl"'ochoel"'us hydl"'ochoerus mostly closely in the cel"'vical 

vel"'tebrae, Lynx rufus and Canis latl"'ans in the cranial and 

caudal thol"'acic vertebrae, and Gulo luscus and Canis latl"'ans 

in the lumbal'" vertebrae. 

Transverse Processes 

The transvel"'se processes in the cervical vel"'tebl"'ae of E. 

vOl"'tman i AMNH 4378 al"'e broken and restol"'ed, and cannot be 

compared with those in the analogues. 

The transvel"'se pl"'ocesses of the cranial thoracic 

vel"'tebrae of the extant cal"'nivol"'es are similar in shape to 
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those of E. vortmani. They are short, extend laterally, and 

include a ventral fovea for the tuberculum of the rib. This 

articular surface is concave in the more cranial vertebrae and 

flat in the more caudal vertebrae. In the carnivores, as in 

E. vortmani, the transverse processes of T1 and T2 are more 

ventral in posi tion, whi Ie those of the remaining cranial 

thoracic vertebrae are more dorsal in position. 

The caudal thoracic vertebrae do not have transverse 

processes in E. vortmani, ~. rufus, ~. luscus, or E. lotor. 

There are short but distinct transverse processes in T10-13 

in ~. latrans, and in the posterior thoracic vertebrae of ~. 

hydrochoerus and E. capensis. 

In all carnivores studied, the articular surfaces in the 

posterior thoracic vertebrae for the capitula of the ribs are 

more distinct than in E. vortmani. In E. vortmani the last 

articulated rib (with a capitulum but no tuberculum) is 

between T13 and T14. Thus, 

fewer thoracic vertebrae, 

compared to the analogues with 

the phenacodontids, with more 

thoracic vertebrae, also have a longer thorax and rib cage. 

Two of the analogues, Procyon lotor and Hydrochoerus 

hydrochoerus, show the bifurcation of the transverse processes 

in the caudal thoracic vertebrae that is present in T9-11 in 

E. vortmani. In these analogues, the processes separate into 

more ventral transverse processes that articulate with the 

tubercula of the ribs and more dorsal mammillary processes 

that form lateral borders to the prezygapophyses. 

---- ---_._-
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In c:ontrast to the phenac:odontids, in all c:arnivores 

studied there is a mammillary proc:ess that develops laterally 

and dorsa 11 y to the 1 umbar prezygapophysea 1 proc:esses and 

whic:h forms a lateral border to the prezygapophyseal artic:ular 

surfac:es and restric:ts mediolateral movement. 

Neural Spines 

The long neural spines of C6 - T10 in ~. vortmani are 

similar espec:ially to those of Lynx rufus and less so to Canis 

latrans, but differ in some respec:ts. The spines of C6 and 

C7 in ~. vortmani are more robust than those of ei ther 

c:arnivore, and more like its own c:ranial thorac:ic: spines, 

rather than muc:h smaller than the c:ranial thorac:ic: spines as 

in the c:arnivores. In general, the relative robustic:ity of 

the long slender thorac:ic: spines in ~. vortmani is most 

similar to that in Lynx and Hydroc:hoerus, whereas the spines 

in ~. latrans are more robust, as are the vertebrae as a 

whole. The neural spines of C6 - T10 in'Gulo are shorter to 

the tip than in Lynx or ~. vortmani, but are robust c:ranio

c:audally as in the c:oyote. 

The neural spines in T1-10 are straight in ~. vortmani, 

as are those in Hydroc:hoerus and Proc:yon. Those in Lynx rufus 

are nearly as straight, but in T2-6 are c:onc:ave c:ranially, 

inc:lining c:audally then dorsally. In Gulo and espec:ially in 

Canis, they are straight on T1-T3, but c:urved c:onc:ave 

c:ranially in T3-10 . 

. - -- --- -----------
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This curvature makes the spines perpendicular at their 

bases to muscles that fix and rotate the vertebral column 

mediolaterally (multifidus, rotatores) and at their tips to 

muscles that fix and move the vertebral column dorsally 

(spinalis, longissimus) (Hildebrand, 1954). This advantage 

in being perpendicular to both sets of muscles is not present 

in the phenacodontids. Most I ikel y, the inc I ination of the 

spines is a compromise, resulting in the spine nearly being 

perpendicular to all attaching muscles. 

Apart from curvature, the angle of caudal inclination of 

the spines in T1-10 measured from the cranial direction is 

greater in ~. vortmani than in Lynx rufus or especially than 

in Canis latrans. (See Appendix D). In Q.. latrans, the 

inclination from the base increases in the caudal thoracic 

vertebrae which are often concave cranially but curve to a tip 

that is close to 90 deg~ees from the craniocaudal line of the 

centrum. The spines in the Lynx are more inclined and closer 

in angle to those in ~. vortmani. The curvature of the spines 

in Q.. latrans resul ts in less interference by the neural 

spines during extension of the vertebral column. 

The neural spines in T1-T2 are relatively shorter 

compared to the length of the centrum in ~. vortmani than in 

~. rufus. In T3-10, they are relatively longer in ~. vortmani 

and very close to the proportion in the cat. The long cranial 

thoracic neural spines suggest strength in support of the head 

and in its dorsoventral movements. 
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The neural spines of Tll-15 in ~. vortmani are shorter 

dorsoventrally, more robust than its more cranial neural 

spines, broader craniocaudally at the bases and tips, and more 

like the spines of its lumbar vertebrae than those of most of 

the extant mammals. Procyon especially and Hydrochoerus are 

similar, however. That is, the caudal thoracic spines are 

short, broad craniocaudally at the bases and tips, and 

comparatively robust. In Lynx, Canis, and e:.pecially Gulo the 

neura I spines of the I ast few thorac ic vertebrae are very 

small and are not craniocaudally elongate at the tips. In 

fact, in these carnivores, the lateral processes of the 

prezygapophyses (the mammillary processes) reach almost as far 

dorsally, or further in Gulo, as the neural spines. 

The spines in these caudal thoracics are all close to 90 

degrees to the craniocaudal mid-line of the centra in ~. 

vortmani. They are more cranially oriented in Lynx rufus and 

Gulo luscus, but are close to 90 degrees in Canis latrans and 

Hydrochoerus hydrochoerus. 

The neural spines of the lumbar vertebrae are similar in 

shape in the phenacodontids and the extant comparisons. They 

are generally close to 90 degrees from the craniocaudal axis 

of the centra and are wide craniocaudally at the tips. The 

angle of inclination is slightly cranial in Phenacodus and is 

closer to that in Canis, Hydrochoerus, and Procyon than to 

Lynx or Gulo, in which the spines are inclined more cranially 

and have a long sloping caudal edge. 
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The lumbar neural spines are longer in the phenacodontids 

than in ~. latrans, ~. rufus, and ~. luscus, which suggests 

greater mechanical advantage (due to spine length rather than 

to angle of insertion) in the extensor muscles than in these 

analogues. 

Zygapophyses 

The cervical zygapophyseal articular surfaces of most of 

the extant carnivores are quite similar in curvature and 

orientation to those of the phenacodontids. They are flat to 

~lightly convex and face dorsally, medially, and cranially to 

approximately the same degree except in Hydrochoerus. The 

cervical postzygapophyses are complementary, and face 

ventrally, caudally, and laterally. 

The T1/T2 articulation in E. vortmani is similar to that 

in ~. rufus and ~. luscus in allowing both dorsoventral and 

mediolateral movements. In~. latrans there is a much greater 

parasagittal component, emphasizing dorsoventral movements and 

restricting mediolateral movements more than in Phenacodus 

vortmani. 

The prezygapophyses in T3-10 of Phenacodus vortmani are 

nearly in line (approximately 160 degrees) with the slope of 

the cranial surface of the neural spine. In contrast, in all 

of the extant mammals compared, the angle between the 

prezygapophyses and the cranial surfaces of the neural spines 

is less than 160 degrees, though always obtuse. In~. 

------------_ .. __ .- - . 
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latrans, h. rufus, and ~. luscus the cranial curvature of the 

neural spines with the cranial convexity makes the effective 

separation of the prezygapophyses and the cranial edges of the 

neural spines even greater, allowing more dorsoventral 

movement than in E. vortmani. 

The prezygapophyseal articular surfaces in T3-10 in 

Phenacodus vortmani are aligned, elongate caudomedially, and 

together form an arch dorsal to the neural canal. They are 

very similar in Lynx and also in Procyon, although horizontal 

rather than arched (because of a greater angular difference 

between them and the edges of the neura I spines) and less 

elongate in the latter. In Gul~ and Hydrochoerus, they are 

rounded and separate from each other and in Canis they are 

elongate and separate, parallel with each other and do not 

make an arch. 

The T3-10 postzygapophyses in E. vortmani, I ike the 

pre zygapophyses , are c losel y assoc iated, tend to converge 

caudally, and are nearly in line ("'166 degrees) with the 

caudal edge of the neural spine. In contrast, in all of the 

extant analogues examined, the post zygapophyses are at less 

obtuse angles to the caudal surface of the neural spine than 

in E. vortmani. In the dog they are separated by "'115 

degrees, in the cat by "'140 degrees, in Gulo by "'110 degrees, 

in Procyon by "'124 degrees, in Hydrochoerus by "'160 degrees, 

and they also are offset and discontinuous with the neural 

spines. Additionally, in Hydrochoerus, Canis, and slightly 
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in Lynx and Procyon, the articular surfaces extend caudally 

beyond the line of the caudal surface of the neural spine-

similar to but less extreme than the condition in Tll-15 in 

Phenacodus vortmani. The difference in angle and in alignment 

resul ts in a separation of the articular surfaces and the 

neural spine. This spatial separation and the curvature of 

the neural spine results in less interference in extension 

compared to ~. vortmani. 

In ~. vortmani, both pre- and postzygapophyses of Tll-15 

are I ess in I ine wi th the crania I and caudal edges of the 

neural spines than in Tl-10. The extant analogues are similar 

but the separation is more developed. 

The curvatures and orientations of the pre- and 

postzygapophyseal surfaces of Tll-15(or 13) are different in 

~. vortmani and the extant carnivores. Within Tll-15 in ~. 

vortmani the orientation of the prezygapophyseal surfaces 

changes gradually from dorsal, cranial, and slightly lateral 

to dorsal, cranial, and medial by the T13/T14 artiCUlation. 

In ~. vortmani the change occurs mostly within T12 and T13, 

making two diaphragmatic vertebrae in which the change in 

zygapophyseal orientation occurs. 

In contrast, in all of the extant analogues studied, the 

pre- and postzygapophyses in Tl1-13 have a much greater 

parasagittal component. 

postzygapophyseal surfaces 

Additionally, the pre-

are on processes and, in 

and 

the 

prezygapophyses, are close to the bases. These processes form 

----- ------ .-
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to these nearly 

articular surfaces. 

A~ a result in the analogues, the caudal thoracic vertebrae 

are restricted in mediolate~al movement compared to ~. 

vortmani. 

The change in zygapophyseal o~ientation in the caudal 

tho~acic verteb~ae from nea~ly horizontal to nearly vertical 

in the analogues is quite ab~upt compared to ~. vortmani. The 

diaph~agmatic ve~tebra in the ca~nivo~es is Tl0, in which the 

p~ezygapophyses are o~iented do~sally, slightly late~ally, and 

slightly cranially, and the postzygapophyses a~e o~iented much 

more parasagittally. In tl. hydrochoe~us, the change in 

zygapophyseal orientation occu~s la~gely in Tll. 

In cont~ast to the situation in ~. vortmani, in all of 

the ca~nivore analogues and in tl. hydrochoerus, and to an 

inte~mediate degree in ~. primaevus eM 17460, the a~ticula~ 

surfaces in the lumbar ve~teb~ae (as in the more cauda 1 

tho~acic verteb~ae) have a much greate~ parasagittal component 

and a much smaller horizontal component. 

p~ezygapophyses are not located at 

In addition, 

the tips of 

the 

the 

prezygapophyseal processes as they are in the phenacodontids, 

but on the medial su~faces and near the bases of the 

precesses. Thus, the p~ezygapophyses are bordered laterally 

by a process that extends dorsally and cranially. The greater 

pa~asagittal component of the orientation of the articular 

surfaces in Phenacodus sp. and in the analogues and especially 
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the presence of the lateral borders to the prezygapophyseal 

surfaces in the analogues, help restrict movement in the 

lumbar vertebral column to flexion and extension. It is not 

restricted in E. vortmani or quite so restricted in Phenacodus 

sp. 

In addition, and in contrast to the phenacodontids and 

Hydrochoerus hydorochoerus, the carnivores have caudally 

directed accessory processes on Tll-13 and smaller ones in the 

cranial lumbar vertebrae. These processes are lateral to the 

postzygapophysea 1 processes and leave on I y a narrow space 

between the postzygapophyseal processes and the accessory 

processes. During articulation the prezygopophyseal processes 

of the more caudal vertebrae lie in these narrow spaces. The 

accessory processes are closest to the postzygapophyseal 

processes in ~. rufus and leave the narrowest space, and are 

slightly farther apart in the other carnivores. These 

processes hel p restrict movement in the lumbar vertebral 

column to the dorsoventral direction. 

Summary of Postural and Locomotor Capabilities 

in the Presacral Vertebral Column of the Phenacodontids 

The proportions of the sections of the presacral 

vertebral column are very similar in Phenacodus vortmani and 

E. primaevus. 

The articular surfaces of the centra may suggest movement 

capabi I i ties between the centra even though the modi fying 

----- "---- "--
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influences of the intervertebral discs cannot be determined. 

The concave (caudal) and convex (cranial) surfaces of the 

cervical centra in E. vortmani allow both mediolateral and 

dorsoventral movements. In the thoracic vertebrae, the 

mediolaterally concave (caudal) and convex (cranial) articular 

surfaces of the centra allow both mediolateral and 

dorsoventral movements, but less than that allowed by the 

centra in the cervical vertebrae. Additionally, the ribs may 

limit mediolateral movement. The greater curvatures of the 

articular surfaces of the centra in the caudal thoracic 

vertebrae (T12-15) allow greater mediolateral and dorsoventral 

movements than in the cranial thoracic vertebrae. Similarly, 

in the lumbar vertebrae, the curvatures allow mediolateral and 

dorsoventral movement, especially in the more caudal members 

of the series. Based upon the mediolateral and dorsoventral 

dimensions of the caudal surfaces of the lumbar centra, the 

lumbar section of the vertebral column in E. vortmani allows 

greater dorsoventral than mediolateral movements. 

The neural spines in E. vortmani AMNH 4378 are long in 

the thoracic and I umbar vertebrae, resul ting in mechanica I 

advantage for muscles that could extend the vertebral column 

or maintain its normal posture. The close association between 

the neural spines and the postzygapophyseal surfaces in the 

cranial thoracic vertebrae, however, limit the amount of 

extension possible. The neural spines themselves do not 

affect flexion in this section, (although ligaments attached 
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to them may limit flexion). In the caudal thoracic vertebrae, 

there is less interference between the neural spines and the 

zygapophyseal surfaces, allowing greater extension. Again, 

flexion in the caudal thoracic vertebrae is not diminished by 

the neura 1 spines ·;themse 1 ves. I n the lumbar vertebrae, the 

neura 1 spines are not c losel y assoc iated wi th the 

postzygapophyseal articular surfaces, so there is no 

interference during extension or flexion. 

The orientations of the zygapophyses in the cervical 

vertebrae of E. vortmani and E. primaevus allow mediolateral 

and dorsoventral movements. Those in the cranial thoracic 

vertebrae allow only slight dorsoventral and mediolateral 

movements. Again~ in this region, the close proximity of the 

neural spines and the postzygapophyses prevent large extensor 

movements. The orientations of the zygapophyseal articular 

surfaces in the caudal thoracic vertebrae allow greater 

dorsoventral movements and slightly greater mediolateral 

movements compared to the cranial thoracic vertebrae. In the 

lumbar vertebrae, the gradual increase in the parasagittal 

components of the zygapophyseal articular surfaces allows 

greater dorsoventral movements than in the caudal thoracic 

vertebrae. The orientation of the zygapophyseal surfaces are 

such that both dorsoventral and mediolateral movements are 

allowed. 

In the larger Phenacodus sp eM 17460, the 

postzygapophyseal articu 1 ar surface is or iented wi th a grea ter 

----- -'--- .. _. 
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lateral or parasagittal component and lesser ventral component 

than in E. vortmani. Additionally, in the mounted specimen 

of E. primaevus PU 14684, the prezygapophyseal articular 

surfaces are at the bases of longer processes compared to E. 

vortmani, which make dorsally oriented lateral borders to the 

articular surfaces. As a result of zygapophyseal orientation 

and the presence of lateral borders to the prezygapophyseal 

surfaces in the lumbar vertebrae, mediolateral movement is 

more restricted and dorsoventral movement is more enhanced in 

the larger phenacodontid specimens than in the smaller ones. 

Thus, the presacral vertebral column of Phenacodus 

vortmani allows dorsoventral and mediolateral movements in the 

cervical section and is very similar to the analogues in that 

respect. In T3-10, dorsal movements are restricted, but 

ventral and some mediolateral movements are allowed. These 

movements are more restricted than they are in the analogues. 

In TI1-15, greater dorsoventral and mediolateral movements 

are allowed in the phenacodontids compared to T3-10 and 

greater mediolateral movements are allowed than in the 

carnivores. The lumbar vertebral column in E. vortmani is 

capable of mediolateral and dorsoventral movements, but is 

restricted in the carnivores studied to more dorsoventral 

movements, especially in the cranial part of the lumbar 

section. L3 in Phenacodus sp eM 17460 allows more dorso

ventral than mediolateral movement, but is not as restricted 

to dorsoventral movement as in the carnivores. 
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The Forelimb 

The Forelimb in the Phenacodontids 

Material Available, Its Preservation and Completeness 

The forelimb material available for determiTing forelimb 

proportions is described below. 

The forelimb of Tetraclaenodon puercensis AMNH 2468 is 

fairly well-preserved but is not complete. The humerus, 

radius, ulna, and carpals are complete; however, the 

metacarpals are preserved only as proximal and distal ends so 

that their lengths are not measurable. 

Phenacodus vortmani AMNH 4378 is very well preserved but 

also is not complete. The humerus, radius, and ulna are 

complete but the metacarpals are incomplete and the carpals 

and some of the phalanges are not present. Estimates of the 

carpal lengths, based upon relative carpal lengths in other 

phenacodontids, are given for use in forelimb proportions, in 

which the carpals are a relatively small percent of the total 

length, but not for proportions within the manus, in which the 

carpals would be a substantial proportion of the total length. 

Phenacodus primaevus PU 14684 is very well-preserved and 

essentially complete, with only minor restorations on either 

the right or left side. Because it is a mounted specimen most 

joint measurements are unavailable. Some measurements such 

as carpal length, which are difficult to obtain on a mounted 

specimen, are not exact. 

Phenacodus primaevus AMNH 4369 is very well-preserved and 

....... _ .. _---- ---- .. _ .. - .. 
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essentially complete. It includes right and left sides, with 

some restoration of sma 11 bones. Because it is a mounted 

spec imen most joint measuremen ts are unavai 1 able and some 

external measurements are good estimates. 

Phenacodus primaevus AMNH 2961 is very well-preserved and 

consists of a complete radius, an ulna complete from the mid

trochlear notch to the distal end, and a nearly complete 

manus, with some restoration in the uncinate and se~eral of 

the phalanges. 

Forelimb Proportions within the Phenacodontids 

In comparing the forelimb proportions of the 

phenacodontids and the analogues, the total length of the 

forelimb (humerus, radius, carpals, and metacarpal III) and 

the presacral vertebral column are used as standards. Carpal 

length is the total length of the lunate plus magnum. All 

forelimb lengths and proportions are listed in Appendices D 

and F. 

Because of its incomplete metacarpals, the forelimb 

proportions of Tetraclaenodon puercensis AMNH 2468 cannot be 

determined accurately and are not part of the total forelimb 

comparison. They are included in the humeral/radial 

comparison, however. 

In the phenacodontids studied, the humerus is longer than 

the radius. The brachial index (R/H X 100) is lowest (791.) 

in I. puercensis AMNH 2468, indicating a relatively shorter 

---------.. -- _ .... -
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radius or longer humerus compared to the Phenacodus species, 

which have higher but varied indices (821. in Phenacodus 

vortmani AMNH 4378, and 841. and 901. respectively in E. 

primaevus PU 14684 and AMNH 4369). See Figure 39. 

Compared to the forelimb as a whole, E. vortmani is not 

very different from E. primaevus in relative humeral and 

radial lengths. In fact, E. vortmani is closest to PU 14684 

in humeral and radial proportions (H/FL = 431. and 421.; R/FL 

= 351. in both) while the two E. primaevus specimens differ 

from each other (H/FL = 411., R/FL = 371. in AMNH 4369). 

Compared to the vertebral column, the humerus and radius are 

both about the same relative length in E. vortmani AMNH 4378 

and in E. primaevus PU 14684 (H/VC = 201. and 191.; R/VC = 171. 

and 161. in the two specimens respectively). 

E. vortmani also is similar to the two E. primaevus 

specimens in the relative length of the third metacarpal 

compared to the forelimb. The MC III/FL ratios are 161. in E. 

vortmani and E. primaevus PU 14684 and 171. in E. primaevus 

AMNH 4369. Similarly, compared to the vertebral column, the 

third metacarpals of E. vortmani and E. primaevus PU 14684 are 

identical in relative length. 

The reI ati ve leng ths of the carpal s wi thin the manus 

(carpals, MC III, PP III, CP III) are not compared across 

phenacodontids but only within specimens of Phenacodus 

primaevus, PU 14684, AMNH 4369, and AMNH 2961. The carpals 

of I. puercensis AMNH 2468 are measured, but the metacarpal 

----- _ .. _-- ._. 
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lengths are unavailable. The carpals in E. vortmani are not 

preserved. Wi thin E. pr imaevus, the manus proportions are 

listed in Appendix F. 

The proportions in the two mounted E. primaevus specimens 

are similar, with MC III being slightly longer in AMNH 2961. 

Some of the differences in proportions may be associated with 

slight di f f icu 1 ties in measuring the small er bones in the 

mounted specimens, or they may reflect intraspecific 

variation. 

Comparison of Forelimb Proportions 

To those in the Extant Analogues 

The forelimb lengths in the extant analogues measured are 

listed in Appendix D. Because of its distinctly different 

carpals, the forelimb proportions of Tapirus terristris 

CA(AMNH) 2592 are not presented. Comparisons of the humerus, 

radius, and metacarpal III are presented. As mentioned with 

respec t to ratios, those numbers in parentheses are those 

forelimb lengths for which an estimate was made for one of the 

smaller elements. 

As in the phenacodontids, in most of the analogues the 

humerus is longer than the radius. The brachial index (R/H 

X 100) is closest to the phenacodontid condition (79-901.) in 

Tapirus terristris (901.), Hydrochoerus hydrochoerus (751.), 

Gulo luscus (801.), and Procavia capensis (681.). The radius 

is comparati vel y 1 arger and closer to the 1 eng th of the 

----- ----- .-
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humerus in Lynx rufus (94%), Procyon lotor (95%), and in Canis 

latrans (106%), in which the radius is longer. 

Compared to the presacral vertebral column, the humeral 

lengths in tl. hydrochoerus (24%) and E. capensis (22%) are 

close to that in E. vortmani (23%), (with HIVC X 100 in E. 

primaevus being slightly less, 21%). In the other analogues 

the HIVC ratios are a 11 higher than in the phenacodon tids, 

with ~. latrans having the smallest ratio (26%) due in part 

to its shortened proximal segments. 

The radiuslpresacral vertebral column ratio in tl. 

hydrochoerus (18%) is close to that in E. primaevus PU 14684 

(18%) and E. vortmani (19%). It is even less in E. capensis 

(15%). The RIVC ratios in the other extant analogues are all 

greater than in the phenacodontids, with that of §.. luscus 

(23%), within the carnivores, being closest to that in the 

phenacodontids. 

Thus, compared to the vertebral column, the humeral and 

radial lengths are greater in the carnivore analogues and 

closer to phenacodontid proportions in tl. hydrochoerus and E. 

capensis. In comparing humeral and radial lengths to each 

other (brachial index), the variation in proportions in the 

extant analogues encompasses that in the phenacodontids. R/H 

X 100 is less than in any phenacodon tid in E. capensis, 

similar to Tetraclaenodon puercensis in tl. hydrochoerus and 

§.. luscus, similar to E. primaevus in Tapirus terristris. 

terristris, and greater than the phenacodontids in k. rufus, 
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E. lotor, and especially in ~. latrans. 

In the analogues, the lengths of third metacarpal 

compared to the forelimb (MC III/FL X 100) encompass those of 

the phenacodontids. The MC I I'I/FL ratios in E. lotor (131.) 

and E. capensis (121.) are lower than in any phenacodontid. 

The percents in k. rufus and ~. luscus (151.) are similar to 

those in the Phenacodus specimens (161. and 171.). The ratios 

in ~. hydrochoerus and ~. latrans (171.) are similar. 

Compared to the vertebral column, the third metacarpals 

in all extant analogues, with the exception of E. capensis, 

are greater than in the phenacodontids. The MC III/VC ratio 

in ~. hydrochoerus (101.) is smaller than in most carnivores 

(101. and lowest in ~. luscus) and closest to the ratios in the 

phenacodontids (81.). 

Thus, the phenacodontids have smaller third metacarpals 

compared to their vertebral columns than do most of the 

analogues. When MC III length is compared to total forelimb 

length, which is short in the phenacodontids compared to the 

presacral vertebral column, the phenacodontids have similar 

MC III/FL proportions to a variety of analogues, some of which 

have long and some of which have short forelimbs compared to 

their presacral vertebral columns. On the other hand, the 

forelimbs and metacarpals may be similar, but the vertebral 

column relatively longer in the phenacodontids than in the 

analogues. 

Wi thin the carnivores the carpal/manus ratios are all 

._--------_._-_. -- .. - _ ... 
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smaller than in the E. primaevus specimens (16-18%). The 

ratio is the smallest in~. latrans (11%). In tl. hydrochoerus 

(18%) it is close to that in E. primaevus while it is greater 

in E. capensis (21%). 

Thus, the phenacodontids have a long carpus relative to 

the manus when compared to that in the carnivores. These 

carpal proportions are not only the result of short metacarpal 

III lengths, because the MC III/manus ratios in the carnivores 

encompass those of the phenacodontids. It is probably also 

the result of the lengths of the proximal and central 

phalanges which vary with the lengths of the third 

metacarpals. Compared to the forelimb as a whole, carpal 

1 eng ths in E. pr imaevus ("'6%) are close to those in tl. 

hydrochoerus (6%) and secondly to E. capensis (5%). Among the 

carnivores, the carpal/forelimb or C/FL ratio in !2.. luscus 

(4%) is closest to E. primaevus. In the other carnivores the 

ratios are smaller, perhaps partly due to lengthened humerus, 

radius, and metacarpal III. 

The forel imb proportions of the phenacodontids do not 

match those of any analogue. As a group the phenacodontid 

forelimb proportions are closest to those in tl. hydrochoerus 

and ~. luscus, however. 

Posture and Locomotion in the Phenacodontids 

Interpreted from Forelimb Proportions 

The relatively small brachial index (R/H X 100) in the 

---------_. __ .. _-_.- -'. 
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phena~odontids, as in Tapirus terristris, Hydrochoerus 

hydrochoerus, Gulo luscus, and Procavia capensis, suggests 

relatively poorer running abilities than in those with higher 

indices, Canis latrans and Lynx rufus. The short humerus and 

radius compared 

phenacodontids 

to the presacral vertebral column 

also suggests relatively poorer 

abilities than in the carnivores. 

in the 

running 

The length of the third metacarpals compared to the 

forelimb suggests running abilities greater than E. lotor and 

E. capensis, similar to ~. rufus and ~. luscus, and less than 

Q.. latrans. The short third metacarpal compared to the 

presacral vertebral column, however, suggests poorer running 

abilities than all of the analogues except E. capensis. The 

vertebral column is long in the phenacodontids, however. 

Based so leI y upon proportions wi thin the forel imb and 

compared to the presacral vertebral lengths, the 

phenacodontids may have been poorer runners or may have had 

intermediate running abilities compared to most of the 

analogues. 

Shoulder Joint 

The shoulder joint consists of the glenohumeral joint: 

the proximal scapula at the glenoid fossa and the humeral 

head, and, if the clavicle is present and articulates with the 

scapula, the acromio-clavicular joint: the acromion process 

of the scapula and the articular surface on the lateral 

--------- .--_ .. -- -
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clavicle. In addition, the muscular attachments between the 

scapula and the humerus that contribute to the joint stability 

also may be considered part of the shoulder joint. 

Until recently, there has been no evidence in the 

phenacodontid fossil elements for the presence of a clavicle 

that articUlates with the acromion process of the scapula. 

Thewissen, 1989, describes a fragmental clavicle in a 

University of Michigan specimen of E. vortmani (75286) which 

consists of only the sternal end and part of the shaft. 

The glenohumeral joint is the primary component of the 

shoulder joint. 

Shoulder Joint Material Available, 

Its Preservation and Completeness' 

Tetraclaenodon puercensis AMNH 2468 Complete humerus, 

good condition. 

Phenacodus vortmani AMNH 4378 Part of proximal or 

glenoid side of the scapula and base of spine, heavily 

restored. I t is no.t inc luded in this study. Complete 

humerus, very good condi~ion. 

• The scapula is very often damaged in fossil specimens and 
is preserved only as part of .the proximal end, which may include 
the glenoid fossa, the acromion process, and some of the base of 
the scapular spine. Very seldom is the spine itself, the 
metacromion process, or the blade of the scapula preserved. The 
scapula that is preserved the best, other than those on mounted 
specimens that are restored, is that of E. primaevu5 eM 17460. 
Because of the poor preservation of the supra- and infraspinous 
fossae and often the comparatively good preservation of the glenoid 
fossa, only the morphology of the glenoid fossae has been compared • 

... _. -..... . ..... __ ._---_._--- ._- _.. . . 
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Phenacodus vortmani USGS 7159 Two proxima I scapu I ae, 

inc luding the glenoid fossa and, in one, the base of the 

spine, and one complete humerus, good condition. 

Phenacodus sp. CM 44854 Proximal humerus and proximal 

scapula including glenoid fossa, good condition. 

Phenacodus sp. CM 44855 Proximal scapula including 

glenoid fossa, fair condition. 

Phenacodus sp. USGS 813 Proximal humerus and proximal 

scapula including glenoid fossa~ fair condition. 

Phenacodus sp. CM 44857 #2 Complete humerus which is 

distorted proximally, good condition. 

Phenacodus primaevus PU 14684 Mounted specimen 

consisting of most of the skeleton. Scapula is restored at 

vertebral border; humerus is complete. Excellent condition. 

Phenacodus primaevus AMNH 4369 Mounted specimen 

consisting of most of the skeleton. Scapula is only partially 

restored at its distal end; humerus is complete. 

condition. 

Excellent 

Phenacodus primaevus AMNH 293 Humerus nearly complete 

but with tuberosities missing proximally. Good condition. 

Phenacodus primaevus AMNH 15262 Proximal scapula 

including glenoid fossa, coronoid and acromion processes, and 

proximal base of scapular spine. Very good condition. 

Phenacodus primaevus AMNH 4370 Proximal scapula, good 

condition. 

Phenacodus sp. USGS 7146 Proximal scapula including 
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glenoid fossa, good condition. 

Phenacodus sp. eM 17460 One left scapula with 

vertebral border missing, one right proximal scapula including 

glenoid fossa. Good condition. 

Phenacodus, cf. E.. intermedius USNM 20067 

fossa of scapula, fair condition. 

Glenoid 

Phenacodus almiensis USNM 20641 

condition. 

Proximal scapula, good 

The Scapula in the Phenacodontids 

The scapula consists of the glenoid fossa, acromion 

process, supraglenoid tubercle, and coracoid process 

proximally, the supraspinous and infraspinous fossae separated 

by the scapular spine laterally, the subscapular fossa 

medially, and the vertebral border distally. The metacromion 

process originates at the proximal end of the scapular spine. 

See Figures 39-42. 

The glenoid fossa is shallow in the phenacodontids. It 

is rounded in outline in the smaller and medium sized 

phenacodontids and slightly more oval or narrower medio

laterally in the larger E.. primaevus AMNH 15262 and AMNH 4370, 

and thus is oriented anteroposter iorl y or f lexad-ex tensad. 

Its greater concavity also is in the flexor-extensor 

direction, due in part to the coracoid process anteriorly. 

The joint surface is smaller than the humeral head, covering 

approximately two-thirds of the head in both the antero-
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posterior and medio1aterial dimensions. 

In Phenacodus vortmani AMNH 4378 the scapula is largely 

reconstructed and thus is not part of the description. In the 

mounted specimen of Phenacodus primaevus AMNH 4369 the scapula 

is nearly complete except for the central parts of the supra

and infraspinous fossae on the right side and most of the 

vertebral border on the left side. Thus, given the right and 

left sides, the scapula is well represented. In~. primaevus 

PU 14684, the right scapula also is nearly complete, having 

some restoration of the distal half and the vertebral border. 

In these specimens the scapula is robust, elliptical to 

rectangular in outline, with the spine parallel to the 

posterior border and more posteriorly located, making a 

sl ight 1 Y larger supraspinous than infraspinous fossa. In 

lateral view the "caudal angle" of the scapula, for the origin 

of teres major, is not prominent. 

the media 1 surface in AMNH 4369. 

It is, however visible on 

The vertebral border is 

rounded and slightly narrower than the anteroposterior width 

of the scapula. The scapular neck is strong and wide 

anteroposteriorly. The spine is robust and wide at its base 

proximally, where the acromion and metacromion processes are 

attached. In PU 14684 these processes are preserved. They 

extend laterally from the spine but not far proximally toward 

the humerus. 

In the smaller phenacodontids 

proximal scapulae, the supraglenoid 

with well-preserved 

tubercle, for the 
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attachment of biceps brachii, is separated from the coracoid 

process by a shallow groove. A long flat extension from the 

side of the coracoid process wraps anteromedially; it probably 

is the origin of coracobrachialis. Perhaps the long process 

removes the origin of coracobrachialis from the joint center, 

providing mechanical advantage to the muscle. 

On the slightly larger specimen of Phenacodus vortmani 

USGS 7159, the supraglenoid tubercle is more prominent and is 

separated from the coracoid process in the left scapula by a 

relatively deeper groove compared to that in the smaller 

phenacodontids. The coracoid process is chipped, but curves 

anteromedially, more subtly than in CM 44854. In the right 

scapula the coracoid process itself is bifurcated, with the 

medially curving part separated from the lateral half. 

In the still larger specimens of Phenacodus sp CM 17460 

and in E. primaevus AMNH 15262, the groove separating the 

suprag lenoid tuberc Ie and the coracoid process is present. 

The thick coracoid process wraps medially around part of the 

groove. In AMNH 15262 there is a distinct depression within 

the groove, perhaps for the secure attachment of a ligament. 

The coracoid process is thicker, more robust, and less 

elongate in the larger phenacodontid specimens than in the 

smaller specimens. 

The Proximal Humerus 

The proximal humerus includes the humeral head, the 

----_._--_ .. _- -_ ..... 
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bicipital groove, the greater and lesser tuberosities, and-

not always proximally located--the deltopectoral crest, for 

the attachment of the deltoid, teres minor, lateral triceps, 

and pectoral muscles, all of which work across the gleno

humeral joint. See Figures 43-47. 

The proxima I humerus in Tetrac I aenodon puercensis is 

distorted slightly. Its proximal shaft has been crushed 

mediolaterally. The head itself is weathered but probably not 

distorted; however, the 1 esser tuberc Ie and some articul ar 

surface on the head were removed during weathering. The 

greater tubercle is large and is well separated from the head 

in proximal view. 

The humeral head in ~. vortmani AMNH 4378 is rounded in 

proximal view. It is strongly convex in a flexor-extensor 

direction, resulting in an overhanging articular surface. It 

is less strongly convex mediolaterally, as is the glenoid 

fossa of the scapula. The differences in convexity of the 

head result in a cylindrical shape, with the long axis of the 

cylinder oriented mediolaterally. 

The greater tubercle is located on the flexor to flexor-

lateral side of the head. It is large--especially broad at 

its crest--and distinctly separated from the head. It extends 

proximally above the head and also curves anteromedially 

toward the bicipital groove, forming what seems to be, in this 

specimen (AMNH 4378), a second groove next to the bicipital 

groove and separated from it by the sharp edge of the 
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articular surface of the head. This second groove may be the 

result of a displaced bicipital tendon during life. On the 

greater tubercle are distinct areas for the attachment of 

glenohumeral ligaments and the supraspinatus and infraspinatus 

muscles. The lesser tubercle is closely associated with the 

head and extends only slightly proximally above the head. On 

it are the insertion sites for gleno-humeral ligaments, 

subscapularis, and a large area with a deep notch for the deep 

pectoralis (Evans and Christensen, 1979). 

The bicipital groove, as distinct from the second groove 

in the curve of the greater tubercle, is narrow and fairly 

shallow, but is well protected by the tuberosities. 

The deltopectoral crest is long in ~. vortmani AMNH 4378, 

reaching approximately 65% of the total length of the humerus, 

measured from the proximal head. The deltoid crest for the 

attachment of the deltoid muscle is the more prominent. The 

crests join in a "V" and single narrow crest continues beyond 

the "V" to the proximal edge of the distal trochlea. 

In the other phenacodontid specimens the humeral head 

also is strongly convex in the flexor-extensor direction, 

making the head cylindrical with the long axis of the cylinder 

oriented mediolaterally. In the larger non-mounted specimens, 

the mediolateral curvature of the head is flatter or even less 

convex than it is in ~. vortmani. 

As in ~. vortmani, the greater tubercle is very prominent 

in all Phenacodus specimens examined and is strongly separated 

--------_. '-" --
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I t curves around the 

bicipital groove, forming strong protection for the bicipital 

tendon. The lesser tubercle curves anteriorly toward the 

bicipital groove, adding to the depth of the groove and the 

protection of the tendon. The groove itself is fairly 

shallow, but its effective depth is greatly increased by the 

presence of the tubercles. There is no second groove in any 

of the other specimens. 

The deltopectoral crest is strong and extends quite 

distally in all phenacodontids. Its relative prominence seems 

to be associated with the size of the humerus. It is not as 

prominent in the smaller I. puercensis AMNH 2468 and does not 

extend quite as distally (approximately to 59% of total 

humeral length). Because of mediolateral compression during 

preservation of the proximal end of the shaft, the del toid 

crest cannot be distinguished from the pectoral crest. 

The crest, especially the deltoid crest, is similar in 

prominence in ~. vortmani USGS 7159 (61% of the length of the 

humerus) to that in the similarly sized ~. vortmani AMNH 4378. 

In the larger specimens, Phenacodus sp. CM 44857 #2 and 

~. primaevus AMNH 293, the crest is more prominent and extends 

further distally--to 68% of the full length of the humerus in 

CM 44857 #2. In this specimen it is especially more prominent 

and raised from the shaft surface at its most distal extent 

(or at the "V" where the del toid and pectoral crests join). 

Again, it is the deltoid crest that is the more prominent. 

-. ..-- --------- ----
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In AMNH 293 the extension of the single crest to the distal 

trochlea is especially evident. 

Posture and Movement at the Glenohumeral Joint 

In the Phenacodontids 

In the small Phenacodus sp. CM 44854 the greater flexor-

extensor than mediolateral curvatures of the glenoid fossa 

and humeral head allow greater flexor-extensor movements than 

mediolateral movements. Some rotation is allowed, but because 

the curvatures of the glenoid fossa and humera I head are 

greater in.the anteroposterior or flexor-extensor direction, 
.. ' 

greater movement occurs in those directions. E. vortmani USGS 

7159 is similar. 

In E. vortmani USGS 7159, the position of greatest 

stability at the glenohumeral joint is at an angle of 

approximately 246 degrees measured from the flexor or anterior 

side. See Figures 48 and 49 and Table 3. From that position 

the humerus can be flexed to 225 degrees and extended to at 

least 285 degrees. Mediolateral movements or abduction and 

adduction are less extensive, covering an arc of approximately 

35 degrees. 

The larger phenacodontids, Phenacodus sp. CM 44857 #2 

(humerus) and E. primaevus specimens AMNH 293 (humerus) and 

15262 (scapula), seem to be similar although matching scapulae 

and humeri from the same individuals are not available. The 

greater mediolateral flatness of the humeral head in these 

._-----------_. -~ .. - -' .. -
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Stability Flexion Extension 

Glenohumeral Joint 

E. vortmani USGS 7159 

Elbow Joint 

E. vortmani AMNH 4378 

Canis latrans LLP-OC-132 

Lynx rufus CO-3010 

Gulo luscus UM-98099 

Procyon lotor CO-5010 

246 225 

127 55 

285 

140 

170 

165 

142 

162 

tl. hydrochoerus USNM 241103 165 

Procavia capensis USNM 351945 160 

Proximal Carpal Joint 

E. primaevus AMNH 2961 )180 

~. latrans LLP-OC-132 )180 

Mid-Carpal Joint 

E. primaevus 2961 

Distal Carpal Joint 

E. primaevus AMNH 2961 

~. latrans 

Metacarpo-phalangeal III Joint 

I. puercensis AMNH 2468 

<180 

165-170 

<180 

142-162 

.--------- .- . --
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~. vortmani AMNH 4378 

~. primaevus AMNH 2961 

~. hydrochoerus USNM 241103 

Canis latrans LLP-OC-132 

Lynx rufus CO-3010 

Gulo luscus UMMZ 98099 

Procyon lotor CO-5010 

PP I I I - CP I I I Joint 

I· puercensis AMNH 2468 

~. vortmani AMNH 4378 

~. primaevus AMNH 2961 

~. hydrochoerus USGS 241103 

Q.. latrans LLP-OC-132 

(domestic cat) 

§.. luscus UM 98099 

~. lotor CO-5010 

CP III - UP III Joint 

I. puercensis AMNH 2468 

~. primaevus AMNH 2961 

130-150 

123-150 

125-147 

130-140 

121-144 

167-180 

127-147 

170 

170 

170 

172 

200 

213 

200 

2QO 

175 

177 

260 

250 

257 

250 

283 

287 

277 

260 

252 

92 

96 

90 

65 

55 

70 

87 

107 

115 

115 

145 

115 

125 

125 

112 

113 

112 
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Table 3. Approximate positions of stability (maximum 

congruency), maximum flexion, and maximum extension measured 

on the anterior surfaces of the joints in the forelimbs of the 

phenacodontids and the analogues. 
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specimens should result in even greater emphasis upon weight 

bearing and less upon abduction and adduction. 

The robusticity of the supraglenoid tubercle and coracoid 

process suggests a strong short branch of biceps brachii and 

coracobrachialis with strength in flexion or protraction and 

adduction of the humerus at the shoulder joint. The 

separa tion of the suprag I enoid tuberc Ie and the coracoid 

process may be associated with a spatial separation of the 

origins of biceps brachii and the coracobrachial is. The 

relatively small acromion process, preserved in PU 14684, 

suggests the absence of a clavicle and a reduction in muscles 

associated with abduction (Jenkins, 1974). 

acromion is consistent with cursoriality. 

Thus the small 

The long, robust, curved greater tubercle suggests 

strength in the actions of supraspinatus and the deep pectoral 

muscles. Supraspinatus, which attaches to the tip of the 

greater tubercle, flexes or protracts the forelimb at the 

shoulder joint if the tubercle projects well above the head. 

The long tubercle, providing greater distance from the joint 

center, suggests mechanical advantage for this protraction. 

The curvature of the tubercle and a deep notch on its external 

surface occur at the insertion of part of the deep pectoral 

muscle, which functions to pull the trunk forward toward the 

protracted limb and to extend or flex the arm at the shoulder, 

depending on its position relative to the trunk. This strong 

curvature or wrapping around of the anterior medial edge of 

._----------- --- - - . 
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the tubercle and the deep notch suggest a strong deep pectoral 

muscle. 

The lesser tubercle also is the insertion site for part 

of the deep pectoral, important in pulling the trunk forward. 

The long, robust deltopectoral crests indicate an 

emphasis on strength in support of the trunk and of movement, 

adduction, protraction, and rotation, at the shoulder joint. 

In all phenacodontids, the long in-lever compared to out-lever 

resul ts in strength of forelimb movement at the shoulder 

joint. The even greater in-lever length and robusticity in 

the larger phenacodontids may be associated with their greater 

size and/or may be an indication of a greater emphasis on 

strength compared to the smaller phenacodontids. 

Comparison of the Shoulder Joint to the Extant Analogues 

Scapula 

In the extant analogues the glenoid fossa of the scapula 

also is shallow. In all, and as in the phenacodontids, it is 

more concave in tbe flexor-extensor direction than in the 

mediolateral direction, suggesting greater flexor-extensor 

than mediolateral movements. It is rounded in outline, as in 

the smaller phenacodontids in ~. latrans. and b.. rufus, and 

narrower mediolaterally in ~. luscus and E. lotor. 

The scapula as a whole is less robust in the analogues 

than it is in the phenacodontids, particularly at the scapular 

neck and proximal base of the spine. The outl ines of the 

........ _._----,----
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scapulae vary in the analogues and are all different from the 

phenacodontids. See Figures 50-56. The scapular shape is a 

reflection of the muscular attachments on the bone and to some 

extent on the relative sizes of these muscles. In lateral 

view in the carnivores the caudal angle of the scapula, for 

the origin of teres major, a retractor of the humerus, is more 

prominen t than in E. pr imaevus AMNH 4378. The vertebra I 

border of the scapula is narrower in those mammals that rotate 

the forelimb at the vertebral borde~, adding scapular length 

to forelimb length. 

The rounded cranial border of the scapula, part of the 

supraspinous fossa, is similar in Lynx rufus and Canis latrans 

to that in E. primaevus AMNH 4369 and is more prominent in 

Gul~ luscus and Procyon lotor. 

The placement of the spine in E. primaevus, that is, 

nearly parallel to the posterior border of the scapula, is not 

represented in the analogues; however, Hydrochoerus 

hydrochoerus and Procavia capensis are the closest. In the 

carnivores the supraspinous fossa narrows as the infraspinous 

fossa widens near the vertebral border, making the scapular 

spine nearly diagonal in position . 

. The supraglenoid tubercle and coracoid process are 

smaller and less distinct from each other in ~. latrans than 

in the phenacodontids. t!. hydrochoerus, ~. luscus, and E. 

capensis approach the condition in the phenacodontids in 

relative size; however, they do not have the distinct groove 



or separation between the two tubercles. 

rufus do have the separation. 

Proximal Humerus 
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1:,. lotor and b.. 

The shape of the humeral head in Phenacodus vortmani AMNH 

4378 is probably closest to that in Lynx rufus and Canis 

latrans. These two extant specimens share 1:,. vortmani' s 

cylindrical humeral head, overhanging articular surface, and 

slight mediolateral convexity, the degree of which is between 

that of the slightly more convex b.. rufus and the slightly 

less convex Q.. 1 atrans. The greater flexor-ex tensor convex i ty 

in 1:,. vortmani is closest to that in b.. rufus, with Q.. latrans 

being more tightly cylindrical. See Figures 57-63. 

The head of tl. hydrochoerus is slightly more cylindrical 

than that of Q.. latrans. It is flatter mediolaterally and 

more convex in the flexor-extensor direction, but without the 

overhang of the articular surface. 

In contrast, the heads of §.. luscus and especially 1:,. 

lotor are less cylindrical--more convex mediolaterally than 

that of b.. rufus and less tightly convex in the flexor-

extensor direction. 1:,. lotor especially seems to have the 

same degrees of convexity both mediolaterally and flexad-

extensad, thus allowing flexion, extension, adduction, 

abduction, and rotation. 

1:,. vortmani, being structurally between b.. rufus and Q.. 

latrans, may be less able to abduct the humerus than b.. rufus 



225 

and more able to do so than ~. latrans or ~. hydrochoerus. 

The flatter head in E. primaevus AMNH 293 is closest to 

that in ~. lat~, thus suggesting a similar greater emphasis 

on flexor-extensor movements and lesser emphasis on medio

lateral movements. 

The greater tubercles in ~. latrans especially and in b. 

rufus resemble those in E. vortmani AMNH 4378 in being 

separated from the head, curving anteromedially, and in having 

broad crests that are proximal to the head. As in the 

phenacodontids, strong flexion and extension of the forelimb 

at the shoulder and strong pulling of the trunk forward are 

suggested (Evans and Christensen, 1979). The greater 

tuberc les in ~. hydrochoerus and E. capensis are even more 

robust and more proximally located compared to the head. 80th 

~. hydrochoerus and E. capensis have robust insertions for 

supraspinatus above the joint surface. 

In contrast, the greater tubercles of ~. luscus and E. 

lotor are not as separated from the head in proximal view and 

do not extend proximal to the level of the head. They are 

just as broad at their crests, however. The smaller tubercles 

suggest less strength in flexion and extension at the shoulder 

and in drawing the trunk forward to the protracted limb, in 

contrast to the phenacodontids and the other analogues. 

The lesser tubercles are of similar size in most of the 

analogues compared to E. vortmani AMNH 4378. (That in E. 

capensis is larger, however). The prominent insertion of the 

.- - ---._----------
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deep pectoral muscle, seen in E. vortmani, is present in ~. 

rufus to a slightly lesser degree and in §.. luscus and E. 

lotor to a stronger degree. It is weaker in ~. latrans. 

The 

analogues 

bicipital 

than it 

groove is broader and 

is in E. vortmani 

phenacodontid specimens. 

deeper in all 

and the other 

The deltopectoral crests in the analogues do not extend 

as far distally as they do in the phenacodontids, making a 

shorter in-lever and longer out-lever. The crest is longest 

among the analogues in §.. luscus, reaching as a combined crest 

59% of the length of the humerus, close to th8 condition in 

the phenacodontids (61-68'l.). I t is most robust, espec ia 11 y 

the deltoid crest in tl. hydrochoerus and ~. latrans. It is 

shortest in ~. latrans (36%) and secondly in ~. rufus and E. 

lotor (48%). 

long 

In ~. latrans especially, with the short 

out-lever (especially considering its 

in-lever and 

long total 

forelimb), the modifications in the humerus emphasize speed 

as opposed to strength. In contrast, in §.. luscus, with its 

longer in-lever and shorter out-lever, strength is emphasized. 

In summary, based on the structure of the shoulder joint 

in the phenacodontids, especially the medium and larger 

individuals, the emphases are on flexor-extensor movements of 

the humerus and strength in these movements. 

--------_.--- - ... 
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The Humeral Shaft 

The humerus of Tetrac laenodon is sl ightl y compressed 

mediolaterally at mid-shaft and proximally as a result of 

postmortem distortion. 

The mediolateral mid-shaft diameter compared to the 

length of the shaft for ~. vortmani AMNH 4378 and USGS 7149 

is 91.. I t is simi 1 ar in Phenacodus sp. eM 44857 #1 and #2 

(101.) and in ~. primaevus AMNH 293 (101.). 

The humeral mid-shaft is similar in robusticity to the 

phenacodontids in ti. hydrochoerus (101.) and ~. capensis (91.). 

In most of the other analogues it is relatively more slender: 

~. lotor (81.), ~. luscus (81.), ~. rufus (81.), and ~. latrans 

(71.). These differences are not significant. 

Mid-shaft cross-sections of the phenacodontid humeri are 

elliptical, broader anteroposteriorly, partly because of the 

long deltopectoral crest. In~. lotor, ~. capensis, and ti. 

hydrochoerus the mid-shaft cross-sections are similarly 

elliptical, partly reflecting the long deltopectoral crest. 

~. latrans and ~. rufus are less elliptical and more rounded. 

The ell iptical cross-sections of the mid-shaft in the 

phenacodontids are associated with the insertion of the 

del toid and pectoral musc les but also resul t in increased 

resistance to buckling in the direction of the long axis of 

the ellipse. Thus, in the phenacodontids, the antero

posterior or flexor-extensor oriented long axis suggests 

resistance to buckling associated with locomotion. 

-------_ .. -
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Elbow Joint Complex 

The elbow joint is a complex set of joints between the 

distal humerus, the proximal radius, and proximal ulna. The 

joints are: the humeroradial joint between the capitulum of 

the humerus and a depression on the proximal aspect, of the 

radial head, the humero-ulnar joint between the trochlea of 

the humerus and the trochlear notch of the ulna, the proximal 

radio-ulnar joint between the side of the radial head and the 

radial notch of the ulna. In the phenacodontids, a second 

aspect of the humeroradial joint forms between the medial side 

of the trochlea of the humerus and the proximomedial surface 

of the radial head. See Figure 64. 

Elbow Joint Material Available, 

Its Preservation and Completeness 

Tetraclaenodon puercensis, AMNH 2468. Complete right 

humerus with restored lateral epicondyle and medial 

supracondylar ridge; right ulna complete except for slight 

restoration of some of the anterior portion of the olecranon; 

and the proximal (and distal) radius fused in fossilization 

to the ulna. Good condition. 

Phenacodus vortmani AMNH 4378. Complete left humerus, 

radius, and ulna. Very good condition. 

Phenacodus vortmani USGS 7159. Complete left humerus, 

distal right humerus, proximal left ulna and half of the 

shaft, and the proximal right and left radii. Very good 
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condition. 

Phenacodus sp. USGS 7146. Proximal ulna. Good condition. 

Phenacodus sp. CM 23507. Distal humerus with much of the 

shaft. Chipped at the medial epicondylar crest and 

supracondylar ridge. Restored at supratrochlear foramen. 

Phenacodus sp. CM 44854. Distal left humerus and shaft, 

right olecranon and half of trochlea of ulna. Good condition. 

Phenacodus sp CM 44857 #1. Complete right humerus with 

right trochlear notch of ulna still attached. Supracondylar 

ridge missing. Shaft and olecranon of ulna missing. 

condition at elbow joint. 

Good 

Phenacodus sp. CM 44857 #2. Complete right humerus, good 

condition. 

Phenacodus sp. CM 44857. Proximal left ulna and much of 

shaft, complete right radius. Good condition. 

Phenacodus almiensis USNM 23507. Right prox ima 1 ulna, 

left proximal radius. Good condition. 

Phenacodus intermedius USNM 20067. Complete left radius. 

Fair condition. 

Phenacodus primaevus PU 14684. Mounted specimen 

consisting of most of the skeleton. Very good condition. 

Phena'codus primaevus AMNH 4369. Mounted specimen 

consisting of most of the skeleton. Very good condition. 

Phenacodus primaevus AMNH 293. Right humerus, near I y 

complete distally but restored at supratrochlear foramen. 

Good condition. 

---------------- -. ,---_. 
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Phenacodus primaevus AMNH 2961. Left ulna, complete from 

mid-trochlea to distal end. Olecranon and half of trochlea 

restored. Left radius complete. Good condition. 

Phenacodus primaevus AMNH 15283. Left proximal ulna and 

much of shaft, chipped at coronoid process. Left proximal 

radius and much of shaft, chipped on lateral head. Good 

condition. 

The Distal Humerus in the Phenacodontids 

The distal humerus in the phenacodontids is wider medio

laterally compared to shaft length than it is in the 

analogues. Compared to contemporary Eocene mammals, however, 

the distal humerus and trochlea are relatively narrow. The 

medial and lateral epicondyles project essentially medially 

and laterally and, in Phenacodus species but not in I. 

puercensis, also project slightly posteriorly. The trochlea 

is relatively shallow compared to those of the analogues on 

the anterior or flexor surface, although it is not as wide as 

the capitulum anteriorly. The depth of the trochlea varies 

posteriorly according to whether or not the epicondyles 

project posteriorly. See Figures 43-47. Thus, the trochlea 

is deeper in the Phenacodus species than in Tetraclaenodon. 

The capitulum in the phenacodontids is rounded--either 

spherical and narrow mediolaterally or barrel-shaped and wider 

mediolaterally. Proximal to the trochlea and capitulum is a 

supratrochlear foramen that is present in all cleaned and non-

--------_ .. _ ... -_ .... 
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restored specimens. There is a large entepicondylar foramen 

with a medial epicondylar ridge for the origin of the 

supracondylar head of the triceps brachii muscle. 

The distal humerus in Tetraclaenodon puercensis is 

relatively wide mediolaterally compared to the proximodistal 

length of the shaft. The medial epicondyle is very elongate 

in a mediolateral direction and does not project toward the 

poster ior or ex tensor surface. The lateral epicondyle is 

restored in this specimen and, alone, its size and posterior 

proj ec tion cannot be ascertained. There is no distinct 

lateral epicondylar crest, or evidence of one, but there is 

reconstruction in this area which may--although it appears to 

be unlikely--cover the base of a crest. The lack of posterior 

projection of the medial epicondyle on this specimen suggests 

lack of posterior projection in the lateral epicondyle. 

The capitulum is rounded both proximodistally and medio

laterally. It narrows as it wraps around distally and grades 

smoothly into the posterior trochlea. The trochlea is broad 

mediolaterally but shallow, especially posteriorly. 

The specimens of Phenacodus vortmani AMNH 4378 and USGS 

7159 and Phenacodus sp. eM 44854 are similar in the morphology 

of the distal humerus to I. puercensis and, for their 

robusticity and length, seem to be slightly narrower and, in 

some but not all, slightly compressed mediolaterally compared 

to I. puercensis. In these medium-sized specimens, that is, 

the smaller Phenacodus specimens, the total distal 

---------------.- - . 
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mediolateral width compared to humeral shaft length is 26% and 

24% in E. vortmani AMNH 4378 and USGS 7159 right side. 

In these specimens, the medial epicondyle is slightly 

less elongate mediolaterally, or is a smaller percent of the 

total mediolateral width compared to I. puercensis. It is 

more rugose, especially anteroposteriorly, and projects 

slightly posteriorly or toward the extensor surface, as do the 

lateral epicondyle and later~l posterior edge of the trochlea. 

As a result, the extensor or posterior part of the trochlea 

is deeper and more protected than in I. puercensis. In E. 

vortmani USGS 7159, the posterior projection is even greater 

than it is in E. vortmani AMNH 4378. In all of the smaller 

Phenacodus specimens there is a distinct, posteriorly 

projecting lateral epicondylar crest for the origin of 

anconeus and extensor carpi radialis. 

The trochlea in Phenacodus is similar proximally in width 

and depth to that in I. puercensis. There is, however, a 

slight spiraling of the line of greatest depth of the 

trochlear notch as it wraps around the distal humerus. On the 

flexor or anterior side, because it is next to the capitulum, 

the line of greatest depth of the trochlear notch is 

relatively medial in position. As the capitulum narrows, this 

line and the lateral edge of the notch both spiral laterally. 

The capitulum is subspherical and narrowed proximo

distally in these specimens compared to I. puercensis. 

The I arger spec imens of Phenacodus sp. (CM 23507, CM 

-.- --- ----------
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PU 14684), and 1 argest E. pr imaevus 
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primaevus (AMNH 4369, 

(AMNH 293) are very 

similar to the smaller Phenacodus specimens. Their distal 

mediolateral widths compared to shaft lengths are 29'l.-33'l. and, 

thus, are slightly wider mediolaterally compared to their 

shaft lengths than are the smaller Phenacodus specimens (24-

26'l.). In these larger Phenacodus specimens as in the smaller 

ones, there is variation in the apparent mediolateral 

compression of the distal humeri. It is compressed more in 

eM 23507 and 44857 #2 than in eM 44857 #1 and AMNH 293. 

The trochlea is similar anteriorly to those in the 

smaller Phenacodus specimens. In those specimens in which the 

distal ends are more compressed mediolaterally, the trochlea 

is slightly deeper and narrower. As in the smaller Phenacodus 

specimens, the medial epicondyle is rugose and does not extend 

as far media 11 y as it does in 1.. puercensis. It and the 

lateral epicondyle project slightly posteriorly, making the 

extensor side of the trochlea deeper than in 1.. puercensis and 

simi 1 ar to those in the sma 11 er Phenacodus spec imens. The 

lateral epicondylar crest is more robust and reflected more 

poster ior 1 y in the 1 arger Phenacodus spec imens than in the 

smaller. 

The capitulum varies in the larger Phenacodus specimens. 

I t is spherical in eM 23507 and 44857 #1 as it is in the 

smaller Phenacodus specimens, and it is less spherical and 

more barrel-shaped (less elongate proximo-distally) in eM 
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44857 #2 and AMNH 293. Thus, there seems to be, at least in 

the larger ones, some variation in whether the capitulum is 

more spherical or more barrel-shaped. 

The Proximal Ulna in the Phenacodontids 

In the phenacodontids the trochlear notch is robust with 

a large anteriorly projecting anconeal process (superior lip) 

and the smaller anteromedially and anterolaterally projecting 

coronoid processes. The trochlear notch consists of two 

surfaces which join wi thin the notch, making a ridge. See 

Figures 65-71. The wider lateral surface of the trochlear 

notch is continuous wi th the cup-l ike depression of the 

proximal radial head, and the two articulate with the 

capitulum of the 

continuous with 

humerus. The narrower medial surface is 

the medial, proximomedially facing, 

"downturned" section of the r"adial head and the two articulate 

with the medial side of the humeral trochlea. The ridge 

between the surfaces is continuous with a strong convexity on 

the anconeal process and with the ridge on the radial head. 

The ridges articulate with the narrow, constricted area of the 

trochlear of the humerus. 

The coronoid processes are joined by one continuous, 

wide, inverted "V"-shaped articular surface, the radial notch, 

for articulation with the posterior side of the radial head. 

This surface is not greatly elevated beyond the surface of the 

shaft. 
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The olecranon, measured from mid-trochlear notch, is long 

relative to the total olecranon plus shaft length (mid

trochlear notch to the distal end) in all phenacodontids 

compared to that in the carnivore analogues. The olecranon 

is rugose distally (at its tip) and curved medially in the 

phenacodontids, espec ia 11 y the posterior part of the 

olecranon, making a strong insertion site for triceps brachii 

and leaving a protected fossa for the origin of the ulnar head 

of flexor carpi ulnaris. Additionally in the phenacodontids, 

in lateral view the olecranon can be upright or tilted very 

slightly anteriorly or posteriorly, making a broad angle (the 

olecranon angle) with the shaft of the ulna. 

In the small, slender I. puercensis AMNH 2468, the two 

surfaces within the trochlear notch join at a broad convexity 

rather than a sharper ridge, making the transition between the 

two surfaces very smooth. The olecranon length is 251. of the 

length of the ulnar shaft plus olecranon. The distal rugosity 

on the olecranon for the insertion of triceps brachii is 

slightly more robust for its shaft size in I. puercensis than 

in the other phenacodontids. The orientation of the olecranon 

angle is very slightly toward the anterior or flexor surface. 

In the smaller Phenacodus specimens the two articular 

surfaces within the trochlear notch--for the capitulum and for 

the side of the trochlea of the humerus--are more distinct 

than in I. puercensis. 

a slight ridge. The 

They meet within the trochlea forming 

olecranon is long and of the same 

--------- "-""" 
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approximate size compared to the shaft plus olecranon as in 

1.. puercensis (e.g., 251. in E. vortmani AMNH 4378). The 

olecranon is expanded distally but is slightly more slender 

than that in 1.. puercensis, making the insertion of triceps 

brachii slightly less rugose compared to the shaft. The 

medial curvature of the olecranon leaves a slightly smaller 

fossa in the smaller Phenacodus specimens than in 1.. 

puercensis. The smaller Phenacodus specimens differ among 

themselves in the olecra~on angle. The orientation is 

sl ightl y anterior or toward the flexor side in Phenacodus 

vortmani USGS 7159, nearly straight in E. almiensis USNM 

16691, and slightly posterior or toward the extensor side in 

E. vortmani AMNH 4378. 

The larger Phenacodus specimens are similar to the 

smaller ones, but in most aspects are more rugose. The 

articular surfaces within the trochlear notch are even more 

distinct, making the ridge sharper where they join. The 

comparative,olecranon length is greater in E. primaevus PU 

14684 (301.) than in the other phenacodontids, perhaps at least 

an all ometr ic re I a tionshi p. The insertion site of triceps 

brachii in the larger specimens is rugose, but probably not 

more rugose than in the small er Phenacodus. The med ia I 

curvature of the olecranon is still less in the larger 

Phenacodus. This medial curvature and resulting fossa have 

decreased with the increasing size of the ulna in the 

phenacodontids. The olecranon is oriented toward the 

- - --.. -------------
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posterior in these larger specimens with some variation in 

exact orientation. 

The Proximal Radius in the Phenacodontids 

In all phenacodontids the proximal articular surface of 

the radius is oval i:1 outline and mediolaterally wide. It 

consists of the central to lateral cup-like depression for the 

articulation with the capitulum of the humerus, a small 

lateral extension from this depression that wraps around the 

lateral side of the capitulum, and a medially located, 

proximomedially facing, "downturned" facet that articulates 

with the medial side of the trochlea of the humerus. Between 

the two facets is a ridge which is continuous with the ridge 

within the ulna's trochlear notch. See Figures 69 and 72-76. 

(The proportions of the outline of the radial head in proximal 

view--the mediolateral and flexor-extensor dimensions--are not 

compared among the phenacodontids and between the 

phenacodontids and the analogues because of the difficulty in 

measuring both lengths with consistent accuracy. The 

mediolateral width of the head is compared only with shaft 

length) • 

On the posterior surface of the radial head is the smooth 

inverted "V"-shaped articular surface for the coronoid 

processes and radial notch of the ulna. This ulnar articular 

surface is nearly flat and is as broad mediolaterally as the 

radial head and as the entire radial notch in the ulna. When 

...... -_._---_._-----_. __ ... _ ... 
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the ulna and radius are articulated, the proximal radius is 

anterior to the ulna. The surfaces for articulation with the 

capitulum, the side of the trochlea, and the ridge between 

the two are aligned and continuous. With the radius in place 

the anconeal process and radius plus coronoid processes are 

subequal in prominence, making the total trochlear notch 

symmetrical in lateral view. 

In I. puercensis AMNH 2468, the proximal radius is medio

laterally wider compared to shaft robusticity than in the 

other phenacodontids. Width compared to shaft length is 

approximately 18%. As in the ulna, the ridge separating the 

articular surfaces for the capitulum and the trochlea is low 

and rounded. 

The articular surfaces are slightly less elongate medio

laterally in E. vortmani AMNH 4378 compared to shaft length 

( 16%) and robustic i ty than in I. puercensis. The ridge 

separating the articular surfaces in E. vortmani is, as in the 

ulna, slightly more distinct and acute than in I. puercensis. 

Relative mediolateral width of the proximal surface 

compared to shaft length is similar in Phenacodus sp. eM 44857 

(17%). In E. primaevus AMNH 4369 and PU 14684, the mounted 

specimens, both of which are larger arid more robust than eM 

44857, the proximal widths are greater compared to shaft 

length (22% and 24%). In the larger more robust specimens, 

Phenacodus sp. eM 44857 and E. primaevus AMNH 2961 and 15283, 

the ridge separating the two surfaces is even more prominent 

-------------_. __ .. -
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and more acute than in E. vortmani, reflecting both a 

spherical capitulum and a more sharply angled trochlea in the 

humerus. 

Posture and Movement at the Elbow Joint in the Phenacodontids 

In most phenacodontid specimens examined the elbow joint 

is not complete or may be slightly distorted, making 

comparative manipulation of the joints difficult. Complete 

elbow joints are present in I. puercensis AMNH 2468, but they 

are sl ightly distorted so that the radius and ulna cannot 

extend on the humerus; in E. vortmani AMNH 4378 and USGS 7159, 

which can be manipulated; and in E primaevus AMNH 4378 and PU 

14684, but they are mounted and manipulation is impossible. 

The proximal radius and ulna are nearly complete in E. 

primaevus AMNH 2961. In the other specimens one bone or the 

other is missing or right and left groups are mixed. Thus, 

the descriptions of posture and movement will be made 

especially for E. vortmani AMNH 4378 and USGS 7159, E. 

primaevus AMNH 2961, and, secondarily, from a combination of 

elbow specimens. 

In E. vortmani AMNH 4378, the position of maximum contact 

or stable weight-bearing at the elbow joint is approximately 

127 degrees measured on the anterior or flexor side. See 

Figure 49 and Table 3. From that position the joint can be 

extended to approximately 140 degr~es, excluding the curvature 

of the ulnar shaft, and flexed to approximately 55 degrees 
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At the I imi t of 

extension the anconeal process may have entered the very small 

supratrochlear foramen and increased the amount of extension, 

but it is difficult to be certain. The deep olecranon fossa, 

more extensive than the foramen, does, however, tend to allow 

greater extension than would a more shallow fossa. 

In USGS 7159 the foramen is larger and, at the limit of 

full extension, the anconeal process does pass into the 

supratrochlear foramen, but maximum extension allowed is no 

greater than that in ~. vortmani AMNH 4378. 

The larger Phenacodus specimens mounted at the American 

Museum of Natural History (4369) and Princeton University 

(14684) are mounted with the elbow joint at approximately 115 

degrees, which may be'the position of maximum contact, and is 

slightly more flexed than that measured here for ~. vortmani 

AMNH 4378. 

During flexion and extension in ~. vortmani AMNH 4378 and 

USGS 7159, the capitulum is kept within its groove in the 

lateral trochlear notch of the ulna and within the proximal 

depression and lateral lip on the radius. The medial side of 

the humeral trochlea moves against the medial surface of the 

ulna's trochlear notch and the radial head, while the greatest 

depth of the humeral trochlea moves on the ridge formed by the 

intersections of the two surfaces on the trochlear notch and 

radial head. 

The relatively long olecranon and the rugosity at its 

----- ._---- . --
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distal end and the epicondylar crest in the Phenacodus 

specimens suggest a strong triceps brachii complex and strong 

extension of the elbow joint in E. vortmani and in all 

phenacodontids. The long olecranon is approximately the in

lever for the triceps brachii, and the ulnar shaft plus manus 

correspond to the approximate out-lever. Within the 

phenacodontids, the relatively shorter in-lever and longer 

out-lever in I. puercensis and E. vortmani compared to that 

in the 1 arger Phenacodus spec ies suggests greater capabi 1 i ties 

for speed based on these proportions in the sma 11 er, more 

slender phenacodontids. The longer in-lever and shorter out

lever in the larger Phenacodus species suggest greater 

capabilities for power than speed. 

Additionally, the very slight posterior orientation of 

the olecranon in E vortmani AMNH 4378 may enhance mechanical 

advantage when the antebrachium is relatively extended, 

important in quadrupedal running and walking. Phenacodus 

vortmani USGS 7159 does not have this posteriorly oriented 

olecranon, but an anteriorly bent olecranon. The distinct 

posterior orientation of the olecranon in the mounted 

specimens of E. primaevus AMNH 4369 and PU 14684 as well as 

AMNH 15283 and Phenacodus sp. eM 44857 is similar to that in 

E. vortmani AMNH 4378. 

The spiraling of the greatest depth of the trochlea 

results in a very slight medial turning of the antebrachium 

on extension and lateral turning during flexion, possibly 

-------- .. _-- -- -
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allowing the manus to avoid the ground during recovery. 

The articulation of the proximal radius across the entire 

mediolateral width of the distal humeral articular surface 

with its corresponding grooves and ridges, and especially the 

articulation of the medial down turned radial head on the side 

of the trochlea and the curve of the radial head laterally 

around the capitulum, restrict supination. There is room for 

a very slight amount of rotational "play" but not real 

supination. 

The small medial coronoid process on the ulna does not 

come between the radial head and the trochlea of the humerus 

as it does in the carnivores, in them making the only 

articulation of the radius with the humerus to be at the 

capitulum. Instead, the medial facet of the proximal radial 

head is flexor or anterior to the small medial coronoid 

process, and together they make the articular surface for the 

trochlea of the humerus. 

Thus, in spite of the rounded capitulum, supination is 

restricted or prevented in the phenacodontids. In fact, the 

variation in the shape of the capitulum in the larger 

Phenacodus specimens--whether spherical or barrel shaped--has 

no effect on rotation at the elbow joint. Thus, the elbow 

joint is stable in the phenacodontids. It is broad 

mediolaterally with many points of contact between the distal 

humerus and the proximal radius and ulna. The radio-ulnar 

articulation, though movable, is also broad. The radius and 
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ulna together make a deep trochlear notch that adds to the 

stability of the elbow joint. In the humerus of the 

Phenacodus specimens, the slight posterior projection of the 

medial and lateral epicondyles and edge of the trochlea add 

to the posterior trochlear depth and to joint stabi I i ty, 

especially for extended positions of the antebrachium. 

Additionally, the joint stability is enhanced in the 

medium sized and larger Phenacodus specimens such as USGS 7159 

and eM 23507 and 44857 #2, in which the distal humerus seems 

to be compressed mediolaterally. In these specimens the 

sharper angle in the depth of the humeral trochlea and the 

correspondingly more acute ridge in the ulnar trochlear notch 

and on the proximal surface of t~e radius add to stability and 

ensure that supination does not occur. The larger and smaller 

Phenacodus specimens together are more stable compared to I. 

puercensis because of greater trochlear depth posteriorly, due 

to the posterior projection of the epicondyles. 

The medial and lateral epicondlyes provide the sites of 

origin of some flexors and extensors of the carpus and digits. 

The lateral epicondylar crest is the site of origin of 

anconeus and extensor carpi radialis. The slight posterior 

projection of the epicondyles and lateral epicondylar crest 

in E.. vortmani AMNH 4378 adds some mechanical advantage, 

especially to the extensors of the antebrachium and palmar 

flexors of the carpus. The posterior projection (rather than 

medial or lateral) also removes some mechanical advantage of 
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any pronation or supination. Thus, E. vortmani with the 

posterior projection of the epicondyles and stronger lateral 

epicondylar crest has greater mechanical advantage for these 

carpal and digital palmar flexors, and extensors of the 

antebrachium than does I. puercensis, in which the epicondyles 

are not projected posteriorly and the lateral epicondylar 

crest probably is not present. The epicondyles in the larger 

specimens are similar to those in E. vortmani, and the lateral 

epicondylar crests are more pronounced. 

Additionally, the deep fossa for the origin of flexor 

carpi ulnaris, made by the medial inclination of the 

olecranon, present in all but relatively larger in the smaller 

phenacodontids, suggests strong palmar flexion at the wrist. 

Thus, both the posterior projection of the epicondyles and the 

deep fossa for flexor carpi ulnaris, suggest strength in 

carpal and digital flexion. This is important in propulsive 

thrust at the end of the support phase of the stride and 

protraction during recovery, to keep the manus from scraping 

the ground. 

Comparison of the Elbow Joint to the Extant Analogues 

The Distal Humerus in the Extant Analogues 

The distal humeri in the analogues vary in relative 

mediolateral width compared to shaft length. All have a 

narrower distal width/shaft length ratio than the larger 

Phenacodus specimens E. primaevus AMNH 293, AMNH 4369, and PU 

-"- --""- -----------



245 

14684 (31-331.), which have short humeri compared to the 

vertebral column. The largest ratios among the analogues, 

those in ~. hydrochoerus (271.) and ~. luscus (291.) are close 

to those of the medium sized Phenacodus specimens, eM 44857 

#1 and #2, (291. and 301.) and slightly larger than those of the 

smaller ones, E. vortmani AMNH 4378 (261.) and USGS 7159 (241.). 

All other distal width/shaft length ratios in the extant 

specimens are smaller than those of the phenacodontids. They 

are: ~. latrans (181.), ~. rufus (191.), E. lotor (211.), and E. 

capensis (191.). Some of this lower ratio in the analogues may 

be related to the relatively slender and longer humerus 

compared to the vertebral column. See Figures 57-63. 

In ~. luscus, E. lotor, and ~. rufus, as in the 

phenacodontids, there is a prominent medial epicondyle with 

a supracondylar foramen and ridge. The medial supracondylar 

ridge is the site of the origin of the supracondylar head of 

triceps. The lateral epicondylar crest, the site of the 

origins of anconeus and extensors of the wrist and digits, is 

prominent in E. lotor and ~. luscus, as in the phenacodontids, 

and less so in ~. rufus and ~. latrans. 

In all of the analogues, as in the Phenacodus specimens 

but not in I. puercensis, the lateral epicondyle, medial 

epicondyle, and edge of the trochlea are projected toward the 

posterior or extensor surface. The position of the 

epicondyles and the distal mediolateral compression is closest 

in E. lotor to the condition in the Phenacodus specimens of 
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all sizes. They project more posteriorly in ~. rufus and ~. 

luscus, and even more so in ~. latrans. 

The capitulum in the carnivores is not as spherical as 

it is in the phenacodontids. In ~. lotor and ~. rufus it is 

barrel-shaped, more rounded in tl. hydrochoerus, and narrower 

in ~. latr~. In~. luscus and more strongly in ~. latrans 

and in tl. hydrochoerus there is a proximolateral extension or 

flange on the capitulum that is joined to the main part of the 

capitulum at a shallow groove. This groove wraps or continues 

distally but becomes more shallow and is not distinguishable 

from the capi tulum by the distal end of the humerus. In tl. 

hydrochoerus the proximal part of this groove is almost as 

distinct as the trochlea. 

In ~. capensis the capitulum is relatively flat, 

resembles the medial side of the trochlea, and is 

approximately as wide mediolaterally as the side of the 

trochlea, making the greatest depth of the trochlea nearly 

centrally placed with respect to the medial and lateral edges 

of the articular surface. 

The trochlea is similar in the analogues to that in the 

phenacodontids. In~. luscus and ~. rufus the medial side of 

the trochlea is slightly broader than in the phenacodontids 

or the other analogues. The greatest depth of the trochlea 

spirals laterally as it wraps distally in most of the 

analogues as in the phenacodontids. The spiraling is slight 

in ~. capensis, in which the groove is centrally located 
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between the capitulum and medial side of the trochlea. 

There are supratrochlear foramina connecting the radial 

or coronoid and the olecranon fossae in the specimens of ~. 

latrans, tl. hydrochoerus, and E. capensis. 

~. luscus the olecranon fossae are deep. 

In 6,. rufus and 

The Proximal Ulna in the Analogues 

In all of the carnivores the trochlear notch is very 

robust. The coronoid process is more rugose and is raised 

from the surface of the shaft compared to the condition in the 

phenacodontids. The medial part of the coronoid process is 

especially large. It extends anteriorly rather than 

anteromedially, causing the radial articular surface or radial 

notch to face anterolaterally. See Figures 80-83. 

In tl. hydrochoerus and E. capensis, as in the 

phenacodon tids, the coronoid process and rad ial articu I ar 

surface are weak and are not elevated greatly above the 

surface of the shaft. They face more anteriorly, especially 

in E. capensis, than in the carnivores and in that way also 

are I ike the phenacodontids. In Tapirus the coronoid notch 

is roughened and grooved, fitting very tightly with the 

posterior aspect of the radial head and preventing any 

rotation at the joint. See Figures 77-79. 

The two articular surfaces within the trochlear notch-

for articulation with the capitulum laterally and the side of 

the trochlea medially--are distinct in all of the extant 

--------- ._-. --' 
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analogues. The two surfaces join in a fairly sharp ridge 

similar to that in the phenacodontids (still an obtuse angle) 

in ~. I atrans and in a broader ridge in the others. I t is 

especially low and broad in E. capensis. In the carnivores, 

in contrast to the phenacodontids, all of the anterolaterally 

facing radial notch is associated with the lateral surface of 

the trochlear notch which articulates with the capitulum. 

The olecranon is shorter relative to the ulnar shaft plus 

olecranon lengths in all of the carnivores compared to the 

phenacodontids. The ratios are: ~. latrans (141.), ~. rufus 

(151.),12.. luscus (171.), and E. lotor (131.). The ratios in 

Tapirus terristris (24.51.), !i. hydrochoerus (241.), and E. 

capensis (251.) are very close to those in the medium sized and 

smaller phenacodontids (~251.). 

The orientation of the olecranon is toward the posterior 

in ~. latrans and !i. hydrochoerus. In fact, in these 

analogues, as it is to a lesser degree in the Phenacodus 

specimens, the entire ulnar shaft is concave posteriorly as 

is the olecranon. The olecranon is nearly straight in ~. 

rufus and E. capensis, and oriented slightly anteriorly in 12.. 

luscus. It is inclined medially in all of the analogues (as 

it is in many other mammals), especially in 12.. luscus, leaving 

a fossa for the ulnar head of flexor carpi ulnaris. 

The Proximal Radius in the Analogues 

In the carnivores the proximal end of the radius is 

----- ._----------_ .. __ . -_. - _. 
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elliptical in outline with a single depression for the 

capitulum of the humerus. The proximal surfaces range in 

outline from nearly circular in ~. lotor through ~. rufus, ~. 

latrans, to strongly elliptical with the long axis oriented 

mediolaterally in ~. IUscus. See Figures 87-90. 

The proximal surface is more complex in I. terristris, 

ti. hydrochoerus, and ~. capensis and closer to the condition 

in the phenacodontids. See Figures 84-86. In them it is wide 

mediolaterally, with the depression for the capitulum being 

central in ti. hydrochoerus and lateral as in the 

phenacodontids in I. terristris and ~. capensis. A medial 

surface faces proximomedially in Hydrochoerus and Procavia, 

and in Hydrochoerus, a smaller lateral surface faces proximo-

laterally. These surfaces are separated by ridges from the 

depression for the capitulum. 

In ~. latrans there is a very small facet on the medial 

edge of the radial head that articulates with the medial side 

of the humeral trochlea. It is much smaller than the medial 

"downturned" facet in the phenacodontids. 

On the posterior surface of the radia I head is the 

proximal articular surface for the ulna. I t is smooth and 

convex in the carnivores and spans the entire posterior 

surface, or in ~. latrans, most of it. In ti. hydrochoerus the 

proximal ulnar surface is reduced in size. It is convex and 

smooth but covers only the posterolateral part of the head. 

In the specimen of ~. capensis examined the radius and ulna 
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are fused at mid-shaft and the proximal radio-ulnar surfaces 

cannot be seen. The ulnar articular surface is elongate 

mediolaterally and covers the entire posterior surface of the 

radial head. 

The ratios of the mediolateral width of the radial head 

compared to shaft length are given in Appendix F. 

are smaller in the carnivores (8-101.) than 

The ratios 

in the 

phenacodontids (16-241.), and similar in ~. hydrochoerus (151.) 

and E. capensis (181.). The relative width of the radial head 

in I. terristris is greater than in the phenacodontids. 

Articulation at the Elbow Joint in the Analogues 

In the carnivores, when the humerus, ulna, and radius are 

articulated, the proximal radius is located anterolateral to 

the proximal ulna, rather than being directly anterior or 

flexor in position as it is in the phenacodontids. It does 

not extend medially to the edge of the trochlea as it does in 

the phenacodontids. In the carnivores, especially in b.. 

rufus, the large medial coronoid process of the ulna comes 

between the radial head and the side of the trochlea, 

preventing contact or more than superficial contact of the 

radial head and the side of the trochlea. Thus, the humerus 

and radius articulate only (or largely, in ~. latrans and ~. 

luscus) at the capitulum on the humerus and depression for the 

capitulum on the proximal radial head. The posterior surface 

of the radial head articulates with the radial notch of the 

------------ -- -_. 
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ulna. 

In I. terristris, ti. hydrochoerus, and E.. capensis, in 

contrast to the carnivores but like the phenacodontids, the 

prox ima I radi i are posi tioned on the an ter ior or flexor 

surfaces of the proximal ulnae. As in the phenacodontids, the 

corresponding surfaces in the radius and ulna articulate as 

a unit with the humerus: 1) the medial side of the trochlea, 

the medial surface of the trochlear notch, and the down turned 

medial part of the radial head, 2) the depth of the trochlea 

of the humerus and the ridge between surfaces on the ulna and 

radius, 3) the capitulum of the humerus, the lateral surface 

of the trochlear notch, and the depression on the proximal 

surface of the radial head. 

In ti. hydrochoerus there are two surfaces on the radial 

head that do not correspond to surfaces on the ulna and that 

articulate directly with the humerus: the lateral flange on 

the capitulum and the small lateral down turned surface of the 

radial head, and the small lateral "trochlea" between the 

capitulum and the lateral flange and the corresponding small 

ridge on the rad ia I head. As in the phenacodon tids, the 

radial articular surface spans the entire mediolateral width 

of the distal articular surface of the humerus. 

In E.. capensis there is no corresponding lateral 

extension or flange on the capitulum of the humerus and no 

1 atera 1 down turned part of the radia I head. Instead, the 

lateral edge of the depression for the capitulum is upturned, 

- - - . __ .. ----------------. __ .- -- .. _-
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as in the phenacodontids,. and wraps latera 11 y around the 

capitulum. 

Posture and Movement at the Elbow Joint in the Analogues 

In the analogues, the approximate positions of maximum 

extension of the elbow joint, measured on the flexor surface 

wi th a protrac tor, are compared in Tab 1 e 3 wi th tha t of 

Phenacodus vortmani. 

In the three analogues with supratrochlear foramina, the 

anconeal processes of the ulnae do pass at least partially 

through the foramina at maximal extension, allowing greater 

maximal ex tension than otherwise wou 1 d have been possibl e. 

In ~. latrans the anconeal process penetrates further than in 

tl. hydrochoerus or E. capensis. In the remaining carnivores 

the deep olecranon fossae allow similar degrees of extension. 

During flexion and extension in the carnivores the head 

of the radius articulates with the humerus only at the 

capitulum, except, as mentioned, in ~. latrans and ~. luscus, 

in which there is some articulation between the medial edge 

of the radial head and the medial side of the humeral 

trochlea. The most stable part of the joint is the humero-

ulnar articulation, although there is some mediolateral "play" 

in this joint. 

The relatively shorter olecranon and the longer ulnar 

shaft plus manus make a shorter in-lever and longer out-lever 

compared to the cond i tion in all phenacodon tids, even the 

----- ----. -- .. _-
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smaller, more slender ones such as I.. puercensis and E.. 

vortmani. Thus, the carnivores in general are, by these 

proportions, more adapted to speed than are the 

phenacodontids. 

The posterior orientations of the olecranon in ~. latrans 

and tl. hydrochoerus, give greater advantage to extensors of 

the forearm when the forearm is already somewhat extended, a 

mechanical advantage important in running. In other 

analogues, the olecranon orientation is straight or more 

anterior. In these animals the extensors of the forearm have 

greatest advantage when the forearm is not very extended, an 

advantage important in climbing (Van Valkenburgh, 1987). 

As in the phenacodontids, the slight spira I ing of the 

greatest depth of the trochlea in the carnivores and tl. 

hydrochoerus results in a very slight medial turning of the 

antebrachium on extension and lateral turning on flexion. 

This twisting may enhance clearance of the manus from the 

ground during recovery. There is negligible twisting 

associated with the more symmetrical distal humerus in E.. 

capensis. 

In most of the carnivores and less so in ~. luscus, the 

mediolaterally narrower radial head, proximally consisting 

largely of the depression for the capitulum, the large medial 

coronoid process on the ulna which prevents the radial head 

from articulating with the side of the humeral trochlea, and 

the smooth convex-concave radio-ulnar articulation allow 
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pronation and supination of the antebrachium on the humerus. 

During rotation, the proximal surface of the radial head 

pivots on the capitulum while the side of the radial head 

turns in the ulna's radial notch. 

In ~. latrans rotation is more restricted than in the 

other carnivores because: 1) The lateral flange on the 

capitulum is slightly more developed and may interfere when 

the elbow is flexed. (It is not as developed as it is in !:t. 

hydrochoerus, however). 2) On the radial head, the ulnar 

articular surface is not as wide mediolaterally as the head 

itself. There is a slight depression on the lateral edge of 

the radial surface into which the lateral coronoid process 

fits at the I imi t of pronation, forming a "stop facet" to 

continued pronation. The smaller medial depression likewise 

helps limit supination. 3) . The radio-ulnar articular 

surfaces are not smoothly convex-concave but slightly more 

angular, resulting in imperfect fit beyond a small degree of 

pronation and supination. 

Thus, at the elbow joint, the carnivores can flex, 

extend, pronate, and supinate the antebrachium on the 

brachium. The range of supination is greater in ~. rufus and 

E. lotor than in ~. latrans. 

Supination is restricted in !:t. hydrochoerus and E. 

capensis as they are in the phenacodontids by similar 

mechanisms. In both, rotation of the radius is prevented by 

the mediolaterally wide radial head that articulates with the 

--------_ .. _- -- . -" .-
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humerus across its entire width and by the down turned medial 

surface of the radial head and ridge that articulate with the 

side and depth of the trochlea. The two analogues differ in 

the structure of the lateral side of the elbow joint, but both 

structures help prevent rotation. In t!.. hydrochoerus the 

lateral flange of the capitulum and the lateral facet of the 

radial head form a new "trochlea" and ridge. In E. capensis 

the proximolateral extension of the radial head wraps around 

the side of the trochlea and helps prevent rotation. That 

morphology and function in E. capensis are very similar to the 

condition in the phenacodontids. 

The most stable elbow joints among the analogues are 

those most similar to the phenacodontids, t!.. hydrochoerus and 

E. capensis. In the carnivores, the lesser stability is 

associated with morphology allowing rotation as 

all analogues, the 

well as 

posterior flexion and ex tension. In 

proj ec tion of the epicondy I es adds to troc h I ear depth and 

joint stability. Thus,~. latrans with its prominent 

posteriorly projecting epicondyles, deep posterior trochlea, 

and lesser rotation has a very stable elbow joint in weight

bearing, flexion, and extension. 

Stabi I i ty in the joint, restr ic tions to f I ex ion and 

extension, and broad radio-ulnar articulations are features 

that are present in some but not all runners. These features 

are presen t in runners that do not tend to climb or use 

motions that require pronation and supination. 
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The posterior projection of the epicondyles and lateral 

epicondylar crests in the analogues add mechanical advantage 

to the extensors of the antebrachium and palmar flexors of the 

carpus and manus (e.g., anconeus that originates on the caudal 

aspect of the lateral epicondyle and part of the medial 

epicondyle and flexor carpi radialis that originates in part 

on the medial epicondyle). The advantage is greater in ~. 

luscus, ~. rufus, and especially in ~. latrans in which the 

posterior projection of the epicondyles is greater than in the 

phenacodontids. 

crest may be 

climbing. 

In E. lotor the strong lateral epicondylar 

associated with extensor strength during 

Thus, the carnivores have elbow joints that are 

morphologically suited for strong flexion and extension, 

especially ~. rufus and ~. latrans, and for pronation and 

supination, especially E. lotor and ~. rufus. The non-

carnivores tl. hydrochoerus and especially E. capensis cannot 

rotate the antebrachium at the elbow joint, and in that 

respect, are similar to the phenacodontids. 

The Antebrachium 

The anteorachium consists of the radius and ulna whether 

separate or fused and whether or not one bone is reduced in 

length or robusticity compared to the other. 

In the phenacodontids the radius and ulna are not fused 

anywhere along their shafts, nor is one bone reduced in size 

---_. __ ... --_.- ... _ ...... - -_._-----_._---
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compared to the other. They are of approximate equal 

robusticity, with the ulna being only slightly larger in 

cross-section than the radius. They are more robust in the 

larger, heavier, and shorter-limbed of the Phenacodus 

primaevus specimens than in the smaller, more slender E. 

vortmani and especially I. puercensis. See Figures 65-76. 

In the Phenacodus specimens the cross-section of the 

proximal radial shaft is elliptical with the long axis 

oriented mediolaterally, as in the proximal articular surface. 

The distal half of the radial shaft has a proximodistal ridge 

on the posterior surface, giving the distal radial shaft 

almost a triangular cross-section. This ridge is distinct in 

the larger E. primaevus AMNH 2961 and in the smaller E. 

vortmani AMNH 4378 and USGS 7149. The ridge is in a position 

to add strength against compressional and bending stresses 

associated with locomotion. The mid-shaft cross-sectional 

shapes of the ulnae are triangular in the phenacodontids, also 

adding strength against compressional and bending stresses. 

In ~. latrans, k. rufus, and E. lotor the distal ulna is 

reduced in cross-sectional area compared to its own proximal 

si ze and to the dista 1 radius. It is not substantially 

reduced in ~. luscus, nor reduced at all in tl. hydrochoerus 

and E. capensis. In the carnivores, the radius and ulna are 

relativ~ly longer compared to the vertebral column and more 

slender than in the phenacodontids. In~. latrans, k. rufus, 

and E. capensis the mid-shaft cross-sections of the radial 
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oriented 

mediolaterally, as in the phenacodontids. In these specimens, 

most of the length of the shaft has a similar cross-sectional 

shape, without the proximodistal ridge, in contrast to the 

phenacodontids. The mediolaterally oriented elliptical shape 

suggests resistance to uni lateral bending stresses. In E. 

lotor and ~. luscus the shafts are more rounded, suggesting 

resistance to bending stresses from all directions. The 

promin~nt posterior ridge in the phenacodontids also is 

present in tl. hydrochoerus; a smaller ridge is postero

laterally located in ~. luscus. 

The mid-shaft cross-sectional shapes of the ulnae are 

triangular in ~. latrans to diamond-shaped in tl. hydrochoerus. 

They are more elliptical with the long axes of the ellipse 

oriented nearly anteroposteriorly in ~. rufus, ~. luscus, E. 

lotor, and 

compression 

locomotion. 

E· 
and 

capensis, in all adding resistance to 

bending stresses probabl y associated wi th 

In E. vortmani AMNH 4378, and in E. primaevus AMNH 2961, 

and the mounted specimens PU 14684 and AMNH 4369, the shafts 

of the radius and ulna have a posterior or extensor concavity 

which follows the posterior orientation of the olecranon 

angle. A similar curvature occurs in all of the analogues, 

especiall y distall y, and is most pronounced in ~. I atrans. 

It increases the degree of forearm extension effective at the 

distal end compared to the extension actually occurring at the 

--------_ .. _ ... _- ... .-
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elbow joint, thus increasing stride length. The curvature 

also may function to increase stresses for relatively low 

forces, allowing remodeling of the bone and avoiding fracture 

later due to larger stresses (Lanyon and Rubin, 1985). 

In the phenacodontids, the radius lies anterior to the 

ulna proximally, and in normal pronated position, is medial 

to it distally. In the carnivores in pronated position, the 

radius is anterolateral to the ulna proximally and medial to 

it distally. The position in tl. hydrochoerus and E. capensis 

is similar to that in the phenacodontids, anterior proximally 

and medial distally compared to the ulna. 

The Distal Radio-Ulnar Joint 

The distal radio-ulnar joint is not well preserved in 

most of the phenacodontid specimens. I t is present and 

complete in I. puercensi~ AMNH 2468, E. vortmani AMNH 4378, 

and E. primaevus AMNH 2961. It can be manipulated in the 

latter two specimens. The distal radius is preserved in E. 

vortmani USGS 7159 (left and right) and eM 44857. 

The distal radius is robust in the phenacodontids. The 

ulnar articular surface on the radius is relatively small, 

flat to concave, and located on the lateral side of the distal 

robustici ty. I t articulates wi th the radial facet on the 

medial side of the distal ulna which is a slight swelling near 

the end of the shaft that is not raised much from the shaft 

surface. 

-------_._ .. -- . 
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There is little movement at the distal radio-ulnar joint 

in the phenacodontids. 1) The distal radial facet on the ulna 

is not very distinct from the rest of the shaft. Thus, when 

articulated, the radius and ulna are close together, leaving 

very little room for rotation. 2) The facets are not smoothly 

convex and concave. 3) The proximal radio-ulnar joint 

prevents rotation. 

In ,the carnivores, the distal articular facets are more 

distinct than they are in the phenacodontids. The radial 

facets on the ulnae are on short processes, except in Q.. 

latrans, which remove them from the direct line of the shafts. 

Thus when articulated, the shafts of the radii and ulnae are 

not as close to each other, allowing rotation. In addition, 

the articular surfaces are more convex and concave than in the 

phenacodontids, making rotation smoother. In all carnivores 

except Q.. latrans, there is a distal component of the radial 

articular surface on the ulna and a corresponding proximal 

component on the ulnar articular surface on the radius, 

transmitting some of the weight to the distal radius. 

In Canis latrans the distal radial and ulnar articular 

surfaces are smooth, shallowly convex and concave, and close 

to the surface of the shafts, leaving 'less room for rotation 

than in the other carnivores. In that respect, Q.. latrans is 

more like the phenacodontids. 

The distal articular surfaces in tl. hydrochoerus are even 

more similar to those in the phenacodontids. The radius is 

... - -- --_ .. ------------"-,, -- ". -
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robust distally with the ulnar articular surface being on the 

lateral edge of the rugosity. 

sl ightl y concave and is not 

The surface is flat to very 

smooth. The distal ulna is 

inflated at its metaphyseal boundary, beyond which it narrows. 

The rough, slightly convex radial articular surface is in the 

narrower part of the distal ulna beyond the metaphysis. When 

the bones are articulated, the inflated part of the distal 

ulna fits into a distal concavity on the radius. Rotation 

does not seem to be easy, but it is probably supressed largely 

at the elbow joint. 

In E capensis the distal radio-ulnar articular surfaces 

are broad and nearly flat, helping stabilize the immovable 

joint. 

The Carpal Joints 

Three sets of joints are important in the carpus--the 

proximal, middle, and distal carpal joints. The proximal 

carpal joints, between the distal radius and ulna and the 

proximal row of carpal bones, are the radioscaphoid, radio

lunate, (or radio-scapholunate), and the ulno-cuneiform. The 

mid-carpal joints are between the proximal row of carpals: the 

scaphoid, lunate (or scapholunate), and cuneiform (ulnare, 

triquetrum), and the distal row: the trapezium, trapezoid, 

magnum, and uncinate (hamate). 

between the distal row and 

The distal carpal joints are 

the proximal surfaces of the 

metacarpals. The pisiform is a carpal bone in the proximal 

----- ------ ---
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row that extends posteriorly or toward the palmar side and 

articulates proximally with the cuneiform. See Figure 91. 

Because the mammals discussed here are quadrupeds, the 

correct anatomical position is that of a quadruped standing 

on all four limbs. Thus, in the carpus and manus, the medial 

side is the side of the distal radius, the scaphoid, 

.trapezium, and first metacarpal. The lateral side is the side 

of the distal ulna, the cuneiform, uncinate, and fifth 

metacarpa I • 

Phenacodontid Carpal Joint Material Available, 

Its Preservation and Completeness 

Tetraclaenodon puercensis AMNH 2468 Distal right 

radius and ulna, good condition. AMNH 2468 and 2547a Nearly 

complete carpal bones, good condition. 

Phenacodus vortmani AMNH 4378 Left radius and ulna, 

very good condition. Carpals are all artificial. 

Phenacodus vortmani USGS 7159 Left and right distal 

radii. Right radius is in very good condition. 

Phenacodus sp. USGS 7146 Scaphoid, lunate, uncinate, and 

piciform, good condition. 

Phenacodus sp. CM 44857 Distal radius, good condi tion. 

Other bones of the carpal joint are not present. 

Phenacodus primaevus AMNH 2961 Left ulna and radius, 

fair condition. Left manus, including most carpals, 

metacarpals, and phalanges, nearly complete. Very good 



condition. 

263 

Cuneiform not present; uncinate with slight 

restoration on the lateral side; and lunate missing the 

posterior tubercle. 

Phenacodus primaevus AMNH 4369 Mounted specimen, 

very good condition. Right and left sides present including, 

at least on one side, the distal radius and ulna, all carpals, 

metacarpals, and phalanges with the exception of CP V. 

Phenacodus primaevus AMNH 15262 Distal radius, good 

condition. Other bones of carpal joint are not present. 

Phenacodus primaevus PU 14684 Mounted specimen, 

nearly complete, very good condition. 

Proximal Carpal Joints 

Distal Radius and Ulna in the Phenacodontids 

The distal radius in the phenacodontids is robust with 

distinct articular surfaces for the scaphoid and lunate that 

are concave flexad-extensad and mediolaterally. The articular 

surface for the lunate on the anterior lateral side is the 

larger, deeper, and more distinct, having a sharp ridge as its 

anterior border and a smaller ridge as its posterior border. 

The articular surface for the scaphoid on the posteromedial 

side, is smaller and shallower with less distinct borders. 

On the flexor side of both facets is a smooth convex lip that 

is continuous with the facet for the scaphoid but separated 

from the facet for the lunate by the posterior ridge. This 

lip continues medially around the edge of the scaphoid facet. 

--__ .____ _0 
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The styloid process of the ulna is robust with a 

cylindrically-shaped articular surface in I. puercensis AMNH 

2468 and E. primaevus AMNH 2961. It is relatively longer in 

I. puercensis than in E. primaevus, and it is more robust in 

E. primaevus. In E. vortmani AMNH 4378 the articular surface 

is knob-like in shape, or less elongate. In I. puercensis the 

cylindrical articular surface wraps around anterolaterally. 

In E. vortmani AMNH 4378 and E. primaevus AMNH 2961 the side 

of the articular surface wraps around posteromedially.9 

Proximal Carpals in the Phenacodontids 

Most of the proximal c~rpals are preserved in I. 

puercensis AMNH 2468 and 2547a and in E. primaevus AMNH 2961. 

Neither specimen, however, includes a cuneiform. Phenacodus 

sp. USGS 7146 includes the scaphoid, lunate, and pisiform on 

the proximal row. The phenacodontid carpals are described 

together. 

The scaphoid and lunate are sturdy, broad, and block-like 

on the extensor surface wi th narrower tuberc les extending 

posterolaterally in the scaphoid and posteriorly in the 

9 1. puercensis AMNH 2468 seems to have been repaired 
incorrectly. That is, the distal end of the ulna may be rotated 
approximately 180 degrees compared to the rest of the shaft. In 
the modern carnivores, the distal articular surface on the ulna 
articulates mediodistally with the proximal anterolaterally facing 
facet on the cuneiform. If the distal facet on the ulna faces 
laterally and anteriorly, as it does on the Tetraclaenodon 
puercensis AMNH 2468 specimen, this articulation with the cuneiform 
would be impossi~le. 

-~ -----.-.... - -~~ .. -- --- -- --... --.------~,----- -~ --
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lunate. See Figure 91. 

The proximal surface of the scaphoid wraps around the 

edge of the proximo-ex tensor margin, is convex and nearl y 

cyl indrical toward the extensor surface, is concave central I y, 

and is slightly convex at the flexor surface. The proximal 

surface on the lunate is an inf lated convexi ty that ends 

abruptly at its posterior margin (at the posterior tubercle) 

but wraps around to the anterior surface at its proximo

extensor margin. 

The articular surfaces between the scaphoid and lunate 

are small and nearly flat. The pisiform is long and robust. 

Posture and Movement at the Proximal Carpal Joint 

In the Phenacodontids 

The rugose distal radius and styloid process of the ulna 

and the broadly concave and convex articular surfaces indicate 

that the distal radioscaphoid and radiolunate joints 

especially and the distal ulnar-cuneiform joint are weight

bearing. Stable weight-bearing position seams to be at a 

position that is just slightly flexed from 180 degrees. The 

robust distal facet on the ulnar styloid process is more. 

strongly weight-bearing in E. primaevus AMNH 2961 than in the 

smaller phenacodontids, perhaps a result of size. 

When aligned side-by-side, the convex proximal surfaces 

of the scaphoid and lunate make a hemi-cylindrical surface for 

articulation with the distal radius. This surface suggests 
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that most motion at the joint is in the flexor-extensor 

direction. Limited medial and lateral deviation, accomplished 

by the lateral and medial sliding of the scaphoid and lunate 

on the distal radius, is not prevented by stop facets, only 

by the poor fitting of the joint surfaces beyond weight

bearing posi tion. The continuation of the joint surface 

around the proximo-extensor edge of the bones suggests that 

a small degree of hyperextension beyond stable weight-bearing 

position is possible. The sharp ridge on the radius at the 

extensor edge of the lunate and scaphoid facets may function 

as a "stop", however, and suggests that extension is limited. 

Flexion is not as limited, however. The posterior lip 

associated with the scaphoid and lunate facets on the distal 

radius and the posterior tubercles on both the scaphoid and 

lunate suggest that at the more extreme degrees of flexion, 

the tubercles of the scaphoid and lunate fold upward onto the 

posterior carpal margin on the radius. In this position, as 

the anterior margins of the joint surfaces separate from each 

other, joint stability is assured. 

not measured here because there 

The degree of flexion is 

is not a bony 1 imi t to 

flexion. Extreme flexion would have been limited at least by 

the interference of the soft tissue on the palmar side of the 

manus and the posterior side of the distal crus. In order for 

the posterior edge of the facets on the radius to flex at the 

concave part of the proximal scaphoid surface, the scaphoid 

(and presumably the lunate) would have to slide extensad. 
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This hinge may allow the manus to be flexed during propulsive 

thrust and during protraction to avoid scraping the ground. 

The cylindrical or knob-shaped surface on the distal 

styloid process of the ulna suggests a role in flexion and 

perhaps in ulnar deviation of the manus. In carnivores, ulnar 

deviation is accomplished by sliding the carpals medially 

toward the radius; hense, a medially directed articular 

surface on the distal ulna would come into contact. (See 

"Posture and Movement at the Proximal Carpal Joint in the 

Carnivores" for a discussion of ulnar deviation in Canis 

latrans). This deviation in the phenacodontids occurs with 

medial sliding of the scaphoid and lunate with respect to the 

distal radius, rather than obligatorily with flexion as in the 

carnivores. In carnivores, ulnar deviation of the manus is 

associated with the folding of the forepaws during resting and 

with avoiding interference between limbs during running 

(VaIden, 1970; personal observation). The cylindrical shape 

of the articular surface may, in L. puercensis and E. 

primaevus, prevent the rotational movements at the joint which 

can occur in the carnivores. The knob-l ike shape in E. 

vortmani AMNH 4378 may allow some rotational movements, 

however. 

The long and robust pisiform, seen in Phenacodus sp. USGS 

7146 and E. primaevus AMNH 2961, extends posteriorly from its 

articulation with the cuneiform and is the site of insertion 

of flexor carpi ulnaris. Its length contributes to mechanical 

---- -----_ .. _. 
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Mid-Carpal Joints in the Phenacodontids 

The Proximal Carpals 
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The distal facets on the scaphoid and lunate are complex. 

On the scaphoid there are three facets--l) Extensad, distal 

to the main part of the bone, for the trapezoid; 2) on the 

medial edge of the tubercle for the trapezium; and 3) on the 

lateral edge of the tubercle for the magnum. Extensad, the 

facet is slightly concave mediolaterally and antero

posteriorly~ The medial and lateral facets are separated by 

a low flexor-extensor ridge. Because the tubercle projects 

slightly proximally as well as flexad, these facets are deeper 

anteriorly than posteriorly and face somewhat toward the 

flexor or posterior side. The preserved part of the distal 

lunate shows a similar morphology. 

The Distal Carpals 

The trapezium is a small bone that articulates with the 

scaphoid proximally, metacarpal I distally, and the trapezoid 

and metacarpal II medially or radially. Its proximal surface 

is convex in the flexor-ex tensor direc tion and articul ates 

with the concave facet on the medial or radial side of the 

posterior scaphoid. 

The trapezoid is a slightly larger bone that articulates 

proximally with the scaphoid, distally with MC II, medially 

--------- .. --- - .. 
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or radiad with the trapezium, and laterally or ulnad with the 

magnum. The proximal facet for the distal scaphoid is very 

gently sigmoidal in profile. 

concave flexad. 

I t is convex extensad and 

The magnum is longer proximodistally on the flexor side 

than on the extensor side. It articulates with the lunate 

proximally, Me III distally, the trapezoid medially, a corner 

of Me II mediodistally, and the uncinate laterally. When in 

stable position, the lunate and magnum fit together closely. 

The extensad part of the facet on the proximal magnum is 

nearly flat and articulates with the extensad facet on the 

distal lunate. The proximal magnum is concave, with the 

posterior part of the concavity "rising" posteriorly or 

flexad. Thus, the magnum is longer proximodistally where the 

lunate is short proximodistally--on the flexor aspect of the 

bones. 

The unciform or uncinate is a large bone that articulates 

proximally with the cuneiform, distally with Me v, Me IV, and 

a corner of Me III, medially with the magnum, and proximo

medially with a corner of the lunate. Its proximal surface 

is convex in the flexor-extensor direction and nearly 

cylindrical with the long axis oriented roughly medio

laterally. 
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Posture and Movement at the Mid-Carpal Joints 

In the Phenacodontids 

Most of the weight passing to the digits passes through 

the scaphoid, lunate, and cuneiform to the trapezoid, magnum, 

and uncinate. The surfaces between these carpal bones are 

broad and most of the weight is passed directly distally. 
I 

The proximal facet on the trapezium articulates with the 

distolaterally-facing facet on the scaphoid. When in position 

of maximum congruence, the trapezium is directed laterally, 

distally, and posteriorly, away from the central axis of the 

manus. There is some flexion and extension at the scapho-

trapezium joint. During flexion the proximal trapezium slides 

extensad, while during extension it slides flexad. 

Motion in the other mid-carpal joints also is largely 

flexad-extensad. During flexion, the trapezoid and magnum 

slide flexad on the scaphoid and lunate as they slide 

extensad. Extension occurs as the trapezium and magnum slide 

extensad and the scaphoid and lunate slide flexad. Moderate 

extension does not seem to be prevented by "stop facets" on 

any of the bones; however, it may have been prevented 'by the 

presence of flexor ligaments attached to the posterior 

processes (Vaiden, 1971). The prox ima I curvature of the 

uncinate also permits flexor-extensor movements at the 

cuneiform-uncinate joint. Rotational movements are prevented 

by the hemi-cylindrical shape of the proximal uncinate, and 

mediolateral movements between the carpal rows are prevented 

, - ". - - -" -------------_ .. __ .- -', ,_. , ' 
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by the diagonal articulations between the lunate and uncinate. 

The distal carpal row also is closely packed, and probably 

functions as a unit, making rotational and mediolateral 

movement even more difficult. 

likely only flexion-extension. 

Thus, the movement is most 

Distal Carpal (Carpo-Metacarpal) Joints in the Phenacodontids 

The distal articular surfaces on the distal carpal row 

are all concave in a flexor-extensor or near flexor-extensor 

direction. Mediolaterally, they are flat (trapezium, 

uncinate's MC V facet) to very slightly convex (trapezoid, 

magnum, uncinate's MC IV facet). 

The proximal facet on MC I is concave in both directions. 

The proximal surfaces of MCs I I-V are all convex in the 

flexor-extensor direction. Mediolaterally, they are flat (MC 

V) or slightly concave (MCs II-IV). Thus, the joints between 

the trapezoid and MC I I, the magnum and MC I I I, and the 

uncinate and MC IV are saddle joints, with the greater 

curvature being in a flexor-extensor direction. As mentioned, 

in addition to these proximodistal articulations, there are 

also two pairs of smaller articulations: the distolateral edge 

of trapezium and the proximomedial edge of MC I I, and the 

mediodistal edge of the uncinate and the proximolateral edge 

of MC III, resulting in a carpus that is slightly alternating • 

• 
-'- -_ .. --------------_ .. _-- .. - .. -'" 
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The curvatures of the articular surfaces of magnum and 

MC III are maximally congruent if the joint is extended to 

about 165-170 degrees, measured on the extensor surface. See 

Figure 49. Those of trapezoid and MC II and uncinate and MC 

IV fit best with slightly less extension. When the carpals 

and MC II-IV are articulated properly, the distal ends of the 

three metacarpals diverge with MC III being forward or 

anterior in position, and MCs II and IV being more posterior, 

medial, and lateral in position. MC I diverges medially and 

posteriorly, a relativelY'greater amount than for the other 

digits. The divergence occurs at the trapezium-scaphoid and 

trapezium-trapezoid joints and is followed through at the 

trapezium-MC I joint. MC V diverges laterally and posteriorly 

from the uncinate as a resul t of the orientations of the 

facets, as with digit I, making a relatively greater 

divergence than for digits II-IV. 

MCs I I - IV bear the body weight and are themsel ves 

arranged so they form a tripod. The triangular outline 

described by the distal ends of these metacarpals, although 

short anteroposteriorly, does describe a large enough area to: 

1) preclude plantigrade foot posture and suggest digitigrade 

posture, and 2) increase the base of support for the limb as 

the metacarpals form a tripod of support. Distal MC III is 

the most anterior or extensor in position, with distal MCs II 

._--------------- .. -' .. - - ...... -. ..... ..•.... . ...... -...• '-"-.-'--"'-'" 
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and IV being posteromedial and posterolateral in position 

compared to MC III. MCs I and V may not reach the ground and 

similarly are located posteromedially and posterolaterally to 

MCs II and IV respectively. 

Flexion and extension can occur readi I y at the carpo

metacarpal II-V joints. The degree of movement is not easily 

measured, but it is more than occurs in the modern ungulates 

or many modern carnivores. As at the mid-carpal joints, 

mediolateral movements at the distal carpo-metacarpal joints 

are prevented by diagonal articulations--between trapezoid and 

MC II and between uncinate and MC III. 

The Carpal Joints in the Analogues 

Distal Radius and Ulna in the Carnivores 

The distal radius in the carnivores is less robust than 

it is in the phenacodontids. See Figures 84-90. The 

articular surface for the scapholunate is mediolaterally 

elongate and ends medial I y in a (radial) styloid process 

relativel y longer than that in the phenacodontids. The 

surface is concave f lexad-extens'ad and mediolaterall y and is 

deeper in Q.. latrans than in §.. luscus and E. lotor. In Q.. 

latrans there is a sharp extensor or anterior border, a 

simi lari ty to the phenacodontids. The small facet for the 

cuneiform is located distolaterally, just distal to the facet 

for the ulna, and faces distally and laterally. There is a 

small lip on the flexor side of the scapholunate facet in Q.. 

------------_._-_.- -.' 
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latrans which is most pronounced next to the styloid process. 

In §.. luscus and E. lotor the lip can be seen only in that 

position. 

The ulnar styloid process is slender in ~. latrans but 

more robust in §.. luscus. See Figures 77-83. It is long and 

arches medially in E. lotor. The articular surfaces for the 

cuneiform are not cylindrical as in the phenacodontids 

(although broad in §.. luscus), but are knob-like and face only 

medially, with no distal aspect to the the surfaces. 

Proximal Carpals in the Carnivores 

In the carnivores the scaphoid and lunate are united as 

the scapholunate. It articulates proximally with the radius, 

distally with the trapezium, trapezoid, and magnum, disto

laterally with the uncinate, and laterally with the cuneiform. 

In ~. latrans the proximal articular surface of the 

scapholunate 

mediolaterally 

is 

and 

elongate and 

more tightly 

gently convex roughly 

convex flexad-extensad. 

Medial to the main part of the facet is a concavity into which 

the radial styloid process fits. Beyond the concavity in a 

flexor-medial direction is a raised area a~ the edge of the 

articular surface which fits against the posterior lip of the 

scapholunar facet on the radius. In §.. luscus and E. lotor 

the scapholunate is less extreme in its curvature and changes 

of curvature. In E. lotor, it is less elongate mediolaterally 

and the degree of convexity is similar in both directions. 

- - .. _. __ . --------------_. -_.- - . 
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Laterally or ulnad on the scapholunate in ~. latrans and 

E. lotor, there is a small facet for the cuneiform that is 

concave proximodistally and convex flexad-extensad. 

The cuneiform in ~. latransis irregular in shape. Its 

medial scapholunate facet is concave flexad-extensad and 

convex proximodistally, with an overhang extensad. The two 

carpals lock together and are fairly stable but there can be 

some sliding in both directions and some rotation. The radial 

facet on the cuneiform is small and, on the proximal surface, 

is just lateral to the articulation with the scapholunate. 

It is not readily distinguishable from the rest of the 

proximal surface. The ulnar facet on the lateral side of the 

cuneiform is a depression facing laterally. Thus, most of the 

proximal surface of the cunei form is located between the 

lateral edge of the distal radius and the medial edge of the 

distal ulna. In E. lotor the ulnar facet on the lateral edge 

of the cuneiform is concave flexad-extensad and convex and 

very elongate proximodistally. 

Posture and Movement at the Proximal Carpal Joint 

In the Carnivores 

In ~. latrans, as in the phenacodontids, the stable 

weight-bearing position of the radius and scapholunate is at 

a position that is slightly flexad from 180 degrees. E. lotor 

is similar. In the plantigrade §.. luscus, the best fit 

between the radius and scapholunate is in an extended 

----_._-----_._-_ .. - -.. 
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position, so that the distal articular surface of the 

scapholunate faces in an extensad or anterior position. 

The cylindrical shape of the scapholunate facet on the 

distal radius and the anterior part of the radial facet on the 

scapholunate in themselves do not limit movement to flexion 

and extension. During extension the scapholunate rotates 

clockwise (on the right manus) and moves laterally on the 

radius, resulting in some medial deviation. During flexion 

it rotates counterclockwise and moves medially, resulting in 

some lateral deviation. The radial styloid process and medial 

concavity slide on each other as, the flexor-medial convexity 

on the proximal surface of the scapholunate and the lip 

posterior to the styloid process on the ulna act as pivots. 

Hyperextension is limited in ~. latrans by the medial edge of 

the cylinder of the scapholunate coming against the depression 

on the radial scapholunar surface that is just lateral to the 

styloid process. During flexion the posterior lip lateral to 

the styloid process on the radius contacts the raised area on 

the flexor-medial edge of the facet on the scapholunate and 

1) allows the radius to rock backward on the scaphoid and 

provide substantial but stable flexion, and 2) causes the 

scapholunate to slide medially as the joint flexes. Thus, the 

degree of flexion can be great and of extension small as it 

is in the phenacodontids. Motion at the ulnocuneiform joint 

can be rotation along the axis of the ulna, perhaps in 

association with limited pronation and supination, or 
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mediolaterally in association with radial and ulnar deviation. 

The ulnar and radial styloid processes frame the proximal 

carpal joint mediolaterally. They allow some deviation while 

limiting the extent. There is no rotation allowed at the 

joint in Phenacodus primaevus AMNH 2961 because the tip of the 

ulnar styloid process is hemicylindrical and oriented with its 

long axis flexad-extensad. There may be rotation in E. 

vortmani AMNH 4378 because the cuneiform articulation on the 

ulnar styloid process is less elongate and more knob-like, 

closer to the condition in the carnivores. 

E. lotor is simi! ar to Q.. I atrans in its I imi ts to 

extension and its allowing of flexion with ulnar deviation. 

Extension is substantial and the position of maximum 

congruency close to the most extended position in ~. luscus, 

assoc iated wi th its pI antigrade I imb posture. Non-weight

bearing flexion also can be substantial. 

Radial and ulnar deviation are very well developed in E. 

lotor. The mediolaterall y narrow scapholunate and scapholunar 

facet on the radius, the long ulnar styloid process that 

arches medially, and the long ulnar facet on the cuneiform all 

allow substantial deviation. There is some deviation 

associated with flexion and extension and much more that is 

independent. 

The Proximal Carpal Joint in Hydrochoerus hydrochoerus 

The proximal carpal joint in tl. hydrochoerus is similar 
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to that in the carnivores. It is elongate mediolaterally at 

the distal radius and at the proximal scapholunate, which is 

fused. There is a flexor lip on the flexor-medial edge of the 

scapholunate facet on the radius, and a corresponding 

concavity and raised area on the flexor medial edge of the 

radial facet on the scapholunate. During flexion the 

radial lip not only rocks backward on the raised stop facet, 

but also the scapholunate can slide slightly medially, 

resulting in some ulnar deviation. Slight medial deviation 

occurs during extension. This part of deviation that is 

associated with flexion and extension at the proximal carpal 

j oint does not occur in the phenacodontids. Extension is 

limited in ti. hydrochoerus, not by a stop facet but by non

fitting of articular surfaces. 

Mid-Carpal Joints in the Carnivores 

The mid-carpal joint surfaces in the carnivores form an 

irregular surface, with some joints articulating more 

proximally (scapholunate with magnum and uncinate), some more 

distally (scapholunate with trapezium and trapezoid), some 

joint surfaces deeply incised and narrow (scapholunate and 

magnum), and others with the plane of the articular surface 

having a large parasagittal component (scapholunate and 

uncinate). As a result of the irregular surface, there can 

be only flexion and extension at the mid-carpal joints in the 

carnivores. 
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The distal scapholunate has three prominent articular 

surfaces on its distal end: for the trapezoid, magnum, and 

uncinate. The articular surface for trapezium is posterior 

and medial to that for the trapezoid and is not as visible as 

it is in Phenacodus. That for the magnum is the narrowest and 

the most deeply concave. The sharpest part of the concavity 

is mid-facet, with the flexor side being less convex and the 

extensor side being broad and nearly flat. 

The prox imal magnum is mediol aterall y narrow wi th its 

sharpest convexity being mid-facet. The extensor side is 

broader and flat to slightly concave. The deep, narrow joint 

and the irregularity of the articular surface enhance joint 

stability. The nearly flat extensor surfaces between the 

scapholunate and the magnum contact during extension, forming 

stop facets which limit all but the slightest extension beyond 

stable close-packed position. Non-weight-bearing flexion can 

proceed further than weight-bearing extension. 

The cuneiform articulates distally with the uncinate at 

the mid-carpal joint and with the Me v at the distal carpal 

joint. The cuneiform shares with the lateral scapholunate the 

articulation with the uncinate at the mid-carpal joint. The 

scapholunar-uncinate surface has a large proximodistal 

component which helps prevent mediolateral movement of the 

distal carpal row on the proximal carpal row, but allows 

proximodistal movements. 

The uncinate surface on the distal cuneiform is concave 

----- ----- .-
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proximodistally on its medial side and flat to gently convex 

posterolaterally. The proximal uncinate is gently convex on 

its medial side, with a concavity laterally and a "raised" 

stop facet laterally beyond. The cuneiform slides and rotat~s 

medially on the uncinate and around the "raised" stop facet 

as it flexes. As flexion and medial rotation occur here, the 

posterolateral facet on the cuneiform flexes on MC V and helps 

provide stability, similar to that provided by the tubercles 

on the scaphoid and lunate in the phenacodontids. Thus, 

motion at the mid-carpal joints is largely flexor-extensor 

with some rotation and extension does not seem to be limited 

by bone morphology. 

Distal Carpal Joints in the Carnivores 

At the distal carpal joints the trapezium articulates 

with MC I and a corner of MC II, the trapezoid with MC II, the 

magnum with MC III, the uncinate with MCs IV and V, and the 

cuneiform's posterolateral process with MC V. The distal 

carpal surfaces are elongate and concave flexad-extensad and 

flat mediolaterally (MC I facet of trapezius, MC IV and MC V 

facets of uncinate) to convex mediolaterally (MC III facet of 

magnum, MC II facet of trapezoid). 

In Canis latrans the distal magnum is sh~rply concave 

flexad-extensad with a narrow mid-facet coinciding with the 

sharp flexure. Extensad, the facet flattens. In contrast, 

the distal uncinate is a broad, gentle, flexor-extensor 
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concavity. The distal magnum is gently concave in Gulo luscus 

in contrast to that in ~. latrans. 

In ~. latrans, the proximal metacarpals are convex 

proximo-distally and nearly flat (MCs I, IV, and V) to concave 

(MCs II and III) mediolaterally. MC III is sharply convex 

flexad-extensad and concave mediolaterally at mid-facet. It 

is flat extensad. 

In ~. latrans movement at the distal carpal joints is 

confined to flexion and extension. Between the magnum and MC 

I I I, maximum contact between the joint surfaces occurs as the 

sharpl y convex mid-facet of MC I II fits into the sharpl y 

concave facet on the distal magnum. This stable position is 

an extended position compared to 180 degrees. 

Extension beyond this stable position is prevented by 

contact of the flat extensor surfaces. Non weight-bearing 

flexion can proceed farther. The sharp edges of the flexure 

of the proximal MC III and the distal magnum prevent 

mediolateral and rotational movements at the joint. 

The uncinate on MCs IV and V and cuneiform on MC V allow 

flexion and extension, and in themselves, do not prevent 

mediolateral movements. The tight fit of the distal carpal 

row and proximal metacarpal s suggest that movement occurs 

together, so that structures that prevent rotation or medio

lateral sliding in one joint also prevent it in another. 

In Gulo luscus motion at the distal carpal joint is 

largel y flexad-extensad, but sl ight mediolateral movements 

------_ .. __ ... - _. 
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are allowed. 

The Metacarpals 

Phenacodontid Metacarpals Available, 

Their Preservation and Completeness 

Tetraclaenodon puercensis AMNH 2468 The material 

available includes the distal metacarpals, possibly MCs I-IV. 

Good condition. 

Phenacodus vortmani AMNH 4378 

proximally) and IV. Good condition. 

Phenacodus primaevus AMNH 2961 

condition. 

Phenacodus primaevus AMNH 4369 

Very good condition. 

Phenacodus primaevus PU 14684 

Very good condition. 

MC I II (restored 

MCs I-V. Very good 

MCs I - V (mounted). 

MCs I - V (mounted). 

Metacarpals in the Phenacodontids 

In the phenacodontids there are five metacarpals, three 

of which (MCs II, III, and IV) are long and robust, and two 

of which (MCs I and V) are comparatively smaller. Of the 

larger metacarpals, MC III is the longest, with MCs II and IV 

being shorter and approximately equal in length (801.-901. of 

the length of MC III in e. primaevus). Similarly, MC V is 

longer and more robust than MC I. Thus, the carpus in the 

-- --_ .. ------------------_ .. - ---
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phenacodontids is mesaxonic with the mid-line axis of the foot 

passing through MC III. See Figures 91-92 and Appendix F. 

Compared to shaft length in all specimens, MCs II, III, 

and IV are more slender than are MCs I and V, and MC III is 

more slender than MCs II or IV. That is, MC III is relatively 

the longest metacarpal and MCs I and V are relatively shorter. 

The preserved fourth metacarpal of Phenacodus vortmani AMNH 

4378 is smaller and relatively more slender than those of 

Phenacodus primaevus AMNH 2961 and PU 14684. 

The mid-shaft cross-sections of the metacarpals of 

Phenacodus vortmani AMNH 4378 and Phenacodus primaevus AMNH 

2961 are not rounded, but are somewhat elliptical, especially 

MC III, with the mediolateral diameter being wider than the 

flexor-extensor diameter. Based upon these three specimens, 

it does not seem as if E. vortmani AMNH 4378 differs in cross

sectional shape from E. primaevus AMNH 2961 and PU 14684. 

MCs II and IV are thicker toward the mid-line axis of the 

manus (toward MC I I I) and are not quite as ell iptical in 

outline as MC III. The long axes of the ellipses are oriented 

at a slight angle to that of MC I I I. The mid-shaft cross

sections of MCs I and V are near-ellipses oriented at angles 

to the mediolateral frontal plane of the manus. 

Posture and Movement in the Phenacodontids 

Based Upon the Metacarpal Dimensions 

The greater robusticity of the three larger metacarpals 

---- ----_ .. -
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compared to the smaller metacarpals and their tripod posture 

suggest strength in transmitting weight-bearing and locomotory 

forces through the carpals and proximal forelimb. 

The near-elliptical mid-shaft cross-sections of the shaft 

may suggest that stresses tending to bend or break the 

metacarpals are predominantly mediolateral. It is not certain 

whether the mediolaterally oriented long axis of the ellipse 

represents the direction of most common stresses or of those 

more unusual stresses that may break a bone. The mediolateral 

stresses resul t from mediolateral components of weight bearing 

and locomotion, turning while running or walking, placing 

uneven stresses on the medial and lateral sides, and placing 

the foot on uneven substrate--all potentially normal stresses. 

Certainly, these mediolateral stresses can be strong and 

sudden; they could break bones not reinforced to withstand 

them. The proximodistal axis of the ellipse represents those 

stresses that result from simple forward locomotion and 

weight-bearing. 

The increased proximodistal diameter of the mid-shaft in 

MCs II and IV close to the mid-axis of the forefoot increases 

bone strength toward the mid-line of the tripod. These 

metacarpals are angled away from the mid-line of the forefoot 

and do not distribute forces through their own proximodistal 

mid-lines but closer to the mid-line of the foot~ 

The proximodistal lengths of the metacarpals and the 

probable digitigrade foot posture add length to the forelimb, 

--------_.-_.- -- .... -
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important in increasing stride length. Compared to those of 

Canis latrans for example and to the (long) vertebral column 

in the phenacodontids, the metacarpals of the phenacodontids 

are not very elongate. Forel imb length is not increased 

substantially and stride length and presumed speed in running 

based on these criteria are not as great as in ~. latrans. 

The more slender metacarpals of E. vortmani AMNH 4378 

compared to E. primaevus specimens are associated with less 

weight bearing. Those of Tetraclaenodon puercensis AMNH 2468 

appear to be more slender than those of E. vortmani, but 

because total lengths of the manus in I. puercensis are not 

available, the robusticity cannot be compared. 

Metacarpals in the Analogues 

The metacarpals are more elongate in most of the 

analogues compared to the vertebral column than they are in 

the phenacodontids. They are especially more elongate in the 

digitigrade carnivores. The number of relatively elongated 

metacarpals varies between three and five. In I. terristris, 

tl. hydrochoerus, 

elongate. In 6.. 

and E. capensis, three metacarpals are 

rufus and in ~. latrans there are four 

elongate metacarpals; and in E. lotor and ~. luscus there are 

five. See Figures 93-99. The proportions among and within 

the metacarpals are given in Appendix F. 

In all analogues, as in the phenacodontids, MC I is 

shorter than MC V; and in some cases, it is significantly 

-----------_ .. __ .. - . 
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shorter. MC III is the longest metacarpal, with MCs II and 

IV subequal in size (80-90% of MC III) in the non-carnivores 

as in the phenacodontids, resulting in a mesaxonic foot. In 

the carnivores, MC III generally is subequal in size with MC 

IV,. making a paraxonic foot wi th the mid-line axis of the 

forefoot passing between metacarpals III and IV. 

In I. terristris, ~. hydrochoerus, and E. capensis the 

shapes of the metacarpals are fairly similar to those in the 

phenacodontids. That is, they are robust, somewhat flattened 

flexad-extensad and broad mediolaterally. The metacarpals of 

the carnivores are slender, more elongate proximodistall y, 

and generally more rounded in cross-section. 

In I. terristris, ~. hydrochoerus, and E. capensis the 

mid-shaft circumferences and mediolateral mid-shaft diameters 

are larger compared to shaft lengths than in the carnivores. 

The proportions in ~. hydrochoerus are similar to those in E. 

vortmani AMNH 4378, while those in I. terristris are fairly 

close to those of E. primaevus specimens. The carnivores as 

a whole have smaller circumferences and mediol ateral diameters 

compared to shaft lengths than do the other analogues. Within 

the carnivores, however, the metacarpals of ~. luscus are the 

most robust, having the greatest circumferences and diameters 

compared to shaft lengths. 

In ~. hydrochoerus, E· capensis, and ~. luscus 

especially, MC I I I is slightly smaller at its mid-shaft 

compared to its length than MCs II and IV, a condition similar 

... _ .. -------_._-------- - _ ... - -
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to but more extreme than in the phenacodontids. 

The mid-shaft cross-sections are most strongly elliptical 

in I. terristris, with the mediolateral mid-shaft diameter 

being much greater than the flexor-extensor mid-shaft 

diameter. In contrast, the cross-sections in the carnivores, 

especially E. lotor, are more rounded. Those of ti. 

hydrochoerus and E. capensis on the one hand, and ~. luscus 

on the other encompass those of the phenacodontids. The mid

shaft cross-sections of ~. latrans are rounded to triangular 

or pentagonal. The four larger metacarpals (II - V) fit 

closely together proximally to mid-shaft and separate only 

slightly at the distal end. 

As in the phenacodontids, the medial and lateral 

metacarpals, MCs II and IV in I. terristris, ti. hydrochoerus, 

E. capensis, and ~. luscus and MCs II and V in ~. latrans, are 

thicker in mid-shaft cross-section toward the mid-line of the 

manus than away from the mid-line. 

Posture and Movement in the Analogues 

Based Upon the Metacarpal Dimensions 

When properly articulated proximally, the distal 

metacarpals separate mediolaterally from each other in 

Procavia capensis and Gulo luscus, but do not form a tripod. 

In ti. hydrochoerus, distal MCs II-IV separate antero

posteriorly as well as mediolaterally, forming a tripod as in 

the phenacodontids. In contrast, in Tapirus terristris, Canis 

--_ .. _ .•. _- . -. -
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latrans, and Procyon lotor the metacarpals are more tightly 

bound to each other. In~. latrans the distal ends separate 

from each other and from the mid-line axis of the foot-

largely. mediolaterally--as a result of slight medial and 

lateral bone curvatures. Although MCs III and IV are longer 

than MCs II and V, in ~. latrans, the metacarpals can function 

as a unit during weight-bearing and locomotion. 

The elliptical cross-sections of the metacarpals in I. 

terristris, ~. hydrochoerus, and E. capensis suggest, as in 

the phenacodontids, strength in resisting stress, especially 

from medial and lateral directions. The more circular cross

sections in the carnivores suggest strength in resisting 

stresses from all directions. The tripod-like arrangement of 

metacarpals in ~. hydrochoerus and the phenacodontids also 

helps in resisting stresses from all directions. 

The increased flexor-extensor diameter of the mid-shaft 

towarr' the mid-l ine axis of the forefoot, seen in MCs I I and 

IV in I. terristris, ~. hydrochoerus, E. capensis, and \2.. 

luscus or in metacarpals I I and V in ~. latrans, increases 

bone strength toward the mid-line, as in the phenacodontids. 

This development is stronger in the larger digitigrade 

analogues and weaker in \2.. luscus, which is plantigrade except 

during the final stages of push-off from the weight-bearing 

stage of the step cycle. 

The longer metacarpals compared to the vertebral column 

in most of the analogues add greater length to the forelimb 
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than in the phenacodontids. The digitigrade carnivores have 

especially longer metacarpals which add to stride length and 

thus to running speed. Based upon relative metacarpal length, 

the digitigrade carnivores should be better runners than the 

phenacodontids. I. terristris and tl. hydrochoerus have less 

elongate metacarpa Is and are probabl y more simi 1 ar to the 

phenacodontids in relative elongation of the forelimb, stride 

length, and running speed due 'to metacarpal length. 

The Metacarpo-Phalangeal Joints in the Phenacodontids 

Metacarpo-Phalangeal Joint Material Available, 

Its Preservation and Completeness 
I 

Tetraclaenodon puercensis AMNH 2468 Distal MCs II, 

III, and IV; isolated proximal phalanges. Fair condition. 

Phenacodus vortmani AMNH 4378 Distal MCs III and IV, 

PP III and three isolated proximal phalanges. Good condition. 

Phenacodus primaevus AMNH 2961 Nearly complete manus. 

Good condition. 

Distal Metacarpals in the Phenacodontids 

The distal articular surfaces of the metacarpals in the 

phenacodontids are generally cylindrical in shape, being 

elongate mediolaterally and shorter in a flexor-extensor 

direction. In distal view, the cylindrical shape of the 

articular surface is more elongate mediolaterally in I. 

puercensis and E. primaevus than in E. vortmani, in which the 
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flexor-extensor dimension is close to the mediolateral 

dimension. There is a short keel oriented flexad-extensad on 

the flexor surface that is located approximately centrally 

along the mediolateral line. The keel arises distally and 

becomes more prominent as it wraps flexad. It is broad and 

"low" in the phenacodontids, but is more prominent in the 

smaller phenacodontids, L. puercensis AMNH 2468 and E. 

vortmani AMNH 4378, than in the larger E. primaevus AMNH 2961. 

The distal articular surface is symmetrical in MC III. 

That is, .the articular surface on either side of the position 

of the keel or of the proximodistal mid-line of the metacarpal 

is the same in appearance and size. In MCs I I and IV, the 

articular surface is asymmetrical--more inflated on the side 

toward MC III, or toward the mid-line axis of the manus, than 

away from it. Similarly, but even more strongly developed, 

the distal articular surfaces of MCs I and V are more 

asymmetrical --more inflated toward their lateral and medial 

sides respectively than on the opposite sides. This asymmetry 

of the distal articular surfaces is superimposed upon the 

cylindrical shape, which is seen best in MC III. 

At the extensor or anterior edge of the articular facet 

there is a slightly curved, mediolaterally oriented groove 

for the reception of the dorsal 1 ip of the phal anx. It 

separates the articular surface from the shaft of the 

metacarpal. 

-------------- --- -- - - .-
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The Proximal Articular Surfaces of the Proximal Phalanges 

The proximal articular surfaces of the proximal phalanges 

(PPs) are elliptical in outline with the long axis of the 

ellipse oriented mediolaterally. Posteromedially and 

posterolaterally to the articular surface are rounded or 

inflated attachment sites for the interossei and digital 

flexors. These si tes are more elevated prox imall y in 1.. 

puercensis AMNH 2468 and E. vortmani AMNH 4378 than in E. 

primaevus AMNH 2961, causing in these smaller phenacodontids 

the flexor edge of the articular surface to be more proximal 

than the extensol~ edge, and the articular surface to be 

oriented slightly more anteriorly. Between these two 

attachment sites on the central part of the flexor surface of 

the facet, there is a broad groove to receive the keel on the 

distal metacarpal. 

Posture and Movement at the Metacarpo-Phalangeal Joint 

In the Phenacodontids 

The mediolaterally elongate cylindrical shape of the 

distal facet on the metacarpal and the elliptical shape of the 

proximal surface of the proximal phalanx, suggest an emphasis 

on flexion and extension at the metacarpo-phalangeal joint. 

The position of greatest congruency at the metacarpo-

phalangeal joint I I I occurs as the smooth extensor-distal 

portion of the metacarpal articulates with the broad concavity 
1 

of the proximal phalanx. See Table 3 and Figure 49 •. In this 
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stable position, which may vary from approximately 123 to 162 

degrees in the phenacodontids, the low, more distal portions 

of the keel are in the groove and the larger, more flexor 

portions of the keel are po~terior to the groove. That is, 

the greater part of the keel on the distal metacarpal is not 

in articulation with the groove on the proximal phalanx, but 

posterior to it. The slightly more obtuse angle in I. 

puercensis is consistent with a digitigrade or semi

digitigrade posture and the more acute angles with a 

digitigrade posture in E. vortmani and E. primaevus. 

Extension can continue at the metacarpo-phalangeal joint 

III until the anterior lip of the proximal facet on PP III 

encounters the mediolateral groove on the anterior surface of 

Me III, about 92-96 degrees in the phenacodontids. At full 

extension, ignoring the limitations of soft tissue, the lip 

on PP III fits into the groove and hyperextension is 

prevented. Dislocation, resulting from proximal sliding of 

the fully extended PP on the Me, also may be less likely. 

When the groove and lip are engaged their curved surfaces tend 

to translate further proximal motion into mediolateral sliding 

and rotation of the PP on the Me that might also prevent 

dislocation, for example, if the PP encountered a large pebble 

while running. 

During flexion at the metacarpo-phalangeal joint, the 

anterior or extensor joint surfaces disengage, do not fit 

together perfectly, and weight-bearing is not possible. In 

- -- ------ ------------
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this position, the distal metacarpal keel fits into the 

depression on the proximal PP. There do not appear to be 

particular limits to flexion beyond what would have been 

provided by soft tissue. 

At the metacarpo-phalangeal joiht III, mediolateral 

sl iding and rotation are diminished at 180 degrees and in 

flexed position by the mediolaterally elongate shape of the 

facets and by the keel and groove. When PP III is extended 

on Me I I I, the keel and groove are disengaged and medio

lateral sliding and rotation of the PP on the Me can occur. 

Strong flexion of the metacarpo-phalangeal joint occurs 

during push-off at the end of the contact phase of the step 

cycle. During that phase, if mediolateral sliding at the 

joint occurs, some of the backward thrust of the distal limb 

might be dissipated. In that case, energy would be wasted, 

running efforts inefficient, and speed diminished. Thus, a 

keel on the flexor side of the joint may increase running. 

efficiency by preventing mediolateral sliding of the joint and 

keeping all motion in the parasagittal plane during propulsive 

thrust. 

In a foot in digitigrade posture, the PP is extended on 

the Me during weight-bearing and during the contact phase of 

the step cycle. In a foot in plantigrade posture, the joint 

is extended during the latter stages of ground contact. It may 

be that by allowing mediolateral sliding at the joint during 

extension, the foot can adjust to uneven surfaces. wi thout 

------------- --.- -. ._-
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breaking the keel (Jenkins, F.A., Jr., pers. comm., 1987). 

Additionally, the extension forces do not need to be 

maintained in the parasagi ttal pI ane because they are not 

contributing to propul sive thrust .10 

These features in the phenacodontids that tend to keep 

motion parasagittal while allowing sliding and rotation during 

extension enhance running capabilities and diminish injuries 

that may accompany running. Based upon features of the 

metacarpo-phalangeal joint, the phenacodontids do have some 

capacities for efficient running. The slightly more prominent 

ridges in the smaller phenacodontids suggest greater 

efficiences in running compared to the larger phenacodontid, 

E.. primaevus. 

The Metacarpo-Phalangeal Joints in the Analogues 

Metacarpo-Phalangeal Joint Material Available, 

Its Preservation and Completeness 

Tapirus terristris CA (AMNH) 2592 AI-ticulated, good 

condition. 

Hydrochoerus hydrochoerus USGS 241103 Good condition. 

lOIn modern horses the distal metacarpal keel is present both 
on the extensor and flexor aspects of the distal articular surface. 
Because the horse is unguligrade the metacarpo-phalangeal joint is 
not in contact with the ground. As a result of its higher position 
on the limb the keel is not as likely to break if uneven ground is 
encountered at the hoof. The more extensive keel in the horses 
(compared to the phenacodontids) keeps both extension and flexion 
in a parasagittal plane. 



Procavia capensis 

condition. 

USGS 351945 
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Articulated, good 

Canis latrans LLP-OC-132 Good condition. 

Lynx rufus CO-3010 MCs III and V, and five isolated PPs 

present. 

Gulo luscus UM 98099 Good condition. 

Procyon lotor CO-5010 Good condition. 

Distal Metacarpals in the Analogues 

The distal articular surfaces of the metacarpals in 

Tapirus terristris, Hydrochoerus hydrochoerus, and Procavia 

capensis are elongate mediol aterall y and cyl indr ical in shape, 

as in the phenacodontids. The keel s are broad and low, 

present only on the flexor surface, and very similar in shape 

and prominence to those in the phenacodontids. 

In the carnivores the distal articular surfaces are 

narrower mediolaterally, especially in Canis latrans and, in 

all but ~. latrans, are more inflated compared to the 

phenacodontids. In Gulo luscus, in contrast, they are 

relatively wider compared to those in the other carnivores. 

The keel is more prominent in all of the carnivores than in 

the phenacodontids and the non-carnivore anal ogues--i t is 

"higher", mediolaterally narrower, sharper, and more distinct 

from the rest of the articular surface. In all carnivores, 

including the plantigrade~. luscus, the keel arises distally 

and becomes more prominent as it wraps f lexad, as in the 

._--------_._------.- _. - .-
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It is not present on the extensor surfac:e. 

phenac:odontids, in I. terristris, !:t. 

bYdroc:hoerus, and E. c:apensis, the artic:ular surfaces medial 

and lateral to the keel or mid":l ine axis of MC I I I are 

symmetric:al in shape; whereas, in MCs I I and IV, they are 

inflated toward MC III. MCs I and V are similar, but more 

extreme in the asymmetry. 

In the digitigrade carnivores with the paraxonic foot, 

MCs III and IV are similar and 

either side of the keel. Eac:h 

are nearly symmetric:al on 

is very slightly inflated, 

however, toward the mid-line axis of the manus. MCs II and 

V are similar to each other .and relatively more inflated 

toward the mid-line. In the plantigrade c:arnivore Gulo 

luscus, distal MCs II - IV are mediolaterally symmetric:al 

about the keel, but it is MCs I and V that are sl ightl y 

inflated toward the mid-line axis of the forefoot. 

The mediolateral groove just proximal to the anterior 

edge of the articular surface is similar and perhaps slightly 

more prominent in the non-ca~nivorous analogues than in the 

phenacodontids. In most of the c:arnivores the groove is muc:h 

more prominent. It is deeper and more extensive proximo-

distally, espec:ially in ~. rufus. In E. lotor, in c:ontrast, 

the groove is not very prominent. 

----_._----._,,---.. - .-. -
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The proximal surfaces of the PPs in I. terristris, !:t. 

hydrochoerus, and E. capensis are quite similar to those in 

the phenacodontids. They are elongate mediolaterally with a 

broad, shallow groove on the flexor surface that corresponds 

wi th the keel on the distal metacarpal. In!:t. hydrochoerus 

the flexor edge of the articular surface and the attachment 

sites for the interossei and digital flexors are more 

prominent than in E. primaevus AMNH 2961. Thus, the proximal 

articular surface faces slightly anteriorly or extensad as it 

does in I. puercensis AMNH 2468 and E. vortmani AMNH 4378. 

In the carnivores, the proximal surfaces are rounded, and 

in 12.. luscus, slightly elliptical, with more prominent and 

elevated attachment si tes for the interossei and digi tal 

flexors and a more prominent, deeper, and narrower groove. 

Posture and Movement at the Metacarpo-Phalangeal Joints 

In the Analogues 

The approximate ranges of close-packed positions or of 

stable weight-bearing at the metacarpo-phalangeal joints 

measured on the extensor surfaces are listed in Table 3. 

In Tapirus terristris, Hydrochoerus hydrochoerus, and 

Procavia capensis., the mediolaterally elongate cylindrical 

shape of the distal MCs and the proximal surface of the PPs, 

as in the phenacodontids, suggest emphasis on f lex ion and 

------------- -_ ... _ .. 
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extension at the metacarpo-phalangeal joints. 

In tl. hydrochoerus, maximum extension, about 90 degrees, 

is limited, as in the phenacodontids, by locking the proximal 

extensor edge of the PP in the mediolaterally oriented groove 

on the MC. Non-weight-bearing flexion is limited by soft 

tissue. Again, as in the phenacodontids, when the PP is 

extended on the MC, rotation and mediolateral sliding can 

occur. In flexed posi tion, the fit of the keel and groove 

prevent rotation and sliding. Thus, in the digitigrade tl. 

hydrochoerus, the PPs can slide mediolaterally and rotate 

during weight-bearing and the contact phase of the step cycle 

to adjust to uneven surfaces. During push-off at the end of 

the ground contact phase of the step cyc Ie, the ridge and 

groove prevent rotation and mediolateral sliding and allow 

all of the pull of the flexor musc les to contribute to 

backward thrust. 

In the carnivores maximum extension seems to be somewhat 

limited by the locking of the lip of the PP into the groove 

of the distal MCs and also may be by soft tissue stretching 

across the flexor joint surfaces. Approximate maximal 

extension, which is greater than in the phenacodontids, is 55 

degrees in k. rufus, 65 degrees in ~. latrans, 70 degrees in 

~. luscus, and 87 degrees in e. lotor. 

The prominent attachment sites for the interossei and 

digi tal flexors indicate strong flexion at the metacarpo

phalangeal joints. The narrower more prominent MC keels and 

--------- "-- "" --
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phalangeal grooves in the carnivores ensure that all of the 

pull of the digital flexors contributes to backward thrust and 

forward movement. 

The more inflated articular surfaces in the distal MCs 

and the rounded surfaces in the PPs in most carnivores studied 

allows smoother rotation and mediolateral sliding in extensor 

position than in the phenacodontids. 

Phalanges in the Phenacodontids 

The phalanges in the phenacodontids differ from each 

other in mediolateral mid-shaft width compared to shaft 

length. In Tetraclaenodon puercensis AMNH 2468, the phalanges 

are re 1 a ti ve I y long and slender compared to those in the 

Phenacodus specimens. Within Phenacodus, those of E. vortmani 

AMNH 4378 are more slender than those of E. primaevus; and 

within E. primaevus there is some variation in relative mid

shaft width. 

The mid-shaft cross-sectional shapes of the PPs and CPs 

(central phalanges) are elliptical in all phenacodontids. 

Those of E. primaevus AMNH 2961 are more strongly elliptical 

than those of E. vortmani AMNH 4378 or I. puercensis AMNH 

2468. 

The ungual phalanges (UPs) in the phenacodontids are as 

wide mediolaterally as the central phalanges but are longer 

proximodistally. On the dorsal surface they are convex 

mediolaterally, forming a proximodistally elongate arch that 

. .._ .. -_ .. _-------_ .. _-- -_. - -. 
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the UPs form broad hooves; in E. vortman i 
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In E. primaevus 

they are more 

slender and more strongly arched mediolaterally. In I. 

puercensis they are especially slender, narrow mediolaterally, 

and strongly arched. In all phenacodontids examined, the UPs 

are flat on the flexor or plantar surface. In lateral view, 

they are triangular in outline, thicker dorsoplantarly near 

the proximal end, and narrower near the distal tip. 

Interphalangeal Joints in the Phenacodontids 

The distal articular surfaces in the PPs and CPs in the 

phenacodontids are smooth, mediolaterally elongate, and nearly 

cylindrical in shape. In the smaller phenacodontids and to 

a lesser degree in the CPs of the larger phenacodontid E. 

primaevus AMNH 2961, the distal facets are not uni forml y 

cylindrical but narrower at the center than at the medial and 

lateral edges, making a low trochlea. 

The proximal articular surfaces of the CPs and UPs in the 

phenacodontids are concave flexad-extensad, and elongate and 

open mediolaterally. In the smaller phenacodontids especially 

there are slight depressions medially and laterally with a low 

broad ridge between, corresponding to the low trochlea of the 

distal PP. The proximal surfaces in E. primaevus AMNH 2961 

are relatively more elongate mediolaterally compared to shaft 

length than those of the smaller phenacodontids. In the CPs 

of the phenacodontids, the flexor edge of the proximal 
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articular surface is higher or more elongate proximally than 

the extensor edge, causing the articular surface to face 

slightly anteriorly or extensad. In the UPs, it is the 

extensor edge that is elongate proximally, causing the 

articular surface to face slightly posteriorly or flexad. 

In the UPs, the angles between the ground plane and the 

perpendicular to the articular surface, described by Sondaar 

(1968) as a method of determining foot posture, are not 

available for the manus of the phenacodontids. (The angles 

are available for the pes, however). 

Posture and Movement at the Interphalangeal Joints 

In the Phenacodontids 

The cyl indrical shapes of the distal facets and the 

concave, mediolaterally elongate shapes of the proximal facets 

allow smooth flexion and extension of the interphalangeal 

joints in the phenacodontids. The low trochlea of the distal 

surfaces and the corresponding proximal surfaces, more 

strongly developed in the smaller phenacodontids, restrict 

medial and lateral sliding at the interphalangeal joints and 

allow only flexion and extension. 

The positions of greatest congruency and of probable 

normal weight-bearing at the PP III-CP III and CP III-UP III 

joints in the phenacodontids are both slightly extended beyond 

180 degrees. From the posi tions of greatest congruency, 

extension can proceed until the anterior edge of the proximal 

--------_ ... _-_._ .... -. -
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facet in the CP intersects a mediolateral groove on the 

anterior PP. Flexion can continue until the posterior edge 

of the proximal facet of the CP intersects the soft tissue on 

the flexor side of the shaft of the UP. Simi I ar limi ts to 

extension and flexion occur between the CP and the UP. See 

Table 3 and Figure 49. 

The extremes of joint movement are similar in the three 

phenacodontid species. In all phenacodontids, the amounts of 

extension beyond the position of greatest congruency should 

be qui te suff ic ient for absorption of shock at foot-fall 

during running. Flexion in both should be sufficient to allow 

thrust for forward movement. 

The Phalanges in the Analogues 

The PPs and CPs in Hydrochoerus hydrochoerus and Procavia 

capensis are quite similar in shape to those of Phenacodus 

vortman i AMNH 4378 and the Phenacodus pr imaevus spec imens. 

They are relatively broad in mid-shaft diameters compared to 

shaft lengths. The phalanges of Tapirus terristris are even 

broader relatively. Those of the carnivores are more slender 

and are closer in shape to those of Tetraclaenodon puercensis 

AMNH 2468, especially to its PP. The CPs of the carnivores 

are even more elongate. 

The mid-shaft cross-sectional shapes are elliptical in 

I. terristris, tl. hydrochoerus, and E. capensis, as they are 

in the phenacodontids. They are also somewhat elliptical in 

- -.- .. -_._-------_ .. __ ._-_ .. -'. -
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~. luscus, but they are more rounded in the other carnivores 

studied, approaching a triangular outline in ~. rufus. 

The ungual phalanges differ in shape among the analogues. 

In I. terristris they are hooves, mediolaterally wide with a 

broad arch on the ex tensor surface and flat on the flexor 

surface, as in the phenacodontids. In E. capensis and the 

carnivores, the UPs are claws, narrow mediolaterally, curved 

toward the flexor surface, and narrowed to a point distally. 

Interphalangeal Joints in the Analogues 

The distal articular surfaces of the PPs and CPs in I. 

terristris, !:!. hydrochoerus, and E. capensis are smooth, 

mediolaterally elongate, and nearly cylindrical in shape, as 

in the phenacodontids. In!:!. hydrochoerus and I. terristris, 

the articular surfaces of the distal PPs do not wrap around 

quite as far on the extensor surface as they do in E. capensis 

and the phenacodontids, nor are they depressed in the center 

as they are in the smaller phenacodontids, but are fairly 

uniformly cylindrical. 

In the carnivores and E. capensis, in contrast, the 

distal facets are more deeply incised along the proximodistal 

mid-line, especially so on the distal surface of the PP, so 

that the facets have the form of a trochlea. Additionally, 

the distal articular surfaces continue farther onto the 

extensor surfaces in the carnivores (with the exception of the 

distal CP in ~. latrans) than in the phenacodontids or most 

--------- '--" -- , 
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of the non-carnivorous analogues. 

The proximal articular surfaces of the CPs and UPs in I. 

terristris and of the.CPs in tl. hydrochoerus are similar to 

those of the phenacodontids. They are concave flexad

extensad, elongate mediolaterally, and tend to be open 

mediolaterally. 

The proximal surface of the CP in the carnivores has 

depressions medially and laterally and a ridge centrally 

corresponding to the medial and lateral sides and the depth 

of the trochlea of the distal surface of the PP. A proximal 

and extensor continuation of the ridge covers part of the mid

trochlea of the PP. 

The proximal articular surfaces of the UPs in the 

carnivores are nal~row mediolaterally and elongate flexad-

extensad. Plantar and dorsal to the articular surface are 

processes for the attachment of deep flexors and extensors of 

the UP. On the articular surface, there are faint medial and 

lateral depressions and a central ridge, corresponding to the 

trochlea of the distal CPo 

Posture and Movement at the Interphalangeal Joints 

In the Analogues 

In the interphalangeal joints of I. terristris and in the 

PP--CP joints of tl. hydrochoerus and e. capensis, the smooth, 

cylindrical, mediolaterally elongate shapes of the facets 

allow flexion and extension as well as some mediolateral 
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sliding. In the carnivores, as in the smaller phenacodontids 

especially, the trochlear shape on the distal surfaces and the 

depressions and ridges on the proximal surfaces of the 

phalanges, especially at the PP--CP joints, allow only flexion 

and extension and prevent mediolateral sliding. 

Positions of greatest joint congruency and probable 

weight-bearing at the PP--CP III joints, based upon the shapes 

and orientations of the articular facets are given in Table 

3. The joint position in tl. hydrochoerus is similar to but 

slightly less ex~ended than that in the phenacodontids. Those 

in the carnivores are all much more flexed. From the stable 

close-packed positions, extension and flexion at the PP--CP 

III joints can continue until they are stopped by the 

intersection of bone and soft tissue and/or the poor fit of 

joint surfaces. 

The extremes of extension are less in the analogues than 

in the phenacodontids. These extremes are difficult to judge 

in the carnivores because of the trochlea-ridge nature of the 

joint surfaces and because, on extension, the proximal

anterior extension of the ridge on the proximal surface of the 

CP slides in the anterior aspect of the trochlea of the PP. 

Thus, contact between the extensor edge of the proximal facet 

on the CP and the distal facet on the PP, which stops 

extension in the phenacodontids, is present throughout 

extension in the carnivores. In tl. hydrochoerus, in contrast 

to the phenacodontids and carnivores, bone to bone contact can 

-------- --- - - -. _. - .. --- ----------~ 
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occur well beyond the condition of poor fitting of the joint 

surfaces and is probably not what stops normal extension. 

The extremes of flexion in the phenacodontids are 

encompassed by those of the analogues. The PP--CP III joint 

in Ii. hydrochoerus flexes to a lesser maximal degree than 

those of the phenacodontids, and those of the carnivores flex 

to a greater maximal degree. 

The CP--UP III joints for those UPs that are claws are 

articulated in an extended position. 

Posture of the Manus in the Phenacodontids 

In the phenacodontids, the posture of the joints of the 

manus results in digitigrade posture in Phenacodus and 

digitigrade or subdigitigrade posture in Tetraclaenodon 

puercensis. 

As in the modern digitigrade carnivores, the articular 

surfaces at the proximal carpal joints do not allow much 

extension in the phenacodontids. In contrast, the plantigrade 

Gulo luscus does have strong extension at the proximal carpal 

joints. 

In addition to these angles measuring extension in the 

phenacodontids, the articular surfaces in the carpometacarpal 

joints, at least in E. primaevus AMNH 2961, result in a medio

I ateral and flexor-extensor spreading of the metacarpal s, 

forming a near-tripod of MCs II, III, and IV. The 

distribution of strength and weight-bearing capabilities seen 

---------- .. -
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especially in the non-symmetrical shafts and distal ends of 

MCs II and IV is consistent with the near tripod posture of 

the manus. This tripod can increase stability and distribute 

the weight passed through the carpals to the ground and is 

more consistent wi th the digi tigrade than plantigrade posture. 

Additionally, the presence of hooves is consistent with 

digi tigrady, whereas c laws may be present in 'plantigrade or 

digitigrade mammals. In the plantigrade ~. luscus, a 

"quadripod" is not formed by the fit of the carpometacarpal 

articular surfaces because the 

mediolaterally but not flexad-extensad. 

metacarpals spread 

(They do not spread 

flexad-extensad in some known digitigrade carnivores either, 

such as the dog, however). 

Summary of Postural and Locomotor Capabilities 

in the Forelimbs of the Phenacodontids 

Based upon the morphologies of the bones and joints in 

the forel imbs of the phenacodontids, the probable stable 

weight-bearing posture of the forelimb in a phenacodontid is 

illustrated in Figure 49. It is a composite illustration, 

based upon the bone lengths of Phenacodus vortmani AMNH 4378 

and on the positions of greatest congruency of the joints in 

the smaller Phenacodus specimens (E. vortmani USGS 7159 and 

AMNH 4378) and of the C-MC III joint in E. primaevus AMNH 

2961. 

The forelimb is shorter than the hindlimb in the 

--------- .. -. - -. 
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phenacodontids, with the length differences more pronounced 

in I. puercensis than in the Phenacodus specimens. Within the 

forelimb, the humerus is longer than the radius and the length 

differences also are greater in the smaller phenacodontids, 

(but vary in the larger E. primaevus specimens). The relative 

Me I I I lengths are simi lar in the Phenacodus specimens, 

whether compared to the presacral vertebral column length or 

to the forelimb length. The phenacodontids differ in the 

robusticity of their long bones. Mid-shaft circumferences are 

increasingly greater in the larger specimens than in the 

smaller ones. 

At the glenohumeral joint, the greater curvatures of the 

glenoid fossa and the humeral head in the flexor-extensor 

direction compared to the mediolateral direction, more 

pronounced in the larger phenacodontid specimens, allow 

greater flexor-extensor movement than mediolateral movement. 

The relatively flat or less curved surfaces in the 

mediolateral directions provide for broad stable weight

bearing, especially in the larger phenacodontids. 

Robust attachment sites for muscles that move the humerus 

or move the trunk on the weight-bearing humerus, also more 

pronounced in the larger phenacodontids, suggest strength and 

mechanical advantage for these muscles. The robust coracoid 

process suggests the presence of a strong coracobrachialis 

which protracts and adducts the humerus at the shoulder joint 

and short head of biceps brachii which flexes the elbow joint. 
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The robust curved greater tubercle, which extends above the 

humeral head, and the strong lesser tubercle suggest strength 

and mechanical advantage in the actions of the supraspinatus 

and deep pectoral muscles. Supraspinatus, inserting at the 

tip of the greater tuberc Ie, protrac ts the humerus at the 

shoulder joint. The deep pectoral muscle, inserting on the 

medial edge of the greater tubercle and in the large notch in 

that position, and on the lesser tubercle, pulls the trunk 

forward toward the protracted limb and protracts or retracts 

the humerus toward the trunk, depending upon the position of 

the humerus with respect to the trunk. 

The long, robust deltopectoral crests, insertion sites 

for the deltoid and superficial pectoral muscles, suggest an 

emphasis upon strength, especially in the larger 

phenacodontids, in support of the trunk and on adduction, 

protraction, and rotation of the humerus at the shoulder 

joint. The large in-levers indicate mechanical advantage for 

the actions of these muscles, especially in the larger 

phenacodontids, rather than upon speed. As Taylor (1989) 

suggests, however, muscle insertions far from the joint 

center, thus emphasizing power, can be consistent with the 

achievement of velocity through fast acceleration. 

The elbow joint is very stable in the phenacodontids. 

The mediolaterally broad distal humerus articulates with the 

trochlear notch of the ulna and the broad radial head is 

positioned anterior to the ulna. With the radius in 

- -- ---- --------------_. __ .- - .. - ..• 
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articu I ation wi th the ulna, the lateral articul ar surface 

within the trochlear notch of the ulna is continuous with the 

lateral depression on the radial head. The medial surface 

wi thin the trochlear notch is continuous wi th the medial 

"downturned" surface on the radial head. Similarly, the 

ridges between the two surfaces on the ulna and radius are 

continuous. During flexion and extension the lateral surfaces 

in the trochlear notch and on the radial head move on the 

capitulum; the medial surfaces move on the medial side of the 

humeral trochlea; and the intervening ridge in the trochlear 

notch and on the radial head moves in the line of greatest 

constriction or greatest depth on the humeral trochlea. 

In the phenacodontids, the relatively long olecranon 

compared to shaft length plus olecranon and the rugosity at 

its distal end (tip) suggest a strong triceps brachii complex 

and strong extension of the elbow joint. The olecranon is 

longer in the larger phenacodontid specimens, perhaps a result 

of allometry, but making a longer in-lever and shorter out

lever for the extensors of the elbow and emphasizing greater 

capabilities for power than speed. 

In the larger and some of the smaller Phenacodus 

specimens, the olecranon has a slight posterior orientation 

which gives further mechanical advantage to elbow extensors 

when the antebrachium is relatively extended, important in 

quadrupedal wal king and running. In contrast, in I. 

puercensis and some smaller Phenacodus specimens, the 

------------_. __ .. - - .. _.-
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olecranon is not oriented posteriorly but slightly anteriorly 

(or upright in other small Phenacodus specimens). This 

olecranon angle would not confer mechanical advantage to 

extension 'when the antebrachium is extended but would give 

advantage when the antebrachium is more flexed, less important 

in quadrupedal walking and running. The olecranon angle in 

this case is less consistent with greater cursorial 

specializations in E. vortmani compared to E. primaevus. 

At the point of greatest extension, the anconeal process 

on the ulna fits into the deep olecranon fossa and small 

supratrochlear foramen on the humerus. The presence of the 

olecranon fossa and supratrochlear foramen allow a greater 

amount of extension than would be allowed otherwise. 

The mediolaterally broad proximal radius, positioned 

anierior to the ulna and articulating directly with the entire 

mediolateral width of the humerus--at the capitulum, ridge, 

and medial side of the trochlea--prevents supination. In 

contrast to the situation in the carnivores, the small medial 

coronoid process on the ulna in the phenacodontids does not 

come between the radial head and the trochlea of the humerus, 

preventing contact of the radius with the depth and medial 

side of the trochlea and conf ining it to the capi tulum. 

Instead, in the phenacodontids, the medial facet of the 

proximal radial head is flexor or anterior to the medial 

coronoid process, and together the medial trochlear notch, 

medial coronoid process, and medial surface of the radial head 

. '. -_ .... _---------
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articulate with the trochlea of the humerus. 

Thus, in spite of the rounded capitulum, supination is 

prevented in the phenacodontids. Variation present in the 

shape of the capitulum--whether spherical or barrel-shaped--

does not affect rotation at the elbow joint. In fact, the 

joint is very stable in flexion and extension, further 

enhanced in the Phenacodus specimens by the greater depth of 

the humeral trochlea posteriorly, resulting especially from 

slight posterior projections of the epicondyles. 

The slight posterior projection of the epicondyles and 

the lateral epicondylar crest in the Phenacodus specimens 

gives some mechanical advantage, especially to extensors of 

the antebrachium and palmar flexors of the carpus that 

originate there. The posterior projection also may remove 

some mechanical advantage of the musc les of pronation and 

supination. Thus, the Phenacodus specimens have bony 

restriction on supination and have posteriorly directed 

epicondyles that reduce mechanical advantage to the muscles 

of pronation and supination. In I. puercensis the epicondyles 

do not project posteriorly but medially and laterally, still 

providing mechanical advantage to pronators and supinators. 

Supination is restricted, however, by the bony structure of 

the elbow joint. 

The deep fossa for the origin of flexor carpi ulnaris, 

made by the medial inclination of the olecranon, present in 

all phenacodontids but relatively larger in the smaller ones, 
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suggests strong palmar flexion, important in propulsive 

thrust. 

Thus, the phenacodontids restrict supination and enhance 

stable flexion and extension by the bony structure of the 

elbow joint. Additionally, the deep olecranon fossa, the 

supratrochlear foramen, and large fossa for flexor carpi 

ulnaris, present in all phenacodontids, the slight posterior 

projection of the epicondyles and lateral epicondylar crest 

of the humerus, present in the Phenacodus specimens, and the 

posterior inclination of the olecranon, present in ~. 

primaevus and some of the smaller Phenacodus specimens, 

suggest wide extension of the elbow joint and strength in 

ex tension of the el bow joint and flexion of the carpus, 

important in propulsive thrust. 

The radius and ulna are not fused in the phenacodontids 

but they do remain in close proximity throughout their 

lengths. The radius is anterior to the ulna proximally and, 

in normal pronated position, is medial to the ulna distally. 

The radius and ulna are concave toward the posterior or 

extensor surface in the Phenacodus specimens, in some a 

continuation in the ulna of the posterior inclination of the 

olecranon. They are not concave posteriorly in I. puercensis 

but the ulnar shaft, which is preserved but repaired in 

several posi tions, is straighter than in Phenacodus. This 

posterior concavity in Phenacodus increases the effective 

forearm extension at the distal end beyond the extension 
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extension increases stride length. 
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This increased 

In Phenacodus the proximal radial shaft is elliptical in 

cross-section with the long axis oriented mediolaterally, as 

in the proximal articular surface. In the distal half of the 

radial shaft a strong proximodistal ridge is present on the 

posterior surface, giving the shaft a triangular cross

section. This distinct ridge is in a position to add strength 

against compressional and bending stresses associated wi th 

weight-bearing and locomotion. The ridge is not as evident 

in I. puercensis, but its size cannot be determined because 

of compression during fossilization. 

The ulnae are nearly elliptical in cross-section along 

their lengths wi th the long axis of the ell ipse oriented 

nearly anteroposteriorly or flexad-extensad, also adding 

strength against compressional and bending stresses. 

There is little movement at the distal radio-ulnar joint 

in the phenacodontids: 1) The distal radial facet on the ulna 

is not very distinct or elevated from the shaft. When the 

radius and ulna are articulated, the shafts are very close to 

each other, leaving very little room for rotation. 2) The 

facets are not smoothly convex and concave. 3) There is no 

rotation or very little at the proximal radio-ulnar joint. 

In the phenacodontids the proximal carpal joint (radio

scaphoid, radiolunate, and ulnocuneiform joints) is a weight

bearing joint that allows flexor-extensor movements and some 

----- ------------ ---- -- -
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The distal radius has distinct concave 

surfaces for the scaphoid and lunate. 

surfaces of the scaphoid and lunate 

The convex proximal 

together make a 

hemicylindrical surface oriented mediolaterally for 

articul ation wi th the distal radius. This hemicy 1 indr ical 

shape suggests that most movement at the joint is in the 

flexor-extensor direction. 

In both the scaphoid and lunate the proximal joint 

surfaces wrap around to the anterior surfaces of the bones. 

This continuation suggests that a small amount of 

hyperextension beyond the position of greatest congruency is 

possible at the joint. The distal radius, however, has a 

sharp ridge on the extensor edge of the lunate and scaphoid 

facets which may function as a "stop" to limit the 

hyperextension. 

Flexion is not limited by bony structure at the proximal 

carpal joint. There is a posterior lip on the distal radius 

bordering the lunate and especially the scaphoid facets and 

there are posterior tubercles on the flexor surfaces of the 

scaphoid and lunate. At the more extreme degrees of flexion, 

the tubercles of the scaphoid and lunate fold upward onto the 

posterior carpal margin on the radius. As the anterior 

margins of the joint surfaces separate from each other during 

flexion, joint stability is assured by the presence of the 

posterior tubercles on the carpals. In order for the 

posterior edges of the facets on the radius to contact the 

--------- '-'- --
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concave part of the proximal scaphoid surface during flexion, 

the scaphoid (and probably the lunate) have to slide extensad. 

This stable flexion hinge allows the manus to be flexed 

strongly during push-off and again during protraction to avoid 

scraping the ground. 

The distal styloid process of the ulna has a cylindrical 

shape in I. puercensis and E. primaevus and a knob-like shape 

in E. vortmani that articulates with the cuneiform. In E. 

primaevus AMNH 2961, the long axis of the cylinder is oriented 

flexad-extensad, and in this specimen and in E. vortmani AMNH 

4378 the articular surfaces face toward the medial side. This 

medially-facing articular surface may move on the cuneiform 

as the proximal carpal row slides laterally during ulnar 

deviation. Ulnar deviation is obligatory during flexion of 

the proximal carpal joint in the carnivores and is associated 

with avoiding interference between limbs during running 

(Vaiden, 1970). 

The pisiform in E. primaevus AMNH 2961 is relatively long 

and robust and, as in the carnivores, extends posteriorly from 

its articulation with the cuneiform. Its length contributes 

to the mechanical advantage of flexor carpi ulnaris. 

The mid-carpal joints in the phenacodontids are broad, 

allowing weight to pass to the digits through the scaphoid, 

lunate, and cuneifcirm to the trapezoid, magnum, and uncinate. 

Motion at the joints is largely flexion and extension and 

occurs by sliding. The proximal carpal row articulates with 
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the carpals directly distal to them as well as with the edges 

of carpals diagonal in position. As a result of the diagonal 

articulations, mediolateral and rotational movements between 

the carpal rows are prevented. 

At the carpometacarpal joints, the positions of maximum 

congruency result in a spatial separation of the distal ends 

of the metacarpals. MC III is extended slightly on the 

magnum; MCs I I and IV are extended less than MC I I I and 

diverge medially (MC II), laterally (MC IV), and posteriorly 

(both); MCs I and V diverge even more than MCs II and IV. The 

result of the diversion of the three longer metacarpals is 

that the metacarpals form a tripod and their distal ends 

describe a triangle in space. This tripod can help distribute 

the weight passing through the limbs. Additionally, the 

distal separations of the metacarpals in the phenacodontids 

describe a large enough triangle in space to preclude 

plantigrade foot posture and suggest digitigrade posture. At 

carpometacarpal II-V joints, flexion and extension can occur 

as a result of the anteroposteriorly oriented, concave and 

convex joint surfaces. Mediolateral movements are prevented 

by diagonal articulations. 

The metacarpals are relative thicker or more robust 

compared to shaft length in E. primaevus than in E. vortmani 

and especially I. puercensis. This greater robusticity in the 

larger phenacodontids is consistent wi th allometric principles 

which suggest that relatively greater long bone thickness in 

--------- .. -
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larger animals prevents bone failure as a result of body mass 

and loc:omotor stresses (Mc:Mahon, 1975b). In the smaller 

phenac:odontids the lesser bone mass is assoc:iated with lower 

stresses. 

The mid-shaft c:ross-sec:tions of the metac:arpals are 

nearly elliptic:al in outline with the long axis of the ellipse 

oriented generally mediolaterally. The mid-shaft c:ross

sec:tion of MC I I I approac:hes the mediol aterall y oriented 

ellipse most c:losely, with those of MCs II and IV being 

thic:ker proximodistally toward the mid-line axis of the manus 

(toward MC III) and oriented at a slight angle to MC III. The 

near elliptic:al mid-shaft c:ross-sec:tions of the metac:arpals 

suggest that stresses tending to break the metac:arpals are 

predominantly mediolateral in direc:tion. These stresses 

result from the mediolateral c:omponents of weight-bearing and 

loc:omotion, turning while running or walking, plac:ing uneven 

stresses on the medial and lateral sides, and plac:ing the foot 

on uneven substrates. The proximodistal axis of the ellipse 

represents those stresses that result from forward loc:omotion 

and weight-bearing. The inc:reased thic:kness of the mid-shaft 

in MCs II and IV may inc:rease bone strength toward the mid

line of the tripod. (The lesser anteroposterior thic:kness of 

MC III is c:onsistent with the more posteriorly positioned MCs 

II and IV striking the ground prior to MC III). 

The proximodistal lengths of the metac:arpals add length 

to the forelimb in digitigrade posture. Compare~ to the 

----_._------ --- ... - . 
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presacral vertebral column the metacarpals of E. vortmani AMNH 

4378 and E. primaevus are similar in length and add equally 

to stride length. 

The metacarpo-phalangeal joints are mediolaterally 

elongate (as are the metacarpals and phalanges in cross

section) and nearly cylindrical in shape. Like the cross

sections of the metacarpal shafts, the distal articular 

surfaces of MCs II and IV are asymmetrical--inflated toward 

the mid-line axis of the manus. This asymmetry reflects the 

tripod nature of the foot posture and the positions of weight

bearing. 

At maximum congruency, the smooth extensor-distal surface 

of the metacarpal encounters the broad convexi ty of the 

proximal phalanx. The keel on the distal and flexor-distal 

surface of the metacarpal and the groove on the flexor edge 

of the proximal phalanx are not engaged. 

The near cylindrical shapes of the joint surfaces suggest 

emphasis on flexion and extension at the joints. At the 

metacarpo-phalangeal III jOint, extension can continue from 

the positions of maximum congruency unti I the extensor or 

anterior lip on the proximal facet of PP III encounters the 

mediolateral groove on the extensor or anterior surface of MC 

I I I. The locking of the groove and I ip prevent 

hyperextension. At full extension, further proximal motion 

is translated into mediolateral sliding and rotation of the 

proximal phalanx on the metacarpal. This sliding or rotation 

---- ._ ... --. _. 
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may prevent dislocation that might otherwise occur with 

hyperextension or as a result of encountering uneven surfaces 

during running or walking. 

During flexion at the metacarpo-phalangeal joints, the 

anterior joint surfaces disengage and weight-bearing is not 

possible. The distal metacarpal keel encounters the groove 

on the flexor side of the proximal phalanx and, if flexion 

continues, passes into the groove. This keel and groove may 

help prevent mediolateral sliding during propulsive thrust and 

keep all motion in the parasagittal plane. There is no ridge 

or groove on the extensor surfaces of the joint--l) A ridge 

there might be vulnerable to breaking in a digitigrade animal 

as the phalanges encounter uneven ground, and 2) Extensor 

forces may not need to be maintained in the parasagittal plane 

because they are not contributing to propulsive thrust. 

The keels are sl ightl y more prominent in the smaller 

phenacodontids than in the E. primaevus specimens, perhaps 

associated with allometry but suggesting a greater tendency 

to keep propulsive thrust in a parasagittal plane. 

The phalanges in the phenacodontids di ffer from each 

other in relative robustness or mediolateral mid-shaft width 

compared to shaft length. They are relatively short in the 

Phenacodus specimens compared to those in L. puercensis. Like 

the metacarpals, they are relatively more robust in the larger 

phenacodontids than in the smaller ones. 

The cylindrical, mediolaterally elongate $hapes of the 

---------',-" --'. " .. , 
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PP/CP and CP/UP joint surfaces and, especially in the smaller 

phenacodontids, the low trochlea of the distal surfaces and 

low ridge of the proximal surfaces, help prevent mediolateral 

motions at the joints and restrict motion to flexion and 

extension. 

Thus, the positions of greatest congruency in the joints 

of the manus and forelimb result in digitigrade posture in 

Phenacodus specimens. The posture in Tetraclaenodon 

puercensis is less clear based upon the forelimb alone. 

The Hindlimb 

The Hindlimb in the Phenacodontids 

Hindlimb Material Available, Its Preservation and Completeness 

The material avai lable for determination of hind limb 

proportions is described below. 

The hindlimb of Tetraclaenodon puercensis AMNH 2468 is 

well-preserved and nearly complete. The pelves are present 

and complete around the acetabula, but are broken at the tips 

of the ilia, ischia, and pubes. The right femur and tibia are 

complete but are compressed proximally--anteroposteriorly on 

the proximal femur and mediolaterally on the proximal tibia. 

The right calcaneus, navicular, entocuneiform, mesocuneiform, 

ectocuneiform, metacarpals, and most phalanges are present and 

well-preserved. 

Phenacodus vortmani AMNH 4378 also is very well-
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The pelves are missing but the right femur, 

patella, tibia, astragalus, calcaneus, navicular, cuboid, and 

entocuneiform, plus the metatarsals and some phalanges 

including third phalanges, are present and well-preserved. 

Phenacodus primaevus AMNH 293 is a very well preserved 

specimen with a complete tibia, proximal and distal fibula, 

and a nearly complete pes. The pes includes the astragalus, 

calcaneus, navicular, cuboid, and entocuneiform, plus all five 

metatarsals, and a nearly complete set of phalanges. (Only 

UP III is missing). 

Phenacodus primaevus AMNH 4369 is, a very well-preserved 

mounted specimen that includes right and left sides with some 

restoration of small bones. The hind 1 imb proportions are 

incomplete, however, because of the six-hour time constraint 

in the use of the specimen on display. 

Phenacodus primaevus AMNH 4370 is a large specimen 

consisting of well-preserved complete left femur and tibia. 

Phenacodus primaevus PU 14684 is a very well-preserved 

mounted specimen with only minor restorations on the right or 

left side. Because the specimen is mounted, some measurements 

such as tarsal length are best estimates. 

Hindlimb Proportions within the Phenacodontids 

In comparing the hindlimb proportions of the 

phenacodontids and the analogues, the total length of the 

hindlimb (femur, tibia, tarsals, and metatarsal III) and the 

-------------- .. --
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presacral vertebral column are used as standards. Tarsal 

length, for the purpose of determining hindlimb proportions, 

is the added length of the astragalus from mid-trochlea, the 

navicular, and the entocuneiform. All hindlimb lengths and 

proportions are listed in Appendices 0 and F. 

100-106. 

See Figures 

The phenacodontids with complete hindlimbs are: 

Tetraclaenodon puercensis AMNH 2468 (264.53 mm), Phenacodus 

vortmani AMNH 4378 (345.55 mm), and Phenacodus primaevus PU 

14684 (554.6 mm). 8ecause of incomplete hindlimbs (or 

incompletely measured hindlimbs in the case of AMNH 4369), the 

hindlimb proportions of some specimens cannot be determined 

accurately and are not part of the total hindlimb comparison. 

They are included in some comparisons within the hindlimb, 

however. 

In the phenacodontids especially and in the analogues, 

the hindlimbs are longer than the forelimbs. Compared to the 

presacral vertebral column length (which is not available for 

I. puercensis AMNH 2468), the hindlimb as a whole is 

relatively longer in E. vortmani AMNH 4378 (751.) than in E. 

primaevus PU 14684 (681.). (Or the vertebral column is 

relatively longer in Phenacodus primaevus than in E. 

vortmani). The segments of the hindlimb differ in relative 

proportions between the two specimens wi. th respect to the 

vertebral column. Except the femora, which are very close to 

each other in proportions, the segments of E. vortmani are 
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relatively longer than those of e. primaevus. 

Within the hindlimb the relative lengths of the femur and 

tibia are slightly different among the specimens of I. 

puercensis, e. vortmani, and e. primaevus. The crural index 

(T/F X 100) is higher in the smaller phenacodontids (106% in 

I. puercensis and 112% in e. vortmani) than in the larger e. 
primaevus specimens (88% in AMNH 4370, 91% in AMNH 4369, and 

92% in PU 14684). 

Compared to the hind 1 imb as a whole, the femur is 

relatively shorter [(F/HL)100 = 38% and 36%] and the tibia 

relatively longer [(T/HL)100 = 40% each] in I. puercensis and 

e. vortmani than in the larger Phenacodus specimens. In e. 
primaevus PU 14684 the femoral index is larger (42%) and the 

tibial index smaller (38%). Thus the tibia is longer than the 

femur in I. puercensis and e. vortmani and shorter than the 

femur in e. primaevus. 

The tarsals do not contribute to relative hindI imb length 

differences among the phenacodontids and the tarsal indices 

(Tarsals/HL X 100) are very close (38-40%). The third 

metatarsals do differ in relative length compared to presacral 

vertebral column length, being relatively longer in the 

smaller phenacodontid specimens (11% in e. vortmani) and 

relatively shorter in e. primaevus (8%). Compared to the 

hindlimb, however, the relative metatarsal lengths are very 

similar among the phenacodontid specimens (12-15%). 

Within the pes, e. vortmani has the relatively longest 

---- '----, .. -
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MT III (47%), but interestingly, has relatively short PP III 

and CP III (16 and 10%), as does e. primaevus. The PP III and 

CP III are longer and more slender compared to the pes in I. 
I 

puercensis (19 and 12%) than in the Phenacodus species. 

(These very close proportions may not be significant). The 

proportion of tarsal length within the pes is greater in the 

larger phenacodontids and is especially large in e. primaevus 

(30%). (Compared to the presacral vertebral column, however, 

the tarsals of e. vortmani (30%) are greater than those tif e. 
primaevus (26%); compared to the hindlimb, the tarsal lengths 

are similar in the three represented species. 

Thus in the pes, e. primaevus is relatively longer in the 

tarsals and smaller in the MT III, PP III, and CP III. e. 
vortmani has greater r~lative length in the MT III, but has 

short PP III and CP III. I. puercensis has a slender MT III 

and especially elongate PP III and CP III compared to those 

of the Phenacodus specimens. 

The proportion of the length of the calcaneal tuberosity 

or shaft to the length of the pes is the proportion of the 

near in-lever of the plantar flexors of the pes to the near 

out-lever. The out-lever is relatively shorter in the smaller 

phenacodontids than in the larger ones. 

----- ----- ---< 
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The hindlimb lengths in the extant analogues measured 

range from 293 mm in Procyon lotor to 445 mm in Hydrochoerus 

hydrochoerus. They are listed in Appendix D. Again, because 

of the distinctl y di fferent tarsals in Tapirus terristris 

CA(AMNH) 2592 compared to the phenacodontids, the complete 

hindlimb proportions are not presented. 

Compared to the presacral vertebral column, the hindlimb 

length in E. vortmani (75%) is similar to those in tl. 

hydrochoerus (74%), {;.. latrans (78%), and §.. luscus (77%). 

The relative hindlimb length in E. primaevus (68%) is between 

that of tl. hydrochoerus and E. capensis (56%) and smaller than 

in most analogues. 

The relative femoral lengths compared to the presacral 

vertebral column lengths in the phenacodontids (27-28%) are 

closest to those in tl. hydrochoerus and {;.. latrans (29% in 

both) • Tibial indices, which differ between the Phenacodus 

species, are close to E. vortmani (30%) in §.. luscus (29%), 

tl. hydrochoerus (29%), and {;.. latrans (31%). The proportion 

in E. primaevus (26%) is smaller than all analogues (with the 

exception of E. capensis which is smaller and has a shorter 

vertebral column compared to the phenacodontids and other 

analogues. The MT III index in E. vortmani (11%) is between 

that of !i. hydrochoerus (10%) and §.. luscus (12%). I t is 

slightly longer in {;.. latrans and ~. rufus (13% and 14%). The 

. -. --_. -----------~ 



327 

index in E. primaevus (81.) is smaller than all analogues, 

(again with the exception of E. capensis). 

Thus, the hindlimb proportions in E. vortmani, compared 

to the presacral vertebral column, are closer to the 

proportions in tl. hydrochoerus and ~. latrans than are those 

in E. primaevus (which has a relatively long vertebral 

column). 

Within the hindlimb, the femoral index of 1. puercensis 

(381.) is very close to those of tl. hydrochoerus (391.) and the 

carnivore analogues (37-391.). That of E. vortmani (361.) is 

slightly smaller than those of most analogues (but similar to 

the index of ~. latrans, 371.), and the femoral index of E. 

primaevus (421.) is similar to that of E. capensis (421.) but 

larger than those of the other analogues. Thus, the ~emur is 

relatively shorter in the smaller phenacodontids compared to 

E. primaevus. 

The tibial indices in 1. puercensis and E. vortmani (401. 

in both) are similar to several of the analogues: tl. 

hydrochoerus (391.), E. capensis (401.), ~. latrans (401.), and 

E. lotor (411.). That in E. primaevus (381.) is only slightly 

smaller and similar to that in k. rufus (381.). The tibia is 

relatively longer in the smaller phenacodontids than in E. 

primaevu~. 

The crural index (T/F X 100) is similar in 1. puercensis 

(1061.) to that in ~. latrans (1071.), whereas the index in E. 

vortmani is larger (1121.) and in E. primaevus (921.) is 
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In E. primaevus, it is closer to but smaller than 

those in E. capensis and ~. luscus (951. in both) and larger 

than that in I. terristris (831.). 

The tarsals are of similar proportion in the 

phenacodontids and most analogues compared to the hindlimb, 

but the phenacodontid proportions (8-91.) are closer to those 

of !:!.. hyd roc hoerus (81.) and ~. I uscus ( 91.) ~ The MT I I I 

indices in the phenacodontids are wi thin the range of the 

analogues. The indices of I. puercensis (141.) and E. vortmani 

(151.) are like those of !:!.. hydrochoerus (141.), and ~. lusc~ 

(151.), and of E. primaevus (121.) between those of E. capensis 

(111.) and E. lotor (131.). Thus, among the phenacodontids and 

within the hindlimb, the MT III is relatively longest in E. 

yortmani and shortest in E. primaevus. All phenacodontid MT 

III indices are smaller than those of ~. latrans (171.) and k. 

rufus (161.), however. 

In summary, compared to the presacral vertebral column, 

the hind I imb proportions of E. vortmani are c lose to !:!.. 

hydrochoerus and similar to those of the carnivores. The 

hindlimb proportions of E. primaevus are slightly more 

different than E. vortmani from those of the analogues. In 

E. primaevus compared to the presacral vertebral column, the 

hindlimb, tibia, and MT III are slightly shorter than in most 

analogues. 

Compared to the hind 1 imb, the femur is shorter in E. 

vortmani, similar in I. puercensis, and larger in E. primaevus 
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than in most of the analogues. The tibia is longer within the 

hind limb in I. puercensis and e. vortmani compared to e. 
primaevus. The MT III index is larger in I. puercensis and 

e. vortmani compared to E. primaevus. 

As mentioned, the hindlimb is longer than the forelimb 

in the phenacodontids and in the analogues. Similarly, the 

crural index (T/F X 100) is larger than the brachial index 

(R/H X 100) in the phenacodontids as well as in the analogues. 

Whereas the smallest brachial index in the phenacodontids is 

in I. puercensis (7~%), the smallest crural index is in E. 
'", --

pr imaevus (88% to 92%). Tile smaller crural index in the 

Phenacodus specimens is between that of I. terristris (83%) 

and that of e. capensis and ~. luscus (95% each). The larger 

crural indices in the smaller phenacodontids are in I. 

puercensis (106%) and e. vortmani (112%, which is greater than 

that in ~. latrans, 107%). 

The MT I I I/Pes proportions in the phenacodontids are 

included within the range in the analogues. The relatively 

short MT I II compared to the pes in e. pr imaevus (43%) is 

close to that of tl. hydrochoerus (44%). Those of I. 

puercensis (45%) and e. lotor (45%) also are close. The 

relatively longer MT III in E. vortmani (47%) compared to the 

other phenacodontids still is relatively shorter compared to 

the pes than that in ~. latrans (53%) and ~. rufus (51%). 

The relatively slender pes in I. puercensis (compared to 

the Phenacodus specimens) is similar to ~. rufus and e. lotor 
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in the PP III/Pes and CP III/Pes proportions (17'l., 13'l. and 

16'l., 12'l. in k. rufus and E. lotor respectively, and 19'1. and 

12'l. in I. puercensis). The Phenacodus species wi th the 

relatively shorter PP III and CP III lengths (16-17'l. and 10'l.) 

compared to I. puercensis and the carnivores have relatively 

shorter PP II I lengths but similar CP II I lengths to Ii. 

hydrochoerus (21'l. and 10'l.). 

The relative tarsal length compared to the pes in I. 

puercensis (24'l.) is within the range of the proportions in the 

analogues. Those of the Phenacodus species (27-30'l.) are 

slightly larger than the analogues (19-26'l.). 

Thus, 'in I. puercensis AMNH 2468, the proportions of the 

phalanges within the pes are most similar to those of the 

carnivore analogues. In E. vortmani AMNH 4378, the metatarsal 

lengths are closest to those of the analogues. In E. 

primaevus PU 14684, the different proportions within the pes 

are closest to Ii. hydrochoerus, E. capensis, and perhaps to 

E. lotor. 

The proportion of the length of the calcaneal tuberosity 

to the length of the pes, (L, sh calc/Pes X 100), is similar 

in I. puercensis (23'l.) and E. vortmani (24'l.) to that in Ii. 

hydrochoerus (24'l.) , but larger than in the carnivores (16-

19'1.). The index in E. primaevus AMNH 293 (31'l.) is larger than 

any of the analogues but closest to that of Ii. hydrochoerus 

and E. capensis (27'l.). 
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Because the hindlimb in the phenacodontids is relatively 

longer and heavier than the forelimb and the crural indices 

are larger than the brachial indices, the phenacodontids are 

considered to be hindlimb dominated, as are many other 

mammals. See Figure 5. 

The relatively larger crural indices in E. vortmani 

suggest running abilities--based upon this index alone-

relatively better than in E. primaevus and similar to those 

of the carnivore analogues (Hildebrand, 1982). [In contrast 

to the hindlimb proportions, the radial index, (R/VC)100, 

however, suggests running abi 1 i ties c loser to those of !:!. 

hydrochoerus and ~. luscus and poorer than those of ~. latrans 

or 6.. rufus]. 

Similarly, the MT III index, (MT III/VC)100, in E. 

vortmani had running ability closer to that in the carnivore, 

in contrast to E. primaevus. 

The proportion of the length of the calcaneal tuberosity 

and the length of the pes, (L, sh calc/Pes)100, is larger in 

those mammals in which strength is emphasized and smaller in 

those in which speed is emphasized. Thus, the relatively 

large index in the phenacodontids compared to the carnivores 

suggests less emphasis upon speed and more emphasis upon 

strength compared to the carnivore analogues. The smaller 

indices in I.. puercensis and E. vortmani compared to E. 

-------------- --
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primaevus suggest less emphasis upon strength in these smaller 

phenacodontids and more upon speed. 

Thus, based upon hindlimb proportions alone, the smaller 

phenacodontids, especially E. vortmani, had better or more 

eff ic ient running abi Ii ties than the larger E. primaevus. 

This difference in the phenacodontids may be a consequence of 

size differences. The phenacodontid hindlimb proportions as 

a whole suggest running abi I i ties c loser to those of t!. 

hydrochoerus and ~. luscus and less than those of ~. latrans 

and 6.. rufus. 

Indications of Movement Capabilities in the 

Joints of the Hindlimb 

In the hindlimb, some preliminary statements can be given 

about bony restrictions to medial and lateral movements. 

an the femora I head, the ang Ie made by edge of the 

articular surface and the proximodistal mid-line of the femur 

is relatively narrow or acute compared to that in mammals that 

abduct the femur at the hip joint. This more restricted 

articular surface suggests that the femur was not abducted 

significantly during locomotion. The lack of abduction of 

the femur indicates that limb movement was generally 

restricted to flexion and extension, important in 

cursoriality. 

The deep and distinct patellar groove in the 

phenacodontids suggests that strong contraction of the 

--------- .. __ ._-- _. 
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quadriceps muscles resulted in strong, straight extension of 

the knee, important in thrust during cursorial locomotion. 

At the proximal ankle joint, the relatively deep 

astragalar trochlea and deep articular surfaces of the distal 

crus, more developed in the Phenacodus specimens than in I. 

puercensis, suggest a restriction of motion to flexion and 

extension, also important in cursoriality. 

The block-like tarsals restrict movement at the mid

tarsal joint and enhance weight-bearing. At the distal tarsal 

joint, the flexor-extensor curvatures of the joint surfaces 

restrict motion to flexion and extension. As in the manus, 

the mediolaterally elongate orientation of the metatarsal

phalangeal and interphalangeal joints limit mediolateral 

movement. The ridges on the flexor edges of the distal MTs 

and PPs and the grooves on the flexor edges of the proximal 

surfaces of the PPs and UPs restrict mediolateral movement 

when the joints are flexed, allowing all of the pull of the 

flexor muscles to contribute to forward motion. The shapes 

of the joint surfaces in the hindlimbs of the phenacodontids 

also contributed to cursoriality. 
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CONCLUSION 

The phenacodontids were not, simply, "generalized" 

mammals, but were better, more efficient runners than 

sometimes they have been portrayed as being. Tetraclaenodon 

puercensis, Phenacodus vortmani, and E. primaevus all had 

features that contributed to cursoriality. They differed from 

each other in the forms of these features and in the degree 

of cursor ia Ii ty imp lied. Compared to some of the bet ter 

modern runners such as some of the dogs and cats, the 

phenacodontids were not as fast or as eff icient energeticall y. 

Compared to many of the other Paleocene and Eocene mammals, 

however, the phenacodontids were very good runners. 

Several features of their postcranial skeletal 

morphologies indicate that their postural and locomotor 

capabilities were consistent with cursoriality. 

Dorsoventral motion in the vertebral column was 

restricted in the cranial thoracic section, adding to 

stability and allowing the forward transfer of momentum that 

was generated i·n the hindlimb and caudal vertebral column. 

In the caudal thoracic and especially the lumbar sections, 

dorsoventral and some mediolateral movements were allowed. 

These movements enabled the phenacodontids to increase stride 

length, as is done in modern dogs and cats, beyond that 

accomplished by the limbs alone. They were emphasized more 

strongly in the larger E. primaevus than in E. vortmani, and 

perhaps were associated with size, providing a greater energy 

--------- .. _ .. -. -- . 
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efficiency important in the larger animal. 

The phenacodontids differed somewhat from each other in 

limb posture, with Tetraclaenodon puercensisbeing semi

digi tigrade to digi tigrade and Phenacodus vortmani and E. 

primaevus being digitigrade. This posture increased limb 

length and stride length, and thus potential velocity beyond 

what would have been attainable with plantigrade posture. 

The proportions in the forelimb were similar in the three 

phenacodontids. 

all, but more 

The humerus was longer than the radius in 

so in the smaller phenacodontids. Distal 

insertions of muscles in the humerus, especially in the larger 

ones, provided strength in moving the proximal forelimb during 

running. 

The proportions in the hindlimb differed from those of 

the forelimb and among the phenacodontids. In all, especially 

in E. vortmani and compared to the forelimb, the distal 

elements were relatively elongate. This distal elongation 

concentrated the mass of the limb more proximally, thereby 

making the more extensive movements of the (lighter) distal 

elements more efficient energetically. The distal elongation 

and efficiency were less in E. primaevus. 

Additionally, the limbs were relatively heavier in E. 

p~imaevus than in the other phenacodontids, also contributing 

to lesser energetic efficiency in the hindlimbs compared to 

especially to E. vortmani. 

The proportions of other levers in the fore and hindlimbs 

-----------_. -_.- -. 
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of the phenacodontids differed, emphasizing strength or speed. 

For example, the relative olecranon length was greater in E. 

primaevus than in E. vortmani, emphasizing strength in the 

larger animal. On the other hand, the orientation of the 

olecranon was more consistently toward the posterior in E. 

primaevus than in the smaller phenacodontids, resul ting in 

mechanical advantage when the limbs were extended. 

Similarly, the morphologies of the muscle attachment 

sites may suggest the strength of the muscles. These 

attachment sites generally were more robust in E. primaevus 

than in the smaller phenacodontids, suggesting greater 

strength, probably associated with positive allometry. On the 

other hand, the fossa for the origin of flexor carpi ulnaris 

was relatively larger in the smaller phenacodontids, 

suggesting stronger palmer flexion, important in running. 

The joint structures of the fore and hindlimbs of the 

phenacodontids, particularly in E. vortmani and E. primaevus, 

emphasized flexion, extension, and adduction rather than 

abduction, thus contributing to forward motion. For example, 

in the el bow joint, the supratrochlear foramen allowed a 

greater degree of ex tension than would have been possible 

without it. The structures of the articular surfaces of the 

elbow joint prevented supination and allowed only flexion and 

extension. Similarly, in the hindlimb, the articular surface 

on the femoral head indicates that the hip joint was kept 

relatively adducted. 
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Thus, the phenacodontids were cursorial and especially 

efficient at cursoriality compared to many of their Paleocene 

and Eocene contemporaries. They differed somewhat from each 

other in size, proportions, and the details of joint 

structures that enhance cursoriality. Of 

phenacodontids, I· puercensis was probably 

the 

the 

three 

least 

cursorial. E. vortmani and E. primaevus were more cursorial 

but differed in efficiency and in the structures that tended 

to enhance efficiency. For example, E. primaevus was the more 

eff icient in restr ic ting movements in its cauda I vertebral 

column to dorsal and ventral directions. In contrast, E. 

vortmani was more efficient in its limbs: The bones were more 

gracile, the muscle attachment sites less rugose, and the 

muscle and bone lever relationships more suggestive of speed 

than power. 

Of the Phenacodus species studied, E. vortmani probably 

was the more efficient runner. It had the same bony 

restrictions to medial and lateral movements found in E. 

primaevus with the exception of the caudal vertebral column. 

I ts body proportions espec ia 11 y in the hind limb, its more 

gracile bones, and its bone muscle lever relationships were 

more adapted to efficient speed. 

The descriptions of the postcranial skeletal morphology 

and the suggestions for cursorial i ty among the di fferent 

phenacodontids have implications for the elucidation of 

evol utionary reI ationships wi thin the phenacodontids. Because 

- -- ---- --------------------- --
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of the patterns of variation in the morphologies of these 

phenacodontids and the impl ications for cursorial i ty and 

energy efficiency in running, it is likely that E. vortmani 

was not ancestral to E. primaevus. Eac~ may have been 

directly or indirectly descended from I. puercensis, however. 

The skeletal morphologies and the postural and locomotor 

capabi 1 i ties presented here al so may have impl ications for 

understanding the relationships between the ph~nacodontids and 

other members of the early Tertiary mammalian radiation. 

Given its postcranial skeletal morphology, Phenacodus 

probably was not ancestral to the perissodactyls or any other 

group of mammals; Tetraclaenodon may not have been either. 

A comparison of the postural and locomotor capabilities of 

Hyracotherium to those of the phenacodontids should provide 

some answers (or confirmations) to that important question. 

Similarly, a comparison of the phenacodontid posture and 

locomotion, especially that of I. puercensis to those of the 

available arctocyonids should help elucidate the evolutionary 

relationships between those two groups. 

These comparisons as well as other comparisons wi thin the 

broad group of "condylarths" will be made in the future. 

The detailed analysis of postcranial skeletal morphology 

wi th the goal of understanding the postural and locomotor 

capabilities of the skeleton is an important method of study 

that should be applied to other fossil groups. If undistorted 

skeletal material is available, examination and manipulation 

----.. --.... -- ......... - .. --_. ------------
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of the joints and a c:omparison to a suite of appropriate 

modern analogues will yield a wealth of information on the 

postural and loc:omotor c:apabilities of the group. The 

c:omparison of those skeleta I morphologies and c:apabi I i ties 

among groups is important in understanding what the living 

anima I s were I ike and c:an be an important c:omponent in 

understanding the evolutionary relationships among those 

groups. 

._-------_._ .... _- . 
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APPENDIX A - LOCALITIES 

1. Laudate Quarry 
Goler Fm 10. Flagstaff Peak 
Southern CA North Horn Fm 

Central UT 
2. San Juan Basin 

Nacimiento Fm 11- Dragon Canyon 
Northwestern NM Wasatch Plateau 
Southwestern CO North Horn Fm 

Central [T 
3. Gallegos Canyon 

San Juan Basin 12. Wagon road 
Nacimiento Fm Wasatch Plateau 
Northwestern NM North Horn Fm 

Central UT 

4. Kutz Canyon 
San Juan Basin 13. Plateau Valley 
Nacimiento Fm Piceance Basin 
Northwestern NM Wasatch Fm 

Northwestern CO 
5. Barrell Springs 

Arroyo and Ojo 14. Huerfano Fm 
Alamo Wash Southern CO 
San Juan Basin 
Nacimiento Fm 15. Four Mile Area 
Northwestern NM Wasatch Fm 

Northwestern CO 
6. Kimbetoh Arroyo 

San Juan Basin 16. New Fork - Bi~ Sandy 
Northwestern NM Wasatch Fm 

Southwestern Wy 
7. Betonnie-Tsosie Wash 

San Juan Basin 17. Tabet'nacle Butte 
Nacimiento Fm Bridger Basin 
Northwestern NM Bridger Fm 

Southwestern WY 
8. Mason Pocket 

Near Tiffany 18. Buckman Hollow 
San Juan Basin Near LaBarge 
Animas Fm Chappo Member, 
Southern CO Wasatch Fm 

Southwestern Wy 
9. Big Bend 

National Park 19. Chappo Locality 
Black Peaks Fm LaBarge Creek 
TX Green R. Basin 

Wasatch Fm 
Wy 



20. Battle Mtn 
Hoback Basin 
Hoback Fm 
Western WY 

21. UM locali ty 
Hoback Basin 
Wasatch Fm 
Western WY 

22. U wy locality 
Fossil Basin 
Washatch Basin 
Ft. Cnion FM 
Southwestern WY 

23. Twin Creeks 
Washakie Basin 
Evanston Fm 
Southwestern WY 

24. Big Multi, Fossil Basin 
Washakie Basin 
Ft. Union Fm 

25. Bi t ter Creek 
Washakie Basin 
Wasatch Fm 
Southwestern WY 

26. Swain Quarry 
Washakie Basin 
Ft. Union Fm 
Southwestern WY 

27. Cooper Lake Area 
Laramie Basin 
Wind River Fm 
Southern WY 

28. Wind River Basin 
Wind River Fm 
Central Wy 

29. Togwotee Pass 
Purdy Basin 
Wind River Basin 
Central WY 

30. Shotgun Butte 
Wind River Basin 
Ft. Union Fm 
Central IVY 

31. Badwater Creek Area 
Ft. Union Fm 
Central WY 

32. Bison Basin 
South Central wr 

33. Silberling Quarry 
Crazy Mtn Basin 
Lebo Fm 
Central MT 

34. Central Bighorn 
Basin 
Willwood Fm 
Northern WY 

35. No Water. Creek Area 
SE Bighorn Basin 
Sand Creek Facies 
Willwood Fm 
North Central IvY 

36. Carter Mtn 
Wapiti Fm 
Cody, WY 

37. Several Localities 
Clark's Fork Basin 
Northwestern 
Bighorn Basin 
Northern WY 

38. Rock Bench Quarry 
Clark's Fork Basin 
Bighorn Basin 
Ft. Union Fm 
Northern WY 

39. Cedar Point Quarry 
Clark's Fork Basin 
Bighorn Basin 
Ft. Union Fm 
Northern IVY 



40. Princeton Quarry 
Polecat Bench 
Clark's Fork Basin 
Bighorn Basin 
Ft. Union Fm 
Northern Wy 

41. Silver Coolee Area 
Ft. Union Fm 
Park County WY 

42. Rough Gulch 
Bighorn Basin 
Ft. Vnion FM 
Northern WY 

43. Foster Gulch 
Bighorn Basin 
Ft. Union Fro 
Northern WY 

44. Ries Locality 
Bighorn Basin 
Ft. Union Fro 
Northern IVY 

45. Foster Gulch 
Oil Well #1 
Bighorn Basin 
Ft. Union Fm 
Near Powell, WY 

46. Reclusa and 
Dry Well Areas 
Powder River Basin 
Northeastern WY 

47. Douglass Quarry 
Eastern Crazy 
Mtn Basin 
Melville Fm 
Central MT 

48. Bear Creek plus 
other UM localities 
Ft. Union Fm 
Southern MT 

49. Heart River 
Tongue River Fm 
Western NO 

50. Circle 
Tongue River Fro 
Eastern ~T and ND 

51. Riverdale 
Tongue River Fm 
Eastern MT and NO 

52. Judson 
Tongue River Fm 
Central ND 

53. Brisbane 
Tongue rH vet' Fm 
Central ND 

54. Calgary 2E 
Porcupine Hills Fm 
Calgary, Alberta 

55. Cochrane 
Porcupine Hills Fm 
Cochrane, Alberta 

56. Police Point 
SE Alberta and 
UAOW 1 and 2 
(Ravenscrag Fro) 
Roche Percee 
Saskatchewan 

57. Erikson's Landing 
Paskapoo Fm 
Central Alberta 
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Tis E. gingerichi-
Rodentia Zone 

T Tis E. simonsi--
I E. gingerichi Zone 
F 
F Ti4 E. churchilli-
A E. simonsi Zone 
N 
I Ti3 E. rex--
A E. phurchilli Zone 
N 

Tiz f. anceps--f. rex Zone 

Til Plesiadapis praecursor-
f. anceps Zone 

T T03 Pantolambda--
o Plesiadapis 
R praecursor Zone 
R 
E 
J 
o Toz Tetraclaenodon-
N Pantolambda Zone 
I 
A 
N 

TOl Periptychus-
Tetraclaenodon Zone 

PU3 Taeniolabis 
taoensis--

P Periptychus Zone 
U 
E 
R PUz Ectoconus--
C Taeniolabis 
A taoensis Zone 
N 

PUl Peradectes-
Ectoconus Zone 

B B3 Twinbuttean 
R 
I 
D 
G Bz Blacksforkian 
E 
R 
I 
A B3 Gardnerbuttean 
N 

W W3 Heptodon 
A calciculus Zone 
S 
A 
T W2 Homogalax 
C protapirinus Zone 
H 
I 
A Wl Hyracotherium 
N grangeri Zone 

C 
L 
A Cf3 Phenocodus--
R Ectocion Zone 
K 
F 
o Cf2 E. cookei Zone 
R 
K 
I CFl E. gingerichi Zone 
A 
N 

:344 



345 

APPENDIX A - SPECIMEN ABBREVIATIONS 

PHENACODONTID SPECIMENS FOUND 

D = Desmatoclaenus 

T = Tetraclaenodon puercensis 

p = Phenacodus 

P1 = f. matthewi 

Pz = f. grangeri 

P3 = f. vortmani 

P4 = f. almiensis 

Ps = f. brachypternus 

Ps = f. primaevus 

Pi = f· copei 

Pa = f· bisonensis 

E = Ectocion 

El = E. wyomingensis 

Ez = E· osbornianus 

E3 = ~. superstes 

E4 = E· parvus 

Es = E. collinus 

M = Prosthecion major 

C = Copecion brachypternus 
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APPENDIX B Specimens used in the study 



Order Condylarthra 

Family Phenacodontidae 

Tetraclaenodon puercensis AMNH 2468 - Associated with teeth 

Age: Torrejonian 

Locality: Rio Torrejon, San Juan Basin, New mexico. 

Granger 1896. 

Preservation: Good condition 

Completeness: 

Right humerus - nearly complete 

:3-19 

Right radius - attached proximally and distally to ulna; 

incomplete shaft 

Left radius - complete proximal end and shaft 

Right ulna - complete 

Right carpals - incomplete (includes some from A~NH 23~7R) 

Metacarpals - proximal and distal ends 

Phalanges - incomplete 

Left and right partial pelves - fair condition 

Right femur virtually complete; slightly distorted 

distally 

Left femur and patella - partially restored 

Right and left tibiae - complete, slightly crushed 

Left fibula - fair 

Pes: 

Right tarsals calcaneus, navicular, cuboi,l. 

ectocuneiform, mesocuneiform, entocunei form, cast. 

of left astragalus 



Right metatarsals - complete 

Right phalanges - complete 

Tetraclaenodon puercensis AMNH 2493 cast - Unassociated with 

teeth 

Age: Torrejonian 

Locality: Rio Torrejon, New Mexico 

Preservation: Original was in good condition apparently. 

Original unavailable. 

Completeness: 

Left calcaneus 

Tetraclaenodon puercensis AMNH 2547a 

Age: Torrejonian 

Locality: Escarada Canon, San Juan Basin, New ~exico. 

Granger 1986. 

Preservation: Good condition 

Completeness: 

Partial carpals (included with AMNH 2468) 

Tetraclaenodon puercensis AMNH 3878 cast 

Age: Torrejonian 

Locality: San Juan Basin, New Mexico 

350 

Preservation condition: Original was in good condi t i on 

apparently, but not completely cleaned. 

unavailable. 

Original 



Completeness: 

Left astragalus 

Phenacodus vortmani AMNH -1378 - Associated with teeth 

Age: Wasatchian 

Locality: Big Horn Basin, Wyoming 

Preservation: Very good condition 

Completeness: 

Vertebral column - nearly complete 

Left humerus 

Left ulna 

Left radius 

Manus: Metacarpals - some present, restored proximally 

Right and left pelves - partially restored 

Right femur - good condition 

Right tibia - good condition 

Pes: 

Tarsals - complete 

Matatarsals - complete 

Phalanges - from manus or pes 

Phenacodus vortmani USGS 7159 - Associated with teeth 

Age: Lower Eocene, Willwood Formation 

:351 

Locality: Big Horn Basin, Wyoming. Locality D 1582 ML. Dan 

Gebo, 1984. 

Preservation: Good condition 
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Completeness: 

Left and right proximal scapula 

Left humerus - complete, distorted proximally 

Right distal humerus with half of shaft, broken BnJ 

distorted 

Right proximal humerus 

Left proximal ulna with half of shaft, right ulnar trochlear' 

notch, broken 

Left and right proximal and distal radii, shafts not 

complete 

Phenacodus primaevus AMNH 293 - Unassociated with teeth 

Age: Wasatchian 

Locality: north of Grey Bull Creek, Big Horn Basin, Wyomlw;. 

Wortman, 1891. 

Preservation: Very good 

Completeness: 

Right humerus - good condi t ion. 

proximal end. 

Tuberosi ties broken at 

Left and right pelves - left, very good condition, nearl~ 

complete 

Right tibia - very good condition, complete 

Right fibula - very good condition, complete proximall~ and 

distally; broken and restored in shaft. 

Right pes - Tarsals, very good condition 

Astraga~us 



Calcaneus 

~avicular 

Cuboid 

Cuneiform 

Metatarsals - very good I, II, III, IV 

Phalanges - very good, nearly complete 

Phenacodus primaevus AMNH 2961 - Unassociated with teeth 

Age: Wasatchian 

Locality: Big Horn Basin, Wyoming. Granger, 1896. 

Preservation: Good condition 

Completeness: 

Left radius - complete 

Left ulna - distal ulna to half of trochlear notch 

Left manus - virtually complete 

Carpals, metacarpals, most phalanges 

:353 

Phenaeodus primaevus AMNH 4369 Mounted specimen, associated wi th 

teeth 

Age: Wasatchian, Wortman, 1893 

Locality: Big Horn Basin, Wyoming 

Preservation: Very well preserved 

Completeness: Nearly complete, some restoration 

Phenacodus primaevus robustus AMNH 4370 - Associated with teeth 

Age: Wasatchian 

Locality: Big Horn Basin, Wyoming, J. L. Wortman, 1881 



Preservation: Some parts well preserved 

Completeness: 

Right proximal scapula 

Left femur - complete 

Left tibia - complete ok 
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Right femur - partial. Head and greater trochanter damaged 

Right tibia - complete 

Phenacodus primaevus AMNH 4403 - Unassociated with teeth 

Age: Wasatchian 

Locality: Big Horn Basin, Wyoming, Wortman, 1881 

Preservation: Good condition 

Completeness: 

Left pes: 

Calcaneus - broken 

Astragalus - complete 

Cuboid - complete 

Navicular - complete 

Mesocuneiform - complete 

Phenacodus primaevus AMNH 15262* - Associated with teeth 

Age: Wasatchian 

Locality: South of Otto, Big Horn Basin, Wyoming, 1910 

Preservation: Varies 

Completeness: 

Left proximal scapula complete, including glenoid fossa, 



355 

coronoid and acromion processes, and proximal scapular 

spine 

Right humerus - some distortion and breakage 

Right radius - proximal and distal ends 

Right ulna - incomplete distally Olecranon: troch leat' notch 

complete 

Pelves - left and right partial pelves - fair condition 

Left astragalus - good condition 

Left calcaneus - good condition 

*AMNH 15262 includes at least three individuals. I have lIsed 
the largest. 

Phenacodus primaevus AMNH 15283 - Associated with teeth 

Age: Wasatchian, Greybullian 

Locality: Big Horn Basin, Wyoming. Grey Bull Beds, Forks 

Dorsey Creek, 1910 

Preservation: Very good condition 

Completeness: 

Proximal half of left radius and ulna 

Phenacodus primaevus PU 14684 Mounted - Associated with teeth 

Age: Early Eocene 

Locality: Willwood Formation, near Basin, Wyoming 

Preservation: Very well preserved 

Completeness: Nearly complete skeleton - Some parts 

restored from other half or from knowledge of other' 

specimens 



Phenacodus sp. USGS 813 

Age: Lower Eocene 

3;')0 

Locality: Willwood Formation, Big Horn Basin, Wyomin~. 

Locality D-1160 ~L, E. L. Simons, 1979 

Preservation: Fair condition - morphology is maint.ained but 

surface of specimen is poor 

Completeness: 

Vertebral scraps 

Left proximal scapula, chipped at medial edge of fossa 

Right proximal humerus 

Femur - Fair condition. All trochanters missin~ 

Phenacodus sp. USGS ;146 

Age: Lower Eocene 

Locality: Willwood Formation, Big Horn Basin, Wyomin~. D-l~99 

ML 1983 Dan Gebo 

Preservation: Well preserved limbs. Vertebral column consists 

mostly of centra 

Completeness: 

Vertebrae - 14 precaudal centra. No processes 

Left scapula - proximal end 

Right radius - proximal end only 

Left manus, carpals only: 

scaphoid 

lunate 

uncinate 



Left patella 

Right fibula 

Left Pes - nearly complete 

Calcaneus 

Astragalus 

Cuboid 

Navicular 

Ectocuneiform 

Mesocuneiform 

Entoculleiform 

Metatarsals II-V 

:357 

Phalanges - most present (PPl , PP4 , UPl missing) . 

Phenacodus sp. CM 17460 - Associated with teeth 

Age: 

Locality: 

Preservation: Varies 

Completeness: 

Left scapula - Vertebral border missing - good condition 

Right proximal scapula - not completely cleaned 

Forelimb - fragments 

Right proximal ulna 

Vertebral centra, several well-preserved vertebrae 

Femur, proximal and distal ends - poor 
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Phenacodus sp. CM 23507 

Age: Eocene, Greybullian 

Locality: 5 miles west of Basin, Wyoming (T51~, IW-llv, S21 \)r 

22). J. L. Kay and party, August 1952 

Preservation: Very gpod condition 

Completeness: 

Right distal humerus and half of shaft 

Left distal tibia 

Scraps 

Phenacodus sp. eM 23508 

Age: 

Locali ty: 

Preservation: Good condition 

Completeness: 

Tibia - complete, slightly crushed proximally 

Phenacodus sp. CM 23511 Juvenile 

Age: Eocene 

Locality: Greybull Beds, 5 miles west of Basin, Wyoming. 

(T51N, R94W, S21 or 22) J. L. Kay and party, August, 1952 

Preservation: Good condition 

Completeness: 

Femur - epiphysis on head missingj bone length complete, 

third trochanter broken 



Phenacodus sp. CM 44854 Juvenile 

Age: Eocene Lost Cabinian 

359 

Locality: Lost Cabin Member, Wind River Formation, LC-8, Unit R 

Preservation: Fair condition, but broken and in scraps 

Completeness: 

Left proximal scapula 

Left distal humerus 

Right humeral head 

Right olecranon of ulna 

Distal tibia 

Pes: 

Tarsals -

Astragalus and calcaneus - good condition 

Phenacodus sp. CM 44855 

Age: Eocene, Lost Cabinian 

Locality: Lost Cabin Member, Wind River Formation, Moneta. 

Hills, 1 West, Unit U1, Gray Sandstone·; "Phenacodus quarr~'" 

Preservation: Poor condition 

Completeness: 

Left proximal scapula 

Scraps 

Phenacodus sp. CM 44857 #1, #2 

Age: Eocene, Greybullian 

Locality: Willwood Formation, Big Horn Basin, 5 miles west of 
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Basin, Wyoming, %51N, R94W, S 21 or 22, J. L. Kay, 1952 

Preservation: Good condition 

Completeness: 

Right Humerus - nearly complete but distorted proximally and 

with tuberosities poorly preserved; humerus with 

articulating and attached trochlear notch of ulna 

Left proximal ulna with two-thirds of shaft 

Right radius - complete 

Phenacodus almlens is USNM 16691 (type) Gazin - Associated 1;1 th t.eeth 

Age: Paleocene 

Locality: Almy Formation, Barge Creek, Lincoln County, Wyoming, 

1941 

Preservation: Fair condition 

Completeness: . 

Proximal ulna 

Distal ulna 

Distal femur 

Proximal fibula 

MT II, V 

PP V 

UP. right UP II or left UP IV 

Phenacodus cf. intermedius USNM 20067 

Age: 

Locality: 



Preservation: Fair condition 

Completeness: 

Glenoid fossa of scapula 

Trochlea of ulna 

Radius 
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Phenacodus cf. intermedius USNM 20070 Granger - Associated with 

teeth, juvenile 

Age: 

Locality: S. Elk Creek, 11 miles SW of Basin, Wyoming, C. F. 

Sternberg, July 6, 1931 

Preservation: Good condition 

Completeness: 

Calcaneus - Epiphysis of shaft missing 

Phenacodus almiensis USNM 20641 

Age: 

Locality: 

Preservation: Fair condition 

Completeness: 

Proximal scapula 

Phenacodus cf. copei Y:P 20524 

Age: 

Locality: 

Preservation: Fair condition 



Completeness: 

Distal articular surfaces of right and left humeri 

Right femur - shaft and distal end 

Order Perissodactyla 

Family Tapiridae 

Tapirus terristris CA (AMNH) 2592 

Order Rodentia 

Family Hydrochoer idae 

Hydrochoerus hydrocherous USNM 241103 (male) 

Order Hyracoidea 

Family Procaviidae 

Procavia capensis USNM 351945 (male) 

Order Carnivora 

Family Canidae 

Canis latrans LLP-OC-132 

Family Felidae 

Lynx rufus CO-3010 

Family Mustelidae 

Gulo luscus UMMZ 98099 

Family Procyonidae 

Procyon lotor CO-5010 
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Vertebrae 

1. L, P-D, C = Proximodistal length of the centrum measured 
at mid-centrum from the ventral surface 

The lengths of the centra can be added to indicate the 
approximate lengths of sections within the vertebral column 
and of the entire presacral or precaudal vertebral columns. 

2. L, NS = Length of the neural spine measured from the base 
of the spine along its anteroposterior center to the 
tip of the spine 

The lengths of the neural spines can indicate the moment 
arms of epaxial muscles that extend the vertebral column. 
Long thoracic neural spines are associated with strong back 
musculature (Howell, 1944). 

3. A, NS - Angle, measured in lateral view and from the 
cranial end, that the center I ine and tip of the 
neura I spine make wi th a I ine para llel to the 
proximo-distal line of the centrum 

The angles of the neural spines indicate the directions 
of major stresses. If the spines are vertical, the anterior 
and posterior stresses are balanced. If they point extensor
posteriorly, the major stresses are from the posterior. 

4. W, M-L, C = Greatest mediolateral width of the lumbar 
centrum measured on the posterior surface of the 
centrum 

5. Ht, F-E, C = Flexor-extensor height of the lumbar centrum 
measured on the posterior surface of the centrum and 
along the mid-sagittal plane of the centrum 

The flexor-extensor width of the lumbar centra compared 
to the vertebral length and body size is associated with the 
degree of flexor-extensor flexibility of the lumbar section 
of the vertebral column (Halpert, Jenkins, and Franks, 1987). 

Humerus 

1. Length = Length parallel to diaphysis from proximal 
center of head to most distal aspect of center of 
trochlea 
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The length of the humerus from the proximal head to the 
trochlea is measured from joint center to joint center and is 
the functional length rather than the maximum length. 

2. Leng th to V = Leng th 
distal end of 
applicable 

from proximal center of head 
V of deltopectoral crest, 

to 
if 

The length of the del topectoral crest is compared to 
total humeral length and indicates the relative strength of 
movement produced by the deltoid and pectoral muscles. 

3. L, lat epi cr = Length of lateral epicondylar crest. 
parallel to the diaphysis from the most proximal 
point of the crest to mid-trochlea, measured along 
posterior side of bone 

The length of the lateral epicondylar crest indicates the 
area of attachment for some extensors of the carpus and of the 
elbow joints. 

4. Dist M-L width = Tota I max imum wid th of epicondy I es ~ 
distal view 

The distal mediolateral width indicates the relative 
emphasis on rotation and flexion-extension at the elbow joint. 

5. Circum, mid-sh = Circumference at mid-shaft 

The relative mid-shaft circumference of the humerus gives 
an indication of shaft robusticity away from the proximal and 
distal joint expansions of the bone and from many musc Ie 
attachment sites. 

6. Dia, M-L, mid-sh = Diameter at mid-shaft, measured in the 
mediolateral direction as defined by the width of 
the distal end of the bone. 

7. Dia, F-E mid-sh = Diameter at mid-shaft, measured 
perpendicular to the width of the distal end 

The mediolateral and flexor-extensor mid-shaft diameters 
a I so give an ind ication of shaft robustness away f rom the 
proximal and distal ends. 
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B. L to dist pect cr = Length from proximal center of head 
to distal end of pectoral crest 

9. L to dist delt cr = Length from proximal center of head 
to distal end of deltoid crest 

10. Dia M-L, V = Diameter of shaft, mediolateral direction, 
at distal end of the V of the deltopectoral crest 

11. Dia F-E, V = Diameter of shaft, in the flexor to extensor 
direction, at the V of the deltopectoral crest. The 
base for orientation of the FE and ML lines of the 
shaft is the mediolateral orientation of the distal 
end. 

12. Circum, V = Circumference of shaft at V of deltopectoral 
crest 

13. L, P-D, capit = Length of the capitulum, measured at its 
broadest near the proximodistal line, measured 
parallel to the diaphysis 

14. W, Capit = Width from mid-trochlea to the lateral edge 
of the rounded part of the capitulum, measured at 
the proximal most capitulum 

15. W, capit + flange = Width measured from mid-trochlea to 
the lateral edge of the flange of the capitulum, if 
the flange is distinct 

16. W, capit + lat epi = Mediolateral width from mid-trochlea 
to the lateral most extent of the lateral 
epicondyle, measured at the proximal edge of the 
capitulum and trochlea 

17. W, troch to med epi = Mediolateral width measured from 
mid-trochlea at the proximal edge of the capitulum 
to the greatest medial extend of the medial 
epicondyle. 

lB. W, troch = Medio-Iateral width across the trochlea 
measured on the extensor distal edge at the point 
at which the capitulum ends as the trochlea widens 

19. Depth, troch = Depth of the trochlea, measured at the 
same point, in the sagittal plane 
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Ulna 

1. L, tr no-sty pro = Length, parallel to the shaft, from the 
maximum constriction at the mid-trochlea notch to 
the distal extremity of the styloid notch 

The length of the ulna from the mid-trochlear notch to 
the distal end of the styloid notch is the functional length 
of the ulnar shaft. 

2. L, olec = Length of the olecranon from the maximum 
constriction at the mid-trochlear notch to the most 
proximal aspect of the extensor side of the 
olecranon 

The olecranon is the insertion site of the extensors of 
the forearm at the elbow. Its relative length indicates the 
relative strength of these forearm extensors. 

3. L, sty pr = Length of the styloid process from the distal 
extremity of the distal radial articulation to the 
distal end of the styloid process 

The length of the styloid process may be subtracted from 
the length of the ulnar shaft if desired. 

4. L, ulna--sty pr = Length of ulnar shaft minus length of 
the styloid process 

The length of ~he ulna without the styloid process is 
another functional length of the ulnar shaft. In this study, 
for comparative purposes, the length of the ulna excludes the 
styloid process and the olecranon. 

5. Circum, mid-sh = Circumference at mid-shaft 

The relative mid-shaft circumference gives an indication 
of shaft robusticity away from the expansions at the proximal 
and distal ends. 

6. L, F-E, mid-sh = Length, from the flexor to the extensor 
aspect at mid-shaft 

The relative flexor-extensor mid-shaft diameter also 
gives an indication of shaft robusticity. 
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7. L, mid-tr--ext surf = Length, from the mid-trochlea along 
the sag i t ta I pI ane o'f the bone to the ex tensor 
surface of the bone 

The flexor-extensor distance from the mid-trochlea to the 
extensor surface of the bone indicates relative depth of the 
trochlear notch. 

Radius 

1. L, fovea-mid sca surf = Length of the radius measured from 
the mid-fovea or the mid-capi tu I ar depression of 
the head to the mid-scaphoid surface 

The I eng th of the rad ius f rom the fovea to the mid
scaphoid surface is the functional length of the shaft. 

2. W, M-L, Hd = Mediolateral width of the head. 

3. W, F-E, Hd = Flexor-extensad width of the head. 

The mediolateral and flexor-extensad lengths of the 
radial head indicate the shape of the head and the likelihood 
of rotation of the radius around the ulna. 

4. Max art W, M-L, d ist end = Max imum articu I ar wid th 
measured at the distal end and perpendicular to the 
shaf t a long the line of the scaphoid and luna te 
surfaces 

The maximum mediolateral width of the distal articular 
surface is the width of the weight-bearing surface of the 
distal radius. 

5. Circum, mid-sh = Circumference at mid-shaft 

The mid-shaft circumference indicates relative 
robusticity of the shaft away from the proximal and distal 
joint expansions and from the proximal and distal muscle 
attachment sites. 

6. Dia, M-L, mid-sh = Mid-shaft mediolateral diameter, 
position compared to distal end 

7. Dia, F-E, mid-sh = Mid-shaft flexor-extensor diameter, 
position compared to distal end 
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The mediolateral and flexor-extensor mid-shaft diameters 
also give an indication of relative shaft robusticity. 

Carpus and Tarsus 

1. L, lun + mag = Proximo-distal length of the carpus 
measured from the proximal surface of the mid-lunate 
to the distal surface of the mid-magnum 

The length of the carpus through the lunate and magnum 
can indicate the relative elongation or compression of the 
carpus. 

2. L, astr + nav + ento = Proximo-distal length of the 
tarsus measured from the proximal surface of the 
middle depth of the trochlea, through the distal 
calcaneus, the navicular, to the distal mid-
entocuneiform 

The length of the tarsus through the distal calcaneus, 
navicular, and entocuneiform indicate the relative elongation 
or compression of the tarsus. 

Metapodials 

1. L, P-D = Length measured in mid-sagittal plane from the 
mid-proxima I surface to the mid-prox ima I pha I an x 
surface, to a point just anterior to the distal 
ridge 

The measured lengths of 
functional shaft lengths. 

the metapodials are the 

2. Circum, mid-sh = Circumference measured at mid-shaft and 
perpendicular to the long axis of the shaft 

The mid-shaft circumference indicates relative 
robusticity of the bone shaft away from proximal and distal 
expansions of the bones. 

3. W, M-L, mid-sh = Mediolateral width at mid-shaft 

"4. W, F-E, mid-sh = Flexor-extensor width at mid-shaft 

The max imum med io I a tera I and min imum flexor-ex tensor mid
shaft diameters also indicate relative robusticity of the 
metapodials. 
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5. W, M-L, CP facet = Mediolateral width of the CP facet, 
measured mid-facet at its most distal end, but not 
necessarily perpendicular to the shaft 

The relative mediolateral width of the distal articular 
surface is associated with the mediolateral width of the mid
shaft and gives an important indication of metacarpo
phanangeal joint mobility. 

6. W, F-E, CP facet = Flexor-ex tensor width of the d ista I 
articular surface, measured along the mid-sagittal 
line and including the distal ridge 

Proximal Phalanges 

1. L, P-D = Length measured on the flexor surface in the mid
sagittal plane from the mid-metapodial facet to the 
mid-central phalanx facet 

The length of the proximal phalanx is the functional 
length of the shaft. 

2. Circum, mid-sh = Circumference measured at the mid-shaft 
and perpendicular to the long axis of the shaft 

The mid-shaft circumference indicates shaft robusticity 
away from proximal and distal expansions of the bone. 

3. W, M-L, mid-sh = Mediolateral width measured at mid-shaft 

4. W, F-E, mid-sh = Flexor-extensor width measured at mid
shaft and in the sagittal plane. 

The mediolateral and flexor-extensor mid-shaft diameters 
also indicate shaft robusticity. 

5. W, M-L, MP facet = Mediolateral width of the metapodial 
articul ar facet, measured at the an teroposter ior 
mid-facet 

6. W, F-E, MP facet = Flexor-extensor width of the metapodial 
articular facet, measured at the mediolateral mid
facet 
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7. W, M-L, CP facet = Medio I a tera I width of the cen tra 1 
phalanx facet 

8. W, F-E, CP facet = .Flexor-extensor width of the central 
phalanx facet 

Central Phalanges 

1. L, P-D = Length measured on the flexor surface in the mid
sagi ttal plane from the mid-proximal phalanx surface 
to the mid-ungual phalanx facet 

The length of the central phalanx is the functional 
length of the shaft. 

2. W, M-L, mid-sh = Mediolateral width measured at mid-shaft 

3. W, F-E, mid-sh = Flexor-extensor width measured at mid
shaft 

The mediolateral and flexor-extensor mid-shaft diameters 
indicate shaft robusticity away from proximal and distal 
expansions of the bone. 

4. W, M-L, PP facet = Mediolateral inside width of the 
proximal phalanx facet 

5. W, F-E, PP facet = Flexor-extensor inside width of the 
proximal phalanx facet 

6. W, M-L, UP facet = Mediolateral outside width of the 
ungual phalanx facet 

7. W, F-E, UP facet = Flexor-extensor outside width of the 
ungual phalanx facet 

Ungual Phalanges 

1. P-D Length = Proximo-distal length measured along the 
parasagittal plane from the central phalanx facet 
to the distal end of the bone 

2. A, gp--CP facet = Angle between the ground plane and the 
line perpendicular to the articular surface 

The angle between the ground plane and the line 
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perpendicular to the articular surface indicates stable 
weight-bearing position and may suggest foot posture (Sondaar, 
1968) • 

3. W, M-L, CP facet = Medio latera 1 wid th of the cen tra 1 
phalanx facet 

4. W, F-E, CP facet = Flexor-extensor width of the central 
phalanx facet 

Pelvis 

1. L, acet-il cr = Length of the ilium measured from the 
center of the acetabulum to the crest of the ilium 

The distance from the center of the acetabulum to the 
crest of the ilium is the length of the ilium. 

2. L, acet-isc tub = Length of the ischium measured from the 
center of the acetabulum to the center of the 
ischial tuberosity 

The distance from the center of the acetabulum to the 
ischial tuberosity is the length of the ilium. 

3. L, acet--a ps = Length of the pubic ramus measured from 
the center of the acetabulum to the anterior extent 
of the pubic symphysis 

The distance from the center of the acetabulum to the 
anterior pubic symphysis is the length of the ramus of the 
pubis. 

4. L, a-p ps = Length, anterior to posterior, of the pubic 
symphysis 

The length of the pubic symphysis is one indication of 
the strength of the adductor muscles. 

5. L, acet-cavis = Length, from the center of the acetabulum 
to the center of the caudal ventral iliac spine 

6. L, acet-crvis = Length from the center of the acetabulum 
to the cranial ventral iliac spine 

7. L, acet-cadis = Length from the center of the acetabulum 
to the caudal dorsal iliac spine 
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8. L, acet-crdis = Length from the center of the acetabulum 
to the cranial dorsal iliac spine 

9. L, acet-il tub = Length from the center of the acetabulum 
to the center of the ilial tuberosity 

10. L, acet-ip em = Length from the center of the acetabulum 
to the cen ter of the i 1 iopubic ( i 1 iopec tinea 1 ) 
eminence 

11. L, acet-isc sp = Length from the center of the 
acetabulum to the ischiac spine 

12. L, isc sp-isc tub = Length from the ischiac spine to the 
center of the ischial tuberosity 

13. L, ip em-a ps = Length from the iliopubic eminence to the 
anterior extent of the pubic symphysis 

Femur 

1. L, fcf-dc = Leng th, measured f rom the fovea capi tis 
femoris on the head parallel to the main proximo
distal axis of the femur to the plane made by the 
distal condyles. (Problem in some animals: The 
length wi 11 not be both parallel to the proximo
distal line and perpendicular to the plane of the 
condyles if the femur is abducted. In those cases, 
the length is measured parallel to the proximo
distal line). 

The length of the femur from the fovea capitis femoris 
to the distal plane of the distal condyles is the functional 
length of the femur. 

2. L, fcf-gt = Length parallel to the proximodistal axis of 
the shaft, from the fovea capitis femoris to the tip 
of the greater trochanter 

The distance from the fovea capitis femoris to the 
proximal tip of the greater trochanter is the functional 
proximodistal length of the greater trochanter and gives an 
indication of the strength of the muscles attaching to the 
greater trochanter and moving the femur. 

3. L, fcf-lt = Length from the fovea capitis femoris 
parallel to the proximodistal line to the center of 
the lesser trochanter 
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The distance from the fovea capitis femoris to the lesser 
trochanter gives an indication of the emphasis on strength or 
speed for the iliopsoas muscle attaching to the lesser 
trochanter and moving the femur. 

4. L, fcf-prox 3rd troch = Length from the fovea capitis 
femoris to the proximal end of the third trochanter 
itself (not to the continuation of the third 
trochanter onto the shaft but to the better defined 
end of the third trochanter). 

5. L, fcf-dist 3rd troch = Length from the fovea capitis 
femoris to the distal end of the third trochanter 

The distance from the fovea capitis femoris to the 
proximal and to the distal third trochanter measures the 
position of the third trochanter and its proximo-distal 
length. The distances give an indication of the emphasis on 
streng th or speed for the musc I es at taching to the thi rd 
trochanter and moving the femur. 

6. Circum, mid-sh = Circumference at the mid-shaft 

The mid-shaft circumference gives an indication of shaft 
robusticity away from the proximal and distal expansions of 
the joints and the muscle attachment sites. 

7. W, M-L, mid-sh = Mediolateral width at the mid-shaft 

8. W, F-E, mid-sh = Flexor-extensor width at the mid-shaft 

The mediolateral and flexor-extensor mid-shaft widths of 
the femur give another indication of shaft robusticity. 

9. A, art surf head + ms line = Angle between the anterior 
margin of the articular surface of the femoral head 
and the proximodistal mid-shaft line of the femur, 
in extensor view 

The angle between the anterior margin of the articular 
surface of the head and the proximodistal line pf the femur 
indicates the degree of weight-bearing abduction at the hip 
joint (Jenkins and Camazine, 1977). 

10. L, ms line-It = Length, in extensor view, from the mid
shaft line to the tip of the lesser trochanter 
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11. L, ms line-3rd troch = Length, in extensor view, from the 
proximodistal mid-shaft line to the center of the 
third trochanter 

12. W, pat gr = Width, measured from mid-border to mid-border 
of the patellar groove at the extensor or anterior 
edge of the groove 

13. D, pat gr = Depth of the patellar groove measured at the 
same position 

14. W, cond = Width of the articular surface of the condyles 
measured from the medial and lateral extremes and 
at the posterior most position of the condyles 

1. L, P-D = Length, from 
proximal surface 
surface 

Tibia 

the intercondyloid area 
to the mid-keel on the 

on the 
distal 

The distance from the intercondyloid area to the distal 
mid-ridge is the approximate functional length of the tibia. 
In most cases, measurement from the intercondyloid area is 
equal to that from the condyles but is easier and more 
repeatable. 

2. L, tc = Length of the tibial crest measured from the 
position of the distal patella to the distal extent 
of the crest 

The relative length of the tibial crest is an indication 
of the strength of the extensor muscles that attach to the 
tibial crest. 

3. D, tc = Depth, flexor to extensor, of the tibial crest, 
measured perpendicular to the long axis of the bone 
from the flexor-side intercondyloid area to the 
prominence of the proximal tibial crest on the 
extensor side. 

The relative depth of the tibial crest is another 
indica tion of the strength of the ex tensor ftll.J..SC I es that at tac h 
to the tibial crest. 
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4. Circum, mid-sh = Circumference at the mid-shaft 

The mid-shaft circumference gives an indication of 
relative shaft robusticity away from the proximodistal 
expansions of the bone at the joints and at muscle attachment 
sites. 

5. W, M-L, mid-sh = Width; medial to lateral at the mid
shaft 

6. W, F-E, mid-sh = Width, flexor to extensor surface at 
mid-shaft, determined with the flexor-extensor 
surface of the bone lying on a flat surface. 

The mediolateral and flexor-extensor mid-shaft diameters 
give another indication of relative shaft robusticity. 

7. L, int cond-dist tc = Length, parallel to the proximo
distal midline of the shaft, from the mid
intercondyloid area to the distal end of the tibial 
crest 

8. Max W, cond surf = Total maximum outside width, medial 
to lateral, of the condylar surface (not the 
proximal end as a whole) 

1. L, 

Fibula 

PD, shaft = Length, from the proximal 
proximal tibial articular surface to 
astragalar facet on the distal fibula 

end of 
the 

the 
mid-

The distance from the proximal surface to the mid
astragalar facet is the approximate functional shaft length. 

2. Circum, mid sh = Circumference at mid-shaft 

The mid-shaft circumference gives an indication of shaft 
robusticity away from the proximal and distal expansions of 
the bone. 

3. W, M-L, mid-sh = Mediolateral width at mid-shaft 

4. W, F-E, mid-sh = Flexor-extensor width at mid-shaft 
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The mediolateral and flexor-extensor mid-shaft diameters 
give another indication of shaft robusticity. 

Astragalus 

1. L, mid-troch--mid-hd = Length measured on the dorsal side 
from the mid-trochlea to the point of greatest 
curvature on the head 

The length from the center of rotation of the tibio
astragalar joint to the distal part of the astragalar head is 
the distance between the two joint surfaces and the 
functional length of the bone. 

2. L, astr neck = Length of the astragalar neck and head 
measured in dorsal view from the structural edge of 
the medial ridge of the trochlea to the point of 
greatest curvature of the head. 

The length of the astragalar neck indicates how much of 
the distance between the joint surfaces is astragalar neck, 
which varies in different mammals. 

3. L, mid-tr to mid-astr for = Length along the curvature 
of the mid-trochlea to the astragalar foramen or, 
if not present, to the homologous point. This 
measurement covers articular surface of the trochlea 
only. 

4. L, mid-tr from astr for = Length along the curvature of 
the extension of the mid-trochlea from the point of 
the astragalar foramen to the end of the extension. 
This measurement does not cover articular surface. 

5. L, med keel = Length along the curvature of the medial 
ridge, articular surface only. 

6. L, lat keel = Length along the curvature of the lateral 
ridge, articular surface only. 

Calcaneus 

1. L, cf-pr surf = Length, measured along the proximodistal 
midline from the center of the cuboid facet to the 
center of the proximal end of the shaft or heel 

This length is the total length of the calcaneus. 
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2. L, shaft = Length, measured from the proximal end (heel) 
to the axis that runs from the mid-astragalar facet 
mediolaterally to the proximo-medial sustentacular 
facet, the part of the sustentacular facet that 
can tac ts the mid-sus ten tacul ar facet of the 
astragalus. 

The length of the shaft of the calcaneus is its 
functional length. In flexion and extension the astragalus 
and calcaneus work together, so the calcaneal shaft is 
measured from the center of rotation of the tibio-astragalar 
join t to the dista 1 end of the hee 1 • Wi th the hee 1 on the 
ground, the shaft of the calcaneus is the approximate moment 
arm for muscles that extend the tibia-astragalar joint. 

3. Circum, mid-sh = Circumference at mid-shaft 

The mid-shaft circumference gives an indication of the 
robusticity of the calcaneal shaft away from the proximal and 
distal expansions of the bone. 

4. W, M-L, mid-sh = Width, medial to lateral, mid-shaft 

5. W, F-E, mid-sh = Width, flexor to extensor, mid-shaft 

The mediolateral and flexor-extensor mid-shaft diameters 
give an indication of the cross-sectional shape and the 
robusticity of the shaft of the calcaneus. 

6. W, mid-ln--msf = Distance from the sagittal plane of the 
calcaneus medially to the tip of the sustentacular 
facet 

7. Th, sus fac = Thickness of the sustentacular facet at 
mid-facet 

8. W, mid-ln--p tub = Distance perpendicular to the midline 
of the calcaneus from the midline laterally to the 
center of the peroneal tubercle. (Most easily 
measured from the mid-cuboid facet to the peroneal 
tubercle) . 

Summations of Measurements 

1. L, C1 -- L6 or 7 = Total cranial--caudal lengths of the 
centra from the cranial surface of C1 to the caudal 
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surface of L6 or the last lumbar vertebra. 

The presacral vertebral column length is used as an 
indication of body size. 

2. L, Cl -- sacrum = Total cranial--caudal lengths of the 
centra from the cranial surface of Cl to the caudal 
surface of the last sacral vertebra 

The precaudal vertebral column length is used as a second 
indication of body size. The sacrum is included because it 
supports the hind limb and is important in weight-bearing. 

3. L, FL = Total length of the forelimb including humerus, 
radius, and manus, but excluding the scapula 

The total forelimb length is used for comparisons within 
the forelimb and between the forelimb and other sections of 
the body. 

4. L, HL = Tota I 1 eng th of the hind I imb inc 1 ud ing femur, 
tibia, and pes 

The total hindlimb length is used for comparisons within 
the hind I imb and between the hind I imb and the other body 
sections. 

5. L, H + R = Length of the humerus plus radius 

6. L, F + T = Length of the femur plus tibia 

Lengths of the humerus plus radius and femur plus tibia 
are used in comparisons of relative length proportions. 

7. L, manus = Length of the manus, including the carpals, 
third metacarpal, third proximal phalanx, and third 
central phalanx, but excluding the third ungual 
phalanx 

The length of the manus is used for comparisons within 
the manus and between the manus and other sec tions of the 
body. The third ungual phalanx is excluded fl~om the total 
length of the manus so that clawed and hoofed forms can be 
compared. 
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8. L, pes = Length of pes, including the tarsals, third 
metatarsal, third proximal phalanx, and third 
central phalanx, but excluding the third ungual 
phalanx 

The length of the pes is used for comparisons within the 
pes and between the pes and other sections of the body. The 
third ungual phalanx is excluded from the total length of the 
pes so that clawed and hoofed forms can be compared. 

2 Vertebrae 

4 

4 1 

4 
3 

RadiuS 

Ulna 
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.' 

5 

Metapodial 

5 6 

7 8 

6 

I n nominate 

Proximal, Central, and Ungual Phalanges 
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Appendix C Illustrations of Measurements 
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APPENDIX D Measurements 



Vertebrae 
(Lengths in millimeters) 

Phenacodus vortmani 
AMNII 4378 

L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C 

C. 5.42 L. 22.29 13.85 
Cz 20.17 Lz 21.82 16.07 10.85 
C3 12.27 ~ 22.97 26.29 620 17.05 13.31 
C. 12.59 L. 24.59 17.75 13.18 
Co 13.72 Ls 23.53 17.95 
Co 12.51 17.34 700 L6 21.37 790 11.42 
C7 (12.0) 

Total (88.68) Total 136.57 

Tl 13.12 Sl 
Tz 14.11 34.35 1300 Sz 
T3 14.27 37.95 1350 S3 
T. 14.33 S. 
Ts 14.71 
To 14.25 Total 
T, 14.70 34.90 1550 

T. 14.73 33.46 1460 

- T. 15.31 27.71 1490 Cal 16.59 
T10 15.81 23.75 1320 Caz 
Tn 16.11 17.57 1040 Ca3 
Tn 17.47 15.0 1080 Ca. 
Tu 18.49 15.23 890 Cas 
T14 19~75 15.23 730 Cae 
Tu (20.1) CaT 

Total (237.26) 
Ca. 

Total presacral length = (462.51 DID) 
Total prec8.IXia I length = (524.56 DID) 

"W 
(Xl 
~ 



Vertebrae 
(Umgt.hs in millimeters) 

Total 

Total 

Phenac-ocb18 prima.evus 
AMNII 4369 mounted 

L,P-D,C L,NS A,NS 

22.46 

25.6 

30.42 

40.15 

W,M-L,C Ht,F-E,C 

Total 

L,P-D,C 

35.4 
39.7 

29.1 

L,NS A,NS W,M-L,C Ht,F-E,C 

l.U 
(Xl 
U1 



Vertebrae 
(Lengths in millimeters) 

Phenacodus prima.evus 
PU 14684 mounted 

L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C 

C1 (9.0) L1 34.51 61° 
Cz 33.46 61.78 Lz 37.14 56° 
C3 28.11 93° L3 33.52 53° 
C4 26.45 L, 46.82 58° 
Cs 25.23 Ls. 36.15 52° 
C, 24.71 La 39.75 60° 
C7 25.12 

Total (172.08) 

Tl 26.31 105° SI 32.44 80° 
Ta 28.80 Sz 
T3 (26. ) 83 

. T4 (26. ) 84 
Ts 24.62 125° 
T, 26.27 133° 
T, 27.19 60.46 132° 
Ts 28.54 58.57 128° 
Til 28.09 120° Cal 39.17 
TIO 28.81 40.75 130° Caz 33.82 
Tu 28.51 40.50 126° Ca3 26.56 
Tn 29.79 118° Ca4 26.54 
Tu 27.10 101° Cas 27.07 
T14 27.41 89° Call 30.69 
Tu 30.68 89° Ca, 33.68 

Cas 36.75 
Total 414.12 

Total presacral length = 814.14 DIll w 
Total precaudal length = 923.14 DIll CD 

(J\ 



Vertebrae 
(lBlgths in millimeters) 

Total 

Tl 
Ta 
T3 
Tt 
Ts 
Te 
T, 
Ta 
Til 
T10 

Tn 
Tn 
Tu 
TIt 
TIS 

Total 

Phenacodus sp 
CM 17460 

L,p-D,e L,NS 

25.17 

A,NS W,~L,e Ht,F-E,e 

Total 

Cal 
Caa 
Ca3 

Ca. 
Cas 
Cae 
Ca, 
Ca. 

L,p-D,e 

32.4 

26.4 
26.86 
27.84 
24.85 

L,NS A,NS Ht,F-E,e 

30.4 21.19 



Vertebrae 
(Lengths in millimeters) 

Hydrochoerus hydrochoerus 
USNM 241103 

L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C 

Cl Ll 30.32 27.41 68° 21.91 14.38 
Cz Lz 30.72 28.31 65° 21.52 14.15 
Ca La 31.79 33.52 54° 22.13 14.72 
C. L. 31.13 35.87 54° 23.91 14.77 
C5 16.8 14.48 56° L5 34.54 36.81 57° 24.28 15.16 
Ce 17.47 18.03 62° La 32.07 34.27 66° 26.40 15.55 
C1 18.82 19.45 73° 

Total (140.09) Total 190.57 

Tl 16.28 28.84 101° Sl 29.63 115° 
Tz 18.19 54.99 114° Sz 27.05 114° 
Ta 19.32 58.62 121° Sa 20.31 114° 
T. 19.77 54.8 129° S. 15.59 125° 
Ts 20.03 54.97 125° 
Te 20.28 51.27 135° Total 112.26 
T1 20.04 48.96 133° 
Ts 21.35 
Til 21.74 37.77 135° Cal 26.55 
TlO 22.98 33.16 122° Caz 29.99 
Tn 22.97 28.61 116° Caa 15.79 
Tn 23.64 24.47 98° Ca, 
Tu 25.01 26.37 83° Ca5 
T14 Cae 
Tn Ca1 

Cas 
Total 271.96 

Total presacral length = (602.62 DID) 
Total precaudal length = (714.88 DID) (.oJ 

OJ 
co 



Vertebrae 
(Lengths in millimeters) 

CI 
Cz 
C3 

Ce 
C5 
Cs 
C7 

ToW 

Ti 
Tz 
Ta 
Te 
T5 
Ts 
T7 
T, 
Til 
Tlo 
Tu 
Tn 
Tn 
T14 
Tu 

Total 

Procavia capensis 
USNM 351945 

L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C 

68.84 

163.46 

Total 

Total 

Cal 
Caz 
Ca3 
Cae 
Ca5 . 
Cas 
Ca7 
Ca, 

L,P-D,C 

86.58 

33.11 

L,NS A,NS W,M-L,C Ht,F-E,C 

Total presacral length = 318.88 DID 

Total precaudal length = 351.99 DID 



Vertebrae 
(Lengths in millimeters) 

Canis latrans 
LLP-OC-132 

L,P-D,C L,N5 A,NS W,M-L,C Ht,F-E,C L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C 

Cl 48.18 Ll 23.07 15.51 65° 16.64 9.09 
Cz 9.58 Lz 24.0 17.16 66° 16.78 9.75 
C3 29.71 4.43 L3 25.64 17.81 65° 17.05 9.45 
Ce 26.44 7.45 63° Le 26.41 18.43 62° 18.38 9.46 
Cs 24.19 9.75 54° Ls 27.06 19.20 52° 18.21 9.43 
Cli 21.11 12.97 43° La 25.44 18.50 51° 19.03 9.01 
C7 18.73 18.63 72° ~ 20.31 12.61 82° 19.19 9.06 

Total 168.36 Total 171.93 

Tl 16.98 39.40 101° 51 
Tz 15.97 36.76 94° 5z 33.10 
T3 14.92 38.33 103° 53 
T, 14.86 36.12 109° Se 
Ts 15.29 36.03 121° 
T6 15.48 33.13 135° Total 33.10 
T7 15.27 36.13 132° 
Ta 16.02 30.35 133° 
Til 16.16 26.33 139° Cal 10.49 
TIO 17.16 14.63 110° Caz 10.78 
Tn 18.27 12.29 74° Ca3 12.2 
Tn 20.07 11.95 71° Cae 15.64 
T13 21.15 13.44 74° Cas 20.58 
Tit Cae 23.47 
Tu Ca7 24.05 

Caa 25.45 
Total 217.60 22.77 

21.2 

Total presacral length = 557.89 DID w 
Total precaudal length = 590.99 DID \0 

0 



Vertebrae 
(Lengths in millimeters) 

~ rufus 
CQ-3010 

L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C 

CI 33.2 LI 23.27 15.93 49° 15.24 9.37 
Cz 9.34 Lz 26.06 17.54 45° 15.27 10.17 
C3 15.43 ~ 28.08 19.04 47° 15.64 9.59 
C. 14.61 9.57 90° L. 29.80 20.26 51° 16.51 9.72 
Cs 13.58 10.13 72° Ls 30.84 20.17 50° 16.38 10.49 
C& 11.76 12.81 75° L& 32.00 20.10 57° 17.68 10.49 
C7 12.11 20.00 . 83° ~ 23.00 19.05 56° 17.83 10.40 

Total 100.69 Total 193.05 

TI 12.93 31.28 102° SI 
T2 12.82 36.53 103° Sz 37.69 
T3 12.92 36.85 112° S3 
T. 13.00 36.44 131° S. 
Ts 13.60 37.36 1310 

Ts 13.54 35.66 120° Total 37.69 
T, 13.97 33.84 135° 
Ts 14.26 31.30 140° 
Til 15.16 25.42 143° Cal 10.07 
Tlo 16.65 18.13 132° Caz 10.47 
Tu 17.11 10.00 85° Ca3 11.07 
Tu 18.27 12.74 48° Ca. 
Tu 18.79 12.87 53° Cas 
T14 ~ 
Tu Ca, 

Total 193.02 
Cas 

Total presacral length = 486.76 IIJIl w 
Total precatrlal length = 524.45 IIJIl 

\0 ...... 



Vertebrae 
(Lengths in millimeters) 

Gulo luscus 
l.M1Z 98099 

L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C 

C1 8.55 L, 20.69 14.04 460 20.17 10.07 
Cz 21.69 11.03 Lz 21.08 15.17 510 20.36 10.93 
C3 15.20 6.32 112° L3 22.40 17.38 540 20.16 13.25 
C. 15.99 10.43 95° L. 24.10 18.55 61 0 20.89 11.19 
Cs 13.85 12.67 800 Ls 25.05 16.56 530 21.91 11.8 
Co 13.47 14.24 900 1.0 21.27 15.01 68° 20.66 11.37 
C7 13.25 21.04 97° 

Total 102.00 Total 134.59 

Tl 13.78 25.85 111° Sl 12.23 92° 
Tz 14.28 24.94 1160 S2 41.06 10.47 900 

T3 15.7 24.64 114° S3 8.26 990 

T. 15.58 ·25.70 116° S. 
Ts 15.13 24.52 119° 
T6 16.04 24.07 122° Total 41.06 
T7 16.30 22.26 1220 

Ts 
Til 16.83 22.83 118° Cal 
TIO 16.81 22.07 117° Caz 
Tu 16.34 19.27 1210 Ca3 
Tn 16.46 15.11 128° Ca. 
Tu 16.79 5.81 99° Cas 
Tu 17.74 7.27 47° Ca6 
T15 19.36 11.0 47° Ca7 

Total 227.14 
Cas 

Total presacral length = 463.73 DIll 
w Total precaudal length = 504.79 DDl \0 
N 



Vertebrae 
(Lengths in millimeters) 

Procyon lotar 
00-5010 

L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C L,P-D,C L,NS A,NS W,M-L,C Ht,F-E,C 

Cl 5.07 Ll 15.10 10.30 49° 14.41 8.93 
C2" (13.0) Lz 15.52 11.97 62° 15.09 8.95 
C3 (7.0) L3 16.00 14.55 63° 14.82 9.21 
Ce 8.37 5.97 78° Le 17.87 16.17 65° 15.63 8.98 
Cs 8.11 7.75 74° Ls 16.06 16.16 77° 15.69 9.07 
C6 (8.1) L6 
C7 8.09 12.81 97° 

Total (57.74) Total 80.55 

Tl 8.47 19.61 121° Sl 
T2 8.48 18.39 117° 82 34.18 
T3 8.75 16.55 120° S3 
Te 8.75 16.88 115° Se 
Ts 8.84 17.41 128° 
T6 8.8 17.78 135° Total 34.18 
T7 8.29 143° 
Ta 9.49 17.72 148° 
TSI 9.79 18.8 140° Cal 
TIO 9.92 14.24 121° Ca2 10.31 
Tn 10.25 11.05 113° Ca3 10.95 
Tn 10.74 8.53 78° Cae 10.62 
Tn 11.73 7.45 60° Cas 12.33 
T14 13.04 7.83 41° ~ 13.7 
Tu Ca7 

Total 136.34 

Total presacral length = 274.63 DIn 

Total precaudal length = 308.81 DIn l.oJ 
\Q 
l.oJ 
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Ht.merus 

Right Left Left+R Right Left Right Right Left Right Right 

1. Length 84.0 106.5 107.94 181. 165. 177. 171.78 155. 146.6 
2. Length to V 49.7 71.8 65.82 120.3 87. 119.22 101.7 100.3 
3. L, lat epi cr 38.3 28.91 6.04 53.18 28.3 49.4 52.1 
4. Dist H-L width 27.7 26.28 57.4 51.44 56.32 23.4 (45.0) 43.9 
5. CiI'CI.III, mid-sh 26.3 36.7 39.10 68.3 70. 78. 58.0 58.7 
6. Dia, M-L, mid-sh 6.6 9.9 10.06 17.9 23.29 15.0 14.9 
7. Dia, F-£, mid-sh 9.3 13.1 14.CO 24.8 27.67 22.0 22.3 

8. L, to dist pect cr 49.7 71.8 65.82 120.3 87. 119.22 101.7 100.3 
9. L, to dist delt cr 120.3 87. 119.22 

10. Dia, !iL, V 5.9 9.7 10.28 22.3 27.07 16.4 15.2 17.0 
11. Dia, FE, V 9.1 10.2 13.24 22.8 25.65 20.0 20.3 19.6 
12. CiI'CI.III, V 37.53 74. 80. 
13. L,P-D,capit 7.67 10.41 11.22 21.75 20.03 16.54 15.5 
14. W,capit 7.5 8.3 8.95 22.0 18.38 15.1 7.1 13.8 14.1 
15. W,capit + "wing" 10.5 9.91 24.19 18.8 8.7 17.6 17.9 
16. W, cap + lat epi 14.3 13.69 27.4 27.9 29.43 24.1 12.2 21.5 22.6 
17. W, troch to med epi 15.7 15.22 34.0 24.6 33.2 23.49 12.41 (28.1) 23.2 
18. W, troch 7.3 10.7 10.70 22.1 19.2 8.1 16.1 
19. Depth, troch 2.27 w 

\0 
~ 
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III • .. 
Riaht Riaht Riaht Left Right Richt R1aht 

1. Length (210) 147.33 69.0 146.9 138.42 134.69 101.50 
2. Length to V (68.06) 53.1 66.21 78.89 48.80 
3. L, !at epi cr 29.06 9.97 50.3 49.06 50.12 38.70 
4 •. Dist M-L width 39.13 13.12 26.6 26.76 38.56 21.70 
5. CiI'CUII, lllid-sh 54.1 24.33 37.9 36.70 37.70 30.10 
6. Dia, M-L, lllid-sh 14.37 6.21 10.8 10.50 10.67 8.25 
7. Dia, F-B, lllid-sh 20.07 8.31 13.2 12.40 13.47 10.80 

8. L, to mat pect cr (68.06) 53.1 66.21 78.89 48.80 
9. L, to mat delt cr (68.06) 23.43 53.1 66.21 64.40 78.30 

10. Dia, MI., V 15.67 6.83 10.8 10.14 10.82 8.50 
11. Dia, FB, V 20.75 10.07 14.9 12.65 13.45 10.90 
12. CiI'CUII, V 57.07 28.0 42.0 36.70 37.60 30.60 
13. L,P-D,capit 15.67 6.37 11.23 9.87 13.22 7.38 
14. W,capit 13.76 5.14 7.0 9.60 9.90 9.90 
15. W,capit + "wing" 19.36 5.14 11.2 9.60 15.80 9.90 
16. W, cap + lat epi 24.23 6.71 13.3 11.50 17.60 10.80 
17. W,troch to med epi 15.48 6.B9 13.5 16.70 22.50 10.30 
lB. W,troch 15.51 7.51 B.2 10.30 11.60 7.10 
19. Depth, troch 4.7 1.43 

(.oJ 
\0 
U1 



Ulna 

Right Left Left Left Right Left lU4bt Left Right Riaht 

1. L. tr no-sty pr 72.10 97.20 152.BO 154.- 153.88 
2. L. alec 21.70 29.60 24.BO 57.6 57.B7 48.40 29.70 
3. L. sty pr 7.00 9.60 18.00 (15.5) (lB. ) 
4. Circun. mid-sh 25.40 60.40 56.0 
5. L. F-E. mid-sh 21.0 
6. L. mid-tr--ext. surf 7.95 11.76 17.91 12.47 17.17 
7. L. ulna-sty pr 65.10 87.60 134.80 (l35.88) 
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Ulna 

Right Riaht Right Right Right Right Right 

1. L, tr no-sty pr 204.89 122.22 50.19 164.60 138.40 119.90 103.50 
2. L, olec 72.13 37.28 16.64 26.30 23.30 23.30 14.00 
3. L, sty pr (7.09) 2.59 6.70 6.00 8.60 5.60 
4. Cil'CUll, mid-sh 79.67 35.10 19.- 25.- 29.- 18.-
5. L, F-E, mid-sh 25.67 11.25 5.81 9.55 10.51 6.21 
6. L, mid-tr--ext surf 44.37 15.12 5.50 11.63 10.82 11.65 1.18 
7. L, ulna-sty pr 197.80 119.63 50.19 151.90 132.40 111.30 97.90 



Radius 

Right Left Right Left Right Left Right Right Right Left left 

1. L, fovea-mid sea surf 66.10 87.30 139.70 148.- 143.62 129.20 139.-
2. W, M-L, Hd 11.70 14.30 14.20 31.70 34.15 31.00 21.50 14.-
3. W, F-E, Hd 4.50 6.80 8.21 18.80 16.90 12.80 8.18 
4. Max art W, dist end 9.20 13.80 10.87 34.10 32.63 22.70 12.23 21.38 
5. Circum, mid-sh 22.- 51.- 47.- 33.- 36.53 
6. Dia M-L, mid-sh 5.80 8.45 15.50 13.27 12.40 13.27 
7. Dia F-E, mid-sh 4.70 5.13 16.60 16.66 9.90 8.49 
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Radius 

Right Right Right Right Right Right Right 

1. L, fovea-mid sea surf 188.23 110.15 47.15 155.70 129.60 107.40 96.50 
2. w, M-L, Hd 48.95 16.79 8.27 12.90 11.90 15.70 9.40 
3. W, F-E, Hd 24.53 11.87 4.23 7.30 5.80 
4. Max art W, dist end 20.39 6.66 13.30 11.20 12.20 9.00 
5. Circum, mid-sh 71.73 35.- 30.- 24.- 24.- 17.-
6. Dia M-L, mid-sh 24.47 9.60 11.40 9.10 7.90 6.04 
7. Dia F-E, mid-sh 19.08 11.21 6.30 5.00 6.60 4.50 



:1 nl 
Pelvis 

Right+ Left 
some Left 

1. L, acet-il cr 
2. L, acet-iac tub 49.55 56.26 
3. L, acet-a ps 24.05 
4. L, acet-ap ps 

5. L, acet-cavis 
6 L, acet-crvis 
7. L, acet-cadis 
8. L, acet-crdis 
9. L, acet-il tub 17.83 22.80 

10. L, acet-ip em 11.18 17.23 
11. L, acet-isc sp 26.33 31.78 
12. L, isc sp-isc tub 24.45 26.89 
13. L, ip em-a ps 24.29 

:U :n 
Left+ Right 

some Right 

174.64 
108.69 111.70 
63.85 

110.20 

158.73 150.16 
70.53 

36.40 
35.11 
59.03 
54.07 
44.55 

ill 
Right+ 

some Left 

154.-

144.0-

37.0-

iii 

Right 

178.64 
118.19 

156.-
87.-

21.20 
29.70 
72.40 
60.84 

~ 
o 
o 
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Pelvis 

Left Risht Right Ri~t Right Ri~t Right 

1. L, acet il cr 222.65 134.66 57.67 73.89 69.94 74.23 60.19 
2. L, acet-isc tub 160.18 82.24 27.68 45.26 47.99 46.08 36.18 
3.· L, acet-a ps 81.70 43.40 19.87 29.15 27.93 34.74 30.11 
4. L, acet-ap ps 83.23 73.85 18.59 40.94 47.43 31.90 25.08 

5. L, acet-cavis 30.95 55.37 45.00 51.48 48.36 
6 L, acet-crvis 171.09 127.60 54.13 65.53 68.15 69.47 49.06 
7. L, acet-cadis 179.39 36.98 34.60 34.42 31.52 26.75 24.67 
8. L, acet-crdis 114.60 47.42 61.44 56.05 61.19 51.16 
9. L, acet-il tub 33.72 31.88 9.94 17.11 12.74 17.51 14.05 

10. L, acet-ip em 52.83 20.49 12.97 19.56 17.19 19.07 14.89 
11. L, acet-isc sp 43.67 26.79 14.59 16.83 19.36 23.95 15.69 
12. L, isc sp-isc tub 124.98 58.20 15.93 34.01 38.14 24.95 22.72 
13. L, ip em-a ps 93.65 35.27 7.90 17.85 26.09 22.96 23.54 
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Femur 

Right Right Right Left Right+ Right Left 
sane Left 

1. L, fcf-dc 100.20 125.20 222.- 240.38 229.89 129.34 196.30 
2. L, fcf-gt 9.78 12.87 24.38 15.54 
3. L, fcf-lt 22.- 40.3- 52.93 31.87 
4. L, fcf-prox 3rd tr 33.45 36.00 91.63 68.09 45.46 
5. t, fcf-dist 3rd tr 39.23 48.35 103.66 88.87 109.70 
6. Circum, mid-sh 30.8* 45.0-* 94.9- 89.0- 42.0-* 76.0-
;. W, H-L, mid-sh 11.03* 14.05* 36.42 28.67 13.57* 28.10 
8. W, FE, mid-sh 6.44 13.67 22.88 26.00 13.15 21.08 
9. A, art surf head-ms line 85° 76.5° 

10. L, DIS line-lt 23.72 
11. L, DIS line-3rd tr 14.86 16.80 35.21 
12. W, pat gr 5.75 25.09 25.24 9.67 
13. D, pat gr 0.77 4.70 3.59 2.07 
14. w, cond 22.9 30.25 53.83 60.59 63.90 30.-

*Includes some third trochanter 



, ill ~11 f=i ne i~ J ii " 

~i II CD 

~i .. ... 
CII CR 

• Femur .. 
Right Right Right Right Right Right Right 

1. L. fcf-dc 282.13 174.06 74.95 160.45 161.59 139.88 115.26 
2. L. fcf-gt 26.78 16.19 4.81 3.10 3.82 3.46 2.23 
3. L. fcf-It 70.17 29.05 13.65 20.47 17.21 23.56 15.83 
4. L. fcf-prox 3rd tr 84.86 73.28 13.44 
5. L, fcf-dist 3rd tr 110.1:16 83.93 20.99 
6. Circum, mid-sh 117.33 62.43' 25.1- 35.87 34.47 33.77 30.-
7. W. M-L. mid-sh 35.49 19.87* 7.90 10.98 11.90 11.10 10.34 
8. W. FE, mid-sh 39.69 17.84* 7.05 11.55 10.51 10.37 8.60 
9. A, art surf head-ms line 36.7° 25.3° 22.3° 33.1° 21.2° 56.9° 53.1° 

10. L, ms line-It 26.94 14.43 6.17 9.22 6.1~ 9.95 8.63 
11. L, ms line-3rd tr 53.60 11.58 6.88 
12. W, pet gr 36.42 14.97 7.14 8.69 10.50 14.95 11.16 
13. D, pet gr 7.73 3.08 1.63 2.36 1.70 1.19 1.08 
14. W, cond 62.42 36.18 15.08 24.67 24.79 29.07 22.06 

*Includes some third trochanter 



Tibia 

Right Right Riaht Right Right Left+ Left 
some Right 

1. L, P-D 105.98 139.70 214.85 203.- 211.18 210.71 188.33 
2. L, tc 42.29 79.61 69.- 71.64 76.- 67.88 
3. D, tc 22.62 25.51 45.60 49.7- 49.98 
4. Circum, mid-sh 34.8- 69.43 78.- 75.47 57.23 
5. W, M-L, mid-sh 9.71 18.35 19.60 19.80 18.20 15.95 
6. W, F-E, mid-sh 12.40 26.95 25.72 27.18 21.05 
7. L, int cond-dist tc 48.51 102.50 94.2- 94.46 92.7- 88.17 
8. Max w, cond surf 29.72 61.06 57.5- 60.82 57.50 



iP ~n II co .. 
N .. .. 
CII 
N 

Tibia 

Right Right Right 

1. L, P-D 234.36 171.94 71.02 
2. L, tc 77.07 60.35 26.25 
3~ D, tc 52.64 36.06 
4. Circun, mid-sh 86.57 53.93 21.57 
5. W, M-L, mid-sh 26.23 16.69 4.86 
6. W, F-E, mid-sh 29.13 18.65 7.65 
7. L, int cond-dist tc 97.84 71.81 29.03 
8. Max W, cond surf 69.74 40.52 15.22 

~~ ~,i 
0 

ti ~i 

Right Right 

172.07 159.08 
31.17 38.94 
27.39 22.32 
32.97 34.37 
10.72 11.09 
10.29 11.67 
37.85 46.85 
26.38 26.38 

i~ 
1M 

II 

Right 

133.14 
36.75 
36.18 
32.27 

9.13 
11.94 
43.04 
29.05 

J 
~I 

Right 

119.61 
35.36 
19.73 
23.87 
6.71 
8.31 

42.38 
21.03 

~ o 
lJ1 



~Ii iii iii i' Ui ~n ~~ gi .~~ J too 
"D 

~~ II U 
0 

CO" 

~i • 
N 

en .. • 
Fibula 

N 

Right Riaht Riaht Riaht Right Right Right Right Right Right 

1. L, P-D, shaft 191.23 180.- 184.53 204.62 144.35 62.61 159.52 151.31 120.76 112.99 
2. Circum, mid-sh 31.- 33.- 33.- 39.2- 10.7- 10.2- 9.13 12.70 14.07 10.63 
3. W, f-I-L, mid-sh 9.00 9.14 9.63 13.48 2.47 2.43 1.35 3.90 4.76 3.37 
4. W, F-E, mid-sh 11.15 10.80 10.27 11.34 3.50 3.85 3,93 3.36 3.71 2.94 



Astragalus 

Left Right Left R&L Left Right 

1. L, mid-tr-mid" hd 21.29 36.32 36.21 23.5- 19.14 
2. L, astr neck 11.31 20.99 20.10 12.40 10.88 
3. L, mid-tr to 23.10 23.95 30.80 

mid astr for 
4. L, mid-tr from 18.5- 16.-

astr for 9.77 11.50 6.50 

5. L, med keel 19.47 32.50 31.80 15.93 
6. L, lat keel 19.10 42.50 40.75 20.40 



;(1 ~11 ~E ai !~ J N n ~I II c 
co 

~i • <II 

Astragalus 

~t Riiht Right Riiht Riibt Riiht 

1. L, mid-tr-mid hd 27.29 9.71 20.54 20.56 26.01 15.03 
2. L, astrneck 15.00 3.79 8.81 8.95 11.53 5.1 
3. L, mid-tr to 18.01 21.57 10.10 

mid astr for 28.- 9.4- 22.2-
4. L, mid-tr from 7.43 8.43 4.73 

astr for 

5. L, med-keel 30.0- 10.6 19.17 21.0- 23.67 15.86 
6. oL, lat keel 40.9- 9.37 28.0- 25.2- 24.93 16.2-



ill iii ~I J 00, 

n :11 ~n :n ~i .. eo ... "' . .oa ..oa 
Calcaneus 

RiPt Left Right m.ht Left Left Left Left 

1. L, cf-pr surf 30.09 40.02 70.00 76.26 69.92 74.43 71.08 34.74 
2. L, abaft 18.83 25.98 49.59 21.19 
3. Cil"CUlll, mid-sh 22.50 31.97 59.57 28.00 
4. W, H-L, mid-sh 5.18 6.16 10.21 5.11 
5. W, F-E, mid-sh 8.7- 12.32 23.82 10.61 

6. W, mln-msf 9.34 12.02 22.6- 22.5- 11.31 20.24 
7. 'lb, sus fac 6.35 12.08 13.47 14.8 12.68 5.87 9.44 
8. W, mid In-p tub 6.92 12.97 13.21 5.39 12.48 



;il ~11 ~! 

ti 
CD .. 
en 

Calcaneus 

Right Right ~ft 

1. L, cf-pr surf 60.07 18.25 38.69 
2. L, shaft 34.60 13.25 24.67 
3. CiI"C\.lll, lllid-sb 49.54 21.3- 30.4-
4. W, M-L, mid-sb 10.87 7.41 5.82 
5. W, F-B, lllid-sb 19.27 5.24 11.80 

6. W, mln-msf 20.31 5.02 9.39 
7. 'lb, sus fae 8.34 1.5- 3.11 
8. W, lllid In-p tub 4.96 5.69 

ne 
0 

~I 

Riibt 

38.66 
23.13 
30.3-
4.98 

11.84 

10.57 
4.47 
8.03 

i~ 
N 

II 
RlIbt 

35.62 
20.62 
34.4-
7.14 

12.68 

11.31 
4.15 

J 
~i 

Right 

23.73 
14.36 
23.8-
4.63 
8.56 

7.06 
2.62 
5.73 

~ -o 



Manus Manus, ~t and Left Pes, Right 
and Tetraclaenodon puercensis Tetraclaenodon puercensis 
Pes AMNII 2468 AMNII 2468 

Carpus 
L, Lun + mag 11.0 

Tarsus 
L, Astr + Nav + Ento 23.3 

I II III IV V I II III IV V 

MP 

1. L, P-D 21.75 35.10 38.05 34.35 24.54 . 
2. Circum, mid-sh 12.5- 13.8- 15.0- 14.0- 12.6-
3. W, M-L, mid-sh 3.96 4.93 4.91 4.40 3.50 
4. W, F-E, mid-sh 2.64 3.40 3.53 3.28 2.63 
5. W, M-L, CP facet 3.88 5.88 6.46 5.42 4.18 
6. W, F-E, CP facet 4.59 5.22 4.95 5.11 4.34 

pp (Three isolated PPs) (or CP) 

1. L, P-D 14.86 15.1 15.8 11.0 14.45 15.74 15.89 11.33 
2. Circum, mid-sh 
3. W, M-L, mid-sh 4.70 4.30 4.24 3.61 4.43 4.96 4.87 3.44 
4. W, F-E, mid-sh 3.46 3.21 3.66 2.87 3.25 3.22 3.17 2.70 

5. W, M-L, l-W facet 5.27 5.29 5.20 4.22 5.10 5.87 6.03 3.25 
6. W, F-E, MP facet 3.22 ~.62 3.15 2.69 3.62 3.22 3.S0 2.44 
7. W, M-L, CP facet 4.44 3.73 4.47 3.06 3.94 4.62 ·4.70 3.44 
8. W, F-E, CP facet 2.88 2.69 2.78 2.30 2.69. 2.84 2.76 2.38 

~ ..... ..... 



Manus Manus 
and Tetraclaenodon puercensis 
Pes AMNII 2468 

I II III IV 

CP (two isolated CPs) 

1. L, P-D 8.83 9.75 
2. W, M-L, mid-sh 4.71 4.89 
3. W, F-E, JDid-sh 2.72 3.00 

4. W, M-L, PP facet 4.40 5.01 
5. W, F-E, PP facet 2."96 2.95 
6. W, M-L, UP facet 3.53 4.04 

-7. W, F-E, UP facet 2.76 3.13 

UP 

1. L, P-D 
2. A, gp-CP facet 
3. W, M-L. CP facet 
4. W, F-E. CP facet 

V 

Pes, Right 
Tetraclaenodon puercensis 
AMNII 2468 

I 

2.47 
2.52 

II 

9.13 
3.93 

3.80 
3.37 
3.77 
2.32 

III 

9.63 
4.70 
2.77 

4.66 
2.77 
3.42 
2.71 

_7° 
4.35 
3.07 

IV 

9.35 
4.61 
2.89 

4.52 

3.68 
2.59 

-40 
4.23 
2.7 

V 

5.97 
3.66 
2.92 

3.31 
2.33 
2.97 
2.17 



Manus Manus, Left and Right Pes, Left 
and. Phenacodus vortmani Phenacodus vortmani 
Pes AMNII 4378 AMNII 4378 

Carpus 
L, L\.Ul +" mag " (13.9) 

Tarsus 
L, Astr + Nav + Ento 29.18 

I II III IV V I II III IV V 
MP Right Left 

1. L, P-D (38.1) (36.55) 23.17 44.59 " 51.47 48.16 24.56 
2. Circum, mid-sh 17.0- 16.7- 13.0- 17.4- 21.0- 20.2- 13.1-
3. W, M-L, mid-sh 6.00 5.67 4.41 5.51 6.71 6.35 4.53 
4. W, F-E, mid-sh 4.50 4.15 3.23 4.57 5.65 5.32 3.23 
5. W, M-L, CP facet 7.10 6.65 3.98 7.27 8.85 7.83 4.69 
6. W, F-E, CP facet 6.80 6.00 4.97 7.14 7.85 7.38 6.46 

pp (Three isolated PPs) (or CP) 
1. L, P-D 16.8 14.10 8.62 8.51 5.48 18.08 
2. Circum, mid-sh 17.20 20.0 
3. W, M-L, mid-sh 7.08 6.21 4.65 5.21 4.24 7.36 
4. W, F-E, mid-sh 4.90 4.16 3.64 3.76 2.84 4.30 

5. W, M-L, MP facet 7.50 5.64 4.64 4.71 3.85 " 6.11 
6. W, F-E, MP facet 5.40 5.30 3.43 3.65 3.45 5.21 
7. W, M-L, CP facet 6.60 5.60 4.29 4.83 3.75 7.18 
8. W, F-E, CP facet 4.30 3.80 3.20 3.23 2.75 4.26 



Manus 
and 
Pes 

CP 
1. L, 
2. W, 
3. W, 

4. W, 
5. W, 

P-D 
M-L, 
F-E, 

M-L, 
F-E, 

mid-sh 
mid-sh 

Manus, Left and Right 
Phenscodus vortmani 
.AMNII 4378 

I II III 

PP facet 
PP facet 

6. W, M-L, UP facet 
7. W, F-E, UP facet 

UP 

1. L, P-D 
2. A, gP-CP facet 
3. W, M-L, CP facet 
4. W, F-E, CP facet 

IV v 

One isolated CP 
5.17 
3.87 

3.42 
1.92 
3.31 

Pes, Left 
Phenacodus vortmani 
AMNII 4378 

I I! II! 

10.96 
7.43 
3.90 

6.83 
4.04 
6.23 
3.69 

_10° 
6.40 
4.15 

IV 

_9° 
5.40 
3.34 

v 



Manus 
and 
Pes 

Carpus • 
L, Lun +. mag 

Tarsus 
L, Astr + Nav + Ento 

MP 

1. L, P-D 
. 2. CirclDD, mid-sh 

3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, CP facet 
6. W, F-E, CP facet 

pp 

1. L, P-D 
2. CirclDD, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, MP facet 
6. W, F-E, MP facet 
7. W, M-L, CP facet 
8. W, F-E, CP facet 

Manus 
Phenacodus primaevus 
AMNII 293 

I II III IV V 

Pes, Right 
Phenacodus primaevus 
AMNII 293 

I II 

65.32 
39.2-
12.97 
10.35 
16.33 
14.47 

24.50 
48.0-
14.06 
8.45 

15.84 
10.03 
13.63 
8.53 

48.30 

III 

68.37 
40.0-
13.52 
10.78 
18.25 
14.87 

26.93 
7.97 

14.86 
8.01 

17.91 
10.09 
14.49 
6.98 

IV 

64.05 
35.2-
11.79 
9.51 

14.52 
14.43 

22.71 
37.0-
12.49 
8.48 

14.28 
10.05 

V 

38.30 

9.46 
7.49 

11.20 
12.01 

13.99 
26.0-
8.65 
5.99 
8.07 
8.01 
7.31 
6.3$ 



Manus 
and 
Pes 

CP 

1. L, P-D 
2. W, M-L, mid-sh 
3. W, F-E, mid-sh 
4. W, M-L, PP facet 
5. W, F-E, PP facet 
6. W, M-L, UP facet 
7. W, F-E, UP facet 

UP 

1. L, P-D 
2. A, gp-CP facet· 
3. W, M-L, CP facet 
4. W, F-E, CP facet 

Manus 
Phenacodus prima.evus 
AMNIi 293 

I II III IV v 

Pes, RiJdlt 
Phena.codus prima.evus 
AMNII 293 

I II 

14.97 
13.43 
6.34 

12.21 
7.78 

10.43 
7.12 

III 

-150 

11.5 
6.65 

IV v 



Manus Manus, Left Pes 
and Phenacodus prima.evus Phenaccdus prima.evus 
Pes AMNII 2961 AMNH 2961 

Carpus 
L, Lun + mag 22.10 

Tarsus 
L, Astr + Nav + Ento 

I II III IV V I II III IV V 
MP 

1. L, P-D 27.19 64.51 72.14 62.40 38.76 
2. Circum, mid-sh 27.0 50.0 41.7 35.8 33.5 
3. W, M-L, mid-sh 9.78 15.13 14.68 12.38 11.62 
4. W, F-E, mid-sh 5.96 11.71 10.09 8.80 8.64 
5. W, M-L, CP facet 8.19 16.94 17.51 13.97 10.39 

. 6. W, F-E, CP facet 9.91 13.52 13.13 12.37 

pp (or CP) 

1. L, P-D 12.13 22.08 25.14 21.14 15.15 
2. Circum, mid-sh 38.5- 37.5- 30.13 
3. W, M-L, mid-sh 7.78 14.94 15.11 10.43 
4. W, F-E, mid-sb 5.62 8.90 8.21 6.48 
5. W, M-L, MP facet 6.79 14.00 16.40 11.46 
6. W, F-E, MP facet 5.86 9.58 11.01 10.71 8.23 
7. W, M-L, CP facet 6.28 12.51 14.13 12.46 9.73 
8. W, F-E, CP facet 5.50 7.75 7.44 7.74 6.48 



Manus Manus, Left 
and Phena.codus primaevus 
Pes AMNII 2961 

I II III 
CP 

1. L, P-D 13.79 15.56 
2. W, M-L, mid-ah 14.78 
3. W, F-E, mid-ah 6.60 
4. W, M-L, PP facet 13.40 
5. W, F-E, PP facet 6.97 
6. W, M-L, UP facet 10.44 12.00 
7. W, F-E, UP facet 7.14 6.70 

UP 

1. L, P-D 
2. A, gp-CP facet· 20 

3. W, M-L, CP f~t 
4. W, F-E, CP facet 5.92 

IV V 

14.31 10.17 
14.32 10.01 
6.82 6.02 

11.98 9.01 
7.46 6.59 

10.93 8.12 
6.39 6.11 

1-20 2_30 

7.65 
6.45 6.11 

Pes 
Phena.codus primaevus 
AMNII 2961 

I II III IV V 

+:...... 
ex> 



Manus Manus, Left Pes 
and Phenacodus primaevus Phenacodus primaevus 
Pes AMNII 4369 AMNII 4369 

Carpus 
L, LWl + mag (23.5) 

Tarsus 
L, Astr + Nav + Ento 

I II III IV V I II III IV V 
MP 

1. L, P-D 32.10 59.30 67.63 54.40 34.76 
2. Circum, mid-sh 
3. W, M-L, mid-sh 11.14 11.34 
4. W, F-E, mid-sh 
5. W, M-L, CP facet 10.6 15.06 16.52 13.54 8.85 
6. W, F-E, CP facet 12.58 

pp (or CP) 

1. L, P-D 12.50 21.40 25.70 20.80 13.70 
2. Circum, mid-sh 
3. W, M-L, mid-sh 6.94 12.42 12.68 11.70 9.48 
4. W, F-E, mid-sh 
5. W. M-L, MP facet 8.12 14.00 16.44 13.65 9.37 
6. W, F-E, MP facet 
7. W, M-L, CP facet 5.75 11.25 13.22 10.54 8.58 
8. W, F-E, CP facet 



Manus Manus. Left Pes 
and Phenacodus prillla.evus Phenacodus prima.evus 
Pes A~ 4369 AMNII 4369 

I II III IV V I II III IV V 
CP 

1. L. P-D 13.87 14.7 13.08 
2. W. M-L. mid-sh 
3. W. F-E. mid-sh 
4. W. M-L. PP facet 11.15 12.70 11.40 
5. W. F-E. PP facet 
6. W. M-L. UP facet 11.40 12.86 10.00 6.76 
7. W, F-E. UP facet 

UP 

1. L. P-D 18.2 19.25 17.98 13.92 
2. A. gp-CP facet· 
3. W. M-L. CP facet 10.30 11.86 10.22 6.86 
4. W, F-E. CP facet 



Manus Manus, Right Pes, Left 
and Phenacodus primaevus Phenacodus primaevus 
Pes FU 14684 FU 14684 

Carpus 
L, Lt.m + mag (23.-) 

Tarsus 
L, AStr + Nav + Ento (47.-) 

I II III IV V I II III IV V 
MP 

1. L, P-D 27.74 56.75 66.52 54.25 31.91 27.16 63.38 67.00 60.00 35.40 
2. Circum, mid-sh 25.- 36.- 37.- 35.- 30.- 27.-
3. W, M-L, mid-sh 9.00 12.92 13.11 12.52 10.26 8.49 13.98 14.65 12.52 10.71 
4. W, F-E, mid-sh 5.29 7.40 7.63 
5. W, M-L, CP facet 8.73 15.58 16.01 14.45 9.82 9.32 17.62 18.96 17.80 11.55 
6. W, F-E, CP facet· 11.78 11.25 

pp '(or CP) 

1. L, P-D 15.27 21.52 24.54 21.75 14.42 25.24 27.07 24.75 14.64 
2. Circum, mid-sh 24.- 35.- 35.5- 32.- 26.-
3. W, M-L, mid-sh 7.81 12.56 13.24 12.24 11.07 14.32 15.44 11.63 8.89 
4. W, F-E, mid-sh 6.95 8.67 7.93 5.95 
5. W, M-L, MP facet 
6. W, F-E, MP facet 
7. W, M-L, CP facet 6.52 12.68 13.41 11.93 9.98 13.80 14.47 13.90 7.59 
8. W, F-E, CP facet 5.72 



Manus Manus, Right Pes, Left 
and Phenacodus prima.evus Phenacodus prima.evus 
Pes PU 14684 PU 14684 

I II III IV V I II III IV V 
CP 

1. L, P-D 14.59 14.99 14.00 7.63 15.77 13.95 10.74 
2. W, M-L, mid-sh 13.19 14.46 13.00 
3. W, F-E, mid-sh 
4. W, M-L, PP facet 
5. W, F-E, PP facet 
6. W, M-L, UP facet 9.90 11.93 9.29 7.30 10.68 9.90 
7. W, F-E, UP facet 

UP 

1. L, P-D 12.57 20.65 22.33 20.72 14.83 20.78 
2. A, gp-CP facet 
3. W, M-L, CP facet 
4. W, F-E, CP facet 



Manus 
and 
Pes 

Carpus 
L, Lun + mag 

Tarsus 
L, Astr + Nav + Ento 

MP 

1. L, P-D 
2. CirclDD, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, CP facet 
6. W, F-E, CP facet 

pp 

1. L, P-D 
2. CirclDD, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, MP facet 
6. W, F-E, MP facet 
7. W, M-L, CP facet 
8. W, F-E, CP facet 

Manus 
Phenacodus sp 
USGS 7146 

I II III IV v 

Pes, Left 
Phenacodus sp 
USGS 7146 

I II 

64.83 

13.27 
10.60 
16.13 
14.13 

24.46 

14.19 
8.34 

15.43 
10.68 -
12.35 
7.92 

III 

71.71 

13.34 
10.30 
18.00 

26.37 

14.64 
7.50 

17.20 
9.50 

13.88 
7.39 

IV V 

64.0 37.79 

12.09 10.57 
10.07 6.84 
14.71 9.49 
13.84 11.77 

15.88 

9.45 
6.30 
9.36 
7.72 
8.20 
5.91 



Manus Manus Pes, Left 
and Phenacodus sp Phenacodus sp 
Pes USGS 7146 USGS 7146 

I II III IV V I II III IV V 
CP 

1. L, P-D 13.57 17.60 15.43 10.27 
2. W, M-L, mid-sh 
3. W, F-E, mid-sh 
4. W, M-L, PP facet 10.68 13.78 11.90 7.80 
5. W, F-E, PP facet 7.58 7.75 7.19 5.78 
6. W, M-L, UP facet 9.50 11.8 10.69 7.06 
7. W, F-E, UP facet 6.68 6.52 6.17 5.52 

UP 

1. L, P-D 19.90 21.39 19.83 15.03 
2. A, gp-CP facet 
3. W, M-L, CP facet 11.00 12.60 10.41 6.68 
4. W, F-E, CP facet 6.36 8.12 6.44 5.53 



Manus 
and 
Pes 

Carpus 
L, Ltm + mag 

Tarsus 
L, Astr + Nav + Ento 

MP 

1. L, P-D 
2. Circun, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, CP facet 
6. W, F-E, CP facet 

pp 

1. L, P-D 
2. Circum, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, MP facet 
6. W, F-E, MP facet 
7. W, M-L, CP facet 
8. W, F-E, CP facet 

Manus 
Phenacodus almiensis 
USNM 16691 

I II III IV v 

Pes, Right 
Phenacodus almiensis 
USNM 16691 . 

I II III 

50.36 
22.67 

7.20 
6.02 
7.99 
8.47 

IV V 

27.60 
15.27 
5.47 
3.23 
4.33 
6.55 

13.81 
15.40 
5.83 
3.17 
5.49 
5.05 
4.03 
3.32 



Manus 
and 
Pes 

CP 

1. L, P-D 
2. W, M-L, mid-sh 
3. W, F-E, mid-sh 
4. W, M-L, PP facet 
5. W, F-E, PP facet 
6. W, M-L, UP facet 
7. W, F-E, UP facet 

UP 

1. L, P-D 
2. A, ~ facet-
3. W, M-L, CP facet 
4. W, F-E, CP facet 

Manus 
Phenacodus almiensis 
USNM 16691 

I II III IV v 

Pes, ~t 
Phenacodus almiensis 
USNM 16691 

I II 

13.30 
5° 
7.04 
2.83 

III IV v 



Manus Manus, Left Pes 
and Tapirus terristris Tapirus terristris 
Pes CA(AMNH) 2592 CA(AMNH) 2592 

Carpus 
L, Lun + mag 

Tarsus 
L, Astr + Nav + Ento 

I II III IV V I II III IV V 
MP 

1. L, P-D 93.04 105.49 97.47 67.08 
2. Circum, mid-sh 50.2- 62.8- 48.0- 40.0-
3. W, M-L, mid-sh 20.68 24.70 17.19 15.03 
4. W, F-E, mid-sh 9.10 9.93 11.04 7.84 
5. W, M-L, CP facet 15.65 23.20 15.13 13.76 
6. W, F-E, CP facet 21.27 18.45 23.99 18.28 

pp 

1. L, P-D 23.08 28.14 :21.93 17.19 
2. Circum, mid-sh 48.1- 52.4- 48.0- 41.0-
3. W, M-L, mid-sh 16.31 20.59 17.08 13.34 
4. W, F-E, mid-sh 12.30 10.52 12.23 11.16 
5. W, M-L, MP facet 14.60 23.78 15.62 11.32 
6. W, F-E, MP facet 16.57 13.20 15.46 14.26 
7. W, M-L, CP facet 16.66 20.84 16.04 12.35 
8. W, F-E, CP facet 10.61 9.52 10.85 9.75 



Manus Manus, Left Pes, Right 
and Tapirus terristris Tapirus terristris 
Pes CA(AMNH) 2592 CA(AMNH) 2592 

I II III IV V I II III IV V 
CP 

1. L, P-D 14.49 14.71 14.56 11.11 
2. W, M-L, mid-sh 16.57 21.53 16.07 12.03 
3. W, F-E, mid-sh 9.89 8.10 9.29 8.63 
4. W, M-L, PP facet 16.62 19.68 15.60 11.97 
5. W, F-E, PP facet 11.25 10.42 10.76 8.99 
6. W, M-L, UP facet 13.67 18.07 13.06 9.60 
7. W, F-E, UP facet 8.31 7.44 8.64 8.96 

UP 

1. L, P-D 21.76 24.52 20.49 15.86 
2. A, SJrCP facet· 35° 24° 34° 30° 11° 
3. W, M-L, CP facet 12.52 21.90 13.72 9.67 
4. W, F-E, CP facet 9.34 8.15 8.76 7.49 



Manus Manus, Right Pes, Right 
and Iiydrochoerus hydrochoerus HydrochoenlS hydrochaenlS 
Pes USNM 241103 USNM 241103 

Carpus 
L, Lun + mag 19.87 

Tarsus 
L, Astr + Nav + Ento 37.07 

I II III IV V I II III IV V 
MP 

1. L, P-D 52.49 58.15 48.12 30.21 56.05 61.98 55.28 
2". Circum, mid-sh 24.8- 25.8- 24.4- 24.0- 28.40 32.00 26.90 
3. W, M-L, mid-sh 8.83 9.39 8.29 8.52 10.01 11.51 9.06 
4. W, F-E, mid-sh 5.66 5.75 5.43 5.13 6.72 7.42 7.05 
5. W, M-L, CP facet 9.42 12.21 9.74 7.89 10.98 14.47 10.20 
6. W, F-E, CP facet 10.32 10.91 10.66 9.58 12.53 13.04 12.55 

pp 

1. L, P-D 19.45 22.00 19.89 25.03 29.33 24.97 
2. Circum, mid-sh 27.8- 30.2- 27.4- 32.2- 39.5- 32.0-
3. W, M-L, mid-sh 9.21 11.20 8.92 10.12 13.66 9.91 
4. W, F-E, mid-sh 7.40 6.78 6.83 8.56 9.40 8.86 
5. W, M-L, MP facet 9.49 11.18 9.06 9.98 13.73 10.32 
6. W, F-E, MP facet 7.05 6.67 5.80 7.71 9.42 8.35 
7. W, M-L, CP facet 8.99 9.56 8.39 9.21 12.43 9.24 
8. W, F-E, CP facet 5.46 5.34 5.18 6.50 6.88 6.58 



Manus 
and 
Pes 

CP 

1. L, P-D 
2. W, M-L, mid-sh 
3. W, F-E, mid-sh 
4. W, M-L, PP facet 
5. W, F-E, PP facet 
6. W, M-L, UP facet 
7. W, F-E, UP facet 

UP 

1. L, P-D 
2. A, gp-CP face.t 
3. W, M-L, CP facet 
4. W, F-E, CP facet 

Manus, Right 
lJydrc:xilioenzs bydrochoenzs 
USNM 241103 

I II III IV 

One isolated CP 

13.66 
9.90 
5.93 
8.86 
5.74 
8.05 
6.42 

v 

Pes, Right 
Hydrochoenzs hytirochoenzs 
USNM 241103 

I II III IV 

One isolated CP 

13.75 
10.48 
6.10 
9.23 
5.92 
8.05 
6.03 

v 



Manus Manus, Left (+ some right) Pes, Left 
and Procavia capensis Procavia capensis 
Pes USNM 351945 USNM 351945 

Carpus 
L, Lun + mag 7.51 

Tarsus 
L, Astr + Nav + Ento 12.53 

I II III IV V I II III IV V 
MP 

l. L, P-D 6.06 14.47 16.97 13.60 9.39 17.77 19.98 18.29 
2. Circum, mid-sh 
3. W, M-L, mid-sh 1.52 3.77 4.16 3.56 3.78 3.46 4.21 3.81 
4. W, F-E, mid-sh 1.13 2.73 2.86 2.33 2.27 2.42 2.63 2.49 
5. W, M-L, CP facet 2.16 3.87 4.56 3.91 3.23 4.16 5.29 3.98 
6. W, F-E, CP facet 1.63 3.64 4.02 3.59 3.30 3.88 3.73 

pp 

l. L, P-D 6.89 6.55 5.98 4.21 8.34 9.35 7.82 
2. Circum, mid-sh 
3. W, M-L, mid-sh 3.70 3.89 3.79 2.43 4.26 3.64 
4. W, F-E, mid-sh 2.05 2.70 2.16 3.20 2.60 2.46 
5. W, M-L, MP facet 4.77 -
6. W, F-E, MP facet 
7. W, M-L, CP facet 3.56 3.65 3.22 3.41 4.58 3.34 
8. W, F-E, CP facet 2.60 2.68 2.67 2.89 3.11 3.05 



Manus Manus, Left (+ some right) Pes, Left 
and Procavia capensis Procavia capensis 
Pes USNM 351945 USNM 351945 

I II III IV V I II III IV V 
CP 

1. L, P-D 5.23 5.36 4.58 2.03 6.59 7.52 5.35 
2. W, M-L, mid-sh 3.17 3.63 3.42 2.47 3.37 3.65 
3. W, F-E, mid-sh 2.07 2.33 1.83 1.97 2.55 2.92 
4. W, M-L, PP facet 
5. W, F-E, PP facet 
6. W, M-L, UP facet 3.24 2.11 2.24 3.82 3.13 
7. W, F-E, UP facet 2.01 2.19 1.92 2.24 2.05 

UP 

1. L, P-D 
2. A, gp-CP facet 
3. W, M-L, CP facet 
4. W, F-E, CP facet 



Manus Manus, Right Pes, Right 
and Canis latrans Canis latrans 
Pes LLP~-132 LLP-OC-132 

Carpus 
L, Lun + ~ 12.53 

Tarsus 
L, Astr + Nav + Ento 28.79 

I II III IV V I II III IV V 
MP 

1- L, P-D 20.39 56.42 64.4- 63.57 55.54 67.14 72.33 73.88 66.23 
2. Circum, mid-sh 8.7- 17.4- 16.5- 14.3- 16.7- 22.6- 18.1- 18.4- 17.0-
3. W, M-L, mid-sh 3.29 6.01 5.14 4.59 6.14 5.56 6.03 6.07 3.96 
4. W, F-E, mid-sh 2.19 4.80 4.75 4.26 4.53 5.14 4.42 4.33 6.13 
5. W, M-L, CP facet 4.74 6.03 5.55 5.39 5.99 6.56 6.30 5.73 6.31 
6. W, F-E, CP facet 3.66 6.64 7.23 7.44 7.18 6.88 7.68 7.51 6.80 

pp 

1. L, P-D 10.42 17.44 20.68 21.99 16.74 18.31 20.97 22.19 17.44 
2. CirclDll, mid-sh 
3. W, M-L, mid-sh 3.20 4.54 4.08 3.99 4.02 4.22 4.15 4.15 3.53 
4. W, F-E, mid-sh 2.75 5.03 4.35 4.26 4.76 4.62 4.44 4.17 4.36 
5. W, M-L, MP facet 4.25 5.72 5.71 5.93 5.46 5.41 5.75 5.71 4.77 
6. W, F-E, MP facet 2.58 4.67 5.03 4.54 4.17 4.22 4.84 4.51 4.05 
7. W, M-L, CP facet 4.43 4.77 4.72 4.63 4.68 4.54 4.52 4.88 4.37 
8. W, F-E, CP facet 2.54 4.10 3.90 3.67 3.72 3.90 .3.96 3.82 3.51 



Manus 
and 
Pes 

CP 

1. L, P-D 
2. W, M-L, mid-sh 
3. W, F-E, mid-sh 
4. W, M-L, PP facet 
5. W, F-E, PP facet 
6. W, M-L, UP facet 
7. W, F-E, UP facet 

UP 

1. L, P-D 
2. A, gp-CP facet 
3. W, M-L, CP facet 
4. W, F-E, CP facet 

Manus, Right 
Canis latrans 
LLP-QC-132 

I II III 

11.31 14.86 
4.15 4.26 
3.34 3.06 
5.41 5.45 
3.24 3.42 
5.30 5.96 
2.96 3.06 

Pes, Right 
Canis latrans 
LLP-OC-132 

IV V I II III IV V 

11.64 11.55 15.47 11.80 
4.6- 4.65 3.91 4.93 
3.47 3.39 3.23 3.75 
5.77 5.93 5.58 5.62 
3.43 3.48 3.25 3.13 
5.65 5.83 5.75 5.87 
3.21 3.14 2.94 3.26 



Manus 
and 
Pes 

Carpus 
L, Ltm.+ mag 

TarsUs 
L, Astr + Nav + Ento 

MP 

1. L, P-D 
2. Circum, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, CP facet 
6. W, F-E, CP facet 

PP 

1. L, P-D 
2. Circum, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, MP facet 
6. W, F-E, MP facet 
7. W, M-L, CP facet 
8. W, F-E, CP facet 

Manus, Right 
~ rufus 
00-3010 

I II III 

50.39 
15.2-
5.01 
4.16 
6.80 
7.09 

18.86 
16.8-
5.62 
4.40 
5.07 
5.27 
4.80 
3.66 

IV 

16.88 
14.6-
4.73 
3.92 
4.97 
4.54 
4.31 
3.67 

V 

40.55 
14.2-
4.59 
3.84 
4.90 
6.86 

Pes, Right 
~ rufus 
00-3010 

I II 

63.57 
17.4-
5.43 
4.70 
7.60 
7.84 

26.14 

III IV V 

68.27 69.78 61.81 
21.1- 18.3- 15.8-
6.98 5.45 4.11 
4.92 5.11 4.92 
7.77 7.25 6.52 
8.57 8.21 7.39 

22.61 
16.9-
5.78 
4.04 
6.09 
4.88 
5.59 
3.88 



Manus 
and 
Pes 

CP 

1. L, P-D 
2. W, M-L, mid-sh 
3. W, F-E, mid-sh 
4. W, M-L, PP facet 
5. W, F-E, PP facet 
6. W, M-L, UP facet 
7. W, F-E, UP facet 

UP 

1. L, P-D 
2. A, gp-CP facet 
3. W, M-L, CP facet 
4. W, F-E, CP facet 

Manus, Right 
~ rufus 
00-3010 

I II III IV 

12.02 

6.02 
3.95 
5.19 
3.42 

v 

Pes, Right 
~ rufus 
00-3010 

I II III IV v 

17.60 

6.76 
4.29 
5.66 
3.48 



Manus 
and 
Pes 

Carpus 
L, Lun + ~ 

Tarsus 
L, Astr + Nav + Ento 

MP 

1. L, P-D 
2. Circum, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, CP facet 
6. W, F-E, CP facet 

PP 

1. L, P-D 
2. Circum, mid-sh 
3. W, M-L, mid-sh 
4. W, F-E, mid-sh 
5. W, M-L, M!> facet 
6. W, F-E, MP facet 
7. W, M-L, CP facet 
8. W, F-E, CP facet 

Manus, Right 
Guloluscus 
UlflZ 98099 

I II 

28.68 38.02 
14.9- 16.3-
4.97 5.24 
3.90 4.38 
5.91 7.72 
6.60 7.75 

13.35 

III 

45.77 
16.8-
5.53 
4.45 
8.46 
7.96 

22.33 
15.9-
5.22 
4.01 
7.58 
3.94 
5.64 
4.03 

IV 

47.63 
17.4-
5.75 
4.53 
9.09 
8.16 

V 

40.53 
17.4-
5.71 
4.58 
8.48 
8.23 

Pes, Right 
Guloluscus 
lHfZ S8099 

I II 

36.33 47.80 
15.3- 16.0-
4.72 4.86 
4.08 4.23 
6.42 7.40 
6.45 7.66 

32.52 

III 

53.50 
20.2-
6.84 
4.87 
8.53 
8.29 

23.53 
16.1-
5.57 
4.07 
8.27 
4.23 
5.82 
4.19 

IV V 

58.38 53.77 
20.6- 18.4-
6.63 5.74 
4.69 4.68 
9.32 7.97 
8.20 8.13 



Manus 
and 
Pes 

CP 

1. L, P-D 
2. W, M-L, mid-sh 
3. W, F-E, mid-sh 
4. W, M-L, PP facet 
5. W, F-E, PP facet 
6. W, M-L, UP facet 
7. W, F~E, UP facet 

UP 

1. L, P-D 
2. A, gp-CP facet 
3. W, M-L, CP f~et 
4. W, F-E, CP facet 

Manus, Right 
Gulo luscus 
lH1Z 98099 

I II 

Pes, Right 
Oulo luscus 
{HfZ 98099 

III IV V I II III IV V 

19.68 20.14 
4.84 5.09 
3.68 3.61 
7.76 7.83 
4.17 4.41 
5.23 5.47 
4.85 4.90 



Manus 
am 
Pes 

Carpus 
L. Ltm + mag 

Tarsus 
L. Astr + Nav + Ento 

MP 

1. L. P-D 
2. Circum. mid-ah 
3. W. M-L. mid-ah 
4. W. F-E. mid-ah 
5. W, M-L. CP facet 
6. W. F-E. CP facet 

pp 

1. L. P-D 
2. Circum. mid-ah 
3. W. M-L. mid-sh 
4. W. F-E. mid-sh 
5. W. M-L. MP facet 
6. W. F-E. MP facet 
7. W. M-L. CP facet 
8. W. F-E. CP facet 

Manus. Left 
Procyon lotor 
00-5010 

I II 

20.44 27.47 

2.70, 3.04 
2.18 2.73 
3.08 3.66 
3.43 3.70 

9.50 

III 

30.48 

2.65 
2.66 
3.50 
3.65 

13.35 

2.17 
2.42 
3.11 
2.39 
2.71 
1.96 

IV V 

29.40 23.06 

2.58 3.03 
2.86 2.34 
3.60 3.38 
3.77 3.95 

Pes. Right 
Procyon loter 
00-5010 

I II 

25.82 32.69 
9.5- 10.9-
2.72 3.64 
3.20 3.15 
3.77 4.27 
3.97 4.52 

21.46 

III IV V 

36.81 38.43 31.24 
10.8- 10.4- 11.6-
3.55 3.58 3.15 
3.02 3.34 3.50 
4.29 4.23 4.19 
4.45 4.36 4.65 

13.26 

2.59 
2.75 
3.69 
2.94 
2.95 
1.97 



Manus 
end 
Pes 

CP 

1. L, P-D 
2. W, M-L, mid-sh 
3. W, F-B, mid-sh 
4. W, M-L, PP facet 
5. W, F-H, PP facet 
6. W, M-L, UP facet 
7. W, F-B, UP facet 

UP 

1. L, P-D 
2. A, gp-CP facet 
3. W, M-L, CP facet 
4. W, F-B, CP facet 

Manus, Left 
Procyon lotar 
00-5010 

I II III 

9.71 
2.19 
1.85 
3.08 
2.05 
2.74 
2.09 

IV v 

Pes, Right 
Procyon lotar 
00-5010 

I II III 

9.95 
2.53 
2.14 
3.83 
2.29 
3.06 
2.34 

IV V 



Sl.IIIIBtions 
of 

Measurements 

1. L, C.-Le •• 7 

2. L, C.-SaclUll 
3. L, fL 
4. L, IlL 
5. L, H+R 
6. L, F+T 
7. L, IIIBllUS 

8. L, pes 

(172.9-) 
264.53 
150.1-
206.18 

83.72 

462.51 814.14 
524.56 923.14 

(245.8-) (404.1-) (404.9-) 
345.55 (554.6-) 
193.8 313.- 315.4-
264.9- 425.- 440.6-

133.- 129.05 
109.69 156.84 

;il ;u 
602.62 318.88 557.89 486.76 463.73 273.63 

(714.88) 351.99 590.99 524.45 504.79 308.81 
335.50 140.63 379.53 (331.0-) 301.21 237.98 
445.05 178.48 432.70 415.1- 359.0- 293.1-
257.48 116.15 302.60 268.02 242.09 198.00 
346.00 145.97 332.52 320.67 273.02 234.87 
113.77 36.39 112.47 101.13 63.04 
142.13 49.38 136.62 (134.62) (129.69) (81.48) 
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APPE~DIX E Explanation of ratios used 
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Total Body 

1. (FL/VC)100 = Forelimb length/Presacral vertebral column 
length 

2. (HL/VC)100 = Hindlimb length/Presacral vertebral column 
length 

The forelimb and hindlimb/vertebral column ratios 
indicate the relative lengths of the fore and hind limbs with 
respect to the standard for body size. 

3. (FL/HL)100 = Forelimb length/hindlimb length 

The forelimb/hindlimb ratio indicates the comparative 
lengths of the limbs with respect to each other. The 
forelimbs, not including the scapulae, tend to be shorter than 
the hindlimbs. 

4. (H/F)100 = Humeral length/femoral length 

The humerus/femur ratio compares the more proximal limb 
bones in the forelimb and hindlimb. 

5. (R/T)100 = Radial length/tibial length 

The radius/tibia ratio compares the more distal 1 imb 
bones in the forelimb and hindlimb. 

6. (H+R/F+T)100 = Humerus + Radius/Femur + Tibia 

The ratio of humerus plus radius/femur plus tibia is the 
intermembral index and c:ompares long bone lengths in the 
forelimb and hindlimb without inc:luding the manus and pes, 
whic:h themselves may differ in length. The intermembral index 
tends to be higher in mammalian runners than in non-runners. 

7. (H/VC)100 = Humeral length/Presac:ral vertebral column 
length 

8. (R/VC)100 = Radial length/Presacral vertebral c:olumn 
length 



445 

9. (M/VC)100 = Length of the manus/Presacral vertebral 
column length 

10. (ilium/VC)100 = Ilial length/Presacral vertebral column 
length 

11. (ischium/VC) 100 = Ischial length/Presacral vertebral 
column length 

12. (pubis/VC)100 = Pubic length/Presacral vertebral column 
length 

The lengths of the banes of the pelvis compared to the 
presacral vertebral column length indicate the relative 
elongations of these banes with respect to each ather. These 
relative elongations are associated with emphases upon 
particular muscle groups attaching to the pelvis. 

13. (F/VC)100 = Femoral length/Presacral vertebral column 
length 

14. (T/VC)100 = Tibial length/Presacral vertebral column 
length 

15. (P/VC)100 = Length of the pes/Presacral vertebral column 
length 

16. (MC IIIIVC)100 = Third metacarpal length/Presacral 
vertebral column length 

17. (MT IIIIVC)100= Third metatarsal length/Presacral 
vertebral column length 

The lengths of the individual bony elements compared to 
the presacral vertebral column indicate the relative lengths 
of those elements with respect to the available standard for 
body size. Relative lengthening of distal bony elements is 
associated with specializations in running. 

18. (MC III/MT 111)100 = Third metacarpal length/Third 
metatarsal length 
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The third metacarpal/third metatarsal ratio indicates the 
relative elongation of the manus and pes due to metapodial 
elongation. In runners, the metatarsals are generally longer 
than the metacarpals. For consistency, third metapodials are 
compared even though in some mammals both the third and fourth 
are elongated. 

19. (M/P)100 = Length of manus/Length of pes 

The manus/pes ratio indicates the relative elongations 
with respect to each other. In runners, the pes is generally 
longer than the manus. 

Vertebral Column 

1. (Cervicals/VC)100 = Lengths of the cervical vertebrae/ 
Presacral vertebral column 

2. (Thoracics/VC) 100 = Lengths of the thorac ic vertebrae/ 
Presacral vertebral column 

3. (Lumbars/VC)100 = Lengths of the lumbar vertebrae/ 
Presacral vertebral column 

The relative lengths of the sections of the vertebral 
column compared to the total presacral length may suggest the 
flexibility of the vertebral column in locomotion. 

4. (L, lumbars/L, thoracics)100 = Lengths of the lumbar 
vertebrae/Lengths of the thoracic vertebrae 

The lengths of the lumbar 
thoracic vertebrae may suggest 
vertebral column during running. 
section is associated with greater 

vertebrae/lengths 
the flexibility 
A relatively long 
flexibility. 

of the 
of the 

lumbar 

5, (W, M-L, C/L, P-D, C)100 = Mediolateral width of the 
centrum/Proximodistal length of the centrum 

6. (W, F-E, C/L, P-D, C)100 = Flexor-extensor width of the 
centrum/Proximodistal length of the centrum 

The flexor-extensor dimensions of the lumbar centra 
compared to length of the centrum and to body size can 
indicate flexibility of the lumbar section of the vertebral 
column in the flexor-extensor direction (Halpert, Jenkins, and 
Franks, 1987). 
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7. (W, F-E, C/W, M-L, C)100 = Flexor-extensor width/Medio-
lateral width of the centrum 

8. (L, NS/L, P-D, C) 100 = Length of the neural spinel 
Proximodistal length of the centrum 

The relative lengths of the neural spines can indicate 
the lengths of the moment arms of the epaxial muscles that 
extend the vertebral column and suggest flexibility of the 
thoracic vertebral column in a flexor-extensor direction 
( Howe 11, 1944). 

Forelimb 

1. (H/FL) 100 = Length of the humerus/Leng th of the tota 1 
forelimb 

2. (R/FL) 100 = Length of the radius/Length of the total 
forelimb 

3. (C/FL) 100 = Length of the carpus/Length of the total 
forelimb 

4. (MC III/FL)100 = Length of the third metacarpal/Length 
of the total forelimb 

The lengths of the forelimb elements compared to the 
total length of the forelimb indicate the proportions in the 
forelimb of each element. In running mammals, the distal 
elements tend to be relatively elongated and the proximal 
elements relatively shortened. 

5. (H/R)100 = Humeral length/Radial length 

6. (R/H)100 = Radial length/Humeral length 

The ratio of radial to humeral length is the brachial 
index, used to indicate the relative elongations of the two 
bony elements. In many running mammals, the brachial index 
tends to be high as a result of the relatively long radius and 
relatively short humerus. 

7. (MC III/H)100 = Length of third metacarpal/Humeral length 
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8. (MC III/R)100 = Length of third metacarpal/Radial length 

9. (L, olec/U+M)100 = Length of the olecranon/Length of the 
ulna plus manus 

The comparison of the length of the olecranon with the 
lengths of the ulna plus manus compares the lengths of the in
lever and out-lever for the extensors of the elbow joint. It 
ignores, however, the posture of the joints in the elbow and 
manus. 

Humerus 

1. (Circum, mid-sh/H)100 = Mid-shaft circumference/Humeral 
length 

The mid-shaft circumference/humeral length ratio 
indicates relative robusticity of the humerus. The humerus 
may be slender in some, but not all mammalian runners. 

2. (L, to V /H) 100 = Length to the distal end of the V of 
the deltopectoral crest/Humeral length 

The ratio of the length to the V of the deltopectoral 
crest/humeral length indicates the strength of the deltoid and 
pectoral muscles and indicates whether or not the lever 
proportions emphasize strength or speed. 

3. (Dist M-L W/H)100 = Distal mediolateral width/Humeral 
length 

The ratio of the mediolateral width of the distal end of 
the humerus and the humeral length gives an indication of the 
relative emphases upon rotation and flexion-extension at the 
elbow joint. 

4. (L, lat epi cr/H)100 = Proximodistal length of the 
lateral epicondylar crest/Humeral length 

The relative length of the lateral epicondylar crest 
compared to the length of the humerus indicates the strength 
and mechanical advantage of some of. the extensors of the 
carpus and of the elbow joints. 

5. (W, capit/H)100 = Mediolateral width of the capitulum/ 
Humeral length 
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The ratio of the mediolateral width of the capitulum and 
the humeral length are often related to the emphasis upon 
rotation at the elbow joint. The capitulum may be relatively 
narrow in those mammals that do not allow rotation at the 
elbow joint. 

6. (W, tr/H)100 = Width of the trochlea of the humerus/ 
Humeral length 

The relative width of the trochlea compared to the length 
of the humerus indicates the degree of joint stability and 
flexion-extension as opposed to rotation. In mammals in which 
rotation is supressed at the elbow joint, the trochlea tends 
to be narrower and deeper. 

7. (W, M-L mid-sh/H)100 = Mediolateral width of the mid
shaft/Humeral length 

Ulna 

1. (Circum mid-sh/U) 100 = Mid-shaft circumference of the 
ulna/Ulnar length 

The mid-shaft circumference compared to the length of the 
ulna gives an indication of robustness of the ulnar shaft. 

2. (L, olec/U)100 = Length of the olecranon/Ulnar length 

The ratio length of the olecranon/ulnar length indicates 
the relative length of the olecranon and the emphasis upon 
extension at the elbow joint. In runners, the olecranon tends 
to be short and the ulna relatively long as out-velocity and 
rotation are increased compared to strength. 

3. (L, olec/U+olec) 100 = Length of the olecranon/Length of 
ulna plus olecranon 

The ratio of the length of the olecranon and the length 
of the ulna plus olecranon is an indication of the relative 
length of the olecranon and thus of the in-lever for the 
extensors of the elbow joint. 

4. (L, sty pro/U+sty pro)100 = Length of styloid process/ 
Length of ulna plus styloid process 
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Radius 

1. (Circum, mid-sh/R) 100 = Mid-shaft circumference/Radial 
length 

The ratio of the mid-shaft circumference and the length 
of the radius gives an indication of shaft robusticity. 

2. (W, M-L, Hd/R)100 = Mediolateral width of the head/Radial 
length 

3. (W, F-E, Hd/R)100 = Flexor-extensor width of the head/ 
Radial length 

The mediolateral and flexor-extensor widths of the radial 
head compared to the length of the radial shaft indicate the 
shape of the head. The head that is relatively long medio
laterally tends to be associated with supression of rotation. 

Manus 

1. (Carpus/Manus)100 = Length of carpus/Length of manus 

The carpus/manus ratio indicates the proportion of manus 
length that is due to the carpus. 

2. (L, MC/Manus)100 = Length of each metacarpal/Length of 
manus 

The ratios of the metacarpal lengths to the length of the 
manus indicate the proportion of manus length that is due to 
the metacarpals. A comparison of the ratios indicates the 
relative lengths of the metacarpals. In runners the 
metacarpals tend to be elongate and the central metacarpals, 
MCs III and IV, tend to be especially elongate. The medial 
and lateral metacarpals may be reduced in size comparatively. 

3. (L, MC+PP+CP/Manus) 100 = 
metacarpals, proximal 
phalanges/Length of the 

Length of 
phalanges, 

manus 

each 
and 

set of 
central 

The ratios of the lengths of the metacarpals, proximal 
phalanges, and central phalanges I-V to the length of the 
manus indicate the relative lengths of each set to the manus 
as a whole. Running mammals tend to have a reduction in the 
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total lengths of the medial and lateral sets in comparison to 
the central sets. 

4. (L, MC/MC 111)100 = Lengths of medial and lateral 
metacarpals/Length of third metacarpal 

The ratios of the lengths of the medial and lateral 
metacarpals, MCs I, II, IV, and V, to the length of MC III 
indicate the relative elongation of the central metacarpal or 
metacarpals in comparison to the medial and lateral ones. In 
runners the central metacarpals tend to be elongate and the 
medial and lateral ones tend to be reduced comparatively. 

5. (Circum, mid-sh MC/MC)lOO = Mid-shaft circumference of 
each metacarpal/Metacarpal length 

The mid-shaft circumference of each metacarpal compared 
to its length indicates the relative robusticity of each 
metacarpal. 

6. (W, M-L, CP facet/MC)lOO = Mediolateral width of central 
phalanx facet on each metacarpal/Metacarpal length 

The ratio of the mediolateral width of the central 
phalanx facet on each metacarpal compared to its shaft length 
indicates the relative width of the distal facet. 

7. (W, M-L, mid-sh/MC)lOO = Mediolateral mid-shaft width of 
each metacarpal/Metacarpal length 

8. (W, F-E, mid-sh/MC)lOO = Flexor-extensor mid-shaft width 
of each metacarpal/Metacarpal length 

The mediolateral and flexor-extensor mid-shaft widths of 
each metacarpal compared to the metacarpal length indicate 
relative robusticity of the shafts. 

9. (W, F-E mid-sh MC/W, M-L. 
extensor/ Mediolateral 
metacarpal 

mid-sh MC) 100 = 
mid-shaft widths 

Flexor
of each 

The ratio of the flexor-extensor to mediolateral mid
shaft widths of each metacarpal indicates the cross-sectional 
shape at mid-shaft. The mid-shaft cross-sectional shapes may 
indicate the directions of major stresses. 
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Hindlimb 

1. (F/HL)100 = Femoral length/Hindlimb length 

2. (T/HL)100 = Tibial length/Hindlimb length 

3. (Tarsals/HL)100= Tarsal length/Hindlimb length 
4. (MT IIIIHL)100 = Length of third metatarsal/Hindlimb 

length 

The lengths of the elements of the hindlimb compared to 
the length of the total hindlimb indicate the proportions in 
the hindlimb of each element. In running mammals, the distal 
elements tend to be relatively elongated and the proximal 
elements relatively shortened. 

5. (F/T)100 = Femoral length/Tibial length 

6. (T/F)100 = Tibial length/Femoral length 

The ratio of tibial to femoral length is the crural 
index, and can indicate the relative proportions of the two 
limb elements. In many running mammals, the tibia is 
relatively longer than the femur. 

7. (L, sh calc/HL)100 = Length of the calcaneal shaft/Length 
of the hindlimb 

The ratio of the length of the calcaneal shaft to the 
length of the hindlimb indicates the relative length of the 
calcaneus, compared to the other elements of the hindlimb. 

8. (L, sh calc/Pes)100 = Length of the calcaneal shaft/ 
Length of the pes 

The ratio of the length of the calcaneal shaft to the 
length of the pes is the approximate ratio of the in-lever to 
the out-lever of the plantar flexors of the pes. The ratio 
is smaller in runners that have the elongate pes and emphasize 
speed rather than power. 

9. (L, MT III/F)100 = Length of third metatarsal/Length of 
femur 
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10. (L, MT III/T)100 = Length of third metatarsal/Length of 
tibia 

The length of the third metatarsal compared to the 
lengths of the femur and of the tibia can indicate the 
relative elongation of the third metatarsal compared to other 
limb elements. In runners the third metatarsal is elongate 
compared to that in non-runners. 

Pelvis 

1. (L, pubis/L, ilium)100 = Length of the pubis/Length of 
the ilium 

2. (L, isch/L, ilium)100 = Length of the ischium/Length of 
the ilium 

3. (L, A-P PS/L, ilium)100 = Length of the pubic symphysis/ 
Length of the ilium 

The ratios of the lengths of parts of the pelvis compared 
to the length of the ilium indicate the proportions of the 
different parts of the pelvis. The long ilium provides a long 
in-lever for the extensors and flexors of the femur. The long 
pubis and pubic symphysis suggest strong adduction of the 
femur. The long ischium provides a strong in-lever for the 
flexors of the knee. 

Femur 

1. (Circum, mid-sh/F)100 = Mid-shaft circumference/Femoral 
length 

The mid-shaft circumference of the femur compared to the 
femoral length is an indication of the robusticity of the 
femoral shaft. 

2. (Gr troch/F) 100 = Length of the greater trochanter/ 
Femoral length 

The ratio of the length of the greater trochanter above 
the fovea capitis femoris to the length of the femur indicates 
the relative length of the greater trochanter and the 
mechanical relationships of the muscles that attach to it. 
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3. (Les troch/F)100 = Length of the lesser trqchanterl 
Femoral length 

The ratio of the distance of the lesser trochanter below 
the fovea capitis femoris to the length of the femur indicates 
the relative position along the shaft of the lesser 

. trochanter. r't also indicates the in-lever length of the 
muscles that attach to the lesser trochanter. 

4. (Mid 3rd troc h/F) 100 = Distance to the mid-third 
trochanter from the fovea capitis femoris/Femoral 
length 

The ratio of the distance to the mid-third trochanter 
from the fovea capitis femoris to the length of the femur 
indicates the relative position along the shaft of the third 
trochanter if present. It also indicates the emphasis on 
certain extensors of the femur and their mechanical 
relationships. 

5. (D, pat gr/W, pat gr)100 = Depth of the patellar groovel 
Width of the patellar groove 

The ratio of the depth to the width of the patellar 
groove is associated with the strength of extension at the 
knee joint. In runners, the patellar groove tends to be well
defined and deep. 

6. (W, cond/F)100 = Mediolateral width of the distal 
condyles/Femoral length 

Tibia 

1. (Circum mid-shiT) 100 = Mid-shaft circumference/T ibial 
length 

The ratio of the mid-shaft circumference and the tibial 
length give an indication of shaft robusticity. 

2. (L, tc/T)100 = Length of tibial crest/Tibial length 

The relative length of the tibial crest compared to the 
length of the tibia gives an indication of the strength of the 
extensors of the knee. 
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3. (0, tc/T)100 = Depth of tibial crest/Tibial length 

The flexor-extensor depth of the tibial crest compared 
to the length of the tibia is another indication of the 
strength of the extensors of the knee. 

Fibula 

1. (Ci rcum, mid-sh/F) 100 = Mid-shaft circumference of the 
fibula/Length of the fibula 

The ratio of the mid-shaft circumference of the fibula 
to the length of the fibula is an indication of the robustness 
of the fibula. In many running mammals the fibula is reduced 
in robustness compared to that in many non-runners. 

Pes 

1. (L, tarsus/Pes)100 = Length of tarsus/Length of pes 

The ratio of tarsal length to length of the pes indicates 
the proportion of pes length that is due to the tarsus. In 
mammalian runners the tarsus may be relatively elongated 
compared to that in non-runners and compared to the carpus in 
runners. 

2. (L, MT/Pes)100 = Length of each metatarsal/Length of pes 

The ratios of the metatarsal lengths to the length of the 
pes indicate the proportion of pes length that is due to the 
metatarsals. A comparison of the ratios indicates the 
relative lengths of the metatarsals. In runners the 
metatarsals tend to be elongate and the central metatarsals, 
MTs III and IV, tend to be especially elongate. The medial 
and lateral metatarsals may be reduced in size comparatively. 

3. (L, MT+PP+CP/Pes) 100 = Length of each set of metatarsals, 
proximal phalanges, and central phalanges/Length of 
the pes 

The ratios of the lengths of the metatarsals, proximal 
phalanges, and central phalanges I-V to the length of the pes 
indicate the relative lengths of each set to the pes as a 
whole. Running mammals tend to have a reduction in the total 
lengths of the medial and lateral sets in comparison to the 
central sets. 
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4. (L, MT/ MT III)100 = Lengths of medial and lateral 
metatarsals/Length of third metatarsal 

The ratios of the lengths of the medial and lateral 
metatarsals, MTs I, II, IV, and V, compared to MT III indicate 
the relative elongation of the central metatarsal or 
metatarsals in comparison to the medial and lateral ones. In 
runners the central metatarsals tend to be elongate and the 
medial and lateral ones tend to be reduced comparatively. 

5. (Circum, mid-sh/MT) 100 = Mid-shaft circumference of each 
metatarsal/Metatarsal length 

The mid-shaft circumference of each metatarsal compared 
to its length indicates the relative robusticity of each 
metatarsal. 

6. (W, M-L, CP facet/MT)100 = Mediolateral width of the 
central phalanx facet on each metatarsal/Metatarsal 
length 

The ratio of the mediolateral width of the central 
phalanx facet on each metatarsal compared to its shaft length 
indicates the relative width of the distal facet. 

7. (W, M-L, mid-sh, MT/MT)100 = Mediolateral mid-shaft width 
of each metatarsal/Metatarsal length 

8. (W, F-E, mid-sh, MT/MT)100 = Flexor-extensor mid-shaft 
width of each metatarsal/Metatarsal length 

The mediolateral and flexor-extensor mid-shaft widths of 
each metatarsal compared to the metatarsal length indicate 
relative robusticity of the shafts. 

9. (W, F-E, mid-sh, MT /W, M-L, mid-sh, 
extensor/Mediolateral mid-shaft 
metatarsal 

MT)100 = Flexor
widths of each 

The ratio of the flexor-extensor to mediolateral mid
shaft widths of each metatarsal indicates the cross-sectional 
shape at mid-shaft. The mid-shaft cross-sections may indicate 
the directions of major stresses. 
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APPENDIX F Ratios of measurements 
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The numbers given are percents. Those numbers within parentheses are best. estimates. 

Body 

(FL/VC* ) 100 (53) 50 56 44 68 (68) 65 87 
(lll.../VC) 100 75 (68) 74 56 78 85 77 107 
(FL/lll...) 100 65 71 73 75 79 88 (80) 84 81 
(H/F) 100 84 85 74 75 (74) 85 92 92 86 96 88 
(R/T)100 62 63 73 68 80 64 66 91 82 81 81 
(H+R/F+T) 100 73 73 74 72 (77 ) 74 80 91 84 89 84 
(H/VC) 100 23 21 (24) 22 26 28 29 37 
(R/VC)100 19 18 (18) 15 28 27 23 35 
(H/VC)100 (17) (16) ( 19) 11 20 22 (23) 
(ilium/VC) 100 22 22 18 13 14 16 22 
(ischium/VC)100 15 14 9 8 10 10 13 
(pubis/VC) 100 7 6 5 6 7 11 
(F/VC) 100 27 28 (29) 24 29 33 30 42 
(T/VC) 100 30 26 (29) 22 31 33 29 44 
(P/VC) 100 24 (19) (24) 15 (24) (28) (28) (30) 
(HC Ill/VC) 100 (8) 8 (10) 5 12 10 10 11 
(MI' Ill/VC) 100 11 8 (10) 6 13 14 12 13 
(HC Ill/MI' III) 100 74 99 94 85 89 (48) 86 83 
(M/P) 100 80 74 82 78 77 

*VC = Presacral vertebral colwnn 



ill ill ;1 Iii ~u 
::~ ni ~~ J 0 N ..., 

~~ II tr 0 co 

~~ Vertebral Column ... .. 
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(Cervicals/VC*) 100 19 21 23 22 30 21 23 21 
(Thoracics/VC) 100 51 51 45 51 39 40 53 50 
(Lumbars/VC) 100 30 28 32 27 31 40 25 29 
(L, lum/L, thor)100 58 55 70 53 79 100 46 59 
(W, MC,C/L PD,C)100 

Ll 72 72 65 97 95 
L2 74 70 70 59 97 97 
L3 74 94 70 66 56 90 93 
L4 72 77 70 55 87 87 
Ls 76 72 67 53 87 98 
L6 82 75 55 97 
L7 94 78 

(W,DV,C/L,PD,C) 100 
Ll 47 39 40 49 59 
L2 50 46 41 39 52 58 
L3 58 65 46 37 34 59 58 
L4 54 47 36 33 46 50 
Ls 44 35 33 47 56 
L6 53 48 35 33 53 
L7 45 45 

(W,DV,C/W,ML,C) 100 
Ll 66 55 61 50 62 
L2 68 66 58 67 54 59 
L3 78 70 67 55 61 66 62 
L4 74 62 51 59 54 57 
Ls 61 52 62 54 57 
L6 60 47 59 55 
L7 47 58 

.p.. 
VI *VC = Presacral vertebral column \Q 
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~I II Vertebral Col UInn U 0 

(continued) ~i 
(L,NS/L,PD,C) 100 

C1 

C2 IH5 51 
C3 15 42 
C. "28 66 65 71 
Cs 86 40 75 91 96 
C6 139 103 61 109 113 
C7 103 99 165 159 158 
Tl 177 232 242 188 231 
T2 243 302 230 285 175 217 
T3 266 303 257 285 157 189 
T4 277 243 280 165 193 
Ts 274 236 275 162 197 
T6 253 214 263 150 202 
T7 237 222 244 237 242 137 
Ts 227 205 189 219 136 187 
Tg 181 174 163 168 131 192 
Tlo 150 141 144 85 109 188 144 
Tll 109 142 125 67 58 92 108 
T12 86 104 60 70 35 79 
Til 82 105 64 68 41 64 
T14 77 57 60 
TIS 
Ll 90 68 68 68 68 
L2 92 67 67 72 77 
L3 114 105 68 68 78 91 
L4 115 68 68 77 90 
Ls 107 65 65 66 101 
L6 107 63 63 71 .po 

Q\ L7 83 83 0 

*VC = Presacral vertebral column 
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~i il ~i Forelimb co 0 ... 
~i '" '" '" N NUl o . 

(H/FL)100 43 41 42 44 4~ 39 42 45 43 (R/FL)100 36 37 36 ~i3 ~H 41 39 36 41 (C/FL) 100 (6) (6) (6) 6 5 3 (4) ·1 (4 ) 
(Me III/FL) 100 16 17 16 17 12 17 15 15 13 (H/R)100 127 122 112 120 112 134 146 94 107 125 105 (R/H)100 79 82 90 84 90 75 68 106 94 80 95 (Me III/H)100 36 41 39 50 40 25 44 36 34 30 
(Me III/R) 100 44 52 46 47 56 53 36 41 39 43 31 (L,olec/ 20 24 19 22 11 12 12 10 U+C+Me III) 100 



iii :11 iii Ui iii ii ii ~n ~U ~~ ni ~~ J 0 N 
"II 

~i I( ?f co 

~I Humerus ... '" ... 
0 '" "'lll #at -at to> to> ... 0 ... 'C N'C N 0 

(Circum, mid sh/H) 100 
31 35 36 

(L to V/H)100 
38 45 45 37 40 37 35 26 27 28 30 

59 65 61 73 69 66 68 (46) 36 48 59 48 (Dist M-LW/H)100 
26 24 32 31 33 29 30 27 19 18 19 29 21 (L,lat epi cr/H)100 
36 27 33 31 32 36 20 14 34 35 37 38 (W, capit/H) 100 

9 8 8 12 11 9 10 9 7 5 7 7 10 (W, tr/H) 100 
9 10 10 12 11 11 11 6 7 9 7 (W,M-L mid sh/H)100 
8 9 9 10 14 10 10 10 9 7 8 8 8 
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~~ 

.. 
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(Circum mid sh/U)100 
29 45 41 40 29 12 19 26 18 (L, olec/U)100 

30 30 38 35 31 33 16 17 19 14 (L, olec/U+olec)100 
25 25 30 27 24 25 14 15 17 13 (L, sty pro/U+sty pro)100 
10 10 12 12 4 2 0 4 4 7 5 



Radius 

(Circum mid-shlR)100 
(W, M-L, HdlR)100 
(W, Fe, HdlR)100 

(Circum mid-shlR)100 
(W, M-L, HdIR)100 
(W, Fe, HdIR)100 

25 37 
18 16 
7 8 13 

.33 26 
22 24 17 

10 

38 32 19 19 22 18 
9 15 10 
4 

26 15 18 8 
13 11 9 5 



iii iii :U iii , ;11 ;11 
e( ,& Ii Ii Manus n ~I il i '" to 

Of 

(Carpus/Manus )100 16 (18) (18) 18 21 11 (13) (15) 
(L, MC/Manus)100 

I 20 24 22 17 18 (28) (32) 
II 48 45 44 46 40 50 (38) (44) 

III 54 51 52 51 47 57 (45) (48) 
IV 47 41 42 42 37 57 (47) (47) 

V 29 26 25 27 26 49 (40) (37) 
(L, MC+PP+CP/Manus) 100 

I 29 34 33 
II 74 72 72 73 76 

III 84 82 82 79 (89) (87) (85) 
IV 73 67 70 66 

V 48 42 43 75 
(L, MC/MC III) 100 

I 38 48 42 36 32 63 67 
I! 89 88 85 88 90 85 88 83 90 
IV 96 87 80 82 92 83 80 99 104 97 

V 54 51 48 64 52 55 86 81 89 76 

(Circum mid-sh MC/MC)100 
I 99 90 43 52 

I! 78* 63 54 47 31 43 
II! 45 58 56 60 44 26 30 37 
IV 46 58 65 49 51 23 37 

V 86 94 60 79 30 35 43 

~ 
(J\ 
U1 
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~I II Manus continued 

~ go , 
• .. 

(W,M-L, CP facet!l£)lOO 
I 30 33 32 36 23 21 15 

I! 26 25 28 17 18 27 11 20 13 
II! 19 24 24 24 22 21 27 9 14 19 12 
IV 18 22 25 27 16 20 29 9 19 12 
V 27 26 31 21 26 34 11 12 21 15 

(W,M-L, mid-sh!l£)100 
I 36 32 25 16 17 13 

II 24 19 23 22 17 26 11 14 11 
III 16 20 20 23 16 25 8 10 12 9 
IV 16 20 20 23 18 17 26 7 12 9 
V 30 32 22 28 

(W,F-E mid-sh!l£)100 
40 11 11 14 13 

I 22 19 19 11 14 11 
II 18 10 11 19 9 12 10 

III 12 14 9 10 17 7 8 10 9 
IV 11 14 11 11 17 7 10 10 
V' 22 23 12 17 24 8 10 11 10 

(W,F-E mid-sh/W,M-L mid sh)lOO 
I 63 61 59 74 67 79 81 

II 77 44 64 72 80 84 90 
III 75 69 40 61 69 92 83 81 100 
IV 73 71 64 66 65 93 79 111 

V 74 72 52 60 60 74 84 80 77 

* pathological bone growth 



Hindlimb 

(F/HL) 100 38 36 (42) 39 42 37 39 39 39 
(T/HL) 100 40 40 (38) 39 40 40 38 37 41 
(Tarsals/HL) 100 8 8 (9) 8 7 7 6 9 7 
(M!' III/HL) 100 14 15 12 14 11 17 16 15 13 
(F/T)100 95 90 109 114 109 120 101 106 93 102 105 96 
(T/F) 100 106 112 91 88 92 83 99 95 107 98 95 104 
(L, sh calc/HL)100 7 8 8 7 6 6 6 5 
(L, sh calc{Pes)100 23 24 31 24 27 19 17 16 18 
(L, M!' III/F)100 38 41 29 36 27 45 42 38 32 
(L, M!' III/T)100 36 37 32 32 36 28 42 43 40 31 



Pelvis 

(L, pubis/L, ilium)100 
(L, isch/L, ilium)100 
(L, A-P, PS/L, ilium)100 

37 
62 
37 

66 

;~ III ;n 
N 

37 
72 
37 

32 
61 
55 

35 
48 
32 

40 
61 
55 

40 
69 
68 

47 
62 
43 

50 
60 
42 



:II :11 ~i ;U ~~i :n :n ill : t.J IU ..... 
-CII -.. Femur .... 

CD ... D 
"''0 '0 

:I 

(Circum mid-sh/F) 100 31 36 33 39 40 39 
(Gr troch/F)100 10 10 8 11 
(Les troch/F)100 22 16 18 23 
(Mid-3rd troch/F)100 36 34 40 44 34 
(D, Pat gr/W, Pat gr)100 13 21 19 19 19 14 
(W, cond/F )100 23 24 23 27 24 25 28 

,,~ ;Ii ~u E~ gi ~~ ~~ N 

o 'i ~I Ii 
0.::1 

~ 0 
II) n 

I .. I 
<II .... ~ 
OJ) to> 
N ... 

(Circum mid-sh/F)100 42 36* 34 22 21 24 26 
(Gr trochIF)100 10 9 6 2 2 3 2 
(Les troch/F)100 25 17 18 13 11 17 14 
(Mid-3rd trochIF)100 35 45 23 
(D, Pat gr/W, Pat gr)100 21 21 23 27 16 8 10 
(W, cond/F) 100 22 21 20 15 15 21 19 

*Includes distal third trochanter 



Tibia 

(Circum mid sh/T)100 
(L, teIT) 100 
(D, tc/T)100 

(Circum mid sh/T)100 
(L, tcIT)100 
(D, tc/T)100 

40 
21 

37 
33 
23 

25 

18 

31 
35 
21 

=1 
w .. 
go 
00 
II> 

.. .., 

30 
36 

30 
37 

:1I:n :u in 
32 
37 
21 

19 
18 
16 

38 
34 
25 

22 
25 
14 

36 
34 36 
24 

24 20 
28 30 
20 17 



Procyon .l.!U2.t 
CO-SOlO 

fi.IWl .lYG.wl N 
UHHZ 98099 ~ 

Lmx DlfwI 
CO-3010 CO 

~ latrans 
LLP-OC-132 

Procayia 
calMlnsis 
USNH 351945 

Hydrochoeryo 
. bydrocbo,rus 

USNH 241103 

Taplrus 
h[[IUrls 
CA(AHNB) 2592 

PbenacodYs 
Driueyys 

PU 14684 

Pb,nacodua 
DriH'VYS 
AHNH 4369 

PbeoacodYs 
priH,vya 

AHNH 293 
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Ci ni in iii ~n ~~ n~ i~ J 
... "" CI-. ... .. 0 N -on ." 

~~ II "0 

ti 
.,,0. 

0 Pes oc co 

~i 
.. "" en .. 
" 

(L, tarsus/Pes) 100 
24 27 30 (30) 26 25 21 19 25 26 (L, Mr/Pes) 100 

I 26 21 17 (28) 32 
II 42 41 41 17 39 36 (49) (47) (37) 40 

III 45 47 43 43 44 41 (53) (51) (41) 45 
IV 41 44 40 38 39 37 (54) (52) (45) 47 V 29 22 24 23 (49) (46) (42) 38 (L, MrtPP+CP/Pes) 100 

I 39 26 
II 70 65 66 (71 ) 

III 76 73 70 70 74 75 (79) (81) (75) (74) 
IV 71 63 64 (82) (64) 

V 50 39 (70) 
(L, Mr/MT 111)100 

1 57 45 51 68 70 
II 92 87 90 96 95 90 89 93 93 89 89 
IV 90 94 89 94 90 89 92 102 102 109 104 

V 65 48 53 56 53 92 91 101 85 (Circtml, mid-sh/MT) 100 
1 58 56 99 42 37 

II 39 39 46 60 51 34 27 34 33 
III 39 41 59 52 25 31 38 29 
IV 41 42 55 49 25 26 35 27 

V 51 53 55 26 26 34 37 

-""" 
"-l 
N 



nl ;n ~I' :11 ~u ;it ~n 
~~ sl i~ J N 

Pes continued !i ~I II 0 co 

~i 
.. 
en .. 

'tJ 

(W, M-L, CP fact/MT)100 
I 18 17 16 34 18 15 

.I! 17 16 25 25 28 20 23 10 12 16 13 
II! 17 17 25 27 28 22 27 9 11 16 12 
IV 16 16 23 23 30 19 22 8 10 16 11 
V 17 19 16 25 29 33 10 11 15 13 

(W,M-L, mid-sh MT/MT)100 
I 18 19 31 13 11 

I! 14 12 14 21 20 22 18 20 8 9 10 11 
III 13 13 19 20 22 19 21 8 10 13 10 
IV 13 13 19 18 20 16 21 8 8 11 9 

V 14 18 20 28 25 30 6 7 11 10 
(W, F-E, mid-sh MT/MT) 100 

I 12 14 28 11 12 
I! 10 10 12 16 16 12 14 8 7 9 10 

III 9 11 14 16 12 13 6 7 9 8 
IV 10 11 16 15 13 14 6 7 8 9 
V 11 13 12 18 20 9 8 9 11 

(W, F-E mid-sh MT/ 
W, M-L mid-sh MT)100 

I 67 73 90 86 118 
II 69 83 84 80 80 67 70 92 87 87 87 

III 72 84 77 80 65 63 73 71 71 85 
IV 75 84 83 81 78 65 71 94 71 93 
V 75 71 59 65 79 155 120 82 111 

~ 
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APPENDIX G Muscles that move the joints 



Epaxial Spinal Muscles 

I. Iliocostalis System 

1. Iliocostalis lumborum 

2. Iliocostalis thoracis 

II. Longissimus System 
(Medial portion of 
erector spinae) 

1. Longissimus thoracis 
and llDIlborum (Located 
lateral to spinous 
processes of llDIlbar 
and thoracic verte
brae, and dorsal to 
lumbar transverse 
processes and ribs) 

OOIGIN(S) 

Medial aspect of wing 
of ililDIl and iliac 
crest, llDIlbar 
transverse processes 

Cranial borders of 
vertebral ends of Ribs 
2-12 

a. (Longissimus 
lumborum) 
Iliac crest and 
ventral surface of 
ililDIl, spinous 
processes, and 
supraspinous 
ligament 

INSBRrIOO (S) 

Cranioventally to ribs 
as far cranially as 
Rib 10 

Craniolaterally to 
costal angles of ribs 
and transverse processes 
of C7 

Craniolaterally: 
Medial tendons to 

accessory processes of 
L l - 6 , arch of L7J 
intervertebral disc of 
lumbosacral joint, and 
prezygopophyseal 
processes of LS- 7 • 

Lateral tendons to ribs 

AGrIOO(S) 

Fixation of vertebral 
column, or unilateral 
movements 



2. Longissimus cervicus 
(Located lateral to 
spinons processes and 
dorsal to transverse 
processes) 

3. Longissimus capitis 

III. Transversospinalis 
System 

b. (Longissmus 
thoracis) 
Spinous 
processes, supra
spinous ligament 

Spinous processes and 
supraspinous ligament 

Transverse processes 
of T 3-5' post
zygopophyseal 
processes of C3 - 7 

Craniolaterally: 
Medial tendons to 

accessory processes of 
TS- 13 ' and caudal ends of 
transverse processes in 
TI - 5 (No accessory 
processes in T l - 5 ) 

lateral tendons to 
caudal borders of Ribs 
6-13, costal tubercles of 
Ribs 1-5' and perhaps to 
transverse processes of 
cervical vertebrae 

Transverse processes 

Wing of atlas, mastoid 
process of temporal bone 

Brlension of vertebral 
column; raising of 
cranial portion of body 
from pel vis and sacrum; 
and with others, 
fixation of the 
vertebral column 

Extension of neck 
unilaterally; raising 
neck obliquely and 
turning it to one side 

Extension of head and 
neck; unilaterally 
rotating the atlanta
occipital joint; 
bilaterally fixating the 
atlanto-occipi tal joint 



A. Spinalis and semi
spinalis thoracis and 
cervicis (Lateral to 
spinous processes of 
thoracic vertebrae and 
dorsomedial to longis
simus thoracis) 

1. Spinalis and semi
spinalis thoracis 
(Lateral part) 

2. Spinalis cervicis 
(Medial part) 

B. Semispinalis capitis 

1. Biventer cervicis 

Tendon on dorsal 
surface of longissimus 
thoracis and thus to 
spinous processes of 
first few lumbar 
vertebrae, spinous 
processes of Tl - 6 , C7 , 

mammillary processes 
of Tl3 , L1- Z 

Tendon of most cranial 
thoracic segment of 
semi-spinalis 
thoracis; cranial 
border of spinous 
processes of Tl and C7 

Transverse processes 
of Tz-u lateral 
surface of spinous 
processes, fascia of 
transversospinalis 

To the more anterior 
spinous processes and 
cranially to spinous 
process of axis 

Spinous processes of Cz_s 

Ventrolateral to 
external oocipi tal 
protuberance 

Fixation of thoracic 
vertebral column and 
extension of neck 



2. Complexus 

C. Multifidus 

1. Multifidus lumborum 

2 • Multifidus thoracis 
(More ventrally 
located with more 
ventrally oriented 
fibers) 

3. Multifidus cervicis 

D. Rotatores (Only in 
cranial thoracic 
region in dog) 

With longissimus 
capitis and multifidus 
cervicis on the 
postzygopoFilyseal 
processes of C3-T1 

Mamnillary , 
transverse, or 
zygopophyseal 
processes of the more 
caudal vertebral 
beginning with the 
sacrum 

Zygopophyseal 
processes of sacrum, 
maDIll; ] lary processes 
of C1 and L,-T12 

Mamnillary and 
transverse processes 
of T3 - 11 

Zygopophyseal process 
of T2 

Craniomedially to dorsal 
nuchal line 

Spinous processes of the 
more cranial vertebrae, 
generally skipping a 
vertebra, as far 
cranially as C2 

Cranially and skipping 
one vertebra to spinous 
processes of ~-Tg 

Cranially and skipping 
one vertebra to spinous 
processes of C7-Ts 

Spinous process of axis 

Unilaterally, turning 
head laterally; 
bilaterally, extension 
of head and neck 

Fixation of vertebral 
COllUDll, especially in 
bilateral action 



1. Rotatores longi 
(Ventrally 
oriented fibers) 

2. Rotatores brevis 

E. Interspinales 

1. Lumbar 
2. Thoracic 
3. Cervical 

F. Intertransversarii (May 
skip one, two, or three 
vertebrae) 

1. Intertransversarii 
lumborum and 
thoracis 

2. Intertransversarii 
cervicis (Dorsal, 
inte~ate, and 
ventral strands) 

Transverse processes 
of the more caudal 
vertebrae beginning 
with T. 

Transverse processes 
of the more caudal 
vertebrae, beginning 
with TIO 

Spinous processes of 
more caudal vertebrae 

a. Mamnillary process 
of L, 

b. Accessory process 
of Ls 

c. Transverse 
processes of TS- 12 

Prezygopophyseal 
processes of T 1 and 
cervical vertebrae 

Skipping one vertebra to 
spinous processes of 
more anterior vertebrae, 
ending with T 1 

Spinous processes of 
next cranial vertebrae, 
ending with T 1 

Skipping a vertebra, to 
the spinous processes of 
the more cranial 
vertebrae 

Transverse process of 
Tn or Tn 
Transverse prOcess of 
Til 
Transverse P!ocesses of 
T._s 

Transverse processes of 
cervical vertebrae 

Unilaterally, rotation 
of cranial segment of 
thoracic vertebral 
colunn about its 
longitudinal axis; 
bilaterally, fixation of 
the vertebral column 

Fixation of the 
vertebral colten 

Lateral movement of 
vertebral column 



a. Intertransversarii Prezygopophyseal 
dorsales cervicis processes of T1 , CZ- 7 

b. Intertransversarii Tubercles at ends of 
intermedii cervicis transverse processes 

of more caudal 
vertebrae beginning 
with Tl 

c. Intertransversarii Ventral border of long 
ventrales cervi cis transverse processes 

of C6 

Craniolaterally to 
transverse processes of 
more cranial vertebrae 
and to wing of atlas 

Lateral ends of Lateral movement of 
transverse processes vertebral column 
ending with Cz 

Caudal branches of 
transverse processes of 
C

z
_c 

(Evans and Christensen, 1979) 
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I. Extrinsic Shoulder 
Muscies 

1. Trapezius 

a. Pars cervical is 

b. Pars thoracica 

2. Rhomboideus 

a. Rhomboideus capitis 

b. Rhomboideus cervicis 

c. pJlomboideus thoracis 

<IUGIN(S) 

Mid-dorsal raphe of 
the neck 

Supraspinous ligament 
and dorsal part of 
spine of T3 _8 or II' 

aponeurosis of 
lumbodorsal fascia 

Spinous processes of 
Ct - 7 

Mid-dorsal raphe of 
neck, spinous 
processes of T l - 3 

Spinous processes of 
T t - 6 or 7 

INSm1'ICW(S) 

Anterior edge of 
scapular spine 

Vertebral third of 
posterior edge of 
scapular spine 

Vertebral border of 
scapula 

ACrICW(S) 

Elevation and 
protraction of the 
forelimb 

Elevation, protraction 
and retraction of 
forelimb; stabilization 
of scapula against trunk 



3. Serratus ventralis 

a. Serratus ventralis 
cervicis 

b. Serratus ventralis 
thoracalis 

4. Sternocephalicus 

a. Sternomastoideus 

b. Sterno-occipitalis 

5. Brachiocephalicus 
(=cleidomastoideus 
plus cleido
deltoideus) 

a. Cleidocervicalis 

b. Cleidomastoideus 

6. Latissimus dorsi 

Transverse processes 
of C3 -'7 

Ribs 1-'7 or 8 

Manubritun of sterntun 

Dorsal part of neck, 
Mastoid process of 
temporal bone 

LlDIlbodorsal fascia and 
spinous processes of 
Ts or '7 - L'7, last two 
or three ribs 

Medial, distal scapula 

Mastoid process 
Dorsal nuchal line of 
occipi tal bone 

Cranial surfaces of 
hlDlleral shaft 

Wi th tendon of teres 
major on teres tubercle 
on medial aspect of 
hlUllerus, and with deep 
pectoral muscles to 
proximal part of 
pectoral crest 

Support of tnmk; 
protraction and 
retraction of scapula 

Unilaterally, drawing 
head and neck 
laternally; bilaterally, 
drawing head ventrally 

Bilateral fixation of 
the neck; protraction of 
the forelimb 

Protraction of trunk on 
fixed forelimb; 
depression of vertebral 
column; support of 
forelimb; retraction of 
free forelimb 



7. Pectoralis 

a. Pectoralis super
ficialis 

b. Pectoralis proftmdus 

II. Intrinsic shoulder 
muscles 

A. Lateral shoulder 
muscles 

1. Supraspinatus 

Cranial end of sterm.un Entire length of 
pectoral crest of 
hunerus 

Length of sternum Lesser tubercle of 
humerus and proximal 
part of pectoral crest 

Supraspinous fossa and 
spine of the scapula 

Greater tubercle of 
humerus 

Support of forelimb; 
adduction, protraction, 
and retraction of 
forelimb; drawing of 
tnmk laterally on fixed 
forelimb 

Retraction of advanced. 
forelimb or protraction 
of tnmk on advanced 
forelimb; support of 
tnmk 

Flexion (protraction) of 
shoulder joint (Tendon 
is lateral collateral 
ligament of shoulder 
joint. ) 



2. Infraspinatus 

3. Teres minor 

4. Deltoideus 

a. Pars scapularis 

b. Pars 
acromialis 

B. Medial shoulder 
muscles 

1. Subscapularis 

Infraspinous fossa of 
scapula 

With long head of 
triceps at caudal roge 
of scapula 

Spine of scapula 
Acromion process of 
scapula 

Acromion process of 
scapula 

Subscapular fossa 
proximal to attachment 
for serratus ventralis 

Distal to greater 
tubercle of humerus 

Tuberosity on humeral 
crest proximal to 
deltoid crest 

Deltoid tuberosity of 
humerus 

Lesser tubercle of 
humerus 

Outward rotation and 
abduction of humerus; 
flexion or extension of 
shoulder joint, 
depending upon position 
of the joint. (Tendon 
is lateral collateral 
ligament of shoulder 
joint. ) 

Extension of shoulder 
joint 

Extension of shoulder 
joint 

Adduction and flexion of 
shoulder joint, 
protraction of humerus 
(Tendon is the medial 
collateral ligament of 
the shoulder joint.) 



2. Teres major 

C. Brachial muscles 

- Coracobrachialis 

Caudal angle and 
adjacent cania 1 edge 
of scapula 

Coracoid process of 
scapula 

With latissimus dorsi on 
teres tubercle on the 
medial aspect of hlUJlerus 

Posterior medial shaft 
of humerus distal to 
lesser tubercle 

Extension of shoulder 
joint, retraction of 
humerus 

Flexion and adduction of 
shoulder joint 

(Evans and Christensen, 1979; 
Skeritt and McLelland, 1984 
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I. Cranial Brachial Muscles 

1. Biceps brachii 

2. Brachialis 

3. Extensor carpi radialis 

a. longus 
b. brevis 

fCSCLHS OF 'l1IB Hl..IDJ JOINTS 

<lUGIN{S) 

Supraglenoid tubercle 

Proximal part. caudal 
aspect of humerus 

Lateral epicondyle of 
humerus 

INSERl'IOO(S) 

Larger: Ulnar tuberosity 
Smaller: Radial 
tuberosity 

Wi til part of biceps 
brachii to radial 
tuberosi ty, ulnar 
tuberosity 

a. OC II 
b. r£ III 

AGl'IOO(S) 

Flexion of elbow joint 

Flexion of elbow joint 

Flexion of elbow joint; 
extension of carpal 
joints 



II. Caudal Brachial Muscles: 

1. Triceps brachii 

a. ~ng head 

b. Lateral head 

c. Medial head 

d. Accessory head 

2. Anconeus 

3. Tensor fasciae 
antibrachii 

III. Rotators 

1. Brachioradialis 
(often absent) 

Distal 2/3, caudal 
edge of scapula 

Proximal deltoid crest 
of lateral humerus 

Medial shaft of 
humerus 

Catdal neck of humerus 
just distal to edge of 
head. 

Caudal aspect of 
lateral epicondyle, 
part of medial 
epicondyle 

Lateral surface of 
latissimus dorsi 

Proximal to lateral 
epicondylar crest of 
humerus 

Catdal aspect of 
olecranon 

Medial aspect of 
olecranon 

Caudal aspect of 
olecranon 

Lateral aspect of 
olecranon 

Olecranon 

Medio-distal shaft of 
radius 

Extension of elbow joint 

Extension of elbow joint 

Tension of antebrachial 
fascia; support of 
extension by triceps 
brachii 

Supination of forearm 



2. Supinator 

3. Pronator teres 

4. Pronator quadratus 

Ulnar collateral 
ligament of elbow 
joint and lateral 
epicondyle of humerus 

Medial epicondyle of 
humerus 

Distal medial surface 
of ulna 

Cranial surface of 
proxima! radius 

Cranial surface of 
radius distal to 
insertion of supinator 

Distal medial edge of 
radius 

Supination of forearm 

Pronation of forearm; 
flexion of elbow joint 

Pronation of forearm 

(Evans and Christensen, 1979) 
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I. Cranial Antebrachial 
Muscles 

1. Extensor carpi radialis 

a. longus 
b. brevis 

2. Extensor carpi ulnaris 

3. Extensor digi torlDll 
conmunis 

4. Extensor digi torlDll 
lateralis 

5. Extensor pollicus 
longus et indicus 
proprius 

6. Abductor pollicis 
longus 

OOIGIN(S) 

Lateral epicondy lar 
crestofhl.Dllerus 

Lateral epicondyle of 
hl.Dllerus 

Lateral epicondyle of 
hl.Dllerus 

Cranial edge of ulnar 
collateral ligament of 
elbow joint, head and 
lateral tuberosity of 
radius 

Middle 1/3, cranial 
lateral border of ulna 

Lateral surfaces of 
radius and ulna, and 
interosseus membrane 

INSERTIOO (S) 

a. r-K: II 
b. Me III 

Proximal Me V 

Dorsal aspects of crests 
of UPs II-V 

Wi th tendons of extensor 
digitorilDll cOllJllunis on 
dorsal aspects of crests 
of UPs III, IV, and V 

Fascia of distal Me I, 
l£-PP II joint 

Medial aspect of 
proximal Me I 

ACTIOO(S) 

Extension of carpal 
joints; flexion of elbow 
joint 

Extension of carpal 
joints; weak lateral 
rotation of elbow joint 

Extension of digits II-V 

Extension of digits III, 
IV, and V 

Extension of digits I 
and II; adduction of 
digit I 

Abduction and exten
sion of digit I; 
medial deviation of 
forepaw 



II. Caudal Antebrachial 
Muscles 

1. Flexor carpi radialis 

2. Flexor carpi ulnaris 

a. Ulnar head 

b. Humeral head 

3. Flexor digi toram 
superficial is 

4. Flexor digi torum 
profundus 

a. Humeral head 

b. Radial head 

c. Ulnar head 

Medial epicondyle of 
humerus, medial border 
of radius 

Medial posterior 
border of olecranon 

Medial epicondyle of 
humerus 

Posterior aspect, 
medical epicondyle of 
humerus 

Medial epicondyle of 
humerus 

Medial border and 
caudal surface, 
proximal 3/5 of radius 

Caudal border of ulna 
from olecranon near 
elbow joint to distal 
1/2 of ulna 

Palmar surfaces of 
proximal Mes II and III 

Pisifonn 

Proximal borders, palmar 
surfaces of CPs II-V 

Through sheaths of 
flexor digi tonm 
superficialis to palmar 
tuberosities of UPs II-V 

Flexion of carpus 

Flexion and abduction 
(ulnar deviation) of 
forepaw 

Flexion of forepaw and 
of digits II-V 

Flexion of forepaw and 
of digits II-V 



III. Muscles of Manus 

1. Interflexorius 

2. Flexor digitorum 
brevis 

3. Ltunbricales 

4. Interossei 

5. Alxluctor pollicis 
brevis et opponens 
pollicis 

6. Flexor pollicis brevis 

7. Adductor pollicis 

Distal 1/4 of 
antebrachitun from 
surface of part of 
flexor digitorum 
proftmdus 

Tendon of flexor 
digitorum 
superficial is for 
digit V 

Tendons to flexor 
digi torum profundus 

II and III 
III al1d IV 

IV and V 

C-1£ joint capsules 
and proximal ends of 
1£s II-V 

Synovial sheath 
superficial flexor 
tendon 

Flexor retinaculum 

Flexor retinaculum 

Wi th tendons of flexor 
digitorum superficialis 
to palmar tuberosities 
of CPs II I and IV 

Transverse ligament of 
MC-PP V joint 

Proximo-medial surfaces 
of PPs 

III 
IV 

V 

Paired sesamoid bones at 
1£-PP joints and dorsal 
aspects of PPs to join 
COIIIIlOn extensor tendons 

Sesamoid of tendon of 
alxluctor pollicis longus 
then to tissue at 1£-PP 
I joint 

Sesamoid at MC-PP I 
joint 

Proximo-lateral edge, 
palmar surface of PP I 

Flexion of forepaw 

Flexion of digit V 

Flexion of MC-PP joints 

Flexion of 1£-PP joints 

Alxluction and flexion of 
digit I 

Flexion of digit I 

Adduction and flexion 
of digit I 



8. Adductor digit quinti 

9. Flexor digiti quinti 

10. Abductor digiti quinti 

Flexor retinaculum 

Ligament between 
pisiform and MC IV 

Palmar aspect of 
pisiform 

11. Adductor digiti secundi Flexor retinaculum 

Medial distal surfaces 
of MC V and PP V 

With abductor digiti 
quinti on lateral 
sesamoid of MC-PP V 
joint and proximo
lateral edge of PP V 

With flexor digiti 
quinti on lateral 
sesamoid of MC-PP V 
joint and on proximo
lateral edge of PP V 

Proximo-lateral edge of 
PP II 

Adduction of digit V 

Flexion of digit V 

Abduction of digit V 

Adduction of digit II 

(Evans and Christensen, 1979) 



I. Sublumbar muscles 

1. Psoas Minor 

2. Iliopsoas 
Fusion of: 

a. Psoas major 

b. Iliacus 

II. Rump muscles 

1. Tensor fascia lata 

2. Gluteus superficial is 

3. Gluteus medius 

KECLES OF 'llIE HIP 

OOIGIN(S) 

Tendinous fascia of 
. quadratus lumbonun at 
level of T 13' ventral 
surface of T13 and L l - t 

or 5 

Transverse processes 
of L2 aDd 3' and by 
ventral aponeurosis of 
quadratus lunborum to 
L3 aDd • 

Arcuate line of ilium 

Lateral aspect of 
ischium near cranial 
and caudal vertral 
iliac spines 

Sacrum, Cal 

Lateral gluteal sur
face of ilium, iliac 
crest, cranial dorsal 
iliac spine, caudal 
dorsal iliac spine 

INSERTIW(S) 

Arcuate line of ventral 
blade of ilium to 
iliopectineal eminence 

Lesser trochanter of 
femur 

Aponeurosis to patella 

Lateral aspect, base of 
greater trochanter 

Tip of greater 
trochanter 

ACTIOO (S ) 

Flexion of lumbar 
vertebral column; 
tilting of pelvis 
backward 

Flexion of hip; flexion 
and fixation of 
vertebral column if 
femur is immobile 

Flexion of hip; 
extension of knee 

Extension of hip 

Extension of hip 



4. Piriformis 

5. Gluteus profundus 

III. Short postfemoral 
or inner pelvic muscles 

1. Obturator internus 

2. Gemelli 

3. Quadratus femoris 

IV. Caudal muscles of thigh 

1. Biceps femoris 

Lateral surfaces of S3 
and Cal 

Lateral dorsal shaft 
of ischium near 
ischiac spine 

Dorsal or internal 
surfaces of rami at 
pubis and ischium, and 
ischiac arch 

Outer surface, ramus 
of ischiun 

Ventral surface of 
ischium just medial to 
ischial tuberosity 

With gluteus medius on 
greater trochanter 

Extensor surface of 
greater trochanter 
distal to insertion of 
gluteus medius 

Across lesser sciatic 
notch to trochanteric 
fossa 

Trochanteric fossa 

Distal part of 
trochanteric fossa 

Extension of hip 

Extension of hip (with 
some alxiuction in the 
dog) 

OutlolBrd rotation of hip 
joint 

OutlolBrd rotation of hip 

Extension and outlolBrd 
rotation of hip joint 



a. Superficial cranial 
head 

b. Deep cau:lal head 

2. Abductor cruris 
cau:lalis 

3. Semitendinosus 

4. Semi membranosus 

V. Cranial muscles of thigh 

- Articularis coxae 

Ventrocaudal end of 
sacrotuberous ligament 
and with 
semi tendinosus, from 
lateral angle of 
ischial tuberosity 

Ventral side, lateral 
angle of ischial 
tuberosity 

Ventrocaudal edge of 
sacrotuberous ligament 

Lateral angle of 
ischial tuberosity 

Medial to ischial 
tuberosity 

Iliopubic eminence 

Aponeurosis of fasciae 
lata to patella, 
patellar ligament, and 
tibial crest; a smaller 
portion to the calcaneal 
tendon and then to the 
calcaneal tuberosity 

Fasciae lata to tibial 
crest 

Medio-distal aspect of 
tibial crest; part to 
calcaneal tendon and to 
calcaneal tuberosity 

a. Area of medial 
supracondylar tuberosity 
of postedo-distal 
surface of femur 

b. Margin of medial 
condyle of tibia beneath 
tibial collateral 
ligament 

Anterior neck of femur 

Extension of hip, knee, 
ankle; flexion of knee 

Abduction of hindlimb 

Extension of hip and 
tarsal joints; non
weight-bearing flexion 
of knee 

Extension of hip; 
flexion of knee; 
adduction of knee 

Flexion of hip 



VI. Medial muscles of thigh 

1. Sartorius 

2. Gracilis 

3. Pectineus 

4. Adductor longus 

5. Adductor magnus et 
brevis 

6. Obturator externus 

a. Iliac crest and 
cranial ventral iliac 
spine 

b. Between ventral 
spines of ilium 

Pubic symphysis 

Prepubic tendon and 
iliopectineal eminence 

Pubic tubercle just 
lateral to anterior 
pubic symphysis 

Pubic symphysis and 
medial aspects of 
ischiac arch 

Ventral surface of 
pelvis adjacent to 
pubic symphysis and 
ischiac arch 

Cranial border of tibia 

Crural fascia and medial 
aspect of tibial crest; 
part to calcaneal tendon 
of semitendinosis and to 
calcaneal tuberosity 

Flexor-medial shaft of 
femur at ridge to medial 
femoral condyle 

Posterior surface of 
femur, distal to 
intertrochanteric crest 

Posterior surface of 
femur, entire length of 
lateral lip of femur 

Trochanteric fossa of 
femur 

Flexion of hip; 
adduction of non-weight
bearing thigh 

Adduction of thigh; 
extension of hip; 
extension of tarsus 

Adduction of thigh; 
outward rotation of 
thigh 

Adduction of thigh 

Adduction and extension 
of hip 

Outward rotation of 
. hindlimb 

(Evans and Christensen, 1979) 



I. RlmiI> muscles 

- Tensor fasciae lata 

II. Caudal muscles of thigh 

1. Biceps femoris 

2 • Semitendinosus 

CRIGIN(S) 

Lateral aspect of 
ischium near cranial 
and caudal ventral 
iliac spines 

a. Ventrocaudal end. 
of sacrotuberous 
ligament and, with 
semitendinosus, from 
lateral angle of 
ischial tuberosity 

b. Ventral side, 
lateral angle of 
ischial tuberosity 

Lateral angle of 
ischial tuberosity 

INSBIlI'ICW (S) 

Aponeurosis to patella 

Aponeurosis of fascia 
lata to patella, 
patellar ligament, and 
tibial crest; a smaller 
portion to the calcaneal 
tendon and then to the 
calcaneal tuberosity 

Medi~stal aspect of 
tibial crest; a part to 
calcaneal tendon and to 
calcaneal tuberosity 

ACl'ICW(S) 

Flexion of hip; 
extension of knee 

Extension of hip, knee, 
ankle; flexion of knee 

Extension of hip and 
tarsal joints; non
weight-bearing flexion 
of knee 



3. Semimembranosus 

III. Caudal muscles of crus 

1. Gastrocnemius 

a. lateral head 

b. Medial head 

2. Flexor digi torum 
superficialis 

3. Popliteus 

Medial to ischial 
tuberosity 

lateral supracondylar 
tuberosity of femur 

Medial supracondylar 
tuberosity of femur 

With lateral head of 
gastrocnemius on 
lateral supracondylar 
tuberosity of femur 
and on lateral 
sesamoid of 
gastrocnemius 

Plantar surface, 
lateral condyle of 
femur 

a. Area of medial 
supracondylar tuberosity 
of postero-distal 
surface of femur 

b. Margin of medial 
condyle of tibia beneath 
tibial collateral 
ligament 

Wi th COfIIOOn calcaneal 
tendon to calrlal surface 
of calcaneal tuberosity 

Proximal plantar edge of 
CPs II-V 

Proximo-caudal aspect of 
tibia 

Extension of hip; 
flexion of knee; 
adduction of knee 

Extension of tarsal 
joints flexion of knee 

Flexion of digits; 
plantar flexion and. 
fixation of tarsus; 
flexion of knee joint 

Flexion of knee; inward. 
rotation of lower leg 



IV. Cranial muscles of thigh 

1. Quadriceps femoris 

a. Rectus femoris 

b. Vastus medialis 

c. Vastus lateralis 

d. Vastus intermedius 

2. Articularis genus 

Iliopubic eminence 

Medial aspect of 
proximal femur distal 
to head, and caudal 
aspect of femur on 
proximal part of 
inter trochanteric 
crest 

Crania-lateral aspect 
of proxima! femur, 
distal to third 
trochanter of Evans 
and Christensen, 1979 

With vastus lateralis 
on crania-lateral 
aspect of proximal 
femur 

Cranial surface of 
femur just proximal to 
patellar groove 

Common patellar tendon 
to patella and tibial 
tuberosity 

Tibial tuberosity 

Extension of the lmee 

Extension of Imee joint; 
possible tension of 
proximal pouch of joint 
capsule 

(Evans and Christensen, 1979) 



I. Craniolateral muscles of 
the crus 

1. Tibialis cranialis 

2. Extensor digi torum 
longus 

3. EXtensor hallucis 
longus 

4. Peroneus longus 

5. Extensor digi torum 
lateralis 

KEClBS OF 'lBB TARSlB AND PHS 

ClUGIN(S) 

Proximal aspect, 
cranial surface of 
tibia, in sulcus 
lateral to tibial 
crest 

Distal aspect, lateral 
epicondyle of femur 

Cranio-medial aspect 
of mid-shaft of fibula 

lateral condyle of 
tibia, fibular 
collateral ligament of 
femorotibial joint, 
and proximal end of 
fibula 

Craniolateral aspect, 
proximal 1/3 of fibula 

INSEIll'IOO (S) 

Lateral Ml' I and 
proximal Ml' I!; part to 
proximal Ml' II! 

Wi th interossei on 
extensor surface of UPs 
I! - V 

Fascia of Mr-PP II joint 
and perhaps rudiment of 
M1'I 

Proximal ends, plantar 
surfaces of Mrs I, II, 
and V and rudiment of 
digit I 

Wi th extensor digi torun 
longus and interosseus 
to extensor aspect of 
pp V 

ACTI~(S) 

-Eversion of hindpaw 

Extension of digits; 
dorsiflexion of tarsus 

Extension of digit II 
and perhaps of digitI 

Eversion of hindpaw 

Extension and abduction 
of digit V 

U1 
o 
o 



6. Peroneus brevis 

II. Caudal muscles of the 
cnzs 

1. Gastrocnemius 

a. Lateral head 

b. Medial head 

2. Flexor diei tenD 
superficiaiis 

Lateral aspects, 
distal 2/3 of fibula 
and tibia 

lateral ~lar 
tubercle of feG&lr 

Medial ~lar 
tubercle of fesaa-

Wi th lateral bead of 
eastroc:nellius on 
lateral ~1ar 
tuberositT of f~ 
and on lateral 
sesa.oid of 
east.roalellius 

Proximo-lateral edge of 
Ml'V 

With co ........ calcaneal 
tendon to caurlal surface 
of calcaneal tuberosity 

ProxiJIBl plantar edge of 
CPs II-V 

Dorsiflexion of tarsus 

Extension of tarsal 
jointi flexion of Imee 

Flexion of digits; 
plantar flexion and 
fixation of tarsus; 
flexion of Jmee joint 

VI 
o 



'I 

3. Flexor digi torum 
proftmdus 

a. Medial head (= flexor 
digiti I longus) 

b. Lateral head 
(= flexor digiti I 
longus) 

c. Flexor digitorum 
longus 

4. Tibialis caudalis 

III. Muscles of dorsal 
surface of hindpaw 

- Extensor digi torum 
brevis 

IV. Muscles of the plantar 
surface of hindpaw 

1. Interossei 

Caudal aspect, 
proximal 1/2 of tibia 

Caudal aspect, 
proximal 3/5 of 
fibula, proximal 
cau:iolateral boluer of 
tibia, and interosseus 
ligament 

Caudal aspect, 
proximal 1/2 of tibia 

Medial aspect, 
proximal fibula 

Canis] aspect, dorsal 
surface of calcaneus 
and ligament on dorsal 
surface of tarsus 

T-Ml' joint capsules 
and proximal ends of 
Mrs II-V 

Plantar surfaces, 
proximal aspects of tiPs 
II-\-

Medial ligaments of 
tarsus 

With extensor digitonJD 
longus on PP II and with 
interossei on PPs III 
and IV 

Paired sesamoid bmes at 
Mr-PP joints 8J¥l dorsal 
aspects of PPs to join 
COIIIDOn extensor tendons 

Flexion of digits; 
extension of tarslLC; 

Extension and eversion 
of tarsus 

Extension of digits 
II-IV 

Flexion of Mr-PP 
joints 

VI 
o 
N 
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Body Proportions in the Literature 

("\11 radios are multiplied by 100) 

Name N Cervical/VC* Thoracic/\'C" Lumbar/VC" 
Panthera ~ (jaguar) 3 24.5 40.1 32.1 
Panthera leo (lion) 6 25.9 41.1 33.0 
Felis concolor (puma) 6 23.7 40.8 35.5 
Acinonvx ,jubatus (cheetah) 6 23.1 39.8 36.8 

(Gonyea, 1976) 

Name N FL"·/\'C" HL·"'/VC· 
Canis latrans (coyote) 14 iO.2 73.2 
Vulpes fuIva (red fox) 7 69.6 81.-1 
Chrysocyon (maned wolf) 2 92.5 103.0 
Speothos (bush dog) 2 52.0 58.0 

(Hildebrand, 1952) 

Name N FL"'·/HL"· 
Panthera ~ 3 BB.l 
Panthera J&.g 6 90.6 
~ concolor 6 Bl.0 
!~cinonY" .iubatus 6 B7.1 
Canis latrans 18 90 
Vulpes fulva 7 B5.5 
Chrysocyon 2 90 
Speothos 2 90 

Gonyea, 1976: Hildebrand, 1952) 

Name N H/FL"'· R/FL"· MC III/FL·"' 
"Generalized mammal" ? "'45 "45 " 12 
Horses ? <40 36-40 20's-30's 
Tapirs ., 35-37 20-22 . 
Camels, deer ? "'27-33 
Cheetah ? 17 
Dogs ? 16-19 
Canis latrans 18 39.3 43.4 17.3 
VUlpes .!:.!!ill 7 41.2 41.3 17.5 
Chrysocyon 2 3B.7 43.3 IB.O 
Speotho~ 2 43.4 39.5 17.2 

(Hildebrand, 1952; Howell, 1944 ) 



506 

Name N R/H ~IC 111 III 

Rat ("Generalized mammal") ., "100 25-33 . 
Living wild horses ? 112-113 
Tapir ? 47-53 
NA Deer " 102-120 . 
Cats ? 90-99 
Panthera onca 3 86.8 
Panthera leo 6 98.3 
Felis concolor 6 89.5 
AcinonYx .iubatus 6 103.3 41 
~ latrans 18 110.5 
Vulpes ~ 7 100.2 
Chrysocyon 2 112 
Speothos 2 91 

(Gonyea, 1976; Hildebrand, 1951; Ifowell. 1944) 

MT II I or 
Name N F/HL·- T/IIL-- MT I\'/HL" 

Wild & domestic horses ? 26.5-28.5 
Most artiodactyls ? Low 30'S 
Pigs " 18 . 
Camels " 27-29 . 
!&n..l!! latrans 18 38.5 43.4 18.0 
Vulpes ~ 7 36.7 43.2 20.1 
Chrysocyon 2 37.4 43.4 19.3 
Speothos 2 41.2 41.1 17.8 

(Hlldebrand, 1952; Ifowell, 1944) 
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Name N T/F MT III or MT I\'/F 

Living wild horses I) i2-92 70-77 · Eguus cabal Ius (horse) I) 92 78 
Tapirs I) 80 48 
Living camels ? 82-84 
Sus scrora (pig) I) 86 · OdocQileus (deer) ? 100 
Procavia (Hyrax) ? 97 
"Condylarths" I) 31-43 · IetJ:aglaenodon ? 101 
Pb~nagQdys vQrtmani I) 97 · PbenBQQdus ~rimBevu~ I) 84 · 
H!J:g~gtb~tiYm (first horse) I) 100 50 · Cats I) <100 · Panthera onca 3 89.9 
.Panthera leo 6 90.6 
Lion ? 77 36 
f£liJl concolor 6 99.6 
AcinQn!x Jubatus 6 105 
Hyaena I) 77 36 · Dogs ? "100 Low 40's 
~ latrans 18 112.6 
Vylpes i.YJ..!A 7 117.7 48-49 
VuIDes ? 48-49 
Cbr!BQ~!On 2 116.1 
Speotbos 2 99.5 

(Gonyea, 1976; Gregor~', 1912, Hildebrand, 1952; Howell, 1944) 

VC· = Presacral vertebral column 
. FL·· = FL = H + R + MC I I I 
HLa

• = HL = F + T + MT III or ~T IV 
(no carpals) 
(no tarsals) 
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Figure 1. Localities where phenacodontids have been found in western 
North America 
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Figure 2. North American Land Mammal Ages, correlations,· and recent 
subdivisions Adapted from Woodburne, 1987. 
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Figure 3. Angle between the ground pland and perpendicular to the 
articular surface in the ungual phalanges of phenacodontids and 
some modern digitigrade and unguligrade cursors 
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Figure 4. Positional and directional terms in a quadruped 
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Figure 5. Body proportions based upon the length of the presacral 
vertebral column in the phenacodontids and analogues 
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Figure 6. Phenacodus primaevus MINH 4369 
Negative no. 325224 
Courtesy Department of Library Services, American Museum of Natural History 
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Figure 7. Phenacodus primaevus PU 14684 

Figure 8, a-c. C5 in Phenacodus vortmani AMNH 4378 

Figure 9,a-£. T8,10, and 12 in Phenacodus vortmani AMNH 4378 

--------_ .. _ .. -.... ----.- .. -.------------,,-~ . -. 



Figure 9, a-f, continued. 'f8, 10, and 12 in P. vortmani AMNH 4378 

Figure 10. Caudal thoracic vertebrae in Phenacodus vortmani 
AMNH 4378 

----_._. __ ... -. - .•..... 
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Figure 11, a-b. L3 in Phenacodus vortmani AMNH 4378 

Figure 12, a-d. Vertebral column in Phenacodus primaevus PU 14684 



Figure 13, a-b. C3 in Phenacodus sp. CM 17460 

P" 14 Caudal thoracic vertebra in l.gure • 
Phenacodus sp. CM 17460 

Figure 15, a-c. L3 in Phenacodus sp. CM 17460 

rl.gure 16, a-b. Cervical vertebrae in Hydrochoerus hydrochoerus 
USNM 241103 
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Figure 17, a-b. C4 in Canis latrans LLP-OC-132 

Figure 18, a-b. C4 in Lynx rufus CO-3010 

Figure 19, a-b. C4 in Gulo luscus UMMZ 09099 
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Figure 20, a-b. Cervical vertebrae in Procyon lotor CO-50lO 

Figure 21, a-b. T4 in Hydrochoerus hydrochoerus USNM 241103 

Figure 22. T5-7 in Procavia capensis USNM 351945 

---------_._--... _ .. ".-
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Figure 23, a-b. T4-5 in Canis latrans LLP-OC-I:I2 

Figure 24, a-b. T7-8 in ~~_ ruf~ CO-3019 

Figure 25, a-b. T3 in Gulu luscus UMMZ 98099 --- ---



Figure 26, a-b. T4-5 in Procyon lot or CO-5010 

Figure 27_ a-b. T1 1-13 in Hydrochoerus hydrochoerus USNM 241103 

Figure 28. Caudal thoracic vertebrae in Procavia capensis USNM 
351945 

------------------ - -------------- -------------_.-_ .. _._-
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Figure 29, a-b. TIO-12 in Canis latrans LLP-OC-132 

Figure 30, a-b. T9-12 in Lynx rufus CO·-30IO 

Figure 31, a-b. T8-15 in Gulo luscus UMMZ 9809\) 

--------------_._---- .. _ .. _----- --_ .. __ ._--" ...... '._.- - ....•.. - .. -.....•... _ .. 
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Figure 32, a-b. T12-l4 in Prn~n~ lotoL CO-SOlO 

Figure 33, a-b. L5-6 in Hydrochoerus h.l£rochoer~ USNN 241103 

J<'igllre 34. Lurnhar vertebrae in Procavia ci::lpensis USNM 351945 

---- ---------
---______ 0- _______________ 0 ___ • __ _ 
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Figure 35, a-b. L4-5 in Canis latrans LLP-OC-132 

Figure 36, a-b. L2-3 in Lynx rufus CO-30IO 

Figure 37, a-b. L2-3 in Gulo luscl1s UMMZ 98099 

------------._-----_ .. - ... - .,---
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Figure 38, a-b. L2-4 in Procyo~ lotor CO-SOlO 

Figure 39. The right forelimb in .!:hen8codus orimaevus PU 14684 

Figure 40, a-b. The right sc.apula in Phenacodus vortmani USGS 7159 

-------------_.- - .. '-'-' .... -._ ......... _ .... -.. , .... , ............ _ ..... _---_.-
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Figure 41, a-b. The left scapula in Phenacodlls primaevus AMNH 15262 

Figure 42. The left scapula in Phenacodus sp. eM 17460 

Figure 43, a-c. Right humerus in Tetraclaenodon puercensis AMNH 
2LI68 

------- .-.--- .. _- .. --
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Figure 44, a-b. Left humerus in Phenacodus vortmani AMNH 4378 

Figure 45, a-e. Humeri in Phenacodus vortmani USGS 7159 
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Figure 45 continued. Humeri in Phenacodus vortmani USGS 7159 

Figure 46, a-e. Humeri in Phenacodus sp. eM 44857 #1 and #2 



529 

Figure 46, continued. Humeri in thena££d~ sp. eM 44857 #1 and #2 

Figure 47, a-c. Right humerus in Phenacodus primaevus AMNH 293 

------_. __ ._---------_ .. -_. __ ._- -- - --.-. 



Figure 48, a-b. Glenohumeral joint in Phenacodus vortmani USGS 7159 
and Phenacodus primaevus PU 14684 

". I. 

" I 

100· 

Figure 49. Joint positions in 
the forelimbs of the phenaco
dontids 

Figure 50. Rip,ht scapula in 
Tapirus terrist_ris CA(M!NH) 2592 

---- -_. __ ._-_ .... _ .. _,_._--- .-----------.-.. --.- -. 
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Figure 51, a-b. Right scapula in Hydrochoerus hydrochoerus USNM 241103 

Figure 52, a-b. Right scapula in Pro cavia capensis USNM 351945 

Figure 53, a-b. Right scapula in Canis latrans LLP-OC-132 

._---_ ... _ ... _- . _ .. 
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Figure 54, a-b. Right scapula in Lynx rufus CO-5010 

Figure 55. Right scapula in Gulo luscus UMMZ 98099 

Figure 56. Right scapula in Procyon lotor CO-5010 



Figure 57. Right humerus in 
Tapirus terristris CA(AMNH) 
2592 
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,Figure 58, a-d. Right humerus in 
Hydrochoerus hydrochoerus 
USNM 241103 

---------.----- _. ------- ----.- .. --... _-
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Figure 59, a-c. Right humerus in Procavia capensis USNM 351945 

Figure 60, a-d. Right humerus in Canis latrans LLP-OC-132 

----------~--.. -.---.---.--~.- _ .... _-----_._---_ ... -. 
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Figure 61, a-d. Right humerus in 1t~ rufus CO-SOlO 

Figure 62, a-d. Right humerus in Gulo luscus UMMZ 98099 

---_._---_._--------_.- --- ._------



Figure 63, a-d. Right humerus in Procyon lotor CO-S01O 

Figure 64, a-c. The elbow joint in Phenacodus vortmani USGS 7159 
and AMNH 4378, and in Phenacodus primaevus AMNH 14684 

------- _._------_._----- -_._-
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2cm 

Figure 65, a-c. Right ulna and radius in Tetraclaenodon puercensis 
AMNH 2468 

Figure 66, a-b. Left ulna in Phenacodus vortmani AMNH 4378 
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Figure 67, a-b. Left ulna in Phenacodus vortmani USGS 7159 

2cm 

Figure 69, a-c. Rieht ulna and radius in Phenacodus primaevus A}Thn{ 15283 
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Figure 70, a-b. Left ulna in Phenacodus primaevus AMNH 2961 

Figure 71. 
Phenacodus 

Left ulna in 
sp. eM 44857 

------~---.---- -_ .. _------

Figure 72. Left radius in Phenacodus 
vortmani AMNH 4378 

Figure 73, a-b. Left radius in 
Phenacodus vortmani USGS 7159 
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Figure 74, a-c. Right radius in Phenacodus sp. eM 44857 

Figure 75, a-c. Left radius in Phenacodus primaevus AMNH 2961 



Figure 80, a-b. 
Figure 81, a-b. 
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Figure 77. Right ulna in Tapirus terristris 
CA (AMNH) 2592 
Figure 78. Right ulna in~. hydrochoerus 
USNM 241103 
Figure 79, a-b. Right ulna and radius in 
Pro cavia capensis USNM 351945 

Right ulna in Canis latrans LLP-OC-132 
Right ulna in ~nx rufus CO-5010 
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Figure 82, a-b. 
Figure 83, a-b. 

Right ulna in Gulo luscus UMMZ 98099 
Right ulna in Procyon lotor CO-SOlO 
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Figure 84. 
Figure 85. 

~. 
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L 
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Right ulna and radius in Tapirus terristris CA (AMNH) 2592 
Right radius in Hydrochoerus hydrochoerus USNM 241103 



Figure 87. 
Figure 88. 
Figure 89. 
Figure 90. 

Right radius in Canis latrans LLP-OC-132 
Right radius in Lynx rufus CO-3010 

Right radius in Gulo luscus UMMZ 98099 
Right radius in-prQcyon lotor CO-SOlO 

UP III 

Figure 91, a-f. The left manus in Phenacodus primaevus AMNH 2961 

---- ---------
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,Figure 91, continued. The left manus in Phenacodus primaevus AMNH 2961 
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, Figure 91 continued. The left manus in Phenacodus primaevus AMNH 2961 
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Figure 93. The left manus in Tapirlls terristris CA (MiNH) 2592 
a. Digit III 
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Figure,93, continued. The left manus in Tapirus terristris CA (AMNH) 
2592. b. Digit II 
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Figure 92. 
Figure 94. 
Figure 95. 

Figure 96. 
Figure 97. 
Figure 98. 
Figure 99. 
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The right manus in Phenacodus primaevus PU14684 
The right manus in Hydrochoerus hydrochoerus USNM 241103 
The right manus in Procavia capensis USNM 351945 

The right manus in Canis latrans LLP-OC-132 
The right manus in the domestic cat. 
The right manus in Gulo luscus UMMZ 98099 
The right manus in ~yon lotor CO-SOlO 
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Figure 100, a-b. The innominate in Phenacodus primaevus AMNH 293 

Figure 101, a-c. The femur in Phenacodus vortmani AMNH 4378 
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Figure 102, a-d. The tibia in Phenacodus vortmani AMNH 4378 

Figure 103,.a-b. The pes in Phenacodus vortmani AMNH 4378 

.... --_._.- -_ ... _------------.---- .. _-
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Figure 103, continued. The pes in Phenacodus vortmani AMNH 4378 



Figure 104. The right innominate in Gulo luscus 
Figure 105, a-b. The right femur in Gulo luscus 

UMMZ 98099 
UMMZ 98099 

Figure 106, 
Figure 107. 

a-c. The right tibia in Gulo luscus UMMZ 98099 
The right pes in Gulo luscus UMMZ 98099 
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